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PREFACE

The challenges faced by modern society are almost overwhelming. They have

become a familiar part of our everyday vocabulary: the population explosion, the

energy crisis, pollution, the arms race, the loss of identity and human dignity in a

world increasingly dominated by automation, and the cultural shock caused by

technological change. These are serious problems that threaten to disrupt civiliza-

tion as we know it.

But these are also the challenges for the profession of engineering. The role of

engineers is to apply their knowledge of science and technology to meet the needs

of society, to solve its problems, and to pave the way for its future progress. As

our society has become increasingly dependent upon science and technology, it

has also become more dependent on engineers, not only for its prosperity but for

its very survival. Many of the major problems faced by the world today cannot be

solved by social or political actions alone; they require the knowledge, skills, and

discipline of engineers.

Engineering students must prepare for this world and these challenges. In a

world of change and diverse opportunity, the key to success in engineering is a

broad education based on fundamental scientific concepts, coupled with the de-

velopment of a disciplined approach to problem solving that is characteristic of

engineering. But this is not enough. The technological and social aspects of the

challenges faced by modern society have become closely intertwined. It is essen-

tial that an engineer's education also include studies in the arts, humanities, and

social sciences.

Herein lies a dilemma. A broad-based education tends to concentrate techni-

cal subjects in engineering into the final two years of the undergraduate program.

The first two years are given over almost entirely to basic courses in mathematics,

physics, chemistry, the humanities, and social sciences. Many students find this

program quite frustrating since they seek exposure to engineering and engineering

faculty at the earliest possible moment. They wish to learn what engineering is all

about, what its opportunities and challenges are, and how one prepares to become

an engineer.

. a
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PREFACE 

The challenges faced by modern society are almost overwhelming. They have 
become a familiar part of our everyday vocabulary: the population explosion, the 
energy crisis, pollution, the arms race, the loss of identity and human dignity in a 
world increasingly dominated by automation, and the cultural shock caused by 
technological change. These are serious problems that threaten to disrupt civiliza­
tion as we know it. 

But these are also the challenges for the profession of engineering. The role of 
engineers is to apply their knowledge of science and technology to meet the needs 
of society, to solve its problems, and to pave the way for its future progress. As 
our society has become increasingly dependent upon science and technology, it 
has also become more dependent on engineers, not only for its prosperity but for 
its very survival. Many of the major problems faced by the world today cannot be 
solved by social or political actions alone; they require the knowledge, skills, and 
discipline of engineers. 

Engineering students must prepare for this world and these challenges. In a 
world of change and diverse opportunity, the key to success in engineering is a 
broad education based on fundamental scientific concepts, coupled with the de­
velopment of a disciplined approach to problem solving that is characteristic of 
engineering. But this is not enough. The technological and social aspects of the 
challenges faced by modern society have become closely intertwined. It is essen­
tial that an engineer's education also include studies in the arts, humanities, and 
social sciences. 

Herein lies a dilemma. A broad-based education tends to concentrate techni­
cal subjects in engineering into the final two years of the undergraduate program. 
The first two years are given over almost entirely to basic courses in mathematics, 
physics. chemistry. the humanities, and social sciences. Many students find this 
program quite frustrating since they seek exposure to engineering and engineering 
faculty at the earliest possible moment. They wish to learn what engineering is all 
about, what its opportunities and challenges are, and how one prepares to become 
an engineer. 
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Viii PREFACE

For this reason many engineering programs have introduced engineering

courses in the freshman year. Varied approaches have been taken, including

survey courses sampling various engineering fields, motivational courses designed

to stimulate interest in the engineering profession, and even courses on modern

computer methods (primarily programming) taught by engineering faculty. Of

most interest have been those more ambitious attempts to introduce material on

engineering problem solving in the freshman year, to begin development of the

intellect and discipline required by the engineering profession.

This text is directed toward this latter type of course. Our particular goals are

both diverse and ambitious:

1. To expose first-year students to engineering methods, to motivate

them and provide orientation for further course work.

2. To demonstrate the engineering approach to problem solving using

concepts from conventional science courses, but applying them to the

complex, open-ended, and ill-defined problems so characteristic of

the engineering profession.

3. To provide a satisfying experience in actually solving relevant prob-

lems at an early stage, thereby building confidence in one's ability.

4. To introduce the principal tools of engineering, including a survey of

fundamental scientific concepts, mathematics, computing, and statis-

tical and testing methods.

This text is intended to help students develop their own skills in self-teaching,

engineering synthesis, the solution of open-ended problems, and other intellectual

activities of engineering. The difference between problem solving in formal

courses and in engineering practice is illustrated by applying concepts from basic

science courses to a variety of relevant and practical problems taken from real-life

situations. Of particular concern are an introduction to the art of problem defini-

tion, problem solving under constraints, the development of solution algorithms,

solution verification and evaluation, modeling, simulation, and optimization.

The text has been organized into four major parts: the engineering profession,

the approach to engineering problem solving, the tools of engineering, and con-

straints on engineering practice. In Part I we introduce the student to the excite-

ment of engineering, the variety of roles and activities of the engineer, and the

profession of engineering. In Part II we examine the principal intellectual activity

of the engineer, problem solving, and develop a general procedure for attacking

the array of complex engineering problems that arise in practice. This approach is

illustrated by considering in detail the most important application of engineering

problem solving: engineering design.

With this background, we proceed to Part III where we examine the tools of

modern engineering. First, the essential tools of mathematical analysis and scien-

tific principles are outlined. These chapters provide a foundation for further
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viii PREFACE 

For this reason many engineering programs have introduced engineering 
courses in the freshman year. Varied approaches have been taken, including 
survey courses sampling various engineering fields, motivational courses designed 
to stimulate interest in the engineering profession, and even courses on modem 
computer methods (primarily programming) taught by engineering faculty. Of 
most interest have been those more ambitious attempts to introduce material on 
engineering problem solving in the freshman year, to begin development of the 
intellect and discipline required by the engineering profession. 

This text is directed toward this latter type of course. Our particular goals are 
both diverse and ambitious: 

1. To expose first-year students to engineering methods, to motivate 
them and provide orientation for further course work. 

2. To demonstrate the engineering approach to problem solving using 
concepts from conventional science courses, but applying them to the 
complex, open-ended, and ill-defined problems so characteristic of 
the engineering profession. 

3. To provide a satisfying experience in actually solving relevant prob­
lems at an early stage, thereby building confidence in one· s ability. 

4. To introduce the principal tools of engineering, including a survey of 
fundamental scientific concepts, mathematics, computing, and statis­
tical and testing methods. 

This text is intended to help students develop their own skills in self-teaching, 
engineering synthesis, the solution of open-ended problems, and other intellectual 
activities of engineering. The difference between problem solving in formal 
courses and in engineering practice is illustrated by applying concepts from basic 
science courses to a variety of relevant and practical problems taken from real-life 
situations. Of particular concern are an introduction to the art of problem defini­
tion, problem solving under constraints, the development of solution algorithms, 
solution verification and evaluation, modeling, simulation, and optimization. 

The text has been organized into four major parts: the engineering profession, 
the approach to engineering problem solving, the tools of engineering, and con­
straillls on engineering practice. In Part I we introduce the student to the excite­
ment of engineering, the variety of roles and activities of the engineer. and the 
profession of engineering. In Part II we examine the principal intellectual activity 
of the engineer, problem solving, and develop a general procedure for attacking 
the array of complex engineering problems that arise in practice. This approach is 
illustrated by considering in detail the most important application of engineering 
problem solving: engineering design. 

With this background, we proceed to Part III where we examine the tools of 
modem engineering. First, the essential tools of mathematical analysis and scien­
tific principles are outlined. These chapters provide a foundation for further 
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PREFACE ix

studies of the engineering student. They are also intended to provide the student

with sufficient knowledge to confront many challenging engineering problems and

to sample the satisfaction (or frustration) that accompanies attempts to solve such

problems. Students are introduced to the modern tools of engineering such as

digital methods and computing, computer-aided design (CAD/CAM), and experi-

mental and testing methods. We have also included a chapter on a most essential

skill of engineering, communication through written, oral, and graphical means.

Part IV of the text is concerned with the constraints that complicate and

restrict engineering practice. We introduce students to the important subject of

engineering economics. We then discuss relations with people, with particular

attention directed to the subjects of management activities and the legal aspects of

engineering. Finally we examine interactions with the institutions of society such

as government and the new constraints these interactions impose through regula-

tion and technology assessment.

The text is organized into compact, self-contained units. Each subsection

ends with a short summary that is followed by an example illustrating the material

and a number of exercises to allow the student to master the material by actual

practice.

The exercises vary greatly in both purpose and degree of difficulty. Most sets

of exercises begin with straightforward problems designed to stress text material

and develop student confidence. But we have also included several more complex

problems of an open-ended, ill-defined nature typical of engineering practice. This

latter approach is particularly evident in Chapters 3 and 4 where we have provided

the student with an opportunity to apply mathematical and scientific concepts to

engineering problems. We have also included problems designed for solution by

various types of calculators and computers.

We introduce the SI system of units at an early stage and use this system

throughout the text. Although other unit systems are not treated in detail, discus-

sion and practice in converting from one system to another are given.

Our survey of introductory engineering courses used in various programs has

revealed more diversity than commonality. Different programs have chosen to

emphasize different goals, approaches, and topics. We have addressed this diver-

sity by presenting a wide range of material in as flexible and independent a fashion

as possible. In a sense we have solved the problem of what to cover by attempting

to cover everything. It is hoped that the text will be appropriate for most introduc-

tory engineering courses with a suitable selection and sequencing of topics. The

instructor's manual accompanying the text suggests several possible approaches

and provides more detailed lesson plans.

Our efforts in developing this textbook have benefited greatly from the ad-

vice, encouragement, and assistance of many faculty and students at the Univer-

sity of Michigan. In particular we acknowledge the technical assistance of Joe G.

Eisley and Maurita Holland, the assistance in problem preparation and solution

provided by Keith Hampton and Tom Sutton, and the artistic contributions of

Mike Manley. We acknowledge the considerable efforts of the editorial and pro-
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studies of the engineering student. They are also intended to provide the student 
with sufficient knowledge to confront many challenging engineering problems and 
to sample the satisfaction (or frustration) that accompanies attempts to solve such 
problems. Students are introduced to the modern tools of engineering such as 
digital methods and computing, computer-aided design (CAD/CAM), and experi­
mental and testing methods. We have also included a chapter on a most essential 
skill of engineering, communication through written, oral, and graphical means. 

Part IV of the text is concerned with the constraints that complicate and 
restrict engineering practice. We introduce students to the important subject of 
engineering economics. We then discuss relations with people. with particular 
attention directed to the subjects of management activities and the legal aspects of 
engineering. Finally we examine interactions with the institutions of society such 
as government and the new constraints these interactions impose through regula­
tion and technology assessment. 

The text is organized into compact, self-contained units. Each subsection 
ends with a short summary that is followed by an example illustrating the material 
and a number of exercises to allow the student to master the material by actual 
practice. 

The exercises vary greatly in both purpose and degree of difficulty. Most sets 
of exercises begin with straightforward problems designed to stress text material 
and develop student confidence. But we have also included several more complex 
problems of an open-ended, ill-defined nature typical of engineering practice. This 
latter approach is particularly evident in Chapters 3 and 4 where we have provided 
the student with an opportunity to apply mathematical and scientific concepts to 
engineering problems. We have also included problems designed for solution by 
various types of calculators and computers. 

We introduce the SI system of units at an early stage and use this system 
throughout the text. Although other unit systems are not treated in detail, discus­
sion and practice in converting from one system to another are given. 

Our survey of introductory engineering courses used in various programs has 
revealed more diversity than commonality. Different programs have chosen to 
emphasize different goals, approaches. and topics. We have addressed this diver­
sity by presenting a wide range of material in as flexible and independent a fashion 
as possible. In a sense we have solved the problem of what to cover by attempting 
to cover everything. It is hoped that the text will be appropriate for most introduc­
tory engineering courses with a suitable selection and sequencing of topics. The 
instructor's manual accompanying the text suggests several possible approaches 
and provides more detailed lesson plans. 

Our efforts in developing this textbook have benefited greatly from the ad­
vice, encouragement, and assistance of many faculty and students at the Univer­
sity of Michigan. In particular we acknowledge the technical assistance of Joe G. 
Eisley and Maurita Holland, the assistance in problem preparation and solution 
provided by Keith Hampton and Tom Sutton, and the artistic contributions of 
Mike Manley. We acknowledge the considerable efforts of the editorial and pro-
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duction staff at Wiley, with a particular note of thanks to Carol Beasley and Irene

Zucker. Of most importance are the contributions of the many students who have

toiled through earlier versions of the text and provided us with valuable insight

and assistance.

James J. Duderstadt

Glenn F. Knoll

George S. Springer
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PART I

The Profession

In his hand

He took the golden Compasses, prepar'd

In Gods Eternal store, to circumsc ribe

This Universe, and all created things:

One foot he center'd. and the other turn'd

Round through the vast profundi tie obscure,

And said, thus far r extend, thus far r by bounds.

Thus be thy just Circumference. O World.

Milton, Paradise Lost, Book VII

What are engineers? What do they do? What does it take to become one? These

are the first questions that usually occur to prospective engineering students, and

these are also the first questions that should be addressed by any introductory text

in engineering.

In a general sense engineers are creators of ideas and concepts, builders of

devices and structures, and above all, problem solvers. They apply their knowl-

edge of science and technology to meet the needs of society. These needs are

often so complex and intertwined with social, economic, and political issues that

engineers must be far more than problem solvers. They must also develop a broad

perspective that will allow them to assess the impact of their activities on society

and their natural environment. They must be prepared to face a world of change,

of new and ever varying challenges.

In Chapter 1 we survey the various roles and activities of engineers and the

role of the engineering profession in the modern world. We give the educational

requirements for careers in engineering and engineering technology. In addition,

we introduce the important concept of engineering as a learned profession, gov-

erned by laws of professional registration and guided by a code of ethics. Finally,

we preview some of the challenges that will confront future engineers.
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PART I 
The Profession 

In his hand 
He took the golden Compasses. prepar'd 
In Gods Eternal store. to circumscribe 
This Univnse. and all created things: 
One foot he Ct'nter'd, and the othn turn'd 
Round through the mst profunditie obscure, 
And said, thus farr extend, thus farr by bounds. 
Thus bt' thy just Circumfermce. 0 World. 

Milton, Paradist' Lost, Book VII 

What are engineers'? What do they do'? What does it take to become one? These 
are the first questions that usually occur to prospective engineering students, and 
these are also the first questions that should be addressed by any introductory text 
in engineering. 

In a general sense engineers are creators of ideas and concepts, builders of 
devices and structures, and above all, problem sol~·ers. They apply their knowl­
edge of science and technology to meet the needs of society. These needs are 
often so complex and intertwined with social, economic, and political issues that 
engineers must be far more than problem solvers. They must also develop a broad 
perspective that will allow them to assess the impact of their activities on society 
and their natural environment. They must be prepared to face a world of change, 
of new and ever varying challenges. 

In Chapter 1 we survey the various roles and activities of engineers and the 
role of the engineering profession in the modem world. We give the educational 
requirements for careers in engineering and engineering technology. In addition, 
we introduce the important concept of engineering as a learned profession, gov­
erned by laws of professional registration and guided by a code of ethics. Finally, 
we preview some of the challenges that will confront future engineers. 
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CHAPTER 1

The Profession of Engineering

Most living creatures are locked into a Darwinian pattern. They must either adapt

to their changing environment for survival or perish. Only the human species is an

exception. Only we possess the intellect to modify our environment, to adapt it to

meet our needs. On the most primitive level, this role is most characteristic of the

engineering profession. The roots of engineering lie with our ancestors' first use of

tools in their struggle for survival. Throughout history engineers have sought to

apply knowledge in the form of science and technology to meet the needs of

society. Their accomplishments have had as much impact on history as any social,

political, or artistic accomplishment. In a very real sense, the engineer has paved

the way for the progress of civilization.

Today we are in a new era, as our population strains against the limits of its

natural environment, threatening to disrupt nature, perhaps even to make this

planet uninhabitable. Future historians may refer to the twentieth century as that

moment in time when we first recognized the finite nature of the earth's resources,

even as we rapidly approached their exhaustion. Today our expanding numbers

and activities have the potential to destroy in an instant an environment produced

after millions of years of evolution. It is against this ominous backdrop that we

must examine the role of the modern engineer.

We are surrounded by and dependent on the work of engineers. Engi-

neering supplies the food we eat and the clothing we wear; it provides us with

shelter and energy, the means for transportation and communication. It has

replaced human toil with machines, and today it is replacing tedious human mental

tasks with computers, thereby providing us with the opportunity for other pur-

suits.
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CHAPTER 1 

The Profession of Engineering 

Most living creatures are locked into a Darwinian pattern. They must either adapt 
to their changing environment for survival or perish. Only the human species is an 
exception. Only we possess the intellect to modify our environment. to adapt it to 
meet our needs. On the most primitive level. this role is most characteristic of the 
engineering profession. The roots of engineering lie with our ancestors· first use of 
tools in their struggle for survival. Throughout history engineers have sought to 
apply knowledge in the form of science and technology to meet the needs of 
society. Their accomplishments have had as much impact on history as any social, 
political. or artistic accomplishment. In a very real sense. the engineer has paved 
the way for the progress of civilization. 

Today we are in a new era. as our population strains against the limits of its 
natural environment, threatening to disrupt nature. perhaps even to make this 
planet uninhabitable. Future historians may refer to the twentieth century as that 
moment in time when we first recognized the finite nature of the earth's resources, 
even as we rapidly approached their exhaustion. Today our expanding numbers 
and activities have the potential to destroy in an instant an environment produced 
after millions of years of evolution. It is against this ominous backdrop that we 
must examine the role of the modem engineer. 

We are surrounded by and dependent on the work of engineers. Engi­
neering supplies the food we eat and the clothing we wear; it provides us with 
shelter and energy. the means for transportation and communication. It has 
replaced human toil with machines, and today it is replacing tedious human mental 
tasks with computers. thereby providing us with the opportunity for other pur­
suits. 
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4 THE PROFESSION 

FIGURE 1.1 Engineers must face the 
challenges posed by an increasing popula­
tion straining against the limits of its 
natural environment. (Courtesy National 
Aeronautics and Space Administration) 

Our society has become increasingly dependent on science and technology . 
and therefore upon engineering, not only for its prosperity but , indeed , for its very 
survival. Problems of serious proportions loom before us today. How can we 
provide food and energy for an ever-growing population in the face of dwindling 
resources? How do we protect our natural environment from the impact of human 
activities? How do we preserve our dignity and freedom , even as new technolo­
gies such as genetic engineering and automatic data processing threaten our integ­
rity and individualism, the very nature of our humanity? These problems cannot 
be solved by social or political actions alone. They will require the efforts and 
talents of engineers. Yet many social and technological problems have become so 
closely intertwined that modern engineers must be acutely sensitive to social and 
political factors. They must be concerned not only with the efficient use of our 
natural resources , the preservation of our natural environment , but also with the 
importance of human dignity in modern society. 

The basic role of engineers has not really changed throughout history . En­
gineers continue to be innovators and problem solvers , applying science and 
technology for the benefit of society . However, as these needs have become more 
complex , they have required the development of more sophisticated and powerful 
scientific tools. The needs andl problems of modern society also require an ex­
traordinary combination of skill , experience, and knowledge, all of which must be 
acquired and applied by today· s engineer. 

Modern engineering remains both a science and an art. Before the basic 
principles of mathematics and science can be applied to engineering problems, 
engineers must identify, isolate, and analyze the essential features of these prob­
lems. They then must generate practical and acceptable solutions within the con­
straints posed by modern society. In this latter sense engineering problem solving 
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FIGURE 1.2. The activities of the mod­
ern engineer are varied and numerous: 
Columbia Space Shuttle (NASA-UPI); 
BART's Rockridge station in Oakland; 
Chesapeake Bay Bridge, Maryland (cour­
tesy Bethlehem Steel); a nuclear power 
plant in Arkansas (Babcock & Wilcox); 
Air France's SST Concorde; Chevrolet's 
1982 Cavalier Hatchback. 
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6 THE PROFESSION

is an art, an expression of intellectual creativity every bit as intense and imagina-

tive as that of the artist. Except that engineers, instead of working with media

such as paint on canvas, apply technology to mold the fabric of our society. The

impact of their efforts and decisions may extend far beyond the moment to influ-

ence the future of civilization.

Engineering is a challenging profession. It combines the precision and disci-

pline of science with the creativity and imagination required by the complex

problems faced by modern society. The options available to prospective engineers

are almost overwhelming. They can choose a field of specialization from among

traditional disciplines such as civil, mechanical, chemical, or electrical engineer-

ing or from newer areas such as environmental, aerospace, or nuclear engineering.

The range of activities within each field is also immense. These include research,

development, design, production, operations, sales, and management.

This array of possibilities may seem bewildering to the student contemplating

an engineering career. Therefore it is natural in discussing engineering as a profes-

sion to begin by considering various engineering roles from the perspective of both

discipline and function. This will help us establish the educational requirements

for each of these engineering careers.

SUMMARY

Throughout history engineers have sought to apply the knowledge of

science and technology to meet the needs of society. They have paved the

way for the progress of civilization. Engineers are innovators and prob-

lem solvers, applying their skill, experience, and knowledge to serve soci-

ety. Engineering is a challenging profession. It combines the precision

and discipline of science with the creativity and imagination required by

the complex problems faced by the modern world.

Exercises

Historical Background

1. Trace the evolution of engineering from the earliest records of stone

age man through the great civilizations of early history down to mod-

ern times. In particular, prepare a short list of what you regard as the

most significant achievements of engineers throughout history. Then

attempt to analyze the impact of these achievements on the course of

civilization (perhaps drawing on your related studies in history).

2. Prepare a short list of those you consider to be the most prominent
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6 THE PROFESSION 

is an art, an expression of intellectual creativity every bit as intense and imagina­
tive as that of the artist. Except that engineers, instead of working with media 
such as paint on canvas, apply technology to mold the fabric of our society. The 
impact of their efforts and decisions may extend far beyond the moment to influ­
ence the future of civilization. 

Engineering is a challenging profession. It combines the precision and disci­
pline of science with the creativity and imagination required by the complex 
problems faced by modem society. The options available to prospective engineers 
are almost overwhelming. They can choose a field of specialization from among 
traditional disciplines such as civil, mechanical, chemical, or electrical engineer­
ing or from newer areas such as environmental, aerospace, or nuclear engineering. 
The range of activities within each field is also immense. These include research, 
development, design, production, operations, sales, and management. 

This array of possibilities may seem bewildering to the student contemplating 
an engineering career. Therefore it is natural in discussing engineering as a profes­
sion to begin by considering various engineering roles from the perspective of both 
discipline and function. This will help us establish the educational requirements 
for each of these engineering careers. 

D. 

SUMMARY 

Throughout history engineers hal'e sought to apply the knowledge of 
science and technology to meet the needs of society. They lul\·e pm·ed the 
way for the progress of civilization. Engineers are innomtors and prob­
lem solvers, applying their skill, experience, and knowledge to sen·e soci­
ety. Engineering is a challenging profession. It combines the precision 
and discipline of science with the creativity and imagination required by 
the complex problems faced by the modern world. 

Exercises 

Historical Background 

1. Trace the evolution of engineering from the earliest records of stone 
age man through the great civilizations of early history down to mod­
em times. In particular, prepare a short list of what you regard as the 
most significant achievements of engineers throughout history. Then 
attempt to analyze the impact of these achievements on the course of 
civilization (perhaps drawing on your related studies in history). 

2. Prepare a short list of those you consider to be the most prominent 
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THE PROFESSION OF ENGINEERING 7

engineers of the twentieth century (e.g., Edison, Steinmetz, Von

Karman, Von Braun) and briefly describe their accomplishments.

3. We frequently think of the evolution of technology as the product of

the genius of individuals, such as Edison's invention of the electric

light or Gutenberg's invention of the printing press. James Burke has

advanced a somewhat different perspective of technological history in

his book Connections (Little, Brown, and Company, 1978). He pro-

poses that progress consists of a series of events triggered by recur-

ring factors that manifest themselves as a constant product of human

behavior. Using this "cause-effect" approach, one can find antece-

dents far back in history for any modern invention. By referring to

Burke's book, trace the "connections" leading to one of the following

modern innovations: the computer, the production line, telecom-

munications, the airplane, the atomic bomb, the guided missile, and

television.

4. Identify the various stages in the production and use of energy

through the course of civilization. In particular, attempt to extrapo-

late this development through the twenty-first century.

5. Briefly describe what changes you would expect to find in the modern

world if engineers had not developed (a) the internal combustion en-

gine, (b) the digital computer, and (c) nuclear energy.

6. What would you project as the most significant engineering break-

throughs of the next twenty years?

7. We noted that engineering is both an art and a science. Give one

example of an engineering accomplishment that rivals art in the de-

gree of its originality and creativity.

1.1. WHAT IS AN ENGINEER?

Engineering is the application of science and technology to meet human needs.

Because of the vast diversity of engineering fields and functions, it is difficult to

provide a simple, concise definition of the word "engineer."

Historically, the term probably traces back about 2000 years to a military

device, the ingenium, a type of battering ram used by Roman legions to attack

walled defenses. During the middle ages the soldiers operating such machines

became known as ingeniators. This word gradually evolved into "engineer." It

was applied to those individuals concerned with the technology of war, with

"military" engineering. Within the past two centuries the use of this term

broadened to include nonmilitary activities, civilian or "civil" engineering, as

well.

A formal definition has been adopted by the engineering profession itself. The

Accreditation Board for Engineering and Technology provides the definitions
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engineers of the twentieth century (e.g., Edison, Steinmetz, Von 
Karman, Von Braun) and briefly describe their accomplishments. 

3. We frequently think of the evolution of technology as the product of 
the genius of individuals. such as Edison's invention of the electric 
light or Gutenberg's invention of the printing press. James Burke has 
advanced a somewhat different perspective of technological history in 
his book Connections (Little, Brown, and Company. 1978). He pro­
poses that progress consists of a series of events triggered by recur­
ring factors that manifest themselves as a constant product of human 
behavior. Using this "cause-effect" approach. one can find antece­
dents far back in history for any modern invention. By referring to 
Burke's book. trace the "connections" leading to one of the following 
modern innovations: the computer. the production line, telecom­
munications. the airplane. the atomic bomb. the guided missile, and 
television. 

4. Identify the various stages in the production and use of energy 
through the course of civilization. In particular. attempt to extrapo­
late this development through the twenty-first century. 

S. Briefly describe what changes you would expect to find in the modern 
world if engineers had not developed (a) the internal combustion en­
gine. (b) the digital computer. and (c) nuclear energy. 

6. What would you project as the most significant engineering break­
throughs of the next twenty years? 

7. We noted that engineering is both an art and a science. Give one 
example of an engineering accomplishment that rivals art in the de­
gree of its originality and creativity. 

1.1. WHAT IS AN ENGINEER? 

Engineering is the application of science and technology to meet human needs. 
Because of the vast diversity of engineering fields and functions, it is difficult to 
provide a simple, concise definition of the word "engineer." 

Historically, the term probably traces back about 2000 years to a military 
device, the ingenium. a type of battering ram used by Roman legions to attack 
walled defenses. During the middle ages the soldiers operating such machines 
became known as ingeniators. This word gradually evolved into "engineer." It 
was applied to those individuals concerned with the technology of war, with 
"military" engineering. Within the past two centuries the use of this term 
broadened to include nonmilitary activities, civilian or "civil" engineering, as 
well. 

A formal definition has been adopted by the engineering profession itself. The 
Accreditation Board for Engineering and Technology provides the definitions 
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8 THE PROFESSION 

Engineering is the profession in which a knowledge of the mathematical and 
natural sciences gained by study. experience. and practice is applied with judg­
ment to develop ways to utilize. economically. the materials and forces of nature 
for the benefit of mankind. 
Engineers are persons who. by reason of their special knowledge and use of 
mathematical. physical. and engineering sciences and the principles and methods 
of engineering analysis and design. acquired by education and experience. are 
qualified to practice engineering. 

However, the most useful approach is to simply regard the engineer as a doer, a 
problem solver, who applies science and technology to solve the problems and to 
meet the needs of society. The engineer is an innovator and creator of new prod­
ucts and processes aimed at solving problems in a practical and economic fashion. 

The problems of society have become so complex and the tools of technology 
so advanced and sophisticated that one person can no longer master them alone. 
Engineering has become a team activity. It combines the efforts of many individu­
als with knowledge and talents in different and diverse areas. This team includes 
scientists who search for the fundamental laws of nature , engineers who translate 
science into usable forms through innovative design , engineering t echnologists 
and technicians who apply and execute engineering designs, and craftsmen who 
apply their skills to produce the materials and devices required by the design . 

The Scientist 

Scientists stand at one end of the spectrum of technical activities . Their efforts are 
aimed at basic research , that is, the understanding of nature for its own sake . 
Many scientis ts also become involved in activities with a more practical bent such 

FIGURE 1.3. The engineering team: scientist, engineer . engineering technologist, en­
gineering technician , and craftsman . (Courtesy Accreditation Board for 
Engineering and Technology) 

Scientist Engineer 
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The engineering team 

Engineering technologist 
or technician 

D b Google 
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10 THE PROFESSION

as device design and development. However their primary interest is scientific

knowledge, without regard to its ultimate use. Such scientific research requires a

thorough grounding in basic concepts and mathematics. It also requires advanced

training and education, often to the level of a doctorate degree.

The Engineer

Engineers are also concerned with basic scientific principles. However, unlike

scientists, the efforts of engineers are directed more at the application than the

discovery of these principles. Perhaps the most distinguishing activity of en-

gineers is design, the use of their knowledge of science to synthesize a device or

process to answer a specific need. As the famous engineer Theodore Von Karman

once observed, "The scientist explores what is; the engineer creates what had not

been." Like scientists, engineers must possess a thorough foundation in basic

science and mathematics. However they also require training in engineering sci-

ences such as structural and fluid mechanics, thermodynamics, and electrical

science. Their education includes topics from the humanities, social sciences, and

communication arts that assist them in addressing the complex problems they will

encounter in modern society. Although the accepted entry point into the engineer-

ing profession today stands at the four-year baccalaureate level (e.g., a Bachelor

of Science (B.S.) degree in engineering or a Bachelor of Engineering (B.Eng.)

degree), certain types of engineering practice may well require studies beyond this

point to the level of Master of Science (M.S.) or Doctor of Philosophy (Ph.D.)

The Engineering Technologist

The development of the ideas of scientists and engineers into tangible results

frequently involves other members of the engineering team known as engineering

technologists and technicians. An engineering technologist deals more directly

with applications of established scientific and engineering principles than with the

development of these principles. More precisely, engineering technologists are

concerned with the part of technology that requires the application of scientific

and engineering knowledge and methods together with technical skills in support

of engineering activities. Their position in the spectrum of activities characterizing

the engineering team lies between the engineer and the craftsman. Engineering

technologists will participate in the organization and management of engineering

projects and the planning, construction, and operation of engineering facilities.

They may even be called upon to perform limited design activities. Therefore their

education is similar in many ways to the engineer's. It consists of a four-year

baccalaureate program emphasizing science and mathematics as well as more

specialized technical training in engineering applications. The corresponding de-

gree is sometimes called Bachelor of Science in Engineering Technology or

B.S.E.T. degree.

The Engineering Technician

Many activities in engineering require fewer analytical or conceptual skills, but

more detailed knowledge and skills in particular applications. The training for
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10 THE PROFESSION 

as device design and development. However their primary interest is scientific 
knowledge, without regard to its ultimate use. Such scientific research requires a 
thorough grounding in basic concepts and mathematics. It also requires advanced 
training and education, often to the level of a doctorate degree. 

The Engineer 

Engineers are also concerned with basic scientific principles. However, unlike 
scientists, the efforts of engineers are directed more at the application than the 
discovery of these principles. Perhaps the most distinguishing activity of en­
gineers is design, the use of their knowledge of science to synthesize a device or 
process to answer a specific need. As the famous engineer Theodore Von Karman 
once observed, "The scientist explores what is; the engineer creates what had not 
been." Like scientists, engineers must possess a thorough foundation in basic 
science and mathematics. However they also require training in engineering sci­
ences such as structural and fluid mechanics, thermodynamics, and electrical 
science. Their education includes topics from the humanities, social sciences, and 
communication arts that assist them in addressing the complex problems they will 
encounter in modem society. Although the accepted entry point into the engineer­
ing profession today stands at the four-year baccalaureate level (e.g., a Bachelor 
of Science (B.S.) degree in engineering or a Bachelor of Engineering (B.Eng.) 
degree), certain types of engineering practice may well require studies beyond this 
point to the level of Master of Science (M.S.) or Doctor of Philosophy (Ph.D.) 

The Engineering Technologist 

The development of the ideas of scientists and engineers into tangible results 
frequently involves other members of the engineering team known as engineering 
technologists and technicians. An engineering technologist deals more directly 
with applications of established scientific and engineering principles than with the 
development of these principles. More precisely, engineering technologists are 
concerned with the part of technology that requires the application of scientific 
and engineering knowledge and methods together with technical skills in support 
of engineering activities. Their position in the spectrum of activities characterizing 
the engineering team lies between the engineer and the craftsman. Engineering 
technologists will participate in the organization and management of engineering 
projects and the planning, construction, and operation of engineering facilities. 
They may even be called upon to perform limited design activities. Therefore their 
education is similar in many ways to the engineer's. It consists of a four-year 
baccalaureate program emphasizing science and mathematics as well as more 
specialized technical training in engineering applications. The corresponding de­
gree is sometimes called Bachelor of Science in Engineering Technology or 
B.S.E.T. degree. 

The Engineering Technician 

Many activities in engineering require fewer analytical or conceptual skills. but 
more detailed knowledge and skills in particular applications. The training for 
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THE PROFESSION OF ENGINEERING

these activities can sometimes be provided by a two-year (associate degree) edu-

cational program emphasizing practical techniques, coupled with on the job train-

ing. Graduates of these programs are known as engineering technicians. Although

the general activities of the engineering technician are more routine than those

required of the engineer or the engineering technologist, they are nevertheless of a

highly skilled nature. Engineering technicians might be involved in the actual

fabrication of prototype devices designed by engineers. Other possible activities

include preparing drawings, assembly of electronic circuits, estimating costs, as

well as service and maintenance activities. Frequently the engineering technician

is the vital link between an idea on paper and its realization in practice.

The Craftsman

Craftsmen possess the manual skills necessary to produce the components

specified by engineers. Therefore they need not be concerned with the basic

scientific principles involved in design. Their training is usually acquired on the

job (e.g., by serving an apprenticeship). Welders, machinists, electricians, carpen-

ters, and model builders are examples of the specialized jobs of craftsmen.

In general, individuals primarily interested in pursuing knowledge for its own

sake, that is, in following their own sense of curiosity without regard to applica-

tion, would be most satisfied in a scientific profession. People with strong scien-

tific and mathematical interests and attitudes, but with primary interests in prob-

lem solving and practical application, are well suited to engineering. Those who

prefer a greater involvement with actual technical devices and processes than with

theoretical concepts would probably be more satisfied as engineering tech-

nologists. Individuals less theoretically minded and preferring a practical in-

volvement in a supportive technical role would be suited for a career as an en-

gineering technician. Those interested in developing a high degree of skill in the

use of tools or machinery are most likely to prefer work as craftsmen.

The occupational definitions listed above should not be interpreted as rigid.

There is considerable overlap among the activities of members of the engineering

team. For example, many engineers are involved in basic research, and engineer-

ing technologists and technicians may participate in design activities. Neverthe-

less this classification is useful in identifying the various educational requirements

for each career in engineering. Table 1.1, which was prepared by the Accredita-

tion Board for Engineering and Technology, compares these educational require-

ments and activities in greater detail.

SUMMARY

Although formal definitions can be given for the profession of engineer-

ing, it is simplest to think of the engineer as a problem solver who applies

science and technology to meet the needs of society. Engineering is a
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these activities can sometimes be provided by a two-year (associate degree) edu­
cational program emphasizing practical techniques, coupled with on the job train­
ing. Graduates ofthese programs are known as engineering technicians. Although 
the general activities of the engineering technician are more routine than those 
required of the engineer or the engineering technologist, they are nevertheless of a 
highly skilled nature. Engineering technicians might be involved in the actual 
fabrication of prototype devices designed by engineers. Other possible activities 
include preparing drawings, assembly of electronic circuits, estimating costs, as 
well as service and maintenance activities. Frequently the engineering technician 
is the vital link between an idea on paper and its realization in practice. 

The Craftsman 

Craftsmen possess the manual skills necessary to produce the components 
specified by engineers. Therefore they need not be concerned with the basic 
scientific principles involved in design. Their training is usually acquired on the 
job (e.g., by serving an apprenticeship). Welders, machinists, electricians, carpen­
ters, and model builders are examples of the specialized jobs of craftsmen. 

In general, individuals primarily interested in pursuing knowledge for its own 
sake, that is, in following their own sense of curiosity without regard to applica­
tion, would be most satisfied in a scientific profession. People with strong scien­
tific and mathematical interests and attitudes, but with primary interests in prob­
lem solving and practical application, are well suited to engineering. Those who 
prefer a greater involvement with actual technical devices and processes than with 
theoretical concepts would probably be more satisfied as engineering tech­
nologists. Individuals less theoretically minded and preferring a practical in­
volvement in a supportive technical role would be suited for a career as an en­
gineering technician. Those interested in developing a high degree of skill in the 
use of tools or machinery are most likely to prefer work as craftsmen. 

The occupational definitions listed above should not be interpreted as rigid. 
There is considerable overlap among the activities of members of the engineering 
team. For example, many engineers are involved in basic research, and engineer­
ing technologists and technicians may participate in design activities. Neverthe­
less this classification is useful in identifying the various educational requirements 
for each career in engineering. Table 1.1, which was prepared by the Accredita­
tion Board for Engineering and Technology, compares these educational require­
ments and activities in greater detail. 

SUMMARY 

Although formal definitions can be given for the profession of engineer­
ing, it is simplest to think of the engineer as a problem solver who applies 
science and technology to meet the needs of society. Engineering is a 
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12 THE PROFESSION

team activity involving scientists who search for the fundamental laws of

nature, engineers who translate scientific knowledge into usable forms

through design, engineering technologists and technicians who apply and

execute engineering designs, and craftsmen who apply their special skills

to produce the materials and devices required by the designs.

Example A mechanical engineer is faced with the task of improving the effi-

ciency of a photovoltaic solar power collector by developing an inexpensive lens

to focus sunlight on the photocells. The engineer notes that a scientific research

group has recently developed the concept that a lens can be fabricated from thin

plastic sheets. This scheme is based on an old idea developed for lighthouses

known as the Fresnel lens in which a convex lens is sliced into thin bands so that it

can be constructed on a flat surface. The engineer determines that this lens can be

applied to improve the efficiency of the solar collector and designs a process to

produce such lenses inexpensively by molding thin plastic sheets into the shape of

Fresnel lenses. The engineering technologist takes this design and provides de-

tailed specifications in the form of design drawings. The components that can be

obtained directly from stock are ordered. Craftsmen fabricate the more unique

components of the lens production, such as dies, and then assemble the actual

devices.

Exercises

The Engineering Team

1. Compare the definitions of "scientist," "engineer," "engineering

technologist," and "engineering technician" given in three different

books discussing engineering careers. (See the reference list at the

end of this chapter for possible suggestions.)

2. Trace the possible involvement of various members of the engineer-

ing team in the development of the following products: (a) the Xerox

machine, (b) a wind turbine generator, (c) the pop-top beer can, and

(d) an air-convection popcorn popper.

3. Engineers and engineering technologists frequently find themselves

involved in group or team activities. What would you suppose are

essential attributes for participating as an effective member of such

teams?

4. Identify which member of the engineering team would most appropri-

ately handle the following activities:

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:4

9
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

12 THE PROFESSION 

team activity involving scientists who search for the fundamental laws of 
nature, engineers who translate scientific knowledge into usable forms 
through design, engineering technologists and technicians who apply and 
execute engineering designs, and craftsmen who apply their special skills 
to produce the materials and devices required by the designs. 

Example A mechanical engineer is faced with the task of improving the effi­
ciency of a photovoltaic solar power collector by developing an inexpensive lens 
to focus sunlight on the photocells. The engineer notes that a scientific research 
group has recently developed the concept that a lens can be fabricated from thin 
plastic sheets. This scheme is based on an old idea developed for lighthouses 
known as the Fresnel lens in which a convex lens is sliced into thin bands so that it 
can be constructed on a flat surface. The engineer determines that this lens can be 
applied to improve the efficiency of the solar collector and designs a process to 
produce such lenses inexpensively by molding thin plastic sheets into the shape of 
Fresnel lenses. The engineering technologist takes this design and provides de­
tailed specifications in the form of design drawings. The components that can be 
obtained directly from stock are ordered. Craftsmen fabricate the more unique 
components of the lens production, such as dies, and then assemble the actual 
devices. 

D. 

Exercises 

The Engineering Team 

1. Compare the definitions of "scientist," "engineer," "engineering 
technologist," and "engineering technician" given in three different 
books discussing engineering careers. (See the reference list at the 
end of this chapter for possible suggestions.) 

2. Trace the possible involvement of various members of the engineer­
ing team in the development of the following products: (a) the Xerox 
machine, (b) a wind turbine generator, (c) the pop-top beer can, and 
(d) an air-convection popcorn popper. 

3. Engineers and engineering technologists frequently find themselves 
involved in group or team activities. What would you suppose are 
essential attributes for participating as an effective member of such 
teams? 

4. Identify which member of the engineering team would most appropri­
ately handle the following activities: 
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THE PROFESSION OF ENGINEERING 13

TABLE 1.1 The Engineering Team

ENGINEER

ENGINEERING TECHNOLOGIST ENGINEERING TECHNICIAN

The first professional degree

from an accredited

engineering program:

â€¢ One-half year of mathematics

beginning with differential

and integral calculus

â€¢ Basic physical sciences

â€¢ Engineering sciences

â€¢ Interrelate engineering

principles with

economic, social, political,

aesthetic, ethical, legal, and

environmental issues

Preparation

Four-year degree from an accredited

engineering technology

program:

â€¢ Applied science and

mathematics (through concepts

and applications of calculus)

â€¢ Technical sciences and

specialty areas

â€¢ Field orientation

â€¢ Apply technological methods

and knowledge, with technical

skills, to support engineering

activities

An associate degree in an

accredited engineering

technology program:

â€¢ Mastery of technical skills

â€¢ Training in specific

instruments and

equipment

â€¢ Perform operational tasks,

following well-defined

procedures, to support

engineering activities

Research

Conceptual design

System synthesis and

development

Product innovation

Operations management

Career Goals

Hardware design and development

Product analysis and

development

System operation

Process management

Technical sales and services

Drafter

Laboratory operations

System maintenance

Machine operations

Data collection

Conceptualizer

Innovator

Planner/predictor

Designer

Developer

Systematizer

Judge

Decision maker

Producer of standards

Synthesizer

Descriptors

Operator of systems

Translator of concepts into

hardware and systems

Director of engineering technicians

and craftsmen

Implementer

Applier of established techniques

and methods

Producer

Analyzer

Performer of operational

tasks

User of proven techniques

and methods

Builder of components

Operator

Tester

Collector of data

Maintainer of components

Preparer of technical drawings
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TABLE 1.1 The Engineering Team 

ENGINEER 

The first professional degree 
from an accredited 
engineering program: 
• One-half year of mathematics 

beginning with differential 
and integral calculus 

• Basic physical sciences 
• Engineering sciences 
• Interrelate engineering 

principles with 
economic, social, political, 
aesthetic, ethical. legal, and 
environmental issues 

Research 
Conceptual design 
System synthesis and 

development 
Product innovation 
Operations management 

Conceptualizer 
Innovator 
Planner/predictor 
Designer 
Developer 
Systematizer 
Judge 
Decision maker 
Producer of standards 
Synthesizer 
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ENGINEERING TECHNOLOGIST 

Preparation 

Four-year degree from an accredited 
engineering technology 
program: 
• Applied science and 

mathematics (through concepts 
and applications of calculus) 

• Technical sciences and 
specialty areas 

• Field orientation 
• Apply technological methods 

and knowledge, with technical 
skills, to support engineering 
activities 

Career Goals 

Hardware design and development 
Product analysis and 

development 
System operation 
Process management 
Technical sales and services 

Descriptors 

Operator of systems 
Translator of concepts into 

hardware and systems 
Director of engineering technicians 

and craftsmen 
Implementer 
Applier of established techniques 

and methods 
Producer 
Analyzer 

ENGINEERING TECHNICIAN 

An associate degree in an 
accredited engineering 
technology program: 
• Mastery of technical skills 
• Training in specific 

instruments and 
equipment 

• Perform operational tasks, 
following well-defined 
procedures, to support 
engineering activities 

Drafter 
Laboratory operations 
System maintenance 
Machine operations 
Data collection 

Performer of operational 
tasks 

User of proven techniques 
and methods 

Builder of components 
Operator 
Tester 
Collector of data 
Maintainer of components 
Preparer of technical drawings 
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14 THE PROFESSION

(a) Devise an experiment to study the interaction of molten metal

and water.

(b) Design the test facility for conducting such an experiment.

(c) Prepare the detailed blueprints for each of the components of

the experimental apparatus.

(d) Fabricate and assemble the apparatus.

(e) Record the data taken during the course of the experiment.

(f) Develop a computer program to analyze the results of the

experiment.

(g) Run the computer program to analyze the data.

(h) Interpret the results of the data analysis.

5. Interview an engineer, an engineering technologist, and an engineer-

ing technician to determine what they regard as the principal rewards

and disappointments of their work.

1.2. FIELDS OF ENGINEERING

The engineering profession is characterized by the number and variety of its fields

of specialization. Engineering applications range from the microscopic world of

integrated circuit design for digital computers to mammoth civil constructions

projects such as dams, bridges, or entire cities. The traditional engineering disci-

plines include civil engineering, mechanical engineering, chemical engineering,

and electrical engineering. Additional fields of engineering such as aerospace

engineering and nuclear engineering have developed as a consequence of new

scientific discoveries. Moreover, a variety of new engineering disciplines, such as

environmental engineering, biomedical engineering, and systems engineering,

have been stimulated by the complex nature of the problems that now face modern

society (Figure 1.4).

Civil Engineering

Civil engineers are builders who are involved in the planning, design, and con-

struction of projects such as bridges, dams, harbors and waterways, highways and

railroads, buildings and mass transit systems. Civil engineering is the oldest of the

engineering professions. The term "civil'' was introduced during the eighteenth

century to distinguish a group of engineers more concerned with public or civilian

projects from "military" engineers who designed and constructed structures for

military purposes. In fact the first "civil engineers" were machine builders. How-

ever, this term became gradually associated with the construction of structures

such as buildings, roads, and bridges.

The civil engineer can choose today from many areas of concentration. These

include construction engineering and management; environmental, sanitary, and

water resources engineering; geodetic engineering (surveying); highway engineer-

ing; hydraulic engineering; municipal engineering; geotechnic engineering (soil
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14 THE PROFESSION 

(a) Devise an experiment to study the interaction of molten metal 
and water. 

(b) Design the test facility for conducting such an experiment. 
(c) Prepare the detailed blueprints for each of the components of 

the experimental apparatus. 
(d) Fabricate and assemble the apparatus. 
(e) Record the data taken during the course of the experiment. 
(f) Develop a computer program to analyze the results of the 

experiment. 
(g) Run the computer program to analyze the data. 
(h) Interpret the results of the data analysis. 

S. Interview an engineer, an engineering technologist, and an engineer­
ing technician to determine what they regard as the principal rewards 
and disappointments of their work. 

1.2. FIELDS OF ENGINEERING 

The engineering profession is characterized by the number and variety of its fields 
of specialization. Engineering applications range from the microscopic world of 
integrated circuit design for digital computers to mammoth civil constructions 
projects such as dams, bridges, or entire cities. The traditional engineering disci­
plines include civil engineering, mechanical engineering, chemical engineering, 
and electrical engineering. Additional fields of engineering such as aerospace 
engineering and nuclear engineering have developed as a consequence of new 
scientific discoveries. Moreover. a variety of new engineering disciplines. such as 
environmental engineering, biomedical engineering. and systems engineering. 
have been stimulated by the complex nature of the problems that now face modern 
society (Figure 1.4). 

Ci1·i/ Engineering 

Civil engineers are builders who are involved in the planning. design. and con­
struction of projects such as bridges. dams. harbors and waterways, highways and 
railroads, buildings and mass transit systems. Civil engineering is the oldest of the 
engineering professions. The term "civil" was introduced during the eighteenth 
century to distinguish a group of engineers more concerned with public or civilian 
projects from "military" engineers who designed and constructed structures for 
military purposes. In fact the first "civil engineers'' were machine builders. How­
ever, this term became gradually associated with the construction of structures 
such as buildings. roads, and bridges. 

The civil engineer can choose today from many areas of concentration. These 
include construction engineering and management: environmental. sanitary. and 
water resources engineering: geodetic engineering (surveying): highway engineer­
ing: hydraulic engineering: municipal engineering: geotechnic engineering (soil 
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Aerospace 
Agricultural 
Architectural 
Atmospheric 
Automotive 
Bioengineering 
Biomedical 

Civil 
Mechanical 
Chemical 
Electrical 

Computer 
Environmental 
Industrial 
Manufacturing 
Materials 
Metallurgical 
Marine 

Mining 
Nuclear 
Petroleum 
Sanitary 
Systems 
Transportation 
Water Resources 
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FIGURE 1.4. The fields of engineering 
include the four traditional disciplines of 
civil, mechanical. chemical, and electrical 
engineering in addition to other more 
specialized fields. 

mechanics and foundations); structural engineering; and transportation and traffic 
engineering. Opportunities for civil engineers are quite extensive and include 
construction. manufacturing , transportation , power generation. and environmen­
tal control activities in both industry and government. Civil engineering is also a 
primary activi ty of many consulting engineering firms. 

M eclwnical £nl(ineerin~: 

Mechanical engineers are concerned with mac hines and mechanical processes 
such as energy generation and conversion. This aspect of engi neering can be 
traced back to the industrial revolution in the late eighteenth century when 
steam-powered engines first began to revolutionize manufacturing and locomo­
tion. Today. mec hanical engineering has become one of the broadest and most 
popular areas of engineering activity. Mechanical e ngineers play a major role in 
energy production, conversion , and utilization. in both traditional forms such as 

FIGURE 1.5. Mechanical engineers testing the heat resistance 
of a nuclear fu el element. (Courtesy E G & G. 
Idaho) 
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16 THE PROFESSION

fossil-fuel combustion and newer forms such as nuclear or solar energy; in trans-

portation such as the automobile and aircraft industries; in the design and fabrica-

tion of machinery with applications ranging from industrial production to home

appliances; and in heating, air conditioning, refrigeration, and cryogenics. Me-

chanical engineers participate in almost every type of industrial activity. Their

background includes extensive training in thermodynamics, fluid mechanics, heat

transfer, solid mechanics, dynamics, materials, and electronics, as well as more

specialized topics such as machine design and power generation.

Chemical Engineering

Chemical engineers apply principles of chemistry, physics, and engineering to the

design and operation of plants and processes for the production of materials that

undergo chemical changes during their manufacture. In its broadest sense, chemi-

cal engineering involves the creative application of chemistry to meet the needs of

society. Chemical engineers develop processes for producing plastics, synthetic

fibers, pharmaceuticals, paper, paints, and many other products of importance.

The work of the chemical engineer encompasses many industries, from the syn-

thesis of chemicals and the refining of petroleum to nuclear energy and space

technology. General areas of specialization include: chemical process design,

electrochemistry, corrosion, environmental engineering, biochemistry, molecular

chemistry, polymer chemistry, nuclear chemistry, petroleum, and general chemi-

cal systems engineering. Chemical engineers are in demand not only in chemical

industries, but also in nearly all types of manufacturing. Chemical engineers build

on a solid foundation in chemistry and physics with engineering sciences of par-

ticular importance to chemical processes, including chemical reactions, ther-

modynamics, fluid mechanics, and materials science. Their strong training in the

design and analysis of processes provides them with a general perspective of

major importance in many fields.

Electrical Engineering

Electrical engineering is concerned with electrical devices, circuits, and systems.

Traditionally electrical engineers have specialized in areas such as power genera-

tion and transmission, electrical machinery, electronics, communication, control,

and circuit design. In the past several decades this field has expanded considera-

bly with the development of the transistor, integrated circuits and microelec-

tronics, the laser, and the digital computer. Many electrical engineers now work in

new areas such as quantum electronics (microelectronics), quantum optics (la-

sers), and computer engineering. Electrical engineering graduates are sought by

all major industries. This field requires perhaps the strongest mathematical back-

ground of the traditional engineering disciplines, particularly in the more theoreti-

cal areas such as communication and control. Newer areas such as microelec-

tronics and laser development require a thorough foundation in modern physics.
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D. 

fossil-fuel combustion and newer forms such as nuclear or solar energy: in trans­
portation such as the automobile and aircraft industries; in the design and fabrica­
tion of machinery with applications ranging from industrial production to home 
appliances: and in heating, air conditioning, refrigeration, and cryogenics. Me­
chanical engineers participate in almost every type of industrial activity. Their 
background includes extensive training in thermodynamics, fluid mechanics, heat 
transfer, solid mechanics, dynamics, materials, and electronics, as well as more 
specialized topics such as machine design and power generation. 

Chemical Engineering 

Chemical engineers apply principles of chemistry, physics, and engineering to the 
design and operation of plants and processes for the production of materials that 
undergo chemical changes during their manufacture. In its broadest sense. chemi­
cal engineering involves the creative application of chemistry to meet the needs of 
society. Chemical engineers develop processes for producing plastics. synthetic 
fibers, pharmaceuticals, paper, paints, and many other products of importance. 
The work of the chemical engineer encompasses many industries. from the syn­
thesis of chemicals and the refining of petroleum to nuclear energy and space 
technology. General areas of specialization include: chemical process design. 
electrochemistry, corrosion, environmental engineering, biochemistry. molecular 
chemistry. polymer chemistry, nuclear chemistry, petroleum, and general chemi­
cal systems engineering. Chemical engineers are in demand not only in chemical 
industries, but also in nearly all types of manufacturing. Chemical engineers build 
on a solid foundation in chemistry and physics with engineering sciences of par­
ticular importance to chemical processes. including chemical reactions. ther­
modynamics. fluid mechanics, and materials science. Their strong training in the 
design and analysis of processes provides them with a general perspective of 
major importance in many fields. 

Electrical Engineering 

Electrical engineering is concerned with electrical devices, circuits, and systems. 
Traditionally electrical engineers have specialized in areas such as power genera­
tion and transmission, electrical machinery, electronics, communication, control. 
and circuit design. In the past several decades this field has expanded considera­
bly with the development of the transistor. integrated circuits and microelec­
tronics, the laser, and the digital computer. Many electrical engineers now work in 
new areas such as quantum electronics (microelectronics), quantum optics (la­
sers), and computer engineering. Electrical engineering graduates are sought by 
all major industries. This field requires perhaps the strongest mathematical back­
ground of the traditional engineering disciplines, particularly in the more theoreti­
cal areas such as communication and control. Newer areas such as microelec­
tronics and laser development require a thorough foundation in modem physics. 
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THE PROFESSION OF ENGINEERING 17 

FIGURE 1.6. The efforts of electrical 
engineers have made possible the 
dramatic advances in communication 
as illustrated by this comparison of 
early and advanced communication 
satellites. (Courtesy Hughes Aircraft 
Company) 

SUMMARY 

The traditional engineering disciplines are civil, mechanical, chemical, 
and electrical engineering. 

Civil engineers are builders. They plan, design, and construct projects 
such as roads, buildings, and cities. 

Mechanical engineers are concerned with machines and mechanical 
processes including energy production and utilization. 

Chemical engineers design chemical processes and plants for the 
production of materials. 

Ekctrical engineers are concerned with electrical phenomena, with 
electrical del•ices, circuits, and systems as well as with more abstract 
areas such as communication and control. 
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18 THE PROFESSION 

In addition to the four traditional engineering disciplines, the engineering 
student can choose from a wide variety of more specialized fields: 

Aerospace (Aeronautical and Astronautical) Engineering 

Since the early developments of manned flight, aeronautical engineers have 
played the key role in the design and development of aircraft. This field has 
broadened to encompass astronautical engineering as the space program in the 
mid-twentieth century rapidly expanded (hence the new title "aerospace" en­
gineer). More recently it has been extended to include other areas such as high­
speed ("ground effect") transportation, hydrofoil ships, deep ocean vehicles, and 
wind-powered electrical generators. Aerospace engineers acquire a solid founda­
tion in fluid dynamics (particularly as applied to aerodynamics and propulsion), 
structural mechanics, flight and celestial mechanics, and guidance and control. 
They find many employment opportunities in aircraft or spacecraft development, 
manufacturing, and assembly, dealing with almost every aspect of both manned 
and unmanned flight, from light planes and helicopters to satellites and deep space 
probes. The advances developed by aerospace engineers have given rise to many 
spinoff developments that benefit society. 

FIGURE 1.7. Perhaps the most dramatic achievement of aero­
space engineering was the lunar landing of Apollo 
II. (Courtesy National Aeronautics and Space 
Administration) 

Dig l zed by Google Original from 
UNIVERSITY OF MICHIGAN 



THE PROFESSION OF ENGINEERING

Agricultural Engineering

Agricultural engineers apply engineering principles to farm and food production

industries. They are involved in every phase of agriculture from the production of

plants and animals to the final processing of food, feed, and fiber products. This

field makes use of both the physical and biological sciences. It has become par-

ticularly critical in the light of the rapidly growing world population's need for

food and fiber. The agricultural engineer might become involved in the develop-

ment of mechanized farm equipment and machinery, the application of modern

methods of irrigation, erosion control, and land and water management, feed and

crop processing methods, the design of specialized structures for farm use, and

the processing and handling of food products.

A closely related area of engineering activity is management of forest and

mineral resources. The new field of resource engineering deals with the efficient

use of natural resources, including forest, productive crop lands, and mineral

deposits. These engineers apply modern engineering techniques to improve the

traditional methods of harvesting and conserving natural resources.

Architectural Engineering

Architectural engineers, like civil engineers, are concerned with the design and

assembly of structures. However, their background allows them to interact

closely with the architect, to apply engineering methods of structural analysis and

materials selection to realize the particular artistic goals of the architect. Such

engineers often work in established architectural or construction firms. Students

in this field usually acquire a strong background in the traditional engineering

subjects such as structural mechanics. But they also need an appreciation for the

aesthetics of architecture. Of particular importance is familiarity with recent de-

velopments in computer-aided design.

Atmospheric and Oceanographic Engineering

In recent years engineers have directed their attention toward the earth's atmo-

sphere and oceans. Atmospheric science and engineering is essentially applied

meteorology, including problems associated with climate and weather, air pollu-

tion, industrial plant location and processes, and wind-loading considerations in

the design of structures. Many important decisions in the design of transportation

systems, whether by land, water, or air, depend critically on meteorological fac-

tors.

Oceanographic engineers attempt to understand the physical proc-

esses that give rise to the observable behavior of the oceans and then apply

this knowledge to the wise use of this important natural resource. They develop

methods of aquaculture and techniques to harvest the mineral resources of the

oceans. The applied oceanographer is also concerned with water supply and con-

trol, water pollution, wave action on structures and beaches, and biological and

geological processes in the ocean. More recently, oceanographic engineers have
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THE PROFESSION OF ENGINEERING 19 

Agricultural Engineering 

Agricultural engineers apply engineering principles to farm and food production 
industries. They are involved in every phase of agriculture from the production of 
plants and animals to the final processing of food, feed, and fiber products. This 
field makes use of both the physical and biological sciences. It has become par­
ticularly critical in the light of the rapidly growing world population· s need for 
food and fiber. The agricultural engineer might become involved in the develop­
ment of mechanized farm equipment and machinery, the application of modem 
methods of irrigation, erosion control, and land and water management, feed and 
crop processing methods, the design of specialized structures for farm use, and 
the processing and handling of food products. 

A closely related area of engineering activity is management of forest and 
mineral resources. The new field of resource engineering deals with the efficient 
use of natural resources, including forest, productive crop lands, and mineral 
deposits. These engineers apply modem engineering techniques to improve the 
traditional methods of harvesting and conserving natural resources. 

Architectural Engineering 

Architectural engineers, like civil engineers, are concerned with the design and 
assembly of structures. However, their background allows them to interact 
closely with the architect, to apply engineering methods of structural analysis and 
materials selection to realize the particular artistic goals of the architect. Such 
engineers often work in established architectural or construction firms. Students 
in this field usually acquire a strong background in the traditional engineering 
subjects such as structural mechanics. But they also need an appreciation for the 
aesthetics of architecture. Of particular importance is familiarity with recent de­
velopments in computer-aided design. 

Atmospheric and Oceanographic Engineering 

In recent years engineers have directed their attention toward the earth's atmo­
sphere and oceans. Atmospheric science and engineering is essentially applied 
meteorology. including problems associated with climate and weather, air pollu­
tion. industrial plant location and processes, and wind-loading considerations in 
the design of structures. Many important decisions in the design of transportation 
systems, whether by land. water, or air, depend critically on meteorological fac­
tors. 

Oceanographic engineers attempt to understand the physical proc­
esses that give rise to the observable behavior of the oceans and then apply 
this knowledge to the wise use of this important natural resource. They develop 
methods of aquaculture and techniques to harvest the mineral resources of the 
oceans. The applied oceanographer is also concerned with water supply and con­
trol, water pollution, wave action on structures and beaches, and biological and 
geological processes in the ocean. More recently, oceanographic engineers have 
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20 THE PROFESSION 

FIGURE 1.8. Atmospheric engineers use 
high altitude balloons to study the upper 
atmosphere. (Courtesy University of 
Michigan College of Engineering) 

helped to develop floating power stations that exploit temperature variations in 
ocean currents. 

Automotive Engineering 

Automotive engineers are responsible for the design , development. testing , man­
ufacturing, and application of vehicles and their components for use as transporta­
tion. Representative fields include passenger cars, trucks, otT-road vehicles , fuels 
and lubricants, construction and industrial machinery. engine des ign, occupant 
safety, and emissions control. Usually automotive engineering is offered as a 
speciality option within a mechanical engineering program, although it may also 
be regarded as a separate discipline in its own right. 

Bioengineering or Biomedical Engineering 

Biomedical engineers combine the methods of engineering with their knowledge of 
the biological and medical sciences. They participate in the development of medi­
cal instrumentation, artificial limbs or organs, and instrumentation for the diag­
nosis or treatment of disease. A closely related area is biochemical engineering, 
which is involved with the commercial development of products and processes 
required for human existence . This particular area of chemical engineering in­
cludes work with antibiotics, vaccines, biodegradation of insecticides , wastewater 
utilization , prosthetic materials, synthetic foods , biomedical devices , and artificial 
organs . 

Dig l zed by Google Original from 
UNIVERSITY OF MICHIGAN 



THE PROFESSION OF ENGINEERING

FIGURE 1.9. The design of an artificial respirator

provides an example of bioengineering. (Courtesy

University of Michigan College of Engineering)

Bioengineering is yet a third option: it is generally concerned with the protec-

tion of human, animal, and plant life from toxicants and pollutants or with design-

ing systems that are more suited to the anatomy and function of the human body.

Computer Engineering

One of the most rapidly growing areas of engineering is concerned with computer

development and application. Although computer engineering was originally a

facet of electrical engineering, it has become a discipline of its own. Computer

engineers may design computer "hardware", develop new computer components

and computer architecture or peripheral equipment. They may also be concerned

with computer applications, with the development of computer "software," the

complex instructions that tell the computer the task it is to perform. At the core of

this discipline are topics such as microelectronics, logic theory, digital systems,

programming, computer linguistics, and numerical methods. Computer engineers

are frequently responsible for computer system design and operation. They play

an increasingly important role in many areas of society.

Environmental Engineering

Our concerns about the impact of human activities on our natural environment

have stimulated a new area known as environmental engineering. Environmental

engineers combine their knowledge of the natural, social, and physical sciences to

analyze and improve the interaction between society, technology, and the envi-

ronment. These engineers require a strong background in the natural sciences

such as chemistry, botany, and zoology, in addition to traditional engineering

subjects such as chemical engineering and systems analysis. Since most efforts to

reduce environmental impact are tied to government regulation, some knowledge

of law (environmental legislation) is also useful.
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FIGURE 1.9. The design of an artificial respirator 
provides an example of bioengineering. (Courtesy 
University of Michigan College of Engineering) 

Bioengineering is yet a third option: it is generally concerned with the protec­
tion of human, animal, and plant life from toxicants and pollutants or with design­
ing systems that are more suited to the anatomy and function of the human body. 

Computer EnRineering 

One of the most rapidly growing areas of engineering is concerned with computer 
development and application. Although computer engineering was originally a 
facet of electrical engineering, it has become a discipline of its own. Computer 
engineers may design computer "hardware", develop new computer components 
and computer architecture or peripheral equipment. They may also be concerned 
with computer applications, with the development of computer "software," the 
complex instructions that tell the computer the task it is to perform. At the core of 
this discipline are topics such as microelectronics, logic theory, digital systems, 
programming, computer linguistics, and numerical methods. Computer engineers 
are frequently responsible for computer system design and operation. They play 
an increasingly important role in many areas of society. 

Endronmental Engineering 

Our concerns about the impact of human activities on our natural environment 
have stimulated a new area known as environmental engineering. Environmental 
engineers combine their knowledge of the natural, social, and physical sciences to 
analyze and improve the interaction between society, technology, and the envi­
ronment. These engineers require a strong background in the natural sciences 
such as chemistry, botany, and zoology, in addition to traditional engineering 
subjects such as chemical engineering and systems analysis. Since most efforts to 
reduce environmental impact are tied to government regulation, some knowledge 
of law (environmental legislation) is also useful. 
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22 THE PROFESSION 

FIGURE 1.10. Computer engineers are responsible for the de­
velopment, care, and feeding of large computer 
systems. (Courtesy University of Michigan 
College of Engineering) 

Industrial (Operations) Engineering 

Industrial engineering is concerned with the design and analysis of industrial 
processes such as production, management, and marketing. It deals with the 
design, improvement, and installation of integrated systems of people , materials, 
and equipment. Industrial engineers draw upon a background in science , mathe­
matics, and the social sciences, together with the principles and methods of en­
gineering analysis, to predict and evaluate the results to be obtained from such 
systems. The industrial engineer is primarily interested in problems that involve 
economy in the use of money, materials, time, human effort, and energy. Man­
agement engineering, computers and information systems, human performance 
and safety engineering, operations research, and manufacturing engineering are 
particular areas of interest. Industrial engineers not only require a strong back­
ground in traditional engineeri.ng subjects, but also a background in systems 
analysis, economics, business, and finance. They should be trained in personnel 
administration and in the relations of people and machines to production. 

Manufacturing Engineering 

In many industries manufacturing engineers are responsible for taking a newly 
designed product and then determining how to produce it at an economical cost. 
These engineers organize men , materials, and machines so that reliable products 
can be produced efficiently. They transform the ideas and plans of the designer 
into a quality product that can be produced economically. Generally, manufactur­
ing engineers are responsible for the development, design, analysis, planning, 
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supervision, and construction of the methods and equipment needed for the prod­
uction of industrial and consumer goods. Many universities offer undergraduate or 
graduate programs in manufacturing engineering; these programs may also be 
included as options within mechanical or industrial engineering. Of particular 
importance are courses dealing with machine design and operation, personnel 
management, and economics. 

Materials and Metallurgical Engineering 

Materials and metallurgical engineers specialize in the development, production, 
and utilization of the metallic, ceramic, and polymeric (plastic) materials that are 
used in all fields of technology. Engineers have developed many new materials 
such as ultra high-purity semiconductor materials for electronic devices; high­
strength alloys for use in jet and rocket engines; strong, light metals for aerospace 
applications; specialized glasses and ceramics having high thermal, mechanical, 
and chemical stability for use in the chemical industry; and a host of polymeric 
materials that are replacing metal, glass, wood, and natural fibers in numerous 
applications. These engineers develop methods to recycle materials. In addition, 
new and better materials will be required to meet the needs of our advancing 
technology. Metallurgical engineers (metallurgists) concentrate their attention on 
locating and developing deposits of metal ores and then refining and fabricating 
the metal or metal alloy into various machines or metal parts. Ceramic engineers 
focus on ceramic materials suitable for high temperature, high stress conditions, 
such as jet aircraft engines. 

FIGURE 1.11. Materials engineers are 
responsible for the development of exotic 
new materials such as this fiberglass mesh. 
(Courtesy Hughes Aircraft Company) 
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Marine Engineering 

Marine engineering is concerned with the use of the world's oceans, lakes, and 
rivers as avenues of transportation. Of primary concern is the design of marine 
vehicles , ranging from massive ocean freighters to off-shore oil platforms to tiny 
deep ocean submarines. Marine engineers design ship hulls and power plants. 
They focus on the form , strength , stability , and seakeeping qualities of ship hulls 
and the various types of maclhinery available for ship propulsion. The marine 
engineer requires a strong background in mechanics, structural design , hydro­
dynamics, and energy conversion in addition to exposure and practical experience 
with marine systems . 

Mining Engineering 

Mining engineers concern themselves with the discovery , exploration. and de­
velopment of mineral deposits. These engineers are involved in all phases of the 
recovery and processing of minerals (e.g. , iron, coal, or uranium) . Their activities 
include not only the design, construction, and operation of mining facilities using 
shaft, strip, and hydrological mining methods , but also the financing of these 

FIGURE 1.12. Marine engineers testing ship hull designs in a towing tank . (Courtesy 

University of Michigan College of Engineering) 
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ventures and the marketing of the crude minerals and mineral products. Mining 
engineers possess a strong background in many aspects of civil engineering, in­
cluding structural analysis, soil mechanics, and hydrology . A background in geol­
ogy and chemistry is also necessary. 

Nuclear Engineering 

Nuclear engineers apply basic scientific and engineering methods to the design, 
operation. and use of systems based on nuclear energy. Most of their attention has 
been directed toward the development of power systems based on nuclear fi ssion 
reactors. These nuclear power systems are used to produce heat and electricity in 
central station power plants and propel submarines, ships, and spacecraft. Nucle­
ar engineers are also concerned with the use of radiation in both industrial and 
medical applications. At the current forefront of nuclear engineering is the de­
velopment of new forms of nuclear energy such as the breeder reactor and con­
trolled thermonuclear fusion. Nuclear engineers have a thorough foundation of 
physics and mathe matics coupled with knowledge of more traditional engineering 
subjects in m~chanical and electrical engineering. 

FIGURE 1.13. The efforts of nuclear engineers to develop new sources of energy are 
illustrated by this experiment in controlled thermonuclear fusion. (Cour­
tesy Los Alamos Scientific Laboratory) 
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Petroleum Engineering

Petroleum engineers combine chemistry, physics, and geology with engineering

methods in the development, recovery, and field processing of petroleum. They

are concerned with finding deposits of oil and gas in quantities suitable for com-

mercial use and in the economic extraction of these materials from the ground.

The petroleum engineer will design methods (e.g., pipelines) for transporting oil

and gas to suitable processing plants or to places where they will be used. The

growing scarcity of petroleum reserves has placed great importance on this branch

of engineering.

Sanitary and Water Resources Engineering

Water resources engineers develop and maintain sources of water for various

purposes including irrigation, residential, and industrial use. A primary concern is

water transport. Sanitary engineering is concerned with waste water transport and

treatment. This latter field has become particularly critical in water quality pro-

grams. Both water resources and sanitary engineers should acquire strong back-

grounds in chemical engineering and civil engineering, with particular emphasis on

process design.

Systems Engineering

The complexity of modern technology has grown so rapidly that special engineers

are now called upon to design and analyze systems. For example, the system of

interest might be a miniaturized component of a computer, or a massive hydro-

electric dam, or perhaps a model of the interaction of the economic market with

the production capabilities of the automobile industry. The system is treated as a

unit and analyzed in terms of its input, output, and control parameters. Systems

engineers are adept at developing abstract mathematical models of systems that

can be analyzed to predict and improve performance. They rely heavily upon both

mathematics and computer applications in their activities.

Transportation Engineering

Transportation engineers focus on the movement of people and products. For

instance they are responsible for highway or railroad design and construction.

Recently mass transit systems have attracted a great deal of interest. Transporta-

tion engineering is commonly included in many civil engineering programs.

Interdisciplinary Areas

Many other types of engineering fields that overlap with fields in the physical,

biological, or social sciences are available to the student. For example, the en-

gineering physicist works at the interface between basic physics research and the

needs of technology. Engineers also work in the area of technology assessment

and environmental impact analysis in close coordination with social scientists.
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Petroleum Engineering 

Petroleum engineers combine chemistry, physics, and geology with engineering 
methods in the development, recovery, and field processing of petroleum. They 
are concerned with finding deposits of oil and gas in quantities suitable for com­
mercial use and in the economic extraction of these materials from the ground. 
The petroleum engineer will design methods (e.g., pipelines) for transporting oil 
and gas to suitable processing plants or to places where they will be used. The 
growing scarcity of petroleum reserves has placed great importance on this branch 
of engineering. 

Sanitary and Water Resources Engineering 

Water resources engineers develop and maintain sources of water for various 
purposes including irrigation, residential, and industrial use. A primary concern is 
water transport. Sanitary engineering is concerned with waste water transport and 
treatment. This latter field has become particularly critical in water quality pro­
grams. Both water resources and sanitary engineers should acquire strong back­
grounds in chemical engineering and civil engineering, with particular emphasis on 
process design. 

Systems Engineering 

The complexity of modern technology has grown so rapidly that special engineers 
are now called upon to design and analyze systems. For example, the system of 
interest might be a miniaturized component of a computer, or a massive hydro­
electric dam, or perhaps a model of the interaction of the economic market with 
the production capabilities of the automobile industry. The system is treated as a 
unit and analyzed in terms of its input, output, and control parameters. Systems 
engineers are adept at developing abstract mathematical models of systems that 
can be analyzed to predict and improve performance. They rely heavily upon both 
mathematics and computer applications in their activities. 

Transportation Engineering 

Transportation engineers focus on the movement of people and products. For 
instance they are responsible for highway or railroad design and construction. 
Recently mass transit systems have attracted a great deal of interest. Transporta­
tion engineering is commonly included in many civil engineering programs. 

Interdisciplinary Areas 

Many other types of engineering fields that overlap with fields in the physical, 
biological, or social sciences are available to the student. For example, the en­
gineering physicist works at the interface between basic physics research and the 
needs of technology. Engineers also work in the area of technology assessment 
and environmental impact analysis in close coordination with social scientists. 
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Engineering students are sometimes overwhelmed by the confusing array of

fields available as possible engineering majors. Should they choose a traditional

area such as civil or mechanical engineering, or strike out in one of the newer

directions such as aerospace or biomedical engineering? Can they make a com-

mitment to one of these fields and later change their minds? As we shall find later,

the strong similarity between all engineering programs in the early years usually

allows the student to postpone making such a decision until the sophomore year

(or perhaps later). More significant, the engineer can assume a variety of roles in

any of these fields, ranging from research and development to marketing and

management. In fact, these roles are probably more important in an engineer's

choice of career than the actual field of specialization.

SUMMARY

A variety of more specialized engineering fields have developed in re-

sponse to the needs of society:

Aerospace engineers are concerned with the design and development

of aircraft and spacecraft.

Agricultural engineers apply engineering principles to farm and food

production industries.

Architectural engineers interact closely with architects in the design

and construction of structures.

Atmospheric and oceanographic engineers are concerned with society's

use of and impact upon the earth's atmosphere and oceans.

Automotive engineers are responsible for the design, development,

manufacture, and application of land transportation vehicles.

Biomedical engineers combine the methods of engineering with the

biological and medical sciences.

Computer engineers are concerned with the design and utilization of

computer systems.

Environmental engineers combine knowledge of the natural, social,

and physical sciences to analyze and improve the interaction between

society, technology, and the environment.

Industrial engineers are concerned with the design and installation of

integrated systems of people, materials, and equipment.

Manufacturing engineers are responsible for developing economical

methods to manufacture engineering designs.

Materials and metallurgical engineers specialize in the development,

production, and utilization of metallic, ceramic, and plastic materials

employed in technology.
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Engineering students are sometimes overwhelmed by the confusing array of 
fields available as possible engineering majors. Should they choose a traditional 
area such as civil or mechanical engineering, or strike out in one of the newer 
directions such as aerospace or biomedical engineering? Can they make a com­
mitment to one of these fields and later change their minds? As we shall find later, 
the strong similarity between all engineering programs in the early years usually 
allows the student to postpone making such a decision until the sophomore year 
(or perhaps later). More significant, the engineer can assume a variety of roles in 
any of these fields, ranging from research and development to marketing and 
management. In fact, these roles are probably more important in an engineer's 
choice of career than the actual field of specialization. 

SUMMARY 

A \'ariety of more specialized engineering fields have de,·eloped in re­
sponse to the needs of society: 

Aerospace engineers are concerned with the design and development 
of aircraft and spacecraft. 

Agricultural engineers apply engineering principles to farm and food 
production industries. 

Architectural engineers interact closely with architects in the design 
and construction of structures. 

Atmospheric and oceanographic engineers are concerned with society's 
use of and impact upon the earth's atmosphere and oceans. 

Automoti11e engineers are responsible for the design, development, 
manufacture, and application of land transportation vehicles. 

Biomedical engineers combine the methods of engineering with the 
biological and medical sciences. 

Computer engineers are concerned with the design and utilization of 
computer systems. 

En11ironmental engineers combine knowledge of the natural, social, 
and physical sciences to analyze and improve the interaction between 
society, technology, and the environment. 

Industrial engineers are concerned with the design and installation of 
integrated systems of people, materials, and equipment. 

Manufacturing engineers are responsible for developing economical 
methods to manufacture engineering designs. 

Maurials and metallurgical engineers specialize in the development, 
production, and utilization of metallic, ceramic, and plastic materials 
employed in technology. 
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Marine engineers design marine vehicles and structures.

Mining engineers are concerned with the recovery of minerals using

various mining methods.

Nuclear engineers design and operate systems utilizing nuclear

energy.

Petroleum engineers develop methods for the recovery and field

processing of petroleum.

Sanitary and water resources engineers design water transport and

treatment facilities.

Systems engineers design and analyze the behavior of complex sys-

tems.

Transportation engineers are concerned with the transport of people

and products.

Exercises

Fields of Engineering

1. Visit your college placement center and obtain a list of 10 companies

actively recruiting engineers in your field of interest.

2. Leaf through the employment opportunities section of a large news-

paper and determine the number of job openings in your field of

interest.

3. List the types of engineers you feel might have played the key role in

the following technological developments: (a) the jet turbine engine,

(b) the digital computer, (c) the laser, (d) laundry detergent, (e) the

Bay Area Rapid Transit System (BART) in San Francisco.

4. What would you consider as a major engineering accomplishment for

each of the engineering fields discussed in this section?

5. What types of engineers do you feel would have played a significant

role in the development of each of the following: (a) wind turbine

generators, (b) nonstick frying pans, (c) satellite-based telecommuni-

cations systems, (d) microcomputers? (Remember, usually several

engineering fields are involved in a given development.)

6. Describe the possible role of (a) mechanical engineers in the computer

industry, (b) electrical engineers in the aerospace industry, (c) civil

engineers in the nuclear power industry, and (d) chemical engineers in

the solar power industry.
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D. 

Marine engineers design marine vehicles and structures. 
Mining engineers are concerned with the recovery of minerals using 

various mining methods. 
Nuckar engineers design and operate systems utilizing nuclear 

energy. 
Petroleum engineers develop methods for the recovery and field 

processing of petroleum. 
Sanitary and water resources engineers design water transport and 

treatment facilities. 
Systems engineers design and analyze the behavior of complex sys-

terns. 
Transportation engineers are concerned with the transport of people 

and products. 

Exercises 

Fields of Engineering 

I. Visit your college placement center and obtain a list of I 0 companies 
actively recruiting engineers in your field of interest. 

l. Leaf through the employment opportunities section of a large news­
paper and determine the number of job openings in your field of 
interest. 

3. List the types of engineers you feel might have played the key role in 
the following technological developments: (a) the jet turbine engine, 
(b) the digital computer, (c) the laser, (d) laundry detergent, (e) the 
Bay Area Rapid Transit System (BART) in San Francisco. 

4. What would you consider as a major engineering accomplishment for 
each of the engineering fields discussed in this section? 

5. What types of engineers do you feel would have played a significant 
role in the development of each of the following: (a) wind turbine 
generators, (b) nonstick frying pans, (c) satellite-based telecommuni­
cations systems, (d) microcomputers? (Remember, usually several 
engineering fields are involved in a given development.) 

6. Describe the possible role of(a) mechanical engineers in the computer 
industry, (b) electrical engineers in the aerospace industry, (c) civil 
engineers in the nuclear power industry, and (d) chemical engineers in 
the solar power industry. 
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1.3. WHAT DOES THE ENGINEER DO?

One frequently distinguishes among engineering activities by field. For example, a

civil engineer is commonly thought of as a builder, a mechanical engineer as the

designer of machines, and so on. However even within a given field, the en-

gineer's activities may span a wide range. For example, civil engineers might be

involved in basic research concerned with the behavior of high-strength concretes

or with designing or supervising the construction of a highway. They might also

sell earth moving equipment or manage a large construction firm employing hun-

dreds of employees. The interests, experience, and professional duties of en-

gineers are distinguished by their diversity and versatility.

To be more precise, let us classify some of the various roles or functions of

engineers by considering the variety of activities which typically are required in

applying science and technology to meet a particular social need.

Research

Both the research engineer and the scientist seek to discover and interpret new

facts about natural phenomena. However, while the scientist is often content with

the discovery itself, with knowledge for its own sake, the research engineer must

carry the investigation further and identify the potential practical application of

the discovery. For example, a scientist might analyze the behavior of certain

molecules when subjected to high temperature and pressure. The research en-

gineer could then utilize this knowledge by applying it to the production of plas-

tics. Or the principles a scientist discovered while studying the motion of electrons

inside metals might enable an engineer to construct an electronic device.

FIGURE 1.14. The roles of the engineer.
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1.3. WHAT DOES THE ENGINEER DO? 

One frequently distinguishes among engineering activities by field. For example, a 
civil engineer is commonly thought of as a builder, a mechanical engineer as the 
designer of machines, and so on. However even within a given field, the en­
gineer's activities may span a wide range. For example, civil engineers might be 
involved in basic research concerned with the behavior of high-strength concretes 
or with designing or supervising the construction of a highway. They might also 
sell earth moving equipment or manage a large construction firm employing hun­
dreds of employees. The interests, experience, and professional duties of en­
gineers are distinguished by their diversity and versatility. 

To be more precise, let us classify some of the various roles or functions of 
engineers by considering the variety of activities which typically are required in 
applying science and technology to meet a particular social need. 

Research 

Both the research engineer and the scientist seek to discover and interpret new 
facts about natural phenomena. However, while the scientist is often content with 
the discovery itself, with knowledge for its own sake, the research engineer must 
carry the investigation further and identify the potential practical application of 
the discovery. For example, a scientist might analyze the behavior of certain 
molecules when subjected to high temperature and pressure. The research en­
gineer could then utilize this knowledge by applying it to the production of plas­
tics. Or the principles a scientist discovered while studying the motion of electrons 
inside metals might enable an engineer to construct an electronic device. 

Research 
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Testing 
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FIGURE 1.14. The roles of the engineer. 
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30 THE PROFESSION 

FIGURE 1.15. Research engineers make 
use of sophisticated tools such as electron 
microscopes. (Courtesy University of 
Michigan College of Engineering) 

Research engineers work at the forefront of science. They often must pursue 
investigations beyond the frontiers of existing knowledge. Therefore a premium is 
placed on intelligence, perceptiveness, and ingenuity, traits so essential to the 
process of discovery. 

Development 

The research engineer's discovery of a new scientific principle sets into motion a 
complex process aimed at a practical application of this discovery. The first phase 
of this process is the responsibility of development engineers. These engineers 
begin by designing a device or process that represents a working model of the 
scientific discovery (and also of the intended application). At this stage more 
concern is directed toward the operation of the device rather than its commercial 
value or production, that is , with function rather than form. The device itself may 
be a machine or a structure or perhaps even a process. 

Development engineers usually demonstrate only the feasibility of a design 
concept. They may do this by carrying out a design on paper or by building a 
prototype. This prototype frequently will bear little resemblence to the final prod­
uct. For example, an electric circuit might be developed by first arranging indi­
vidual circuit elements on a "breadboard". Only after the satisfactory operation 
of the circuit has been verified will the engineer proceed to design the actual 
circuit layout. 

The design is then translated into a working prototype to test its suitability for 
eventual production and implementation. Usually, many practical problems be­
come obvious only after such a working prototype is built. Parts do not fit, com­
ponents do not function, and circuits fail. The development engineer is responsi-
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ble for finding the causes of these malfunctions and correcting them, in other

words, for removing the bugs from the design. Most prototypes will require many

redesigns, each incorporating improvements and avoiding the pitfalls discovered

in earlier versions.

The separation of the development from the research and design phases of an

engineering project can be rather blurred. In many organizations research and

development ("R&D") activities are conducted by the same group of engineers.

Moreover, engineering design is important in translating a scientific discovery into

a working prototype for further development work. In this sense the development

engineer may participate in both research and design.

Design

Design has the important function of translating a scientific discovery into a work-

ing model for development. It is also essential to the successful transformation of

the development model into a device or product suitable for implementation.

Design engineers bridge the gap between the laboratory and practical application.

In the manufacturing industry they assume responsibility for final details of mak-

ing the device suitable for production. In construction industries they develop the

detailed designs of structures such as buildings, bridges, or dams.

In general, design engineers work within the constraints posed by the state of

the art in engineering materials, production facilities, and economic considera-

tions in their task of designing a production model suitable for practical applica-

tion whether as product, process, or structure.

Production

The responsibility for the mass production of the design falls to production en-

gineers. They start with the design engineer's drawings and supervise the assem-

bly of the device as it was conceived. In this capacity production engineers over-

see the production line, establish the production schedule, and see that this

schedule is met. They are responsible for ordering raw materials at the optimum

times, setting up the assembly line, and handling and shipping the finished prod-

uct. They see to it that all machinery functions properly, that operators perform

their duties satisfactorily, and that product quality is maintained.

Production activities involve a variety of people including engineers, techni-

cians, craftsmen, and assembly line workers. Production engineers supervise and

lead this team. They give direction to the members of the team, assign their jobs,

and answer their technical questions.

Construction

The counterpart of the production engineer in the building industry is the con-

struction engineer. These engineers design and build large structures such as

buildings, plants, bridges, and highways. In most construction work competitive

bidding is used to award contracts. Hence the construction engineer begins by

evaluating the project specifications provided by the customer. On the basis of
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ble for finding the causes of these malfunctions and correcting them, in other 
words, for removing the bugs from the design. Most prototypes will require many 
redesigns, each incorporating improvements and avoiding the pitfalls discovered 
in earlier versions. 

The separation of the development from the research and design phases of an 
engineering project can be rather blurred. In many organizations research and 
development ("R & D") activities are conducted by the same group of engineers. 
Moreover, engineering design is important in translating a scientific discovery into 
a working prototype for further development work. In this sense the development 
engineer may participate in both research and design. 

Design 

Design has the important function of translating a scientific discovery into a work­
ing model for development. It is also essential to the successful transformation of 
the development model into a device or product suitable for implementation. 
Design engineers bridge the gap between the laboratory and practical application. 
In the manufacturing industry they assume responsibility for final details of mak­
ing the device suitable for production. In construction industries they develop the 
detailed designs of structures such as buildings, bridges, or dams. 

In general, design engineers work within the constraints posed by the state of 
the art in engineering materials, production facilities, and economic considera­
tions in their task of designing a production model suitable for practical applica­
tion whether as product, process, or structure. 

Production 

The responsibility for the mass production of the design falls to production en­
gineers. They start with the design engineer's drawings and supervise the assem­
bly of the device as it was conceived. In this capacity production engineers over­
see the production line, establish the production schedule, and see that this 
schedule is met. They are responsible for ordering raw materials at the optimum 
times, setting up the assembly line, and handling and shipping the finished prod­
uct. They see to it that all machinery functions properly, that operators perform 
their duties satisfactorily, and that product quality is maintained. 

Production activities involve a variety of people including engineers, techni­
cians, craftsmen, and assembly line workers. Production engineers supervise and 
lead this team. They give direction to the members of the team, assign their jobs, 
and answer their technical questions. 

Construction 

The counterpart of the production engineer in the building industry is the con­
struction engineer. These engineers design and build large structures such as 
buildings, plants, bridges, and highways. In most construction work competitive 
bidding is used to award contracts. Hence the construction engineer begins by 
evaluating the project specifications provided by the customer. On the basis of 
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FIGURE 1.16. A project engineer is usu­
ally assigned the primary responsibility for 
a construction project. (Courtesy Hew­
lett-Packard Company) 

these specifications and preliminary design plans, the engineer assists in preparing 
and submitting a bid for the project. 

Once a bid has been accepted, it is customary to assign a project engineer to 
assume overall responsibility and supervision of the work. This individual will 
lead a team of construction and design engineers who specialize in more specific 
aspects of the project such as mechanical , civil, and electrical design. This team of 
engineers and draftsmen prepare a detailed set of technical specifications for the 
project (usually detailed design drawings or models). They also set up a construc­
tion schedule. 

The project engineer then supervises construction of the project and coordi­
nates the work of craftsmen and laborers at the site . He or she must be able to 
work effectively with the construction and trade labor unions involved in the 
project and has final responsibility for completing the project on schedule, accord­
ing to the original specification. 

Operations (Plant) 

Industrial plants often cover many acres of land and consist of numerous buildings 
that house both production facilities and administrative offices. Some plants even 
provide their own utilities, power generation, and water supplies. The operation of 
this complex and vast facility is the responsibility of the operations or plant 
engineer. 

Plant engineers may participate in the design and layout of the various build­
ings, utilities, and machinery of the plant. They also allocate space for equipment 
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and offices and supervise the procurement of the necessary equipment and fur-

nishings. During construction the plant engineer supervises and coordinates work

of the various building contractors.

The plant engineer and staff have the primary responsibilities of operating and

maintaining the facility after it has been built. They maintain the buildings, equip-

ment, grounds, and utilities such as lighting, heating, ventilation, and air condi-

tioning systems. In short, they are responsible for ensuring that the entire facility

operates smoothly and that both production and office workers are provided with

suitable working environments.

Testing

Testing is an important aspect of engineering. It is performed during all phases of

research, development, and production. During research, testing takes the form of

experiments designed to examine the validity of scientific conjectures or hypoth-

eses. Prototype testing is a key aspect of the development of a new product or

process. During production, a product must be tested frequently to ensure its

quality and acceptability. The responsibility for designing and conducting appro-

priate test procedures lies with the test engineer. Test engineers must be capable

of planning a test program, establishing the appropriate test conditions, the proper

measurements, and the correct number of tests. They must then perform these

measurements and collect data. Finally they must analyze the data and draw

conclusions from them.

Engineers concerned with maintaining quality control during manufacturing

or construction activities are sometimes called quality assurance engineers. Qual-

ity assurance (Q/A) has become a vital aspect of both the manufacturing and

construction industries. Q/A engineers are responsible both for setting up appro-

priate testing and inspection programs as well as effective quality control proce-

dures. Such programs are frequently mandated by government regulations.

Sales and Marketing

Although one seldom associates engineering with sales and marketing, engineers

often perform these important functions. Of course all engineers are involved in

selling to some degree since they must persuade management that resources

should be allocated for the development of particular concepts or expansions of

facilities. Indeed the increased sophistication of technology has added importance

to an adequate technical background in sales, and more and more engineers are

finding roles in sales and marketing, particularly in the area of industrial products.

Sales engineers seek out and establish contact with potential markets for the

product. They evaluate the requirements of the user and offer a product that

satisfies the customer's engineering and economic requirements. In this capacity

sales engineers are an important liasion between the company and the customer.

Sales engineers must clearly explain engineering functions, operations, and ad-

vantages of their products over competing items. They must be able to answer
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and offices and supervise the procurement of the necessary equipment and fur­
nishings. During construction the plant engineer supervises and coordinates work 
of the various building contractors. 

The plant engineer and staff have the primary responsibilities of operating and 
maintaining the facility after it has been built. They maintain the buildings, equip­
ment. grounds, and utilities such as lighting, heating, ventilation, and air condi­
tioning systems. In short, they are responsible for ensuring that the entire facility 
operates smoothly and that both production and office workers are provided with 
suitable working environments. 

Testing 

Testing is an important aspect of engineering. It is performed during all phases of 
research. development. and production. During research, testing takes the form of 
experiments designed to examine the validity of scientific conjectures or hypoth­
eses. Prototype testing is a key aspect of the development of a new product or 
process. During production, a product must be tested frequently to ensure its 
quality and acceptability. The responsibility for designing and conducting appro­
priate test procedures lies with the test engineer. Test engineers must be capable 
of planning a test program, establishing the appropriate test conditions, the proper 
measurements, and the correct number of tests. They must then perform these 
measurements and collect data. Finally they must analyze the data and draw 
conclusions from them. 

Engineers concerned with maintaining quality control during manufacturing 
or construction activities are sometimes called quality assurance enJ?ineers. Qual­
ity assurance (Q/ A) has become a vital aspect of both the manufacturing and 
construction industries. Q/ A engineers are responsible both for setting up appro­
priate testing and inspection programs as well as effective quality control proce­
dures. Such programs are frequently mandated by government regulations. 

Sales and Marketing 

Although one seldom associates engineering with sales and marketing, engineers 
often perform these important functions. Of course all engineers are involved in 
selling to some degree since they must persuade management that resources 
should be allocated for the development of particular concepts or expansions of 
facilities. Indeed the increased sophistication of technology has added importance 
to an adequate technical background in sales, and more and more engineers are 
finding roles in sales and marketing, particularly in the area of industrial products. 

Sales engineers seek out and establish contact with potential markets for the 
product. They evaluate the requirements of the user and offer a product that 
satisfies the customer's engineering and economic requirements. In this capacity 
sales engineers are an important liasion between the company and the customer. 
Sales engineers must clearly explain engineering functions, operations, and ad­
vantages of their products over competing items. They must be able to answer 
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technical questions raised by customers. After the sale they frequently help in the

installation of the product and train personnel in its use.

Management

Modern engineering requires a team approach. Since any team must have strong

leadership to be successful, it is not surprising that many engineers find them-

selves involved in management activities. Indeed, surveys have shown that more

than half of all engineering graduates are involved in some form of management

within five years after graduation. Management plays a particularly important role

in engineering research, development, and design. Since all managers at this level

must have strong technical abilities, they are usually selected from engineering

personnel involved in these activities. As engineers advance in management, they

are inevitably less involved with details of technical operations. Their attention is

directed instead toward the overall operations of the companyâ€”in activities rang-

ing from research through production to marketing.

In the past most business managers and executives were selected with profes-

sional backgrounds in the social sciences, in law, accounting, or economics.

Today there is an increasing trend in both industry and government to choose high

level managers and executives with an engineering background. This is particu-

larly true in industries relying heavily on advanced technology and large volume

production. Today engineers often occupy executive positions in the automobile,

aerospace, electronics, and manufacturing industries. The technical education and

disciplined approach of the engineer provides an excellent background for man-

agerial and executive functions.

Consulting

Many engineers act as independent consultants. Such consulting engineers usu-

ally do not work for any single company; instead they act as a source of informa-

tion on specific projects for a number of companies or agencies. Consulting en-

gineers usually possess specific skills in addition to several years of experience.

They may advise and work on engineering projects either on a part-time or full-

time basis. For example, industry may seek out a consultant to solve a particular

problem. Government agencies also make frequent use of consultants. A growing

consulting activity is supported by the legal profession, which uses consultants as

expert witnesses in lawsuits involving technical matters such as product liability.

Some companies specialize in consulting services. These companies may

consist of only one or two engineers, or they may employ a large staff of engineers

and draftsmen. Some of them specialize in narrow fields and restrict their activi-

ties to designing and erecting buildings, water treatment plants, or petroleum

refineries. Other consulting engineering firms may undertake a wide range of

engineering projects.

Consulting engineers must be able to solve difficult technical problems. Their

skills are developed through years of training and experience. They also should be
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technical questions raised by customers. After the sale they frequently help in the 
installation of the product and train personnel in its use. 

Management 

Modem engineering requires a team approach. Since any team must have strong 
leadership to be successful, it is not surprising that many engineers find them­
selves involved in management activities. Indeed, surveys have shown that more 
than half of all engineering graduates are involved in some form of management 
within five years after graduation. Management plays a particularly important role 
in engineering research, development, and design. Since all managers at this level 
must have strong technical abilities, they are usually selected from engineering 
personnel involved in these activities. As engineers advance in management, they 
are inevitably less involved with details of technical operations. Their attention is 
directed instead toward the overall operations of the company-in activities rang­
ing from research through production to marketing. 

In the past most business managers and executives were selected with profes­
sional backgrounds in the social sciences, in law, accounting, or economics. 
Today there is an increasing trend in both industry and government to choose high 
level managers and executives with an engineering background. This is particu­
larly true in industries relying heavily on advanced technology and large volume 
production. Today engineers often occupy executive positions in the automobile, 
aerospace, electronics, and manufacturing industries. The technical education and 
disciplined approach of the engineer provides an excellent background for man­
agerial and executive functions. 

Consulting 

Many engineers act as independent consultants. Such consulting engineers usu­
ally do not work for any single company; instead they act as a source of informa­
tion on specific projects for a number of companies or agencies. Consulting en­
gineers usually possess specific skills in addition to several years of experience. 
They may advise and work on engineering projects either on a part-time or full­
time basis. For example, industry may seek out a consultant to solve a particular 
problem. Government agencies also make frequent use of consultants. A growing 
consulting activity is supported by the legal profession, which uses consultants as 
expert witnesses in lawsuits involving technical matters such as product liability. 

Some companies specialize in consulting services. These companies may 
consist of only one or two engineers, or they may employ a large staff of engineers 
and draftsmen. Some of them specialize in narrow fields and restrict their activi­
ties to designing and erecting buildings, water treatment plants, or petroleum 
refineries. Other consulting engineering firms may undertake a wide range of 
engineering projects. 

D. 

Consulting engineers must be able to solve difficult technical problems. Their 
skills are developed through years of training and experience. They also should be 
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adept at business since they must sell their services, estimate the cost of the 
project, and ensure the financial success of their work. 

Academe 

Many engineers choose teaching as their career and become college faculty mem­
bers. Naturally engineering faculty must have a mastery of their particular areas of 
specialization. But knowledge of the subject does not in itself guarantee teaching 
effectiveness. Strong communication skills coupled with a genuine concern for 
students are also essential. In addition to teaching, engineering faculty at univer­
sities are extensively involved in research. Their research activities help them to 
keep abreast of the latest developments in their fields. Engineering research in 
universities a lso provides an ideal opportunity to introduce students to research 
methods and provide them with research experience. The student striving to 
become a teacher of engineering should pursue graduate level studies and obtain 
an advanced degree at the doctorate level. 

Other Functions 

Engineering is recognized as an excellent background for a wide variety of profes­
sions because of the technical abilities and discipline engineers acquire. For 
example many engineers continue their studies to become attorneys and physi­
cians. The analytic approach to problems developed in an engineering education is 
a sound foundation for a wide spectrum of other careers. 

FIGURE 1.17. Many engineers find rewarding careers in teaching. 
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Each of the various functions of engineers requires different skills. Research

engineers have strong backgrounds in fundamental scientific principles. Managers

and business executives are primarily concerned with financial problems and the

supervision of personnel. Thus, depending on their function, engineers are in-

volved to different extents in abstract technical concepts, practical engineering

solutions, or in managerial and economic decisions. In each of these activities

engineers rely on a thorough education in both scientific and engineering princi-

ples and also in the social sciences and communication arts. In addition they

should learn how to identify problems and how to obtain practical solutions. The

problems faced by engineers may or may not be of a primarily technical nature.

For example, the engineer may be called upon to design a new device (e.g., an

improved coolant level gauge for a nuclear power plant), to solve a complex

management problem involving personnel (e.g., how to modify procedures to

ensure that nuclear reactor operators will routinely monitor the new coolant level

gauge), or deal with the complexities of government regulation (e.g., determine a

way to introduce new instrumentation or operation procedures into the design of a

nuclear power plant without invalidating the existing operating license).

Although the basic skills of problem solving are common to all engineering

roles, engineers should also have the specific skills required in their particular

field. These skills are generally acquired through advanced courses or on-the-job

experience. Ultimately engineers must use their background, skills, and resources

to arrive at a practical solution to the complex problems they will encounter in

modern society.

SUMMARY

The spectrum of engineering activities is very broad.

Research engineers seek to discover, interpret, and identify possible

applications for new scientific phenomena.

Development engineers take scientific discoveries and design and con-

struct working prototypes to test their practical applications.

Design engineers translate the prototype into a device or process suit-

able for mass implementation.

Production engineers take the design engineer's specifications and

supervise the mass production of the device as it was conceived.

Construction engineers are responsible for the design and construction

of structures such as buildings, plants, and bridges.

Project engineers assume the overall responsibility for supervising the

work on an engineering project.

Operations or plant engineers are responsible for the operation and

maintenance of plant facilities.
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Each of the various functions of engineers requires different skills. Research 
engineers have strong backgrounds in fundamental scientific principles. Managers 
and business executives are primarily concerned with financial problems and the 
supervision of personnel. Thus, depending on their function, engineers are in­
volved to different extents in abstract technical concepts, practical engineering 
solutions, or in managerial and economic decisions. In each of these activities 
engineers rely on a thorough education in both scientific and engineering princi­
ples and also in the social sciences and communication arts. In addition they 
should learn how to identify problems and how to obtain practical solutions. The 
problems faced by engineers may or may not be of a primarily technical nature. 
For example, the engineer may be called upon to design a new device (e.g., an 
improved coolant level gauge for a nuclear power plant), to solve a complex 
management problem involving personnel (e.g., how to modify procedures to 
ensure that nuclear reactor operators will routinely monitor the new coolant level 
gauge), or deal with the complexities of government regulation (e.g., determine a 
way to introduce new instrumentation or operation procedures into the design of a 
nuclear power plant without invalidating the existing operating license). 

Although the basic skills of problem solving are common to all engineering 
roles, engineers should also have the specific skills required in their particular 
field. These skills are generally acquired through advanced courses or on-the-job 
experience. Ultimately engineers must use their background, skills, and resources 
to arrive at a practical solution to the complex problems they will encounter in 
modem society. 

D. 

SUMMARY 

The spectrum of engineering activities is very broad. 

Research engineers seek to discover, interpret, and identify possible 
applications for new scientific phenomena. 

Development engineers take scientific discoveries and design and con­
struct working prototypes to test their practical applications. 

Design engineers translate the prototype into a device or process suit­
able for mass implementation. 

Production engineers take the design engineer's specifications and 
supervise the mass production of the device as it was conceived. 

Construction engineers are responsible for the design and construction 
of structures such as buildings, plants, and bridges. 

Project engineers assume the m•eral/ responsibility for supervising the 
work on an engineering project. 

Operations or plant engineers are responsible for the operation and 
maintenance of plant facilities. 
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Test engineers design and conduct tests during the research, de-

velopment and production phases.

Sales engineers determine and develop markets for products while

acting as liason between their company and customers.

Many engineers apply their skills to management, supervising en-

gineering activities and personnel.

Consulting engineers provide assistance on specific technical matters

to industry and government.

Engineers may become involved in education as university faculty

engaged in teaching and research.

Engineers also become involved in a host of related activities that

build on their engineering skills such as law. medicine, and government

service.

Example One of the major scientific discoveries of the twentieth century has

been the laser, a device that produces extremely powerful light beams by using a

physical process known as stimulated emission. Since the first scientific demon-

stration of lasing action in 1960, progress in laser development has been quite

rapid. During the 1960s research engineers learned that by discharging an electri-

cal current through a gas mixture containing carbon dioxide, intense beams of

infrared light could be produced. Development engineers constructed and oper-

ated a series of progressively more powerful prototype carbon dioxide lasers

during the 1960s. During this development period they encountered and solved

many problems such as preventing electric arcing in the gas and designing suitable

lenses and mirrors to focus the beams. Prototypes were built and tested with

beams sufficiently intense to melt or even vaporize metals. Laser design engineers

directed their efforts toward developing lasers for use in manufacturing and in

metal cutting. When the laser moved out of the laboratory and into an industrial

environment, reliability, cost, and ease of fabrication were at a premium. Produc-

tion engineers were involved in designing and monitoring the assembly line man-

ufacture of the laser units and in integrating the units into existing assembly

processes. Plant engineers learned to master the new technology of high powered

lasers and adapt to new safety standards. Test engineers developed new sampling

and testing procedures to maintain the close tolerances and high reliability of the

laser units. Sales engineers for industrial products had to become familiar with the

new technology. Many of the engineers and scientists involved in the early de-

velopment of lasers moved into management positions as these systems moved to

the production phase. Other engineers played an important role as consultants to

the growing industrial laser industry. New material was included in the engineer-

ing curricula on industrial uses of lasers, and new faculty were added to teach and

conduct research in this area.
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Test engineers design and conduct tests during the research, de­
velopment and production phases. 

Sales engineers determine and develop markets for products while 
acting as lias on between their company and customers. 

Many engineers apply their skills to management, supervising en­
gineering activities and personnel. 

Consulting engineers provide assistance on specific technical matters 
to industry and gm·ernment. 

Engineers may become im·oll·ed in education as unil·ersity faculty 
engaged in teaching and research. 

Engineers also become inl'Ob·ed in a host of related actil•ities that 
build on their engineering skills such as law, medicine, and gm•ernment 
serrice. 

Example One of the major scientific discoveries of the twentieth century has 
been the laser, a device that produces extremely powerful light beams by using a 
physical process known as stimulated emission. Since the first scientific demon­
stration of lasing action in 1960, progress in laser development has been quite 
rapid. During the 1960s research enginens learned that by discharging an electri­
cal current through a gas mixture containing carbon dioxide, intense beams of 
infrared light could be produced. Development engineer.f constructed and oper­
ated a series of progressively more powerful prototype carbon dioxide lasers 
during the 1960s. During this development period they encountered and solved 
many problems such as preventing electric arcing in the gas and designing suitable 
lenses and mirrors to focus the beams. Prototypes were built and tested with 
beams sufficiently intense to melt or even vaporize metals. Laser design engineers 
directed their efforts toward developing lasers for use in manufacturing and in 
metal cutting. When the laser moved out of the laboratory and into an industrial 
environment. reliability. cost, and ease of fabrication were at a premium. Produc­
tion engineers were involved in designing and monitoring the assembly line man­
ufacture of the laser units and in integrating the units into existing assembly 
processes. Plant engineers learned to master the new technology of high powered 
lasers and adapt to new safety standards. Test engineers developed new sampling 
and testing procedures to maintain the close tolerances and high reliability of the 
laser units. Sales engineers for industrial products had to become familiar with the 
new technology. Many of the engineers and scientists involved in the early de­
velopment of lasers moved into management positions as these systems moved to 
the production phase. Other engineers played an important role as consultants to 
the growing industrial laser industry. New material was included in the engineer­
ing curricula on industrial uses of lasers, and new faculty were added to teach and 
conduct research in this area. 
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Exercises

Engineering Functions

1. Identify the various functions of engineers that will be involved in

(a) the successful development and implementation of solar photovol-

taic cells to power homes, (b) a manned mission to Mars, (c) the

development, production, and marketing of an electric automobile.

2. Engineers will usually find themselves involved in a variety of func-

tions during their professional careers. Project the various roles you

see yourself playing in your own future career.

3. What functions might be performed by engineers in government ser-

vice?

4. Rank the various engineering functions in the order of the degree to

which they make use of abstract scientific principles.

5. Choose a typical industry (or company) and identify the various roles

played by engineers.

1.4. HOW DOES ONE PREPARE TO BECOME AN ENGINEER?

The early ancestors of the engineer were artisans and craftsmen, who passed on

their knowledge of building, of creating, from generation to generation by appren-

ticeship. Certainly this aspect of engineering education should not be overlooked,

for the advice and experience of seasoned engineers can prove quite valuable. But

the complexity of modern engineering problems requires more. Engineers must

possess a thorough understanding of the scientific principles basic to their field. In

particular, they must acquire a sound grounding in mathematics, physics, and

chemistry. Some background in the social sciences and humanities is also vital if

they are to interact effectively with society.

But mere knowledge alone will rarely suffice in engineering. This profession

requires a highly disciplined and thorough approach to problem solving that is

most uncharacteristic of other fields. It is this methodology of engineering prob-

lem solving, coupled with the basic scientific knowledge that supports this activ-

ity, that is the principal focus of the formal education of the engineer.

1.4.1. High School Preparation

Education for a career in engineering must start very early, long before the student

enters a college level engineering program. Students interested in careers in en-

gineering (or science) should take all of the high school mathematics and science

courses available, as well as college preparatory courses in writing, literature, and

history (Table 1.2).
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Exercises 

Engineering Functions 

l. Identify the various functions of engineers that will be involved in 
(a) the successful development and implementation of solar photo vol­
taic cells to power homes, {b) a manned mission to Mars, (c) the 
development, production, and marketing of an electric automobile. 

2. Engineers will usually find themselves involved in a variety of func­
tions during their professional careers. Project the various roles you 
see yourself playing in your own future career. 

3. What functions might be performed by engineers in government ser­
vice? 

4. Rank the various engineering functions in the order of the degree to 
which they make use of abstract scientific principles. 

5. Choose a typical industry (or company) and identify the various roles 
played by engineers. 

1.4. HOW DOES ONE PREPARE TO BECOME AN ENGINEER? 

The early ancestors of the engineer were artisans and craftsmen, who passed on 
their knowledge of building, of creating, from generation to generation by appren­
ticeship. Certainly this aspect of engineering education should not be overlooked. 
for the advice and experience of seasoned engineers can prove quite valuable. But 
the complexity of modem engineering problems requires more. Engineers must 
possess a thorough understanding of the scientific principles basic to their field. In 
particular, they must acquire a sound grounding in mathematics, physics, and 
chemistry. Some background in the social sciences and humanities is also vital if 
they are to interact effectively with society. 

But mere knowledge alone will rarely suffice in engineering. This profession 
requires a highly disciplined and thorough approach to problem solving that is 
most uncharacteristic of other fields. It is this methodology of engineering prob­
lem solving, coupled with the basic scientific knowledge that supports this activ­
ity, that is the principal focus of the formal education of the engineer. 

1.4.1. High School Preparation 

Education for a career in engineering must start very early, long before the student 
enters a college level engineering program. Students interested in careers in en­
gineering (or science) should take all of the high school mathematics and science 
courses available, as well as college preparatory courses in writing, literature, and 
history (Table 1.2). 
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TABLE 1.2 Basic Admissions Requirements for Most College

Engineering Programs

SUBJECT

HIGH SCHOOL COURSE

UNITS (ONE YEAR)

English

3 (4 recommended)

Mathematics

3 (1.5 algebra

1 geometry

0.5 trigonometry)

Laboratory science

2 (1 physics and 1 chemistry recommended)

Academic electives

4 (2 foreign language recommended)

Free electives

3

Total

15

However, high school programs in mathematics and science vary enor-

mously. Hence most college engineering programs seek the flexibility to accom-

modate students entering with wide variations in background. For example, some

students may have mathematics only to the level of algebra and geometry, while

others have received some exposure to trigonometry, analytic geometry, and

calculus. Many students enter with only one year of chemistry and physics, while

others have taken college-level courses in these subjects while still in high school.

Although the path to an engineering degree may be slightly longer for students

with weaker high school backgrounds, engineering programs usually provide the

student with an opportunity to make up any deficiencies and catch up with the

better prepared students.

1.4.2. The Undergraduate Engineering Curriculum

The role of engineers in society and their responsibility for applying technology to

meet human needs have not changed since the beginnings of the profession. How-

ever the nature of the problems faced by our society is continually changing,

becoming ever more complex and affecting greater numbers of people. Fortu-

nately, the tools that the engineer can apply to address these problems have kept

pace with these changes as scientific knowledge and technology have advanced.

The engineer must be able to adapt to an environment of change. In fact, the

pace of technological growth is now so rapid that major changes will occur not just

during an engineer's career, but even during his or her education. Therefore the

engineering curriculum must provide a broad-based education appropriate to this

a world of change. It must provide graduating engineers with scientific knowledge.

It must also develop their intellectual skills so that they can continue to learn and
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TABLE 1.2 Basic Admissions Requirements for Most College 
Engineering Programs 

HIGH SCHOOL COURSE 
SUBJECT UNITS (ONE YEAR) 

--------------------- ------------

English 

Mathematics 

Laboratory science 

Academic electives 

Free electives 

Total 

3 (4 recommended) 

3 ( 1.5 algebra 

I geometry 

0.5 trigonometry) 

2 (I physics and I chemistry recommended) 

4 (2 foreign language recommended) 

3 

15 

However. high school programs in mathematics and science vary enor­
mously. Hence most college engineering programs seek the flexibility to accom­
modate students entering with wide variations in background. For example. some 
students may have mathematics only to the level of algebra and geometry, while 
others have received some exposure to trigonometry. analytic geometry. and 
calculus. Many students enter with only one year of chemistry and physics, while 
others have taken college-level courses in these subjects while still in high school. 
Although the path to an engineering degree may be slightly longer for students 
with weaker high school backgrounds, engineering programs usually provide the 
student with an opportunity to make up any deficiencies and catch up with the 
better prepared students. 

1.4.2. The Undergraduate Engineering Curriculum 

The role of engineers in society and their responsibility for applying technology to 
meet human needs have not changed since the beginnings of the profession. How­
ever the nature of the problems faced by our society is continually changing. 
becoming ever more complex and affecting greater numbers of people. Fortu­
nately. the tools that the engineer can apply to address these problems have kept 
pace with these changes as scientific knowledge and technology have advanced. 

The engineer must be able to adapt to an environment of change. In fact, the 
pace of technological growth is now so rapid that major changes will occur not just 
during an engineer's career, but even during his or her education. Therefore the 
engineering curriculum must provide a broad-based education appropriate to this 
a world of change. It must provide graduating engineers with scientific knowledge. 
It must also develop their intellectual skills so that they can continue to learn and 
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Civil 
Engineerirng 

Materials 

adapt to their changing environment long after their formal education has ended. 
The primary emphasis of an engineering education is the development of individu­
als who can think, respond, and adapt to change. 

At the foundation of an engineering education are basic sciences and mathe­
matics. Mathematics is the language of engineers. It provides them with a com­
pactness and accuracy of expression far beyond that of conversational language . 
Furthermore, the rules of mathematics aid tremendously in structuring a logical 
approach to problem solving. 

Science courses will also play an important role in the early years of an 
engineering education. Although the primary focus will be on courses in chemistry 
and physics, many fields of engineering also require coursework in the biological 
and earth sciences. 

The engineering program builds on this foundation of science and mathemat­
ics with a sequence of courses referred to as engineering sciences (Figure 1. 18). 
These include courses in solid and fluid mechanics , thermodynamics , materials 

FIGURE 1.18. An engineering education is based upon a pyramid of courses in the basic 
sciences, humanities, social sciences, and engineering sciences . 
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science, and electricity and magnetism that are common to all engineering disci-

plines. Although such courses have strong roots in basic science and mathematics,

they provide the bridge between these fundamental disciplines and engineering

application.

During the later years of an engineering education, coursework in engineering

design is introduced. These courses serve to orient the student toward engineering

practice. In particular, they introduce the student to methods of engineering de-

sign, including the solution of open-ended (vaguely-defined) problems under

realistic constraints such as economic factors, safety, environmental impact, and

social impact.

Another technical area of great importance is modern computing methods.

Students may acquire knowledge in this area either by taking formal courses in

computer programming and numerical analysis or by acquiring on-the-job experi-

ence in other courses that utilize computers. Students should not only learn how

to effectively utilize large, centralized computer systems (usually timesharing

systems) but also keep abreast of the rapid developments in microcomputers. In

fact, at the start of their engineering program, many students will probably find

that one of the closest companions is their programmable calculator or desktop

computer. The use of mini and microcomputers will enter into many engineering

courses, particularly those involving modern laboratory techniques or computer-

aided design.

Essential components of any engineering program are courses in the arts,

humanities, and social sciences. Traditional subjects in these areas include litera-

ture, history, philosophy, fine arts, economics, sociology, and psychology. Not

only do such courses complete the education of the engineer, but they provide a

point of contact with the rest of society. They help the engineering student under-

stand and develop an appreciation for the potential impact of engineering on

society and its natural environment. Of equal importance is the development of

the skills to communicate effectively through written, spoken, or graphical means.

Engineers cannot be successful without an ability to communicate the results of

their labors, their ideas.

Engineers may acquire training in many other specialized areas during their

undergraduate studies. For example, many engineers take courses in business,

management, or accounting. Others acquire the background in law or medicine

necessary for further studies in these fields. Still others specialize in artistic train-

ing to assist them in creative design activities.

Sometimes students are confused by the tremendous variety of engineering

disciplines and worry that they will be locked into a particular major by a prema-

ture choice of courses. However it should be apparent from our discussion that

there are only modest differences among engineering curricula during the first two

years. In fact the curricula of most engineering majors have more similarities than

differences. In most cases the choice of an engineering major can be safely de-

ferred until late in the sophomore year, and in some cases, it is relatively easy to

transfer between fields even after this point. In fact, many engineers switch fields

(some several times) even after they enter professional practice.
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science, and electricity and magnetism that are common to all engineering disci­
plines. Although such courses have strong roots in basic science and mathematics, 
they provide the bridge between these fundamental disciplines and engineering 
application. 

During the later years of an engineering education, course work in engineering 
design is introduced. These courses serve to orient the student toward engineering 
practice. In particular, they introduce the student to methods of engineering de­
sign, including the solution of open-ended (vaguely-defined) problems under 
realistic constraints such as economic factors, safety, environmental impact, and 
social impact. 

Another technical area of great importance is modern computing methods. 
Students may acquire knowledge in this area either by taking formal courses in 
computer programming and numerical analysis or by acquiring on-the-job experi­
ence in other courses that utilize computers. Students should not only learn how 
to effectively utilize large, centralized computer systems (usually timesharing 
systems) but also keep abreast of the rapid developments in microcomputers. In 
fact, at the start of their engineering program, many students will probably find 
that one of the closest companions is their programmable calculator or desktop 
computer. The use of mini and microcomputers will enter into many engineering 
courses, particularly those involving modern laboratory techniques or computer­
aided design. 

Essential components of any engineering program are courses in the arts, 
humanities, and social sciences. Traditional subjects in these areas include litera­
ture, history, philosophy, fine arts, economics, sociology, and psychology. Not 
only do such courses complete the education of the engineer, but they provide a 
point of contact with the rest of society. They help the engineering student under­
stand and develop an appreciation for the potential impact of engineering on 
society and its natural environment. Of equal importance is the development of 
the skills to communicate effectively through written, spoken, or graphical means. 
Engineers cannot be successful without an ability to communicate the results of 
their labors, their ideas. 

Engineers may acquire training in many other specialized areas during their 
undergraduate studies. For example, many engineers take courses in business, 
management, or accounting. Others acquire the background in law or medicine 
necessary for further studies in these fields. Still others specialize in artistic train­
ing to assist them in creative design activities. 

Sometimes students are confused by the tremendous variety of engineering 
disciplines and worry that they will be locked into a particular major by a prema­
ture choice of courses. However it should be apparent from our discussion that 
there are only modest differences among engineering curricula during the first two 
years. In fact the curricula of most engineering majors have more similarities th~ 
differences. In most cases the choice of an engineering major can be safely de­
ferred until late in the sophomore year, and in some cases, it is relatively easy to 
transfer between fields even after this point. In fact, many engineers switch fields 
(some several times) even after they enter professional practice. 
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SUMMARY

The emphasis of an engineering education is the development of en-

gineers who can think, respond, and adapt to a world of change. It fo-

cuses on the methodology of engineering problem solving and the scien-

tific knowledge that supports this activity. At its foundation are courses in

the basic sciences, physics, chemistry, and mathematics (including mod-

ern computing methods). But an essential component of the engineer's

education includes courses in the arts, humanities, and social sciences,

since these subjects round out this education and provide a point of

contact with the rest of society. The engineer must also develop the skills

to communicate effectively using written, spoken, or graphical means.

1.4.3. Engineering Technology Programs

Programs in engineering technology differ from those in engineering primarily in

the extent to which they emphasize the application rather than the development of

engineering knowledge and methods. Graduates of two-year, associate degree

programs in engineering technology are called engineering technicians. The origin

of such programs can be traced back to the early 1960s. At this time increased

emphasis of the traditional engineering programs on science and analysis (the

"post-Sputnik" era) had left behind an unmet demand in a variety of more applied

areas such as drafting and shop methods, machine operations, maintenance of

manufacturing systems, and laboratory operations. Two-year associate degree

programs in engineering technology were established at a number of junior or

community colleges to meet these needs. Graduates of such programs are typi-

cally awarded the Associate of Science in Engineering Technology or A.S.E.T.

degree.

By the 1970s it had become apparent that many industrial needs were not

being satisfied by either the B.S. degree engineering graduate or the engineering

technician. Neither of these programs placed enough emphasis on applications in

engineering design, testing, and manufacturing. Therefore a number of bac-

calaureate degree level (four-year) programs in engineering technology were es-

tablished that awarded the Bachelor of Science in Engineering Technology or

B.S.E.T. degree. Graduates of such programs are known as engineering

technologists. Career opportunities for these graduates lie in the areas of

hardware design using proven concepts, product analysis and development, con-

struction and production management. In less technically demanding jobs, en-

gineering technologists and engineers may perform similar functions.
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SIJMi\1ARY 

The emphasis of an engineering education is the derelopment of en­
gineers who can think. respond. and adapt to a world of change. It fo­
cuses on the methodology of engineering problem soll·ing and the scien­
tific knowledge that supports this acti'dty. At its foundation are courses in 
the basic sciences, physics, chemistry, and mathematics (including mod­
ern computing methods). But an essential component of the engineer's 
education includes courses in the arts. humanities. and social sciences, 
since these subjects round out this edu<·ation and prm·ide a point of 
contact with the rest of society. The engineer must also de,·elop the skills 
to communicate effecti\·ely using written. spoken. or graphical means. 

1.4.3. Engineering Technology Programs 

Programs in engineering technology differ from those in engineering primarily in 
the extent to which they emphasize the application rather than the development of 
engineering knowledge and methods. Graduates of two-year, associate degree 
programs in engineering technology are called engineering technicians. The origin 
of such programs can be traced back to the early 1960s. At this time increased 
emphasis of the traditional engineering programs on science and analysis (the 
''post-Sputnik'' era) had left behind an unmet demand in a variety of more applied 
areas such as drafting and shop methods, machine operations, maintenance of 
manufacturing systems, and laboratory operations. Two-year associate degree 
programs in engineering technology were established at a number of junior or 
community colleges to meet these needs. Graduates of such programs are typi­
cally awarded the Associate of Science in Engineering Technology or A.S.E.T. 
degree. 

By the 1970s it had become apparent that many industrial needs were not 
being satisfied by either the B.S. degree engineering graduate or the engineering 
technician. Neither of these programs placed enough emphasis on applications in 
engineering design, testing, and manufacturing. Therefore a number of bac­
calaureate degree level (four-year) programs in engineering technology were es­
tablished that awarded the Bachelor of Science in Engineering Technology or 
B.S.E.T. degree. Graduates of such programs are known as engineering 
technologists. Career opportunities for these graduates lie in the areas of 
hardware design using proven concepts, product analysis and development, con­
struction and production management. In less technically demanding jobs, en­
gineering technologists and engineers may perform similar functions. 
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The course requirements for both associate (engineering technician) and bac-

calaureate (engineering technologist) degree programs are compared against those

of the B.S. degree program in engineering in Table 1.3. The somewhat heavier

emphasis of these programs on technical applications should be noted. Because of

the significant difference in the amount of science, mathematics, and engineering

applications required in B.S. (engineering) and B.S.E.T. (engineering technology)

programs, it can prove difficult to transfer from one program to another.

SUMMARY

To meet industrial needs for graduates more skilled in specific applica-

tions, degree programs in engineering technology have been established.

Graduates of a two-year associate degree program (A.S.E.T.) are known

as engineering technicians, while those of a four-year baccalaureate pro-

gram (B.S.E.T.) are referred to as engineering technologists.

TABLE 1.3 Minimum Course Requirements for Engineering and Engineering

Technology Degrees*

B.S. IN ENGINEERING

A.S. IN ENGINEERING

B.S. IN ENGINEERING

TECHNOLOGY

TECHNOLOGY

120 SEMESTER HOUR CREDITS

120 SEMESTER HOUR CREDITS

60 SEMESTER HOUR CREDITS

OR EQUIVALENT

OR EQUIVALENT

OR EQUIVALENT

â€¢ 75 semester hour credits

â€¢ 23 semester hour credits of

â€¢ 15 semester hour credits of

in mathematics, science,

basic sciences and mathematics

basic sciences and mathematics

and engineering:

â€¢ 45 credits of technological

(about half in mathematics)

â€¢ 15 hours of mathematics

courses including technical

â€¢ 30 credits of technical courses

beyond trigonometry

science, technical specialties,

including technical science.

â€¢ 15 hours of basic sciences

and technical electives

technical specialties, and

â€¢ 30 hours of engineering

â€¢ 21 credits in communications.

technical electives

sciences

humanities, and social sciences

â€¢ 8 credits in communications,

â€¢ 15 hours of engineering

humanities, and social sciences

design

â€¢ 15 hours in humanities and

social sciences

'SOURCE Accreditation Board for Engineering and Technology. 1981.
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The course requirements for both associate (engineering technician) and bac­
calaureate (engineering technologist) degree programs are compared against those 
of the B.S. degree program in engineering in Table 1.3. The somewhat heavier 
emphasis of these programs on technical applications should be noted. Because of 
the significant difference in the amount of science, mathematics, and engineering 
applications required in B.S. (engineering) and B.S.E.T. (engineering technology) 
programs, it can prove difficult to transfer from one program to another. 

SUMMARY 

To meet industrial needs for graduates more skilled in specific applica­
tions, degree programs in engineering technology have been established. 
Graduates of a two-year associate degree program (A.S.E.T.) are known 
as engineering technicians, while those of a j(JUr-year baccalaureate pro­
gram (B.S.E.T.) are referred to as engineering technologists. 

TABLE 1.3 Minimum Course Requirements for Engineering and Engineering 
Technology Degrees* 

B.S. IN ENGINEERING 

120 SEMESTER HOUR CREDITS 
OR EQUIVALENT 

• 75 semester hour credits 
in mathematics, science, 
and engineering: 
• 15 hours of mathematics 

beyond trigonometry 
• 15 hours of basic sciences 
• 30 hours of engineering 

sciences 
• 15 hours of engineering 

design 
• 15 hours in humanities and 

social sciences 

B.S. IN ENGINEERING 
TECHNOLOGY 

120 SEMESTER HOUR CREDITS 
OR EQUIVALENT 

• 23 semester hour credits of 
basic sciences and mathematics 

• 45 credits of technological 
courses including technical 
science, technical specialties, 
and technical electives 

• 21 credits in communications, 
humanities, and social sciences 

A.S. IN ENGINEERING 
TECHNOLOGY 

60 SEMESTER HOUR CREDITS 
OR EQUIVALENT 

• 15 semester hour credits of 
basic sciences and mathematics 
(about half in mathematics) 

• 30 credits of technical courses 
including technical science, 
technical specialties, and 
technical electives 

• 8 credits in communications, 
humanities, and social sciences 

"SOURCE Accreditation Board for Engineering and Technology. 1981. 
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1.4.4. Accreditation of Engineering Programs

The formal education received by engineers plays a determining role in their

professional competence. For this reason, the Accreditation Board for Engineer-

ing and Technology or ABET (formerly known as the Engineer's Council for

Professional Development or ECPD) has been given the responsibility for re-

viewing and accrediting programs in engineering and engineering technology

throughout the United States. The ABET determines and monitors the minimum

standards that must be met by any accredited program. ABET accreditation is

designed to identify to the public, prospective students, potential employers, gov-

ernment agencies, and state boards of examiners for engineering registration, the

engineering and engineering technology programs that meet these standards. The

ABET also provides guidance for the improvement of existing curricula and for

the development of future programs. It attempts to stimulate the general im-

provement of engineering education in the United States.

The general ABET accreditation criteria have already been detailed in Table

1.3. These criteria are intended to assure an adequate foundation in science and

mathematics, the humanities and social sciences, engineering science, and en-

gineering methods, as well as for preparation in an engineering field of specializa-

tion. The accreditation process involves a review of the program via ques-

tionaires, together with a supplemental report of an on-site visit by a carefully

selected team representing the ABET. The ABET is now recognized by the Unit-

ed States Department of Education, the National Bureau of Engineering Registra-

tion, and the National Council of Engineering Examiners as the sole agency re-

sponsible for the accreditation of engineering programs.

SUMMARY

The accreditation of engineering and engineering technology programs is

the responsibility of the Accreditation Board for Engineering and Tech-

nology or ABET.

1.4.5. Postgraduate Education

An engineer's education does not end with graduation. Indeed, an undergraduate

program is intended to provide only a broad foundation in science and engineering

analysis, to which must be added training on both a formal and informal basis. For

instance, all engineers must go through extensive on-the-job training in their par-

ticular area of interest. Only after extensive experience does the engineer develop

the maturity and judgment necessary for significant contributions.
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D. 

1.4.4. Accreditation of Engineering Programs 

The formal education received by engineers plays a determining role in their 
professional competence. For this reason, the Accreditation Board for Engineer­
ing and Technology or ABET (formerly known as the Engineer's Council for 
Professional Development or ECPD) has been given the responsibility for re­
viewing and accrediting programs in engineering and engineering technology 
throughout the United States. The ABET determines and monitors the minimum 
standards that must be met by any accredited program. ABET accreditation is 
designed to identify to the public, prospective students, potential employers, gov­
ernment agencies, and state boards of examiners for engineering registration, the 
engineering and engineering technology programs that meet these standards. The 
ABET also provides guidance for the improvement of existing curricula and for 
the development of future programs. It attempts to stimulate the general im­
provement of engineering education in the United States. 

The general ABET accreditation criteria have already been detailed in Table 
1.3. These criteria are intended to assure an adequate foundation in science and 
mathematics, the humanities and social sciences, engineering science, and en­
gineering methods, as well as for preparation in an engineering field of specializa­
tion. The accreditation process involves a review of the program via ques­
tionaires, together with a supplemental report of an on-site visit by a carefully 
selected team representing the ABET. The ABET is now recognized by the Unit­
ed States Department of Education, the National Bureau of Engineering Registra­
tion, and the National Council of Engineering Examiners as the sole agency re­
sponsible for the accreditation of engineering programs. 

SUMMARY 

The accreditation of engineering and engineering technology programs is 
the responsibility of the Accreditation Board for Engineering and Tech­
nology or ABET. 

1.4.5. Postgraduate Education 

An engineer's education does not end with graduation. Indeed. an undergraduate 
program is intended to provide only a broad foundation in science and engineering 
analysis, to which must be added training on both a formal and informal basis. For 
instance, all engineers must go through extensive on-the-job training in their par­
ticular area of interest. Only after extensive experience does the engineer develop 
the maturity and judgment necessary for significant contributions. 
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Engineers with interests in research and development must acquire additional

education in both basic and engineering sciences at the graduate level. Most

research engineers continue to the doctorate level so that they can obtain research

expertise. Many other engineering fields have become sufficiently complex with

the result that an undergraduate degree is no longer adequate for professional

practice. Indeed, it has even been suggested recently that the engineering profes-

sion require the master's degree as the minimum level of education necessary for

professional practice.

It is essential that engineering students regard their education as a lifetime

commitment. To be relevant to a changing world, engineers must continue their

education informally, by reading, discussions with colleagues, attending technical

meetings or workshops, or perhaps even returning to college at several points

during their career. Without continuing to update their education, engineers would

almost certainly find themselves obsolete within several years of graduation.

SUMMARY

An engineer's education does not end with graduation. All engineers

require on-the-job training and experience. Additional postgraduate edu-

cation is needed for many fields such as research. It is essential that

engineering students regard their education as a lifetime commitment if

they are to adapt to a world of changing demands.

Exercises

Engineering Education

1. Prepare a sample program of courses for your field of interest (con-

sulting your college catalog). Classify each course in your program as:

science, mathematics, engineering science, engineering design, and

humanities. Compare this program against the ABET criteria listed in

Table 1.3.

2. By referring to old college catalogs in your library, compare today's

engineering program with the one offered two decades ago.

3. Indicate how courses in humanities and social sciences might prove of

value to engineers employed in (a) industry, (b) government, and

(c) education.

4. Interview a practicing engineer (or, as a last resort, an engineering

professor) to determine the degree to which they use (a) mathematics,

(b) physics, and (c) chemistry in their everyday activities.
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Engineers with interests in research and development must acquire additional 
education in both basic and engineering sciences at the graduate level. Most 
research engineers continue to the doctorate level so that they can obtain research 
expertise. Many other engineering fields have become sufficiently complex with 
the result that an undergraduate degree is no longer adequate for professional 
practice. Indeed, it has even been suggested recently that the engineering profes­
sion require the master's degree as the minimum level of education necessary for 
professional practice. 

It is essential that engineering students regard their education as a lifetime 
commitment. To be relevant to a changing world, engineers must continue their 
education informally, by reading, discussions with colleagues. attending technical 
meetings or workshops, or perhaps even returning to college at several points 
during their career. Without continuing to update their education. engineers would 
almost certainly find themselves obsolete within several years of graduation. 

SUMMARY 

An engineer's education does not end with graduation. All engineers 
require on-the-job training and experience. Additional postgraduate edu­
cation is needed for many fields such as research. It is essential that 
engineering students regard their education as a lifetime commitment if 
they are to adapt to a world of changing demands. 

Exercises 

Engineering Education 

1. Prepare a sample program of courses for your field of interest (con­
sulting your college catalog). Classify each course in your program as: 
science, mathematics, engineering science, engineering design, and 
humanities. Compare this program against the ABET criteria listed in 
Table 1.3. 

2. By referring to old college catalogs in your library, compare today's 
engineering program with the one offered two decades ago. 

3. Indicate how courses in humanities and social sciences might prove of 
value to engineers employed in (a) industry. (b) government, and 
(c) education. 

4. Interview a practicing engineer (or, as a last resort, an engineering 
professor) to determine the degree to which they use (a) mathematics, 
(b) physics, and (c) chemistry in their everyday activities. 
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5. One common problem with curricula in science and engineering is

that many courses depend on others as prerequisites. Analyze this

"pyramid of prerequisites" for your own projected program by trac-

ing the chain of prerequisites for various courses. (Work from your

college catalog.)

1.5. ENGINEERING AS A PROFESSION

Engineering is a learned profession, just as law, medicine, or theology are. En-

gineers must acquire certain skills, through both formal education and experience,

to practice their profession. Like members of other professions, engineers assume

a responsibility to apply their specialized knowledge and skills for the benefit of

society. As professionals they must recognize how profoundly this conduct affects

public welfare and act accordingly.

A profession can be distinguished by several important characteristics: (1) It

satisfies an indispensable and beneficial social need. (2) It requires the exercise of

discretion and judgment and is not subject to standardization. (3) It involves an

activity conducted on a high intellectual plane with knowledge and skills not
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FIGURE 1.19. The number of en­
gineering degrees granted each year in 
the United States from 1950 through 
1980. (Source: Engineering Manpower 
Commission) 
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S. One common problem with curricula in science and engineering is 
that many courses depend on others as prerequisites. Analyze this 
"pyramid of prerequisites'' for your own projected program by trac­
ing the chain of prerequisites for various courses. (Work from your 
college catalog.) 

1.5. ENGINEERING AS A PROFESSION 

Engineering is a learned profession, just as law. medicine, or theology are. En­
gineers must acquire certain skills, through both formal education and experience. 
to practice their profession. Like members of other professions. engineers assume 
a responsibility to apply their specialized knowledge and skills for the benefit of 
society. As professionals they must recognize how profoundly this conduct affects 
public welfare and act accordingly. 

A profession can be distinguished by several important characteristics: (I) It 
satisfies an indispensable and beneficial social need. (2) It requires the exercise of 
discretion and judgment and is not subject to standardization. (3) It involves an 
activity conducted on a high intellectual plane with knowledge and skills not 
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common to the general public. (4) It has as an objective the promotion of knowl-

edge and professional ideals for rendering social services. (5) It has a legal status

and requires well-formulated standards of admission.

The engineering profession differs somewhat from the professions of law,

medicine, divinity, and philosophy in its origin. It more closely resembles profes-

sions such as architecture and journalism that can be traced back to the craft and

merchant guilds of medieval times. The engineering profession has struggled on

occasion with its desire to retain the voluntary guild pattern of its heritage and its

desire to move toward the status of professions such as medicine and law with

more rigid laws governing entrance and practice.

The privileges and obligations governing the relationship between a profes-

sion and society are reciprocal. A profession offers the technical competence to

meet an important social need, in return for which it is granted a monopoly on its

activities and self-governing privileges. An essential aspect in the relationship

between any profession and society is trust. Society must accept the profession's

authority in the field of its competence if its professionals are to discharge their

responsibilities. To establish this atmosphere of public trust and respect, the

engineering profession has relied on several mechanisms. First, and perhaps most

important, it has devised and adopted a code of ethics to guide the activities of the

engineer. Second, the profession has assisted government in establishing registra-

tion procedures to certify the competence of engineers. Through registration, the

public grants engineers certain rights in the practice of their profession. In turn

registered engineers accept both the legal and ethical obligation to act with integ-

rity and good judgment. Finally, engineers have joined together to form profes-

sional organizations or societies to assist them in carrying out their profession

activities.

1.5.1. Professional Ethics

The relationship between the engineer and society must be based on respect,

trust, and integrity. Engineers possess specialized knowledge well beyond that of

their clients, employers, or the general public. While this knowledge represents

the basis for the contributions the engineer can make to society, it also contains

the potential for harmful effects on society. To guide this delicate relationship

between the engineer and society, the engineering profession has developed and

adopted a code of ethics. This code takes the form of a set of rules or canons

designed to prescribe the obligations and responsibilities of members of the pro-

fession toward other engineers, clients and employers, and the public at large.

Codes of professional ethics have strong roots in history. Perhaps the most

well-known statement of professional ethics is the Hippocratic Oath, governing

the medical profession, that dates back almost 2000 years. Similar codes have

been developed for various engineering groups over the past century.

Most engineering organizations have now adopted a standard code of ethics,

first developed by the Engineer's Council for Professional Development and now
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common to the general public. (4) It has as an objective the promotion of knowl­
edge and professional ideals for rendering social services. (5) It has a legal status 
and requires well-formulated standards of admission. 

The engineering profession differs somewhat from the professions of law, 
medicine, divinity, and philosophy in its origin. It more closely resembles profes­
sions such as architecture and journalism that can be traced back to the craft and 
merchant guilds of medieval times. The engineering profession has struggled on 
occasion with its desire to retain the voluntary guild pattern of its heritage and its 
desire to move toward the status of professions such as medicine and law with 
more rigid laws governing entrance and practice. 

The privileges and obligations governing the relationship between a profes­
sion and society are reciprocal. A profession offers the technical competence to 
meet an important social need, in return for which it is granted a monopoly on its 
activities and self-governing privileges. An essential aspect in the relationship 
between any profession and society is trust. Society must accept the profession's 
authority in the field of its competence if its professionals are to discharge their 
responsibilities. To establish this atmosphere of public trust and respect, the 
engineering profession has relied on several mechanisms. First, and perhaps most 
important. it has devised and adopted a code of ethics to guide the activities of the 
engineer. Second, the profession has assisted government in establishing registra­
tion procedures to certify the competence of engineers. Through registration, the 
public grants engineers certain rights in the practice of their profession. In turn 
registered engineers accept both the legal and ethical obligation to act with integ­
rity and good judgment. Finally. engineers have joined together to form profes­
sional organizations or societies to assist them in carrying out their profession 
activities. 

1.5.1. Professional Ethics 

The relationship between the engineer and society must be based on respect, 
trust, and integrity. Engineers possess specialized knowledge well beyond that of 
their clients, employers, or the general public. While this knowledge represents 
the basis for the contributions the engineer can make to society, it also contains 
the potential for harmful effects on society. To guide this delicate relationship 
between the engineer and society, the engineering profession has developed and 
adopted a code of ethics. This code takes the form of a set of rules or canons 
designed to prescribe the obligations and responsibilities of members of the pro­
fession toward other engineers, clients and employers, and the public at large. 

Codes of professional ethics have strong roots in history. Perhaps the most 
well-known statement of professional ethics is the Hippocratic Oath, governing 
the medical profession, that dates back almost 2000 years. Similar codes have 
been developed for various engineering groups over the past century. 

Most engineering organizations have now adopted a standard code of ethics, 
first developed by the Engineer's Council for Professional Development and now 
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adopted by the American Association of Engineering Societies. This Code of

Ethics for Engineers is given in Figure 1.20. The essence of the code is that

engineers must act with complete responsibility toward their clients and with

regard to the public interest. To be a member of the engineering profession, the

engineer must be worthy of the trust and confidence of both the public and profes-

sional colleagues.

Although the general statement of the Code of Ethics is quite simple, the

interpretation and application of this code can become more complex. The Ameri-

can Association of Engineering Societies has therefore adopted a set of guidelines

for use with the fundamental canons of ethics provided in Appendix A. We

strongly encourage the student to read these guidelines carefully and refer to them

whenever the potential for an ethical problem arises in professional practice

(whether in the classroom or on the job).

Professional ethics are of paramount importance to engineering. Of the many

ways in which ethical problems may arise in practice the most familiar examples

concern the relationship between consulting engineers and their clients, since this

relationship is similar to the one that exists between doctor and patient or lawyer

and client. Engineers in industry must also use the code as a guide to their profes-

sional responsibilities toward both employers and the public. They may be forced

to balance their loyalty toward their company (and perhaps their financial welfare

as well) against their professional responsibility toward society at large. The con-

struction engineer, who functions as both engineer and business executive, may

be faced with the conflicting demands of the engineering code and business prac-

tice. Engineers in government also should keep their professional responsibilities

uppermost in mind, since they are frequently subject to intense political pressures.

It is important to remember that a profession such as engineering can function

only if it has the trust and respect of the public it serves. If engineers are to earn

and deserve this trust and respect, they must adhere closely to the Code of Ethics

for Engineers in their professional activities.

1.5.2. Professional Registration

To establish some degree of control over the qualifications required for the prac-

tice of engineering, laws governing its recognition and regulation are now wide-

spread. Beginning with Wyoming in 1907, all states have passed laws that require

engineers to obtain a certificate of registration or license as a prerequisite to

certain types of professional practice, similar to those laws governing the legal and

medical professions. The legal ground for public registration is usually based on

the constitutional mandate "to safeguard life, health, and property, and to pro-

mote the public welfare."

Registration is required of engineers carrying out professional activities either

in an individual capacity (e.g., a consulting engineer) or as the person in charge of

an engineering organization. Generally engineers in direct charge of the engineer-

ing activities of a company are registered. Other engineers in subordinate posi-
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adopted by the American Association of Engineering Societies. This Code of 
Ethics for Engineers is given in Figure 1.20. The essence of the code is that 
engineers must act with complete responsibility toward their clients and with 
regard to the public interest. To be a member of the engineering profession, the 
engineer must be worthy of the trust and confidence of both the public and profes­
sional colleagues. 

Although the general statement of the Code of Ethics is quite simple, the 
interpretation and application of this code can become more complex. The Ameri­
can Association of Engineering Societies has therefore adopted a set of guidelines 
for use with the fundamental canons of ethics provided in Appendix A. We 
strongly encourage the student to read these guidelines carefully and refer to them 
whenever the potential for an ethical problem arises in professional practice 
(whether in the classroom or on the job). 

Professional ethics are of paramount importance to engineering. Of the many 
ways in which ethical problems may arise in practice the most familiar examples 
concern the relationship between consulting engineers and their clients. since this 
relationship is similar to the one that exists between doctor and patient or lawyer 
and client. Engineers in industry must also use the code as a guide to their profes­
sional responsibilities toward both employers and the public. They may be forced 
to balance their loyalty toward their company (and perhaps their financial welfare 
as well) against their professional responsibility toward society at large. The con­
struction engineer, who functions as both engineer and business executive. may 
be faced with the conflicting demands of the engineering code and business prac­
tice. Engineers in government also should keep their professional responsibilities 
uppermost in mind, since they are frequently subject to intense political pressures. 

It is important to remember that a profession such as engineering can function 
only if it has the trust and respect of the public it serves. If engineers are to earn 
and deserve this trust and respect, they must adhere closely to the Code of Ethics 
for Engineers in their professional activities. 

1.5.2. Professional Registration 

To establish some degree of control over the qualifications required for the prac­
tice of engineering. laws governing its recognition and regulation are now wide­
spread. Beginning with Wyoming in 1907, all states have passed laws that require 
engineers to obtain a certificate of registration or license as a prerequisite to 
certain types of professional practice. similar to those laws governing the legal and 
medical professions. The legal ground for public registration is usually based on 
the constitutional mandate "to safeguard life. health, and property. and to pro­
mote the public welfare." 

Registration is required of engineers carrying out professional activities either 
in an individual capacity (e.g., a consulting engineer) or as the person in charge of 
an engineering organization. Generally engineers in direct charge of the engineer­
ing activities of a company are registered. Other engineers in subordinate posi-
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THE FUNDAMENTAl. PRINCIPLES 

E,_, uphold .,d Mlve~ the intflgrity, honor and dignity of the qintJflring prof_,;,, by: 

I. using their knowledge and skill for the enhancement of hum~n welfare; 

II. being honest and impwtill, and MrV!ng with fidelity the public, their employers and clients; 

Ill. striving to inc:re- the competllnCBand pmtige of the engineering profetaion; and 

IV. supporting the prot..ion.land t8chnical aoc:iettea of their disciplines. 

THEFUNOAMENTALCANONS 

1. Engineers shall hold paramount the 6. Engineers shall build their profes-
ufaty, health and welfare of the sional reputation on the merit of 
public in the perforfnlnCI of their their 11rvices and shall not compete 
protw.ional duties. unfairly with others. 

2. Engineers shall perform •rviCII only 6. Engineers ahallact In such a manner 

in the -• of their compettnca. aa to uphold and enhance the honor, 
Integrity and dignity of the profes· 

3. Engineers shall i- public n.tements 
slon. 

only in an objective and truthful 7. Engineen shall continue their pro-
l'lllflntr. fessional development throughout 

their careers and shall provide 
4. Engine«~ shall act in profataional opportunities for the prof ... ional 

ITIIt1lrs for e~eh employer or client development of thoaa engineers 
• faithful agents or trus ... and shall under their supervision. 
avoid conflicts of inttf8st. 

FIGURE 1.20. The Code of Ethics of Engineers . (Reprinted with permission from the 
Accreditation Board for Engineering and Technology) 
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tions need not be registered if the registered engineer in charge signs all plans or

has them issued under his or her seal.

Engineering registration carries certain privileges in addition to sanctioning

professional practice. Registered engineers are allowed to use the title "Profes-

sional Engineer," denoted by the letters P.E. following their name (much as M.D.

is used in the medical profession). Furthermore they may advertise themselves as

an engineer. However registration also carries with it certain obligations and legal

liabilities. For example, registered engineers may be held liable if the plans they

prepare prove grossly defective. They are also potentially responsible for damage

stemming from their failure to supervise construction work, if this supervision is

required, or for handling their duties in a negligent manner. Registered engineers

must take care in placing their seal on designs made by other engineers, since they

will be held liable for any inadequacies that occur in these plans.

Although all states have adopted separate laws governing registration and

established state boards of engineering examiners, the general requirements for

registration are quite similar. Typical minimum requirements include an engineer-

ing degree from an accredited college (where the accreditation is provided by the

Accreditation Board for Engineering and Technology). Generally four or five

years of practical experience are also required subsequent to graduation from

college. The engineer must pass several examinations covering both the basic

theory and practice of engineering and provide references from other registered

engineers indicating their approval of the applicant's competency and character.

Engineering graduates are permitted to take the two-day examination on

theoretical subjects as soon as they graduate. Successful performance on this

examination allows registration as an "Engineer-in-Training" and provides eligi-

bility for membership in the National Society of Professional Engineers. The first

day of the EIT examination covers general material in mathematics, chemistry,

physics, statics, dynamics, strength of materials, electricity, and engineering eco-

nomics. The second day of the examination covers the applicant's field of

specialization such as civil or mechanical engineering. Since the EIT examination

is based upon material covered in the undergraduate engineering curriculum, it is

desirable to take this examination as soon as possible following graduation.

After completion of the required four or five years of professional experience,

the engineer may take the remaining portion of the registration examination. This

is a one-day test consisting of one or more general problems requiring the exercise

of judgment expected of persons at that stage of their careers. An oral examination

is also usually required. An engineer who has satisfied the registration require-

ments to practice in a particular state can frequently transfer this registration to

another state using reciprocity agreements.

Should an engineering graduate become registered? It is true that professional

registration is still regarded as optional, and not all organizations have made it a

prior condition for employment. However the rapid growth in engineering regis-

tration makes it likely that this credential will be required for increasing numbers

of engineering activities in the future. By becoming registered as rapidly as possi-

ble, engineering graduates can protect their investment in an engineering educa-
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tions need not be registered if the registered engineer in charge signs all plans or 
has them issued under his or her seal. 

Engineering registration carries certain privileges in addition to sanctioning 
professional practice. Registered engineers are allowed to use the title · · Profes­
sional Engineer,'' denoted by the letters P.E. following their name (much as M.D. 
is used in the medical profession). Furthermore they may advertise themselves as 
an engineer. However registration also carries with it certain obligations and legal 
liabilities. For example. registered engineers may be held liable if the plans they 
prepare prove grossly defective. They are also potentially responsible for damage 
stemming from their failure to supervise construction work, if this supervision is 
required, or for handling their duties in a negligent manner. Registered engineers 
must take care in placing their seal on designs made by other engineers, since they 
will be held liable for any inadequacies that occur in these plans. 

Although all states have adopted separate laws governing registration and 
established state boards of engineering examiners, the general requirements for 
registration are quite similar. Typical minimum requirements include an engineer­
ing degree from an accredited college (where the accreditation is provided by the 
Accreditation Board for Engineering and Technology). Generally four or five 
years of practical experience are also required subsequent to graduation from 
college. The engineer must pass several examinations covering both the basic 
theory and practice of engineering and provide references from other registered 
engineers indicating their approval of the applicant· s competency and character. 

Engineering graduates are permitted to take the two-day examination on 
theoretical subjects as soon as they graduate. Successful performance on this 
examination allows registration as an "Engineer-in-Training" and provides eligi­
bility for membership in the National Society of Professional Engineers. The first 
day of the EIT examination covers general material in mathematics, chemistry, 
physics, statics, dynamics, strength of materials, electricity. and engineering eco­
nomics. The second day of the examination covers the applicant's field of 
specialization such as civil or mechanical engineering. Since the EIT examination 
is based upon material covered in the undergraduate engineering curriculum, it is 
desirable to take this examination as soon as possible following graduation. 

After completion of the required four or five years of professional experience. 
the engineer may take the remaining portion of the registration examination. This 
is a one-day test consisting of one or more general problems requiring the exercise 
of judgment expected of persons at that stage of their careers. An oral examination 
is also usually required. An engineer who has satisfied the registration require­
ments to practice in a particular state can frequently transfer this registration to 
another state using reciprocity agreements. 

Should an engineering graduate become registered? It is true that professional 
registration is still regarded as optional, and not all organizations have made it a 
prior condition for employment. However the rapid growth in engineering regis­
tration makes it likely that this credential will be required for increasing numbers 
of engineering activities in the future. By becoming registered as rapidly as possi­
ble, engineering graduates can protect their investment in an engineering educa-
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THE PROFESSION OF ENGINEERING

tion and preserve their future options. In fact, some thought should be given to

professional registration even prior to graduation since many universities offer

special preparation for the Engineer-in-Training examination. These examinations

may even be administered on campus. Information concerning professional regis-

tration can be obtained either from your college engineering placement office or

directly from your State Board of Engineering Registration.

1.5.3. Professional Societies

Engineers tend to be collaborators, both by instinct and tradition. They are most

successful in professional activities when working as teams. Indeed, the body of

scientific and engineering knowledge used by the modern engineer has been ac-

quired and distilled from the efforts of thousands of scholars and scientists, inven-

tors and engineers, throughout history. For centuries this body of knowledge was

passed on to new members of the profession by trade groups or guilds. Today

these groups have evolved into the professional societies of engineering.

There are roughly 20 major engineering societies to serve the technical and

professional needs of the engineering profession. These societies generally reflect

the major engineering disciplines and are listed in Figure 1.21. In 1980 the major

societies joined together to form the American Association of Engineering

Societies or AAES. Affiliated with these societies are several hundred more

specialized groups.

Engineering societies publish technical journals to distribute engineering in-

formation, organize technical meetings, and establish standards and regulations

governing both engineering practice and equipment. They provide excellent op-

portunities for engineers to interact with their professional colleagues. Many such

societies have student branches. Engineering students will find it invaluable to

become active in one or more of these societies since they assist in developing a

professional identity. It is even more critical for engineers to continue this affilia-

tion and active involvement with the professional engineering societies that em-

brace their technical specialities. In a real sense, these societies represent the

corporate bodies of the profession. Engineers have an obligation, both to their

profession and to their professional careers, to participate actively in their profes-

sional engineering societies.

SUMMARY

Engineering is a learned profession with its own set of standards. En-

gineers must acquire certain skills through formal education and experi-

ence to practice their profession. For many activities they must also
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tion and preserve their future options. In fact, some thought should be given to 
professional registration even prior to graduation since many universities offer 
special preparation for the Engineer-in-Training examination. These examinations 
may even be administered on campus. Information concerning professional regis­
tration can be obtained either from your college engineering placement office or 
directly from your State Board of Engineering Registration. 

1.5.3. Professional Societies 

Engineers tend to be collaborators, both by instinct and tradition. They are most 
successful in professional activities when working as teams. Indeed, the body of 
scientific and engineering knowledge used by the modern engineer has been ac­
quired and distilled from the efforts of thousands of scholars and scientists, inven­
tors and engineers, throughout history. For centuries this body of knowledge was 
passed on to new members of the profession by trade groups or guilds. Today 
these groups have evolved into the professional societies of engineering. 

There are roughly 20 major engineering societies to serve the technical and 
professional needs of the engineering profession. These societies generally reflect 
the major engineering disciplines and are listed in Figure 1.21. In 1980 the major 
societies joined together to form the American Association of Engineering 
Societies or AAES. Affiliated with these societies are several hundred more 
specialized groups. 

Engineering societies publish technical journals to distribute engineering in­
formation, organize technical meetings, and establish standards and regulations 
governing both engineering practice and equipment. They provide excellent op­
portunities for engineers to interact with their professional colleagues. Many such 
societies have student branches. Engineering students will find it invaluable to 
become active in one or more of these societies since they assist in developing a 
professional identity. It is even more critical for engineers to continue this affilia­
tion and active involvement with the professional engineering societies that em­
brace their technical specialities. In a real sense, these societies represent the 
corporate bodies of the profession. Engineers have an obligation, both to their 
profession and to their professional careers, to participate actively in their profes­
sional engineering societies. 

SUMMARY 

Engineering is a learned profession with its own set of standards. En­
gineers must acquire certain skills through formal education and experi­
ence to practice their profession. For many activities they must also 
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PARTICIPATING BODIES

4

American Congress on Surveying and Mapping (ACSM)

Founded t94t Membership (August i960) t0 2t5 me students

William A Radimski Executive Director and Treasurer 2*0 LroÂ«t Fails Sireef Fans Cnurch VA 22046 (703) 2*t-2**6

American Institute of Aeronautics and Astronautics, Inc. (AIAA)

Consolidated m '963 irom me Amencan Rocket Scoety (founded i93l) and the institute of me Aerospace Science (founded

t932) Membership (August t980) 30 500 mcl sludenis

james j Harford Executive Secretary t290 Ave of me Amerces. New York N Y t00t9 (2t2) 58t -4300

American Institute of Chemical Engineers (AtChE)

Founded t908 Membership (Augusl t980) 53.3t8 mcl siudents

J Charles Forman Executive Director and Secretary 345 East 47m Si New vork N Y t00t 7 (2t2) 644-80t5

American Institute of Industrial Engineers, Inc. (AIIE)

Founded t948 Membership (August t980) 35.t00 mci students

Davtd L Betden. Executive Director and Secretary 25 Technology Park/Atlanta Narcross. Ga 30092 (404) 449-0460

American Institute of Mining, Metallurgical and Petroleum Engineers (AIME)

Founded iS7i Membership (August t980)78.8tt met students

joe B Afford. Executive Director and Secretary. 345 East 47m St New York. N Y t00t 7 (2t2) 644-7695

American Nuclear Society (ANS)

Founded t954 Membership (August t980) tt 034 rnci students

Octave J Du TempÂ»e Executrve Dnector 555 Norm Kensington Ave . La Grange Park n 60525 (3t2) 352-66tt

American Society of Agricultural Engineers (ASAE)

Founded t907 Membership (August i960) t0.800 mci students

J L Bull Executive Vice President. 2950 Niies Road Joseph Mi 49085 (6t6) 429-0300

American Society of Civil Engineers (ASCE)

Founded t852 Membership (August t980} 76,343

Eugene Zwoyer, Executive Director. 345 East 47m St, New York N Y t00t7 (2t2) 644 7490

American Society for Engineering Education (ASEE)

Founded t893 Membership (August t980) Engineenng Cottages & Affiliates 3tt. Technical Cotteges & Affiliates t36. industnai

87. Gov't Assoc 32. t0.0t0 ind students

Donald E Marlowe. Executive Director. One Duponi Circle. Wsshmgion, D C 20036 (202) 293 7080

American Society of Heating, Refrigerating and

Air-Conditioning Engineers, Inc. (ASHRAE)

Consolidated m t959 from the Amencan Society ot Heating and Air-Condrtion*ng Engmeers (founded m t894 as me Amercan

Scoety of Heatmg and ventilating Engineers) and the Amencan Society ot Retngeraung Engineers (founded m t904) Membersno

(August t980)39.t3t mcl studenis

v T Boggs m. Executive Vice President and Secretary 345 East *7m St , New York n y t00i 7 (2t2) 644-7940

The American Society of Mechanical Engineers (ASME)

founded i860 Membership (August t980) 96.440 mcl students

Peter Chan*. Deputy Executive Director, 345 East 47th St New York. N Y t00t7 (2t2) 644-7730

The Institute of Electrical and Electronics Engineers, Inc. (IEEE)

Founded t884 Consolidated m t963 from AlEE and IRE Membership (August t980) 20t,673 mcl students

Enc Hera. Executive Dwector and General Manager. 345 East 47th St. New York. N Y t00t7 (2t2)644-79t0

National Council of Engineering Examiners (NCEE)

Founded t920 Membership (August i960) approximately 600 Members of 54

Professional Engineers 5t6,000

Morton S Fine. Executive Director. Box 5000 Seneca SC 29678 (803) 882-5230

National Institute of Ceramic Engineers (NICE)

Founded t938 Membership (August t980) t769 incl students

Arthur L. Fnedberg. Executive Director. 65 Ceramic Dnve. Columbus, OH 432t4 (6t4

National Society of Professional Engineers (NSPE)

Founded t934 Membership (August t980) 80.245 mcl students

Donald G Wemert. Executive Director. 2029 K St., N W . Washmgton. D C 20006 (202) 463-2300

Society of Automotive Engineers (SAE)

Founded t905 Membership (August t980) 39.300 mcl students

Joseph Gilbert Secretary and General Manager. 400 Commonwealth O

PA t5096(4t2) 776-404t

Society of Manufacturing Engineers (SME)

Founded t932 Membership (August I960) 53.059 mcl studenis

R w.iham Taylor. Executive vce President and General Manager. One SME Dnve. Box 930 Dearborn. Ml 48t26(3t3) 27t-t500

MEMBER BODIES

American Academy of Environmental Engineers (AAEE)

Founded t955 Membership (August t980) t68t

StemeyE Kappe. P E , Executive Director. Box t278. Rockvxle. Md 20650(30t)762-7797

American Society for Metals (ASM)

Founded t9t3 Membership (August i960) SO 878-ncl students

Aaan Ray Putnam. Managing Director. Metats Pa*. OH 44073 (2t6) 338-5t5t

FIGURE 1.21. A list of engineering societies participating in the Accreditation Board of

Engineering and Technology. (Reprinted with permission from the Ac-

creditation Board for Engineering and Technology)
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FIGURE 1.21. 
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PARTICIPATING BODIES 
American Congress on Surveying and Mapping (ACSM) 

founded 19-'1 MernbershlP(AUQUS11960) 10.215 1nc1 SIYdenll 
Wllaam A RedttnP.1. E•ec:utntt O.rectOI and Treasure-t 2' 0 l"Ue Faits StrM1. Fatts Church. VA 22~6 (703) 2• 1 -2•66 

American Institute of Aeronautics and Astronautics, Inc. (AIAA) 
~ted lfl 1963 trom tfte Amencan Rocker Soc-ely ('Ounoed 1931) lnd ll'le lr'ISI•hJ .. of The Aef'QIIOec:e Sc•nce (IOUf'IO«< 

1932) ~ (Augusl 11180) 30.500 •nc• llu<lenl> 
-J -d ExecuiMISecrt"''Y 12110A .. ollneAmercn.,...VOfk. NV 10019(212JS81-4300 

American Institute of Chemical Engineers (AIChE) 
Foundtd 1908 ~(Auguol 1980J$3.318oncl SlucloniS 
J CN'~ Form~~n_ Ea:ecutrve O.reciOf and Secretary 345 Ent .t7tn St New Yortr. . NY 10017 (212) 6-\.t-1015 

American Institute of Industrial Engineers, Inc. (AilE) 
Founcled 1i48 _,_(AugUII 1980)35.10011><:1 CIYCIInll 
D...cll - · E.xecut,. Oortclot and Secfiii'Y 2$ Toennooogy P""IAnan,.,, Norcr-. Go 300112 <•001) «~ 

American lnstllute of Mining, Metallurgical and Petroleum Engineers (AIME) 
Foundtd 1871 ~ (Auguol 1980) 78.811 o:>el CIYCIIniS 
Jot 9 MO<d. Exocut,.. OoreciOf and Secro,.,ry. 34$ E111 •1111 St ,._ VOfll. N v 10017 (212) &u-7611S 

American Nuclear Society (ANS) 
Foundtd 1 - · -p (August 1 980) 1 I .034 onc;l SludlniS 
Ocll .. J 0u Temple . Ex«uiMI [)roc., . 5$5 NMn KtnS•"QIOfiA .. La Grange Pan. ll 60$25 (312) 352·6&11 

American Society of Agricultural Engineers (ASAE) 
Foundtd 11107. -op (AugUS1 1980) 10.800 onc:l Slu<leniS 
J l Butt Extcub-.e \/co Pr.-n1. 2950 Nolts R-. Josepn Ml <9085 (616) •29~300 

American Society of Civil Engineers (ASCE) 
Foundtd 1852. ~ (Auguol 1980) 76.343 
Eugono Z-. ExtcUI""' OorociOJ. 3-<5 &51 <71tl St. Now VO<k. NV 10017 (212) 6«-7•110 

American Society for Engineering Education (ASEE) 
Foundtd 111113. -.,.p (AugUII 1880) Ervr-n"9 Co1tvts lo Aftlloalft 311. Tacnn.c.J C-- 1o All- 136. -.o 
87. Got'1 Aoaoc 32. 10,010 mel. -. 
OoMid E. Marlowe. ExecuWe Owtclot. One Dupont Cwclt. WoohongiOfl. D.C . 20036 (202) 293· 7080 

American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, Inc. (ASHRAE) 

Conlo6ldated., 1959 trom the Amencan Sooety of Heat•ng •net Alt-Condl'l.gn.ng Eng•neers (founded tn \194 • tf'\t Amenc:.n 
Sooei)o ol Htalo"Q and Vtnlolllong E-'-l and""' Amo!fcan Socooly ol Retroveroung EngoMe<S (1....,_ a'\ 1 9001) ....,__ 
(AugUII 1980)39.131 onc1 S1udlnll 
--T lloggo. Ill. ExacUI,.. VcaPr-1 oncsSecrolary. 345 Easl <71h St . ,._ von.. N v 10017 (212) 6«--

The American Society of Mechanical Engineers (ASME) 
Foundtd 1880 _,__ (AugUII 11180) 116.«0 onco """'"'" 
- Choosulo. 0tputy Execlll,. OoriCIOf. 345 E_, <711o St .. ,._ Yort<. N V 10017 (21 2) 6«· 7730 

The Institute of Electrical and Electronics Engineers, Inc. (IEEE) 
Foundtd 18&1 ~on 1963 lr<><n AlEE and IRE Membt,,rup (Auguo1 1980) 201 .673 oncl llucloniS 
Enc -.. Execut... OoriCIOf and Ga,..,a, .... ._,, 3-<5 Eul <71h Sl . ,._von.. N v 10011 (212)6«·71110 

National Council of Engineering Examiners (NCEE) 
Fouflded 1910 Members.tup (August 1980) approa•malety 600 Members ol ~ Membltt' Board& Number 01 Aegcter_, 
Prooesa.onao Engo,_,. 516.000 
- S F.,., ExocuiMI DortciOr. Box 5000 s.n.c... SC 29678 (803) 882-5230 

NaUonal Institute of Ceramic Engineers (NICE) 
F..,.._, 1938 _,..,.,...., (Augual 11180) 1769 ""' soudtlniS 
""""L F-g. Ex«UI,.. OoraciOJ. 65 Gerome Or .. e. Colurrc>us. OH .:121< (61<) 268-~5 

National Society of Professional Engineers (NSPE) 
F..,.._, 1 93<. ~ (AugUII 1 880) 80.2<5 onco lludtniS 
~ G W_.. ~ Oortc10r. 2029 K 51 . N W Wasnonglon. 0 C 20008 (202) <63·2300 

Society of Automotive Engineers (SAE) 
F..,.._, 11105 ~ (AugUII 1980) 39.300 o:>el SluGenll 
Jooapll ~. Secr"""'f ones c;.no,111 t.la""lll' · COO c:ommor-.111o Or , Wllrtndalt. PA 150911 (<12) 176-41M1 

Society of Manufacturing Engineers (SME) 
FOUnde<l 1932 _,__(Augual 1980) 53.0511 o:>el lludtlnll 
P W...,., Toy<o<. Exocut,.. Ilea Prtsodeniand Gontral Mo._,. One SMI: Or .... Box 1130. ON,_,. Ml 4128 (313)271 -1500 

MEMBER BODIES 
American Academy of Environmental Englneera (AAEE) 

F..,.._, 1955 -p (August 11180) 1&81 
Stanoty E Kappo, P E . ExecUI,.. Oortc10r. Bo• 1278. Rock .. lt. Md 20150 (301) 762-77117 

American Society lor Metals (ASM) 
F..,.._, 11113 _,__ (AugUII 19110) 50.878 onco ~~-
Alan Ray Pulnam. ~ Owtclot. MetalS P ..... 0H ... 073 (218) 336-5151 

A list of engineering societies participating in the Accreditation Board of 
Engineering and Technology. (Reprinted with permission from the Ac­
creditation Board for Engineering and Technology) 
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THE PROFESSION OF ENGINEERING

become registered as Professional Engineers. The engineering profession

has adopted a Code of Ethics to establish a degree of integrity, trust, and

respect for engineering. Engineers have organized themselves into pro-

fessional societies to meet their professional needs.

Exercises

Professional Aspects

1. Find out the registration laws in your state.

2. What fields of specialization are recognized by your state board of

engineering registration?

3. Name several activities that require professional registration in your

state.

4. Identify the primary professional societies (and their student affiliate

branches) in your field of interest.

Ethics

5. An engineer is hired by a law firm to determine the cause of a

propane tankcar explosion that caused extensive public injury and

property damage. The engineer finds that the primary cause of the

explosion was the negligence of the owner of the tankcar, who also

happens to be the law firm's client. What should the engineer report

to the law firm? Should this report be provided to anyone else?

6. A company is in the process of preparing a sealed bid for the con-

struction of a dam. An engineer in this company is personal friends

with an employee of a competing firm that is also bidding on this

project. To what extent would it be proper for the engineer to dis-

cuss the project with his friend in the other firm?

7. A government agency issues a request for a proposal (RFP) to de-

termine the strength of fiberglass at high temperatures. Under what

conditions can a prospective bidder discuss this request with the

issuing agency?

8. Your company has accepted a contract to build a bridge for a fixed

fee. During construction the company realizes that the cost of the

construction will exceed the agreed-upon fee. The only way to avoid

this cost overrun is by lowering the quality of the construction mate-

rials. As president of the company, what should you do in this cir-

cumstance?

9. Your company has contracted to surface a highway. After the con-

tract is signed, your supervisor directs you to use lower grade con-
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THE PROFESSION OF ENGINEERING 53 

become registered as Professional Engineers. The engineering profession 
has adopted a Code of Ethics to establish a degree of integrity, trust, and 
respect for engineering. Engineers hm·e organi::.ed themsel\'es into pro­
fessional societies to meet their professional needs. 

Exercises 

Professional Aspects 

I. Find out the registration laws in your state. 

2. What fields of specialization are recognized by your state board of 
engineering registration'? 

3. Name several activities that require professional registration in your 
state. 

4. Identify the primary professional societies (and their student affiliate 
branches) in your field of interest. 

Ethics 

S. An engineer is hired by a law firm to determine the cause of a 
propane tankcar explosion that caused extensive public injury and 
property damage. The engineer finds that the primary cause of the 
explosion was the negligence of the owner of the tankcar, who also 
happens to be the law firm's client. What should the engineer report 
to the law firm'? Should this report be provided to anyone else? 

6. A company is in the process of preparing a sealed bid for the con­
struction of a dam. An engineer in this company is personal friends 
with an employee of a competing firm that is also bidding on this 
project. To what extent would it be proper for the engineer to dis­
cuss the project with his friend in the other firm'? 

7. A government agency issues a request for a proposal (RFP) to de­
termine the strength of fiberglass at high temperatures. Under what 
conditions can a prospective bidder discuss this request with the 
issuing agency'? 

8. Your company has accepted a contract to build a bridge for a fixed 
fee. During construction the company realizes that the cost of the 
construction will exceed the agreed-upon fee. The only way to avoid 
this cost overrun is by lowering the quality of the construction mate­
rials. As president of the company, what should you do in this cir­
cumstance'? 

9. Your company has contracted to surface a highway. After the con­
tract is signed, your supervisor directs you to use lower grade con-
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54 THE PROFESSION

crete than was called for in the contract. What should you do in this

situation?

10. You have a novel idea regarding the design of an electronic switch.

You discuss your idea with your supervisor. A year later you dis-

cover that your supervisor has filed for a patent on this idea. What

should you do in this situation?

11. A military officer with an engineering background retires after 20

years duty, during which he supervised various aspects of advanced

aircraft development and procurement. Upon his retirement, he is

immediately approached by several aircraft companies with lucra-

tive offers of employment. What ethical considerations arise in this

situation?

12. You are an engineer working for a large company. A newspaper

reporter approaches you and asks for an interview concerning recent

defects discovered in one of the products of your company. Under

what circumstances should you grant the interview?

13. As an engineer working in one of the national laboratories, you are

asked by a government agency to evaluate a proposal they have

received. Some of the ideas in this proposal are similar to those you

have been working on. What should your response be to the gov-

ernment agency's request?

14. You discover that one of your company's products has a defect that

could result in serious accidents. You report your Finding to your

supervisor. Somewhat later, however, you discover that no effort is

being made to correct this defect. What should you do in this situa-

tion?

1.6. CHALLENGES FOR THE FUTURE

The modern engineer must be prepared to face a world of change. Scientific

knowledge and technology continue to expand at a rapid rate, as do the com-

plexities of the problems faced by our society. Engineers must keep abreast with

developments in science and technology if they are to meet the challenges that

now lie before our civilization.

The most serious of our immediate dilemmas is due to our rapidly increasing

population and the threatening nature of our activities. These activities could alter

permanently the very planet on which we live. International conflict using modern

weapons of mass destruction now present the very real risk of making large

portions of the planet uninhabitable. Equally serious is the slower but neverthe-

less significant erosion of our natural environment caused by the pollution result-

ing from human activities. Combustion processes, such as the burning of petro-

leum or coal, threaten to alter the atmosphere. The discharge of wastes into water
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54 THE PROFESSION 

crete than was called for in the contract. What should you do in this 
situation? 

10. You have a novel idea regarding the design of an electronic switch. 
You discuss your idea with your supervisor. A year later you dis­
cover that your supervisor has filed for a patent on this idea. What 
should you do in this situation? 

11. A military officer with an engineering background retires after 20 
years duty, during which he supervised various aspects of advanced 
aircraft development and procurement. Upon his retirement, he is 
immediately approached by several aircraft companies with lucra­
tive offers of employment. What ethical considerations arise in this 
situation? 

12. You are an engineer working for a large company. A newspaper 
reporter approaches you and asks for an interview concerning recent 
defects discovered in one of the products of your company. Under 
what circumstances should you grant the interview? 

13. As an engineer working in one of the national laboratories, you are 
asked by a government agency to evaluate a proposal they have 
received. Some of the ideas in this proposal are similar to those you 
have been working on. What should your response be to the gov­
ernment agency's request? 

14. You discover that one of your company's products has a defect that 
could result in serious accidents. You report your finding to your 
supervisor. Somewhat later, however, you discover that no effort is 
being made to correct this defect. What should you do in this situa­
tion? 

1.6. CHALLENGES FOR THE FUTURE 

D. 

The modern engineer must be prepared to face a world of change. Scientific 
knowledge and technology continue to expand at a rapid rate, as do the com­
plexities of the problems faced by our society. Engineers must keep abreast with 
developments in science and technology if they are to meet the challenges that 
now lie before our civilization. 

The most serious of our immediate dilemmas is due to our rapidly increasing 
population and the threatening nature of our activities. These activities could alter 
permanently the very planet on which we live. International conflict using modem 
weapons of mass destruction now present the very real risk of making large 
portions of the planet uninhabitable. Equally serious is the slower but neverthe­
less significant erosion of our natural environment caused by the pollution result­
ing from human activities. Combustion processes. such as the burning of petro­
leum or coal, threaten to alter the atmosphere. The discharge of wastes into water 
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supplies has had a serious impact on water quality . Solid waste disposal poses 
serious problems for our environment. particularly when these wastes are toxic or 
radioactive. 

An equally serious consequence of our growing numbers and activities in­
volves the very real possibility that we shall exhaust many of this planet's natural 
resources in the near future. Meeting basic human needs for food and energy 
represent a major challenge in a world of diminishing resources. 

For example. there is a serious imbalance between our ever-growing energy 
consumption and our capacity for supplying this energy. This imbalance is due to 
many factors, including the energy-intensive nature of our society and way of life , 
the depletion of existing energy sources (oil and natural gas), and the slow de­
velopment of new energy sources (synthetic fuels, nuclear power, solar power) . 
This imbalance poses a very serious threat to our society; the "energy crisis" is 
real. A new balance between energy use and supply must be achieved, and this 
can be accomplished only by simultaneously stressing energy conservation while 
developing new sources of energy. The engineer must play an essential role in 
both approaches by developing new energy supply technologies while improving 
the efficiency of energy utilization. 

But a growing population causes still other serious problems. The concentra­
tion of large populations in urban areas has given rise to new challenges of both a 

FIGURE 1.22. The imbalance between our ever-growing energy consumption and our 
capacity for meeting this demand is an example of the challenge facing 
engineers. (Joe Munroe/ Photo Researchers) 
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social and technological nature. Deteriorating urban environments coupled with 
inadequate public transportation trap large segments of our society in substandard 
living conditions. Social problems such as the increasing incidence of crime can be 
traced both to the deteriorating environment of our cities as well as to the de­
humanizing manner in which we are forced to deal with growing populations . 

Modem technology may be the answer to many of society's problems , but it 
can also generate new concerns. For example, the massive implementation of 
automatic data processing often tends to reduce individuals to numbers. It can 
threaten privacy if abused. The dramatic developments in modern biology raise 
the possibility of gene manipulation and genetic engineering, thereby threatening 
to intensify this dehumanizing trend. 

These are but a few of the many challenges to be faced and surmounted by 
engineers. Engineering is a vital and exciting profession that has played and will 
continue to play an essential role in the development of civilization. The complex­
ity of these problems will make strong demands on engineers. Evermore sophisti­
cated technological tools require the continued development of engineers' skills. 
Engineers must also achieve the breadth to allow them to integrate these technical 
abilities with social , political, and economic factors. In the past engineers have 
always adapted their skills to meet the changing needs of society , and will con­
tinue to do so in the future. Tlhey will remain the pathfinders for our society. as 
they apply science and technology to lead the way for the progress of civilization . 

Dig l zed by Goog~e 

FIGURE 1.23. Modern technology can 
stimulate new public concerns. a case in 
point being the reentry of SkyLab in 1979. 
(Courtesy National Aeronautics and 
Space Administration) 
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THE PROFESSION OF ENGINEERING

SUMMARY

Although scientific knowledge and technology continue to expand at a

rapid rate, so too do the complexities of the problems faced by modern

society. The most serious of our immediate dilemmas are due to our

rapidly increasing population and the threatening nature of our activities.

Of particular concern is the possibility that we shall exhaust many of this

planet's natural resources. Meeting basic human needs for food and

energy represent a major challenge in a world of diminishing resources.

The concentration of large populations in urban areas has given rise to

new challenges of both a social and technological nature. New technolog-

ical developments such as automatic data processing and genetic en-

gineering have raised new concerns for human diversity and dignity.

Since these challenges involve social, political, and economic factors as

well as technological concerns, engineers must be continually aware of

various dimensions of the complex problems they address.

Exercises

Challenges of the Future

1. Identify several social and political issues associated with each of

the following technological developments: (a) artificial satellites,

(b) supersonic transports, (c) the artificial kidney, (d) chemical fer-

tilizers.

2. Plot the population of the United States and the world from 1800 to

the present. Then extrapolate these curves to project populations by

2000 and 2100.

3. Give several examples of human activities that have inadvertently

caused great environmental damage.

4. One serious concern about the continued use of fossil fuels involves

the buildup of carbon dioxide in the atmosphere leading to the so-

called "greenhouse effect." What is this effect and what might be its

consequences?

5. Compare the relative hazards of disposing of waste from coal-fired

and nuclear-powered electrical generating plants.

6. What method of solid waste disposal is currently being used in your

community? How might this be accomplished with less environ-

mental impact?
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SUMMARY 

Although scientific knowledge and technology continue to expand at a 
rapid rate. so too do the complexities l~( the problems faced by modern 
society. The most serious l~( our immediate dilemmas are due to our 
rapidly increasing population and the threatening nature l~(our actil'ities. 
Of particular concern is the possibility that ll'l' shall exlwust many l~( this 
planet's natural resources. Meeting basic human needs for .fcwd and 
energy repre.H'nt a major challenge in a world (~(diminishing resources. 
The concentration (~(large population.\· in urban art'll.\' has gi1·en rise to 
lll'll' challenges (~(both a social and technological nature. New technolog­
ical del·elopmt'nts such as automatic data proce.\·sing and genetic en­
gineering hm·e raised new concerns .fin· lwman dil·ersity and dignity. 
Since these clwllt'nges im·oll'l' social. political. and t'cmwmic factors ll.'i 

II' ell as technological concern.\. engineers must bt' continually all'are l~( 
l'ttriou.\· dimensions l~( tht' complex problems they address. 

Exercises 

Challenges of the Future 

1. Identify several social and political issues associated with each of 
the following technological developments: (a) artificial satellites, 
(b) supersonic transports, (c) the artificial kidney, (d) chemical fer­
tilizers. 

2. Plot the population of the United States and the world from 1800 to 
the present. Then extrapolate these curves to project populations by 
2000 and 2100. 

3. Give several examples of human activities that have inadvertently 
caused great environmental damage. 

4. One serious concern about the continued use of fossil fuels involves 
the buildup of carbon dioxide in the atmosphere leading to the so­
called "greenhouse effect." What is this effect and what might be its 
consequences? 

S. Compare the relative hazards of disposing of waste from coal-fired 
and nuclear-powered electrical generating plants. 

6. What method of solid waste disposal is currently being used in your 
community? How might this be accomplished with less environ­
mental impact? 
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7. Give examples of dehumanizing aspects of the computer revolution.

8. What would you project to be the 10 most significant challenges to

engineering during your professional lifetime? List them in order of

importance.
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7. Give examples of dehumanizing aspects of the computer revolution. 

8. What would you project to be the I 0 most significant challenges to 
engineering during your professional lifetime? List them in order of 
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PART II

The Approach

The engineer is a problem solver. Indeed, we might even define engineering as

that profession concerned with solving problems of a technological nature that

confront our society. All of the major activities of the engineering profession,

whether they involve research, development, design, or sales and management,

are intimately concerned with solving problems.

By problem solving, we mean a far more general type of intellectual endeavor

than simply substituting numbers into familiar formulas or proving abstract

mathematical theorems. Engineering problems usually bear little resemblance to

the tidy problems encountered in course homework assignments or examinations.

In general they are characterized by a degree of complexity that makes stringent

demands on imagination and creativity. Such problems will rarely be presented in

a carefully stated manner. Rather, engineers will be confronted with situations in

which they themselves must define the problem to be solved. The proper formula-

tion of engineering problems is probably the most importantâ€”and yet also the

most difficultâ€”task faced by engineers. The problem solving role of engineers

therefore has two dimensions. Engineers must first identify the problems and the

needs of the often complex situation presented to them. Then they must apply

science and technology to seek a suitable solution to meet these needs.

The solution of an engineering problem may take several forms. It may be a

particular device or product, such as a jet engine, a high speed computer, or a bird

feeder. The solution could be a process, such as a technique for producing instant

photographs or refining crude oil. It might also be a plan or procedure, for exam-

ple, to better train airline pilots or carry out maintenance operations on an assem-

bly line.

Engineering problems will rarely possess a unique solution. There may be

many possible answers to the problem. Moreover, if the engineer has been too

demanding in the specification of the problem, there may be no solutions at all. It

is the engineer's job to synthesize as many solutions as possible and then to

determine which is most suitable for the particular situation of interest.

Engineers will rarely know in advance if the problem will yield to a particular

line of attack. Hence the specific method most suitable for solving the problem

must usually be determined by trial and error. Furthermore, because a great deal

is at stake in most engineering problem solving, one can ill-afford careless errors.

Therefore checking and verification of solutions play a much more important role

in engineering than in many other areas of problem solving.

It should be apparent that engineering problem solving requires a careful and

disciplined approach. This approach, which forms the basis for engineering prac-

tice, will be our concern in this part of the text.
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PART II 
The Approach 
The engineer is a problem solver. Indeed, we might even define engineering as 
that profession concerned with solving problems of a technological nature that 
confront our society. All of the major activities of the engineering profession, 
whether they involve research. development, design, or sales and management. 
are intimately concerned with solving problems. 

By problem solving, we mean a far more general type of intellectual endeavor 
than simply substituting numbers into familiar formulas or proving abstract 
mathematical theorems. Engineering problems usually bear little resemblance to 
the tidy problems encountered in course homework assignments or examinations. 
In general they are characterized by a degree of complexity that makes stringent 
demands on imagination and creativity. Such problems will rarely be presented in 
a carefully stated manner. Rather. engineers will be confronted with situations in 
which they themselves must define the problem to be solved. The proper formula­
tion of engineering problems is probably the most important-and yet also the 
most difficult-task faced by engineers. The problem solving role of engineers 
therefore has two dimensions. Engineers must first identify the problems and the 
needs of the often complex situation presented to them. Then they must apply 
science and technology to seek a suitable solution to meet these needs. 

The solution of an engineering problem may take several forms. It may be a 
particular device or product, such as a jet engine, a high speed computer, or a bird 
feeder. The solution could be a process. such as a technique for producing instant 
photographs or refining crude oil. It might also be a plan or procedure, for exam­
ple, to better train airline pilots or carry out maintenance operations on an assem­
bly line. 

Engineering problems will rarely possess a unique solution. There may be 
many possible answers to the problem. Moreover. if the engineer has been too 
demanding in the specification of the problem, there may be no solutions at all. It 
is the engineer's job to synthesize as many solutions as possible and then to 
determine which is most suitable for the particular situation of interest. 

Engineers will rarely know in advance if the problem will yield to a particular 
line of attack. Hence the specific method most suitable for solving the problem 
must usually be determined by trial and error. Furthermore. because a great deal 
is at stake in most engineering problem solving. one can ill-afford careless errors. 
Therefore checking and verification of solutions play a much more important role 
in engineering than in many other areas of problem solving. 

It should be apparent that engineering problem solving requires a careful and 
disciplined approach. This approach, which forms the basis for engineering prac­
tice, will be our concern in this part of the text. 
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CHAPTER 2

Problem Solving in Engineering

Engineering problems are characterized by a degree of complexity that makes

stringent demands on skill, experience, knowledge, and creativity. To be success-

ful in dealing with the array of complex problems that arise in practice, engineers

must have a thorough understanding of the scientific principles basic to their field.

In particular they must possess a solid grounding in mathematics, physics, and

chemistry, along with engineering sciences such as solid and fluid mechanics,

thermodynamics, and electrical science. Of course such an educational foundation

is one of the primary objectives of a formal engineering education.

Knowledge alone will rarely suffice in engineering problem solving. An essen-

tial element of engineering analysis is the ability to abstract. Engineers must be

able to identify and isolate the essential elements of a complex engineering prob-

lem. These elements can then be used to construct a simplified representation of

the original problem, a "model," more suited to engineering analysis. For exam-

ple, mechanical engineers might approach a complex problem in automobile shock

absorber design by identifying and analyzing the mathematical equations charac-

terizing a simple spring system. Or they might even build a simple physical model

of the shock absorber using springs and weights. The ability to abstract, to de-

velop simple models, is a critical aspect of engineering.

Success in engineering problem solving also requires a careful and disciplined

approach to the problem. Although there is usually no assurance that a specific

method of attack will prove successful, the following general procedure has prov-

en useful in engineering problem solving:

1. The problem must be understood and defined, and the information

necessary for its solution obtained. This step will generally involve

abstraction and model development.

2. The various solutions to the model problem must then be determined

or synthesized.

3. The validity of these solutions are examined and evaluated for their

63

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:4

9
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

CHAPTER 2 

Problem Solving in Engineering 

Engineering problems are characterized by a degree of complexity that makes 
stringent demands on skill, experience, knowledge, and creativity. To be success­
ful in dealing with the array of complex problems that arise in practice, engineers 
must have a thorough understanding of the scientific principles basic to their field. 
In particular they must possess a solid grounding in mathematics, physics, and 
chemistry, along with engineering sciences such as solid and fluid mechanics, 
thermodynamics, and electrical science. Of course such an educational foundation 
is one of the primary objectives of a formal engineering education. 

Knowledge alone will rarely suffice in engineering problem solving. An essen­
tial element of engineering analysis is the ability to abstract. Engineers must be 
able to identify and isolate the essential elements of a complex engineering prob­
lem. These elements can then be used to construct a simplified representation of 
the original problem, a "model,·· more suited to engineering analysis. For exam­
ple, mechanical engineers might approach a complex problem in automobile shock 
absorber design by identifying and analyzing the mathematical equations charac­
terizing a simple spring system. Or they might even build a simple physical model 
of the shock absorber using springs and weights. The ability to abstract, to de­
velop simple models, is a critical aspect of engineering. 

Success in engineering problem solving also requires a careful and disciplined 
approach to the problem. Although there is usually no assurance that a specific 
method of attack will prove successful, the following general procedure has prov­
en useful in engineering problem solving: 

1. The problem must be understood and defined, and the information 
necessary for its solution obtained. This step will generally involve 
abstraction and model development. 

2. The various solutions to the model problem must then be determined 
or synthesized. 

3. The validity of these solutions are examined and evaluated for their 
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64 THE APPROACH

FIGURE 2.1. An example of the role of abstraction in problem solving: the forces acting

on a sailboat are represented by a free-body diagram.

suitability; from these solutions information relevant to the original

problem statement is inferred.

4. The solution must be communicated to others in a form suitable for

implementation.

Clearly the solution of engineering problems requires a combination of

skill, knowledge, and experience. Engineers must extract the essential features of

complex problems and apply the basic principles of mathematics and science to

their analysis. The same qualities of imagination and creativity so essential to art,

music, and literature are also required for synthesizing novel solutions to complex

engineering problems. But the complexity of modern engineering problems re-

quires a highly disciplined approach to problem solving that is generally not char-

acteristic of the arts. It is on this methodology of engineering problem solving that

we shall focus in this chapter.

SUMMARY

Engineering problems are characterized by a degree of complexity that

makes stringent demands on the skill, experience, knowledge, and

creativity of the engineer. Engineering problem solving is both a science

and an art. It requires a careful and disciplined approach that can be

summarized as: (I) understanding and defining the problem and obtain-

ing the information necessary for its solution; (2) determining possible
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FIGURE 2.1. An example of the role of abstraction in problem solving: the forces acting 
on a sailboat are represented by a free-body diagram. 

suitability; from these solutions information relevant to the original 
problem statement is inferred. 

4. The solution must be communicated to others in a form suitable for 
implementation. 

Clearly the solution of engineering problems requires a combination of 
skill, knowledge, and experience. Engineers must extract the essential features of 
complex problems and apply the basic principles of mathematics and science to 
their analysis. The same qualities of imagination and creativity so essential to art, 
music, and literature are also required for synthesizing novel solutions to complex 
engineering problems. But the complexity of modern engineering problems re­
quires a highly disciplined approach to problem solving that is generally not char­
acteristic of the arts. It is on this methodology of engineering problem solving that 
we shall focus in this chapter. 

D. 

SUMMARY 

Engineering problems are characterized by a degree of complexity that 
makes stringent demands on the skill, experience, knowledge, and 
creativity of the engineer. Engineering problem solving is both a science 
and an art. It requires a careful and disciplined approach that can be 
summarized as: ( 1) understanding and defining the problem and obtain­
ing the information necessary for its solution; (2) determining possible 
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solutions to an abstraction or model of the original problem; (3) assessing

the validity of these solutions, evaluating them for their suitability, and

inferring information from them about the original problem; and (4) pre-

senting the solution in a form suitable for implementation.

Example An engineer is presented with the problem of designing a high speed

printer for a computer. The first task is to define the problem as fully as possible

by finding answers to questions such as the following: What is the minimum

acceptable speed of operation that will meet the needs of the application? What is

the maximum cost that can be tolerated in a single unit? Is the unit to be mass

produced or are only a limited number of units to be supplied? Are there size

or weight restrictions that must be observed? Must the unit be compatible with

other existing equipment? What are the requirements on reliability and in-field

servicing?

In the second step, the engineer develops an abstraction or model of the

problem that will incorporate the information obtained in the first step into a set of

specifications and performance criteria. Possible solutions are then outlined that

may consist of adaptations of existing units such as electric typewriters or line

printers, or of totally new approaches such as electrostatically guided "ink jet" or

laser printers.

Each of these possibilities is then closely examined for its suitability in the

third step. The typewriter-based solutions are rejected because they cannot meet

the speed requirements. The ink jet systems are very fast, but too expensive for

the intended application. A design based on the development of the line printer

principle is chosen as the best compromise among all the performance criteria.

As the final step, the engineer is likely to first document the elements of the

suggested solution on paper. After review and refinement through consultation

with others, a working model is assembled for more thorough evaluation, and

detailed technical specifications are prepared.

Exercises

(Introduction to Problem Solving)

1. Identify each of the four problem solving steps involved in approach-

ing the following problems:

(a) Developing a human-powered aircraft to cross the English

Channel.
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solutions to an abstraction or model of the original problem; (3) assessing 
the validity of these solutions, e\'altwting them for their suitability, and 
inferring information from them about the original problem; and (4) pre­
senting the solution in a form suitable for implementation. 

Example An engineer is presented with the problem of designing a high speed 
printer for a computer. The first task is to define the problem as fully as possible 
by finding answers to questions such as the following: What is the minimum 
acceptable speed of operation that will meet the needs of the application? What is 
the maximum cost that can be tolerated in a single unit? Is the unit to be mass 
produced or are only a limited number of units to be supplied? Are there size 
or weight restrictions that must be observed? Must the unit be compatible with 
other existing equipment? What are the requirements on reliability and in-field 
servicing? 

In the second step, the engineer develops an abstraction or model of the 
problem that will incorporate the information obtained in the first step into a set of 
specifications and performance criteria. Possible solutions are then outlined that 
may consist of adaptations of existing units such as electric typewriters or line 
printers. or of totally new approaches such as electrostatically guided "ink jet"" or 
laser printers. 

Each of these possibilities is then closely examined for its suitability in the 
third step. The typewriter-based solutions are rejected because they cannot meet 
the speed requirements. The ink jet systems are very fast, but too expensive for 
the intended application. A design based on the development of the line printer 
principle is chosen as the best compromise among all the performance criteria. 

As the final step, the engineer is likely to first document the elements of the 
suggested solution on paper. After review and refinement through consultation 
with others, a working model is assembled for more thorough evaluation. and 
detailed technical specifications are prepared. 

Exercises 

(Introduction to Problem Solving) 

1. Identify each of the four problem solving steps involved in approach­
ing the following problems: 

(a) Developing a human-powered aircraft to cross the English 
Channel. 
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66 THE APPROACH

(b) Improving air quality in the Los Angeles basin.

(c) Producing a 50 mpg automobile.

(d) Redesigning residential dwellings to reduce energy consump-

tion.

2. Identify the problem solving steps in the following nontechnical

problems:

(a) Reducing inflation in the national economy while maintaining

full employment.

(b) Securing the release of hostages in a bank robbery without

endangering them or conceding to the demands of their cap-

tors.

(c) Reducing the cost of a college education while maintaining its

quality.

(d) Reducing the cost of medical care without a significant decline

in public health.

(e) Reducing the rate of population growth in underdeveloped

countries.

3. Each of your college courses can be interpreted as a solution to a

particular problem that arises in a career in engineering. Analyze one

of your courses from this perspective.

4. Analyze a problem on a typical homework assignment in mathemat-

ics, physics, or chemistry according to the problem solving steps.

5. Contrast the type of problems typically assigned for homework in

your other courses with those listed in Exercises 1 and 2.

2.1. THE METHODOLOGY OF ENGINEERING PROBLEM SOLVING

Perhaps it is appropriate to begin by asking just what engineers mean when they

refer to a problem. In its most abstract form, a problem is merely an expression of

a desire to achieve a transformation from one situation to another, to change

"what is" into "what is desired." For example, we might wish to change the

situation in which automobiles achieve a fuel economy of 25 mpg to one in which

they achieve at least 50 mpg. The solution would then be the means for realizing

this transformation, such as by the use of lightweight materials or new engine

designs. Since there is generally more than one possible solution, we must also

utilize various criteria that provide a basis for a preference among solutions. In

redesigning automobiles to achieve higher fuel economy, one would be concerned

with solution criteria such as fuel consumption, cost, and reliability. Problem

solving will also be accompanied by various constraints or restrictions that repre-

sent absolute requirements on the solution. Because of such constraints certain

solutions will be unacceptable. Typical constraints in the automobile fuel

economy problem might include exhaust emission or safety standards.
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(b) Improving air quality in the Los Angeles basin. 
(c) Producing a 50 mpg automobile. 
(d) Redesigning residential dwellings to reduce energy consump­

tion. 

2. Identify the problem solving steps in the following nontechnical 
problems: 

(a) Reducing inflation in the national economy while maintaining 
full employment. 

(b) Securing the release of hostages in a bank robbery without 
endangering them or conceding to the demands of their cap­
tors. 

(c) Reducing the cost of a college education while maintaining its 
quality. 

(d) Reducing the cost of medical care without a significant decline 
in public health. 

(e) Reducing the rate of population growth in underdeveloped 
countries. 

3. Each of your college courses can be interpreted as a solution to a 
particular problem that arises in a career in engineering. Analyze one 
of your courses from this perspective. 

4. Analyze a problem on a typical homework assignment in mathemat­
ics, physics, or chemistry according to the problem solving steps. 

S. Contrast the type of problems typically assigned for homework in 
your other courses with those listed in Exercises 1 and 2. 

2.1. THE METHODOLOGY OF ENGINEERING PROBLEM SOLVING 

D. 

Perhaps it is appropriate to begin by asking just what engineers mean when they 
refer to a problem. In its most abstract form, a problem is merely an expression of 
a desire to achieve a transformation from one situation to another, to change 
"what is" into "what is desired." For example, we might wish to change the 
situation in which automobiles achieve a fuel economy of 25 mpg to one in which 
they achieve at least 50 mpg. The solution would then be the means for realizing 
this transformation, such as by the use of lightweight materials or new engine 
designs. Since there is generally more than one possible solution, we must also 
utilize various criteria that provide a basis for a preference among solutions. In 
redesigning automobiles to achieve higher fuel economy, one would be concerned 
with solution criteria such as fuel consumption, cost, and reliability. Problem 
solving will also be accompanied by various constraints or restrictions that repre­
sent absolute requirements on the solution. Because of such constraints certain 
solutions will be unacceptable. Typical constraints in the automobile fuel 
economy problem might include exhaust emission or safety standards. 
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FIGURE l .l A problem. possible solutions, constraints, and criteria. 

Example An engineering student awakens after a particularly active night of 
partying to find himself marooned on a small tropical island. After some explora­
tion, he finds that he is not alone on the island. Snoring peacefully away under a 
nearby palm tree is a large gorilla. The problem facing the engineer is to get off the 
island before the gorilla wakes up. That is, the engineer desires to change the 
situation in which he and the gorilla coinhabit the island to one in which he 
escapes back to the mainland (and his college studies) . But there are constraints. 
The danger posed by the shark-infested waters surrounding the island represents a 
constraint that will rule out a solution such as swimming. The lack of suitable 
materials is also a constraint that eliminates the possibility of building a small 
helicqpter to fly off the island. Criteria might be applied to evaluate various 
solutions, such as the length of time they require for implementation (hollowing 
out a log to make a dugout canoe will take a long time) or the risk they pose. In this 
particular case, the engineer arrives at a clever solution. He simply waits until low 
tide and sneaks across an exposed sandbar connecting the island with the main-
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68 THE APPROACH 

land. Unfortunately, the engineer failed to evaluate this solution adequately. The 
gorilla wakes up, spots the engineer sneaking away, and chases him across the 
sandbar and back to his college. Ah, but not to worry. As it happens, the gorilla is 
an excellent student, enrolls in mechanical engineering, graduates with honors, 
and now is a professor (moonlighting on the side as a linebacker on the football 
team). 

The identification and proper definition of engineering problems, the search 
for solutions subject to constraints, and the evaluation of these solutions accord­
ing to precisely defined criteria necessitates a carefully planned appmach to prob­
lem solving. Our approach is to group the various general activities involved in 
solving engineering problems into four steps, as shown in Figure 2.3. In the first 
step an effort is made to understand the problem, to determine what is perplexing 
in the situation, to determine what transformation in circumstances is desired. 
After a thorough understanding of the problem is acquired, an explicit statement 
of this problem is then formulated along with the goals to be pursued. As men­
tioned previously, the precise statement of the problem usually involves the 
process of abstraction in which the essential elements of the general problem are 
identified, and a simplified model of it proposed. 

The second step of problem solving involves determining possible solutions 
to the problem. This stage is probably most familiar to the engineering student 
since it involves taking a well-defined, precise problem and determining its solu­
tion. This is just what the student is expected to do on homework assignments in 
most engineering courses. But in practical engineering problems, there are gener­
ally many possible solutions that satisfy the constraints of the problem. The en­
gineer employs the tools of engineering analysis to determine these solutions. 

The third step consists of establishing the validity of solutions. The engineer 
must check both the logic and the mathematical manipulations involved in obtain-

THE STEPS OF ENGINEERING PROBLEM SOLVING 
FIGURE l.3. The steps of engineering 
problem solving. 
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ing the solution. The solutions are evaluated and compared against various criteria

to determine the solution that is most suitable to the original problem statement.

The implications of this optimum solution must then be studied in detail.

The fourth and final step requires the presentation of the solution in a form

that is both clear and convenient for implementation. Although the presentation of

the results of engineering problem solving usually is in written form, it frequently

also requires oral and graphic presentation.

Although these four steps of problem definition, solution synthesis, solution

verification and evaluation, and presentation comprise the general procedure of

engineering problem solving, we can identify additional activities. For example,

the process of achieving the optimum solution may involve returning after the

third step to revise the original problem statement (or model) formulated in step

one so that new solutions may be obtained that more closely satisfy the original

problem goals. Furthermore, the engineer must frequently augment the solution of

the problem with plans for its implementation. These additional aspects of prob-

lem solving become more apparent as we proceed with a detailed discussion of

each step.

Our present discussion of a procedure for problem solving is intended more to

establish an attitude toward this activity than to provide the student with a precise

recipe. Rarely can engineers approach problems in a step-by-step, mechanical

fashion, by merely turning the crank. Instead they should acquire an attitude

toward the solution of complex problems, a knowledge of the general structure of

problem-solving methods, which can be adapted to the constraints of the situation

at hand and allow for creativity and imagination.

SUMMARY

A problem is an expression of a desire to achieve a transformation

from one situation to another.

A solution is the means for achieving this transformation.

Solution criteria are goals that provide a basis for a preference among

solutions.

Solution constraints represent absolute requirements that the solution

must satisfy to be acceptable.

The four-step approach to problem solving includes problem defini-

tion, solution determination, solution verification and evaluation, and

presentation of results.

Example In the quest for perfect sound reproduction, a number of "solutions"

have been introduced at various times over the past several decades, only to be
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ing the solution. The solutions are evaluated and compared against various criteria 
to determine the solution that is most suitable to the original problem statement. 
The implications of this optimum solution must then be studied in detail. 

The fourth and final step requires the presentation of the solution in a form 
that is both clear and convenient for implementation. Although the presentation of 
the results of engineering problem solving usually is in written form, it frequently 
also requires oral and graphic presentation. 

Although these four steps of problem definition, solution synthesis, solution 
verification and evaluation, and presentation comprise the general procedure of 
engineering problem solving, we can identify additional activities. For example, 
the process of achieving the optimum solution may involve returning after the 
third step to revise the original problem statement (or model) formulated in step 
one so that new solutions may be obtained that more closely satisfy the original 
problem goals. Furthermore. the engineer must frequently augment the solution of 
the problem with plans for its implementation. These additional aspects of prob­
lem solving become more apparent as we proceed with a detailed discussion of 
each step. 

Our present discussion of a procedure for problem solving is intended more to 
establish an attitude toward this activity than to provide the student with a precise 
recipe. Rarely can engineers approach problems in a step-by-step, mechanical 
fashion. by merely turning the crank. Instead they should acquire an attitude 
toward the solution of complex problems, a knowledge of the general structure of 
problem-solving methods, which can be adapted to the constraints of the situation 
at hand and allow for creativity and imagination. 

SUMMARY 

A problem is an expression of a desire to achieve a transformation 
from one situation to another. 

A solution is the means for achieving this transformation. 
Solution criteria are goals that provide a basis for a preference among 

solutions. 
Solution constraints represent absolute requirements that the solution 

must satisfy to be acceptable. 
The four-step approach to problem solving includes problem defini­

tion, solution determination, solution verification and evaluation, and 
presentation of results. 

Example In the quest for perfect sound reproduction, a number of "solutions" 
have been introduced at various times over the past several decades, only to be 
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replaced by better solutions made possible by the newer technology. The fidelity

permitted by playback of the standard phonograph record was improved with the

development of sophisticated magnetic tape units. Noise suppression electronics

further improved playback quality.

The latest development in this field is digital recording, an excellent example

of innovative engineering. The problem definition has remained the same for many

years: reproduction of sound that resembles the original source as closely as

possible. The breakthrough has taken place in the second step in problem

solvingâ€”the definition of possible solutions. Whereas all previous methods of

reproduction dealt with the audio signal in analog form (i.e., the degree of dis-

placement of a phonograph stylus or the magnetization strength on tape), an

entirely new solution is introduced by converting the signal to digital form. Here

the signal is represented by a sequence of numbers, and many of the problems of

distortion (e.g.. noise, dynamic range) are completely avoided by processing the

signal through circuitry that is entirely digital in nature.

Practical implementation of digital recording required the solution of several

related problems. One of these was finding a way to store the digital signal in a

form that would permit ready playback in the home. The solution in this case has

been the digital disk that is played back by means of a laser beam. The digital

record has no grooves. Rather it has a smooth plastic surface that protects a layer

of microscopic pits that are used to code millions of binary numbers representing

the sound. A beam of laser light scans the pits, converting them into signals that a

tiny computer (microprocessor) can understand. Dirt, scratches, and fingerprints

are read as out-of-focus information and rejected. Therefore not only is the sound

reproduction perfect, but the disks are virtually indestructible. You can drop

them, step on them, play frisbee with them, but when you put them in the player,

they will sound as good as new. The digital record is an example of an imaginative

solution that met the needs of high information density and reliable operation. The

most difficult task in problem solving is maintaining a broad enough perspective

from the start to include such innovative approaches that may turn out to be the

best solution.

2.1.1. Step One: Problem Definition

Engineering problems are usually characterized by a vagueness, a lack of

definition, which demands very careful attention by the engineer. In many in-

stances the engineer knows that something is wrong with a given situation but

does not know just what the source of the difficulty is. A laser communication

system may be subject to spontaneous failure: the efficiency of an automotive

assembly line may suddenly deteriorate with the addition of new equipment; the

price of a solar photocell may be prohibitively high. It is one thing to spot such

difficulties, and quite another to identify their causes. Therefore the first job of the
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D. 

replaced by better solutions made possible by the newer technology. The fidelity 
permitted by playback of the standard phonograph record was improved with the 
development of sophisticated magnetic tape units. Noise suppression electronics 
further improved playback quality. 

The latest development in this field is digital recording, an excellent example 
of innovative engineering. The problem definition has remained the same for many 
years: reproduction of sound that resembles the original source as closely as 
possible. The breakthrough has taken place in the second step in problem 
solving-the definition of possible solutions. Whereas all previous methods of 
reproduction dealt with the audio signal in analog form (i.e., the degree of dis­
placement of a phonograph stylus or the magnetization strength on tape). an 
entirely new solution is introduced by converting the signal to digital form. Here 
the signal is represented by a sequence of numbers. and many of the problems of 
distortion (e.g .. noise, dynamic range) are completely avoided by processing the 
signal through circuitry that is entirely digital in nature. 

Practical implementation of digital recording required the solution of several 
related problems. One of these was finding a way to store the digital signal in a 
form that would permit ready playback in the home. The solution in this case has 
been the digital disk that is played back by means of a laser beam. The digital 
record has no grooves. Rather it has a smooth plastic surface that protects a layer 
of microscopic pits that are used to code millions of binary numbers representing 
the sound. A beam of laser light scans the pits, converting them into signals that a 
tiny computer (microprocessor) can understand. Dirt. scratches, and fingerprints 
are read as out-of-focus information and rejected. Therefore not only is the sound 
reproduction perfect. but the disks are virtually indestructible. You can drop 
them. step on them. play frisbee with them. but when you put them in the player. 
they will sound as good as new. The digital record is an example of an imaginative 
solution that met the needs of high information density and reliable operation. The 
most difficult task in problem solving is maintaining a broad enough perspective 
from the start to include such innovative approaches that may turn out to be the 
best solution. 

2.1.1. Step One: Problem Definition 

Engineering problems are usually characterized by a vagueness, a lack of 
definition, which demands very careful attention by the engineer. In many in­
stances the engineer knows that something is wrong with a given situation but 
does not know just what the source of the difficulty is. A laser communication 
system may be subject to spontaneous failure: the efficiency of an automotive 
assembly line may suddenly deteriorate with the addition of new equipment: the 
price of a solar photocell may be prohibitively high. It is one thing to spot such 
difficulties, and quite another to identify their causes. Therefore the first job of the 
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PROBLEM SOLVING IN ENGINEERING

engineer is to determine just what the problem isâ€”to define as precisely as possi-

ble the problem to be solved.

The most common mistake made by inexperienced engineers is to leap im-

mediately into analysis before adequately defining the problem to be solved. In

fact, many engineers avoid defining the problem altogether and begin instead by

searching for solutions that others have provided to similar problems. These un-

fortunate tendencies are understandable since one of the most frustrating aspects

of engineering is the vague nature of many problems. Indeed, if these problems

were cut-and-dried, they probably would have already been solved, and the en-

gineer would not be necessary in the first place.

Effective problem definition usually begins with a thorough study of

the situation to determine its essential elements, that is, what is known and

unknown and what is desired. For example, the communications engineer

might examine the detailed performance record of a microwave transmission sys-

tem to classify the precise nature of each failure. The experience of other systems

would also be studied in an effort to identify possible defects of a more general

nature. At this stage one should attempt to formulate each problem as generally as

possible, at least to the extent that the constraints on the problem permit a broad

formulation. This counteracts the natural tendency to become enmeshed in de-

tails, for once that happens, it is difficult to reestablish a broad perspective.

Novice engineers frequently choose initial problem definitions that are far too

narrow. An overly restricted problem definition at an early stage will needlessly

inhibit an imaginative approach to solving the problem. It may exclude whole

realms of suitable possibilities. An effort to concentrate on improving the light

collector efficiency to reduce the price of a photovoltaic solar power source might

well miss the fact that the photocell materials themselves may be the overriding

cost factor. Narrow problem definitions usually lead down the same old rutted

paths that others have followed without success. Creativity demands freedom

and, therefore, broad problem statements.

One can usually assemble a broad, detail-free problem formulation quite

rapidly. This will serve to orient the engineer and will enlarge the perspective of

the problem and its possible solutions. It will also suggest the general types of

information required to attack the problem. It is only after this broad formulation

that one turns to the more laborious task of translating the general problem state-

ment into specific problem characteristics. This latter activity will usually involve

considerable effort, as well as extensive consultation with reference materials and

colleagues, fact gathering, observation, and careful thought.

SUMMARY

Problem definition begins with a thorough study of the situation to deter-

mine the essential elements of the problem, what is known and unknown,
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engineer is to determine just what the problem is-to define as precisely as possi­
ble the problem to be solved. 

The most common mistake made by inexperienced engineers is to leap im­
mediately into analysis before adequately defining the problem to be solved. In 
fact, many engineers avoid defining the problem altogether and begin instead by 
searching for solutions that others have provided to similar problems. These un­
fortunate tendencies are understandable since one of the most frustrating aspects 
of engineering is the vague nature of many problems. Indeed, if these problems 
were cut-and-dried, they probably would have already been solved, and the en­
gineer would not be necessary in the first place. 

Effective problem definition usually begins with a thorough study of 
the situation to determine its essential elements, that is, what is known and 
unknown and what is desired. For example, the communications engineer 
might examine the detailed performance record of a microwave transmission sys­
tem to classify the precise nature of each failure. The experience of other systems 
would also be studied in an effort to identify possible defects of a more general 
nature. At this stage one should attempt to formulate each problem as generally as 
possible, at least to the extent that the constraints on the problem permit a broad 
formulation. This counteracts the natural tendency to become enmeshed in de­
tails, for once that happens, it is difficult to reestablish a broad perspective. 

Novice engineers frequently choose initial problem definitions that are far too 
narrow. An overly restricted problem definition at an early stage will needlessly 
inhibit an imaginative approach to solving the problem. It may exclude whole 
realms of suitable possibilities. An effort to concentrate on improving the light 
collector efficiency to reduce the price of a photo voltaic solar power source might 
well miss the fact that the photocell materials themselves may be the overriding 
cost factor. Narrow problem definitions usually lead down the same old rutted· 
paths that others have followed without success. Creativity demands freedom 
and, therefore, broad problem statements. 

One can usually assemble a broad, detail-free problem formulation quite 
rapidly. This will serve to orient the engineer and will enlarge the perspective of 
the problem and its possible solutions. It will also suggest the general types of 
information required to attack the problem. It is only after this broad formulation 
that one turns to the more laborious task of translating the general problem state­
ment into specific problem characteristics. This latter activity will usually involve 
considerable effort, as well as extensive consultation with reference materials and 
colleagues, fact gathering, observation, and careful thought. 

SUMMARY 

Problem definition begins with a thorough study of the situation to deter­
mine the essential elements of the problem, what is known and unknown, 
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72 THE APPROACH 

and what is desired. One should then attempt to formulate a broad, 
detail-free statement of the problem. 

Example An engineer is faced with the problem of predicting the turbulent air 
patterns that arise in the neighborhood of an airport. Her detailed measurements 
of the air currents indicate that the turbulent air appears in a very odd pattern of 
polygon-shaped cells. She generalizes her study to search for other examples of a 
cell structure in a turbulent fluid. This search quickly reveals many other similar 
situations, ranging from ocean current patterns to the atmospheric patterns photo­
graphed on Jupiter by the Voyager space probes. The general phenomenon is 
known as the Benard fluid instability, and it arises when a column of fluid is 
heated from below. Returning to the airport problem, the engineer realizes that a 
neighboring city rejects heat on certain days in such a way as to establish the 
Benard fluid instability pattern about the airport. Thus the engineer can simply 
monitor the heat rejection from the city to infer the atmospheric patterns. 

What then are the essential elements of problem definition? First, it should be 
evident that we cannot pose problems until we have uncovered the difficulties that 
have led to them, and we cannot uncover these difficulties until we have clarified 
what our goals or criteria for solving the problem are in relationship to the situa­
tion of interest. These goals or solution criteria are used later to evaluate the 

Dig l zed by Google 

FIGURE 2.4. A photograph of turbu­
lence in the Jovian atmosphere taken by 
the Voyager spacecraft. (Courtesy Na­
tional Aeronautics and Space Administra­
tion) 
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situation of interest, for example, the cost and fuel consumption of new automo-

bile engine designs. Personal judgments enter at this stage. What may be an

acceptable goal or criterion for one individual may prove quite unacceptable to

someone else.

Solution criteria are not sufficient in themselves to allow us to evaluate a

solution because generally the constraints on the problem restrict our available

options, that is, the set of possible solutions. For example, does a new automobile

engine design meet federal exhaust emission standards? If it does not, it may have

to be redesigned or even abandoned.

There exists important distinction between solution constraints and criteria.

A constraint is an either/or proposition. That is, the solution either satisfies the

constraint or it does not. An automobile engine design either meets federal emis-

sion standards or it does not. A criterion, on the other hand, is a performance

index. It is used to determine which solutions are preferable. Both the cost and

fuel efficiency of an automobile design may vary considerably. One would choose

a design which optimizes these parameters.

Example An engineer wishes to design a television broadcast antenna mast. He

identifies the following solution constraints and criteria:

Constraints

(1) The mast must be able to qualify for a construction permit. (2) It must

be tall enough to reach fringe broadcast areas. (3) It must exceed

minimum strength requirements for safety. (4) The mast supports must be

confined to the available land.

Criteria

(1) Construction cost. (2) Ease of maintenance. (3) Aesthetic appeal.

(4) Minimum hazard to low-flying aircraft.

Example One interesting example of the role of constraints in influencing the

number of possible solutions is the siting of a large industrial facility. If there were

no constraints on such facilities, then any site might be suitableâ€”even in the

center of a park or residential area. However there are usually many constraints

on the site: availability of transportation, power, labor, and water; air and water

quality standards; local zoning ordinances; land costs and taxes; and so on. As the

number of constraints increase, the number of suitable sites (solutions) decrease,

until eventually (and not infrequently), no sites are available that meet all of the

constraints. The siting problem thus becomes overconstrained.
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situation of interest, for example, the cost and fuel consumption of new automo­
bile engine designs. Personal judgments enter at this stage. What may be an 
acceptable goal or criterion for one individual may prove quite unacceptable to 
someone else. 

Solution criteria are not sufficient in themselves to allow us to evaluate a 
solution because generally the constraints on the problem restrict our available 
options, that is, the set of possible solutions. For example, does a new automobile 
engine design meet federal exhaust emission standards? If it does not, it may have 
to be redesigned or even abandoned. 

There exists important distinction between solution constraints and criteria. 
A constraint is an either/or proposition. That is, the solution either satisfies the 
constraint or it does not. An automobile engine design either meets federal emis­
sion standards or it does not. A criterion, on the other hand, is a performance 
index. It is used to determine which solutions are preferable. Both the cost and 
fuel efficiency of an automobile design may vary considerably. One would choose 
a design which optimizes these parameters. 

Example An engineer wishes to design a television broadcast antenna mast. He 
identifies the following solution constraints and criteria: 

Constraints 

(I) The mast must be able to qualify for a construction permit. (2) It must 
be tall enough to reach fringe broadcast areas. (3) It must exceed 
minimum strength requirements for safety. (4) The mast supports must be 
confined to the available land. 

Criteria 

(I) Construction cost. (2) Ease of maintenance. (3) Aesthetic appeal. 
(4) Minimum hazard to low-flying aircraft. 

Example One interesting example of the role of constraints in influencing the 
number of possible solutions is the siting of a large industrial facility. If there were 
no constraints on such facilities, then any site might be suitable-even in the 
center of a park or residential area. However there are usually many constraints 
on the site: availability of transportation, power, labor, and water: air and water 
quality standards: local zoning ordinances: land costs and taxes: and so on. As the 
number of constraints increase, the number of suitable sites (solutions) decrease, 
until eventually (and not infrequently), no sites are available that meet all of the 
constraints. The siting problem thus becomes overconstrained. 

D. e by 
Original from 

UNIVERSITY OF MICHIGAN 



THE APPROACH

After a broad problem formulation and identification of relevant constraints

and solution criteria, one now formulates a more detailed problem statement in

which only the essential elements of the problem are included. This is the stage at

which abstraction plays an essential role. That is, the engineer must sift out the

essential features of the problem from all of the extraneous (and usually irrelevant)

details that are present in the original problem statement.

An important tool in engineering problem solving is the use of a model.

Models are simplified descriptions of reality in which only the essential features of

the problem are represented. Models come in a variety of forms or representa-

tions. For example, the determination of the optimum timing of a sequence of

traffic lights can be represented abstractly by a mathematical equation. The design

of a jet aircraft may be represented by a simple wooden model suitable for study in

a wind tunnel. In both cases, the models serve as an aid to abstraction that enables

us to focus on only the essential features of a problem.

A carefully worded problem statement of only these essential elements is an

important feature of problem definition. Such a statement usually suggests an

appropriate model of the problem (e.g., a set of mathematical equations or a

symbolic diagram of a physical model) to simplify further analysis. The engineer

should determine just what solution variables are involved in the problem, that is,

which characteristics of the problem can be altered in a search for acceptable

solutions. After formulating a precise verbal statement of the problem, the solu-

tion criteria, constraints, and solution variables, the engineer then develops an

appropriate model that can be used for further analysis in an attempt to arrive at a

set of solutions in the next stage of the problem solving procedure.

In the process of developing the model for the problem, assumptions must be

made and carefully considered for validity. It is also at this stage that the search

for relevant data or information is begun. In particular, the engineer must deter-

mine just what data are necessary to facilitate the solution and then determine how

to obtain these data. If sufficient data are not available, it may be necessary to fill

in the gaps by making reasonable assumptions. Of course, there may also be

situations in which there is too much data, some of which is of a conflicting nature.

Poor or redundant data must be evaluated and weeded out to arrive at the most

appropriate set of information.

Although problem definition is certainly the most important and complex

aspect of engineering problem solving, it is rarely emphasized sufficiently in the

formal education of the engineer. Furthermore it may represent only a small

fraction of the effort expended in arriving at a solution. Nevertheless, the impor-

tance of adequate problem definition cannot be overemphasized, for without it all

further analysis and evaluation of the problem will be futile. Problem formulation

is the crucial stage of an engineering project. It is here that the engineer breaks

down a complex problem into its essential elements and examines each of these

elements to see what it entails. The approach taken in solving the problem is

largely determined at this stage.
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After a broad problem formulation and identification of relevant constraints 
and solution criteria, one now formulates a more detailed problem statement in 
which only the essential elements of the problem are included. This is the stage at 
which abstraction plays an essential role. That is, the engineer must sift out the 
essential features of the problem from all of the extraneous (and usually irrelevant) 
details that are present in the original problem statement. 

An important tool in engineering problem solving is the use of a model. 
Models are simplified descriptions of reality in which only the essential features of 
the problem are represented. Models come in a variety of forms or representa­
tions. For example, the determination of the optimum timing of a sequence of 
traffic lights can be represented abstractly by a mathematical equation. The design 
of a jet aircraft may be represented by a simple wooden model suitable for study in 
a wind tunnel. In both cases, the models serve as an aid to abstraction that enables 
us to focus on only the essential features of a problem. 

A carefully worded problem statement of only these essential elements is an 
important feature of problem definition. Such a statement usually suggests an 
appropriate model of the problem (e.g., a set of mathematical equations or a 
symbolic diagram of a physical model) to simplify further analysis. The engineer 
should determine just what solution variables are involved in the problem, that is. 
which characteristics of the problem can be altered in a search for acceptable 
solutions. After formulating a precise verbal statement of the problem. the solu­
tion criteria, constraints, and solution variables. the engineer then develops an 
appropriate model that can be used for further analysis in an attempt to arrive at a 
set of solutions in the next stage of the problem solving procedure. 

In the process of developing the model for the problem, assumptions must be 
made and carefully considered for validity. It is also at this stage that the search 
for relevant data or information is begun. In particular, the engineer must deter­
mine just what data are necessary to facilitate the solution and then determine how 
to obtain these data. If sufficient data are not available. it may be necessary to fill 
in the gaps by making reasonable assumptions. Of course, there may also be 
situations in which there is too much data, some of which is of a conflicting nature. 
Poor or redundant data must be evaluated and weeded out to arrive at the most 
appropriate set of information. 

Although problem definition is certainly the most important and complex 
aspect of engineering problem solving. it is rarely emphasized sufficiently in the 
formal education of the engineer. Furthermore it may represent only a small 
fraction of the effort expended in arriving at a solution. Nevertheless, the impor­
tance of adequate problem definition cannot be overemphasized, for without it all 
further analysis and evaluation of the problem will be futile. Problem formulation 
is the crucial stage of an engineering project. It is here that the engineer breaks 
down a complex problem into its essential elements and examines each of these 
elements to see what it entails. The approach taken in solving the problem is 
largely determined at this stage . 
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SUMMARY

The next facet of the problem definition step is to identify the relevant

solution criteria and constraints that will be used to evaluate the solution.

This step leads to a more precise statement of the problem. At this stage

engineers usually develop an abstract model of the actual problem by

identifying its essential features and introducing assumptions to simplify

the model. They break down complex problems into their essential ele-

ments and examine each of these elements to see what they involve. They

begin the search for relevant data or information to facilitate a solution of

the problem.

Example An interesting example of the abstraction and modeling process is

provided by the analysis of a railroad tankcar explosion that occurred in the

Chicago freight yards in the mid-1970s. The explosion was apparently caused by

the collision of another railcar with the tankcar containing flammable liquids. The

motion of each railcar, including the vertical motion on the shock absorber springs

of their wheel trucks, was modeled using well-known equations of mechanics. To

more easily visualize the accident, the solution of these equations was represented

using computer graphics to display the location and configuration of each car

(Figure 2.5). This analysis revealed that the swaying motion in the moving car

caused its coupler to ride up and penetrate into the tank car, causing the explo-

sion.

2.1.2. Step Two: Determination of Solutions

Suppose we have formulated a specific problem statement and have simplified it

with assumptions and approximations to arrive at an abstracted form (a model)

suitable for analysis. We are now ready to begin our search for solutions that

satisfy the constraints of the problem and yield acceptable goals. At this stage we

draw on our arsenal of methods of engineering analysis. These include not only

scientific concepts and mathematical techniques, but also methods of experimen-

tal investigation. We begin by choosing a preliminary method of attack to generate

or synthesize these solutions. This initial approach is still tentative since one is

rarely assured that it will yield acceptable solutions.

For the most part the solutions to engineering problems need not be entirely

original. Indeed, most components of engineering solutions are already present in
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SUMMARY 

The next facet of the problem definition step is to identify the relemnt 
solution criteria and constraints that will be used to evaluate the solution. 
This step leads tv a more precise statement vf the probll'm. At this stage 
engineers usually de,·elvp an abstract model of the actual problem by 
ident({ying its essential features and introducing assumptions to simplify 
the model. They break down complex problems into their essential ele­
ments and examine each of these elemnrts to see what they im·olve. They 
begin the search for relei'(Jnt data or information to facilitate a solution of 
the problem. 

Example An interesting example of the abstraction and modeling process is 
provided by the analysis of a railroad tankcar explosion that occurred in the 
Chicago freight yards in the mid-J970s. The explosion was apparently caused by 
the collision of another railcar with the tankcar containing flammable liquids. The 
motion of each railcar. including the vertical motion on the shock absorber springs 
of their wheel trucks, was modeled using well-known equations of mechanics. To 
more easily visualize the accident, the solution of these equations was represented 
using computer graphics to display the location and configuration of each car 
(Figure 2.5) . This analysis revealed that the swaying motion in the moving car 
caused its coupler to ride up and penetrate into the tank car, causing the explo­
sion. 

2.1.2. Step Two: Determination of Solutions 

Suppose we have formulated a specific problem statement and have simplified it 
with assumptions and approximations to arrive at an abstracted form (a model) 
suitable for analysis. We are now ready to begin our search for solutions that 
satisfy the constraints of the problem and yield acceptable goals. At this stage we 
draw on our arsenal of methods of engineering analysis. These include not only 
scientific concepts and mathematical techniques, but also methods of experimen­
tal investigation. We begin by choosing a preliminary method of attack to generate 
or synthesize these solutions. This initial approach is still tentative since one is 
rarely assured that it will yield acceptable solutions. 

For the most part the solutions to engineering problems need not be entirely 
original. Indeed. most components of engineering solutions are already present in 
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1 The boxcar is struck by 
the "hopper" car 

3 It approaches the first 
tank car with its coup­
ler elevated. 

5 and r ides over It, 

2 and is sent hurtling down 
the track with its box 
lifted from its truck. 

4 It strikes the tank 
car's coupler 

6 penetrat ing the head 
of the tank car. 

FIGURE 2.5. A computer graphics display of the modeling of a collision between railcars. 
(Courtesy M. Chace, University of Michigan College of Engineering) 

the engineer's knowledge and experience. Additional information can be found in 
technical libraries or data sources. The engineer will also benefit enormously from 
interactions with colleagues . It is rare that engineers are as effective working in 
isolation as when interacting with one another. Most modern engineering activi­
ties are performed as team projects to encourage this interaction. 
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PROBLEM SOLVING IN ENGINEERING

The tools used for drawing this information together, for synthesizing it into

possible solutions, form the discipline of engineering analysis that characterizes

each engineering field. For example, the mechanical engineer relies on methods of

thermodynamics, fluid dynamics, mechanics, and stress analysis. The electrical

engineer employs methods of circuit analysis, electromagnetic theory, and control

engineering. The civil engineer applies structural mechanics, materials science,

and soil mechanics. In each instance, these subjects form the core of the en-

gineer's formal education.

There are many useful methods available for searching for solutions. We shall

return to consider this aspect of problem solving in more detail in the next section.

SUMMARY

The determination or synthesis of possible solutions to the problem of

interest relies heavily on the engineer's knowledge and experience. Since

the individual components of these solutions are rarely novel, the en-

gineer makes extensive use of reference material or information supplied

by colleagues. This information is then drawn together and applied using

the tools of engineering analysis, mathematics, and science.

Example A lecturer in physics for a class of freshmen engineering students had

just completed a discussion of atmospheric pressure and decided to test the class's

comprehension by including the following question on the next exam: "How

could you determine the height of a tall building with the aid of a barometer?" One

of the engineers, who later went on to great fame and riches, responded as fol-

lows: "Well, there are any number of ways I might go about accomplishing this

task. Let me list just a few. For example, I could take the elevator to the top floor

of the building, find an open window, hold the barometer a little away from the

wall, and let it go. By timing the interval before the barometer crashes to the

pavement below and applying well-known formulas for free-falling bodies (with

small corrections for air resistance), the height of the building could easily be

calculated. Or, I could tie a rope to the barometer, lower it carefully from the open

window until it reached the ground, then mark the rope at the window sill and pull

the barometer back up. The length of the rope between the barometer and the

mark then gives the height of the building. Better still, I could save some effort by

going directly to the superintendent's office in the building and telling him the

following: 'Sir, I have here a fine new barometer. I will be happy to give it to you

in exchange for a look at the building plans on which dimensions are recorded.' Of

course, the building height could also be deduced from measurements of the

barometric pressure at its base and top, but this method seems to be utterly

lacking in imagination."
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The tools used for drawing this information together, for synthesizing it into 
possible solutions, form the discipline of engineering analysis that characterizes 
each engineering field. For example, the mechanical engineer relies on methods of 
thermodynamics, fluid dynamics, mechanics, and stress analysis. The electrical 
engineer employs methods of circuit analysis, electromagnetic theory, and control 
engineering. The civil engineer applies structural mechanics, materials science, 
and soil mechanics. In each instance, these subjects form the core of the en­
gineer's formal education. 

There are many useful methods available for searching for solutions. We shall 
return to consider this aspect of problem solving in more detail in the next section. 

SUMMARY 

The determination or synthesis of possible solutions to the problem of 
interest relies heavily on the engineer's knowledge and experience. Since 
the individual components of these solutions are rarely novel, the en­
gineer makes extensive use of reference material or information supplied 
by colleagues. This information is then drawn together and applied using 
the tools of engineering analysis, mathematics, and science. 

Example A lecturer in physics for a class of freshmen engineering students had 
just completed a discussion of atmospheric pressure and decided to test the class's 
comprehension by including the following question on the next exam: '·How 
could you determine the height of a tall building with the aid of a barometer?'' One 
of the engineers, who later went on to great fame and riches, responded as fol­
lows: "Well, there are any number of ways I might go about accomplishing this 
task. Let me list just a few. For example, I could take the elevator to the top floor 
of the building, find an open window, hold the barometer a little away from the 
wall, and let it go. By timing the interval before the barometer crashes to the 
pavement below and applying well-known formulas for free-falling bodies (with 
small corrections for air resistance), the height of the building could easily be 
calculated. Or, I could tie a rope to the barometer, lower it carefully from the open 
window until it reached the ground, then mark the rope at the window sill and pull 
the barometer back up. The length of the rope between the barometer and the 
mark then gives the height of the building. Better still, I could save some effort by 
going directly to the superintendent's office in the building and telling him the 
following: 'Sir, I have here a fine new barometer. I will be happy to give it to you 
in exchange for a look at the building plans on which dimensions are recorded.' Of 
course, the building height could also be deduced from measurements of the 
barometric pressure at its base and top, but this method seems to be utterly 
lacking in imagination.'' 
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78 THE APPROACH

The moral of this story: Do not limit possible solutions to those indicated by

prior conventional wisdom.

2.1.3. Validation and Evaluation of Solutions

Once the engineer has obtained a number of solutions that appear suitable, that

satisfy the required constraints and exhibit to some degree favorable solution

characteristics, then these solutions must be carefully verified to determine their

validity. It would be useless to continue with a detailed evaluation of these solu-

tions without the assurance that they are the result of correct logic and analysis.

The verification or checking of solutions takes on a very important role in

engineering problem solving. This is due in part to the massive scale of many

engineering projects and their impact on society. This impact is frequently so

profound that the slightest error in design can have the most disastrous conse-

quences. We have only to think of the implications of serious failures in the

engineering designs of aircraft or automobiles. The complexity of most engineer-

ing problems makes careful verification all the more important. Numerous as-

sumptions and approximations are often required to simplify such problems so

that they yield to the available tools of analysis, and the validity of these assump-

tions must be checked.

Careful thought should be given to developing systematic methods to verify

solutions. The most desirable method of verification involves a comparison of the

solution with experimental observations of the behavior of the real system. Some-

times it is impractical to run actual full-scale tests because of cost, inaccessibility,

or other restrictions. An alternative is to apply the models used in the analysis to

study operating data obtained from previous designs or to analyze the results of

tests performed on individual system components. Both approaches are com-

monly employed in the design of very large and expensive systems for which

detailed testing of the entire system is impractical. An excellent example is the

verification of the design of a nuclear power plant. Since such a plant costs

roughly a billion dollars to construct, the direct testing of a prototype is usually

not feasible. Instead nuclear engineers rely on tests performed on subsystems, or

components, or upon limited experiments performed on similar nuclear plants

already in operation.

Various analytical methods can be used to check the mathematical analysis

utilized in obtaining solutions. One should always check the equations comprising

the mathematical model of the problem to see that the dimensions or units charac-

terizing physical quantities are consistent. (Refer to Section 3.2 for a detailed

discussion of dimensions and units.) For example, if the minimum time calculated

for a spacecraft journey is expressed in kilometers (rather than years), we know a

mistake has been made. The study of various limiting cases can also be used to

verify that the mathematical solution yields the proper physical behavior. If the
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The moral of this story: Do not limit possible solutions to those indicated by 
prior conventional wisdom. 

2.1.3. Validation and Evaluation of Solutions 

Once the engineer has obtained a number of solutions that appear suitable, that 
satisfy the required constraints and exhibit to some degree favorable solution 
characteristics, then these solutions must be carefully verified to determine their 
validity . It would be useless to continue with a detailed evaluation of these solu­
tions without the assurance that they are the result of correct logic and analysis. 

The verification or checking of solutions takes on a very important role in 
engineering problem solving. This is due in part to the massive scale of many 
engineering projects and their impact on society. This impact is frequently so 
profound that the slightest error in design can have the most disastrous conse­
quences. We have only to think of the implications of serious failures in the 
engineering designs of aircraft or automobiles. The complexity of most engineer­
ing problems makes careful verification all the more important. Numerous as­
sumptions and approximations are often required to simplify such problems so 
that they yield to the available tools of analysis. and the validity of these assump­
tions must be checked. 

Careful thought should be given to developing systematic methods to verify 
solutions. The most desirable method of verification involves a comparison of the 
solution with experimental observations of the behavior of the real system. Some­
times it is impractical to run actual full-scale tests because of cost. inaccessibility. 
or other restrictions. An alternative is to apply the models used in the analysis to 
study operating data obtained from previous designs or to analyze the results of 
tests performed on individual system components. Both approaches are com­
monly employed in the design of very large and expensive systems for which 
detailed testing of the entire system is impractical. An excellent example is the 
verification of the design of a nuclear power plant. Since such a plant costs 
roughly a billion dollars to construct. the direct testing of a prototype is usually 
not feasible. Instead nuclear engineers rely on tests performed on subsystems, or 
components, or upon limited experiments performed on similar nuclear plants 
already in operation. 

Various analytical methods can be used to check the mathematical analysis 
utilized in obtaining solutions. One should always check the equations comprising 
the mathematical model of the problem to see that the dimensions or units charac­
terizing physical quantities are consistent. (Refer to Section 3.2 for a detailed 
discussion of dimensions and units.) For example, if the minimum time calculated 
for a spacecraft journey is expressed in kilometers (rather than years), we know a 
mistake has been made. The study of various limiting cases can also be used to 
verify that the mathematical solution yields the proper physical behavior. If the 
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PROBLEM SOLVING IN ENGINEERING 79 

travel time is calculated based on the average speed of the spacecraft, we might 
examine whether this time approaches zero as the speed becomes very large . If 
not, then we might once again suspect that an error has occurred somewhere in 
the analysis. 

Of most importance is a simple check to see if the answer makes good sense . 
Are the results what one might expect; are they in the right ballpark? If the answer 
does not seem reasonable, odds are that there has been an error somewhere along 
the way. If we find that the transit time for a spacecraft journey from Earth to 
Jupiter is several hours rather than several years, we should once again be skepti­
cal of the solution. 

Occasionally it may be possible to repeat the solution of the problem using an 
entirely different procedure. This may prove to be an excellent check of the 
method of analysis. We shall return to discuss these and other aspects of verifying 
mathematical calculations in the next chapter. 

Although we have chosen to discuss the verification process in the third stage 
of the problem solving method, checking and verification are ongoing activities of 
the engineer that occur at all stages of the analysis. Even during the problem 
definition stage. the engineer should continually be questioning the validity of any 
assumptions and determining ways to verify any approximations introduced along 
the way . 

It is usually much more difficult to check the original assumptions that are 
used in reducing the general problem statement to a workable form suitable for 
analysis. Since these assumptions usually involve factors that lie outside the 

FIGURE 2.6. Engineers should always verify their solutions before implementing them. 
(@ 1978 by B. Kliban. Reprinted from Tiny Footprints by permission of 
Workman Publishing Company, New York) 
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80 THE APPROACH

analysis used in obtaining the solutions, particular care should be taken in their

evaluation.

The will to doubt, to question your efforts, is one of the most important

aspects of successful problem solving. Verification and evaluation of solutions

requires time and effort. You must avoid the temptation to seize upon a "quick

and dirty'' solution just to get the problem off your back, since this approach may

later create more problems that it solves.

SUMMARY

In engineering prac tice all solutions must be carefully verified. Not only

must the mathematical analysis and logic applied in generating solutions

be thoroughly checked, but the assumptions and approximations used to

simplify the original problem statement should also be evaluated. Al-

though comparison with experimental data or alternative methods of so-

lution usually provide the best verification, other methods of check-

ing solutions such as dimensional consistency or ballpark estimates are

useful.

Example An engineer is asked to estimate the lifetime of domestic petroleum

reserves, assuming that recoverable reserves in the United States are some 300

trillion barrels (bbl). The present consumption of domestic oil is determined to be

roughly 15 million bbl/day. Hence the engineer infers how long our domestic

reserves will last:

300,000,000,000 bbl _

1 = t,me = 15,000,000 bbl/day â€¢ 365 day/year = 54'8 yearS

Since this is an important result, the analysis is checked very carefully. Certainly

the units of years are appropriate. Furthermore the magnitude of about 50 years

seems reasonable. Therefore the engineer concludes that the calculation is cor-

rect, and that petroleum reserves will certainly last for the remainder of his

lifetime (Figure 2.7).

But the engineer forgot to check the assumptions. By taking the oil consump-

tion rate over the next 50 years as equal to the present rate of 15 million bbl/day, it

has implicitly assumed that this consumption rate will not change. Yet past ex-

perience has indicated that this rate increases by as much as 3% each year. If we

assumed that this 3% annual increase in the consumption rate were to continue

(still another questionable assumption), we would calculate a new time for exhaus-

tion of domestic petroleum reserves by solving:
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analysis used in obtaining the solutions, particular care should be taken in their 
evaluation. 

The will to doubt, to question your efforts, is one of the most important 
aspects of successful problem solving. Verification and evaluation of solutions 
requires time and effort. You must avoid the temptation to seize upon a "quick 
and dirty .. solution just to get the problem off your back, since this approach may 
later create more problems that it solves. 

SUMMARY 

In engineering practice all solutions must he carefully verified. Not only 
must the mathematical analysis and logic applied in generating solutions 
he thoroughly checked, hut the assumptions and approximations used to 
simplify the original problem statement should also be emluated. Al­
though comparison with experimental data or alternative methods of so­
lution usually provide the best verification, other methods of check­
ing solutions such as dimensional consistency or ballpark estimates are 
useful. 

Example An engineer is asked to estimate the lifetime of domestic petroleum 
reserves, assuming that recoverable reserves in the United States are some 300 
trillion barrels (bbl). The present consumption of domestic oil is determined to be 
roughly 15 million bbl/day. Hence the engineer infers how long our domestic 
reserves will last: 

T = time = 300•000•000•000 bbl = 54 8 years 
15,000,000 bbl/day · 365 day/year · 

Since this is an important result, the analysis is checked very carefully. Certainly 
the units of years are appropriate. Furthermore the magnitude of about 50 years 
seems reasonable. Therefore the engineer concludes that the calculation is cor­
rect, and that petroleum 'reserves will certainly last for the remainder of his 
lifetime (Figure 2. 7). · 

But the engineer forgot to check the assumptions. By taking the oil consump­
tion rate over the next 50 years as equal to the present rate of 15 million bbl/day, it 
has implicitly assumed that this consumption rate will not change. Yet past ex­
perience has indicated that this rate increases by as much as 3% each year. If we 
assumed that this 3% annual increase in the consumption rate were to continue 
(still another questionable assumption), we would calculate a new time for exhaus­
tion of domestic petroleum reserves by solving: 
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Assumption 2:'
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FIGURE 2.7. Petroleum production in

the United States as described by various

models.

1900 1920 1940 1960 1980 2000 2020 2040

Year

(15,000.000 bbl/day) (365 day/year) 7/(years) (1 + 0.03)r = 300,000,000,000

If we solve this, we find T = 18 years. Actually, even this second assumption is

unrealistic, since it fails to account for the falloff in demand as petroleum becomes

more expensive due to its increasing scarcity. The actual demand curve should

probably resemble the one shown in Figure 2.7.

After the verifying or checking step, the engineer next evaluates each of the

solutions from the perspective of the problem constraints and solution criteria.

Any that fail to satisfy the constraints are unsuitable. These remaining solutions

that satisfy all the constraints of the problem are then evaluated to determine

which yields the most favorable solution criteria. This optimum or most desirable

solution is then analyzed in detail to determine its implications for the problem.

We must remember that usually these solutions have been obtained for a

simplified model. If we have chosen to describe the problem by a mathematical

model, then our solution will be in the form of a mathematical expression (i.e., an

equation) that must be analyzed and translated back into physical terms. It is a bit

difficult to stare at a complicated algebraic or trigometric expression and know

immediately whether the force loads on the beam or the trajectory of a space

vehicle are acceptable.

The third stage of problem solving also includes related activities. One usu-

ally would like to modify the solution to achieve the most favorable result, to

optimize the solution. Furthermore, if this solution is to be translated into an

actual engineering design, then one must study the solution and its implications in

detail, documenting it for further use. This stage of problem solving may be

accompanied by iteration, in the sense that the engineer may return to modify the

initial assumptions (or model) to allow for a more acceptable solution. Also, it may

happen that the initial assumptions were unnecessarily restrictive and can be
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FIGURE 2. 7. Petroleum production in 
the United States as described by various 
models. 

( 15.000,000 bbl/day) (365 day/year) T(years) (I + 0.03)T = 300,000,000,000 

If we solve this. we find T = 18 years. Actually. even this second assumption is 
unrealistic. since it fails to account for the falloff in demand as petroleum becomes 
more expensive due to its increasing scarcity. The actual demand curve should 
probably resemble the one shown in Figure 2.7. 

After the verifying or checking step, the engineer next evaluates each of the 
solutions from the perspective of the problem constraints and solution criteria. 
Any that fail to satisfy the constraints are unsuitable. These remaining solutions 
that satisfy all the constraints of the problem are then evaluated to determine 
which yields the most favorable solution criteria. This optimum or most desirable 
solution is then analyzed in detail to determine its implications for the problem. 
We must remember that usually these solutions have been obtained for a 
simplified model. If we have chosen to describe the problem by a mathematical 
model, then our solution will be in the form of a mathematical expression (i.e., an 
equation) that must be analyzed and translated back into physical terms. It is a bit 
difficult to stare at a complicated algebraic or trigometric expression and know 
immediately whether the force loads on the beam or the trajectory of a space 
vehicle are acceptable . 

The third stage of problem solving also includes related activities. One usu­
ally would like to modify the solution to achieve the most favorable result, to 
optimize the solution. Furthermore, if this solution is to be translated into an 
actual engineering design, then one must study the solution and its implications in 
detail , documenting it for further use. This stage of problem solving may be 
accompanied by iteration, in the sense that the engineer may return to modify the 
initial assumptions (or model) to allow for a more acceptable solution. Also, it may 
happen that the initial assumptions were unnecessarily restrictive and can be 
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relaxed to yield a more general solution. In this sense, the problem definition,

solution synthesis, and solution verification and evaluation stages are tightly

coupled.

SUMMARY

The engineer must evaluate each of the solutions in light of the problem

constraints and solution criteria to determine which solution most

adequately achieves the goals of the problem statement. At this stage the

solution may be adjusted to optimize its suitability. Finally one studies the

solution and its implications in detail, documenting it for further use.

Example Optimization plays an important role in the routing of highways. The

highway engineer must work with a number of solution criteria such as the cost

and time required for right-of-way acquisition, the length of the route, its proxim-

ity to major population centers, the transportation cost of construction materials

to the route, land excavation and preparation costs, and so on. Since several of

these criteria may be contradictory in nature (e.g., low right-of-way costs and

proximity to population centers), it is usually necessary to adjust the route until an

optimum mix of cost, convenience, and access is achieved. The final route chosen

will rarely be the shortest distance between two points.

2.1.4. Step Four: Presentation of Results

An important aspect of engineering problem solving involves the presentation of

results. Even the most elegant and successful results will be for naught if they are

not presented in an understandable fashion to those who will use them. A carefully

organized presentation of both the analysis and the solution of the problem is

essential, whether the content be homework assignments prepared for an instruc-

tor, a professional report prepared in industry, or research notes prepared for the

engineer's own records. Careful organization will enhance the clarity of the pre-

sentation, which can also provide a logical structure to the solution of the problem

itself by helping to focus the analytical skills of the engineer. A careful documenta-

tion of the solution of an engineering problem is also important in providing a

record of the analysis (possible for later patent or legal use) or in aiding a detailed

evaluation of the solution method. A premium is placed on a neat, careful presen-
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relaxed to yield a more general solution. In this sense, the problem definition, 
solution synthesis, and solution verification and evaluation stages are tightly 
coupled . 

SUMMARY 

The engineer must evaluate each of the solutions in light of the problem 
constraints and solution criteria to determine which solution most 
adequately achieves the goals of the problem statement. At this stage the 
solution may be adjusted to optimize its suitability. Finally one studies the 
solution and its implications in detail, documenting it for further use. 

Example Optimization plays an important role in the routing of highways. The 
highway engineer must work with a number of solution criteria such as the cost 
and time required for right-of-way acquisition, the length of the route, its proxim­
ity to major population centers, the transportation cost of construction materials 
to the route, land excavation and preparation costs, and so on. Since several of 
these criteria may be contradictory in nature (e.g., low right-of-way costs and 
proximity to population centers), it is usually necessary to adjust the route until an 
optimum mix of cost, convenience, and access is achieved. The final route chosen 
will rarely be the shortest distance between two points. 

2.1.4. Step Four: Presentation of Results 

An important aspect of engineering problem solving involves the presentation of 
results. Even the most elegant and successful results will be for naught if they are 
not presented in an understandable fashion to those who will use them. A carefully 
organized presentation of both the analysis and the solution of the problem is 
essential , whether the content be homework assignments prepared for an instruc­
tor, a professional report prepared in industry, or research notes prepared for the 
engineer"s own records . Careful organization will enhance the clarity of the pre­
sentation, which can also provide a logical structure to the solution of the problem 
itself by helping to focus the analytical skills of the engineer. A careful documenta­
tion of the solution of an engineering problem is also important in providing a 
record of the analysis (possible for later patent or legal use) or in aiding a detailed 
evaluation of the solution method. A premium is placed on a neat, careful presen-
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tation in which all relevant details of the specification and the solution of the

problem are included.

The detailed style chosen for the presentation may vary. The choice of style

reflects both the nature of the problem and the method of its solution. For exam-

ple, the format chosen for presentation of a homework problem differs from that

characterizing a research paper. So, too, will a report on an experimental study

differ from a computer analysis. The style will also depend on the anticipated

audience. A survey report intended for a lay audience will differ dramatically from

that directed toward an experienced engineer.

Despite these differences, we can provide some guidelines on the format of

engineer presentations. The organization should generally follow the pattern

adopted in the solution of the problem. An outline for a technical presentation

might include:

1. A concise statement (or summary) of the problem in its original form,

complete with sketches if appropriate. This statement should include

all given data that are relevant.

2. A brief statement of relevant engineering principles.

3. A list of the assumptions and approximations necessary to simplify

the problem to a soluble form.

4. A precise statement of the simplified problem (or model) to be

studied.

5. The detailed solution, including all relevant steps (with particular care

to include the units of physical quantities where appropriate). Often,

an estimate of the uncertainty associated with numerical results is

also given.

6. A verification of the solution method (e.g., by a dimension check) and

the assumptions (e.g., by comparing with experimental data).

7. A discussion of the implications of the results and possible conclu-

sions.

Of course the technical details of problem presentation should be considered.

For example, it might be convenient to present results on engineering computation

paper that is specifically formatted to assist in technical sketches and calculations.

There are many variations in the technical requirements of presentations. Many

presentations require a particular type of lettering, and presentations at technical

meetings are often organized around a sequence of slides or viewgraph visual aids.

The rapid advances in computer-aided composition allow today's engineer to

prepare presentations on the screen of a computer display. Such aspects of the

preparation of written or graphical reports will be discussed in detail in Chapter 6.

Figures 2.8 to 2.10 are examples of different styles of presentation. Engineer-

ing students are advised to practice the presentation of homework problem solu-

tions using these or similar formats as early as possible in their studies.
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tation in which all relevant details of the specification and the solution of the 
problem are included. 

The detailed style chosen for the presentation may vary. The choice of style 
reflects both the nature of the problem and the method of its solution. For exam­
ple. the format chosen for presentation of a homework problem differs from that 
characterizing a research paper. So, too, will a report on an experimental study 
differ from a computer analysis. The style will also depend on the anticipated 
audience. A survey report intended for a lay audience will differ dramatically from 
that directed toward an experienced engineer. 

Despite these differences, we can provide some guidelines on the format of 
engineer presentations. The organization should generally follow the pattern 
adopted in the solution of the problem. An outline for a technical presentation 
might include: 

1. A concise statement (or summary) of the problem in its original form, 
complete with sketches if appropriate. This statement should include 
all given data that are relevant. 

2. A brief statement of relevant engineering principles. 
3. A list of the assumptions and approximations necessary to simplify 

the problem to a soluble form. 

4. A precise statement of the simplified problem (or model) to be 
studied. 

5. The detailed solution , including all relevant steps (with particular care 
to include the units of physical quantities where appropriate). Often, 
an estimate of the uncertainty associated with numerical results is 
also given. 

6. A verification of the solution method (e.g., by a dimension check) and 
the assumptions (e.g., by comparing with experimental data). 

7. A discussion of the implications of the results and possible conclu­
sions. 

Of course the technical details of problem presentation should be considered. 
For example, it might be convenient to present results on engineering computation 
paper that is specifically formatted to assist in technical sketches and calculations. 
There are many variations in the technical requirements of presentations. Many 
presentations require a particular type of lettering, and presentations at technical 
meetings are often organized around a sequence of slides or viewgraph visual aids. 
The rapid advances in computer-aided composition allow today"s engineer to 
prepare presentations on the screen of a computer display. Such aspects of the 
preparation of written or graphical reports will be discussed in detail in Chapter 6. 

Figures 2.8 to 2. 10 are examples of different styles of presentation. Engineer­
ing students are advised to practice the presentation of homework problem solu­
tions using these or similar formats as early as possible in their studies. 

19 IZ b 
Original from 

UNIVERSITYOF ICHIGAN 



G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:4

9
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

84 THE APPROACH 

Example Solution format for short mathematical problems: 

fviA-TH~MATICS /0/ 

CL) 

b) 

c) 

(X+'j)(X-'}J 

( Y Jo.. r3 c y b) 
(X+:l)3 

px 

hafJZo lot!.CI+ 

MA-Y 9 J 191)._ 

- x2- yz 
f.o.... + b - y 

Px' ('X +:L)3 

J.x 

FIGURE 2.8. A possible solution format for short mathematical homework problems. 

Example Solution format for short problems: 

Dg 

fv1A-IH£MitT/CS }0 I /JLOAJ zo Z ORCJf. 

M!t't 9) l?g).. 
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:5ot..uTI ON : 

a.) ]
7T6_ 

= - C-os x 
0 

+ t..os 0 = -O+/ 

1 

FIGURE 2.9. A possible solution format for short homework problems. 

Example Solution format for longer problems: 

Pf(oe.LEJ-f : ~ eMclos~c:-1 in cy/,~du... ( d,·~ ... ~o 111,.,) 
by pi~ . Prt!'sswre. i~~ts ld~ c '!li~d~r ~s 

. 40 k Pa.. o.b()VC. o..i~ . ~ .. .,d '>'tas.s o+ rstot1. 
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5ot..UT/ON: 

Free. hod~ dia'm.W!, .fer pistoYt. : 

Fo.. 

F9 
w 

~ 

Fa..-= force. due to at~. pressur~ 

F1 =force. dv.e.. b 5a.s pr~ssurt!.. 

W -= we.iJht of fist-o'k. 

h,lanc~ OY\ pistoYI : 

Fa.. + w - Fj (t) 

\V - '(}'lp 9 (2) 

1=0... -= Po. Ap (3) 

Fj - ~Ap (4) 

CoYHpi)1;r1j £9 {!) -ff,rouJI,. {4) 

-rn P - ; { Fj - Fa) = ; ( FJ - Po.) Ap 

( 40 lC (0 '3) [% ('J.O J?- X 10 -G:, J 
YYip - '/,8/ 

y;,p : /.J..8 k.9 

FIGURE 2.10. A possible solutio n format for longer engineering problems. 

SVMMARY 

The engineer should arrange the analysis and solution of the problem into 
a form suitable for communication of the essential results to others . A 
logical and carejiilly organized structure of problem presentation can 
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PROBLEM SOLVING IN ENGINEERING

help to focus the analytical skills of the engineer. It can also provide a

record of the solution. The detailed format of the presentation will depend

on the nature of the problem, the method used to solve it, and the in-

tended audience. Generally the format will follow the pattern adopted in

problem solving:

1. A concise statement of the problem in its original form {complete with

sketches and given data).

2. A brief statement of relevant engineering principles.

3. A list of simplifying assumptions and approximations.

4. A precise statement of the simplified problem {or model).

5. The detailed solution, including all relevant steps.

6. A verification of the solution method and assumptions.

7. A discussion of the implications of the results.

Exercises

2.

3.

Engineering Problem Solving

Describe a problem that arises in each of the following areas by iden-

tifying "what is" and "what is desired" in each case:

(a) Mass transportation

(b) Air quality

(c) Nonreturnable bottles

(d) Urban renewal

Choose a personal problem that you have and analyze it in terms of

our definition of a problem.

Choose a social problem of major concern and analyze it using our

definition of a problem.

Fill in the blanks in the problem definition table:

What is What is desired Constraints Criteria

(a)

(b)

A Friday af-

ternoon traf-

fic jam in

Manhattan

Radioactive

waste pro-

duced in nu-

clear power

plants

Free flowing

traffic

Public safety
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help to focus the analytical skills of the engineer. It can also prm·ide a 
record of the solution. The detailed format of the presentation will depend 
on the nature of the problem, the method used to solve it, and the in­
tended audience. Generally the format will follow the pattern adopted in 
problem soll"ing: 

/ . A concise statement of the problem in its original form (complete with 
sketches and gil·en data). 

2. A brief statement of relemnt engineering principles. 

3. A list of simplifying assumptions and approximations. 

4. A precise statement of the simplified problem (or mode{). 

5. The detailed solution. including all relnant steps. 

6. A verification of the solution method and assumptions. 

7. A discussion of the implications of the results. 

Exercises 

Engineering Problem Solving 

1. Describe a problem that arises in each of the following areas by iden-
tifying "what is" and "what is desired" in each case: 

(a) Mass transportation 
(b) Air quality 
(c) Nonreturnable bottles 
(d) Urban renewal 

2. Choose a personal problem that you have and analyze it in terms of 
our definition of a problem. 

3. Choose a social problem of major concern and analyze it using our 
definition of a problem. 

4. FiiJ in the blanks in the problem definition table: 

What is 

(a) A Friday af­
ternoon traf­
fic jam in 
Manhattan 

(b) Radioactive 
waste pro­
duced in nu­
clear power 
plants 
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What is desired 

Free flowing 
traffic 

Constraints Criteria 

Public safety 
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88 THE APPROACH

(c)

(d) Road salt

corrosion of

automobiles

Problem Definition

5. List the criteria that should be considered in designing:

A pocket computer A vacuum cleaner

A supersonic transport plane A nuclear-powered rocket

A tape dispenser A solar power station

6. List the constraints that should be considered in designing:

A highway A typewriter

An artificial heart A lawn sprinkler

A bicycle lock A disposable coffee cup

7. Given a list of what is "known" and what is desired in each of the

following problems; then give a broad definition of the problem:

(a) Transport coal as a liquid slurry through a pipeline

(b) Design an artificial kidney

(c) Eliminate a dangerous pedestrian crossing

(d) Develop a three-dimensional television

8. Describe how you would model the following problems:

(a) The collision of two automobiles

(b) Pumping oil out of a well

(c) An explosion in a mine

(d) A coal burning furnace

Determination of Solutions

Suggest several possible solutions to each of the following problems:

9. Measuring the distance between two points along a highway.

10. Measuring the diameters of precisely manufactured shafts.

11. Preventing the wearing down of the tips of ball point pens.

12. Controlling the flame temperature of gas ovens.

13. Eliminating the noise occurring during the playback of cassette

tapes.

14. Mixing in precise portions two streams of chemicals piped from large

tanks.

Adequate water

resources in the

desert southwest
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(c) 

(d) Road salt 
corrosion of 
automobiles 

Adequate water 
resources in the 
desert southwest 

Problem Definition 

5. List the criteria that should be considered in designing: 

A pocket computer A vacuum cleaner 
A supersonic transport plane A nuclear-powered rocket 
A tape dispenser A solar power station 

6. List the constraints that should be considered in designing: 

A highway A typewriter 
An artificial heart A lawn sprinkler 
A bicycle lock A disposable coffee cup 

7. Given a list of what is "known" and what is desired in each of the 
following problems; then give a broad definition of the problem: 

(a) Transport coal as a liquid slurry through a pipeline 
(b) Design an artificial kidney 
(c) Eliminate a dangerous pedestrian crossing 
(d) Develop a three-dimensional television 

8. Describe how you would model the following problems: 

(a) The collision of two automobiles 
(b) Pumping oil out of a well 
(c) An explosion in a mine 
(d) A coal burning furnace 

Determination of Solutions 

Suggest several possible solutions to each of the following problems: 

9. Measuring the distance between two points along a highway. 

10. Measuring the diameters of precisely manufactured shafts. 

II. Preventing the wearing down of the tips of ball point pens. 

12. Controlling the flame temperature of gas ovens. 

13. Eliminating the noise occurring during the playback of cassette 
tapes. 

14. Mixing in precise portions two streams of chemicals piped from large 
tanks. 
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Validation and Evaluation of Solutions

15. An advertisement claims that the new Muscle Car can accelerate

from a standing start to cover 400 m (roughly a quarter mile) in

6 seconds. Is this claim reasonable?

16. An engineer determines that it will take approximately 3000 liters of

heating oil to raise the temperature of her swimming pool from 10 to

25Â°C. Should she be suspicious of this calculation?

17. A strategic oil reserve of 1000 million barrels of oil has been pro-

posed for the United States. It has been assumed that this amount of

oil would ensure that there would be no shortage of oil for 12

months, even if all oil imports were suspended. Is this assumption

reasonable?

18. It has been suggested that all the human inhabitants of the Earth

would fit into a box 1.5 x 1.5 x 1.5 km in dimensions. Do you agree

with this?

19. The star on a soccer team brags that he can kick the ball so hard that

it travels at a speed of 3600 meters per minute. Could this be a valid

claim?

Solution Presentation

Give a one page outline of how you would present the results or solutions to the

following problems:

20. A set of simple algebra problems.

21. A proof of the Pythagorean theorem in geometry.

22. The design of a mechanism for a water flow meter.

23. The plan for packing and shipping of a delicate instrument.

24. A plan for collecting toll at a bridge entrance.

25. A plan for feeding a cat at predetermined times.

26. An alarm system for alerting residents of an apartment building in

the event of fire.

27. The results of a computer analysis of the 1980 United States Census

data to establish possible trends in the migration of urban popula-

tions to the suburbs.

General Problem Solving Methodology

Sketch the step-by-step approach you would use to solve the following problems.

(Do not carry through any of the details of the solutions.)

28. Reduction of the particulate emission from diesel engine exhausts.
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Validotion and Evaluation of Solutions 

15. An advertisement claims that the new Muscle Car can accelerate 
from a standing start to cover 400 m (roughly a quarter mile) in 
6 seconds. Is this claim reasonable? 

16. An engineer determines that it will take approximately 3000 liters of 
heating oil to raise the temperature of her swimming pool from 10 to 
25°C. Should she be suspicious of this calculation? 

17. A strategic oil reserve of 1000 million barrels of oil has been pro­
posed for the United States. It has been assumed that this amount of 
oil would ensure that there would be no shortage of oil for 12 
months, even if all oil imports were suspended. Is this assumption 
reasonable? 

18. It has been suggested that all the human inhabitants of the Earth 
would fit into a box 1.5 x 1.5 x 1.5 km in dimensions. Do you agree 
with this'? 

19. The star on a soccer team brags that he can kick the ball so hard that 
it travels at a speed of 3600 meters per minute. Could this be a valid 
claim? 

Solution Presentation 

Give a one page outline of how you would present the results or solutions to the 
following problems: 

20. A set of simple algebra problems. 

21. A proof of the Pythagorean theorem in geometry. 

22. The design of a mechanism for a water flow meter. 

23. The plan for packing and shipping of a delicate instrument. 

24. A plan for collecting toll at a bridge entrance. 

25. A plan for feeding a cat at predetermined times. 

26. An alarm system for alerting residents of an apartment building in 
the event of fire. 

27. The results of a computer analysis of the 1980 United States Census 
data to establish possible trends in the migration of urban popula­
tions to the suburbs. 

General Problem Solving Methodology 

Sketch the step-by-step approach you would use to solve the following problems. 
(Do not carry through any of the details of the solutions.) 

28. Reduction of the particulate emission from diesel engine exhausts. 
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29. Increasing the size of television screens without increasing the

weight of the unit.

30. Reduction of the tuition at your university without sacrificing aca-

demic quality.

31. Provision of a system to provide public warning in the event of

tornadoes.

32. Designing a luggage handling system for an airport that expedites

luggage delivery without damage or loss.

33. Reducing the interference between CB radio transmission and tele-

vision reception.

2.2. THE SEARCH FOR SOLUTIONS

The search for solutions to engineering problems calls most heavily on the creativ-

ity and imagination of the engineer. This phase of the problem-solving process

closely approaches the creative arts in the degree to which it depends upon origi-

nal thought. Yet, even though the synthesis of solutions to engineering problems

must of necessity be a free-form, unrestricted endeavor, several guidelines

nevertheless can prove of considerable value.

2.2.1. The Search

When we are stumped with a problem, we usually begin to cast about for addi-

tional information. Yet the most common difficulty in problem solving is usually

not our lack of information. Rather it is our failure to use the information that we

already have at our disposal. There are emotional, cultural, and environmental

factors that contribute to our "blindness," our inability to recognize possible

solutions that are right before our noses. For example, you may be surrounded by

distractions that hinder your concentration. The Nobel prize winning biologist.

James Watson, noted in his book, The Double Helix, that the solution of difficult

problems sometimes seems to require a certain level of boredom, an absence of

distraction that keeps one returning time and time again to attempt yet another

solution.

Frequently our problem definition is at fault. If this definition is too narrow,

we may inadvertently eliminate attractive solutions. Or emotional or cultural fac-

tors may constrain us to look at the problem from only one restricted viewpoint.

Sometimes our over-familiarity with similar problems preconditions us to keep

trying the old solutions repeatedly, even though the new problem may be suffi-

ciently different to prevent these solutions from working. This particular con-

straint is referred to by psychologists as "Einstellung" (the German word for

"set"). A term of more recent vintage for this fixation on old solutions to new

problems is "mind set."
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29. Increasing the size of television screens without increasing the 
weight of the unit. 

30. Reduction of the tuition at your university without sacrificing aca­
demic quality. 

31. Provision of a system to provide public warning in the event of 
tornadoes. 

32. Designing a luggage handling system for an airport that expedites 
luggage delivery without damage or loss. 

33. Reducing the interference between CB radio transmission and tele­
vision reception. 

2.2. THE SEARCH FOR SOLUTIONS 

The search for solutions to engineering problems calls most heavily on the creativ­
ity and imagination of the engineer. This phase of the problem-solving process 
closely approaches the creative arts in the degree to which it depends upon origi­
nal thought. Yet, even though the synthesis of solutions to engineering problems 
must of necessity be a free-form, unrestricted endeavor, several guidelines 
nevertheless can prove of considerable value. 

2.2.1. The Search 

When we are stumped with a problem, we usually begin to cast about for addi­
tional information. Yet the most common difficulty in problem solving is usually 
not our lack of information. Rather it is our failure to use the information that we 
already have at our disposal. There are emotional, cultural, and environmental 
factors that contribute to our "blindness," our inability to recognize possible 
solutions that are right before our noses. For example, you may be surrounded by 
distractions that hinder your concentration. The Nobel prize winning biologist. 
James Watson, noted in his book, The Double Helix. that the solution of difficult 
problems sometimes seems to require a certain level of boredom, an absence of 
distraction that keeps one returning time and time again to attempt yet another 
solution. 

Frequently our problem definition is at fault. If this definition is too narrow. 
we may inadvertently eliminate attractive solutions. Or emotional or cultural fac­
tors may constrain us to look at the problem from only one restricted viewpoint. 
Sometimes our over-familiarity with similar problems preconditions us to keep 
trying the old solutions repeatedly, even though the new problem may be suffi­
ciently different to prevent these solutions from working. This particular con­
straint is referred to by psychologists as "Einstellung" (the German word for 
"set"). A term of more recent vintage for this fixation on old solutions to new 
problems is "mind set. ·• 
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PROBLEM SOLVING IN ENGINEERING

Example The term "mind set" was popularized in an investigation of the nu-

clear power plant accident that occurred at Three Mile Island in Pennsylvania in

spring of 1979. The operators of this plant had been preconditioned, both by prior

experience and operating instructions, to place a top priority on the avoidance of

injecting too much cooling water into the nuclear reactor of the plant. When the

reactor coolant system began to lose water through a safety valve that had stuck in

an open position, the operators misread the situation, assumed that the coolant

system was filling too rapidly with water, and shut off all water injection systems

and cooling pumps (including emergency cooling systems), leading to reactor

overheating and severe damage. This response was an excellent example of how

E ins t el lung prevented the proper action (in this case, allowing the cooling pumps

to continue to run to keep the reactor from becoming too hot).

Many abstract methods have been formulated to facilitate the search for

solutions. These are discussed in many books concerned with problem solving.

However we confine ourselves here to general recommendations of a more practi-

cal bent.

In approaching problems try to keep an open mind, that is, a general perspec-

tive coupled with a flexibility to examine different approaches. Be wary of becom-

ing bogged down in details too early. In particular, in approaching a problem avoid

a premature evaluation, which may make it difficult to continue the search for

additional solutions. In addition, do not rely too heavily on your previous experi-

ence in trying to solve similar problems. Sometimes a little bit of knowledge is a

dangerous thing. It can actually be an advantage to approach a problem with only

limited experience since this may result in a fresh insight to a problem that has

resisted earlier solution attempts. Frequently newcomers to a field make dramatic

contributions merely because in their ignorance (or naivete) they avoid the ruts

that have trapped other engineers.

It usually helps to discuss the problem with others. They might be able to

provide helpful suggestions or provide a new perspective. Moreover, attempting

to explain the problem to others can force you to organize it better in your own

mind. Of course, if you are going to ask others to listen to your problem, you owe

it to them to listen to their suggestions and criticism with an open mind. Otherwise

you might as well explain your problem to a blank wall (or perhaps a computer).

Here again an open-minded approach is of great importance. You must be

prepared to doubt your own analysis, to be its harshest critic, to pry yourself loose

from unproductive approaches and strike out along new paths.

A common difficulty in problem solving is the limited nature of human mem-

ory. Most of us are simply incapable of remembering all of the bits and pieces of

information relevant to the problem at hand. We may forget key facts. If we look

at the brain as a computer, then we would find that its information processing unit
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Example The term "mind set" was popularized in an investigation of the nu­
clear power plant accident that occurred at Three Mile Island in Pennsylvania in 
spring of 1979. The operators of this plant had been preconditioned, both by prior 
experience and operating instructions, to place a top priority on the avoidance of 
injecting too much cooling water into the nuclear reactor of the plant. When the 
reactor coolant system began to lose water through a safety valve that had stuck in 
an open position, the operators misread the situation, assumed that the coolant 
system was filling too rapidly with water. and shut off all water injection systems 
and cooling pumps (including emergency cooling systems), leading to reactor 
overheating and severe damage. This response was an excellent example of how 
Einstellung prevented the proper action (in this case, allowing the cooling pumps 
to continue to run to keep the reactor from becoming too hot). 

Many abstract methods have been formulated to facilitate the search for 
solutions. These are discussed in many books concerned with problem solving. 
However we confine ourselves here to general recommendations of a more practi­
cal bent. 

In approaching problems try to keep an open mind, that is. a general perspec­
tive coupled with a flexibility to examine different approaches. Be wary of becom­
ing bogged down in details too early. In particular, in approaching a problem avoid 
a premature evaluation, which may make it difficult to continue the search for 
additional solutions. In addition, do not rely too heavily on your previous experi­
ence in trying to solve similar problems. Sometimes a little bit of knowledge is a 
dangerous thing. It can actually be an advantage to approach a problem with only 
limited experience since this may result in a fresh insight to a problem that has 
resisted earlier solution attempts. Frequently newcomers to a field make dramatic 
contributions merely because in their ignorance (or naivete) they avoid the ruts 
that have trapped other engineers. 

It usually helps to discuss the problem with others. They might be able to 
provide helpful suggestions or provide a new perspective. Moreover, attempting 
to explain the problem to others can force you to organize it better in your own 
mind. Of course, if you are going to ask others to listen to your problem, you owe 
it to them to listen to their suggestions and criticism with an open mind. Otherwise 
you might as well explain your problem to a blank wall (or perhaps a computer) . 

Here again an open-minded approach is of great importance. You must be 
prepared to doubt your own analysis, to be its harshest critic, to pry yourself loose 
from unproductive approaches and strike out along new paths. 

A common difficulty in problem solving is the limited nature of human mem­
ory. Most of us are simply incapable of remembering all of the bits and pieces of 
information relevant to the problem at hand. We may forget key facts. If we look 
at the brain as a computer, then we would find that its information processing unit 
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is capable of dealing with only a few items at a time (psychologists suggest

about seven), although our longer term memory is capable of storing vast amounts

of information that will be available for recall with proper stimulation (cues).

To cope with this human frailty, it is wise never to depend on your memory.

Instead, always write down ideas (or facts or hunches). Make frequent use of

diagrams or charts or mathematical symbols.

A second aid is subdivision or "chunking." The general idea is to break a

problem into bite-sized (or brain-processor-sized) chunks or subproblems that you

can deal with. In particular, try to choose these chunks so they have their own

subgoals. That is, in order to get from A to Z, you might first solve the problem of

going from A to B, then B to C, and so on. At any stage you can take a break from

the problem without fear of forgetting just where you are (provided you have

written down your analysis of the subproblems). Interestingly enough, this struc-

tured approach to problem solving has become the cornerstone of modern com-

puter programming, and we will return to consider it later in Chapter 4.

One of the most important devices in problem solving involves the use of a

model. Models can assume any of a number of forms or representations. They

might be a diagram, a physical object, or perhaps a mathematical equation. When

you get stuck on a problem, it frequently helps to change the form of the model

you are using. For example, if you cannot solve the mathematical equations you

are using to model the problem, perhaps a diagram would be more useful.

Related to the use of models in problem solving is the use of analogies. You

may be able to identify similarities between the problem of interest and other

problems you have already solved. Maybe you can recognize your problem to be

merely a special case of a more general problem.

There are other useful tricks. Although one usually thinks of problem solving

as proceeding from "what is" to "what is desired," it may sometimes be useful to

reverse this order. We may know more about where we want to go, our goals, than

where we are at present. Then working backwards from the goal can prove useful.

Mathematicians have developed other useful approaches. One such approach is

the method of induction in which one infers (induces) a general conclusion from a

specific example. Another common technique is the method of contradiction in

which you make an assumption and then try to disprove it. We leave it to your

mathematics courses to develop these approaches in detail.

There will come a time, however, when you finally have exhausted all your

ideas and you come up against a brick wallâ€”you are stumped. At this point the

best advice is simply to leave the problem for awhile. Do something else. Of

course, as you push the problem into the farther reaches of your mind, it is still

lurking there, fermenting away. This process of "incubation" may trigger a sud-

den breakthrough, a bolt of lightning out of the blue. It may also allow you to

return to the problem with a fresh approach. There are sound psychological

reasons why incubation can assist in problem solving, such as relieving fatigue or

letting your subconscious mind work at the problem. But whatever the reason,

this is sometimes the best approach to breaking the mental block.
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is capable of dealing with only a few items at a time (psychologists suggest 
about seven), although our longer term memory is capable of storing vast amounts 
of information that will be available for recall with proper stimulation (cues). 

To cope with this human frailty, it is wise never to depend on your memory. 
Instead, always write down ideas (or facts or hunches). Make frequent use of 
diagrams or charts or mathematical symbols. 

A second aid is subdivision or "chunking." The general idea is to break a 
problem into bite-sized (or brain-processor-sized) chunks or subproblems that you 
can deal with. In particular, try to choose these chunks so they have their own 
subgoals. That is, in order to get from A to Z, you might first solve the problem of 
going from A to B, then B to C, and so on. At any stage you can take a break from 
the problem without fear of forgetting just where you are (provided you have 
written down your analysis of the subproblems). Interestingly enough, this struc­
tured approach to problem solving has become the cornerstone of modem com­
puter programming, and we will return to consider it later in Chapter 4. 

One of the most important devices in problem solving involves the use of a 
model. Models can assume any of a number of forms or representations. They 
might be a diagram, a physical object, or perhaps a mathematical equation. When 
you get stuck on a problem, it frequently helps to change the form of the model 
you are using. For example, if you cannot solve the mathematical equations you 
are using to model the problem, perhaps a diagram would be more useful. 

Related to the use of models in problem solving is the use of analogies. You 
may be able to identify similarities between the problem of interest and other 
problems you have already solved. Maybe you can recognize your problem to be 
merely a special case of a more general problem. 

There are other useful tricks. Although one usually thinks of problem solving 
as proceeding from ''what is" to "what is desired;· it may sometimes be useful to 
reverse this order. We may know more about where we want to go, our goals. than 
where we are at present. Then working backwards from the goal can prove useful. 
Mathematicians have developed other useful approaches. One such approach is 
the method of induction in which one infers (induces) a general conclusion from a 
specific example. Another common technique is the method of contradiction in 
which you make an assumption and then try to disprove it. We leave it to your 
mathematics courses to develop these approaches in detail. 

There will come a time, however. when you finally have exhausted all your 
ideas and you come up against a brick wall-you are stumped. At this point the 
best advice is simply to leave the problem for awhile. Do something else. Of 
course. as you push the problem into the farther reaches of your mind, it is still 
lurking there, fermenting away. This process of "incubation" may trigger a sud­
den breakthrough. a bolt of lightning out of the blue. It may also allow you to 
return to the problem with a fresh approach. There are sound psychological 
reasons why incubation can assist in problem solving. such as relieving fatigue or 
letting your subconscious mind work at the problem. But whatever the reason. 
this is sometimes the best approach to breaking the mental block. 

19 IZ b 
Original from 

UNIVERSITYOF ICHIGAN 



PROBLEM SOLVING IN ENGINEERING

SUMMARY

Difficulties in problem solving frequently arise from not using all the

information at our disposal for a variety of reasons including distraction,

narrow problem definition, and fixation on old solutions. Useful aids in

the search for solutions include keeping an open mind, discussing the

problem with others, compensating for the limited nature of human mem-

ory by writing down ideas, breaking the problem into subdivisions, and

using models and analogies. When all else fails, sometimes the best tactic

is to leave the problem alone for awhile and let it incubate in your subcon-

scious mind.

2.2.2. The Search for Technical Information

An important aspect of problem solving is the gathering of information. While

some information can usually be found in the engineer's personal collection of

textbooks, journals, or technical manuals, at some point a visit to the technical

library is usually necessary. A search of the technical literatureâ€”of books, jour-

nals, reports, and patentsâ€”can provide the background necessary for solving

problems.

Unfortunately many engineering students as well as practicing engineers are

unfamiliar with the resources of technical libraries. Engineering students should

learn how to use the technical library and its various resources early in their

education. Library research is an important tool in engineering analysis and de-

sign.

Since the volume of technical literature is very large, a systematic approach is

desirable. It is common to begin a literature search using the card catalog (Figure

2.11). Books and conference proceedings are indexed by author and subject. For

example, an engineer interested in energy conversion might search through the

card catalog under the main headings of "power," "power resources," or

"energy conservation." Titles to relevant books and conferences are listed under

these headings.

The next source of information is scientific or technical journals. Most en-

gineers subscribe to several technical journals in their particular field, and

routinely browse through other relevant journals in the technical library as they

are received. However, an organized approach is required to conduct a systematic

search through the thousands of technical journals and conference proceedings

concerned with engineering.

Of particular importance are indexes of titles and abstracts (short summaries)

in science and engineering arranged by subject and author (Figure 2.12). For
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SUMMARY 

Difficulties in problem solving frequently arise from not using all the 
information at our disposal for a variety of reasons including distraction, 
narrow problem definition, and fixation on old solutions. Useful aids in 
the search for solutions include keeping an open mind, discussing the 
problem with others, compensating for the limited nature of human mem­
ory by writing down ideas, breaking the problem into subdivisions. and 
using models and analogies. When all else fails, sometimes the best tactic 
is to lea~·e the problem alone for awhile and let it incubate in your subcon­
scious mind. 

2.2.2. The Search for Technical Information 

An important aspect of problem solving is the gathering of information. While 
some information can usually be found in the engineer's personal collection of 
textbooks. journals. or technical manuals. at some point a visit to the technical 
library is usually necessary. A search of the technical literature-of books. jour­
nals. reports. and patents-can provide the background necessary for solving 
problems. 

Unfortunately many engineering students as well as practicing engineers are 
unfamiliar with the resources of technical libraries. Engineering students should 
learn how to use the technical library and its various resources early in their 
education. Library research is an important tool in engineering analysis and de­
sagn. 

Since the volume of technical literature is very large, a systematic approach is 
desirable. It is common to begin a literature search using the card catalog (Figure 
2.11). Books and conference proceedings are indexed by author and subject. For 
example, an engineer interested in energy conversion might search through the 
card catalog under the main headings of "power," "power resources," or 
"energy conservation." Titles to relevant books and conferences are listed under 
these headings. 

The next source of information is scientific or technical journals. Most en­
gineers subscribe to several technical journals in their particular field, and 
routinely browse through other relevant journals in the technical library as they 
are received. However, an organized approach is required to conduct a systematic 
search through the thousands of technical journals and conference proceedings 
concerned with engineering. 

Of particular importance are indexes of titles and abstracts (short summaries) 
in science and engineering arranged by subject and author (Figure 2.12). For 
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Procwdinpp. ,1st,- 1956-

t. In Mm., ports.

For no--nf4ftr

flirt

L ]

TmoÂ»i.wÂ«

Llbmrv of Congers*

o

irfllbl,

57-27345 rwr

^ 5T3T^

Enahiurari ;ferld Conference on Earthquake Engineering

T!* Proceed i 1 .go.

10-.-5

,U9o

( )

Confere

be found by title,

to the left, or under the â€”

of the sponsoring organization.

e.g. Michigan. University.

Engineering Suaaaer Conferences.

D.S. National Bureau of

Standards. Synposiua on...

A conference's proceedings,

papers, or transactions say

be found under the title of

the conference (card 2), or

under the name of the sponsor-

ing organization.

e.g. Association for

Computing Machinery. Proceed-

ings of ...

FIGURE 2.11. Typical references in a card catalog. (Courtesy University of Michigan

Libraries)
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CATALOGUE 

2 
f.ltSiil. Lil)raiJ 
'i'H 

~~---------------------------. 
t>.NGI N. 
LUI.kARY 
TJ 
16J.S 

• (;841 

Cull"• Arcnle i/. 
~rincl~Le~ or cn&rzy conv~~s~on I 

Archie w. C~l?• ~r. ~ew York • McCraw­
llill• c197S • 

xii 4~~ ~- : ill. ; 25 c~. 
rncl~~s b~Llio~raphles and iddex. 

Conferences and ~ia -y 
be fouad by t:it:le. - a~ 

1095 
• t-~93 

WoiJd ConfereDCe Oil Earthqaake ~ 
t:o t:he left:, or uader t:he aa.e 
of t:he spoasorlng orpa.izat:iaa • 

Proceedings. (ta,- 19~ 

e.g. Michigan. University. 
Y,ID w-. pal1a.. dlapa. %7 CIL 

ror r.o."fi* R..,.. s. sw lilt Engineering s.-r Coafereocea. 
u.s. Kat:ioaal Bureau of 

Sl:andards. 5,-post.. aa ••• 

L ltartb~ aD4 balldloa--Cwca -
'FHi9~1 ;we 0 893.869 

Llbr11ror of Oonpesll rretbl, 

(31 
Ena'"· \.ibrlfl \-lorlrl Confer~nce on Earthqu:tke 

TH f'rccee<:! h.gn. 
10'.·5 

.\19-;j 

11'15~ Ji.:ltJ1-IflUU ~~·~ 
IIW~- dr.nt.r~~t. "·'-""' 

~~- - ·-
~ow.c~- .... ,. 
~q.-,3~. -~~ 
IJQn ·UII.c/:Jf31'ItHJI•NJ 

( ) 

i7~1'8Y 

'-~<·~ - W·.-.- lliU 

t:nain~.,d.ng !fCF '"' 

b:&'·'- :.Ji;;.&r, 

A conference's proceediD&s, 
papers, or ttansact:iaas _, 
be fouod uoder t:he t:itle of 
t:be coafereoce (card 2) 1 or 
uader t:he ..-e of t:he spcliiUIOr­

lng orpnizatioa. 

e.g. Association for 
Co.put:lng Machinery. Proceed­
Ings of ••• 

FIGURE 2.11. Typical references in a card catalog. (Courtesy University of Michigan 
Libraries) 
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INDUSTRIAL PLANTSâ€”Location -

Contd.

estahlished, and an appropriate generalization of the

Woszfdd iterative approach is given A convergence

proof is supplied for an t-approximation to the onginal

prohlem, under certain restnctions on p and K 2I refs

Morns. James G (L'mv of Wis, Madisonl Oper Res Â«

2* n I Jan-Feh t98t p 37-4g

Maintenance San Also hvoaauiiC fluiosâ€”Anal-

VÂ».s. LUBRICATORS

083155 MASONRY WALL REPAIR. Existing facil-

ities are someiimes in such disrepair that severe curtail-

ment ol operations seems imminent However, owners

and operators of industnal huildings are discovenng the

economic advantages of repainng these huildings for an

emended useful life This article discusses repair and

rehahilitation of extenor masonry walls The key to

undemanding masonry wall hehavior is in recognizing

t*o fundamental pnnciples That a wall is as strong as

its mortar hnck or hlock, and that masonry walls have

practically no strength in tension The causes of ma-

sonry wall prohlems can generally he divided into two

categones man-made and environmental. The article

covers mortar joini detenoration and spalling hnck,

cracking, dislodging hncks. and settlement prohlems

Monhait, Michael M (Schumacher A Svohoda Inc.

Chicago. Ill) Plant Eng (Barnngton III) v])n II May

28 I9SI p 229-2JI

Mathematical Models

083156 MATHEMATICAL MODELING OF

MANUFACTURING PROCESSES. Two major con-

cerns in manufactunng processes addressed in this

paper are heat flow and matenal flow Finite element

analyses of an injection-molded plastic pan and of

ceramic tuhe extrusion are two examples that illustrate

how this technique can he used to improve hoth

productivity and quality in industnal manufactunng

processes 6 refs

Wan(. H P (GE, Schenectady. NY), Kiwi. R V Adv

in Comput Techno/. Presented at Int Comput Techno!

Coat. ASME Century 2 - Emerging Techno! Conf. v 2.

Sm Frmmcncxx CaM Aug t2-t5 I9*0 Puhl hy ASME.

New York. NY. t980 p 329-JJ3

Water Cooling Systems Sna pumpsâ€”c

INDUSTRIAL POISONS

083157 SOSTOYANiE PISHCHEVARITEL'NOI

FUNICTSII TONKOI KtSHKI U BOL'NYKH S

K.HRONICHESKOI INTOKSiKATSiEI NITRO-

PROIZVODNYMI TOLUOLA, (Stale ol the Dila-

tive Function ol the Small Intestine in Patieata with

Chronic Poisoning by Nitro Derivatives ol Toluene).

Clinical and lahoratory studies of Ihe stale of the

intestine in 38 patients with chronic intoxication hy

toluene nitro denvatives revealed disturhances ol a

functional nature in most cases Boih cavitary (elevated

enterokinase and alkaline phosphatase in duodenal juice

and i n feces) and panetal (a tendency of intestinal

amylase activity to fall and of adsorhed amylase to nse)

digestion was found to he disturhed, as was. though to

I small degree, the ahsorption of carhohydrates (d-xy-

lose) and fats Long-lerm (up to 5 months) expenments

on dogs with a fistula made in the small intestine hy

Tbary-Vdla's method confirmed the ettoiofK role of

tnnitrotoluene in causing disturhances of intestinal

function It is concluded that the functional status of the

intestine is a factor to he considered in conducting

penodical medical checkups of workers handling tolu-

ene nitro denvatives and in treating patients with

chronic intoxication with these suhstances 4 refs In

Russian

Kleiner. A I (Inn of Lah Hyg A Occvip Ois. Khar'kov,

Ukr SSR). Siovpivskaya. Yu R Gig Tr Pro! Zahot n 2

Feh t98t p 23-26

Research

083i58 O TAK NAZYVAEMOM SPET-

StFICHESKOM I NESPETSIFICHESKOM

DEISTVI! PROMYSHLENNYKH YADOV. (On tee

So-called Specific and Nonspecific Actions ol Industrial

Poisons). Exposure to poisons showing systemic toxic-

ity results hoth in direct damage to the target organs

(organ-specific effects) and in indirect, mediated damage

lo other organs (nonspecific effects) Early in the course

of intoxication, the specific effects may not he reflected

in the clinical picture or may appear as nonspecific

Many of their signs are similar to those of systemic

disease In such cases the etiologic role of the toxic

factor in question id a given disorder can he confirmed

or excluded only hy applying what is called a syn-

drom e-onenled pnnciple of diagnosis. The essence of

this pnnciple is discussed in detail 3 refs In Russian

Zislin. D M (InM of Lah Hyg A Occup Dm, Sverdlovsk.

USSR) Gtg Tr Prof Zmhol n 3 Mar t98t p 30-i3

INDUSTRIAL ROBOTS San ai.o materials

HANOUNGâ€”Manipulator* WELDING-Mecnaniis

tion

083i59 SYSTEM FOR THE DYNAMIC MODIFI-

CATION OF A ROBOTIC PATH PROGRAM. Dy-

namic reprogramming extends the adaptation ahility of

a stand-alone industnal rohot whose path program has

heen generated off-line Adaptation information for

reprogramming is ohtained through pattern recognition

of a video signal Pattern recogmion as a method of

gaining adaptation information was chosen for the

facility of collecting large amounts of environmental

information in a generalized form The dynamic repro-

gramming of an off-line program for an industnal rohol

within a computer controlled manufactunng system was

shown to he a logical extension allowing rohotics to he

integrated into existing computer controlled manufac-

lunng environments 34 refs

Wuhbum. Mark A (DuPont. Wilmington. Del) Proc

Micro Ddcon '8t. Del Bay Comput Conf. Newark.

Del. Mar t0 t98t Puh! hy IEEE Compui Sac Press (Cat

n 8tCHt628-7). Los AJamitos. Calif p 63-70

083i60 GEBRUIK VAN SENSORENBiJ INDUS-

TRIFLE ROBOTS. [Use of Scoaors in I ad us trial

Rohots). The vanous types of sensors applicahle for

controlling the operations of industnal rohots are

reviewed, and the specific applicahility fields character-

istic of the different sensor types are outlined The use

or force feedhack t0 automatic assemhlies has heen

thoroughly explored and is discussed in detail 15 refs

In Dutch

Van Bru*sel. H (Kaihot Unrv Louvain. Bdg) Re- M

Me*, v 26 n 2 Jun t980 p ttt . t20

08316I METHOD FOR MODELING OF A RO-

BOT MOVING IN SPACE. The prohlems of an

economic descnption of topology and of the organiza-

tion of a quick access to the external environment

modd. as well as the computer methods for construc-

tion of images in which invisihle portions of lines are

eliminated, are discussed within the framework of

mathematical modeling of a walking rohot with the help

of a display system The three-level environment model

constructed in this article has a sufficient amount of

detail lis cell structure allows 1 compaci descnption in

terms or the input language, and an effective method of

visualization I2 refs

Okhotsirmkiy. D Ye . Platonov. AK, Pryanichnikov.

V Ye Eng Cyhern * t8 n I Jan Feh t980 p 40-47

083i62 ADAPTIVE CONTROL ALGORITHM

FOR A MANIPULATOR. An adaptive control algo-

rithm is proposed for a manipulator when the weight

and the moments of inertia of the ohject and the

dynamic charactenstics of the manipulator arc all

uncertain A piece wise-con slant control is synthesized,

using information ahout the generalized coordinates of

the manipulator and their firs! denvatives The pro-

posed control, after the completion of the adaptation

stage, tracks the specified programmed motion with the

required accuracy i2 refs

Gusev.S V.; YakuhovKh. V A Autom Remote Control

v 4t n 9 pi 2 Sep t980 p t268-t277

083163 OBJEKTERKENNUNG UND AUTOM A-

TISCHES SPANNEN EMPFiNDLlCHER WERK-

STUECKE. [Pattern Reeofnltion nod Autouintic

Clamping of Sensitive Work pieces]. The article reports

on a possihility of automation of the process of clamping

sensitive workpteces in which a comfortahle pattern

recognition system for identifying of three-dimensional

ohjects is employed 5 refs In German

Jung. A TZ MetaJlhearh v 75 n 3 Mar t98t p 25-26

083i64 ORIENTING ROBOT FOR FEEDINC

WORXPIECES STORED IN BINS. A rohot system

has heen lesled which can acquire a class of work pieces

that are unonented in hins and transport them, one at

1 time, to a destination wiih the proper onentaiioo. This

kind of rohot has numerous applications in indusmes

which manufacture discrete-part products in hatches. A

vanety of approaches to the design of an onenting rohot

have heen identified 3I refs

Birk. John R (Urn* of Rl. Kingston). Kelley. Rohert

B . Martins. Hennque A S IEEE Trani Syst Man

Cyhern v SMC-ll n 2 Feh t98t p t5t-t60

Computer Interfaces

083I65 ASSEMBLY ROBOTS AND MACHINE

VISION. PUMA, an acronym for Programmahle Uni-

versal Machine for Assemhly, has received widespread

attention from the academic and industnal communities

dunng the past two years This paper descnhes the

rationale of the devdopment, the development of ihc

rohot associated with the system, the specifications for

the system, as wdl as some thoughts on future needs and

direction This paper also explains what a machine

vision system consists of and descnhes other develop-

ments preceding this system.

Cwycyshyn. W (CM. Deartiorn. Mich), Lanon. D F

Ad> in Comput Techno!. Presented ar Int Comput

Techno! Conf. ASME Century 2 â–  Emerging Techno!

Coot. v 2. San Francisco. CnJif. Aug t2t5 t9S0 Pubt

hy ASME, New York. NY, t980 p 94-97

Control

083i66 DIRECT DESIGN METHOD FOR THE

CONTROL OF INDUSTRIAL ROBOTS. The mod-

ds of industnal rohots are charactenzed hy highly

nonlinear equations with nonlinear couplings hetween

Ihe vanahles of motion In the paper three nonlinear

methods are presented where two of Ihe approaches are

direct design procedures for industrial rohots. The

design procedures presented simplify the denvation of

the algonthm for computer-controlled industnal rohots

extremely The methods are applied to two different

types of industnal rohots 8 refs

Freund. E (Fernuniv, Hagen. Ger) Ad* in Comput

Techno!, Presented at lot Compui Techno! Conf.

ASME Century 2 - Emerging Techno! Coot. * I. San

Fnooaco, Calif, Aug t2I5 t930 Puhl hy ASME. New

York. NY. t980 p t75-t84

083i67 KINESTHETIC COUPLING BETWEEN

OPERATOR AND REMOTE MANIPULATOR.

The hasic mechanism and an application of 1 universal

force-reflecting hand controller are descnhed The hand

controller measures the three position (x, y, z) and three

onentation (pitch, yaw, roll) coordinates of the hand

gnp as the operator moves it around. Forces and

torques can he generated on the three positional and

three rotational axes of the hand controller permitting

the operator to "fed" the task he is controlling I2 rds.

Bejczy. A K (JPL. Pasadena. Calif): Salishury. J K Jr

Ad* in Comput Technol. Presented at Int Comput

Techno! Coot, ASME Century 2 . Emerging Technol

Conf, * I. San Francisco, CaJil. Aug I2-I5 I990 PuU

hy ASME. New York. NY, t980 p t97-2tt

FIGURE 2.12. A sample page from the Engineering Index. (Courtesy University of

Michigan Libraries)
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INDUSTRIAL PLANTS-Locat1on 
Conrd 
atabh•hed. &Ad an appropnatt Jm<ralu.ahon ol 111< 
Waufdd lltrau•r approoch " ,,.m A con•trsm« 
proor t\ supphed for an t-approumauon 10 th.f onglnal 
problem. under urwn rcs.tnclions on p and K 21 refs 

Morn\. Jama G (l:""' of w, •. MadaW)n) Oprr Ra -v 

2'1 n I lan-Frb 1q11 p J7.'i 

Maintenance See Alto HYDRAULIC HUIOS-Anll 
v~•:.. LU8AICATOfiiS 

013155 MASOSRY WALL REPAIR. Elalin&fanl· 
tUCS an w:wru:umo 1n s\Kh dtsrrpa•r that w"rre curta.~l· 
mml of operatiOn\ ~\ •mmancnt Ho•cu:r. O'lt'ntr\ 

Uld oprrllon of md~»lnal bu1ldonc• arr dJ>«>-cnnJ lhr 
ecooonuc adwanliSa ol rcp~naJ thcs,c bwldml' for~ 
v.tmded u><lul hlr n ... lolloclr dlscu.ucs rr ..... r and 
rrh.bahuuon of utcnor muoary wa.lls The key 10 

W\dcntandtn& muonr~ •all beha\10r ts tn. rccopunnJ 
two lwu:Sammt&l pnnoplo That 1 w..aJl IS 11 stronJ a.s 
aU mo~r bnd. Of bi(Xl. and that m110nry w&.lls hne 
pracuull)· no s1rm11 h tn tmsaon The c.a1.1~ of ma· 
""'') •ill probl<m• un gmrrally br dl<1drd 1n1o '"'o 
c:atraonn· m.J.n·mldt and ft1\1hl nmmtal The an1dc 
c.c"~" morur JOtnl drtcnor1U0n &nd iJnlhn& bnd. 
cn.cklnJ. d.slodpnJ bnt k•. and .. ulcmml problnn• 

Monhalc. Mt<:harl M ISchwnachrr & s .. obo.U: Inc. 
Cluc.aao. Ill) PIMt En1 fS.rnn1ton Ill),, J~ n I I Ma'l 
21 t911 p 229-lJI 

Math•mat1cal Models 

otll56 M.\TltEMATICU MODELING OF 
MASUFACTUIIISG PROCE.'iSE.'i. T•o mJJO< c.on· 
Cf'f"n\ m nw1uflclunna prOCA\CI addra\ed m 1h1' 
paf!n arr heal flow and m11rn.&J Oow Fanne clnnnu 
analy..- of an IOJ«IlOn·moldrd pilSIIC pan &nd Of 
c.cranuc 1ubt tttt"W..on art t•o cu.mplts that 1lluurate 
bo• tht' techn1qut an bt wed lo 1mpro_.e both 
producuvny &nd qu.&Juy ID andustn&l manufactuno& 

"'""""" ~ rrh 
W""l· H P (GE. ,_,....,«lady. NY). l<.hn1. R V Ad• 
Ut l."omput T«ltttol. Prts«~ttd #t lnt Comput TtchnoJ 
Coni. ASME Crruur, } · Em~'""' Tn:htJol Conf. ~ 1. 
iM FrarKrk·o. C~,r. Aul fJ. Jj 19W Publ by A~ME. 

Nn. York. NY. 1910 p ll9-Jll 

Water Cooling Systems s .. PUM'S-Cont'o' 

INDUSTRIAL POISONS 

OIJI57 SOSTOYASIE PISHCHEVARITEL'NOI 
F\JSIITSII TOSkOI kiSHKI U BOl'NYkH S 
llHROSICHESKOI 1:-n-Ok.SIKATSill NITRO· 
PROIZVODSYMI TOLUOLA . IS'"It of til< u; .... 
the f11Dt1•o• of liM Sca.,l IDic:tUn• &• P•fMall •11 .. 
nro.'c Poiaoelaa h ~itra Drriulhe. af T ol~.w ]. 
O~ntQJ and laboratof)" SllldJo of the !.Lilt ol 1he 
mtaunt 10 38 p.a11mn .,,b chron•c lnt,· \lc.JIIon by 
toluene n11r0 dcn"ath·ts ft"e&Jed dlsturbancn of 1 

fwK"11onll n11urt an mMt c.ase Both CiV\Uf)' (tlt~ated 
mlttoi.muc ~.nd aJk1hM ph~p~nu.c: 1n duodtnal JUICt 
and 1n ft!U"t) and panet&l h tmdtnC) of tntC\IInaJ 

unylaw &ci1<11J 10 fill and ol ad..,rbrd unyl•,. 10 "") 
d.& .. uon •u lo1111d to br lll>lurbrd. u •u. thouch to 
a ...WI drcror. lbr absorption ol corbohydr.,a (d· •Y· 
to.<) and rm Lon&·lrrm (up to~ monohs)uprnmnm 
oa dop wHh 1 ftitWa made tn the small 1nte~.ttne by 
Tlury-Vdla's mtthod con~rmed thr wolopc rolr ol 
tnntHOiol\leftt In C&UWnl dJSiurbances, of lnttsllnaJ 
fwKtion. It 11 concluded 1h1t the lunct•orW sUIUi ol the 
mtesllnc " 1 factor to bt con\adrred 1n conduchn& 
prnod.cal mrdlc.al chetkups of ~o~or>rn h.andlln& tolu· 
me n11r0 den.,.ati"el · and an treat•nl pa11m1s wn h 
cbroruc 1niOI.K.IIt0n Wlll'l tht'\lt substM\CC'\ 4 refs In 
R......, 

K..,•n. A. I Clntl ollab Hrl A Oc.cup o.,, Khar'ko•. 
l:kr SSR). SIO"J:II"t&ara. Yu R Gtt Tr Prof Z..boJ n 2 
Frb lqll p ll-lb 

Research 

0113153 0 TAll NAZVVAEMOM SP£T. 
SlnCHESkOM I N£$PE'nilnCHESkOM 
OEIS'I'VII PROMYSHI.ENNYkH Y ADO\' . IO•Ik 
So-callf'CI Spri'C'ific ucf Noull«'ifit Acriou of ledYitrial 
Poi.KIAJ). E~oposurC' to po!1CXU. \howtnl S)SitmiC IOUC· 
uy rouhi both in Wrecl dlm.age 10 the- UrJtl orJ&n\ 
(orlan-•poo.,fic dlettsland 10 mdoroct. mrdlalrd dam•l• 
to other orpns {non\pctlfic effects) Early m I he courv 
of anloucahon. the 'pa:t"c effccli m1y no1 be rdlcctcd 
1n the clm,c.aJ p1cture or ma~ appear u nonspa.1rK 
Man} ol thttr "'"' arc s1m1lar to lht~ of sy\tcm1c 
d1sas.c In such cut$ the tuolupc role of tht IOlJC 
fiChlt an quC\IIOn '" 1 Jl ... m di\Ordtr CAn lx confmncd 
Or rtcludrd 011fy by aprl)ln& ~h.il " aJird I \)0· 

drome-onnued pnooplc of daaJn~a,. The e.~c.c ol 
th1\ pnnetplc .s d•\Cuur.d an dtwl J n~fs In Rw\IAD 

Z111hn. 0 M Un'1 of l...ab H)'&.t Occup Du. S"erdlov\k. 
USSR! G•l Tr Prof Z..l>ol n l Mar 19!1 p ~JJ 

INDUSTRIAL ROBOTS Sao""" l.oAH~IALS 
~ANOLING-t.ltn•g~o~tators WELDING- M1chen•ta· 
I•Or\ 

013159 SYSTEM FOR ntE DYNAMICMODitl· 
CATION OF A ROBOTIC PAnl PROGRAM. Dy· 
nmuc repro&rMnmtnJ rat ends thr 1dap1..111on atMhty ol 
a il~d-olonr on~uSinal robot 10how palh pro1ram lou 
born StTicratcd off·hne Ad.Jpuuon mformll•on for 
rcprogrammanc i• obwDCd thtough pattrm recocn•uon 
of a \"ld(!() i!Jnal Pattern rccocnaton 1.1 I method of 
gammg 1dapuuoo lnlormauon w.ru chovn for tht 
faallt) of oollecttn& IarKe amounts of rnvuonmtn~ 
tnfurmiUOn ID t &mcrahud form. The dyn&nUC rcpt~ 
gu.mm•nc of &11 off-hoc progr~ for an •nduSin&l robot 
wuh1n 1 computfr c.octrolled manL&factunna ')\lan •as 
'ho-.1\ to be • lopc.&l ra1ms10n aJlowtna robou"' lo ~ 
mtcJra.led anlo Ul\lm& compuler controlled mi.IIufK· 
1unng tMuonmcnu )4 rd' 

Wa~hbum. Mark A CDuPonl. Wdmanaton. Dell Proc 
Mu:ro Deleon 'II. Dtl Bay Compul Conf. Nr'Wrr&lil , 
Orl. M•r 10 1911 P\lbl b'IIEEE OJmpul S.lL- Pre,(C.t 
n B\CH1621-7l. L.o\ AJamnm. CaJ1f pt;,;).70 

083160 GEBRLJik VA~ SENSOR EN BIJ INDUs­
TRII:U : ROBOTS. IUtr of s.._. I• ladUJirial 
Roboll). The ... anOu\ lypes of Kf!WU lppllc.ablc rur 
controllm& the optr111nns of mdmmal robou arc 
rcw:wed. Uld lhC' spanrlc lpphablhly r.eJd~ dauclel · 
1\IIC of lht daffr rcnl \CIISOr l)'pc! &It Outhned Tbe UV 
of force fced~k 10 IUiomauc liiemblta tw. bam 
1horoughly nplorrd and "dl><u•>ftl on dtwl IS rds 
In Du"h 

V•n Bru'l\ltl. H {Kathol Unav Louwam. Bda) R~" M 
.\Ia:.., 26 n l Jun 1980 p 111-120 

013161 METHOD F'OR MODELING OF A RO· 
BOT MOVI"'G IN SPACJ:. Thr problems ol .. 
cconom1c deoa.npuon of topoloc:y and oltht orpn•za· 
tlon of a qu1l·k acceu to thr nlemal cnvuonmcnt 
model. as Yttll u the computer method~ lor com;truc· 
tton of 1m1ges m •hiCb an'f"ISiblc por110n~ of hoe~ aft 
d1mmo~ted. arc dlw::uued wuhm the framework of 
malhnnaual modd1n1 ola ,.aJkmg robot Wllh 1hr hrlp 
of 1 d1\pl1y \)\I em Thr three--level mvuonmcnt model 
constructed 1n thas a"'clt las a sufr1cit'CI amount of 
dl.'til.ll It\ c.cll 'tn.M.:ture &Jlo•s a c.ompact d&:nptaon •n 
"'""or lhr Input lanJU>I•· and an r!l«:tl>r m<lhod ol 
'f"ISUAhullon 12 reh 

Oihol ~lm\ily. DYe . Plalooov. A K. Pr)'uuchn1io .,, 
Y Y< En1 C)l><rn • 18 n I IIUI·Frb lq80 p 00.01 

083162 ADAPTlVE CONTROL ALGORITHM 
FOR A MANIPULATOR. An adapt,.r control alg<>­
nthm 1' propo\ed for 1 manipulator llfhcn the ·~ghl 
and the moments. of mer1i1 ol the ob,t«t and 1ht: 
dynam1c chitJCten\tw:1 ol the mlD1puJ1tor arc aJI 
unctrwn A p1c:ccwtv..con~WH wotrol IS synthou.td. 
u~mg mfom11t100 1bout the gmrtaJI.UI1 coordm.&tei ol 
the m&n•pulltor &nd thor finl dcnnttvei. The pre> 
po-"" c.ontrol. ahtr thr c.omplcuoo ol tb< adapUloon 
mg<. triClllhr 1poc1~rd pro1rammrd mouon wnh tb< 
reqUired u..cur1cy. 12 reh 

GUK'I', S V ~ YU.ubo'+'lCh. VA Autom R~t Control 
• 41 n 9 pi 2 S.p 1910 p llbl-1211 

0113163 OBJUTERilENNUNG UNO .\IJTOMA· 
nsCHES SPANSEN EMPnSDUCHER Wt:RK· 
STlJF.Clt: . (Pinto,. RKopltiH ud A•1CMA1tic 
O ... pina of S.Uirh• Wa.-kpiene). Tht lrtlclt repons 
on a po>"bohty ofJulomatoon oloh< procas of clamponc 
W!'lniii'WC wori.p1cca m •hiCb 1 comlortJ.blc pallcrn 

ra:ogn111on s~stem for •dcnlifym& of three---dlmtn\lon&J 
ObJ«" " moplo)rd I rrls In Grrmao 

Juna. A rz Mtt.JJharb v H n J Mar 1911 p 2S.2tt 

013164 Olllt::-n-ING ROBOT F'OR FEEDING 
WORkPn:n:.s !.'TOR ED IN BINS. A robot 'YII<m 
has bun IC$-tcd .-bh:h can acqu.~rt a class of tworkp.eca 
t~t arc unoncnted 1a b1n' and tratnport tbcm. OOt at 
I ttmr. to a deihD.IIIOD tnlh the proper OneDlJ:IIOO. fhts 
kmd of robot bas numerous applu:.1uoos 1n 1odustne 
•h~eh manufacture d1sc:ete--pat1 product\ an batches A 
.. nrty olapproach<> lo lhr d<>ogn olan onmuns robor 
ha•r born 1dmu~rd ll r<ls 

B~r i. Jl,hn R (Un•v of Rl. k•nauon). Krllty. Jtobert 
8 . Muhn\. Ht"Dnquc- A -; IEF.E TraJtf Syu MUJ 
C)t.-m • SMC- 11 n l hb 1•~ 1 p 111-160 

Computer Interfaces 

083165 ASSEMBLY ROBOTS AND MACHINE 
\ ' ISION. PUMA. an >eronrm lor Procrarrunablr Uo1· 
.-crul M.achme for AsS~tmbly . has reu1ved Mdoprc:ad 
allm!lon from I he 1ca<knuc and tnduslnaJ communiiiQ 
dunnJ thr put I"'O years Tlus paptr dt><nbrs tb< 
rauonalr of lbr dr•d"'""f''l. rb< dr•<lopmml of tb< 
robot u\.ocu•lcd 'a'Uh tbt sy,tnn. lht spcc~ficauons fo r 
lh< •Y•Icm. u trdlu wmr thouJhu oo lu1urr notds and 
doroclloo Thos paprr also raplams "hll a maduor 
VISion sy,lcm c.ons.Ui ol and dacnbc$ othn dr_.dop-­
mmu preadm& lhli syutm 

Cwycy•hyn. W (GM. O..rbom. Mlcb); ~. 0 F 

Ad• "' Compul Ta:h.nol. Prt:snttt!d •• lnt CLJIIIP4Jt 
Tt.-hn<ll Cnnf. ASMC Cmrwy 1 · Em~IU'I Tor:lu>ol 
c ·onl. •· }, Sen Ftane~sco. ~~~. Aul JJ. IJ /911() Publ 
by I'.SME. N .. , Vorl, NY. 1•10 p M-91 

Control 

083166 DIRECT DL'iiGN METliOD FOR ntE 
CONTROl. OF INDUSTlUAL ROBOTS. Th< Dlod· 
cl• ol rndu.,nal robo" ar< characlrnud by lu&hJy 
nonhnear C'QUIIIOn\ _,tb nonhncar couphDI' bettwem 
thr va.nable. ol mouon ln lbr paptr tbror oonhllf:ll' 
methods arc prcs.mtcd •here IWW"o of tbt approacba. atr 
direct d<>lgD proc<dur .. lor ooduSinal roboh Tbr 
doogn proc<duro pr<S<nlrd "mphfy tb< drn\IUOa of 
thc alsonlhm for comput<r-wolrolled 1nd,..1nal robots 
ratrcmrly Thr mrthod• arr apphrd 10 l•o dlflcrmt 
1ypo ol rnd~»lnal robou I rd• 

Freund. E (frmwuv, Uaam. Gf'r). Adt- an Coml'flt 

Ta:hnol. Pret.tntt!d •t lnl Comput Ttcllllol Coni. 
ASME Cmrury 1 . E.mupn1 T..:hiHII C'<Jof. ' I. S... 
f·r.n~"'""'"o. C4J,/, Aul JJ./j 1910 Publ by ASME. Nc~ 
York. NY. lq80p Pl-114 

083167 IUNESrnE'TlC COUPUNG IIETWE£N 
OPER~TOR AND REMOTE MANIPULATOR. 
Tllc ba!iiC mectwusm and .a.n 1pphc.a11oo ala Wll'fcnaJ 
loru-rdl«:IIDI h.and conlrollrr arr d<Senbed Thr baud 
ronlroll<r meuur<> tbr tbrer posuooo (,, y, d &Ad tllror 
onmtauon (poleh. ya•. roll) c.oordlo.ala ol 111< bi.Dd 
JllP as lhc optr.1tot mo ... es. 11 around. Forca a.ad 
lorquo can lx &tncrated OD the thret pOliUODaJ and 
ohror rouuooal ue. of tb< lw>d conlroll<r prmulllo& 
lh< oprrator 10 "lcd"thr wk br" conrrolhnl 12 reh. 

~jczJ. A. K OPL. Pa\.adrna. CahO. Sahsbur), J k Jr 
Ad.- m Comput Ttcbnol. PTaJtnted •t lnt ComJ'fJI 
TtrhnoJ Con(. ASME Cmrury 1 · Emupn1 Trrlurol 
Conf. ~· I. San Fran<tft(O, C4J,f. Au1 1)./J 1910 Publ 
bt ASME. Nr"' York. NY. lq80 p 191-211 

FIGURE 2.12. A sample page from the Engineering Index. (Courtesy University of 
Michigan Libraries) 
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96 THE APPROACH

example, the Engineering Index contains the abstracts from 300 scientific and

technical journals and selected conferences and meetings; Chemical Abstracts

covers 13,000 chemical related journals, series, books, and patents, (Figure 2.13);

and the Government Reports Announcements and Index, published biweekly by

the National Technical Information Service, indexes and abstracts United States

government sponsored research (Figure 2.14). Most libraries also maintain an

up-to-date list of all journals and serials that are received on a regular basis.

Other sources of useful information include standards and patents (Figure

2.15). Most technical libraries will subscribe to an index of the major sets of

standards such as those of the American National Standards Institute (ANSI), the

Occupational Safety and Health Administration (OSHA), and the Society of Au-

tomotive Engineers (SAE). Many libraries will also contain materials related to

patents, including the Index of Classification, Manual of Classification, List of

Patents by Class and Subclass, and the Official Gazette. Patent searches can

become quite complex, so that library assistance is usually desirable (Figure 2.16).

CHEMICAL ABSTRACTS

Abstracts approx. 13,000 chemical

related journals, series, books and

patents. Broad in scope.

Indexes â–  Author, subject, patent

Mu d ). j Mr Poltut, Control Assoc I'978/28(5), 502 7 (Knj;)'

I lie pnsemis hydrocarbon and S compels, emitted in lub. tests

*iTf identified. Although these hydrocarbons can participate in

Â»im>K rcnrtion>, their mass emission rate is <0.1 c/< current

lAhauM hydrocarbon emission rate. Hydrocarbons from tires are

not measurable near a freeway. The particulate emitted froi

n

ures have sizes 0.01 ->30m, with the larger particles dominating

tin total mass. Measurements alony a California freeway showed

that most of the tire debris had settled within 5 m of the

pavement edjte. Airborne rubber roncrut. were <0..r) pg/m3, or

total tire wear. These field measurement* confirm the

: id-nr emission pattern and verify that tire wear product! ore

net a significant air pollution problem.

number, formula and ring

system, chemical substance*

and registry number.

Available online 1970-

VOL. 89, 1978 - GENERAL SUBJECT INDEX

P9: <it249h Chemical-kinetic criteria of the effect of the

Tir*Â»

lyitami for improvement nf, ZV7Ma

adhMion of ruhher, to hrana-plated Â»t*e. curdi,

shrnion miiunre of, K 216M'.i

â– dhesior m recapped. peptirer-contg adhniva

UlOMa

adhenon of pol>amide fiKers and ruhher, adheiive

ahcau for.P 2W38Â«

adnaaion of hraw-coaied Hwf\ cordi in, to riihher.

Moscow, USSR), lit: Aknd. Nauk SSSR, Fa. Atmm. want

W8, M(4), 3AK-6S (Rum). The basic cycles of Oj destruction

arc an.ilvzed inoludinK N. II. halogen, ami O. The role of each or

these cycles wns detd. )iv I or 2 main processes with participation

of 0 atoms or Oj molÂ». Expressions are ohtained to est.

contribution of each ivcle to the total rate ol 0.i destruction.

optimuatipn of. IslOSSf

edhaiion of ileel cordi of. to ruhher. R I8*69S.j

ASTM itcU. for. B U79i8e

hiai-helted

crit rolling velocity of, aspect ratio effect on.

Inst- Washin|!tim, D. C. With a collection ciuci ann Â«

clasi-fiber filter, p.irticle and small prill emissions are reduced to

<l lb'ton NHtNO.i. This meets government regulations Tor

.' a .. â€¢ T-L - i;.. ,Li.. Inflrlinu nf til*. tnW(>r

for. t47820W

hicycle, unpreieurized'epere, from ikinned

for truck*, quality index of. cajen of. equation

FIGURE 2.13. Examples of Chemical Abstracts and the Union List of Serials. (Courtesy

University of Michigan Libraries)
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96 THE APPROACH 

example, the Engineering Index contains the abstracts from 300 scientific and 
technical journals and selected conferences and meetings; Chemical Abstracts 
covers 13,000 chemical related journals, series, books, and patents, (Figure 2.13); 
and the Government Reports Announcements and Index, published biweekly by 
the National Technical Information Service, indexes and abstracts United States 
government sponsored research (Figure 2.14). Most libraries also maintain an 
up-to-date list of all journals and serials that are received on a regular basis. 

Other sources of useful information include standards and patents (Figure 
2.15). Most technical libraries will subscribe to an index of the major sets of 
standards such as those of the American National Standards Institute (ANSI), the 
Occupational Safety and Health Administration (OSHA), and the Society of Au­
tomotive Engineers (SAE). Many libraries will also contain materials related to 
patents, including the Index of Classification, Manual of Classification, List of 
Patents by Class and Subclass, and the Official Gazette. Patent searches can 
become quite complex, so that library assistance is usually desirable (Figure 2.16). 

CHEMICAL ABSTRACTS 

Abstracts approx. 13,000 chemical 
related journals, series, books and 
patents. Broad in scope. 

-··¥ 1~ \~o;l (;a~ un<l pari iclf' cmissiol'., frohl autc..mnbile 
, .... , '" ahorat<or\· nnd fidd studies. Ca<lle. S. H.; \\ ll li~n", 
1\ 1.. (Environ. Sci . llep. . Gen. Motors H~>. J.nh., Warren, 
\k iLl. ,/ Air l'ol/rd . c.,,,rrul A,.,.,r 1\178, 281~). 50;! i (~:n~:L 
I hr 1:"''''"" hy<lr•·•·nrto .. n mul S r<>tnpd•. rmitt.,d in !uh. tu~s 
"•"· ici rntifil'd. Alth"u~h th~<r hydrocarbons can pa rltctpa!P Ill 
- : nt '~ rt':wti(1n.-., their mass tm i!'l~i c,n rnte is <O. J ck ~urrent 
... ,hau•t 11\·drocarhon cmi>,ion rnte. Hydrocurh->ns from tlr~• llrP 

,,,f ln(•a,ltrohlr nrnr a frrrwHy. Thl' purtkuh~· Clllillt'~ r"?m 
"'''' ha,·e ,;,~, 0.01 ·>:101'. 'ol ilh the lar~t-r p•lftldl'• dtllnmatm& 
tin· tnt:r1 "'~"· M~asmem~n!s a Inn~ n Californi:1 frt'eway •hnwf<l 
;h,tt mo<l of thr tirr df'lrri• had ~l'l!lrd within 5 m of tht 
l'·lV<·m~nl ('(lj(f- Airhurnl' ruhher r<>nrns. wtrt <O.!i l''f./ m'. or 
<:".<:( !t•tal ttre wrnr. ThP>~ field mrnMrrtmtont• confirm lh~ 
i.rJ· or f'lni,;i•lll p~!t<•rrl and \'erify that tirr weAr prudurU are 
not tt ~i~ nific:Uil t air pollution prohh·m. 

Indexes = Author, subject, patent 
number, formula and ring 
system, chemical. substance, 
and registry number. 

Available online 1970-

VOL. 89, 1978 - GENERAL SUBJECT INDEX 

Tint 

ASTM otda. !Of. B 1419'"'­
bou-bolled 

crit. rolhna vtk.<ity ot, upeoct ratio dft<t on. 
2$19lj 

fM t':l~t'fi~ily incln of, cakft of. equation 

bicyc'-. UDp,....uriud""fPII•. fmc:a tkinntd 
pol,.rt1hono loam. P IJOI29o 

~~j fil2·1!th ChPml!'al-l..inrtic crlttrlll or the err ... ct or thw 
>ubstnnccl of naturnl and anthrOJIOlCt:nlc orlfln. on the 
Ulonnsphcrt'. Tut·rol..,, V. 1..; !'urt>iku\'O, A. 1.; .art.n, I. ,K.; 
\' ino~r;;drov, 1'. S.; 1-\A~imnvsknyR, r:. r:. (ln~t. Khun. t IZ., 
\lu.cow, U!'SHI. /zl'. Mwd. Nnult SSSR. fiz. Atmn•. Olwn."'l 
197~. 1~(4), :;~,~ -. c;r, !Hu~~l. The !Jn~i<· cyrlv~ of Q, de,trurttun 
ore R!l .l1y•ed includinl{ N. II. h~lu~etn. "ml 0 . Th~ rolf of !llrh. of 
the,(· ryclt> wu• d~!tl. by I rrr 2, 11111in J.>r<n ·c~se• wit~ parllctpatr"" 
of 0 atom' c.r o, mok f.xprts<ron• are uh.nm•d. to est. 
Cnntrihu! ion of earh t·\'dt' In th~ tntul rate of 0;~ d~structtun. 

69· 612;ifrb Control of llmmnnfum nitrate prlll tow.:r cml,, . 
~ion>. St?ver, John C. ((' .. rop . Fnrm Chem. As~oc.,, l.awrence, 
1\•ns.). f.11nmn .'iymp., (Prnc./ 1976, 2SI-~a (f.nl(). Fert . 
ln>t : Wa>hin~lt•n. LJ. C. With .• co~le~lwn duct and II 
~les:, . fiher filter , p.~rtid~ nnrl small pnll em•~"ons art reduc..d to 
< 1 lb / ton NH1!"<:J.L Thi< meets . ~nvcrnmen~ rey.ula!tor>• for 
' 'fl" r ity of the cm•~"on . The J•artrr ulate lnAdmK . of t re to\tier 
t~tluent i• -0 0013 ~""" ' / ft' wh~t·h ' ·' -10'!'. up~c11y . A mO<Iel 
•·. a, d<·\·elooped Ito , -~lo-. thP partirul~lt ~H,:--:0.1 form£·..! by 
~ · --"en ·mol thr l>e:~t 1,-. nf prrJ I, a• a lunrtll•ll of dl'tance. 

F1GURE 2.13. Examples of Chemical Abstracts and the Union List of Serials. (Courtesy 
University of Michigan Libraries) 
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GOVERNMENT REPORTS, ANNOUNCEMENTS.

& INDEX

5!

14. METHODS AND EQUIPMENT

t4B. Laboratories,

Ttst Facilities, and

Test Equipment

PB-29t 853/OGA PC AOaVMF A0t

Michigan Univ , Ann Arboi Dept of Mechan^ di

Engmeering

Improved Ultrasonic Nondestructive Testing

of Pressure Vessels

Annual progress repi t Oct 77-30 Sep 78.

J R Fredenck. M Dixun, C Vandon Broek. D

Papworth. and M Elz-nga Jan/9. !72pNUREG

CR 058t

Contract NRC-04-75 t82

See also report dated May 78. PB 282 t70

'Pressure vessels. * Ultrasonic tests

Nondestructive tests, Nuclear reactor materials

Detects. Images, Digital techniques

identifiers 'Synthetic aperture focusing

Progress in the development ot a syntnettc aper

lure focusing technique for ultrasonic pulse-echo

flaw evaluation is descnbed The progress in-

cludes improvement m display techniques, initial

results of a Spotlight-mode scanning techn.que.

improvement m deconvoMion. an assessment of

the ability to identity flaw types, and an assess

ment of the potential for real-time synthetic aper

ture processing of ultrasonic data

CORPORATE AUTHOR INDEX

MICHIOAN UNIV.. ANN MP* MPT Of

MECHANICAL ENOmCENINQ.

Â«-3â€”

un Vmin

tSUREG-Ca-05t<)

PB 29t IS3>0GA

OR

SUBJECT INDEX

TWO PHASE FLOW

Guide to Calculation Procedures for SoMng Typical

Problems Rotated to Pressure Drop tn Two-Phase

Flow.

ESDU-760t8 20D

Studies ot the Entrainrrvit Behavior in Steady ano

Transient Two-Phase Annular Flow.

LA-tr-78-43 200

ULTRASONIC TESTS

Improved Ultrasonic Nondestructrve Testing of Pres-

sure vessels.

PB-29t 853/0GA t48

ULTRASONICS

Cardiac Reconstruction Imaging in Relation to Other

Ultrasound Systems end Computed Tomography

HRP-O02377t/9GA 6L

System Design of a CMceI FadMy for Diagnostic Ul-

trasound.

HRP-0029348/3GA 6E

OR

Government Reports, Announcements, & Index, published by NTIS

(National Technical Information Service) indexes and

abstracts U.S. government sponsored research. Information

may be looked up by subject, personal author, corporate

author, contract grant number, or accession/report number.

There are numerous other publications which index government funded

research in specialized areas. These include:

(DOE) Energy Research Abstracts

Energy Abstracts for Policy Analysis

Geothermal Energy Update

Solar Energy Update

(EPA) EPA Cumulative Bibliography

EPA Publications Bibliography

(NASA) Scientific and Technical Aerospace

Energy: A Continuing Bibliography

International Aerospace Abstracts

(RAND) Selected RAND Abstracts

FIGURE 2.14. Examples of government reports and announcements. (Courtesy Univer-

sity of Michigan Libraries)
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GOVERNMENT REPORTS, ANNOUNCEMENTS. 

& INDEX 

14. METHODS AND EQUIPMENT CORPORATE AUTHOR INDEX 

liiiCHIOAN UNIV., AMI AJI~ Dli'T. Of 
MECHANICAL !HOINUJIIHO. 

148. Laboratories, 
Teat Facilities, end 
Teat Equipment 

l"'')tOYed Ulttltonoc 1\iondeetn.ct ... TM""Q 01 P,.. J 
... ,. 'llette41 

~3 f/ltiiREG.CR.(JMIJ 
.---------------------~ -- P829115310GA 148 --1 

4 Plt-211 ISJfOOA PC: AOI ' '-'F A01 
M•cl1ogan Un111 Ann Arb01 Ot>pt ol Mecl1an, dl 
E ng•neer•ng 
Improved Uhraeonlc Nondeatructlve Tntlng 
of Preaa.~e VeaHia. 
Annual pr01,lrass rep! 1 Oct ~~·JO Sap 78. 
J R Freoertek. M D••un. I. Van<Jon 8roet. . 0 
Papwortl'l. end M El~·nga Jan :9. 1 72p I',UREG 
CR 0~81 
Conttact NRC·04 ?S I 82 
See arso repon dated May 78. >'!! 282 1 70 

Descnptors 'Preesu•e vessels. 'UIIrn<•n•t tests 
Nondestruct111a tests. Nuclear •eector mareroal9 
Detects. Images, D~•1811ecl'lnoQues 
ldentotoers 'SynthetiC apertu1e tocus•n.1 

PtOOfOU on ll'le developme"t ot a syni"IIIC ape•. 
lure rocua•ng lecl'lnoque lor ull•uontc puiM·acl'oO 
llaw evaluataon •s deacr~bed The prOC}ress ,,. 
elude~ •mprovament •n dtaplay tecM•Ques. oM111 
results of 1 Spotlogl'll·mode scennong recl'lnoQue. 
omprovement on deconvOiuMn. an assessment of 
the atlol•ty to odent1ly flaw types, and an UMU· 
ment of !he potentoal IO< roaHome synthet•<>aper 
ture procea .. ng ot u111aaon1C data 

OR 

3 

SUBJECT INDEX 

TWO PHASE FLOW 
Gu•d• to C•ICuiiiiOn Proc.clurn lor Solv;ng T)p;cal 
Problems AfOioted to PrniUfe O<ap on Two-Pnow 
Flow. 
ESOU·76018 200 
S!ud;os of 1110 EntraftN1l S.havior ;n Study ono 
Tron....,l Two-Phne AnnuiM Flow. 
LA-11'·78-43 200 

ULTRASONIC TrSTS 
:mpr""ld Uttra--..c: Nondftlrue!IYe Tosbng ol Pre• 

eur• ""'•'· PB·291 853/0GA 148 
UL TR.t.SOHICS 

C•rdooc: Aoc:onsiNCIJon ~ In Aelaloon Ia 01t1er 
Ultrasound Syotomo end CompUted Tomography. 
HAP-002377119GA &l 

Syslom O.oign ole Clonic:al Foc:toty lor Oiagnosllc ~ 
~a sound. 
HAP·002S34813GA liE 

Government Reports, Announcements, & Index, published by NTIS 
(National Technical Information Service) indexes and 
abstracts U.S. government sponsored research. Information 
may be looked up by subject, personal author, corporate 
author, contract grant number, or accession/report number. 

There are numerous other publications which index government funded 
research in specialized areas. These include: 

(DOE) Energy Research Abstracts 
Energy Abstracts for Policy Analysis 
Geothermal Energy Update 
Solar Energy Update 

(EPA) EPA Cumulative Bibliography 
EPA Publications Bibliography 

(NASA) Scientific and Technical Aerospace 
Energy: A Continuing Bibliography 
International Aerospace Abstracts 

(RAND) Selected RAND Abstracts 

FIGURE 2.14. Examples of government reports and announcements. <Courtesy Univer­
sity of Michigan Libraries) 

19 IZ b 

97 
Original from 

UNIVERSITYOF ICHIGAN 

OR 

1 



ttl

111

STANDARDS

Major standards sets include:

American National Standards Institute (ANSI)

ASHRAE

ASTM

IEEE

NEMA

OSHA

SAE

and many others

The primary index is from Information Handling

Service

1. Product/Subject Master Index

2. VSMF Standards Locator (on microfilm)

(Also available online as Technet)

3333333

,Â©

Section S-13, part 53

33

33

33333

33333

33

3 33

3333333

FIRE. FIRE PREVENTION

I FIRE FIGHTING

SOCIETY DOC Nl

U. L.

DOCUMENT

tttt SO FIR'/FIGHTING EOUIPftNT

NOSE TREATMENT UNIT C-tO-SI

NOSEBLEED BALLOON FM1 -07

NOSEPIECE.

Microscope W-I7.J*

Riveting Gut P I]-i0

NOSING.

Counter C-55-2i

Stair,

(Except Molding T>pe)-See

Specific Type TREAD

Motdini Type C-S5-2I

NOTCHER.

Address PlsU S-07-0J

Fiher Tuhe/Core M-lt-l!

Test Specimen F 7 3-:}

NOTCHING <edj>

Preu-Sce Specific Type PRESS.

Industrial. Punch

Tool. Hsnd Held Cutting Plier

Type. Nonpovcred P-0M5

NOVAL TUBE SOCKET A-2HJ

NOZZLE-See Specific Type

Equipment Except As Luted Betoer:

NOZZLE.

Ahrasire Blail Cleaninf N.i4-05

Atomizing (Except As Otherwise

Listed) E 2t-05

Blow Guo. Air (Sec Aha

BLOWGUN. Air) E-21-0)

Douche C-IS-SS

Electric Welding Torch (See AJÂ»

Specific Type WELDING

EQUIPMENT) N-OJ-27

Fire Fighting Equipment S-1 3 5 >

Flow Metering (Primsry Sensing

Element) F-Ow-Oi

FÂ«J.

Fire Fighting S-1 > 5 3

DESCRIPTION

IN GENERHLtCONT)

u/wos-ts

FIRE DEPARTMENT

CONHECTIOHS

FEBRUARY 12- 1979

Â«** S3 NOZZLES I PLRY PIPES

(MSI Bill. 1-75 PLRY PIPES FOR HRTER

SUPPLY TESTING IN FIRE-

PROTECTION SERVICE

(UL 385-75)

mtCH 28.1975

NFPR GOFPRR198 CARE OF FIRE HOSE

(COUPLING AND NOZZLES)

194.9 EDITION OF NO 198

U. L.

U. L.

Â»ULH385-75

ULRH01-78

PLRY PIPES FOR URTER

SUPPLY TESTING IN

FIRE-PROTECT I ON

SERVICE

(RNSI BUI. 1-75)

I1RRCH 28. 1975

PORTABLE SPRRY HOSE

NOZZLES FOR FIRE

PROTECTION SERVICE

MRY 25. 1978

FIGURE 2.15. Examples of standards. (Courtesy University of Michigan Libraries)
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1111 

STANDARDS 

Major standards sets include: 
American National Standards Institute (ANSI) 
ASH RAE 
ASTM 
IEEE 
NEMA 
OSHA 
SAE 
and many others 

The primary index is from Information Handling 
Service 
1. Product/Subject Master ~ 
2. VSMF Standards Locator (on microfilm) 

(Also available online as Technet) 

~ Section S-13, part 
lllllll 

l ll FIR[, fiRE PREVENTION 
ll L FIRE FIGHTING 

33333 
33333 

33 
3 33 
33lll33 

(j) NOSE TREATMENT UNIT . . •. • • .. • . C_.,. 

NOSEBLEED BALLOON . . ... . •. •. . . . P.SI-G7 

NOSEPIECE. 
r.ticroocope .•..•...•.... •. •..•.. . .• w .u.n 
R~O.• . .............. . .. .. . . P-11· 10 

NOSING, 
C011•1et ................ .. ... . .... C·SS-JI 
S&air, 

(Exoopc Mololi111 TJPO)-Soo 
SpecirJC TJPO TREAD 

Jofoldi111 TJPO ......... . ... . . .. . . C·SS-ZI 

I'IOTCHER. 
Add,_ Pia ... . . .. ..... . . .. .. . . .. . . U7-0J 
fiber TubofCcn . . .. . . . . • . .. • •.• . .. M·I .. U 
Tal Spoci- .•. .. .. .. . . . . . .• . . .. . f.lJ-21 

I'IOTCHING (adj.) 
Praa-Seo SpecirJC TJpo PRESS. 
lndiDirial, ,.,,.. 

Tool. Hand Held C•ni.a l'liw 
TJPO. NH_.... ....... . . .. .. .. . . P.-.JS 

NOVAL TUBE SOCKET . . . . .. .. . .. .. A·lJ·IJ 

NOZZLE-s. Spoc:irJC TJpo 
Equi,_.l Exoopc Aa Lillad llclow: 

NOZZLE. 
Abruiwc Blu1 0..•iftc ... .. .... .. .. N-1..., 
Al-"iftl (Exoopl Aa Ocllentiao 
Liaa.d) ........ . ...... . .. .. .... . . E.-ZI..S 

llow Goo. Air IS. Aloo 
ILOWGUN. Air) . ..... . . ... .. .. . . E·ZI.O; 

Dooo<k . . . . . . . . . . . . . . . . . . . • .. . . . C·IS· SS 
Elec:lric Wcldi.a Tardo IS. Aloe 
SpocirJC TJPO WELDING 
EQUIPMENT) . . . . . . . . . . N.O.J.J1 

f"iN fiplioa Eq'"-"' . . . . . .S-1 .J. u 
flow Met-a IPri1110ry Scnloftl 
Ekman) . . . F.--OS 

F ... 
fire Foalnilll .... ... . . . . . . . .... . 5-l.l-H 

DOClftHT DESCRIPTION 

U. L. fIRE DEPARTr£HT 
COtH:CTIOHS 
FEBRLIIIY 1Z. 1979 

llll SJ HOZZLES L PLAY PIPES 

AHSI BUt . 1-75 

t*"PA GOfPRA198 

U. L. lULAlSS-75 

U. L . ULRIIOt-78 

PLAY PIPES FOR ~TER 
SUPPLY TESTING IH FIRE­
PROTECTION SERVICE 
CUL JBS-7'5) 
rAICH 28, 1975 

CARE fE FIRE HOS[ 
CCOlJtLING Atl> NOZZLES) 
1969 EDITION fE NO. 198 

PLAY PIPES FOR ~TER 
SUPPLY TESTING IH 
F IRE -PROTECT I OH 
SERVICE 
(~I 8111. t-75) 
rARCH 28, t 975 

PORTABLE SPRAY HOS[ 
NOZZLES FOI fIRE 
PROTECTION SERUICE 
tlr( zs. 1978 

FIGURE 2.15. Examples of standards. (Courtesy University of Michigan Libraries) 
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CD 
3 ,. CLAU 2441 U. I . U'AlTIIffT U COIIIIUCf 

INDEX TO ClASSIFICATION 

® 
SA FET Y LOW EkiNG 01-:VICES '-
. . RotatL'l~ vane s ' 

13R n 
1 3~h 
!39 
140 
141 
142 
143 
144 

. Enti re airc r alt ' 

. Passcntte r compar tment ' 

. . Se3t "-..._...... 

. Par:>.ch~te s ~ 

.. Ga r me-nt attache d 
. Ai rcra!' element conve rti!lle to para-

chute 
. . C .vlO:')y consl n ac tio n 
. . Inflated L}·ac in~ 
.• Sto:-asE- and n•le?.sP 
. .. Pac:<s 
.. . Opening de,·ices 
. . . T i.rr.in~ mect'lanis m 

. Ha roes;; 

145 
146 
147 
118 
119 
! 50 
! 51 n 
15 1 A 
! 51 0 
! 52 
! 53 R 
! 53 A 
154 
15!i It 
155A 

.... Pa rchute h:u·ne!is connection 
. Par~<.ilute load relea!-' i..ng 

. . Control tl~vit; ':)s 

~> rn:s 

.. Rutat in~ 

. Airplane type 

. Accessori~s 

. .. Kite cont rols 

PATENTS 

Example of a typical subject 
patent search using 1) I ndex to 
Classification, 2) Manual of -­
Classification, and 3) Lis~of 
Patents ~ Class and SubZl:as;­
plus an actual patent abstract 
4) Official Gazette. 
Patents may also be searched 
by patentee or patent number. 
(For chemical patents, the most 
easily used access tool is 
Chemical Abstracts.) 

U.S. CL 244- JJ9 

• 139 · • Ut • Ut • Ut 

An airpbnt is p rovided with (oldtd parlchu1cs J.nd mc: .,ns 
v.·hcn ~ctuat~d fo r ( :tusing the r3r:.c hu1cs to be: op~ncd to 
Jo~·et lht 3ir,p f3nt safety to the g round in the e vent Of Cn&i uc 
railurc orthc like . 

FIGURE 2.16. An example of the complexity of a pate.nt search. (Courtesy University of 
Michigan Libraries) 
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100 THE APPROACH

COMPUTER SEARCHING

Using Boolean operators, many different hases can he searched hy

suhject, author, organizational affiliation, report numher, journal

title or patent numher, date, language, etc. Most hases are created

from printed sources and cover the period 1970 to date.

In engineering some examples are Metadex (Metals Ahstracts), NTIS

(Government Reports Announcements and Index), INSPEC (Electrical

Electronics Ahstracts and Computer and Control Ahstracts), and CAB

(Comprehensive Dissertation Ahstracts).

FILES:COMPENDEX 70-79/ SEP

â– CORP. ENGINEERING IN HEX INC.-

SET ITEMS DESCRIPTION <+Â«0PÂ»â™¦Â»ANt,i -=N0T>

â–  3 GR: â€¢ HOL

l 3 GAi'HOL

â€¢ T l-2,1

1 2- 1

ID NO.- EI790753372 953372

BRAZIL I hhIOHOL PROGRAM.

r'ANDÂ« V.

CENT DE TECHNOL PPQMOh. RIO DE JANEIRO- BRAil

CHEM ENG PROP V 75 N 4 APR 1979 P 1l-l9 CODEN: CEPRA8

ISSN 000^-24^5

descriptor:;: (â™¦liouid fijel:-Â« â™¦erazilx 'HlcoholC' MHnuFftrtupe>.

GASOLINE' MINING" â– SUGAR CANEÂ« f ERMF NTAT I nr-t . . AGRICULTURAL

ENGINEERING- economic:.

IDENTIFIERS: ETHANR.. GASQHOl.

CARD ALERT: 523' 802> 804. 32l. Q0lÂ« 911

â–  I tTHANOL AND 'FUEL OR AUTOMOBILE7'

631 ETHANOL

l9371 FUEL

9*30 AUTOMOBILE-

2 52 ETHANOL AND 'FUEL OR AUTOMOBILE")

â€¢ T 2 5 l

Â£ 5 I

ID NO.- EI 79rr=Â»i*407 **94 07

CPITICAL ANALi'IIS OF THE TECHNOLOGi HMD ECONOMIC: FOR THE PRODUCTION

OF LIOUID Mil!' GA'EOu: FijEl: FROM i.ih'TE.

chiang' ;. h.: cobb' j. t.: â–º lincinh. g. Â£.

umiv of pitt:burgh, ph

ENEPGi COMMUN V 5 N I 1979 P ~-: 1 -73 CODEN: ENCODM

i::n no97-si5Â°

I r-t ORDER TO MEET THE GROWING OEMhmD FOR GA.fcOu: HMD LlC'UlD FUEL!

maste :hO'.i: h tizhele potential for serving a: a iource. the current

HUD PROJECTED TECHNOLOGY: HAVE BEEN lon:idered rlMD THEIR ECONOMIC

A~PECT: TREATED E.VTEM' IVEL i . ECONOMIC: In THE LITERATURE HFC BEEN

updated to 1 ^77 value'. for a uniform comparison of the various

proce:ies. both utility and private financing co:t: have been

CALCULATED 'HOMING FUEL GA: TO RANGE IN CO:T FROM *3 10*Â»6 ETUI TO

i5 1 0*Â»i- BTU.. THESE C 0: I: OF Gh: FROM i.ih'TE ARE COMPARABLE TO THE

sample of Lockheed DIALOG search: COMPENDEX

FIGURE 2.17. An example of a search on the word "gasohol" on a computer-based

reference system. (Courtesy University of Michigan Libraries)
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100 THE APPROACH 

T 2 

1 2 1 

COMPUTER SEARCHING 

Using Boolean operators, many different bases can be searched by 
subject, author, organizational affiliation, report number, journal 
title or patent number, date, language, etc. Most bases are created 
from printed sources and cover the period 1970 to date. 
In engineering some examples are Metadex (Metals Abstracts), NTIS 
(Government Reports Announcements~ Index), INSPEC (Electrical i 
Electronics Abstracts and f_omputer and Control Abstracts), and CAB 
(Comprehensive Dissertation Abstracts). 

FILE:::: COr·ti=·ErHrE:< ;"fi-e':. ::EF' 
•CDF'~. ErK;JrrEEF'Htr':; rrrnE>< !rl(. • 

:E T ITEM: [rE: (F·J F'T I Orr • +=IJ,:·: •=t=.n r : -=rrLJ T • 

;: I~H: :HDL 

!II rlD.- EP'"'fl;:"'5;::::-,:- ·::.<;,;:;::-,:· 
BF't=t:IL : Gt'i:O~OL PF'OGF'HM. 
•t=trr [1. · . ..-. 
CErH [rE TECHrtfJL I'·POr·1(]J I• ,;.·10 [ot _lr;rtf':I~' O• f:F:·,:,.: 
r: HE1·1 Ert1; F'F'OI; ·.,.· ;:"'5 rr 4 HF'P 1 ·.:.:-·::. t=· 11-1·::. (fJ[rErn (EF'F'H::: 
r : ~ rt (1 1_.1(1 '_.-C,o.l ·~.:;; 

[lt:CF:· IPTOF: : : · •Ll(•l_ll[l l'"l.ltL : • • F ~H.:: I L • • • HL ( 0Hi1L: • r·1t=tru_ll' l'tf TI_IF·f • • 
~~H: DL I rtF.: • r·1I . 1 rtf, • , · : 1_11;1'<~· ( t=trtl'; • ,: tF'1·11' IH H T I Ott • • t=tr~F·I C I_IL TI_IF'HL 
E111:; I llO:EF· I 111~ • EC fJII1]r·• I ( : • 

IDEI!TlFIEF·:: ETHt'<riCOI • r;.>'1 ~ 0Hi'JI 

CH~·[I HLE~· T: c:,.:,· ·::, :~:tt.:· · :::(t..l. :::~ 1 • ·=.ftl • .. :ott t 

: E Tl-rt=rrmL Art[r ·FUE L OF· A !_I TOI'HJE: l LE ' • 

0:. ;: 1 E THHIII]L 
1·::. ;:;:-1 FI.IEL 

·:.~. ; . (1 HI' T IJI·11l f . I u: : 
,;: -=;,:· t !HHII(]L HflT• • 1'1.\f:L lj~· HoiTOIIIH:fL£ : • 

I rr rro. - E r.--::. , · , ·.:.~ . .:.4 " :- ·.:.~. "-lrl.-
c F:· rri.:AL HIIHLo:I : Ll l' THf TEr: Hr+~l![]h , >i rofo t=r: Ori(}I·1Jr: : !=OF· THE: F'F:'O[u_o(Tff]rr 

OF L[(•l_!([r f'trl[• , ;H · i,C(J I.: . >' l.lt L: ~~01·1 r.lt-< f f . • 
( H[Hfl o:, , :. H.: r~ OH • T.: ~ L IrCJr•• ; , ,;, E . 
IJJI('·.-' OF Fl T T: E:o.r~r; H. ~•; 

ErtE,:;·,;., r:onr·11111 -..· -:. rt t "· ,-·::. ~· ··:t- :· :: •. LHrH1 : Ertr'.Cll• l'' 
1:: r• !'111 '~:-- . .:.: 1 :~:. 
Ill QJ:·f•E F TO r·lf .. ET THE '~'li'"lrlo; (of.r·tHr•[ FOF ,; ,:, ~. 0•• .. f'tr l[· L!r:••,. ![• F I_I~ L : 

r.1>1:TE' :""U'•' H - ~~ ><rLt:: ~·Lj ffrtr!>'lt_ ~0~ · t.F ··. 1"'' H H : c , _, ~r- E . THt (<_I~·F· EtiT 

HIHI FF:·f] _rtJT£[r TE(HfiiiL C•; l F : Ht-< ' .. 'E E:t.t r< r.Ort _ ![l~~·t[• r1r1 [1 TH~[f:.· £(01•01·1[( 
A " F'f(T : TF'EH Ttrr E: . Tfrt - l'·T L.. folll o01·1!1 !11 THI' LITEF'H TI.i,-;.·1:" H-'1: f:EEII 
l_l~· [rATI':[• TO !'- ,- .- '· 'HI.IIf. FO~ H 1.1r4]f Cf'.r·1 •: Or·11''HI'l : Or• tJF THF '._.' HFIOr .. r: 
F·~· O o: E : : E : • f:Ll 1 H '' T 1 L I T, Hrt [• ~· ,;. 1 ·.·.=. T t F I rt>';rt O: I rto:. ( 0 : T : H>'I··.:E f:f Ell 
CHLC' .. 'Lt1TEr• ·Hu•·'~'"' "'"tL ''"" · ro ;;"'"'·f trr •:o : r F ,:;or·, ·1. ·- t•:r••~· f.r,_,: ro 
'£.':. 11.1••0: f:Tu .. . THt :>: •: LJ : r : (Jf ,_, ,.;. · FF·Ur·l I .. H It H't • : Or·1~H~H~'LE ro THE ..... 

sample of Lockheed DIALOG search: CQ}IPENDEX 

FIGURE 2.17. An example of a search on the word "gasohol" on a computer-based 
reference system. (Courtesy University of Michigan Libraries) 
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PROBLEM SOLVING IN ENGINEERING

Many libraries also maintain or subscribe to a computer-based bibliographic

search service (Figure 2.17). The titles and abstracts of most technical papers and

reports published during the last two decades are stored in several computer data

bases throughout the country. For a small fee, libraries can remotely access these

computers by using their own computer terminals. The searcher must identify the

key words relating to the subject of interest. The computer then provides a listing

of all the references whose title or abstract contain these key words. Computer-

based bibliographic indexes of interest in various fields are listed in Figure 2.18.

Sciences

AGRICOLAâ€”agriculture

ASFA (Aquatic Sciences and Fisheries

Abstracts)â€”aquatic and marine biology

AVLINEâ€”audiovisuals in health science

BIOSISâ€”biological sciences

BIOETHICSâ€”ethical issues

CABâ€”crop and animal sciences

CANCERLITâ€”cancer medicine

CONFERENCE PAPERSâ€”scientific and

technical meetings

CA SEARCH (Chemical Abstracts)

â€”CA PATENT CONCORDANCEâ€”

correlates patents issued by different

countries

â€”CHEMDEXâ€”CA registry nomencla-

ture

â€”CHEMNAMEâ€”CA Comical Name

Dictionary

CRISâ€”USDA sponsored research

EXCERPTA MEDICAâ€”health sciences

GEOARCHIVEâ€”geosciences

GEOâ€”REFâ€”geosciences

HEALTH PLANNINGâ€”health sciences

INSPEC-PHYSICSâ€”physics

IPAâ€”pharmacy

MEDLINEâ€”health sciences

SCISEARCHâ€”biological and applied sci-

ences

SPINâ€”physics

SSIEâ€”research in progress

TOXLINEâ€”toxicology

Technology/Engineering

APTIC (Air Pollution Abstracts)â€”air pollu-

tion

CINâ€”chemical industry production and

sales

COLD REGIONSâ€”freezing temperature

areas

COMPENDEX.â€”engineering

DMMSâ€”U.S. Defense Department con-

tracts

ENERGYLINEâ€”energy and environment

EN VIROLINEâ€”environment

FSTAâ€”food science and technology

1NSPEC-ELEC/COMPâ€”electrical engi-

neering, computer science and control

engineering

ISMECâ€”mechanical engineering and en-

gineering management

METADEXâ€”metallurgical sciences

MGA (Meteorological Abstracts)â€”meteo-

rology and geoastrophysics

MRISâ€”naval architecture, maritime re-

search

MTISâ€”government research

OA (Oceanic Abstracts)â€”oceanography

and marine-related literature

PIRAâ€”paper: packaging, printing, man-

agement

POLLUTION (Abstracts)â€”pollution and

the environment

SAE ABSTRACTSâ€”automotive engi-

neering

WAA (World Aluminum Abstracts)â€”alu-

minum sciences

Social Sciences

ASIâ€”U.S. government statistical publica-

tions
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Many libraries also maintain or subscribe to a computer-based bibliographic 
search service (Figure 2.17). The titles and abstracts of most technical papers and 
reports published during the last two decades are stored in several computer data 
bases throughout the country. For a small fee, libraries can remotely access these 
computers by using their own computer terminals. The searcher must identify the 
key words relating to the subject of interest. The computer then provides a listing 
of all the references whose title or abstract contain these key words. Computer­
based bibliographic indexes of interest in various fields are listed in Figure 2.18. 

Sciences 

AGRICOLA-agriculture 
ASFA (Aquatic Sciences and Fisheries 

Abstractsl-aquatic and marine biology 
A VLINE-audiovisuals in health science 
BIOSIS-biological sciences 
BIOETHICS-ethical issues 
CAB-crop and animal sciences 
CANCERLIT -cancer medicine 
CONFERENCE PAPERS-scientific and 

technical meetings 
CA SEARCH (Chemical Abstracts) 

-CA PATENT CONCORDANCE­
correlates patents issued by different 
countries 

-CHEMDEX-CA registry nomencla­
ture 

-CHEMNAME-CA Cht•mical Name 
Dictionary 

CRIS-USDA sponsored research 
EXCERPT A MEDICA-health sciences 
GEOARCHIVE-geosciences 
GEO-REF-geosciences 
HEALTH PLANNING-health sciences 
INSPEC-PHYSICS-physics 
IPA- pharmacy 
MEDLINE-health sciences 
SCISEARCH-biological and applied sci-

ences 
SPIN-physics 
SSIE-research in progress 
TOXLINE-toxicology 

Technology /Engineering 

CIN-chemical industry production and 
sales 

COLD REGIONS-freezing temperature 
areas 

COMPENDEX.-engineering 
DMMS-U.S. Defense Department con-

tracts 
ENERGYLINE-energy and environment 
ENVIROLINE-environment 
FST A-food science and technology 
INSPEC-ELEC/COMP-electrical engi-

neering. computer science and control 
engineering 

ISMEC-mechanical engmeenng and en­
gineering management 

MET ADEX-metallurgical sciences 
MGA (Meteorological Abstracts)-meteo­

rology and geoastrophysics 
MRIS-naval architecture, maritime re­

search 
MTIS-government research 
OA (Oceanic Abstracts)-oceanography 

and marine-related literature 
PIRA-paper: packaging, printing. man­

agement 
POLLUTION (Abstracts)-pollution and 

the environment 
SAE ABSTRACTS-automotive engi­

neering 
WAA (World Aluminum Abstracts)-alu­

minum sciences 

Social Sciences 

APTIC (Air Pollution Abstracts)- air poilu- ASI-U.S. government statistical publica-
tion tions 
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102 THE APPROACH

CHILD ABUSE & NEGLECTâ€”research

projects, service programs

CISâ€”publications of the U.S. Congress

ERICâ€”education

CEC (Exceptional Child Education Ab-

stracts)â€”education of handicapped and

gifted children

GPO MONTHLY CATALOGâ€”U.S. gov-

ernment documents

LISAâ€”library and information science

LLBA (Language and Language Behavior

Abstracts)â€”speech and language pa-

thology.

N1CEMâ€”nonprint educational material

PA (Psychological Abstracts)â€”psychology

and other behavioral sciences

PAISâ€”social sciences

SOCIAL SCISEARCHâ€”social sciences

SOCABS (Sociological Abstracts)â€”soci-

ology

USPSDâ€”political science

Business/Economics

MGMTâ€”management and business

PTS EIS PLANTSâ€”U.S. industrial plants

PTS F&S INDEXES (F&S Index of Corpo-

ration and Industries, R&S Interna-

tional)â€”business research

U.S. ANNUAL TIME SERIESâ€”historical

time series forecasts, annual data

U.S. STATISTICAL ABSTRACTSâ€”fore-

cast abstracts, census of manufacturers

Humanities

AMERICA: HISTORY AND LIFEâ€”

American history

ARTBIBLIOGRAPHIES MODERNâ€”fine

arts

HISTORICAL ABSTRACTSâ€”world his-

tory

MLA BIBLIOGRAPHYâ€”literature

PHILOSOPHERS INDEXâ€”philosophy

Multidisciplinary Coverage

ABI/INFORMâ€”business, finance, and re-

lated fields

ACCOUNTANTSâ€”accounting and related

areas

ECONOMIC ABSTRACTS INTERNA-

TIONALâ€”economics

INTERNATIONAL TIME SERIESâ€”for-

eign business and economic data (pro-

duction, consumption, etc.)

LABOR DOCâ€”international labor docu-

mentation

FIGURE 2.18. The computer data bases of

tesy University of Michigan

COMPREHENSIVE DISSERTATION

ABSTRACTSâ€”doctoral dissertations

FOUNDATION GRANTS INDEXâ€”

grants records of U.S. philanthropic

foundations

MAGAZINE INDEXâ€”current events,

popular interest

NATIONAL FOUNDATIONSâ€”descrip-

tions of foundations in the U.S.

NEWSPAPER INDEXâ€”major news-

papers

most use for engineering applications. (Cour-

Libraries)

SUMMARY

The technical library is an important tool in engineering problem solving.

Engineers should learn to make effective use of this resource early in their

education. These include card catalogs, technical journals, abstract in-

dexes, standards, patents, and computer-based bibliographic search ser-

vices.
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CHILD ABUSE & NEGLECT -research 
projects, service programs 

CIS-publications of the U.S. Congress 
ERIC-education 
CEC (Exceptional Child Education Ab­

stracts)-education of handicapped and 
gifted children 

GPO MONTHLY CATALOG-U.S. gov­
ernment documents 

LISA-library and information science 
LLBA (Language and Language Behavior 

Abstracts)-speech and language pa­
thology. 

NICEM-nonprint educational material 
PA (Psychological Abstracts)-psychology 

and other behavioral sciences 
PAIS-social sciences 
SOCIAL SCISEARCH-social sciences 
SOCABS (Sociological Abstracts)-soci-

ology 
USPSD-political science 

Business/Economics 

MGMT -management and business 
PTS EIS PLANTS-U.S. industrial plants 
PTS F&S INDEXES (F&S Index of Corpo-

ration and Industries, R&S Intema­
tional)-business research 

U.S. ANNUAL TIME SERIES-historical 
time series forecasts, annual data 

U.S. STATISTICAL ABSTRACTS-fore­
cast abstracts. census of manufacturers 

Humanities 

AMERICA: HISTORY AND LIFE­
American history 

ARTBIBLIOGRAPHIES MODERN-fine 
arts 

HISTORICAL ABSTRACTS-world his­
tory 

MLA BIBLIOGRAPHY -literature 
PHILOSOPHERS INDEX-philosophy 

Multidisciplinary Coverage 

ABI/INFORM-business. finance. and re- COMPREHENSIVE DISSERTATION 
lated fields 

ACCOUNT ANTS-accounting and related 
areas 

ECONOMIC ABSTRACTS INTERNA­
TIONAL-economics 

INTERNATIONAL TIME SERIES-for­
eign business and economic data (pro­
duction. consumption. etc.) 

LABOR DOC-international labor docu­
mentation 

ABSTRACTS-doctoral dissertations 
FOUNDATION GRANTS INDEX-

grants records of U.S. philanthropic 
foundations 

MAGAZINE INDEX-current events. 
popular interest 

NATIONAL FOUNDATIONS-descrip­
tions of foundations in the U.S. 

NEWSPAPER INDEX-major news-
papers 

FIGURE 2.18. The computer data bases of most use for engineering applications. (Cour­
tesy University of Michigan Libraries) 

SUMMARY 

The technical library is an important tool in engineering problem solving. 
Engineers should learn to make effective use of this resource early in their 
education. These include card catalogs, technical journals, abstract in­
dexes, standards, patents, and computer-based bibliographic search ser­
vices. 
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PROBLEM SOLVING IN ENGINEERING

Example An engineer wishes to rapidly scan the technical literature concerned

with the design of a novel energy source in which high-powered ion beams are

used to trigger thermonuclear fusion explosions in tiny fuel pellets. It is decided to

access the Energy Abstracts data base, maintained by the United States Depart-

ment of Energy on a computer at Oak Ridge, Tennessee. The engineer dials the

long distance number of the Oak Ridge computer from her remote computer

terminal and then types in the appropriate identification and commands to interro-

gate the data base. First a search on the words "ion beam" and "fusion" is

requested. The computer responds that each word appears in the title or abstract

of 4517 and 7312 technical references, respectively. The engineer then queries the

intersection of the words "ion beam," "fusion," and "reactor." The computer

responds that there are 215 references that contain all three words simultaneously.

The engineer then asks for the abstracts of only those references published since

1980, and the computer proceeds to print out 43 such abstracts on the engineer's

high-speed printer.

2.2.3. Modeling and Simulation

The complexity of analyzing or designing engineering systems can be overwhelm-

ing. It is often futile to attempt a head-on attack at solving problems involving

complex systems. Imagine the task of writing down the force balance equations

for every beam or truss in a modern skyscraper, not to mention attempting to

solve these equations. It would clearly be unthinkable to design full-scale experi-

ments to test the integrity of a nuclear power plant under earthquake conditions.

Therefore a critical aspect of engineering analysis involves stripping away the

complexity of such problems by developing simple models of the system that

represent only the essential elements of interest. Indeed, one of the most distin-

guishing traits of an engineer is the tendency to utilize models in the analysis of

complex problems.

In general a model can be defined as any simplified description of an engineer-

ing system or process that can be used to aid in analysis or design. A model might

be a physical realization of the actual system, such as a scale model of an aircraft

to be used in wind tunnel tests. It might be an abstract mathematical model

consisting of a set of equations describing the behavior of the system. It might also

be a complex computer program or code that can simulate the essential features of

the system. Models can assume more familiar forms such as the diagrams or

graphs used by engineers in design and analysis. The form of a model is called its

representation.

The use of models allows the engineer to avoid the complexities of studying

realistic engineering systems in their entirety and focus instead only on the essen-

tial elements. Models also enable the engineer to predict the behavior of systems

under various circumstances. They can be used to communicate the results of an
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PROBLEM SOLVING IN ENGINEERING 103 

Example An engineer wishes to rapidly scan the technical literature concerned 
with the design of a novel energy source in which high-powered ion beams are 
used to trigger thermonuclear fusion explosions in tiny fuel pellets. It is decided to 
access the Energy Abstracts data base, maintained by the United States Depart­
ment of Energy on a computer at Oak Ridge. Tennessee . The engineer dials the 
long distance number of the Oak Ridge computer from her remote computer 
terminal and then types in the appropriate identification and commands to interro­
gate the data base. First a search on the words "ion beam" and "fusion" is 
requested. The computer responds that each word appears in the title or abstract 
of 4517 and 7312 technical references. respectively. The engineer then queries the 
intersection of the words "ion beam, .. "fusion ... and "reactor. .. The computer 
responds that there are 215 references that contain all three words simultaneously. 
The engineer then asks for the abstracts of only those references published since 
1980, and the computer proceeds to print out 43 such abstracts on the engineer's 
high-speed printer. 

2.2.3. Modeling and Simulation 

The complexity of analyzing or designing engineering systems can be overwhelm­
ing. It is often futile to attempt a head-on attack at solving problems involving 
complex systems. Imagine the task of writing down the force balance equations 
for every beam or truss in a modern skyscraper, not to mention attempting to 
solve these equations. It would clearly be unthinkable to design full-scale experi­
ments to test the integrity of a nuclear power plant under earthquake conditions. 
Therefore a critical aspect of engineering analysis involves stripping away the 
complexity of such problems by developing simple models of the system that 
represent only the essential elements of interest. Indeed. one of the most distin­
guishing traits of an engineer is the tendency to utilize models in the analysis of 
complex problems. 

In general a model can be defined as any simplified description of an engineer­
ing system or process that can be used to aid in analysis or design. A model might 
be a physical realization of the actual system, such as a scale model of an aircraft 
to be used in wind tunnel tests. It might be an abstract mathematical model 
consisting of a set of equations describing the behavior of the system. It might also 
be a complex computer program or code that can simulate the essential features of 
the system. Models can assume more familiar forms such as the diagrams or 
graphs used by engineers in design and analysis. The form of a model is called its 
representation. 

The use of models allows the engineer to avoid the complexities of studying 
realistic engineering systems in their entirety and focus instead only on the essen­
tial elements. Models also enable the engineer to predict the behavior of systems 
under various circumstances. They can be used to communicate the results of an 
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104 THE APPROACH

engineering design or to train personnel involved in system operation. The appli-

cation of models to acquire an artificial experience with the behavior of a system is

known as simulation. Models can also be used to evaluate the effectiveness of

control or safety systems. They allow the engineer to evaluate many possible

design alternatives in an effort to optimize the final design or solution. The use of

modeling accomplishes all of these tasks at only a fraction of the cost and effort

that would be required if one were forced to work with full-scale engineering

systems. Imagine the staggering costs that would be incurred if a large dam or

electrical power plant had to be built and tested before its design could be op-

timized or verified.

SUMMARY

A model is any simplified description of an engineering system or process

that can be used to aid in analysis or design. The form of a model is

known as its representation. The use of models allows the engineer to

avoid the complexities of studying a realistic engineering system in its

entirety and enables him to focus instead on only its essential elements.

Models can be used to predict the behavior of systems, communicate the

results of engineering analysis, acquire an artificial experience using the

behavior of the system, and evaluate possible design alternatives.

Example The use of scale models has become a common practice in large

construction projects such as electric power plants (Figure 2.19). These models

can be used to visualize complicated details, such as piping or equipment layouts,

far more easily than engineering drawings. In fact, these scale models are fre-

quently taken to the construction site and used to document changes in the design

as the project proceeds. With the rapid development of computer-aided design and

computer graphics methods, these scale models will eventually be replaced with

two- and three-dimensional images of various components of the project stored in

a computer memory and available for display or analysis on a monitor screen. (See

Section 7.5.)

Types of Models To some people the word "model" conjures up images of plastic

airplane kits or sailing ships in bottles. However, the engineer uses the term

"modeling" to refer to the general process of abstracting and simplifying a com-

plex engineering system by representing this system using only those elements

that are essential to an understanding of the problem at hand. Models can assume

a variety of forms or representations.
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engineering design or to train personnel involved in system operation. The appli­
cation of models to acquire an artificial experience with the behavior of a system is 
known as simulation. Models can also be used to evaluate the effectiveness of 
control or safety systems. They allow the engineer to evaluate many possible 
design alternatives in an effort to optimize the final design or solution. The use of 
modeling accomplishes all of these tasks at only a fraction of the cost and effort 
that would be required if one were forced to work with full-scale engineering 
systems. Imagine the staggering costs that would be incurred if a large dam or 
electrical power plant had to be built and tested before its design could be op­
timized or verified. 

SUMMARY 

A model is any simplified description oflm engineering 5·ystem or process 
that can be used to aid in analysis or design. The form of a model is 
known as its representation. The use of models allows the engineer to 
a\'Oid the complexities of studying a realistic engineering system in its 
entirety and enables him to focus instead on only its essential elements. 
Models can be used to predict the behU\·ior of systems, communicate the 
results of engineering analysis. acquire an artificial experience using the 
belra1•ior of the system, and e1•aluate possible design alternati1·es. 

Example The use of scale models has become a common practice in large 
construction projects such as electric power plants (Figure 2.19). These models 
can be used to visualize complicated details. such as piping or equipment layouts. 
far more easily than engineering drawings. In fact, these scale models are fre­
quently taken to the construction site and used to document changes in the design 
as the project proceeds. With the rapid development of computer-aided design and 
computer graphics methods, these scale models will eventually be replaced with 
two- and three-dimensional images of various components of the project stored in 
a computer memory and available for display or analysis on a monitor screen. (See 
Section 7.5.) 

Types of Models To some people the word ··model'· conjures up images of plastic 
airplane kits or sailing ships in bottles. However. the engineer uses the tenn 
"modeling" to refer to the general process of abstracting and simplifying a com­
plex engineering system by representing this system using only those elements 
that are essential to an understanding of the problem at hand. Models can assume 
a variety of forms or representations. 
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PROBLEM SOLVING IN ENGINEERING lOS 

,,, ... , ..... ........................ -
. --- . --

FIGURE 2.19. Craftsmen building plastic models of power plant com­
ponents. (Courtesy Bechtel Power Corporation) 

FIGURE 2.20. Windtunnel tes ting of a bus model. (Courtesy University 
of Michigan College of Engineering) 
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106 THE APPROACH 

A model may bear an actual physical resemblance to the system of interest. 
Scale models of ships in towing tanks or aircraft in wind tunnels have been used 
for many years to study the flow characteristics of a given design. Models that 
physically resemble the system under study are called iconic representations. This 
term is also used to describe two-dimensional " models" such as sketches, photo­
graphs, or blueprints. It can also be applied to the use of computer graphics. 

On somewhat more abstract level are diagrammatic representations of the 
system for example, electrical circuit diagrams, piping diagrams, and process flow 
diagrams. Although the diagrams and the elements that comprise them do not 
physically resemble the system of interest, they do accurately describe the func­
tion of the components of the system and prove invaluable in its analysis and 
design. 

On a somewhat higher level of abstraction are graphical models, which repre­
sent system characteristics by plotting system behavior in graphical form. For 
example, the input-output characteristics of a circuit element can be a very faithful 
model of the performance of the device. Graphical representations are examples 
of analog models, which attempt to simulate behavior while not physically re­
sembling the actual system. 

FIGURE 2.21. A simulator for a nuclear power plant control room. 
(Courtesy Combustion Engineering} 
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PROBLEM SOLVING IN ENGINEERING

In the most common form of model used in engineering analysis the system of

interest is represented by a set of mathematical equations. Mathematical models

represent the highest level of abstraction in modeling. They are also probably the

most useful form of model since powerful methods of mathematical analysis can

then be applied.

A more recent form of modeling or simulation involves the use of computers.

In its most primitive form, one can think of the computer model as simply one

method for solving and analyzing mathematical models. In practice computer

models have become far more sophisticated. These models may be based on the

mathematical equations developed to describe the system. But they may also be

based on alternative approaches such as probabilistic simulations of the system

behavior. Most commonly such models are implemented on digital computers in

the form of large computer programs. But engineers also use analog computer

models in which electrical circuit elements are used to simulate the components of

the system.

SUMMARY

Models come in many forms or representations. Iconic models bear a

physical resemblance to the system of interest. Diagrammatic models are

used to represent the function of the system. Graphical models represent

system characteristics by plotting system behavior in graphical form.

Mathematical models represent the system by the set of mathematical

equations describing its behavior. Computer models are based either on

mathematical equations or probabilistic simulations of system behavior.

Example Nature cooperates with certain forms of modeling in the sense that

many physical laws exhibit the property of similarity. Such laws can be scaled in

size or dimension. For example, the laws of fluid dynamics are scaled in such a

way that one can accurately model the flow of air across the wing of an airplane by

using a scale model in a wind tunnel.

Model Development How does the engineer develop a model to represent a com-

plex engineering system? The first step is to isolate the essential components or

elements of the physical system under study and then represent them as abstract,

idealized elements possessing all of the important characteristics of the real sys-

tem. At this stage the engineer brings into play an understanding of the basic

physical laws characterizing the system. The next stage involves the selection of

suitable analogs to these idealized components. One can select from many possi-
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PROBLEM SOLVING IN ENGINEERING 107 

In the most common form of model used in engineering analysis the system of 
interest is represented by a set of mathematical equations. Mathematical models 
represent the highest level of abstraction in modeling. They are also probably the 
most useful form of model since powerful methods of mathematical analysis can 
then be applied. 

A more recent form of modeling or simulation involves the use of computers. 
In its most primitive form. one can think of the computer model as simply one 
method for solving and analyzing mathematical models. In practice computer 
models have become far more sophisticated. These models may be based on the 
mathematical equations developed to describe the system. But they may also be 
based on alternative approaches such as probabilistic simulations of the system 
behavior. Most commonly such models are implemented on digital computers in 
the form of large computer programs. But engineers also use analog computer 
models in which electrical circuit elements are used to simulate the components of 
the system. 

SUMMARY 

Models come in many forms or representations. Iconic models bear a 
physical resemblance to the system of interest. Diagrammatic models are 
used to represent the jimction of the system. Graphical models represent 
system characteristics by plotting system behavior in graphical form. 
Mathematical models represent the system by the set of mathematical 
equations describing its behavior. Computer models are based either on 
mathematical equations or probabilistic simulations of system behavior. 

Example Nature cooperates with certain forms of modeling in the sense that 
many physical laws exhibit the property of similarity. Such laws can be scaled in 
size or dimension. For example, the laws of fluid dynamics are scaled in such a 
way that one can accurately model the flow of air across the wing of an airplane by 
using a scale model in a wind tunnel. 

Model Derelopment How does the engineer develop a model to represent a com­
plex engineering system? The first step is to isolate the essential components or 
elements of the physical system under study and then represent them as abstract, 
idealized elements possessing all of the important characteristics of the real sys­
tem. At this stage the engineer brings into play an understanding of the basic 
physical laws characterizing the system. The next stage involves the selection of 
suitable analogs to these idealized components. One can select from many possi-
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ble representations by drawing from a knowledge of similar physical systems and

past experience. For example, the engineer might choose to represent system

components by a set of equations that adequately describe the basic physical

principles governing this behavior. Or a graphical representation might be chosen

that reflects empirical data obtained on similar components.

Another useful aid in the development of idealized components is to draw

upon the analogies that arise between electrical, mechanical, fluid, and thermal

systems. For example, it is frequently possible to construct an electrical circuit

that simulates the behavior of a mechanical system comprised of masses and

springs (e.g., the shock absorber of an automobile). In this way one can construct

electrical models of the actual system components.

After the particular model has been developed, it must then be verified by

comparison with the known behavior of comparable physical systems. Before the

model can be used to predict aspects of system behavior used in actual design, the

engineer must verify that the model will faithfully yield those aspects of system

behavior that are already known. Certainly one would hesitate in extrapolating

data obtained by shaking a small-scale model of a skyscraper on a vibrating table

to the design of the full-scale structure without some confidence that the model

was valid. Model verification might be accomplished, for example, by applying

the model to analyze earlier designs or by comparing the predictions of the model

with data obtained from the testing of subsystems or components.

Frequently the model will contain unknown or free parameters that can be

adjusted in such a way that the model will predict known results. That is, the

model can be calibrated to predict known behaviorâ€”it can be "fine-tuned" to

yield the best possible agreement with previous experience.

SUMMARY

The major steps of model development are abstraction, synthesis, and

verification. The engineer first isolates the essential components of the

system of interest. A particular realization of these idealized elements is

synthesized as a model. Finally this model is verified by comparing its

predictions with the known behavior of actual systems. Many revisions of

the model may be necessary before an acceptable predictive capability is

achieved.

2.2.4. Optimization and Iteration

We have introduced the concept of solution criteria to distinguish among the

various solutions to an engineering problem. These criteria provide a quantitative
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ble representations by drawing from a knowledge of similar physical systems and 
past experience. For example, the engineer might choose to represent system 
components by a set of equations that adequately describe the basic physical 
principles governing this behavior. Or a graphical representation might be chosen 
that reflects empirical data obtained on similar components. 

Another useful aid in the development of idealized components is to draw 
upon the analogies that arise between electrical, mechanical, fluid, and thermal 
systems. For example, it is frequently possible to construct an electrical circuit 
that simulates the behavior of a mechanical system comprised of masses and 
springs (e.g., the shock absorber of an automobile). In this way one can construct 
electrical models of the actual system components. 

After the particular model has been developed, it must then be verified by 
comparison with the known behavior of comparable physical systems. Before the 
model can be used to predict aspects of system behavior used in actual design, the 
engineer must verify that the model will faithfully yield those aspects of system 
behavior that are already known. Certainly one would hesitate in extrapolating 
data obtained by shaking a smal1-scale model of a skyscraper on a vibrating table 
to the design of the ful1-scale structure without some confidence that the model 
was valid. Model verification might be accomplished, for example, by applying 
the model to analyze earlier designs or by comparing the predictions of the model 
with data obtained from the testing of subsystems or components. 

Frequently the model will contain unknown or free parameters that can be 
adjusted in such a way that the model will predict known results. That is. the 
model can be calibrated to predict known behavior-it can be "fine-tuned" to 
yield the best possible agreement with previous experience. 

SUMMARY 

The major steps of model development are abstraction, synthesis, and 
l'erification. The engineer first isolates the essential components of the 
system of interest. A particular realization of these idealized elements is 
synthesized as a model. Finally this model is l'erified by comparing its 
predictions with the known behal'ior of actual systems. Many rel'isions of 
the model may be necessary before an acceptable predictil•e capability is 
achieved. 

2.2.4. Optimization and Iteration 

We have introduced the concept of solution criteria to distinguish among the 
various solutions to an engineering problem. These criteria provide a quantitative 
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measure of the attractiveness of a given solution-how well it meets the goals of 
the engineer. We have noted that the task of solution evaluation, that is, of 
selecting the most favorable solution, involves choosing the solution that op­
timizes the criteria. For example, this might involve maximizing performance or 
minimizing cost. The existence of such a solution suggests that the procedure of 
optimization plays an important role in engineering analysis and design. That is, 
the engineer attempts to evaluate or adjust the various solutions to an engineering 
problem to establish an optimum solution that will yield the best solution criteria. 

To illustrate this idea, let us consider again the automobile fuel efficiency 
problem. Suppose we consider the criterion to be fuel efficiency in miles per 
gallon and focus only on one solution variable, the mixture of air and fuel used in 
the combustion process. Then our optimization problem would take the form of 
attempting to determine the mixture of air and fuel that would yield the maximum 
fuel efficiency. For very rich fuel mixtures, there is incomplete combustion and 
therefore poor fuel efficiency. As we decrease the fuel-to-air ratio , the fuel effi­
ciency increases until it achieves a maximum value (Figure 2.22). Beyond this 
point, going to progressively leaner mixtures again decreases fuel efficiency be­
cause of decreased engine torque. 

Unfortunately most optimization problems are not nearly so simple. The 
choice of solution variable that optimizes one criterion may yield an unfavorable 
value of other solution criteria. For example, the choice of fuel-air mixtures that 
yield the maximum value of fuel efficiency may lead to excessive exhaust emis­
sions or engine wear. Therefore the task of optimization is much more complex 
since one will generally be faced with optimizing many different criteria, several of 
which may be of a conflicting nature. This situation of conflicting criteria and the 
need to find a compromise among them is common in engineering applications. It 
is usually referred to as a trade-off process. 

An example of a trade-off process on a somewhat larger scale involves the 
development and implementation of new energy production facilities that will 
have a minimal environmental impact. This solution criterion is usually over­
looked in the debate swirling about energy issues. For example, the demand for 

Fuel-to-air ratio 

FIGURE 2.22. Optimization of the fuel 
efficiency of an automobile as a function 
of fuel-to-air ratio. 
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110 THE APPROACH

zero air pollution is certainly in conflict with the demand for an increase in coal-

based energy production.

Faced with the complexity of the various criteria that are used to evaluate

solutions and the conflicting nature of these criteria, one must examine formal

methods for choosing among various solutions, that is, formal methods of optimi-

zation. Merely evaluating the various criteria for a number of randomly chosen

solutions is extremely inefficient. Generally one attempts to formulate a

mathematical model in order to obtain an explicit representation of solution

criteria. Then optimization methods based upon calculus can be used to determine

the choice of solution parameters that yields maximum values of the criteria.

However, many problems may be so complex that it is impossible to obtain

an explicit functional representation of the criteria. Therefore one must adopt

some kind of search procedure that samples various solutions, evaluates the cor-

responding criteria, and then uses this evaluation to choose a new solution for

evaluation. In this sense, the process of optimization may acquire an iterative

character. That is, one iterates between choosing possible solutions and calculat-

ing and comparing solution criteria by using prescribed rules until an optimum

solution is obtained. Such an iterative process of optimization is basically an

accelerated learning process since through a series of successive approximations,

the engineer gradually closes in on the optimum solution.

While an optimum solution is always an objective for engineering analysis, it

is also a goal that is seldom achieved. A serious constraint on engineering problem

solving is frequently time. Although some effort should always be made to achieve

an optimum solution, rare is the instance when engineers have the time necessary

to determine the true optimum. Rather they seek to come as close to an optimum

as possible in the time available. Eventually they either run out of time or reach a

point of diminishing returns. Then it becomes necessary (or more profitable) to

adopt the solution as it stands and direct further effort toward other problems

requiring attention.

SUMMARY

The engineer attempts to evaluate and adjust various solutions to an

engineering problem in order to determine the solution that optimizes the

solution criteria. Frequently there are conflicting solution criteria that

demand a compromise, a trade-off. Usually time or diminishing returns

prevent the engineer from achieving a truly optimum solution.
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zero air pollution is certainly in conflict with the demand for an increase in coal­
based energy production. 

Faced with the complexity of the various criteria that are used to evaluate 
solutions and the conflicting nature of these criteria, one must examine formal 
methods for choosing among various solutions, that is, formal methods of optimi­
zation. Merely evaluating the various criteria for a number of randomly chosen 
solutions is extremely inefficient. Generally one attempts to formulate a 
mathematical model in order to obtain an explicit representation of solution 
criteria. Then optimization methods based upon calculus can be used to determine 
the choice of solution parameters that yields maximum values of the criteria. 

However, many problems may be so complex that it is impossible to obtain 
an explicit functional representation of the criteria. Therefore one must adopt 
some kind of search procedure that samples various solutions, evaluates the cor­
responding criteria, and then uses this evaluation to choose a new solution for 
evaluation. In this sense, the process of optimization may acquire an iterati1•e 
character. That is, one iterates between choosing possible solutions and calculat­
ing and comparing solution criteria by using prescribed rules until an optimum 
solution is obtained. Such an iterative process of optimization is basically an 
accelerated learning process since through a series of successive approximations, 
the engineer gradually closes in on the optimum solution. 

While an optimum solution is always an objective for engineering analysis, it 
is also a goal that is seldom achieved. A serious constraint on engineering problem 
solving is frequently time. Although some effort should always be made to achieve 
an optimum solution, rare is the instance when engineers have the time necessary 
to determine the true optimum. Rather they seek to come as close to an optimum 
as possible in the time available. Eventually they either run out of time or reach a 
point of diminishing returns. Then it becomes necessary (or more profitable) to 
adopt the solution as it stands and direct further effort toward other problems 
requiring attention. 

SUMMARY 

The engineer allempts to evaluate and adjust mrious solutions to an 
engineering problem in order to determine the solution that optimi;.es the 
solution criteria. Frequently there are conflicting solution criteria that 
demand a compromise, a trade-off Usually time or diminishing returns 
prel·ent the engineer from achiel'ing a truly optimum solution. 
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PROBLEM SOLVING IN ENGINEERING

Exercises

The Search

1. Identify examples of problems in which the solution was hindered by

each of the following difficulties. (Use either your own experience or

your knowledge of other engineering problems.)

(a) Overly narrow initial problem definitions

(b) Mind set

(c) Premature evaluation of solutions

(d) Isolation from the opinion of others

(e) Limited nature of human memory

(f) Insufficient incubation period

2. One interesting approach to problem solving is "brainstorming" in

which a group discusses a given problem in a freewheeling dialogue,

considering all ideas and solutions, no matter how far-fetched they

may appear at first. This approach has been adopted by "think

tanks" used in industry and government, such as the Rand Corpora-

tion and MITRE. Together with several other students, try a 10-

minute brainstorming session and list the solutions you come up with

in this period on any of the following problems:

(a) Energy storage systems for solar power

(b) Reducing inflation while maintaining full employment

(c) Mining ore from the moon's surface

(d) Designing an acceptable mass transit system for your com-

munity

3. A useful technique in problem solving is the use of a checklist in

which the engineer identifies and lists the advantages and disadvan-

tages of possible solutions. Try this approach on possible solutions

for any of the problems listed in Exercise 2.

Technical Information

Most of the following exercises will make use of your university's techni-

cal library.

4. Find and list at least three references that would be of assistance in

the following tasks:

(a) Building a ham radio

(b) Repairing the carburetor of your automobile

(c) Evaluating a set of mathematical integrals

(d) Obtaining information about the career of your local con-

gressman

5. Find 10 articles in your technical library relevant to the Three Mile

Island nuclear power plant accident that occurred in spring of 1979.
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Exercises 

The Search 

1. Identify examples of problems in which the solution was hindered by 
each of the following difficulties. (Use either your own experience or 
your knowledge of other engineering problems.) 

(a) Overly narrow initial problem definitions 
(b) Mind set 
(c) Premature evaluation of solutions 
(d) Isolation from the opinion of others 
(e) Limited nature of human memory 
(f) Insufficient incubation period 

2. One interesting approach to problem solving is "brainstorming" in 
which a group discusses a given problem in a freewheeling dialogue, 
considering all ideas and solutions, no matter how far-fetched they 
may appear at first. This approach has been adopted by "think 
tanks .. used in industry and government, such as the Rand Corpora­
tion and MITRE. Together with several other students. try a tO­
minute brainstorming session and list the solutions you come up with 
in this period on any of the following problems: 

(a) Energy storage systems for solar power 
(b) Reducing inflation while maintaining full employment 
(c) Mining ore from the moon's surface 
(d) Designing an acceptable mass transit system for your com­

munity 

3. A useful technique in problem solving is the use of a checklist in 
which the engineer identifies and lists the advantages and disadvan­
tages of possible solutions. Try this approach on possible solutions 
for any of the problems listed in Exercise 2. 

Technical Information 

Most of the following exercises will make use of your university's techni­
cal library. 

4. Find and list at least three references that would be of assistance in 
the following tasks: 

(a) Building a ham radio 
(b) Repairing the carburetor of your automobile 
(c) Evaluating a set of mathematical integrals 
(d) Obtaining information about the career of your local con­

gressman 

S. Find 10 articles in your technical library relevant to the Three Mile 
Island nuclear power plant accident that occurred in spring of 1979. 
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112 THE APPROACH

6. Trace the origin of the gyrocompass.

7. Identify the titles of three journals in which articles on fire preven-

tion are published.

8. Using information in your technical library, find the different

methods proposed in the past 10 years to remove oil slicks from the

ocean surface.

9. Locate the earliest reference to Ohm's law.

10. Find out from your librarian how you could obtain a copy of a

dissertation written at another university.

11. Find references concerning the safety standards of pressure vessels.

12. Where are government regulations on the use of paint sprayers pub-

lished?

13. What is the thermal conductivity of brick and concrete?

14. Find the government regulations concerning the fuel economy stan-

dards of automobiles manufactured in the United States.

15. Find the procedures required to file for patents in the United States.

16. Find the titles and citations for one technical paper published in the

period 1978-1980 by each of the authors of this text.

17. Learn from your librarian how to conduct a computer-based litera-

ture search.

Models

18. Classify each of the following models as iconic, diagrammatic,

graphical, analog, mathematical, or computer and give the reasons

for your classification:

(a) A strip chart recorder

(b) Newton's laws of motion

(c) The use of billiard balls to model neutron-nucleus collisions

in a nuclear reactor

(d) A free body diagram

(e) A roadmap of the United States

19. How would you model the dynamics of a long column of cars at an

intersection as they respond to the change in a traffic light from red

to green?

20. How might you model the brakes of an automobile?

21. How would you model the people standing in line, say, at a bank

teller window or supermarket checkout counter?

22. Develop a predictive model to determine how much study time you

should allocate per week to each of your courses.
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6. Trace the origin of the gyrocompass. 

7. Identify the titles of three journals in which articles on fire preven­
tion are published. 

8. Using information in your technical library, find the different 
methods proposed in the past 10 years to remove oil slicks from the 
ocean surface. 

9. Locate the earliest reference to Ohm's law. 
10. Find out from your librarian how you could obtain a copy of a 

dissertation written at another university. 

II. Find references concerning the safety standards of pressure vessels. 
12. Where are government regulations on the use of paint sprayers pub­

lished? 

13. What is the thermal conductivity of brick and concrete? 
14. Find the government regulations concerning the fuel economy stan­

dards of automobiles manufactured in the United States. 

15. Find the procedures required to file for patents in the United States. 

16. Find the titles and citations for one technical paper published in the 
period 1978-1980 by each of the authors of this text. 

17. Learn from your librarian how to conduct a computer-based litera­
ture search. 

Models 

18. Classify each of the following models as iconic. diagrammatic, 
graphical. analog, mathematical, or computer and give the reasons 
for your classification: 

(a) A strip chart recorder 
(b) Newton's laws of motion 
(c) The use of billiard balls to model neutron-nucleus collisions 

in a nuclear reactor 
(d) A free body diagram 
(e) A roadmap of the United States 

19. How would you model the dynamics of a long column of cars at an 
intersection as they respond to the change in a traffic light from red 
to green? 

20. How might you model the brakes of an automobile? 

21. How would you model the people standing in line, say, at a bank 
teller window or supermarket checkout counter? 

22. Develop a predictive model to determine how much study time you 
should allocate per week to each of your courses. 
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23. Choose a common model used in your physics or chemistry courses.

List all of the assumptions involved in the model, and identify those

assumptions most likely to break down in real-world situations.

Optimization

24. Identify conflicting criteria that might lead to a trade-off or optimiza-

tion problem in each of the following design problems:

(a) An automobile

(b) A text-reading machine for blind persons

(c) The development of a new insecticide

(d) The development of a major gasohol industry in the midwest

grain belt

25. Identify five "optimization" problems you encounter in your every-

day activities.

26. Identify the principal criteria involved in the following trade-off situ-

ations:

(a) Energy supply versus environmental quality

(b) Social welfare versus inflation

(c) Lowering the speed limit for interstate travel by automobile

(d) Oil supertankers

27. Ten years ago holography was widely touted as a great discovery

with numerous applications. However it has not lived up to its ex-

pectations, and there are few uses of it today. Give the reasons that

you expect have hindered the wider application of holography.

28. Within five years after they first appeared on the market, pocket

calculators decreased in size and price significantly while vastly in-

creasing their capability. Suggest several reasons for the outstanding

technical and economic success of this product.

2.3. THE ENGINEERING DESIGN PROCESS

We have described a very general approach to engineering problem solving. This

procedure can be applied to problems arising in any phase of engineering such as

research, development, design, or even sales and management. In this section we

shall consider how the methodology can be applied to the process of engineering

design, that is, to the development of a physical system or process to perform a

required function.

Design is the principal intellectual activity of the engineer. It is important to

contrast this engineering activity with the primary activity of the scientist, re-

search. The principal objective of research is the development of models,

theories, or hypotheses to describe scientific phenomena. For example, suppose
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23. Choose a common model used in your physics or chemistry courses. 
List all of the assumptions involved in the model, and identify those 
assumptions most likely to break down in real-world situations. 

Optimization 

24. Identify conflicting criteria that might lead to a trade-off or optimiza-
tion problem in each of the following design problems: 

(a) An automobile 
(b) A text-reading machine for blind persons 
(c) The development of a new insecticide 
(d) The development of a major gasohol industry in the midwest 

grain belt 

25. Identify five "optimization" problems you encounter in your every­
day activities. 

26. Identify the principal criteria involved in the following trade-off situ-
ations: 

(a) Energy supply versus environmental quality 
(b) Social welfare versus inflation 
(c) Lowering the speed limit for interstate travel by automobile 
(d) Oil supertankers 

27. Ten years ago holography was widely touted as a great discovery 
with numerous applications. However it has not lived up to its ex­
pectations, and there are few uses of it today. Give the reasons that 
you expect have hindered the wider application of holography. 

28. Within five years after they first appeared on the market, pocket 
calculators decreased in size and price significantly while vastly in­
creasing their capability. Suggest several reasons for the outstanding 
technical and economic success of this product. 

2.3. THE ENGINEERING DESIGN PROCESS 

We have described a very general approach to engineering problem solving. This 
procedure can be applied to problems arising in any phase of engineering such as 
research, development, design, or even sales and management. In this section we 
shall consider how the methodology can be applied to the process of engineering 
design, that is, to the development of a physical system or process to perform a 
required function. 

Design is the principal intellectual activity of the engineer. It is important to 
contrast this engineering activity with the primary activity of the scientist, re­
search. The principal objective of research is the development of models, 
theories. or hypotheses to describe scientific phenomena. For example, suppose 
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that a scientist observes that the incidence of serious crime tends to increase 
whenever a long period of hot, dry weather sets in. He might hypothesize that 
temperature and humidity affect human irritability. The scientist would then set 
out to verify or disprove this hypothesis by conducting psychological tests of 
individuals exposed to a controlled temperature-humidity environment. 

As we have described it, scientific research is an inductive process because 
one attempts to draw general conclusions from specific experiences. In sharp 
contrast , engineering design is a highly specialized process of problem solving. It 
involves the development of a physical system or process that will perform a 
required function. Hence it is a deductive procedure that attempts to develop a 
specific solution to a given problem from a general set of principles. That is, the 
engineer first studies the fundamental scientific principles that govern the process 
of interest (e.g., the chemistry and thermodynamics of fuel combustion) and then 
uses these concepts to synthes ize a particular design (an automobile engine with 
improved fuel efficiency). Whereas research proceeds from specific experience to 
general or abstract principles, design proceeds from general principles and 
abstract models to specific solutions (Figure 2.23). 

Despite these differences the general process of problem solving used in 
design is similar to that used in research and development. However engineering 
design tends to make use of somewhat sharper, more analytical tools . It carries 
the problem-solving activity not only through the stages of problem definition and 
abstraction, solution synthesis and verification , but beyond to evaluation and 
decision and eventually to optimization, revision, and implementation . These lat­
ter activities distinguish the design process from other types of problem solving. 

The design engineer's primary function is to create a structure , device , or 
process that will meet a practical requirement. In this sense design represents the 
culmination of the engineer process, the ultimate application of science and tech­
nology to the creation of new items for society. As an intellectual endeavor, 
engineering design is very similar to design activities encountered in the creative 
arts. As with all areas of design, one proceeds from general principles to develop a 
specific concept suitable for performing a given function or fulfilling a specific 

F1GURE 2.23. The inductive logic of research compared to the deductive logic of design. 
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need. Engineering design is distinguished from other design activities primarily by 
the degree to which technological factors contribute to its implementa tion . 

There are other important differences as weU. Engineers usually do not pro­
duce the particular system they design. Rather they produce only a model , a 
replica, to be used as a template for reproducing the design as many times as 
needed . Of course this places an added responsibility on their shoulders, since 
any error in the design will be propagated to all reproductions of that design at 
the production stage. Furthermore the rapidly accelerating pace of technologi­
cal development and innovation places strong pressures on design engineers to 
continually update their fundamental knowledge. In addition, the constraints on 
engineering design usually extend well beyond factors of a technological nature . 
Engineering design almost always requires a synthesis of technical, economic , and 
social factors. 

Engineering design is a far more general process than invention , that is, than 
tinkering away in a basement laboratory until one s tumbles across a new discov­
ery. Certainly innovation , ingenuity , and creativity play vital roles in both design 
and invention. But inventors sometimes do not understand the physical principles 
behind their invention ; they are usually unable to optimize its design or develop it 

FIGURE 2.24. There is a sharp contrast between the inductive logic of scientists and the 
deductive logic of engineers.<© 1978 by N. Kliban. Reprinted from Tiny 
Footprints by permission of Workman Publishing Company. New York) 
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into a form suitable for mass production. In this sense, engineering design is a far

more general, powerful, and disciplined approach than mere invention. It requires

great skill and training. It is not an activity left to happenstance, to accidental

discovery. Rather engineering design is approached with the disciplined

methodology of engineering problem solving. We proceed through the stages of

problem definition, solution synthesis, verification, and evaluation. However for

our discussion of the engineering design process, we group these activities in a

somewhat different fashion, as shown in Table 2.1.

SUMMARY

Engineering design is the development of a physical system or process to

perform a required function. Research is an inductive procedure in which

one draws general conclusions from specific experiences to develop

theories that describe scientific phenomena. Engineering design is a de-

ductive procedure to develop a specific solution to a given problem from a

general set of principles. Engineering design requires a synthesis of tech-

nical, economic, and social factors. It is far different from the process of

invention, since it cannot be left to happenstance or accidental discovery,

but rather requires a highly disciplined approach. We can approach en-

gineering design as we approach other problem solving activities by em-

ploying the steps of problem definition, solution synthesis, and solution

verification and evaluation.

TABLE 2.1 Comparison of Steps in Problem Solving and Engineering Design

STEPS IN PROBLEM SOLVING

1. Problem definition

Data collection

Model development

2. Solution synthesis

3. Solution verification

Solution evaluation

STEPS IN ENGINEERING DESIGN

I. Identification of need

Information search

2. Synthesis of possible designs

3. Feasibility study

Preliminary design

Final design

4. Presentation of results

4. Design documentation

(technical specifications)
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into a form suitable for mass production. In this sense, engineering design is a far 
more general, powerful, and disciplined approach than mere invention. It requires 
great skill and training. It is not an activity left to happenstance, to accidental 
discovery. Rather engineering design is approached with the disciplined 
methodology of engineering problem solving. We proceed through the stages of 
problem definition, solution synthesis, verification, and evaluation. However for 
our discussion of the engineering design process, we group these activities in a 
somewhat different fashion, as shown in Table 2.1. 

SUMMARY 

Engineering design is the development of a physical system or process to 
perform a required function. Research is an inductive procedure in which 
one draws general conclusions from specific experiences to de1-·elop 
theories that describe scientific phenomena. Engineering design is a de­
ductil•e procedure to develop a specific solution to a given problem from a 
general set of principles. Engineering design requires a synthesis of tech­
nical, economic, and social factors. It is far different from the process of 
invention, since it cannot be left to happenstance or accidental discm•ery, 
but rather requires a highly disciplined approach. We can approach en­
gineering design as we approach other problem solving activities by em­
ploying the steps of problem definition, solution synthesis. and solution 
\'erification and e·valuation. 

TABLE 2.1 Comparison of Steps in Problem Solving and Engineering Design 

STEPS IN PROBLEM SOLVING 

I. Problem definition 
Data collection 
Model development 

2. Solution synthesis 

3. Solution verification 
Solution evaluation 

4. Presentation of results 
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STEPS IN ENGINEERING DESIGN 

-------- - - --- - ---

I. Identification of need 
Information search 

2. Synthesis of possible designs 

3. Feasibility study 
Preliminary design 
Final design 

4. Design documentation 
(technical specifications) 
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PROBLEM SOLVING IN ENGINEERING

Example During the 1930s European scientists investigated the behavior of

heavy metals by bombarding them with a newly discovered particle known as the

neutron. They found that a great many materials became radioactive when sub-

jected to neutron bombardment. But two German chemists, Otto Hahn and Fritz

Strassmann, discovered something else quite unexpected: when the heavy metal

uranium was bombarded with neutrons, new elements appeared with roughly half

the atomic weight of uranium. They postulated that a new process had been

discovered, one in which a neutron actually split or fissioned a uranium nucleus.

This hypothesis was borne out by later experiments and calculations. The discov-

ery of nuclear fission is an excellent example of the inductive process of scientific

research.

In contrast, engineers during the 1940s began to design systems to exploit the

energy released in the nuclear fission process. This process was used in nuclear

reactors to produce energy and also in nuclear bombs to produce explosions. The

history of the Manhattan Project provides many examples of the deductive

process of engineering design, of proceeding from general principles of nuclear

physics to a specific device or process. Whereas the discovery of nuclear fission

occurred essentially by accident, the design of systems to make use of this new

energy source required a far more carefully planned and disciplined approach.

2.3.1. Problem Definition: Identification of the Need

The first step of a design study is to determine whether a need exists, that is, to

identify and define the design problem. Sometimes this is straightforward. It is

obvious, for example, that astronauts cannot leave their spacecraft and walk on

the surface of the moon without adequate protection. The design solution is easily

identified: a pressurized suit.

Many times it is more difficult to identify a need. Progress in medicine is often

hampered by the lack of suitable equipment. Engineers who could design the

necessary equipment are usually unfamiliar with modern treatment and surgical

methods and cannot identify the areas where an engineering solution would be

helpful. Sometimes even the need for highly successful products is not evident.

While the principles of electrophotography were developed in 1934, it was not

until some 20 years later that a device was developed using this process to copy

materials on ordinary paper. As late as 1960 the need for such photocopying

devices was greatly underestimated and only became apparent with the remark-

able success of the Xerox machine.

It sometimes requires great vision to recognize a need. It also requires

foresight to anticipate future needs for a design. Some needs may be of a transient

nature and may change appreciably over the lifetime of a design project. For

example, in the early 1960s considerable attention was directed toward the de-

velopment of supersonic passenger transport aircraft (SST). The staggering in-

creases in fuel costs during the 1970s, coupled with the voracious fuel consump-
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Example During the 1930s European scientists investigated the behavior of 
heavy metals by bombarding them with a newly discovered particle known as the 
neutron. They found that a great many materials became radioactive when sub­
jected to neutron bombardment. But two German chemists, Otto Hahn and Fritz 
Strassmann, discovered something else quite unexpected: when the heavy metal 
uranium was bombarded with neutrons, new elements appeared with roughly half 
the atomic weight of uranium. They postulated that a new process had been 
discovered, one in which a neutron actually split or fissioned a uranium nucleus. 
This hypothesis was borne out by later experiments and calculations. The discov­
ery of nuclear fission is an excellent example of the inductive process of scientific 
research. 

In contrast, engineers during the 1940s began to design systems to exploit the 
energy released in the nuclear fission process. This process was used in nuclear 
reactors to produce energy and also in nuclear bombs to produce explosions. The 
history of the Manhattan Project provides many examples of the deductive 
process of engineering design, of proceeding from general principles of nuclear 
physics to a specific device or process. Whereas the discovery of nuclear fission 
occurred essentially by accident, the design of systems to make use of this new 
energy source required a far more carefully planned and disciplined approach. 

2.3.1. Problem Definition: Identification of the Need 

The first step of a design study is to determine whether a need exists, that is, to 
identify and define the design problem. Sometimes this is straightforward. It is 
obvious. for example, that astronauts cannot leave their spacecraft and walk on 
the surface of the moon without adequate protection. The design solution is easily 
identified: a pressurized suit. 

Many times it is more difficult to identify a need. Progress in medicine is often 
hampered by the lack of suitable equipment. Engineers who could design the 
necessary equipment are usually unfamiliar with modern treatment and surgical 
methods and cannot identify the areas where an engineering solution would be 
helpful. Sometimes even the need for highly successful products is not evident. 
While the principles of electrophotography were developed in 1934, it was not 
until some 20 years later that a device was developed using this process to copy 
materials on ordinary paper. As late as 1960 the need for such photocopying 
devices was greatly underestimated and only became apparent with the remark­
able success of the Xerox machine. 

It sometimes requires great vision to recognize a need. It also requires 
foresight to anticipate future needs for a design. Some needs may be of a transient 
nature and may change appreciably over the lifetime of a design project. For 
example, in the early 1960s considerable attention was directed toward the de­
velopment of supersonic passenger transport aircraft (SST). The staggering in­
creases in fuel costs during the 1970s, coupled with the voracious fuel consump-
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118 THE APPROACH 

FIGURE 2.25. The need of lunar as­
tronauts for protective clothing is obvious. 
(Courtesy National Aeronautics and 
Space Administration) 

tion of these aircraft, may have doomed them to only a very limited role in the 
future. The energy crisis and the soaring cost of petroleum changed the conditions 
on which the original design was predicated. 

After identifying or confirming the existence of a need for the design of an 
engineering system or process, engineers next formulate the goals of the design 
(the design criteria) and the restrictions (constraints) it must meet. This activity 
corresponds to the broad formulation of the design problem, and it serves to point 
the way toward more specific design criteria and may suggest possible approaches 
toward the synthesis of the design. At this stage the engineer studies the design 
problem in detail, identifying and acquiring the necessary information to support 
the design activity, and converges on more and more detailed statements of the 
specific design task including its constraints and design criteria. 

SUMMARY 

The first step of a design study is to determine whether a need exists for 
the particular project of interest. One must also assess the significance of 
this need and determine whether or not it is worth pursuing. Then the 

019 1zed by Google 
- - --- --

Original from 
UNIVERSITY OF MICHIGAN 



G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

PROBLEM SOLVING IN ENGINEERING 119 

engineer identifies the general goals of the design (the design criteria) and 
the restrictions (constraints) it must meet . 

Example Occasionally a creative design innovation will trigger a new and un­
foreseen need . One of the most outstanding advances in the 1960s was the intro­
duction of the pop-top aluminum beer can. No longer were engineering students 
required to carry can openers hanging from their belts along with their pocket 
calculators. They could simply pull open the tab opener on the top of the can. 

But , as the environmental movement took hold , it became apparent that the 
pop-top can was ecologically unsound. Beer-loving engineers would discard the 
pop-tops (and later the empty beer can). The pop-tops scattered across the land­
scape began to present a serious hazard to our civilization. A very real need 
became apparent. 

This need was met by two solutions. one political and one technological. 
First , many states passed returnable bottle and can laws that demanded a deposit 
on all beverage containers. refundable upon their return . Then product engineers 

FIGURE 2.26. Engineers and physicians collaborate to achieve ad­
vances in medicine. (Courtesy University of Michigan 
College of Engineering) 
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designed new cans that could be opened by merely depressing a spot on the top of

the can, thereby eliminating the pull-tab openers altogether.

2.3.2. Solution Synthesis, Verification, and Evaluation:

Feasibility Study, Preliminary Design, and Final Design

With the need identified and the design problem defined, the engineer now de-

velops solutions. This, more than any other step in the design process, requires

inventive and creative effort. By "creative" we do not necessarily mean that the

individual elements comprising the design will be novel. Rather it is the design

synthesis itself that is novel. Sometimes the design engineer will blend together a

new scientific discovery with several more established ideas to arrive at a practi-

cal design.

As in any form of problem solving, engineers synthesize and evaluate several

possible solutions. Usually the first design solutions are of a rather general and

vague nature, addressing only the broader aspects of the design problem. As these

solutions are studied and evaluated in greater detail, the engineer focuses on a

more detailed statement of the specific design task. This activity usually takes the

form of a sequence of design studies: a feasibility study, a preliminary design, and

a final design. These design studies correspond to the steps of solution synthesis,

verification, and evaluation in the more general problem-solving method.

The feasibility study involves formulating a variety of general solutions to the

design problem and then evaluating the technical and economic feasibility of these

solutions. A given solution may not be technically feasible because it violates a

fundamental scientific principle, or because the technology necessary for its im-

plementation is unavailable. An example of a design that violates a scientific law is

the perpetual motion machine. This device produces a net surplus of energy. The

jet engine is an example of a device whose feasibility was delayed by the develop-

ment of suitable high temperature materials.

In addition to technical feasibility, the economic feasibility of a project must

be evaluated. For a single item such as a bridge, building, or a structure, a reason-

able estimate can usually be made of the cost. It is more difficult to make a cost

estimate for mass-produced items. The manufacturing cost and the selling price

for such products depend on the quantities sold. It is extremely difficult to antici-

pate the demand for a new product. Market surveys provide useful information,

but they are not foolproof, especially when they are for as yet nonexisting prod-

ucts. It is often difficult to know if a competitive product will appear before the

design can be marketed. The economic planner must make a forecast on the basis

of the available, although frequently limited, information.

Finally, during the feasibility study the social, environmental, and safety

impact of the design must be evaluated. Many engineering designs are found to

cause more problems than they solve. A highway that requires the razing of

buildings and the uprooting of many families may not be an acceptable solution.
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designed new cans that could be opened by merely depressing a spot on the top of 
the can, thereby eliminating the pull-tab openers altogether. 

2.3.2. Solution Synthesis, Verification, and Evaluation: 
Feasibility Study, Preliminary Design, and Final Design 

With the need identified and the design problem defined, the engineer now de­
velops solutions. This, more than any other step in the design process, requires 
inventive and creative effort. By .. creative" we do not necessarily mean that the 
individual elements comprising the design will be novel. Rather it is the design 
synthesis itself that is novel. Sometimes the design engineer will blend together a 
new scientific discovery with several more established ideas to arrive at a practi­
cal design. 

As in any form of problem solving, engineers synthesize and evaluate several 
possible solutions. Usually the first design solutions are of a rather general and 
vague nature, addressing only the broader aspects of the design problem. As these 
solutions are studied and evaluated in greater detail, the engineer focuses on a 
more detailed statement of the specific design task. This activity usually takes the 
form of a sequence of design studies: a feasibility study. a preliminary design, and 
a final design. These design studies correspond to the steps of solution synthesis, 
verification, and evaluation in the more general problem-solving method. 

The feasibility study involves formulating a variety of general solutions to the 
design problem and then evaluating the technical and economic feasibility of these 
solutions. A given solution may not be technically feasible because it violates a 
fundamental scientific principle, or because the technology necessary for its im­
plementation is unavailable. An example of a design that violates a scientific law is 
the perpetual motion machine. This device produces a net surplus of energy. The 
jet engine is an example of a device whose feasibility was delayed by the develop­
ment of suitable high temperature materials. 

In addition to technical feasibility, the economic feasibility of a project must 
be evaluated. For a single item such as a bridge. building. or a structure. a reason­
able estimate can usually be made of the cost. It is more difficult to make a cost 
estimate for mass-produced items. The manufacturing cost and the selling price 
for such products depend on the quantities sold. It is extremely difficult to antici­
pate the demand for a new product. Market surveys provide useful information. 
but they are not foolproof. especially when they are for as yet nonexisting prod­
ucts. It is often difficult to know if a competitive product will appear before the 
design can be marketed. The economic planner must make a forecast on the basis 
of the available, although frequently limited, information. 

Finally, during the feasibility study the social, environmental, and safety 
impact of the design must be evaluated. Many engineering designs are found to 
cause more problems than they solve. A highway that requires the razing of 
buildings and the uprooting of many families may not be an acceptable solution. 
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Automobiles or plants that discharge pollutants may be unacceptable and may

have to redesigned.

The engineer begins the task of formulating a detailed statement of the

specific design task from a broad formulation of the design problem and

its possible solutions. The first aspect is a feasibility study to evaluate the

scientific and economic feasibility of the design solution. Social, envi-

ronmental, and safety factors must also be considered.

Example One of the more interesting energy sources proposed for the future

consists of large arrays of solar collectors placed in earth orbit (Figure 2.27). The

energy collected by these solar satellites would then be beamed down to earth-

based receivers as microwave radiation. A feasibility study of this proposal must

examine several important questions. For example, how much material is needed

to construct such a satellite; how can one beam down energy without significantly

perturbing the atmosphere; how difficult will it be to maintain the solar collectors

during their continual bombardment by cosmic debris'? Of course the key question

TABLE 2.2 The Time to Develop a New Technology

SUMMARY

INNOVATION

YEAR OF

FIRST CONCEPTION

YEAR OF

FIRST REALIZATION

DEVELOPMENT

TIME (years)

Heart pacemaker

Hybrid corn

Hybrid small grains

Green revolution wheat

Electrophotography

Organophosphorus

1928

1908

1937

1950

1937

1934

I960

1933

1956

1966

1959

1947

32

25

19

16

22

13

insecticides

Oral contraceptive

Magnetic ferrites

Video tape recorder

Average duration

1951

1933

1950

1960

1955

1956

9

22

6

19.2

SOURCE Robert C. Dean, Jr., "Technical Innovation USA," Mechanical Engineering (November, 1978), p. 29.
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Automobiles or plants that discharge pollutants may be unacceptable and may 
have to redesigned. 

SUMMARY 

The engineer begins the task of formulating a detailed statement of the 
specific design task from a broad formulation of the design problem and 
its possible solutions. The first aspect is a feasibility study to evaluate the 
scientific and economic feasibility of the design solution. Social, envi­
ronmental, and safety factors must also be considered. 

Example One of the more interesting energy sources proposed for the future 
consists of large arrays of solar collectors placed in earth orbit (Figure 2.27). The 
energy collected by these solar satellites would then be beamed down to earth­
based receivers as microwave radiation. A feasibility study of this proposal must 
examine several important questions. For example, how much material is needed 
to construct such a satellite: how can one beam down energy without significantly 
perturbing the atmosphere: how difficult will it be to maintain the solar collectors 
during their continual bombardment by cosmic debris? Of course the key question 

TABLE 2.2 The Time to Develop a New Technology 

YEAR OF YEAR OF 
INNOVATION FIRST CONCEPTION FIRST REALIZATION 

Heart pacemaker 1928 1960 
Hybrid com 1908 1933 
Hybrid small grains 1937 1956 
Green revolution wheat 1950 1966 
Electrophotography 1937 1959 
Organophosphorus 1934 1947 

insecticides 
Oral contraceptive 1951 1960 
Magnetic ferrites 1933 1955 
Video tape recorder 1950 1956 
Average duration 

DEVEWPMENT 
TIME (years) 

32 
25 
19 
16 
22 
13 

9 
22 
6 

19.2 

SOURCE Robert C. Dean, Jr .. "Technical Innovation USA," Mechanical Engineering (November, 1978), p. 29. 
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122 THE APPROACH

involves economics. Can one construct such orbiting solar power stations at a cost

comparable to earth-based facilities? Perhaps an even more fundamental question

addressed in the feasibility study is whether the energy produced during the

lifetime of the station will pay back the energy invested in manufacturing and

placing into orbit its components. The public risk and environmental impact pre-

sented by such a massive undertaking must also be assessed.

Once the alternative solutions to a problem have been explored, the engineer

selects the approach that appears most promising and performs a preliminary-

design. The purpose of the preliminary design is to evaluate the usefulness of the

concepts and the ideas incorporated into the design and to determine whether or

not the design works.

The preliminary design study usually makes extensive use of models of the

design. Such models may take the form of drawings, diagrams, or mathematical

calculations. Sometimes these models reveal serious flaws in the design, which

require substantial revision. They may also support the initial feasibility, provid-

ing more confidence that the design will actually function as intended.

SUMMARY

The engineer performs a preliminary design to evaluate the usefulness of

'the concepts and ideas that are incorporated into the design and to de-

termine whether or not the design will work. This stage usually involves

building a working model or prototype.

Example As a specific example, let us consider the design of an electric toaster.

The basic idea behind the toaster is that bread will be toasted when placed near

an electric heater. At the beginning of the design study we are confronted with

several unknowns: (1) the type of wire to use in the electric heater, (2) the length

and diameter of the wire, (3) the arrangement of the wires, (4) the amount of

current provided to the wire, (5) the distance between the bread and the wires.

(6) the time the bread is exposed to the heat, (7) the method used to remove the

bread from the toaster. Answers to these questions must be found before the final

product can be designed.

The first model of the toaster is usually in the form of a diagram. The heating

coils and power supply are represented in Figure 2.28. From the known resistance

of the wire and the current input, we can calculate the power input to the wires
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involves economics. Can one construct such orbiting solar power stations at a cost 
comparable to earth-based facilities? Perhaps an even more fundamental question 
addressed in the feasibility study is whether the energy produced during the 
lifetime of the station will pay back the energy invested in manufacturing and 
placing into orbit its components. The public risk and environmental impact pre­
sented by such a massive undertaking must also be assessed. 

Once the alternative solutions to a problem have been explored, the engineer 
selects the approach that appears most promising and performs a preliminary 
design. The purpose of the preliminary design is to evaluate the usefulness of the 
concepts and the ideas incorporated into the design and to determine whether or 
not the design works. 

The preliminary design study usually makes extensive use of models of the 
design. Such models may take the form of drawings, diagrams, or mathematical 
calculations. Sometimes these models reveal serious flaws in the design, which 
require substantial revision. They may also support the initial feasibility, provid­
ing more confidence that the design will actually function as intended. 

SUMMARY 

The engineer performs a preliminary design to evaluate the use.fltlness of 
'the concepts and ideas that are incorporated into the design and to de­
termine whether or not the design will work. This stage usually im·ol\'eJ 
building a working model or prototype. 

Example As a specific example, let us consider the design of an electric toaster. 
The basic idea behind the toaster is that bread will be toasted when placed near 
an electric heater. At the beginning of the design study we are confronted with 
several unknowns: (l) the type of wire to use in the electric heater, (2) the length 
and diameter of the wire, (3) the arrangement of the wires, (4) the amount of 
current provided to the wire, (5) the distance between the bread and the wires. 
(6) the time the bread is exposed to the heat, (7) the method used to remove the 
bread from the toaster. Answers to these questions must be found before the final 
product can be designed. 

The first model of the toaster is usually in the form of a diagram. The heating 
coils and power supply are represented in Figure 2.28. From the known resistance 
of the wire and the current input, we can calculate the power input to the wires 
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PROBLEM SOLVING IN ENGINEERING 123 

FIGURE 2.27. The solar power satellite 
is still in a very early stage of the design 
process. (Courtesy National Aeronautics 
and Space Administration) 

and the heat they produce. We can also estimate the temperature of a slice of 
bread placed at various distances from the wire. Our calculations tell us how much 
power is needed to heat the bread to a given temperature with a given type of wire. 
We may find that the power requirements are too high , or that the maximum 
temperature achieved with the wire is too low for toasting a slice of bread . Chang­
ing the diameter or length of wire or using a wire with different electrical charac­
teristics might alleviate the problem. 

FIGURE 2.28. Sketches representing the various stages in the design of an electric 
toaster. 
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Power 
supply 

Bread 

Voltmeter 
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124 THE APPROACH

A working prototype of the toaster might consist of coiled wires supported in

a frame, a power supply, and a slice of bread suspended from a positioning arm.

Various measuring instruments, voltmeters, ammeters, and thermocouples are

added to monitor the performance of the device. Tests are then conducted to

determine the correct conditions for toasting the bread. The results will determine

the appropriate material, length, diameter, and arrangement of the heating wires,

the proper distance between the bread and the wires, and the time needed for

toasting the bread. Once these questions are answered, we can turn to the design

of a timer and a mechanisms for removing the bread.

Once design engineers are satisfied that all foreseeable problems have been

eliminated, they then proceed to design the final form of the device or product.

The steps involved in the final design are similar to those of the preliminary

design. First the final version is specified by drawings. A prototype is then built

according to these drawings. In contrast to earlier models, this prototype is identi-

cal in all respects to the final product. It performs the same functions. It even has

the same size, shape, and color.

The prototype is a particularly critical aspect of the design since it represents

the last stage at which problems can be identified and eliminated. Any problem not

identified here will show up in the final product. Since it is difficult and expensive

to make corrections after production has begun, it is of paramount importance that

problems be detected and corrected during the final design stage. Some faults can

be found only through comprehensive testing of the prototype.

The final stage of the engineering design process places a premium on eco-

nomic feasibility. The product must be of sufficient value to repay the effort

involved in its production. Design engineers should place themselves in the posi-

tion of the producer, distributor, and the consumer. They should continually ask

themselves whether the projected solution or design is the simplest that could

accomplish the desired result.

Careful thought must also be given at this stage to questions of maintenance

and service. Small design changes can sometimes greatly simplify a service proce-

dure that may be required later. For example, one recent automobile model re-

quired partial lifting of the engine from its mounts in order to provide enough

clearance to replace the spark plugs. One growing trend is to make design compo-

nents as modular as possible, with a number of interchangeable subunits. Service

in the field can then consist of simple replacement of a subunit, greatly reducing

downtime and servicing costs.

Many design activities must meet the additional constraints imposed by gov-

ernment regulation. For example, the exhaust emission of any automobile must

be tested and approved by the United States Environmental Protection Agency.

New medical instruments must be approved by the Food and Drug Administra-

tion. The growing mountain of such regulations, which are continually changing,

has come to represent a formidable challenge to the design engineer.
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A working prototype of the toaster might consist of coiled wires supported in 
a frame, a power supply, and a slice of bread suspended from a positioning arm. 
Various measuring instruments, voltmeters, ammeters, and thermocouples are 
added to monitor the performance of the device. Tests are then conducted to 
determine the correct conditions for toasting the bread. The results will determine 
the appropriate material, length, diameter, and arrangement of the heating wires, 
the proper distance between the bread and the wires, and the time needed for 
toasting the bread. Once these questions are answered, we can tum to the design 
of a timer and a mechanisms for removing the bread. 

Once design engineers are satisfied that all foreseeable problems have been 
eliminated, they then proceed to design the final form of the device or product. 
The steps involved in the final design are similar to those of the preliminary 
design. First the final version is specified by drawings. A prototype is then built 
according to these drawings. In contrast to earlier models, this prototype is identi­
cal in all respects to the final product. It performs the same functions. It even has 
the same size, shape, and color. 

The prototype is a particularly critical aspect of the design since it represents 
the last stage at which problems can be identified and eliminated. Any problem not 
identified here will show up in the final product. Since it is difficult and expensive 
to make corrections after production has begun, it is of paramount importance that 
problems be detected and corrected during the final design stage. Some faults can 
be found only through comprehensive testing of the prototype. 

The final stage of the engineering design process places a premium on eco­
nomic feasibility. The product must be of sufficient value to repay the effort 
involved in its production. Design engineers should place themselves in the posi­
tion of the producer, distributor, and the consumer. They should continually ask 
themselves whether the projected solution or design is the simplest that could 
accomplish the desired result. 

Careful thought must also be given at this stage to questions of maintenance 
and service. Small design changes can sometimes greatly simplify a service proce­
dure that may be required later. For example, one recent automobile model re­
quired partial lifting of the engine from its mounts in order to provide enough 
clearance to replace the spark plugs. One growing trend is to make design compo­
nents as modular as possible, with a number of interchangeable subunits. Service 
in the field can then consist of simple replacement of a subunit, greatly reducing 
downtime and servicing costs. 

Many design activities must meet the additional constraints imposed by gov­
ernment regulation. For example, the exhaust emission of any automobile must 
be tested and approved by the United States Environmental Protection Agency. 
New medical instruments must be approved by the Food and Drug Administra­
tion. The growing mountain of such regulations, which are continually changing. 
has come to represent a formidable challenge to the design engineer. 
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SUMMARY

When design engineers are satisfied that all foreseeable problems have

been eliminated, they proceed to design the final form of the product and

to document this design. A prototype of the design is usually built at this

stage. This represents the last step where problems can be identified and

eliminated before the design enters the production phase.

Example Consider how the test program for the prototype of a washing machine

might be conducted. First the machine would be tested to determine whether its

mechanical and electrical components operate properly. Then the machine would

be loaded with clothing, and its washing performance evaluated; this might be

done through tests that show the amount of water used, the amount of dirt re-

moved, and any damage to clothes. Third, the machine would be thoroughly

tested for possible electrical or mechanical safety hazards. Finally, the durability

of the machine would be evaluated. To do this, the machine must be operated

through many cycles. To simulate the long term use, durability tests may take

several months or even years. Suppose the average household use of the washing

machine is projected to be three times per week. If each cycle is 30 minutes long,

then during 15 years of service life, the machine is in operation for 390 hours.

Therefore this machine would have to be operated repeatedly and continuously

for about 16 days to simulate usage equivalent to 15 years in a household.

A design flaw that goes unnoticed in the prototype and must be corrected

after manufacture is very costly. For example, suppose that 10% of our washing

machines prove defective after manufacture and must be repaired at a cost of $10

each. The total cost when this product is mass-produced at a level of 100,000 units

a year is $ 1,000,000. This cost would have to be absorbed by the manufacturer or

passed on to the consumer.

2.3.3. Design Iteration and Optimization

Engineering design is very much an iterative process. One must compare the

analysis and evaluation of prospective solutions with the design requirements (the

solution constraints). If these requirements are not adequately satisfied, a new

design is attempted and evaluated.

In practice design is seldom performed in the sequence of distinct steps we

have presented in this chapter. The boundaries between the different steps are not

sharp; the work during different design steps overlap. Furthermore, the different
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SUMMARY 

When design engineers are satisfied that all foreseeable problems have 
been eliminated, they proceed to design the final form of the product and 
to document this design. A prototype of the design is usually built at this 
stage. This represents the last step where problems can be identified and 
eliminated before the design enters the production phase. 

Example Consider how the test program for the prototype of a washing machine 
might be conducted. First the machine would be tested to determine whether its 
mechanical and electrical components operate properly. Then the machine would 
be loaded with clothing, and its washing performance evaluated; this might be 
done through tests that show the amount of water used. the amount of dirt re­
moved. and any damage to clothes. Third, the machine would be thoroughly 
tested for possible electrical or mechanical safety hazards. Finally, the durability 
of the machine would be evaluated. To do this, the machine must be operated 
through many cycles. To simulate the long term use, durability tests may take 
several months or even years. Suppose the average household use of the washing 
machine is projected to be three times per week. If each cycle is 30 minutes long, 
then during 15 years of service life, the machine is in operation for 390 hours. 
Therefore this machine would have to be operated repeatedly and continuously 
for about 16 days to simulate usage equivalent to 15 years in a household . 

A design flaw that goes unnoticed in the prototype and must be corrected 
after manufacture is very costly. For example, suppose that I 0% of our washing 
machines prove defective after manufacture and must be repaired at a cost of $10 
each. The total cost when this product is mass-produced at a level of 100,000 units 
a year is $1 ,000,000. This cost would have to be absorbed by the manufacturer or 
passed on to the consumer. 

2.3.3. Design Iteration and Optimization 

Engineering design is very much an iterative process. One must compare the 
analysis and evaluation of prospective solutions with the design requirements (the 
solution constraints). If these requirements are not adequately satisfied, a new 
design is attempted and evaluated. 

In practice design is seldom performed in the sequence of distinct steps we 
have presented in this chapter. The boundaries between the different steps are not 
sharp; the work during different design steps overlap. Furthermore, the different 
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126 THE APPROACH

phases of design are not accomplished independently. On the contrary, through-

out the entire design process there is strong interaction between different stages.

The early phases of design are performed with the ultimate objective in mind. As

one progresses to later stages, new problems become evident or new solutions

appear. Hence there is information flowing continuously from earlier to later

design phases, and vice versa. Redesign does not stop even after the manufacture

of the product. Products undergo changes with time and, in fact, most products go

through many changes in almost a continuous, evolutionary process.

When the optimum design is finally chosen, the engineer must carry through a

detailed analysis to arrive at a set of technical specifications,for the design. These

specifications consist of a detailed description, sketches, drawings, photographs,

flow diagrams, in fact, any information that might prove of use to the person who

is to assemble, use, or regulate the device or process.

We cannot emphasize strongly enough that an engineering design is only as

good as the engineer's ability to describe the design to others. We shall return in

FIGURE 2.29. Design is very much an iterative process. Consider, for example, the

evolution in the design of the bird. (Â© 1976 by B. Kliban. Reprinted from

Never Eat Anything Bigger Than Your Head by permission of Workman

Publishing Company. New York)
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' I 

phases of design are not accomplished independently. On the contrary, through­
out the entire design process there is strong interaction between different stages. 
The early phases of design are performed with the ultimate objective in mind. As 
one progresses to later stages, new problems become evident or new solutions 
appear. Hence there is information flowing continuously from earlier to later 
design phases. and vice versa. Redesign does not stop even after the manufacture 
of the product. Products undergo changes with time and, in fact, most products go 
through many changes in almost a continuous, evolutionary process. 

When the optimum design is finally chosen, the engineer must carry through a 
detailed analysis to arrive at a set of technical specifications.for the design. These 
specifications consist of a detailed description, sketches, drawings, photographs. 
flow diagrams, in fact, any information that might prove of use to the person who 
is to assemble, use, or regulate the device or process. 

We cannot emphasize strongly enough that an engineering design is only as 
good as the engineer's ability to describe the design to others. We shall return in 

FIGURE 2.29. Design is very much an iterative process. Consider. for example. the 
evolution in the design of the bird. <CD 1976 by B. Kliban. Reprinted from 
Nel-er Eat Anything Bigga Than Your Head by permission of Workman 
Publishing Company. New York) 
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Chapter 6 to consider the very important topic of the documentation and presenta-

tion of engineering design.

SUMMARY

Engineering design is an iterative process since new design synthesis may

be attempted and evaluated according to design goals and constraints

until an optimum design is achieved. There is a strong interaction be-

tween the different stages of design. The final stage of design is the

preparation of detailed technical specifications.

2.3.4. Some Concluding Remarks

Engineering design can be an extremely challenging and exciting activity. It re-

quires imagination, creativity, and discipline. It also requires considerable knowl-

edge, experience, and maturity. Therefore we have discussed only general aspects

of engineering design to convey the flavor of its challenge and excitement. The

development of the skills necessary for a design engineer is a gradual process,

requiring continual exposure to design problems and the experience of seasoned

engineers. It also requires the mastery of new tools such as computer-aided de-

sign. Engineers should learn to pull together the diverse components of their

formal education and practical experience and focus them on the particular design

problem of interest.

Exercise

Design, Research, and Invention

1. Thomas A. Edison had many patents to his credit. Two of his best-

known inventions were the light bulb and the phonograph. Were

these the results of research, invention, or both? Why?

2. How would you classify the inventors of the following devices, as

scientist, engineer, or inventor:

Zipper Laser

Gas turbine Transistor

Sewing machine Xerox machine

Typewriter Jet engine

3. You are to develop a device helping patients breathe (i.e., a respi-

rator). What type of background knowledge would you need to de-

velop such a device?
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Chapter 6 to consider the very important topic of the documentation and presenta­
tion of engineering design. 

SUMMARY 

Engineering design is an iterath·e process since new design synthesis may 
be attempted and emluated according to design goals and constraints 
until an optimum design is achie\·ed. There is a strong interaction be­
tween the different stages of design. The final stage of design is the 
preparation of detailed technical specifications. 

2.3.4. Some Concluding Remarks 

Engineering design can be an extremely challenging and exciting activity. It re­
quires imagination. creativity, and discipline. It also requires considerable knowl­
edge, experience, and maturity. Therefore we have discussed only general aspects 
of engineering design to convey the flavor of its challenge and excitement. The 
development of the skills necessary for a design engineer is a gradual process, 
requiring continual exposure to design problems and the experience of seasoned 
engineers. It also requires the mastery of new tools such as computer-aided de­
sign. Engineers should learn to pull together the diverse components of their 
formal education and practical experience and focus them on the particular design 
problem of interest. 

Exercise 

Design, Research, and Invention 

I. Thomas A. Edison had many patents to his credit. Two of his best­
known inventions were the light bulb and the phonograph. Were 
these the results of research, invention, or both? Why? 

2. How would you classify the inventors of the following devices, as 
scientist, engineer, or inventor: 
Zipper Laser 
Gas turbine Transistor 
Sewing machine Xerox machine 
Typewriter Jet engine 

3. You are to develop a device helping patients breathe (i .e., a respi­
rator). What type of background knowledge would you need to de­
velop such a device? 
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4. Discuss the steps you would follow to invent a method or device that

would do the same job as a safety pin, without the hazard posed by

the pin (i.e., the pin can stick you).

Need Definition

Establish the need for a product in each of the following areas.

5.

Medicine

6.

Home heating

7.

Temperature measurement

8.

Electrical power measurement

9.

Chemical pH measurement

10.

Footwear

11.

Sports

Steps in Design

Outline the design steps (feasibility study, preliminary design, final de-

sign) involved in the design and development of each of the following

products.

12. A slide projector with coordinated (synchronized) sound.

13. A pocket portable telephone.

14. A backpack propulsion unit for flying people on short trips.

15. An electric car.

16. A pulse rate indicator for use during exercise.

17. A multicolored fountain pen.

18. An umbrella that can be used in strong winds.

General Design

Sketch how you would approach each of the following design tasks.

19. Develop a system that can be used to replace conventional traffic

lights. Your system should be simpler and less expensive than the

present system.

20. Develop a method for measuring pulse rate during exercise. Your

device should be small, lightweight, and suitable for mass produc-

tion.

21. Devise a system that would eliminate the need for seat belts in

automobiles.
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4. Discuss the steps you would follow to invent a method or device that 
would do the same job as a safety pin, without the hazard posed by 
the pin (i.e., the pin can stick you). 

Need Definition 

Establish the need for a product in each of the following areas. 

S. Medicine 

6. Home heating 

7. Temperature measurement 

8. Electrical power measurement 

9. Chemical pH measurement 

10. Footwear 

11. Sports 

Steps in Design 

Outline the design steps (feasibility study. preliminary design, final de­
sign) involved in the design and development of each of the following 
products. 

12. A slide projector with coordinated (synchronized) sound. 

13. A pocket portable telephone. 

14. A backpack propulsion unit for flying people on short trips. 

15. An electric car. 

16. A pulse rate indicator for use during exercise. 

17. A multicolored fountain pen. 

18. An umbrella that can be used in strong winds. 

General Design 

Sketch how you would approach each of the following design tasks. 

19. Develop a system that can be used to replace conventional traffic 
lights. Your system should be simpler and less expensive than the 
present system. 

20. Develop a method for measuring pulse rate during exercise. Your 
device should be small, lightweight, and suitable for mass produc­
tion. 

21. Devise a system that would eliminate the need for seat belts in 
automobiles. 
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22. Design a device that will indicate when it is necessary to change the

oil in an automobile.

23. Devise a method that will prevent pigeons from defacing the facade

of buildings.

24. Trains lose time and waste energy when they stop at stations. Devise

a scheme that would allow passengers to get on and off trains with-

out the train having to slow down and stop at stations.

25. Design a system that could be used to desalinate water on life rafts.

26. Design a mechanical device for removing weeds.

27. Design a scheme for timing automatically the finishers in a marathon

road race with 6500 entries. The scheme should provide the time of

each finisher and display the order of finishers immediately after the

end of the race.

28. In tournament tennis matches, eight persons are required to judge

whether or not the ball was "in" or "out." Even then, calls are

frequently disputed. Devise a system that would reduce the number

of linesmen and, at the same time, improve the accuracy of the calls.

29. Design a device for locking up bicycles securely. The device should

be lightweight and inexpensive.

30. It is desired to propel a boat quietly with human power. Oars, pro-

pellers, and paddle wheels are too noisy and cannot be used. Develop

a method enabling one to propel a boat without these mechanisms.

31. Design a system to cool warm beer and soft drinks on a picnic when

no electricity is available. The system should be small, lightweight,

and inexpensive.

32. Design a system to better handle traffic flow into and out of Manhat-

tan during rush hour.

33. Design a noise suppression barrier for a residential neighborhood

surrounded by freeways.
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22. Design a device that will indicate when it is necessary to change the 
oil in an automobile. 

23. Devise a method that will prevent pigeons from defacing the facade 
of buildings. 

24. Trains lose time and waste energy when they stop at stations. Devise 
a scheme that would allow passengers to get on and off trains with­
out the train having to slow down and stop at stations. 

25. Design a system that could be used to desalinate water on life rafts. 

26. Design a mechanical device for removing weeds. 

27. Design a scheme for timing automatically the finishers in a marathon 
road race with 6500 entries. The scheme should provide the time of 
each finisher and display the order of finishers immediately after the 
end of the race. 

28. In tournament tennis matches, eight persons are required to judge 
whether or not the ball was "in" or "out." Even then, calls are 
frequently disputed. Devise a system that would reduce the number 
oflinesmen and, at the same time, improve the accuracy of the calls. 

29. Design a device for locking up bicycles securely. The device should 
be lightweight and inexpensive. 

30. It is desired to propel a boat quietly with human power. Oars, pro­
pellers . and paddlewheels are too noisy and cannot be used. Develop 
a method enabling one to propel a boat without these mechanisms. 

31. Design a system to cool warm beer and soft drinks on a picnic when 
no electricity is available. The system should be small , lightweight, 
and inexpensive. 

32. Design a system to better handle traffic flow into and out of Manhat­
tan during rush hour. 

33. Design a noise suppression barrier for a residential neighborhood 
surrounded by freeways. 
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PART III

The Tools

The engineer must approach the complex problems of modern society with skill

and determination. The challenges of modern engineering require a careful, disci-

plined approach to problem solving. They also require a thorough mastery of the

basic principles of mathematics and science, which comprise the tools of engineer-

ing.

Mathematics is the language of science and engineering. It provides the com-

pactness and accuracy of expression so essential in the definition, abstraction, and

analysis of complex problems. The rules of mathematics also help to structure a

logical approach to problem solving.

The tools of engineering analysis are the scientific principles that describe the

particular phenomena of interest. The engineer should acquire a solid grounding in

basic sciences such as physics, chemistry, and biology, as well as in applied

sciences such as thermodynamics, solid and fluid mechanics, and electrical

processes.

Various methods can be employed to analyze engineering problems. Modern

digital computing methods have come to play a particularly important role, both in

analysis and design. Experimental and testing procedures are of considerable use

in bridging the gap between concept and application. The final instruments of

importance to the engineer are skills in written, spoken, and graphical communi-

cation. Even the most thorough and elegant solution or design is useless unless

clearly presented to those who must implement it.

These are the principal tools of engineers, their unique set of skills. This

knowledge is also the focus of the engineering curriculum. Most of these subjects

are addressed in detail by the many courses taken during an engineer's formal

education.

It is appropriate to survey these topics at a very early stage so that the

engineering student can better appreciate the importance and interrelationship of

later course work. This discussion is also intended to convey a taste of engineering

by providing some experience in applying scientific principles to the solution of

real and complex problems.
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PART III 
The Tools 

The engineer must approach the complex problems of modern society with skill 
and determination. The challenges of modern engineering require a careful, disci­
plined approach to problem solving. They also require a thorough mastery of the 
basic principles of mathematics and science, which comprise the tools of engineer­
ing. 

Mathematics is the language of science and engineering. It provides the com­
pactness and accuracy of expression so essential in the definition, abstraction, and 
analysis of complex problems. The rules of mathematics also help to structure a 
logical approach to problem solving. 

The tools of engineering analysis are the scientific principles that describe the 
particular phenomena of interest. The engineer should acquire a solid grounding in 
basic sciences such as physics, chemistry, and biology, as well as in applied 
sciences such as thermodynamics, solid and fluid mechanics, and electrical 
processes. 

Various methods can be employed to analyze engineering problems. Modern 
digital computing methods have come to play a particularly important role, both in 
analysis and design. Experimental and testing procedures are of considerable use 
in bridging the gap between concept and application. The final instruments of 
importance to the engineer are skills in written, spoken, and graphical communi­
cation. Even the most thorough and elegant solution or design is useless unless 
clearly presented to those who must implement it. 

These are the principal tools of engineers, their unique set of skills. This 
knowledge is also the focus of the engineering curriculum. Most of these subjects 
are addressed in detail by the many courses taken during an engineer's formal 
education. 

It is appropriate to survey these topics at a very early stage so that the 
engineering student can better appreciate the importance and interrelationship of 
later course work. This discussion is also intended to convey a taste of engineering 
by providing some experience in applying scientific principles to the solution of 
real and complex problems . 
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CHAPTER 3

The Tools of Mathematics and Science

The most powerful tools of the engineer are based on fundamental concepts from

mathematics and science. Courses in these disciplines form the cornerstone of an

engineering education.

The language of engineering analysis is mathematics. This discipline provides

a compactness and accuracy of expression that proves essential in the definition

and analysis of complex problems. The rules of mathematics also help to structure

a logical approach to solving problems.

Of equal importance in engineering problem solving are the tools provided by

the basic sciences. In many cases, concepts from the fundamental sciences such

as physics, chemistry, and biology can be applied directly in engineering practice.

To them engineers add the tools provided by applied scientific disciplines such as

solid and fluid mechanics, thermodynamics, and electrical and materials sciences.

These subjects have strong roots in basic science and mathematics. They provide

the engineer with the powerful analytical methods necessary for engineering prac-

tice. But the concepts of mathematics and science are not easily mastered, and the

formal curriculum requirements of an engineering program frequently resemble a

complex maze of interrelated courses, many of which build upon one another as

prerequisites. All too often engineering students become so bewildered and con-

fused by this array of subjects in mathematics and science, this educational obsta-

cle course, that they lose sight of the objectives of their education; they miss the

forest for the trees.

Hence the purpose of this present chapter is to survey those subjects in

mathematics and science that form the core of an engineering education. It is

certainly not our intent to provide sufficient detail on any particular topic to

duplicate other courses in these subjects. Rather we shall attempt to provide

students with a general perspective of the role these courses will play in their

engineering education, to show how the pieces of this puzzle fit together and,

hopefully, how these courses will prove relevant to their future professional objec-

tives as engineers.
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CHAPTER 3 

The Tools of Mathematics and Science 

The most powerful tools of the engineer are based on fundamental concepts from 
mathematics and science. Courses in these disciplines form the cornerstone of an 
engineering education. 

The language of engineering analysis is mathematics. This discipline provides 
a compactness and accuracy of expression that proves essential in the definition 
and analysis of complex problems. The rules of mathematics also help to structure 
a logical approach to solving problems. 

Of equal importance in engineering problem solving are the tools provided by 
the basic sciences. In many cases, concepts from the fundamental sciences such 
as physics, chemistry, and biology can be applied directly in engineering practice. 
To them engineers add the tools provided by applied scientific disciplines such as 
solid and fluid mechanics, thermodynamics, and electrical and materials sciences. 
These subjects have strong roots in basic science and mathematics. They provide 
the engineer with the powerful analytical methods necessary for engineering prac­
tice. But the concepts of mathematics and science are not easily mastered, and the 
formal curriculum requirements of an engineering program frequently resemble a 
complex maze of interrelated courses, many of which build upon one another as 
prerequisites. All too often engineering students become so bewildered and con­
fused by this array of subjects in mathematics and science, this educational obsta­
cle course, that they lose sight of the objectives of their education; they miss the 
forest for the trees . 

Hence the purpose of this present chapter is to survey those subjects in 
mathematics and science that form the core of an engineering education. It is 
certainly not our intent to provide sufficient detail on any particular topic to 
duplicate other courses in these subjects. Rather we shall attempt to provide 
students with a general perspective of the role these courses will play in their 
engineering education, to show how the pieces of this puzzle fit together and, 
hopefully, how these courses will prove relevant to their future professional objec· 
tives as engineers. 
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136 THE TOOLS 

3.1. MATHEMATICAL ANALYSIS 

Mathematics has become the language of modem science and engineering. Our 
traditional languages are simply not adequate to convey the precise concepts of 
science nor to implement the disciplined and rational approach to problem solving 
so characteristic of the scientific method. The symbolism of mathematics provides 
a compactness and accuracy of expression far beyond that of conversational 
language. The rules of mathematics also aid tremendously in structuring a logical 
approach to problem solving. 

Instruction in mathematics plays an important role in the education of the 
engineer. Not only does mathematics provide a quantitative basis for engineering 
analysis and computation, but it also provides the foundation for a clear under­
standing of engineering phenomena. 

Of course most engineers apply in professional practice only a small fraction 
of the mathematical concepts they so laboriously master during their formal edu­
cation. In fact, complaints about the "excessive" stress placed on instruction in 
rigorous mathematics are common among engineering students and practicing 
engineers alike. Yet one should never underestimate the importance to the en­
gineer of a thorough grounding in mathematics. Those who shy away from math­
ematics run the very real risk of becoming functionally illiterate. They would 
neither be able to communicate ideas in a coherent fashion nor to understand the 
activities of colleagues. Indeed, it is this mastery of mathematics and science that 
distinguishes the engineer from the engineering technologist or technician. It pro-

• I ~~ '/ov ~VL-l> e.t 
MOllE E.Xt'L.IU1" H€~ u-.1 Sey lwO.'' 

o9 1zedbyGoogle _ 

FIGURE 3.1. Engineers make frequent 
use of clever mathematical methods in 
problem solving. <© 1977 by Sidney Har­
ris/American Scientist Magazine) 
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THE TOOLS OF MATHEMATICS AND SCIENCE

vides the depth of understanding and versatility required to tackle the very com-

plex problems that face modern society.

Mathematics is used in engineering analysis first as a concise language in

which to express the physical laws governing the engineering process or system of

interest. We first write the mathematical equations that represent the relevant

physical laws. Then the standard tools of mathematical analysis are used to ma-

nipulate, simplify, and eventually solve these equations for the quantities of inter-

est (Table 3.1). Provided that the mathematics has been performed correctly, the

solution will be a direct consequence of the physical laws that we assume to

govern the problem. In this sense, mathematics not only streamlines the logic of

engineering problem solving, but it also allows us to solve problems far too com-

plicated to be attempted with mental gymnastics alone.

Example Suppose we wished to use mathematical analysis to study the trajec-

tory of an unmanned deep space probe to be launched to the outer planets. We

would first write the appropriate equations characterizing Newton's laws of mo-

tion as they apply to the probe, including the gravitational pull of the sun and the

planets. In a simplified analysis we might obtain an approximate solution to these

equations using analytical (i.e., pencil and paper) methods that would predict

gross aspects of the probe trajectory. More precise predictions would require an

accurate numerical solution of the equations of motion on a large digital computer.

Provided that we had adequately accounted for all of the forces on the spacecraft,

the resulting orbit prediction would be of acceptable accuracy for mission plan-

ning purposes.

Once a solution to the mathematical representation of the problem has been

obtained, the engineer must then translate this solution back into physical terms.

The solution should be checked very carefully for errors in mathematics or logic.

Even the most trivial error in arithmetic, a misplaced decimal point or sign error,

can have disastrous effects in engineering design. A particularly common source

TABLE 3.1 Methods of Mathematical Analysis

Analytical: Using "hand" methods such as pencil, paper, and hand calculator to write

and solve mathematical equations representing problem.

Numerical: Rearranging mathematical equations into a form suitable for solution on a

digital computer.

Statistical: Simulating the problem of interest using random sampling techniques (so-

called Monte Carlo methods) rather than attempting to solve the relevant

equations directly.
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THE TOOLS OF MATHEMATICS AND SCIENCE 137 

vides the depth of understanding and versatility required to tackle the very com­
plex problems that face modem society. 

Mathematics is used in engineering analysis first as a concise language in 
which to express the physical laws governing the engineering process or system of 
interest. We first write the mathematical equations that represent the relevant 
physical laws. Then the standard tools of mathematical analysis are used to ma­
nipulate, simplify, and eventually solve these equations for the quantities of inter­
est (Table 3.1 ). Provided that the mathematics has been performed correctly, the 
solution will be a direct consequence of the physical laws that we assume to 
govern the problem. In this sense, mathematics not only streamlines the logic of 
engineering problem solving, but it also allows us to solve problems far too com­
plicated to be attempted with mental gymnastics alone. 

Example Suppose we wished to use mathematical analysis to study the trajec­
tory of an unmanned deep space probe to be launched to the outer planets. We 
would first write the appropriate equations characterizing Newton's laws of mo­
tion as they apply to the probe. including the gravitational pull of the sun and the 
planets. In a simplified analysis we might obtain an approximate solution to these 
equations using analytical (i .e .. pencil and paper) methods that would predict 
gross aspects of the probe trajectory. More precise predictions would require an 
accurate numerical solution of the equations of motion on a large digital computer. 
Provided that we had adequately accounted for all of the forces on the spacecraft. 
the resulting orbit prediction would be of acceptable accuracy for mission plan­
ning purposes. 

Once a solution to the mathematical representation of the problem has been 
obtained. the engineer must then translate this solution back into physical terms. 
The solution should be checked very carefully for errors in mathematics or logic. 
Even the most trivial error in arithmetic. a misplaced decimal point or sign error, 
can have disastrous effects in engineering design. A particularly common source 

TABLE 3.1 Methods of Mathematical Analysis 

Analytical: Using ''hand'' methods such as pencil. paper. and hand calculator to write 
and solve mathematical equations representing problem. 

Numerical: Rearranging mathematical equations into a form suitable for solution on a 
digital computer. 

Statistical: Simulating the problem of interest using random sampling techniques (so­
called Monte Carlo methods) rather than attempting to solve the relevant 
equations directly . 
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138 THE TOOLS

of error arises from flaws in the logic used to formulate the mathematical descrip-

tion of the problem.

The selection of the relevant physical laws and the assumptions necessary to

simplify the mathematics describing them is a critical aspect of engineering prob-

lem solving. All too frequently engineers hurry to write down the equations char-

acterizing the problem without giving adequate thought to its original formulation.

And once the analysis of these equations is set into motion, there is a natural

tendency to become so obsessed with mathematical manipulations that further

consideration of the original problem statement ceases.

Although mathematics presents the engineer with a powerful tool for making

logical deductions from a given set of facts, it cannot provide the basic scientific

principles governing a problem. Nor can mathematics distinguish between correct

and incorrect formulations of the problem. For the mathematics to yield useful

results, careful attention must be given to the definition of the problem and the

assumptions that are necessary to arrive at a suitable mathematical representa-

tion. For this reason engineers are frequently encouraged to carry the verbal

analysis of a problem as far as possible before resorting to mathematics. They

should avoid jumping directly from a general problem statement to a mathematical

formulation. Rather they should attempt to first arrive at a concise and accurate

word statement of the problem of interest.

Engineering "computation," that is, mathematical analysis, involves more

than the mere manipulation of numbers. It also includes the proper use of abstract

models and the formulation of equations, the precision of the data and numbers

used and the degree of accuracy of the answers, and the units of measurement of

the physical quantities appearing in the analysis.

SUMMARY

Mathematics serves as both the language of engineering and the logical

framework for engineering problem solving. The mathematical analysis

of an engineering problem can be outlined as follows: (1) Determine a

concise word statement of the problem of interest. (2) Translate this

statement into mathematical form by writing the mathematical equations

that represent the physical laws embodied in the statement. (3) Introduce

simplifying assumptions and approximations to reduce the complexity of

this mathematical description. (4) Apply the tools of mathematical

analysis to solve the equations. (5) Check both the solution and the

simplifying approximations. (6) Interpret the physical significance of the

solution.
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of error arises from flaws in the logic used to formulate the mathematical descrip­
tion of the problem. 

The selection of the relevant physical laws and the assumptions necessary to 
simplify the mathematics describing them is a critical aspect of engineering prob­
lem solving. All too frequently engineers hurry to write down the equations char­
acterizing the problem without giving adequate thought to its original formulation. 
And once the analysis of these equations is set into motion, there is a natural 
tendency to become so obsessed with mathematical manipulations that further 
consideration of the original problem statement ceases. 

Although mathematics presents the engineer with a powerful tool for making 
logical deductions from a given set of facts, it cannot provide the basic scientific 
principles governing a problem. Nor can mathematics distinguish between correct 
and incorrect formulations of the problem. For the mathematics to yield useful 
results, careful attention must be given to the definition of the problem and the 
assumptions that are necessary to arrive at a suitable mathematical representa­
tion. For this reason engineers are frequently encouraged to carry the verbal 
analysis of a problem as far as possible before resorting to mathematics. They 
should avoid jumping directly from a general problem statement to a mathematical 
formulation. Rather they should attempt to first arrive at a concise and accurate 
word statement of the problem of interest. 

Engineering .. computation," that is, mathematical analysis, involves more 
than the mere manipulation of numbers. It also includes the proper use of abstract 
models and the formulation of equations, the precision of the data and numbers 
used and the degree of accuracy of the answers, and the units of measurement of 
the physical quantities appearing in the analysis. 

SUMMARY 

Mathematics sen·es as both the language of engineering and the logical 
framework for engineering problem soldng. The mathematical analysis 
of an engineering problem can be outlined as follows: (/)Determine a 
concise word statement of the problem of interest. (2) Translate this 
statement into mathematical form by writing the mathematical equations 
that represent the physical laws embodied in the statement. (3) Introduce 
simplifying assumptions and approximations to reduce the complexity of 
this mathematical description. (4) Apply the tools of mathematical 
analysis to sohe the equations. (5) Check both the solution and the 
simplifying approximations. (6) Interpret the ph.l'sical significance of the 
solution. 
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Example A key parameter in spacecraft missions is the thrust or force that must

be generated by the craft's engines. Recalling that force is proportional to acceler-

ation (Newton's second law), we can calculate the minimum acceleration (and

therefore thrust) required to propel a spacecraft from Earth to Saturn over a

trajectory 2 billion kilometers in length in a time of 3 years. Let us follow the

procedure outlined above:

1. The problem statement would be: "Determine the minimum accelera-

tion necessary to propel a spacecraft a distance of 2 billion kilometers

in 3 years."

2. The relevant physical law relates the acceleration to the distance

traveled and the time by the equation

distance = i (acceleration) x (time)2

or in an obvious symbolic notation

d = i at2

3. We assume a constant acceleration a for the first half of the journey,

followed by a constant deceleration of the same magnitude over the

second half.

4. We must solve the equation above for the acceleration

where we take d = i (2 billion km) and t = i (3 years). If we substitute

these values into our result and modify our units, we find

= 2[\ (2,000,000,000 km)( 1,000 m/km)]

a [i(3 y)(31,536,000 s/y)]2

= 0.0089 m/s2

5. It is relatively easy to verify the algebra and the conversion of units in

this simple calculation.

6. The implications of this result are rather interesting. The acceleration

required is extremely low, for example, compared to the acceleration

of gravity (9.8 m/s2) or the acceleration typical of automobiles (1 to 3

m/s2). This implies that such deep space missions can be accom-

plished with long duration, low thrust engines (in contrast to the short

duration, high thrust engines required for near-planet operations).
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Example A key parameter in spacecraft missions is the thrust or force that must 
be generated by the craft's engines. Recalling that force is proportional to acceler­
ation (Newton's second law), we can calculate the minimum acceleration (and 
therefore thrust) required to propel a spacecraft from Earth to Saturn over a 
trajectory 2 billion kilometers in length in a time of 3 years. Let us follow the 
procedure outlined above: 

I. The problem statement would be: "Determine the minimum accelera­
tion necessary to propel a spacecraft a distance of 2 billion kilometers 
in 3 years ." 

2. The relevant physical law relates the acceleration to the distance 
traveled and the time by the equation 

distance = 1 (acceleration) x (time)2 

or in an obvious symbolic notation 

3. We assume a constant acceleration a for the first half of the journey, 
followed by a constant deceleration of the same magnitude over the 
second half. 

4. We must solve the equation above for the acceleration 

d 
a= 2-12 

where we take d = ~ (2 billion km) and 1 = ~ (3 years). If we substitute 
these values into our result and modify our units, we find 

a = _,2[c=..._~ ~< 2-'-:, 000.,-----,:''-000__;__:_, ooo _ _.....km'-)~( --,-:.1 ,_000:--::-:m:--'-/'-km--=)] 
[1 (3 y)(31,536,000 s/y)J2 

= 0.0089 m/s2 

S. It is relatively easy to verify the algebra and the conversion of units in 
this simple calculation. 

6. The implications of this result are rather interesting. The acceleration 
required is extremely low, for example. compared to the acceleration 
of gravity (9.8 m/s2) or the acceleration typical of automobiles (I to 3 
m/s2). This implies that such deep space missions can be accom­
plished with long duration , low thrust engines (in contrast to the short 
duration, high thrust engines required for near-planet operations). 
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140 THE TOOLS 

This is a primary motivation behind the development of deep space 
propulsion systems with low thrust such as the ion drive. 

3.1.1. Mathematical Symbols 

Two stages can be identified in the mathematical description of an engineering 
problem. We first must assign mathematical symbols to each of the physical 
quantities involved in the process. Then the laws of science are used to express 
the proper relationship between these symbols in the form of equations. 

There is nothing mysterious about mathematical symbolism. It is just the 
shorthand notation of the engineer. We can assign any symbols to characterize 
physical quantities, as long as we define them and use them in a consistent fash­
ion. Fortunately, most mathematicians, scientists, and engineers attempt to em­
ploy standard notational conventions that can be easily recognized. For example, 
the common symbols for algebraic operations, +, - , x, and + , are familiar to all 
of us. There are also well-established conventions to represent most of the quan­
tities met in engineering practice, such as the use of the letter t for time, m for 
mass, T for temperature, and so on. Since there are usually not enough Roman 
letters for all the variables needed, Greek letters, such as those listed in Figure 
3.2., are also used. The student may already be familiar with Greek letters such as 
1r, 8, and c/J from their use in geometry. If even more symbols are needed, we can 
introduce subscripts or superscripts to distinguish among different quantities such 
as temperatures, Ttt T2, and T3, or times rm, t<2>, and t<3>. 

FIGURE 3.2. The Greek alphabet is commonly used for mathematical symbols. (Re­
printed with permission from A Guide for Wiley-lnterscience Authors , 
Wiley, New York, 1974) 

Alpha A a. a 
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Example Although assigning mathematical symbols to represent physical quan-

tities is to some extent arbitrary, each field of engineering has developed a

mathematical "dialect." For example, mechanical engineers denote force by F,

mass by m, velocity by v, acceleration by a, temperature by T or 6, and heat flow

rate by q. Electrical engineers write voltage as V, current as /, resistance as R,

capacitance as C, and inductance by L.

A variety of mathematical symbols can be used to represent operations per-

formed upon physical quantities. For example, the addition of two temperatures

to yield a third temperature might be written symbolically as

r, + 72 = T3

This, of course, is an example of an equation in which the symbol "=" has been

used to indicate equality. However there are other mathematical symbols that do

not express equality but can also be used to construct equations. Examples

include the symbols for "inequality" (J, / T2), "greater than" and "less than"

(7, > T2 and 7\ < T2), "much greater than" and "much less than" (Tx Â» T2 and

Ji << Ti), and "approximately equal to" (7\ = T2). In addition, mathematical

symbols represent common terms such as "implies" (=Â», "therefore" (.-.), "and

so on" (. . .). In Table 3.2 we have listed several of the more useful mathematical

symbols encountered in engineering applications.

SUMMARY

In mathematical analysis engineers adopt a shorthand notation in which

quantities of interest are represented by letters {Roman or Greek), occa-

sionally augmented by subscripts or superscripts. A variety of specific

symbols represent mathematical relationships among quantities such as

inequalities, mathematical operations, or other shorthand notation.

Example Engineers occasionally lapse into mathematical symbolism to repre-

sent a prose statement. Although this tendency is not as flagrant as it is in pure

mathematics, the engineering student should become adept at deciphering this

symbolism. A couple of examples illustrate this practice:
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Example Although assigning mathematical symbols to represent physical quan­
tities is to some extent arbitrary, each field of engineering has developed a 
mathematical "dialect." For example, mechanical engineers denote force by F, 
mass by m, velocity by v, acceleration by a, temperature by T or 8, and heat flow 
rate by q. Electrical engineers write voltage as V, current as I, resistance as R, 
capacitance as C, and inductance by L. 

A variety of mathematical symbols can be used to represent operations per­
formed upon physical quantities. For example, the addition of two temperatures 
to yield a third temperature might be written symbolically as 

This, of course, is an example of an equation in which the symbol "=" has been 
used to indicate equality. However there are other mathematical symbols that do 
not express equality but can also be used to construct equations. Examples 
include the symbols for "inequality" (T1 I T ~. "greater than" and "less than" 
(T1 > T2 and T1 < T ~."much greater than" and "much less than" (T1 >> T2 and 
T 1 << T ~. and "approximately equal to" (T1 ~ T2 ). In addition, mathematical 
symbols represent common terms such as "implies"(~). "therefore"(:.), "and 
so on''( ... ). In Table 3.2 we have listed several of the more useful mathematical 
symbols encountered in engineering applications. 

SUMMARY 

In mathematical analysis engineers adopt a shorthand notation in which 
quantities of interest are represented by letters (Roman or Greek), occa­
sionally augmented by subscripts or superscripts. A variety of specific 
symbols represent mathematical relationships among quantities such as 
inequalities, mathematical operations, or other shorthand notation. 

Example Engineers occasionally lapse into mathematical symbolism to repre­
sent a prose statement. Although this tendency is not as flagrant as it is in pure 
mathematics, the engineering student should become adept at deciphering this 
symbolism. A couple of examples illustrate this practice: 
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TABLE 3.2 Some common mathematical symbols

SYMBOL MEANING EXAMPLE

Â± plus or minus 2 Â± 3

+ minus or plus 2 + 3

= equals 2 + 3 = 5

^ is not equal to 2 + 3^4

= equals approximately 100 = 101

= identical with, defined as a = 50

> is greater than 4 > 3

< is less than 4 < 5

s is greater than or equal a 2 b

s is less than or equal b < c

~ equivalent, similar a ~ b

implies

therefore

because

oo infinity

n\ factorial 3! = 1-2-3 = 6

Â£/â€ž summation /, +/, + ... +/â€ž +

n

| a | absolute value or magnitude | a | = a if a > 0

= -a if a < 0

. . . and so on 1 + 2 + 3 + . . .

e is a member of a e A

1. 7, > Tt > Ta > â–  â–  . > Tn => T, > T, if / >j

(If a sequence of temperatures is progressively decreasing, then any earlier

temperature will be greater than a later temperature in the sequence.)

2. a, Â» a2 , .-. â€”^â€” s 1

a, + a2

(The quantity a, is much greater than a2. Therefore the expression is approx-

imately equal to one.)

3.1.2. Basic Mathematical Concepts

The engineering student is expected to master a large arsenal of mathematical

concepts useful for the analysis of engineering problems. At the beginning of their

studies engineering students typically have a background in algebra, geometry,

and trigonometry. They should be relatively adept at simple algebraic manipula-

tions such as solving algebraic equations or determining the roots of quadratic

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

142 THE TOOLS 

TABLE 3.2 Some common mathematical symbols 

SYMBOL MEANING EXAMPLE 

:t plus or minus 2 :t 3 
::;:: minus or plus 2::;:: 3 

equals 2 + 3 = 5 
I is not equal to 2 + 3 I 4 

- equals approximately 100 = 101 
- identical with, defined as a= 50 

> is greater than 4 > 3 
< is less than 4<5 
~ is greater than or equal a~b 

~ is less than or equal b ~ c 
equivalent, similar a-b 

~ implies 
.. therefore 
.. because 
:lC infinity 

n! factorial 3! = I · 2 · 3 = 6 

L! .. summation f. + j~ + ... + fft + ... 

" I a I absolute value or magnitude lal=aifa>O 
= -a if a< 0 

and so on 1+2+3+ ... 
E is a member of a eA 

1. Tt > T2 > T3 > · · · > T,. ~ T, > TJ if i > j 
(If a sequence of temperatures is progressively decreasing, then any earlier 
temperature will be greater than a later temperature in the sequence.) 

2. >> at =- 1 at a2' .. at+ a2 

(The quantity a 1 is much greater than a 2• Therefore the expression is approx­
imately equal to one.) 

3.1.2. Basic Mathematical Concepts 

The engineering student is expected to master a large arsenal of mathematical 
concepts useful for the analysis of engineering problems. At the beginning of their 
studies engineering students typically have a background in algebra, geometry. 
and trigonometry. They should be relatively adept at simple algebraic manipula­
tions such as solving algebraic equations or determining the roots of quadratic 
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polynomials. Some exposure to both plane and solid geometry is useful.

Trigonometry also plays an important role in engineering, although some students

postpone the study of this subject until their first year of college. Some entering

students will have acquired a familiarity with more abstract topics such as sets,

the real number system, and logic. Others will have already had some exposure to

calculus. Still other beginning students will have mastered a computer program-

ming language such as BASIC, FORTRAN, or Pascal (see Table. 3.3).

The mathematical backgrounds of entering students are often quite diverse.

Indeed, one of the purposes of the early years of the engineering curriculum is to

strengthen the student's skills in both basic and advanced mathematics and to fill

in any gaps present in their mathematics background before they study more

advanced subjects. Below we briefly survey topics that form the basis for the

mathematics curriculum of an engineering program.

Analytic Geometry

Equations or numbers can sometimes be a rather awkward way to present en-

gineering information. For example, it would be rather confusing to represent the

route of a ship as it moves from one port to another only in terms of the numbers

representing its longitude and latitude at any instant of time. Instead we would

draw a map. Then we could trace out the ship's route as a path on this map.

Maps are just one example of the use of analytic geometry to develop a

relationship between numbers, equations, and geometry. Analytic geometry

couples algebra and geometry by representing each point in a plane by a pair of

numbers. These numbers correspond to the respective positions on the scales of

perpendicular axes. The horizontal axis is known as the abscissa, and the vertical

axis is the ordinate. This construction is called a Cartesian or rectangular coordi-

nate system. For example, we could use analytic geometry to represent the rela-

tionship between the Celsius and Fahrenheit temperature scales, by assigning the

TABLE 3.3 The Mathematics Back-

ground of the Student

Entering Engineering

Usually

required: Algebra (1.5 years)

Plane geometry (1 year)

Trigonometry (0.5 year)

Desirable: Advanced algebra (0.5 year)

Analytical geometry (0.5 year)

Optional: Set theory

Calculus

Computer programming

(BASIC, FORTRAN,

Pascal)
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polynomials. Some exposure to both plane and solid geometry is useful. 
Trigonometry also plays an important role in engineering, although some students 
postpone the study of this subject until their first year of college. Some entering 
students will have acquired a familiarity with more abstract topics such as sets, 
the real number system, and logic. Others will have already had some exposure to 
calculus. Still other beginning students will have mastered a computer program­
ming language such as BASIC, FORTRAN, or Pascal (see Table. 3.3) . 

The mathematical backgrounds of entering students are often quite diverse. 
Indeed, one of the purposes of the early years of the engineering curriculum is to 
strengthen the student's skills in both basic and advanced mathematics and to fill 
in any gaps present in their mathematics background before they study more 
advanced subjects. Below we briefly survey topics that form the basis for the 
mathematics curriculum of an engineering program. 

Analytic Geometry 

Equations or numbers can sometimes be a rather awkward way to present en­
gineering information. For example, it would be rather confusing to represent the 
route of a ship as it moves from one port to another only in terms of the numbers 
representing its longitude and latitude at any instant of time. Instead we would 
draw a map. Then we could trace out the ship's route as a path on this map. 

Maps are just one example of the use of analytic geometry to develop a 
relationship between numbers. equations, and geometry. Analytic geometry 
couples algebra and geometry by representing each point in a plane by a pair of 
numbers. These numbers correspond to the respective positions on the scales of 
perpendicular axes. The horizontal axis is known as the abscissa. and the vertical 
axis is the ordinate. This construction is called a Cartesian or rectangular coordi­
nate system. For example, we could use analytic geometry to represent the rela­
tionship between the Celsius and Fahrenheit temperature scales, by assigning the 

TABLE 3.3 The Mathematics Back­
ground of the Student 
Entering Engineering 

Usually 
required: Algebra ( 1.5 years) 

Plane geometry (I year) 
Trigonometry (0.5 year) 

Desirable: Advanced algebra (0.5 year) 
Analytical geometry (0.5 year) 

Optional: Set theory 
Calculus 
Computer programming 

(BASIC, FORTRAN. 
Pascal) 
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Fahrenheit temperatures to the horizontal or jc-axis (abscissa) and the correspond-

ing Celsius temperature to the vertical ory-axis (ordinate) as shown in Figure 3.3.

Functions

Many quantities in engineering cannot be specified by a single number but will

instead assume a range of values. For example, the temperature in a room could

be 23Â°C, or 20Â°C, or 30Â°C, and so on. We refer to such quantities as variables and

usually represent them by a letter symbol such as x or y or T. Frequently the

values assumed by certain physical quantities or variables are related. That is, the

values of one quantity depend on those of another. The pressure of the atmo-

sphere depends on the altitude above sea level. The rate at which a chemical

reaction proceeds depends on its temperature. We can characterize such relation-

ships, such dependence between variables, in terms of the concept of a function.

When we say that one quantity or variable is a function of another, we mean that a

knowledge of the second quantity (say, time) is sufficient to imply the value of the

first (temperature). If we denote the first variable by x (or /) and the second by y

(or T), we could denote this functional dependence symbolically by writing y =

f(x). For our earlier example of temperature as a function of time, we could write

no.

Analytic geometry can be used to plot a graph of a function by assigning to

each pair of numbers, x and y = J\x), a point in the xy plane (Figure 3.4). For

example, let us represent the functional relationship between the Celsius and

Fahrenheit temperature scales by

C = i (F - 32)

As in Figure 3.3 we assign F to the horizontal axis (thex-axis) and C to the vertical

axis (the y-axis).

One particularly important class of functions in engineering is the trigometric

functions, such as sin x, cos x, and tan x. These functions prove very useful in

geometric applications such as surveying or structural analysis. They can also be

used to describe periodic phenomena, that is, processes that repeat at regular

intervals such as a rotating wheel or a vibrating string. Another useful class of

functions in engineering is the exponential functions ex (where e is an irrational

number? = 2.71828 . . . ) and the logarithmic functions log* = log,0 x and \nx =

lofcx. These functions arise quite frequently in the mathematical description of

dynamic processes.

-50

FIGURE 3.3. Analytic geometry can be

used to represent the relationship between

the Fahrenheit and Centrigrade tempera-

ture scales.
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Fahrenheit temperatures to the horizontal or x-axis (abscissa) and the correspond­
ing Celsius temperature to the vertical or y-axis (ordinate) as shown in Figure 3.3. 

Functions 

Many quantities in engineering cannot be specified by a single number but will 
instead assume a range of values. For example, the temperature in a room could 
be 23°C, or 20°C, or 30°C, and so on. We refer to such quantities as variables and 
usually represent them by a letter symbol such as x or y or T. Frequently the 
values assumed by certain physical quantities or variables are related. That is, the 
values of one quantity depend on those of another. The pressure of the atmo­
sphere depends on the altitude above sea level. The rate at which a chemical 
reaction proceeds depends on its temperature. We can characterize such relation­
ships, such dependence between variables, in terms of the concept of aftmction. 
When we say that one quantity or variable is a function of another, we mean that a 
knowledge of the second quantity (say, time) is sufficient to imply the value of the 
first (temperature). If we denote the first variable by x (or t) and the second by y 
(or n. we could denote this functional dependence symbolically by writing}' = 
J(x). For our earlier example of temperature as a function of time, we could write 
T(t). 

Analytic geometry can be used to plot a graph of a function by assigning to 
each pair of numbers, x andy = J(x), a point in the xy plane (Figure 3.4). For 
example, let us represent the functional relationship between the Celsius and 
Fahrenheit temperature scales by 

C = i (F - 32) 

As in Figure 3.3 we assign F to the horizontal axis (thex-axis) and C to the vertical 
axis (they-axis). 

One particularly important class of functions in engineering is the trigometric 
functions, such as sin x, cos x, and tan x. These functions prove very useful in 
geometric applications such as surveying or structural analysis. They can also be 
used to describe periodic phenomena, that is, processes that repeat at regular 
intervals such as a rotating wheel or a vibrating string. Another useful class of 
functions in engineering is the exponential functions er (where e is an irrational 
number e = 2. 71828 . . . ) and the logarithmic functions log x = log10 x and In x = 
lo&.,x. These functions arise quite frequently in the mathematical description of 
dynamic processes. 
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FIGURE 3.3. Analytic geometry can be 
used to represent the relationship between 
the Fahrenheit and Centrigrade tempera­
ture scales. 
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FIGURE 3.4. The graph of a function

fix) versus x in which the abscissa is the

variable x and the ordinate is the function

y =/(*).

Calculus

Much of engineering analysis involves dynamic processes in which physical quan-

tities are continually changing. The position of a moving automobile or the

strength of a signal received from a receding space probe are examples of time-

varying quantities. The mathematics appropriate for describing changing quan-

tities was developed some three centuries ago by Newton and Leibnitz and is

known as calculus.

The study of calculus dominates the formal mathematical training of engineer-

ing students during their college education. Two aspects of this subject receive

particular attention: differential calculus, which is concerned with determining the

rate at which variable quantities change, and integral calculus, which is used to

determine a function when only its rate of change is given. Closely associated with

these aspects are the concepts of the derivative and the integral of a function. For

example, if we know the velocity of an object as a function of time, v(f), then we

can calculate its acceleration, a{t), as the time rate of change or derivative of the

velocity function with respect to time:

/.\ dv

a{t) = di

We could also calculate the displacement of the object as a function of time, x(t),

by calculating the integral of the velocity function

x(/) = jv(t) dt

The derivative and integral of a function also have a geometric interpretation

(Figure 3.5). The derivative can be identified as the slope of the graph of a func-

tion. The integral of the function can be interpreted as the area under this graph

(Figure 3.6).
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X 

FIGURE 3.4. The graph of a function 
f(x) versus x in which the abscissa is the 
variable x and the ordinate is the function 
)' = /(x). 

Much of engineering analysis involves dynamic processes in which physical quan­
tities are continually changing. The position of a moving automobile or the 
strength of a signal received from a receding space probe are examples of time­
varying quantities. The mathematics appropriate for describing changing quan­
tities was developed some three centuries ago by Newton and Leibnitz and is 
known as calculus. 

The study of calculus dominates the formal mathematical training of engineer­
ing students during their college education. Two aspects of this subject receive 
particular attention: differential calculus, which is concerned with determining the 
rate at which variable quantities change, and integral calculus, which is used to 
determine a function when only its rate of change is given . Closely associated with 
these aspects are the concepts of the derivative and the integral of a function. For 
example, if we know the velocity of an object as a function of time, v(t). then we 
can calculate its acceleration, a(t), as the time rate of change or derivatit•e of the 
velocity function with respect to time: 

dv 
a(t) = dr 

We could also calculate the displacement of the object as a function of time, x(t), 
by calculating the integral of the velocity function 

x(t) = jv(t) dt 

The derivative and integral of a function also have a geometric interpretation 
(Figure 3.5). The derivative can be identified as the slope of the graph of a func­
tion. The integral of the function can be interpreted as the area under this graph 
(Figure 3.6). 
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FIGURE 3.5. The slope of a function at a

point is given by its derivative.

X

Since many engineering phenomena involve dynamic processes, it is common

to encounter equations in which derivatives occur. These are known as differen-

tial equations. The study and solution of differential equations is one of the most

important mathematical topics to be mastered by the engineering student.

Vectors

Thus far we have concerned ourselves with quantities or variables that can be

characterized by magnitude alone. For example, the temperature of a room can be

given in terms of the number of degrees; the volume of a box can be given in terms

of the number of cubic meters it contains. Such quantities that can be completely

specified by magnitude only are called scalar quantities, or more simply, scalars.

In engineering, we frequently encounter quantities that require the specifica-

tion of both magnitude and direction. For example, the velocity of an airplane is

fully specified not only by its magnitude or speed (say, 100 m/s), but also by its

direction of flight (horizontal and north by northwest). Similarly, a force is charac-

terized both by its strength and its direction of application.

FIGURE 3.6. The integral of a function is

equal to the area under its graph.
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X 

FIGURE 3.5. The slope of a function at a 
point is given by its derivative. 

Since many engineering phenomena involve dynamic processes, it is common 
to encounter equations in which derivatives occur. These are known as differen­
tial equations. The study and solution of differential equations is one of the most 
important mathematical topics to be mastered by the engineering student. 

Vectors 

Thus far we have concerned ourselves with quantities or variables that can be 
characterized by magnitude alone. For example, the temperature of a room can be 
given in terms of the number of degrees; the volume of a box can be given in terms 
of the number of cubic meters it contains. Such quantities that can be completely 
specified by magnitude only are called scalar quantities, or more simply, scalars. 

In engineering, we frequently encounter quantities that require the specifica­
tion of both magnitude and direction. For example, the velocity of an airplane is 
fully specified not only by its magnitude or speed (say, 100 m/s), but also by its 
direction of flight (horizontal and north by northwest). Similarly, a force is charac­
terized both by its strength and its direction of application. 
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FIGURE 3.6. The integral of a function is 
equal to the area under its graph. 
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The mathematical study of processes that occur in physical space, such as the

flight of an airplane or the application of a force, is greatly facilitated by the

introduction of the concept of a vector. Vectors are simply mathematical quan-

tities incorporating both a magnitude and a direction. In fact, vectors are most

conveniently represented by arrows pointing in the direction of interest whose

lengths are proportional to the magnitude of the vector. For example, a vector

representing a force is drawn as an arrow in the direction of the applied force with

a length equal to the strength of the force (Figure 3.7).

Many of the usual algebraic operations that are familiar from working with

scalar variables can be extended to vectors. The concept of vector addition can be

used to calculate the total or resultant force exerted on an object due to several

applied forces. There are also operations between vectors analogous to multiplica-

tion (the dot product and cross product) that play an important role in many

engineering applications. Vector analysis is an important topic in the under-

graduate engineering curriculum for all fields.

Numerical Analysis

Most of the equations that are required to accurately describe an engineering

system are far too complicated to yield to the "analytical" (i.e., pencil, paper, and

sweat) methods in the mathematician's bag of tricks. Engineers are usually forced

to introduce approximations to simplify the mathematics. Unfortunately, many

problems are so complex that if we were to simplify them sufficiently to allow an

analytical solution we would mutilate the formulation of the original problem so

badly that our analysis would lose all touch with reality. In these problems our

only recourse is the digital computer. Often it is only the enormous computational

resources offered by modern digital computers that enables engineers to construct

and analyze mathematical models that adequately describe complex engineering

systems.

FIGURE 3.7. The velocity of a rocket

and the force of an axe are examples of

vector quantities.
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The mathematical study of processes that occur in physical space, such as the 
flight of an airplane or the application of a force, is greatly facilitated by the 
introduction of the concept of a vector. Vectors are simply mathematical quan­
tities incorporating both a magnitude and a direction. In fact, vectors are most 
conveniently represented by arrows pointing in the direction of interest whose 
lengths are proportional to the magnitude of the vector. For example, a vector 
representing a force is drawn as an arrow in the direction of the applied force with 
a length equal to the strength of the force (Figure 3. 7). 

Many of the usual algebraic operations that are familiar from working with 
scalar variables can be extended to vectors. The concept of vector addition can be 
used to calculate the total or resultant force exerted on an object due to several 
applied forces. There are also operations between vectors analogous to multiplica­
tion (the dot product and cross product) that play an important role in many 
engineering applications. Vector analysis is an important topic in the under­
graduate engineering curriculum for all fields. 

Numerical Analysis 

Most of the equations that are required to accurately describe an engineering 
system are far too complicated to yield to the "analytical" (i.e., pencil, paper, and 
sweat) methods in the mathematician's bag of tricks. Engineers are usually forced 
to introduce approximations to simplify the mathematics. Unfortunately, many 
problems are so complex that if we were to simplify them sufficiently to allow an 
analytical solution we would mutilate the formulation of the original problem so 
badly that our analysis would lose all touch with reality. In these problems our 
only recourse is the digital computer. Often it is only the enormous computational 
resources offered by modem digital computers that enables engineers to construct 
and analyze mathematical models that adequately describe complex engineering 
systems. 

v 
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FIGURE 3.7. The velocity of a rocket 
and the force of an axe are examples of 
vector quantities. 
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FIGURE 3.8. The personal computer has become an important tool in 
mathematical analysis. (Courtesy Hewlett-Packard Cor­
poration) 

As we have noted, most engineering problems deal with changing quantities 
and therefore with calculus. Unfortunately, digital computers are terrible at cal­
culus , that is, in handling derivatives or integrals. Their real talent lies rather in 
solving very large systems of algebraic equations. In fact , they must usually solve 
even these algebraic equations by using a sequence of numerical operations (addi­
tions or subtractions) rather than performing the straightforward manipulation of 
algebraic symbols that engineers might attempt. Therefore engineers must first 
recast the equations describing the system of interest into a form suitable for 
solution on a digital computer. They must then determine a sequence of numerical 
operations the computer can use to solve these equations. The sequence of 
mathematical operations needed to solve the equations is an example of an al­
gorithm , a rule or sequence of steps for solving a problem. The particular ap­
proach taken by the computer consists of manipulations of numbers (as opposed 
to algebraic symbols), hence the name numerical analysis. 

The task of casting equations into a form suitable for solution on a digital 
computer is typically accomplished by " discretizing" each of the independent and 
dependent variables in the mathematical description of the physical process of 
interest. We replace functions of continuous variables by a discrete set of values 
defined at a discrete set of points. The derivatives and integrals appearing in these 
equations must also be replaced by corresponding discrete representations (usu­
ally approximate formulas). In this way we arrive at a set of algebraic equations 
for the discrete representation suitable for solution on a digital computer. 
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Probability and Statistics

The mathematical concepts discussed thus far are appropriate for deterministic

systems. By this we mean the physical system with which we are dealing can be

described, at least in principle, with complete certainty. The results derived from

a mathematical analysis are exact quantities that can be obtained to as great a

degree of accuracy as desired. For example, the path of an ideal billiard ball can be

predicted exactly if we know sufficient detail about the trajectory of the cueball,

its spin, the friction of the table, and other relevant physical properties.

Not all systems in engineering are subject to such an exact analysis. In

stochastic systems there is an element of randomness or chance that leads to

results that cannot always be precisely predicted in advance. For example, it is

not possible to say exactly when a machine part will fail, even though we may

have excellent data on the average failure rate of such parts from previous experi-

ence.

Therefore a vital aspect of engineering analysis is the study of random

phenomena; this is done by applying concepts from the mathematical subjects of

probability and statistics. In such analyses we do not attempt to determine the

precise behavior of a system but rather the expected or average behavior in a
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Probability and Statistics 

The mathematical concepts discussed thus far are appropriate for deterministic 
systems. By this we mean the physical system with which we are dealing can be 
described, at least in principle, with complete certainty. The results derived from 
a mathematical analysis are exact quantities that can be obtained to as great a 
degree of accuracy as desired. For example, the path of an ideal billiard ball can be 
predicted exactly if we know sufficient detail about the trajectory of the cueball, 
its spin, the friction of the table, and other relevant physical properties. 

Not all systems in engineering are subject to such an exact analysis. In 
stochastic systems there is an element of randomness or chance that leads to 
results that cannot always be precisely predicted in advance. For example, it is 
not possible to say exactly when a machine part will fail, even though we may 
have excellent data on the average failure rate of such parts from previous experi­
ence. 

Therefore a vital aspect of engineering analysis is the study of random 
phenomena; this is done by applying concepts from the mathematical subjects of 
probability and statistics. In such analyses we do not attempt to determine the 
precise behavior of a system but rather the expected or average behavior in a 

FIGURE 3.9. Methods of probability and statistics play important roles 
in engineering. ((0 1979 by Sidney Harris/American Sci­
t'nlist Magazine) 
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statistical sense. It is important that the engineering student develop some famil­
iarity with and appreciation for the methods of probability and statistics. 

The concept of probability or likelihood occurs frequently in everyday life . 
We often make decisions among several alternative actions based on our estimate 
of the probability that each will lead to the desired result. In games of chance , for 
example, any serious gambler will carefully weigh the risks and probabilities of 
success in choosing a strategy. In engineering some of the same concepts can 
apply whether planning the proper marketing strategy for a product or deciding 
among different approaches to a problem in research or development. The con­
cepts of probability also extend into the field of statistics, where the behavior of 
large groups or populations (of objects or people) can be analyzed using the 
probabilities governing the behavior of each individual. 

Simple concepts from probability theory are introduced quite early in an 
engineering education. The likelihood of occurrence of any random event can be 
characterized by a probability p ranging between values of zero (impossibility of 
occurrence) and one (certainty of occurrence) (Figure 3.10). Such probabilities 
characterizing events can be measured by recording the fraction of the time the 
event occurs in a great many observations. 

Since the overall process of interest may be made up of a combination of 
possible events, it is important to know how to combine the probabilities for 
individual events. For example, the probability that all of a number of independent 
events (independent in the sense that the occurrence of one event will not influ­
ence the occurrence of another event) is obtained by multiplying together their 
individual probabilities. The probability that any of a number of mutually exclu­
sive events occurs is obtained by adding the individual probabilities. These simple 
rules can be applied to analyze many of the common probability problems in 
engineering. 

The elementary concepts of probability are useful in the general field of data 
analysis known as statistics. This term refers to techniques and analytical 
methods useful in the characterizing and interpreting data in which there is some 
degree of chance or random variability. 

Ntne out of ten probability 

Three out of hve probabilitY 

·so-so· likelihood 

One chance In f1ve 

One chance 1r1 ten 
tmposstbllrty--~-------" 

FIGURE 3.10. The probability p c harac­
terizing the occurrence of an event ranges 
from a value of one (certainty) to zero (im­
possibiJity). 
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Statistical analysis can be used to catagorize data or observed behavior to

facilitate its interpretation. It can also be used to predict the behavior of a group of

elements (e.g., people, machines, playing cards), provided we know enough about

the expected behavior of a typical member of that group. In Chapter 5 we shall

consider the application of statistical methods in experiments and testing.

A particularly important application of probability and statistics is the use of

random sampling methods to simulate the behavior of complex systems. These

techniques, referred to collectively as Monte Carlo methods, are based on using a

computer to simulate an actual physical process or event using random sampling

techniques. Each event is assumed to be characterized by known probabilities. To

simulate the occurrence of an event, the computer takes random samples from

these probabilities to create a representation of an actual sample that might be

observed in a real experiment. By repeating this process many times, a large

number of random samples can be simulated, and the overall behavior of the

process or system can be predicted from the statistical analysis of all of the

samples. Such Monte Carlo simulations or computer "experiments" are com-

monly used to simulate complex processes ranging from the penetration of radia-

tion to the results of political elections.

SUMMARY

Engineering students typically begin their studies with a background in

algebra, geometry, and trigonometry. The mathematics curriculum of an

engineering program adds to this background a variety of additional

mathematical concepts: (I) Analytic geometry: the coupling of algebra

and geometry. (2) Functions: mathematical relationships between vari-

ables. (3) Calculus: the mathematics used to describe changing quan-

tities. (4) Vectors: quantities characterized by both magnitude and direc-

tion. (5) Numerical methods: methods used to cast a set of equations into

a form suitable for solution by digital computer. (6) Probability and statis-

tics: mathematical methods for studying phenomena in which there is an

element of randomness or chance.

3.1.3. Equations

A key step in the mathematical analysis of an engineering problem is the expres-

sion of the physical laws describing a system in terms of equations. The engineer

then attempts to solve these equations to obtain information about the system.
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Statistical analysis can be used to catagorize data or observed behavior to 
facilitate its interpretation. It can also be used to predict the behavior of a group of 
elements (e.g., people, machines, playing cards), provided we know enough about 
the expected behavior of a typical member of that group. In Chapter 5 we shall 
consider the application of statistical methods in experiments and testing. 

A particularly important application of probability and statistics is the use of 
random sampling methods to simulate the behavior of complex systems. These 
techniques, referred to collectively as Monte Carlo methods, are based on using a 
computer to simulate an actual physical process or event using random sampling 
techniques. Each event is assumed to be characterized by known probabilities. To 
simulate the occurrence of an event, the computer takes random samples from 
these probabilities to create a representation of an actual sample that might be 
observed in a real experiment. By repeating this process many times, a large 
number of random samples can be simulated, and the overall behavior of the 
process or system can be predicted from the statistical analysis of all of the 
samples. Such Monte Carlo simulations or computer "experiments" are com­
monly used to simulate complex processes ranging from the penetration of radia­
tion to the results of political elections. 

SUMMARY 

Engineering students typically begin their studies with a background in 
algebra, geometry, and trigonometry. The mathematics curriculum of an 
engineering program adds to this background a variety of additional 
mathematical concepts: ( /) Analytic geometry: the coupling of algebra 
and geometry. (2) Functions: mathematical relationships between vari­
ables. (3) Calculus: the mathematics used to describe changing quan­
tities. (4) Vectors: quantities characterized by both magnitude and direc­
tion. (5) Numerical methods: methods used to cast a set of equations into 
a form suitable for solution by digital computer. (6) Probability and statis­
tics: mathematical methods fvr studying phenomena in which there is an 
element of randomness or chance. 

3.1.3. Equations 

A key step in the mathematical analysis of an engineering problem is the expres­
sion of the physical laws describing a system in terms of equations. The engineer 
then attempts to solve these equations to obtain information about the system. 
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Mathematical equations are essentially just a symbolic representation, a model, of 
the physical laws known to govern the process we are studying. However the use 
of such mathematical symbolism or modeling is extremely powerful since it allows 
the straightforward application of mathematical logic to determine the quantities 
of interest and information about the system. 

Example Let us return to our design of a space probe to orbit one of the outer 
planets such as Saturn (Figure 3.11). We might first write the equations governing 
the gravitational forces on the probe as it travels through space. By solving these 
equations, we find the necessary earth escape velocity and therefore the thrust 
required to boost the probe out of earth orbit and on its journey. In this case the 
variables under our control might include the probe characteristics (particularly its 
weight), the intended time of launch, and rough characteristics of the trajectory 
(e.g., whether we wish a ''grand tour'' of intermediate planets along the way). The 
unknown variables might then include the required thrust, the allowable scientific 
payload, and the maneuvering capability (or requirements). 

There are very few general rules to help us derive the equations characteriz-

FIGURE 3.11. Mathematical analysis can be used to analyze the trajectory of a deep 
space mission to Saturn. (NASA) 
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ing an engineering problem. The general approach is to assign symbols to repre-

sent the variables of interest and then set up the proper logical relationships, the

equations, between the known and unknown quantities.

Derivation of Equations

The derivation of the relevant equations is usually the key step in the mathemati-

cal analysis of an engineering problem. Indeed, the engineer will sometimes find it

more valuable to be able to derive the basic equations characterizing the problem

than to be able to solve them. Even without the solution, the equations may reveal

quite a bit of information about the problem. Fortunately, modern computational

techniques and digital computers have made possible the solution of even very

complex equations.

It is best to begin by making as precise a verbal statement as possible of the

various scientific principles that apply to the particular situation of interest. A

sketch or diagram showing the relationship between the variables that charac-

terize the system is frequently useful. In our earlier example of a space probe, we

would sketch the positions of the sun and the planets to guide us in setting up

equations representing the gravitational forces on the probe.

The mathematical representation usually takes the form of a set of equations.

Therefore we must determine the quantities of interest in the problem and choose

symbols to represent each of these variables. Frequently, we find it necessary to

introduce additional variables to facilitate the mathematical analysis, even though

these variables are not of direct interest and will not appear in the answer. En-

gineers should be wary of attempting to employ shortcuts (i.e., eliminating vari-

ables in their heads) since these can lead to mistakes that are quite difficult to

detect. Throughout the analysis the safest approach is always to write out the

equations and manipulations in detail.

Simplifying Assumptions

In most cases of practical interest the complete set of equations describing a

system are too complicated to be solved, even on the largest computer. Therefore

a premium is placed on simplifying the problem by introducing various assump-

tions and approximations to facilitate mathematical analysis. These assumptions

also eliminate unnecessary effort expended on calculating quantities that are not

of interest to the problem at hand.

The introduction of simplifying assumptions is one of the most important

aspects of engineering analysis. If the assumptions are overly restrictive, they

may invalidate the solution. For example, if we ignore the perturbations of the

gravitational forces of the planets relative to that of the sun, we would drastically

simplify the equations characterizing the trajectory of the space probe

(Figure 3.12). (Indeed, these would be the equations solved by Kepler and New-

ton over three centuries ago.) Unfortunately, these equations would also fail quite

badly in predicting the detailed trajectory of the space probe journey to the outer

planets.
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ing an engineering problem. The general approach is to assign symbols to repre­
sent the variables of interest and then set up the proper logical relationships, the 
equations, between the known and unknown quantities. 

Derivation of Equations 

The derivation of the relevant equations is usually the key step in the mathemati­
cal analysis of an engineering problem. Indeed, the engineer will sometimes find it 
more valuable to be able to derive the basic equations characterizing the problem 
than to be able to solve them. Even without the solution, the equations may reveal 
quite a bit of information about the problem. Fortunately, modern computational 
techniques and digital computers have made possible the solution of even very 
complex equations. 

It is best to begin by making as precise a verbal statement as possible of the 
various scientific principles that apply to the particular situation of interest. A 
sketch or diagram showing the relationship between the variables that charac­
terize the system is frequently useful. In our earlier example of a space probe, we 
would sketch the positions of the sun and the planets to guide us in setting up 
equations representing the gravitational forces on the probe. 

The mathematical representation usually takes the form of a set of equations. 
Therefore we must determine the quantities of interest in the problem and choose 
symbols to represent each of these variables. Frequently, we find it necessary to 
introduce additional variables to facilitate the mathematical analysis, even though 
these variables are not of direct interest and will not appear in the answer. En­
gineers should be wary of attempting to employ shortcuts (i.e., eliminating vari­
ables in their heads) since these can lead to mistakes that are quite difficult to 
detect. Throughout the analysis the safe~t approach is always to write out the 
equations and manipulations in detail. 

Simplifying Assumptions 

In most cases of practical interest the complete set of equations describing a 
system are too complicated to be solved, even on the largest computer. Therefore 
a premium is placed on simplifying the problem by introducing various assump­
tions and approximations to facilitate mathematical analysis. These assumptions 
also eliminate unnecessary effort expended on calculating quantities that are not 
of interest to the problem at hand. 

The introduction of simplifying assumptions is one of the most important 
aspects of engineering analysis. If the assumptions are overly restrictive, they 
may invalidate the solution. For example, if we ignore the perturbations of the 
gravitational forces of the planets relative to that of the sun, we would drastically 
simplify the equations characterizing the trajectory of the space probe 
(Figure 3.12). (Indeed, these would be the equations solved by Kepler and New­
ton over three centuries ago.) Unfortunately, these equations would also fail quite 
badly in predicting the detailed trajectory of the space probe journey to the outer 
planets. 
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FIGURE 3.12. We might ignore the forces exerted by the planets in describing the space-

craft trajectory.

Engineers should always state carefully all assumptions introduced into the

analysis. After the mathematical solution they should return to check whether the

assumptions remain valid in light of these results. Perhaps the influence of several

of the inner planets on the probe trajectory is negligible, or perhaps nonuni-

formities in the gravitational fields of large planets such as Jupiter cannot be

ignored.

It is frequently of use to first solve a very simplified (perhaps intentionally

oversimplified) problem in the hope of learning enough from the simplified case so

that this solution may be extended to the more complicated situation of real

interest. We might initially include only the effects of the Earth and the larger

outer planets to determine the rough features of our spacecraft's trajectory. Then

other forces on the probe could be introduced as small perturbations on this

solution.

We frequently have considerable latitude in choosing the physical principles

that describe the process of interest and serve as the basis for the mathematical

representation of the problem. Experience is an invaluable aid in the appropriate

choice of both the fundamental principles involved and suitable assumptions or

approximations.

Methods of Solution

Although the most important aspects of engineering problem solving involve the

problem definition and the derivation of the mathematical equations representing

the problem, frequently the most laborsome task involves the solution of the

equations themselves. Here one brings into play the enormous variety of analyti-

cal and numerical methods developed by the mathematician (Table 3.4).
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FIGURE 3.12. We might ignore the forces exerted by the planets in describing the space­
craft trajectory. 

Engineers should always state carefully all assumptions introduced into the 
analysis. After the mathematical solution they should return to check whether the 
assumptions remain valid in light of these results. Perhaps the influence of several 
of the inner planets on the probe trajectory is negligible, or perhaps nonuni­
fonnities in the gravitational fields of large planets such as Jupiter cannot be 
ignored. 

It is frequently of use to first solve a very simplified (perhaps intentionally 
oversimplified) problem in the hope of learning enough from the simplified case so 
that this solution may be extended to the more complicated situation of real 
interest. We might initially include only the effects of the Earth and the larger 
outer planets to determine the rough features of our spacecraft's trajectory. Then 
other forces on the probe could be introduced as small perturbations on this 
solution. 

We frequently have considerable latitude in choosing the physical principles 
that describe the process of interest and serve as the basis for the mathematical 
representation of the problem. Experience is an invaluable aid in the appropriate 
choice of both the fundamental principles involved and suitable assumptions or 
approximations. 

Methods of Solution 

Although the most important aspects of engineering problem solving involve the 
problem definition and the derivation of the mathematical equations representing 
the problem, frequently the most laborsome task involves the solution of the 
equations themselves. Here one brings into play the enormous variety of analyti­
cal and numerical methods developed by the mathematician (Table 3.4). 
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TABLE 3.4 Methods for

Solving Equations

1. Try to solve by inspection.

2. Look up the answer.

3. Approximate equations or solutions.

4. Detailed analytical solution.

5. Computer solution.

Usually the first approach will be to attempt to solve the equations "by

inspection." Sometimes by staring at the equations for awhile, you can spot their

solution or recall an easy method to solve them. For simple problems, you might

even be able to write down this solution directly.

If a simple solution is not obvious, the next approach might be to look up the

answer in a book. Most of the common equations that arise in engineering prob-

lems have already been solved by mathematicians or other engineers. The prob-

lem is knowing where to look for these solutions and recognizing that your equa-

tions are of a form similar to other equations that already have been solved. Here

the engineer can take advantage of the fact that the equations describing many

quite different physical processes are identical. For example, the same type of

equations characterizes the vibration of a spring, the electric current in a circuit,

or the flow of fluid around objects. Hence the engineer may seek out these

analogies to find solved equations of a form very similar to that of a particular

application of interest.

A third approach is to reduce the complexity of the equations of interest by

suitable approximations or assumptions until they are amenable to mathematical

analysis and solution. Large classes of equations can be solved by the straightfor-

ward methods treated in undergraduate level mathematics courses. Unfortu-

nately, the solution of the equations sometimes requires such brutal approxima-

tions that they no longer adequately describe the situation of interest. Then the

engineer has only one recourse: to turn to the power of the digital computer and

solve the equations directly by means of numerical analysis. Even if it is necessary

to resort to a digital computer, an entirely new computer program is rarely re-

quired. A number of general computer programs exist that are capable of solving a

wide variety of complex equations. Furthermore, it is becoming more common for

engineers and scientists to develop specialized computer programs or "codes"

that are capable of solving the specific types of equations relevant in particular

fields. Examples include the stress analysis codes used in mechanical engineering,

chemical reaction rate analysis and process control codes used in chemical en-

gineering, and fluid dynamics codes used in the study of hydraulic systems. There

are computer code "libraries" (both public and commercial) throughout the world
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TABLE 3.4 Methods for 
Solving Equations 

I. Try to solve by inspection. 
2. Look up the answer. 
3. Approximate equations or solutions. 
4. Detailed analytical solution . 
5. Computer solution. 
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Usually the first approach will be to attempt to solve the equations "by 
inspection." Sometimes by staring at the equations for awhile, you can spot their 
solution or recall an easy method to solve them. For simple problems, you might 
even be able to write down this solution directly. 

If a simple solution is not obvious, the next approach might be to look up the 
answer in a book. Most of the common equations that arise in engineering prob­
lems have already been solved by mathematicians or other engineers. The prob­
lem is knowing where to look for these solutions and recognizing that your equa­
tions are of a form similar to other equations that already have been solved. Here 
the engineer can take advantage of the fact that the equations describing many 
quite different physical processes are identical. For example, the same type of 
equations characterizes the vibration of a spring, the electric current in a circuit, 
or the flow of fluid around objects. Hence the engineer may seek out these 
analogies to find solved equations of a form very similar to that of a particular 
application of interest. 

A third approach is to reduce the complexity of the equations of interest by 
suitable approximations or assumptions until they are amenable to mathematical 
analysis and solution. Large classes of equations can be solved by the straightfor­
ward methods treated in undergraduate level mathematics courses. Unfortu­
nately, the solution of the equatio:-ts sometimes requires such brutal approxima­
tions that they no longer adequately describe the situation of interest. Then the 
engineer has only one recourse: to tum to the power of the digital computer and 
solve the equations directly by means of numerical analysis. Even if it is necessary 
to resort to a digital computer, an entirely new computer program is rarely re­
quired. A number of general computer programs exist that are capable of solving a 
wide variety of complex equations. Furthermore, it is becoming more common for 
engineers and scientists to develop specialized computer programs or "codes" 
that are capable of solving the specific types of equations relevant in particular 
fields. Examples include the stress analysis codes used in mechanical engineering, 
chemical reaction rate analysis and process control codes used in chemical en­
gineering, and fluid dynamics codes used in the study of hydraulic systems. There 
are computer code "libraries" (both public and commercial) throughout the world 
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that will supply computer programs (so-called computer "software") for a wide

variety of applications. Because of their major importance to modern engineering

analysis and design, computer-based methods are the topics of Chapters 4 and 7.

Checking

Once a solution to the equations characterizing a problem has been obtained, this

solution must be verified by checking it carefully. For any mistake, whether it is

due to a simple arithmetic error or a flaw in the logic used to derive or solve the

equations, can have a disastrous effect on the results of the analysis. Since

everyone is likely to make mistakes from time to time, procedures for checking

mathematical calculations have special importance.

The most direct approach is to compare the results of these calculations with

actual experimental data or the results obtained by independent calculations.

However this step is not always practical. Therefore it is important to be familiar

with less direct methods for checking the analysis, for example, checking the

consistency of units appearing in equations or solutions, studying the plausibility

of various limiting cases, or utilizing various symmetries that appear in the prob-

lem.

It is essential in problem solving to examine the validity of all assumptions

and approximations that are introduced to simplify the mathematical analysis.

Frequently one can work back through the intermediate stages of the mathemati-

cal analysis to verify each approximation introduced along the way.

We cannot stress strongly enough the importance of careful checking of

mathematical calculations. Frequently students acquire a mistaken impression of

the importance of speed in performing calculations (due, no doubt, to the time

limits placed on most examinations or homework assignments). However in en-

gineering analysis, what really counts is reliability, not speed.

Students should also be wary of the "pitfalls of prejudice" in checking calcu-

lations. After they have slaved long hours on the mathematical analysis of a

problem, they may not be disposed to believe that anything could be wrong with

this analysis. This attitude has become particularly prevalent in the blind accep-

tance of the results from computer calculations. The fact that computers usually

churn out numbers to many decimal places gives a false impression of accuracy. A

computer will present both correct and totally erroneous calculations in the same

degree of detail. The old computer proverb, "Garbage in, garbage out," is still

true. (Actually, one might do well to adopt an opposing attitude and question

whether any number resulting from millions upon millions of successive calcula-

tions can possibly be correct.)

The tendency to feel that a particular analysis is so thoroughly worked out

that checking is unnecessary must be strongly resisted. Such an attitude can prove

disastrous in engineering analysis, as numerous engineering misadventures in the

past have illustrated. Indeed, one of the most valuable personality traits in en-

gineers is a "professional paranoia," a cautious skepticism, not only of the results

obtained by others, but also of their own analysis.
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that will supply computer programs (so-called computer "software") for a wide 
variety of applications. Because of their major importance to modem engineering 
analysis and design, computer-based methods are the topics of Chapters 4 and 7. 

Checking 

Once a solution to the equations characterizing a problem has been obtained, this 
solution must be verified by checking it carefully. For any mistake, whether it is 
due to a simple arithmetic error or a flaw in the logic used to derive or solve the 
equations, can have a disastrous effect on the results of the analysis. Since 
everyone is likely to make mistakes from time to time, procedures for checking 
mathematical calculations have special importance. 

The most direct approach is to compare the results of these calculations with 
actual experimental data or the results obtained by independent calculations. 
However this step is not always practical. Therefore it is important to be familiar 
with less direct methods for checking the analysis, for example, checking the 
consistency of units appearing in equations or solutions, studying the plausibility 
of various limiting cases, or utilizing various symmetries that appear in the prob­
lem. 

It is essential in problem solving to examine the validity of all assumptions 
and approximations that are introduced to simplify the mathematical analysis. 
Frequently one can work back through the intermediate stages of the mathemati­
cal analysis to verify each approximation introduced along the way. 

We cannot stress strongly enough the importance of careful checking of 
mathematical calculations. Frequently students acquire a mistaken impression of 
the importance of speed in performing calculations (due, no doubt, to the time 
limits placed on most examinations or homework assignments). However in en­
gineering analysis, what really counts is reliability, not speed. 

Students should also be wary of the ··pitfalls of prejudice'· in checking calcu­
lations. After they have slaved long hours on the mathematical analysis of a 
problem, they may not be disposed to believe that anything could be wrong with 
this analysis. This attitude has become particularly prevalent in the blind accep­
tance of the results from computer calculations. The fact that computers usually 
chum out numbers to many decimal places gives a false impression of accuracy. A 
computer will present both correct and totally erroneous calculations in the same 
degree of detail. The old computer proverb, "Garbage in, garbage out," is still 
true. (Actually. one might do well to adopt an opposing attitude and question 
whether any number resulting from millions upon millions of successive calcula­
tions can possibly be correct.) 

The tendency to feel that a particular analysis is so thoroughly worked out 
that checking is unnecessary must be strongly resisted. Such an attitude can prove 
disastrous in engineering analysis, as numerous engineering misadventures in the 
past have illustrated. Indeed, one of the most valuable personality traits in en­
gineers is a ··professional paranoia," a cautious skepticism, not only of the results 
obtained by others. but also of their own analysis. 
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Interpretation of Results

Once the equations have been solved for the quantities of interest, the engineer

must translate these results into physical terms. The very conciseness of

mathematical notation and analysis tends to disguise the implications of the solu-

tions. Frequently a considerable amount of work is required to extract the desired

information from these solutions. The physical interpretation of mathematical

results is a very important facet of engineering analysis.

Rough sketches are among the most useful tools for determining trends of the

solution for various limiting cases. It is usually not necessary to go to all of the

trouble to plot accurately a numerical evaluation of the mathematical formulas.

Rather only the rough behavior of the quantities of interest need be determined.

Limiting cases can also play a useful role in interpreting the physical implications

of mathematical results.

Usually several numerical cases are studied using general mathematical solu-

tions. However these numerical calculations should not be performed until the

end of the mathematical analysis. Leaving work in symbolic form for as long as

possible facilitates checking by dimensional analysis and examining limiting cases.

Finally, if numbers are not inserted until the end of the analysis, less numerical

work is required, and there is less chance for error. This also allows the solution to

be arranged into a form most convenient for numerical calculation.

SUMMARY

The physical laws describing an engineering problem can be represented

by mathematical equations. To translate physical laws into mathematics,

one begins by making a precise verbal statement of the relevant scientific

principles. Sketches or diagrams are useful to indicate the relationship

between variables characterizing the problem. Symbols are introduced to

represent each variable. The engineer uses physical insight to introduce

simplifying assumptions and approximations into the equations. Such

assumptions should always be very carefully stated and reexamined after

the solution is arrived at to assess their validity. Sometimes the equations

can be solved by inspection, by looking up the answer, or by well-known

analytical techniques developed in mathematics courses. In more com-

plex problems, the equations must be solved on a digital computer. The

checking and verification of both methods of solution and simplifying

assumptions is a vital aspect of engineering problem solving. Usually

reliability is more important than speed in engineering analysis. The final

stage of analysis involves the physical interpretation of mathematical

results (frequently assisted by the use of sketches, limiting cases, or nu-

merical studies).
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Interpretation of Results 

Once the equations have been solved for the quantities of interest, the engineer 
must translate these results into physical terms. The very conciseness of 
mathematical notation and analysis tends to disguise the implications of the solu­
tions. Frequently a considerable amount of work is required to extract the desired 
information from these solutions. The physical interpretation of mathematical 
results is a very important facet of engineering analysis. 

Rough sketches are among the most useful tools for determining trends of the 
solution for various limiting cases. It is usually not necessary to go to all of the 
trouble to plot accurately a numerical evaluation of the mathematical formulas. 
Rather only the rough behavior of the quantities of interest need be determined. 
Limiting cases can also play a useful role in interpreting the physical implications 
of mathematical results. 

Usually several numerical cases are studied using general mathematical solu­
tions. However these numerical calculations should not be performed until the 
end of the mathematical analysis. Leaving work in symbolic form for as long as 
possible facilitates checking by dimensional analysis and examining limiting cases. 
Finally, if numbers are not inserted until the end of the analysis, less numerical 
work is required, and there is less chance for error. This also allows the solution to 
be arranged into a form most convenient for numerical calculation. 

SUMMARY 

The physical laws describing an engineering problem can be represented 
by mathematical equations. To translate physical laws into mathematics. 
one begins by making a precise verbal statement of the relevant scientific 
principles. Sketches or diagrams are useful to indicate the relationship 
between variables characterizing the problem. Symbols are introduced to 
represent each variable. The engineer uses physical insight to introduce 
simplifying assumptions and approximations into the equations. Such 
assumptions should always be very carefully stated and reexamined after 
the solution is arrived at to assess their validity. Sometimes the equations 
can be solved by inspection, by looking up the answer, or by well-known 
analytical techniques developed in mathematics courses. In more com­
plex problems, the equations must be solved on a digital computer. The 
checking and verification of both methods of solution and simplifying 
assumptions is a vital aspect of engineering problem solving. Usually 
reliability is more important than speed in engineering analysis. The final 
stage of analysis involves the physical interpretation of mathematical 
results (frequently assisted by the use of sketches, limiting cases, or nu­
merical studies). 
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Exercises

Mathematics

1. Search through your college catalog and identify the advanced

mathematics courses of possible importance to engineering. Suggest

one engineering application that would make use of the mathemati-

cal topics developed in each of the courses you have listed.

2. Suggest an engineering application for each of the following

mathematical topics: plane geometry, solid geometry, analytical

geometry, trigonometry, calculus, set theory, topology, matrix

algebra.

3. Many mathematical concepts were first developed to describe phys-

ical phenomena. Using your textbooks or an encyclopedia, list the

physical phenomena that stimulated the following mathematical de-

velopments: (a) Newton's development of calculus, (b) Fermat's

principle, (c) Lagrange's equations, (d) Stokes' theorem.

4. The Green Monster dragster is capable of covering a quarter-mile

from a standing start in 5.9 seconds. Set up the mathematical proce-

dure to determine the acceleration of this dragster over the quarter-

mile course, following closely the analysis of the space probe exam-

ple in this section.

5. A rocket launch vehicle is capable of achieving an acceleration of 5

m/s2 for a thrust duration of 30 s. If the rocket was launched on a

vertical trajectory, what is its altitude in meters when its engines

finally shut off? (Ignore the action of gravity and set up the analysis

of this problem following the space probe example.)

6. The present rate of growth of the world's population corresponds

roughly to a 2% annual increase. If the world population was 4.5

billion in 1980, in what year would you predict this population to

have doubled to 9 billion?

Symbols

7. Suggest mathematical symbols to characterize each of the following

quantities: volume, weight, stress, intensity of light, automobile fuel

efficiency, angle of spacecraft reentry, the velocity of a tractor mea-

sured at six different times, the height of beer remaining in a can

after one sip, two sips, three sips, and so on.

8. "Translate" the following mathematical expressions into plain En-

glish:

(a) 1000 ~ 1001

(b) 1000 > 990

(c) 1000 Â» 10

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

158 THE TOOLS 

Exercises 

Mtllhematics 

l. Search through your college catalog and identify the advanced 
mathematics courses of possible importance to engineering. Suggest 
one engineering application that would make use of the mathemati­
cal topics developed in each of the courses you have listed. 

2. Suggest an engineering application for each of the following 
mathematical topics: plane geometry, solid geometry, analytical 
geometry, trigonometry, calculus, set theory, topology, matrix 
algebra. 

3. Many mathematical concepts were first developed to describe phys­
ical phenomena. Using your textbooks or an encyclopedia. list the 
physical phenomena that stimulated the following mathematical de­
velopments: (a) Newton's development of calculus, (b) Fermafs 
principle, (c) Lagrange's equations, (d) Stokes' theorem. 

4. The Green Monster dragster is capable of covering a quarter-mile 
from a standing start in 5.9 seconds. Set up the mathematical proce­
dure to determine the acceleration of this dragster over the quarter­
mile course, following closely the analysis of the space probe exam­
ple in this section. 

S. A rocket launch vehicle is capable of achieving an acceleration of 5 
m/s2 for a thrust duration of 30 s. If the rocket was launched on a 
vertical trajectory, what is its altitude in meters when its engines 
finally shut off? (Ignore the action of gravity and set up the analysis 
of this problem following the space probe example.) 

6. The present rate of growth of the world's population corresponds 
roughly to a 2% annual increase. If the world population was 4.5 
billion in 1980, in what year would you predict this population to 
have doubled to 9 billion? 

Symbols 

7. Suggest mathematical symbols to characterize each of the following 
quantities: volume, weight, stress, intensity of light, automobile fuel 
efficiency, angle of spacecraft reentry, the velocity of a tractor mea­
sured at six different times, the height of beer remaining in a can 
after one sip. two sips, three sips, and so on. 

8. "Translate" the following mathematical expressions into plain En-
glish: 

(a) 
(b) 
(c) 

1000- 1001 
1000 > 990 
1000 >> 10 
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(d) mx Â» m2

(e) 7, > T2 and T2 > T3 T, > T3

(f) If a cA and 6 eA, then (a + b) eA.

9. Write symbolic mathematical expressions for each of the following

prose statements:

(a) The maximum speed of a Ferrari is much greater than that of

a Volkswagen Rabbit.

(b) The resource base represented by the United State uranium

reserves is roughly comparable to domestic reserves of petro-

leum.

(c) The fact that coal-generated electricity is cheaper than oil-

generated electricity, and that oil-generated electricity is

cheaper than solar electricity, implies that coal-generated

electricity is cheaper than solar electricity.

(d) The sum of the number of college course credit hours re-

quired for the typical baccalaureate degree in engineering is

roughly 120.

10. Construct a Cartesian (rectangular) coordinate system and locate the

following points (x,y): (0,3), (-2,12), (-4,11), and (2,4). By connect-

ing these points with straight lines, demonstrate that they lie at the

corners (vertices) of a rectangle.

11. Determine the distance between each of the following pairs of

points: (a) (-1,-3), (4,2) (b) (1,2), (6,7) (c) (0,8), (6,-1) (d) (-4,6),

(6,6)

12. An aircraft is on its final approach for a landing when it suffers

engine failure at a distance of 3 km from the end of the runway. If the

aircraft has a glide ratio of 12 to 1 (i.e., the plane will drop 1 m for

every 12 m it travels horizontally), and the engine failure occurs at

an altitude of 800 m, will the plane make the runway? Sketch the

trajectory of the plane on a Cartesian coordinate system to demon-

strate your conclusion.

Analytic Geometry

Functions

13. Iff(x) = 2x2 - x + 3, determine

(a) AO)

(b) AD

(c) AD

(d) Ah)

14. If Ax) = (1 - x)-\ determine

(a) AO)

(b) A-D

(c) A*)

(d) /( + 1)
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(d) m1 >> mz 
(e) T1 > Tz and Tz > Ta ~ T1 > Ta 
(f) If a E A and b E A, then (a + b) E A. 

9. Write symbolic mathematical expressions for each of the following 
prose statements: 

(a) The maximum speed of a Ferrari is much greater than that of 
a Volkswagen Rabbit. 

(b) The resource base represented by the United State uranium 
reserves is roughly comparable to domestic reserves of petro­
leum. 

(c) The fact that coal-generated electricity is cheaper than oil­
generated electricity, and that oil-generated electricity is 
cheaper than solar electricity, implies that coal-generated 
electricity is cheaper than solar electricity. 

(d) The sum of the number of college course credit hours re­
quired for the typical baccalaureate degree in engineering is 
roughly 120. 

Analytic Geometry 

10. Construct a Cartesian (rectangular) coordinate system and locate the 
following points (x,y): (0,3), ( -2,12), ( -4,11), and (2,4). By connect­
ing these points with straight lines, demonstrate that they lie at the 
comers (vertices) of a rectangle. 

11. Determine the distance between each of the following pairs of 
points: (a) (-1,-3), (4,2) (b) (1,2), (6,7) (c) (0,8), (6,-1) (d) (-4,6), 
(6,6) 

12. An aircraft is on its final approach for a landing when it suffers 
engine failure at a distance of3 km from the end of the runway. If the 
aircraft has a glide ratio of 12 to 1 (i.e., the plane will drop 1 m for 
every 12m it travels horizontally), and the engine failure occurs at 
an altitude of 800 m, will the plane make the runway? Sketch the 
trajectory of the plane on a Cartesian coordinate system to demon­
strate your conclusion. 

Functions 

13. lff(x) = 2x2 - x + 3, determine 
(a) f(O) 
(b) f( I) 

14. lff(x) =(I - x)-1, determine 
(a) f(O) 
(b) ft - 1) 

19 IZ b 

(c) f(3) 
(d) f(h) 

(c) f( Tr) 
(d) f( + 1) 
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15. Sketch a graph of each of the following functions:

(a) f(x) = 3x + 2 (c) f{x) = ex + e~x

(b) f(x) = tan* (d) fix) =x\nx

Calculus

16. Using a table of derivatives, compute the derivatives of each of the

following functions:

(a) fix) = xs (c) f(x) = e-**

(b) f(x) = jr5 (d) f(x) = x-x12

17. Using a table of integrals, compute the integrals of each of the fol-

lowing functions:

(a) Jx5 dx (c) /(2v2 + 3) dx

(b) fe~3*dx (d) f-dx

18. An automobile initially at rest begins to move along a straight road.

The driver accelerates the car at a uniform rate until he suddenly

spots a concrete barrier across the road ahead. He immediately

applies the brakes, and the car decelerates rapidlyâ€”but not rapidly

enough. It crashes into the barrier. Sketch the position, velocity, and

acceleration of the car as functions of time.

Vectors

19. Determine whether each of the following quantities is a vector or a

scalar:

(a) Mass (d) Temperature

(b) Torque (e) Pressure

(c) Current (f) Momentum

20. Draw a two-dimensional coordinate system and sketch the vectors

with initial points taken at the origin and end points taken at the

coordinates (x,y):

(a) (2,0) (c) (-3,1)

(b) (1,-5) (d) (0,0)

21. Repeat the exercise in Problem 20 for a three-dimensional coordi-

nate system with vectors at coordinates (x,y,z):

(a) (1,4,-2) (c) (6,3,1)

(b) (0,1.0) (d) (-5,-2,-5)

22. A particle moves in a plane such that its x and y coordinates are

given by: x = cos t, y = sin t. Sketch the trajectory traced by the

particle.

23. Determine the velocity and acceleration for the particle motion de-

scribed in Problem 22.

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

160 THE TOOLS 

15. Sketch a graph of each of the following functions: 
(a) f(x) = 3x + 2 (c) f(x) = ez + e-z 
(b) f(x) = tan x (d) f(x) = x In x 

Calculus 

16. Using a table of derivatives, compute the derivatives of each of the 
following functions: 
(a) f(x) = x 5 

(b) f(x) = x-5 
(c) f(x) = e-z:r 
(d) f(x) = x-112 

17. Using a table of integrals, compute the integrals of each of the fol­
lowing functions: 
(a) fx 5 dx 

(b) Je-az dx 

(c) J(2x2 + 3) dx 

(d) J! dx 
X 

18. An automobile initially at rest begins to move along a straight road. 
The driver accelerates the car at a uniform rate until he suddenly 
spots a concrete barrier across the road ahead. He immediately 
applies the brakes, and the car decelerates rapidly-but not rapidly 
enough. It crashes into the barrier. Sketch the position, velocity, and 
acceleration of the car as functions of time. 

Vectors 

19. Determine whether each of the following quantities is a vector or a 
scalar: 
(a) Mass 
(b) Torque 
(c) Current 

(d) Temperature 
(e) Pressure 
(f) Momentum 

20. Draw a two-dimensional coordinate system and sketch the vectors 
with initial points taken at the origin and end points taken at the 
coordinates (x,y): 
(a) (2,0) (c) (-3,1) 
(b) (1 '-5) (d) (0,0) 

21. Repeat the exercise in Problem 20 for a three-dimensional coordi­
nate system with vectors at coordinates (x,y,z): 
(a) (1,4, - 2) (c) (6,3,1) 
(b) (0,1.0) (d) (-5,-2,-5) 

22. A particle moves in a plane such that its x and y coordinates are 
given by: x = cos t, y = sin t. Sketch the trajectory traced by the 
particle. 

23. Determine the velocity and acceleration for the particle motion de­
scribed in Problem 22. 
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Numerical Analysis

2A. Graph the discretized representation at 11 equally spaced points on

the interval 0 <jc < 1 (i.e.,* = 0, 0.1, 0.2, 1.0) for each of the

following functions:

(a) f(x) = x2 (c) f(x) = sin mc

(b) f{x) =e-* (d) f(x) ^x^e-*2

25. Conjecture as to how you might use a digital computer to differ-

entiate or integrate a function.

Probability and Statistics

26. What is the probability of being dealt a face card from a 52-card

deck?

27. A full moon occurs about once every 28 days. If the probability is 1

in 1000 that your neighbor is a werewolf, what is the probability that

he is out stalking tonight?

28. Most computer systems have built in random number generators

such as the RND(I) function available in the BASIC language on

many microcomputers. Using this function, write a computer pro-

gram that will simulate the toss of two 6-sided dice. More ambitious

students might wish to include sufficient interactive dialogue in this

program to simulate a craps game.

Equationsâ€”General

Write mathematical equations to represent each of the following physical

laws, taking care to define the symbols used to represent variables and

constants in the equations:

29. Newton's law of motion: The force exerted on a body is equal to its

mass times its acceleration.

30. Static equilibrium: The sum of the forces on a stationary body must

be zero.

31. Velocity: The velocity of a body is equal to the time rate of change of

its position.

Derivation of Equations

Follow the general procedure below in deriving equations for each of the

following situations: (a) Make a precise verbal statement of the relevant

physical principle(s). (b) Use a sketch to identify known and unknown

variables, (c) Introduce mathematical symbols for relevant quantities,

(d) Write mathematical equations representing the physical principle(s).

32. Determine the acceleration of an automobile subject to a given force.

(Use Newton's law.)
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Numerical Analysis 

24. Graph the discretized representation at 11 equally spaced points on 
the interval 0 < x < l (i.e., x = 0, 0.1. 0.2, ... , 1.0) for each of the 
following functions: 
(a) /(x) = x 2 (c) f(x) = sin 1TX 

(b) f(x) = e-.r (d) f(x) = x 2 e-x2 

25. Conjecture as to how you might use a digital computer to differ­
entiate or integrate a function. 

Probability and Statistics 

26. What is the probability of being dealt a face card from a 52-card 
deck? 

27. A full moon occurs about once every 28 days. If the probability is 1 
in I 000 that your neighbor is a werewolf, what is the probability that 
he is out stalking tonight? 

28. Most computer systems have built in random number generators 
such as the RND(I) function available in the BASIC language on 
many microcomputers. Using this function, write a computer pro­
gram that will simulate the toss of two 6-sided dice. More ambitious 
students might wish to include sufficient interactive dialogue in this 
program to simulate a craps game. 

Equations-General 

Write mathematical equations to represent each of the following physical 
laws, taking care to define the symbols used to represent variables and 
constants in the equations: 
29. Newton's law of motion: The force exerted on a body is equal to its 

mass times its acceleration. 

30. Static equilibrium: The sum of the forces on a stationary body must 
be zero. 

31. Velocity: The velocity of a body is equal to the time rate of change of 
its position. 

DerivatWn of Equations 

Follow the general procedure below in deriving equations for each of the 
following situations: (a) Make a precise verbal statement of the relevant 
physical principle(s). (b) Use a sketch to identify known and unknown 
variables. (c) Introduce mathematical symbols for relevant quantities. 
(d) Write mathematical equations representing the physical principle(s). 

32. Determine the acceleration of an automobile subject to a given force. 
(Use Newton's law.) 

b 
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33. Determine the mass of water remaining in a leaky bucket when the

rate of leakage is given. (Use conservation of mass.)

34. If we are given the velocity of a body at any time, we are to deter-

mine its position as a function of time. (Use the definition of veloc-

ity.)

Assumptions

Carefully state the assumptions necessary to answer the following prob-

lems:

35. Estimate the amount of gasoline purchased by the student body of

your university in one year's time.

36. Estimate the number of trees in North America.

37. Recall the famous quote of Archimedes: "If I had a lever long

enough, I could lift the world." How much does the world weigh?

How long a lever would Archimedes need to lift the world?

Interpretation

Venture an interpretation of the implications of each of the following

solutions:

38. The temperature T at long distances x from a heat source is found to

be:

T(x) = T*-**

39. The height of a water wave as a function of position x and time / is

given by:

H(x,t) = H0 + Hx sin (kx - wt)

40. The real value of the dollar($) as a function of the year(s) after 1970 is

given by:

1990 _ y

$(/) = â€”(y in years)

3.2. NUMBERS, DIMENSIONS, AND UNITS

The end result of an engineering calculation is usually a number. In fact, engineer-

ing is distinguished by the degree to which it introduces quantitative methods into

the analysis of problems. Therefore let us briefly consider how numbers are used
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33. Determine the mass of water remaining in a leaky bucket when the 
rate of leakage is given. (Use conservation of mass.) 

34. If we are given the velocity of a body at any time. we are to deter­
mine its position as a function of time. (Use the definition of veloc­
ity.) 

AssumptioiiS 

Carefully state the assumptions necessary to answer the following prob­
lems: 

35. Estimate the amount of gasoline purchased by the student body of 
your university in one year's time. 

36. Estimate the number of trees in North America. 

37. Recall the famous quote of Archimedes: "If I had a lever long 
enough, I could lift the world." How much does the world weigh? 
How long a lever would Archimedes need to lift the world? 

Interpretation 

Venture an interpretation of the implications of each of the following 
solutions: 

38. The temperature T at long distances x from a heat source is found to 
be: 

39. The height of a water wave as a function of position x and time t is 
given by: 

H(x,t) = H 0 + H 1 sin (kx - cut) 

40. The real value of the dollar($) as a function of the year(s) after 1970 is 
given by: 

(y in years) 

3.2. NUMBERS, DIMENSIONS, AND UNITS 

The end result of an engineering calculation is usually a number. In fact, engineer­
ing is distinguished by the degree to which it introduces quantitative methods into 
the analysis of problems. Therefore let us briefly consider how numbers are used 
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THE TOOLS OF MATHEMATICS AND SCIENCE

in solving engineering problems. We shall first look at the various ways in which

the engineer writes and interprets numbers. Then we shall examine the manner in

which characteristics of physical systems and processes are quantified in terms of

dimensions and units.

3.2.1. Numbers

We are so used to writing the symbols for numbers, 1, 2, 3, . . . that we rarely

recognize that this is but one system for "counting" quantities. There are not only

alternative symbols we can use for numbers but entirely different systems of

numbers. We should be thankful to the Arabic scholars who invented our present

number symbols. Imagine the difficulty of performing engineering calculations

using Roman numerals. For example, 123 + 1825 = 1948 would become CXXIII +

MDCCCXXV = whateverâ€”anyway, it would be very cumbersome.

Number Systems

When we think of number systems, we typically think of the decimal system

(based on units of 10) used in everyday computation. But this is only one of an

endless variety of possible number systems, although it is the system most conve-

nient for a beast with 10 fingers. We could just as well use number systems based

on other units, such as an octal system based on 8 units or a hexadecimal system

based on 16 units. We shall find in Chapter 4 that the most convenient number

system for computers is the binary system, based only on the two units 0 and 1. In

this system we represent zero by 0, one by 1, two by 10, three by 11, four by 100,

and so on. The binary number system is the most logical choice for digital systems

that rely on devices with only two possible statesâ€”on or off.

Significant Figures

When dealing with numerical data, the number of accurate figures or digits, the

way that data are rounded or truncated, and the way that numbers are written all

must be considered. The number of accurate digits in a numerical result is called

its number of significant figures. For example, if we measure the length of a pencil

and find it to be 14.1 cm, then this result is said to contain three significant figures.

Suppose we had represented this length as 0.000141 km. Then, despite the pres-

ence of 4 zeros, this number would still have only three significant figures. The

zeros only serve to locate the decimal point, that is, to indicate the size of the unit

used in making the measurement. They are not regarded as significant figures.

The number of significant figures in a result (excluding the zeros used to

locate the decimal point) indicates the number of digits that can be used with

confidence in an engineering calculation. There is no point in carrying digits

beyond those that are significant since they give rise to unnecessary calculation

effort. They can also convey a false sense of the true accuracy of the results.
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in solving engineering problems. We shall first look at the various ways in which 
the engineer writes and interprets numbers. Then we shall examine the manner in 
which characteristics of physical systems and processes are quantified in terms of 
dimensions and units. 

3.2.1. Numbers 

We are so used to writing the symbols for numbers, 1, 2, 3, ... that we rarely 
recognize that this is but one system for "counting" quantities. There are not only 
alternative symbols we can use for numbers but entirely different systems of 
numbers. We should be thankful to the Arabic scholars who invented our present 
number symbols. Imagine the difficulty of performing engineering calculations 
using Roman numerals. For example, 123 + 1825 = 1948 would become CXXIII + 
MDCCCXXV = whatever-anyway, it would be very cumbersome. 

Number Systems 

When we think of number systems, we typically think of the decimal system 
(based on units of 10) used in everyday computation. But this is only one of an 
endless variety of possible number systems, although it is the system most conve­
nient for a beast with 10 fingers. We could just as well use number systems based 
on other units. such as an octal system based on 8 units or a hexadecimal system 
based on 16 units. We shall find in Chapter 4 that the most convenient number 
system for computers is the binary system, based only on the two units 0 and I. In 
this system we represent zero by 0, one by I, two by 10, three by 11, four by 100, 
and so on. The binary number system is the most logical choice for digital systems 
that rely on devices with only two possible states-on or off. 

Significant Figures 

When dealing with numerical data, the number of accurate figures or digits, the 
way that data are rounded or truncated, and the way that numbers are written all 
must be considered. The number of accurate digits in a numerical result is called 
its number of significant figures. For example, if we measure the length of a pencil 
and find it to be 14.1 em, then this result is said to contain three significant figures. 
Suppose we had represented this length as 0.000141 km. Then, despite the pres­
ence of 4 zeros, this number would still have only three significant figures. The 
zeros only serve to locate the decimal point, that is, to indicate the size of the unit 
used in making the measurement. They are not regarded as significant figures. 

The number of significant figures in a result (excluding the zeros used to 
locate the decimal point) indicates the number of digits that can be used with 
confidence in an engineering calculation. There is no point in carrying digits 
beyond those that are significant since they give rise to unnecessary calculation 
effort. They can also convey a false sense of the true accuracy of the results. 
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For example, suppose we add the following column of numbers representing

measurements of limited accuracy:

3.51

2.205

0.0142

5.7292

The true accuracy of the resulting sum is only to three significant figures. There-

fore we should limit the sum to this number of digits. We can either truncate the

sum to three digits, 5.72, or round it off as 5.73 (using the prescription that if the

digit following the last significant figure is 5 or greater, we increase the last figure

by 1; if it is 0 to 4, we leave the last figure as it is).

A similar procedure can be used to handle multiplication or division. Once

again the number of significant figures in the result should be no more than the

fewest in any number involved. Therefore we should write

6.3 x 3.471 x 2.371 = 52

In problems that involving a series of calculations leading to the final answer, one

more significant figure is carried through in the intermediate answers than will be

used in the final answer.

Example A mechanical engineer must choose among three different brands of

electrical motors based on a comparison of their efficiencies of (a) 85%, (b) 85.2%,

and (c) 85.28%. Which motor should he choose?

Answer

The efficiency numbers strongly suggest that only the first two figures are

significant. Then all three motors would have effectively the same effi-

ciency (85%). Another criterion would have to be used to select among

them.

Example A civil engineer must decide upon the relative economic merit of three

different highway bid estimates: (a) $3.2 million, (b) $3.25 million, and (c) $3,258

million. Which bid should she accept?

Answer

The estimates strongly suggest that there are only two significant figures

in all three calculations. However since the contractor is required by law

to perform the work for the amount indicated in the bid, the engineer

should obviously choose the lowest bid: (a) $3.2 million.

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

164 THE TOOLS 

For example, suppose we add the following column of numbers representing 
measurements of limited accuracy: 

3.51 
2.205 
0.0142 
5.7292 

The true accuracy of the resulting sum is only to three significant figures. There­
fore we should limit the sum to this number of digits. We can either truncate the 
sum to three digits, 5.72, or round it off as 5.73 (using the prescription that if the 
digit following the last significant figure is 5 or greater, we increase the last figure 
by 1; if it is 0 to 4, we leave the last figure as it is). 

A similar procedure can be used to handle multiplication or division. Once 
again the number of significant figures in the result should be no more than the 
fewest in any number involved. Therefore we should write 

6.3 X 3.471 X 2.371 = 52 

In problems that involving a series of calculations leading to the final answer, one 
more significant figure is carried through in the intermediate answers than will be 
used in the final answer. 

Example A mechanical engineer must choose among three different brands of 
electrical motors based on a comparison of their efficiencies of(a) 85%. (b) 85.2%, 
and (c) 85.28%. Which motor should he choose? 

Answer 

The efficiency numbers strongly suggest that only the first two figures are 
significant. Then all three motors would have effectively the same effi­
ciency (85%). Another criterion would have to be used to select among 
them. 

Example A civil engineer must decide upon the relative economic merit of three 
different highway bid estimates: (a) $3.2 million, (b) $3.25 million, and (c) $3.258 
million. Which bid should she accept? 

Answer 

The estimates strongly suggest that there are only two significant figures 
in all three calculations. However since the contractor is required by law 
to perform the work for the amount indicated in the bid, the engineer 
should obviously choose the lowest bid: (a) $3.2 million. 
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Scientific Notation

The engineer frequently must perform calculations using very large or very small

numbers. It would be quite cumbersome always to write such numbers in decimal

form. For example, consider the multiplication of

1 340 000 000 x 0.000 000 000 31 = 0.0415

It is more convenient to utilize scientific notation in which the significant digits

(excluding zeros immediately preceding or following the decimal) are retained,

and the numerical value is written as a number between 1 and 10 (the mantissa)

multiplied by a power of 10. In scientific notation, our previous example would be

written as

1.34 x 10Â» x 3.1 x 10-u = 4.1 x 10~2

An equivalent notation consists of representing the power of 10 by the notation E

for exponent. Then our example would be written as

1.34 E+09 x 3.1 E-ll = 4.1 E-02

This latter notation is used in most computer applications and is called floating

point format.

The use of scientific notation greatly simplifies computations since multiplica-

tions of numbers with powers of 10 are performed by adding the exponents.

Division of numbers with powers of 10 is performed by subtracting the exponents.

Scientific notation also stresses the importance of significant figures in the num-

bers.

Example Scientists who delve into natural phenomena on the microscopic level

of atoms and molecules or on the cosmic scale of the universe sometimes invent

special units to characterize the very small or very large numbers with which they

deal. For example, the cross-sectional area presented by an atomic nucleus to a

fast subatomic particle is roughly 10~24 cm2. Hence nuclear physicists have intro-

duced a unit known as the barn (as "big as a barn door") to characterize nuclear

cross sections: 1 barn = 10~24cm2. In contrast, astrophysicists deal with distances

comparable to the diameter of the galaxy and therefore have introduced a unit of

length known as the parsec: 1 parsec = 3.0857 x 10i8 m. It is interesting to think of

a volume 1 barn in cross-sectional area and one million parsecs in length. Al-

though just thinking of such a volume tends to strain the imagination, in actual

magnitude it is just

1 barn x 1 million parsecs = 10~24 cm2 x 3.0857 x 1024 cm

= 3.0857 cm3

â€”only three cubic centimeters.
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Scientific Notation 

The engineer frequently must perform calculations using very large or very small 
numbers. It would be quite cumbersome always to write such numbers in decimal 
form. For example, consider the multiplication of 

1 340 ()()() 0()() X 0.000 000 000 31 = 0.0415 

It is more convenient to utilize scientific notation in which the significant digits 
(excluding zeros immediately preceding or following the decimal) are retained, 
and the numerical value is written as a number between I and 10 (the mantissa) 
multiplied by a power of 10. In scientific notation, our previous example would be 
written as 

1.34 X 109 X 3.1 X JO-II = 4.1 X J0-2 

An equivalent notation consists of representing the power of 10 by the notation E 
for exponent. Then our example would be written as 

1.34 E+09 X 3.1 E - ll= 4.1 E-02 

This latter notation is used in most computer applications and is called floating 
point format. 

The use of scientific notation greatly simplifies computations since multiplica­
tions of numbers with powers of 10 are performed by adding the exponents. 
Division of numbers with powers of 10 is performed by subtracting the exponents. 
Scientific notation also stresses the importance of significant figures in the num­
bers. 

Example Scientists who delve into natural phenomena on the microscopic level 
of atoms and molecules or on the cosmic scale of the universe sometimes invent 
special units to characterize the very small or very large numbers with which they 
deal. For example, the cross-sectional area presented by an atomic nucleus to a 
fast subatomic particle is roughly J0-24 cm2• Hence nuclear physicists have intro­
duced a unit known as the barn (as "big as a barn door") to characterize nuclear 
cross sections: I barn = I0-24 cm2 • In contrast, astrophysicists deal with distances 
comparable to the diameter of the galaxy and therefore have introduced a unit of 
length known as the parsec: I parsec = 3.0857 x 1018 m. It is interesting to think of 
a volume I bam in cross-sectional area and one million parsecs in length. Al­
though just thinking of such a volume tends to strain the imagination, in actual 
magnitude it is just 

I bam X I million parsecs = I0-24 cm2 X 3.0857 X 1024 em 
= 3.0857 cm3 

- only three cubic centimeters. 
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SUMMARY

The end result of an engineering calculation is usually a number. En-

gineers use a variety of number systems in addition to the familiar deci-

mal system. Of most use in computer (digital) applications is the binary

system. The number of accurate digits in a result is termed its number of

significant figures. The number of significant figures in a result should be

no more than the fewest in any number involved in intermediate stages of

the calculation. To accommodate very large or very small numbers, en-

gineers commonly employ scientific notation, in which the result is writ-

ten in terms of powers of ten, such as 1.34 x 10* or 1.34 E+09.

3.2.2. Dimensions and Units

Dimensions

The laws of science are based on characteristics of physical systems and

processes that can be measured. These characteristics are collectively called di-

mensions. The space measurements of an object such as its length, width, and

height are dimensions that characterize the object's size. The time interval be-

tween two events is another dimension. The amount of electric current flowing

through a wire can also be measured and, therefore, electric current could be

identified as a dimension.

Certain types of dimensions assume a more fundamental nature in the sense

that they can be used to describe all other physical relationships. One such set of

fundamental dimensions is composed of length (L), mass (M), time (7~), electric

current (/), temperature (0), the amount of a substance (mole), and the luminous

intensity of light (/). Notice here that we have chosen to denote the type of

fundamental dimension by a letter symbol.

All other dimensions characterizing physical quantities can be formed by

combining such fundamental dimensions. These are referred to as derived dimen-

sions. Examples would include volume (L3), velocity (L/T), and force (ML/T2).

Table 3.5 shows a set of fundamental dimensions and examples of derived dimen-

sions.

It is advantageous to use as few fundamental dimensions as possible. But the

selection of what is to be a fundamental dimension and what is to be considered

derived is not unique. A dimension system can be defined as the smallest number

of fundamental dimensions that will form a consistent and complete set for the

field of interest. For example, in mechanics three fundamental dimensions are

necessary. But the choice of these dimensions is not unique. In an absolute

system of dimensions, length (L), time (T), and mass (M) are regarded as funda-
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SUMMARY 

The end result of an engineering calculation is usually a number. En­
gineers use a variety of number systems in addition to the familiar deci­
mal system. Of most use in computer (digital) applications is the binary 
system. The number of accurate digits in a result is termed its number of 
significant figures. The number of significant figures in a result should be 
no more than the fewest in any number involved in intermediate stages of 
the calculation. To accommodate very large or very small numbers, en­
gineers commonly employ scientific notation, in which the result is writ­
ten in terms of powers of ten, such as 1.34 x 1011 or 1.34 E+09. 

3.2.2. Dimensions and Units 

Dimensions 

The laws of science are based on characteristics of physical systems and 
processes that can be measured. These characteristics are collectively called di­
mensions. The space measurements of an object such as its length, width, and 
height are dimensions that characterize the object's size. The time interval be­
tween two events is another dimension. The amount of electric current flowing 
through a wire can also be measured and, therefore, electric current could be 
identified as a dimension. 

Certain types of dimensions assume a more fundamental nature in the sense 
that they can be used to describe all other physical relationships. One such set of 
fundamental dimensions is composed of length (L). mass (M), time <n. electric 
current (1), temperature ( (}), the amount of a substance (mole), and the luminous 
intensity of light (1). Notice here that we have chosen to denote the type of 
fundamental dimension by a letter symbol. 

All other dimensions characterizing physical quantities can be formed by 
combining such fundamental dimensions. These are referred to as derived dimen­
sions. Examples would include volume (V), velocity (LIT), and force (ML/P). 
Table 3.5 shows a set of fundamental dimensions and examples of derived dimen­
sions. 

It is advantageous to use as few fundamental dimensions as possible. But the 
selection of what is to be a fundamental dimension and what is to be considered 
derived is not unique. A dimension system can be defined as the smallest number 
of fundamental dimensions that will form a consistent and complete set for the 
field of interest. For example, in mechanics three fundamental dimensions are 
necessary. But the choice of these dimensions is not unique. In an absolute 
system of dimensions, length (L), time <n. and mass (M) are regarded as funda-
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mental dimensions. Force would be a derived dimension (A/L/7-2). However in the

alternative gravitational system, the fundamental dimensions are length (L), time

(7), and force (F), and mass is given by (FT2IL).

Some quantities in engineering calculations have no dimensions, for example,

numerical constants such as tt or e. Geometrical angles are also dimensionless

since they represent only a change in direction rather than a distance or length;

angles are measured by taking the ratio of two lengths. Another example is per-

centage, which can be expressed as the ratio of two quantities characterized by

the same dimensions.

SUMMARY

Characteristics of physical systems and processes subject to measure-

ment are known collectively as dimensions. All physical measurements

can be described in terms of a set of fundamental dimensions: length,

mass, time, electric current, temperature, amount of substance, and in-

tensity of light. All other dimensions can be derived in terms offundamen-

tal dimensions.

Units

The magnitude of dimensions of physical quantities can be quantified only when

compared against reference amounts known as units. The result of any measure-

ment of a dimension is to determine how many of these reference amounts or units

are present. That is, when we measure a dimension we must specify not only the

TABLE 3.5 Fundamental and Derived Dimensions

FUNDAMENTAL

DIMENSIONS

DERIVED

DIMENSIONS

Length

(L)

Velocity

(L/T)

Mass

(M)

Acceleration

(L/D

Time

(D

Area

(Z.1)

Electric current

V)

Mass density

(M/L3)

Temperature

(9)

Force

(ML/D

Amount of substance

(mole)

Energy

(ML1!!1)

Luminous intensity

(/)

Power

(MLVD
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mental dimensions. Force would be a derived dimension (ML/'P). However in the 
alternative gravitational system, the fundamental dimensions are length (L), time 
<n. and force (F), and mass is given by (FT'/L). 

Some quantities in engineering calculations have no dimensions, for example, 
numerical constants such as 1r or e. Geometrical angles are also dimensionless 
since they represent only a change in direction rather than a distance or length; 
angles are measured by taking the ratio of two lengths. Another example is per­
centage, which can be expressed as the ratio of two quantities characterized by 
the same dimensions. 

SUMMARY 

Characteristics of physical systems and processes subject to measure­
ment are known collectively as dimensions. All physical measurements 
can be described in terms of a set of fundamental dimensions: length, 
mass, time, electric current, temperature, amount of substance, and in­
tensity of light. All other dimensions can be derived in terms of fundamen­
tal dimensions. 

Units 

The magnitude of dimensions of physical quantities can be quantified only when 
compared against reference amounts known as units. The result of any measure­
ment of a dimension is to determine how many of these reference amounts or units 
are present. That is, when we measure a dimension we must specify not only the 

TABLE 3.5 Fundamental and Derived Dimensions 

FUNDAMENTAL DERIVED 

DIMENSIONS DIMENSIONS 

Length (L) Velocity 

Mass (M) Acceleration 

Time <n Area 
Electric current (/) Mass density 
Temperature (8) Force 
Amount of substance (mole) Energy 

Luminous intensity (/) Power 

19 IZ b 

<Ltn 
(L/'f'l) 
(L2) 
(M/L3 ) 

(ML/T2 ) 

(ML2/T2) 
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magnitude of the dimension, but also the units in which this magnitude is ex-

pressed. For example, we can choose to measure the length of an object in units of

the meter, centimeter, or kilometer, whichever is the most convenient.

When engineers analyze or design physical systems, they must always be

certain that the units used to characterize physical quantities are consistent. The

proper units must be assigned to constants and variables, and valid mathematical

operations must be performed on these quantities. If all of the dimensions or units

of each term in an equation are consistent, the equation is said to be dimensionally

homogeneous. Dimensional consistency is an extremely useful tool for checking

the validity of equations and is important in engineering measurements. Further-

more, since measurements involve a comparison with various reference amounts,

one must maintain an accurate set of "standards" of units.

Once a consistent dimension system has been selected, a corresponding sys-

tem of units must be introduced to quantify the measurement of these dimensions.

In this sense, units are relative quantities and are defined only by comparison with

other measurements of like quantities. For example, the meter is defined with

respect to the wavelength of light emitted by a krypton atom, while the kilogram is

defined as the mass of a cylinder of platinum-iridium alloy kept by the National

Bureau of Weights and Measures in Paris.

Although a variety of different systems of units have been used (indeed,

different systems of fundamental dimensions have also been used) throughout the

world, the increasing interdependence of nations brought about by modern tech-

nology (travel and communications, in particular) have made obvious the need for

a common system of units with which to measure physical quantities. The ac-

cepted worldwide standard, a refinement of the familiar metric system, is known

as the Systeme International a" Unites or SI System. Essentially every advanced

nation in the worldâ€”with the exception of the United Statesâ€”has now adopted

the SI system for all scientific and engineering activity. For social, economic, and

political reasons, the United States has been very slow in introducing the SI unit

system. This country continues to rely heavily on the British unit system (foot-

pound-second).

SUMMARY

The magnitude of physical dimensions is expressed relative to reference

amounts of similar quantities known as units. Many different systems of

units have been employed in engineering practice. However the accepted

worldwide standard system is a refinement of the metric system known as

the SI system.
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magnitude of the dimension, but also the units in which this magnitude is ex­
pressed. For example, we can choose to measure the length of an object in units of 
the meter, centimeter, or kilometer, whichever is the most convenient. 

When engineers analyze or design physical systems, they must always be 
certain that the units used to characterize physical quantities are consistent. The 
proper units must be assigned to constants and variables, and valid mathematical 
operations must be performed on these quantities. If all of the dimensions or units 
of each term in an equation are consistent, the equation is said to be dimensionally 
homogeneous. Dimensional consistency is an extremely useful tool for checking 
the validity of equations and is important in engineering measurements. Further­
more, since measurements involve a comparison with various reference amounts, 
one must maintain an accurate set of "standards" of units. 

Once a consistent dimension system has been selected, a corresponding sys­
tem of units must be introduced to quantify the measurement of these dimensions. 
In this sense, units are relative quantities and are defined only by comparison with 
other measurements of like quantities. For example, the meter is defined with 
respect to the wavelength of light emitted by a krypton atom, while the kilogram is 
defined as the mass of a cylinder of platinum-iridium alloy kept by the National 
Bureau of Weights and Measures in Paris. 

Although a variety of different systems of units have been used (indeed, 
different systems of fundamental dimensions have also been used) throughout the 
world, the increasing interdependence of nations brought about by modem tech­
nology (travel and communications, in particular) have made obvious the need for 
a common system of units with which to measure physical quantities. The ac­
cepted worldwide standard, a refinement of the familiar metric system, is known 
as the Systeme International d' Unites or Sf System. Essentially every advanced 
nation in the world-with the exception of the United States-has now adopted 
the SI system for all scientific and engineering activity. For social, economic, and 
political reasons, the United States has been very slow in introducing the SI unit 
system. This country continues to rely heavily on the British unit system (foot­
pound-second). 

SUMMARY 

The magnitude of physical dimensions is expressed relative to reference 
amounts of similar quantities known as units. Many different systems of 
units have been employed in engineering practice. Howe\'er the accepted 
worldwide standard system is a refinement of the metric system known as 
the Sf system. 
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The SI System of Units

The Systeme International d'Unites (International System of Units) or SI system

was adopted in 1960 and is presently maintained by the Conference General des

Poides et Measures (the CGPM or General Conference on Weights and Mea-

sures). This system assigns one and only one unit, known as abase unit, to each of

the seven fundamental dimensions. For example, the base unit of length is the

meter, that of mass is the kilogram, and that of time is the second. These base

units and their definitions (as established by the CGPM) are given in Table 3.6.

All other physical quantities can be expressed as algebraic combinations of

these base units known as derived units. For example, the derived unit for velocity

is meter per second, while that for force is kilogram meter per square second.

Many derived SI units have been given special unit names and unit symbols (or

abbreviations) such as the newton (N) for force, joule (J) for energy, and pascal

(Pa) for pressure. Table 3.7 lists the unit names and unit symbols for derived units

approved by the CGPM.

The units of radian and steradian for plane and solid angles can be regarded

either as base or derived units and are sometimes referred to as supplementary

units (Table 3.8).

One important advantage of the SI system is the manner in which it assigns

special prefixes to the unit symbol to form new units that are decimal multiples or

submultiples of the original unit. The prefixes for decimal multiples are given in

Table 3.9. The choice of the appropriate multiple of an SI unit is a matter of

convenience. The multiple is usually chosen so that the numerical value of a

dimension lies between 0.1 and 1 000. For example, 1.45 x 104 m would be written

as 14.5 km, while 0.003 5 s would be 3.5 ms.

The use of the SI system is governed by a number of rules that should be

TABLE 3.6 Base Units and Definitions for the Systeme International

d'Unites (SI)

BASE UNITS

DIMENSION

BASE UNIT

SYMBOL

length

meter

m

mass

kilogram

kg

time

second

s

electric current

ampere

A

temperature

kelvin

K

amount of substance

mole

mol

luminous intensity

candela

cd
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The Sf System of Units 

The Systeme International d'Unites (International System of Units) or SI system 
was adopted in 1960 and is presently maintained by the Conference General des 
Poides et Measures (the CGPM or General Conference on Weights and Mea­
sures). This system assigns one and only one unit, known as a base unit, to each of 
the seven fundamental dimensions. For example, the base unit of length is the 
meter, that of mass is the kilogram, and that of time is the second. These base 
units and their definitions (as established by the CGPM) are given in Table 3.6. 

All other physical quantities can be expressed as algebraic combinations of 
these base units known as deri1·ed units. For example, the derived unit for velocity 
is meter per second, while that for force is kilogram meter per square second. 
Many derived SI units have been given special unit names and unit s.vmhols (or 
abbreviations) such as the newton (N) for force, joule (J) for energy, and pascal 
(Pa) for pressure. Table 3.7lists the unit names and unit symbols for derived units 
approved by the CGPM. 

The units of radian and steradian for plane and solid angles can be regarded 
either as base or derived units and are sometimes referred to as supplemnllary 
units (Table 3.8). 

One important advantage of the SI system is the manner in which it assigns 
special prefixes to the unit symbol to form new units that are decimal multiples or 
submultiples of the original unit. The prefixes for decimal multiples are given in 
Table 3.9. The choice of the appropriate multiple of an SI unit is a matter of 
convenience. The multiple is usually chosen so that the numerical value of a 
dimension lies between 0.1 and I 000. For example, 1.45 x 10~ m would be written 
as 14.5 km, while 0.003 5 s would be 3.5 ms. 

The use of the SI system is governed by a number of rules that should be 

TABLE 3.6 Base Units and Definitions for the Systeme International 
d'Unites (SI) 

BASE UNITS 

- - -

DIMENSION BASE UNIT SYMBOL 
- -- --~---

length meter m 
mass kilogram kg 
time second s 
electric current ampere A 
temperature kelvin K 
amount of substance mole mol 
luminous intensity candela cd 

b 
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DEFINITIONS OF BASE UNITS

Meter: The meter is the length equal to 1 650 763.73 wavelengths in a vacuum of the

radiation corresponding to the transition between the levels 2pI0 and 5dt of

the krypton-86 atom.

Kilogram: The kilogram is equal in mass to the international standard, a cylinder of

platinum-iridium alloy kept at the National Bureau of Weights and Measures

in Paris.

Second: The second is the duration of 9 192 631 770 periods of the radiation corre-

sponding to the transition between the two hyperfine levels of the ground

state of the cesium-133 atom.

Ampere: The ampere is that constant electric current that, if maintained in two

straight parallel conductors of infinite length, of negligible circular cross

section, and placed 1 meter apart in a vacuum, would produce a force be-

tween these conductors of 2 x 10~7 newton per meter of length.

Kelvin: The kelvin is the fraction 1/273.15 of the thermodynamic temperature of the

triple point of water.

Mole: The mole is the amount of substance of a system that contains as many

elementary entities as there are atoms in 0.012 kilograms of carbon-12. When

the mole is used, the elementary entities must be specified and may be

atoms, molecules, ions, electrons, or other particles.

Candela: The candela is the luminous intensity, in the perpendicular direction of a

surface of 1/600 000 square meters of a black body at the temperature of

freezing platinum under a pressure of 101 325 newtons per square meter.

learned and followed very carefully in practice. We have summarized these rules

below along with illustrative examples.

Unit Names and Unit Symbols

1. Unit names are always written in lowercase unless they appear at the

beginning of a sentence: meter, joule, not Meter, Joule.

2. Plurals are used as required with unit names: meters, joules.

3. The proper symbol should always be used to represent the unit: s, g,

not sec, gm.

4. Unit symbols should always be written in lowercase letters except

when the unit is derived from a proper name, in which case the first

letter is capitalized: s, g, W, N, not S, G, w, n.

5. Unit symbols should be separated from numerical values by one

space: 1.01 m, not 1.01m or 1.01 m.
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DEFINITIONS OF BASE UNITS 

Meter: The meter is the length equal to I 650 763.73 wavelengths in a vacuum of the 
radiation corresponding to the transition between the levels 2p10 and 5d 8 of 
the krypton-86 atom. 

Kilogram: The kilogram is equal in mass to the international standard, a cylinder of 
platinum-iridium alloy kept at the National Bureau of Weights and Measures 
in Paris. 

Second: The second is the duration of 9 192 631 770 periods of the radiation corre­
sponding to the transition between the two hyperfine levels of the ground 
state of the cesium-133 atom. 

Ampere: The ampere is that constant electric current that, if maintained in two 
straight parallel conductors of infinite length, of negligible circular cross 
section, and placed I meter apart in a vacuum, would produce a force be­
tween these conductors of 2 x I0-7 newton per meter of length. 

Kelvin: The kelvin is the fraction 1/273.15 of the thermodynamic temperature of the 
triple point of water. 

Mole: The mole is the amount of substance of a system that contains as many 
elementary entities as there are atoms in 0.012 kilograms ofcarbon-12. When 
the mole is used, the elementary entities must be specified and may be 
atoms, molecules, ions. electrons, or other particles. 

Candela: The candela is the luminous intensity. in the perpendicular direction of a 
surface of I /600 000 square meters of a black body at the temperature of 
freezing platinum under a pressure of 101 325 newtons per square meter. 

learned and followed very carefully in practice. We have summarized these rules 
below along with illustrative examples. 

Unit Names and Unit Symbols 

19 IZ 

I. Unit names are always written in lowercase unless they appear at the 
beginning of a sentence: meter. joule, not Meter, Joule. 

2. Plurals are used as required with unit names: meters, joules. 

3. The proper symbol should always be used to represent the unit: s, g, 
not sec, gm. 

4. Unit symbols should always be written in lowercase letters except 
when the unit is derived from a proper name, in which case the first 
letter is capitalized: s, g, W, N, not S, G. w, n. 

S. Unit symbols should be separated from numerical values by one 

b 

space: 1.01 m, not 1.01m or 1.01 m. 
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TABLE 3.7 Derived Units in the Systeme International d'Unites (SI)

QUANTITY

DERIVED UNIT

SYMBOL

BASE UNITS

Frequency

hertz

Hz

1 HZ = 1 s-'

Force

newton

N

1 N = 1 kg m/s2

Pressure, stress

pascal

Pa

1 Pa = 1 N/m2

Energy, work, heat

joule

J

1 J = 1 N m

Power

watt

W

1 W = 1 J/s

Electric charge

coulomb

C

1 C = 1 A s

Electric potential

volt

V

1 V = 1 J/C

Electric capacitance

farad

F

1 F = 1 C/V

Electric resistance

ohm

n

i n = i v/a

Electric conductance

Siemens

s

i s = i n-t

Magnetic flux

weber

Wb

1 Wb = 1 V s

Magnetic flux density

tesla

T

1 T = 1 Wb/m2

Inductance

henry

H

I H = 1 Wb/A

Luminous flux

lumen

lm

1 lm = 1 cd sr

Illuminance

lux

Ix

1 Ix = 1 lm/m2

6. Periods are never used after unit symbols unless they occur at the

end of a sentence: s, m, g, not s., m., g.

7. Unit symbols are never written in plural form. The same symbol is

used to represent both singular and plural forms: 25W, not 25 Ws.

8. Unit symbols are preferable to unit names.

Prefixes and Compound Units

9. Products of unit names can use either spaces or hyphens: newton-

meter or newton meter.

TABLE 3.8 Supplementary Units in

the Systeme International

d'Unites (SI)

QUANTITY

NAME OF UNIT

SYMBOL

Plane angle

radian

rad

Solid angle

steradian

sr
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TABLE 3. 7 Derived Units in the Systeme International d'Unites (SI) 

QUANTITY DERIVED UNIT SYMBOL BASE UNITS 

----------- ---- ---- - -- - - -- ----

Frequency hertz Hz I HZ= I s- 1 

Force newton N I N = I kg m/s2 

Pressure. stress pascal Pa I Pa = I N/m2 

Energy. work. heat joule J I J =IN m 
Power watt w I W = I J /s 

Electric charge coulomb c I C =I As 
Electric potential volt v I V = I J/C 
Electric capacitance farad F IF = I C/V 
Electric resistance ohm n I 0 = IV/A 

Electric conductance siemens s IS= I n-1 

Magnetic flux weber Wb I Wb = IV s 

Magnetic flux density tesla T IT= I Wb/m2 

Inductance henry H I H = I Wb/A 
Luminous flux lumen lm I lm = I cd sr 
Illuminance lux lx I lx = I lm/m2 

6. Periods are never used after unit symbols unless they occur at the 
end of a sentence: s. m. g, not s., m., g. 

7. Unit symbols are never written in plural form. The same symbol is 
used to represent both singular and plural forms: 25W. not 25 Ws. 

8. Unit symbols are preferable to unit names. 

Prefues and Compound Units 

9. Products of unit names can use either spaces or hyphens: newton­
meter or newton meter. 

TABLE 3.8 Supplementary Units in 
the Systeme International 
d'Unites (SI) 

QUA~TITY NAME OF UNIT SYMBOL 

Plane angle 
Solid angle 

radian 
steradian 

rad 
sr 
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TABLE 3.9 Decimal Multiple Prefixes

for SI units

PREFIX

MULTIPLIER NAME SYMBOL

10i8

exa

E

10"

peta

P

10i2

tera

T

10"

giga

G

10"

mega

M

10s

kilo

k

102

hecto

h

10'

deka

da

io-'

deci

d

io-2

centi

c

IO~3

milli

m

io-6

micro

IO~9

nano

n

IO~12

pico

P

io-t5

femto

f

IO~i8

alto

a

10. Products of unit symbols can use dots or spaces: N m

or N.m or N-m.

11. Compound unit names using division are represented using "per":

meters per second.

12. Compound unit symbols using division are represented using "/"

(solidus), division, or inverse power: m/s or â€” or ms-1. One

should never use more than one solidus in a compound unit: m s-i,

not m/s/s.

13. To avoid errors in calculations, prefixes may be replaced with pow-

ers of ten: 1 MJ becomes 106 J.

Decimals and Digits

14. A dot on the line is used as the decimal marker. For numbers less

than one, a zero should be written before the decimal point: 0.125,

not .125.
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TABLE 3.9 Decimal Multiple Prefixes 
for SI units 

PREFIX 
MULTIPLIER NAME SYMBOL 

1018 
1015 
1012 

109 

106 

103 
102 
101 
10-1 

I0-2 

10-3 
10-6 
10-9 
I0-12 
I0-15 
I0-18 

ex a E 
peta p 

tera T 
giga G 
mega M 
kilo k 
hecto h 
deka da 
deci d 
centi c 
milli m 
micro l.t 
nano n 
pi co p 
femto f 
alto a 

10. Products of unit symbols can use dots or spaces: N m 
or N.m or N·m. 

11. Compound unit names using division are represented using "per": 
meters per second. 

12. Compound unit symbols using division are represented using "/" 

(solidus). division, or inverse power: m/s or m or ms- 1 • One 
s 

should never use more than one solidus in a compound unit: m s-2 , 

not m/s/s. 

13. To avoid errors in calculations, prefixes may be replaced with pow­
ers of ten: I MJ becomes 106 J. 

Deci111ills and Digits 

14. A dot on the line is used as the decimal marker. For numbers less 
than one, a zero should be written before the decimal point: 0.125. 
not .125. 
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15. In some countries the comma is used to represent the decimal point.

Therefore one should group digits into groups of three, separated by

a space rather than a comma: 5,000,000 becomes 5 000 000; 0.124456

becomes 0.124 456.

Significant Figures

16. Either prefixes or scientific notation can be used to indicate the

number of significant figures:

10 000 m

10 000 km or 10.000 x 103 m

SUMMARY

The SI system is composed of seven base units characterizing the funda-

mental dimensions. Derived units can be expressed as algebraic combina-

tions of base units. Special unit names and unit symbols are introduced to

represent the more common derived units. Prefixes can be used to repre-

sent decimal multiples or submultiples of these units. Precise rules have

been adopted to govern the use of SI units.

Conversion of Other Unit Systems

While the SI system of units (meter, kilogram, second) has been accepted by the

rest of the world, the engineer entering professional practice in the United States

should be prepared to encounter the more awkward British unit system (foot,

pound, second) on occasion. As we noted earlier, this is a gravitational (rather

than an absolute) system of units in which force replaces mass as a fundamental

dimension. The conversion factors between the British and SI system are given in

Appendix C.

The conversion between unit systems is straightforward, although occasion-

ally frustrating and tedious. One sometimes confusing aspect should be noted. In

the British system, the terms "weight" and "mass" are sometimes confused.

When someone speaks of a person's weight in pounds, they frequently mean

mass. However when we speak of weight in scientific terms (or the SI system), we

are referring to the force of gravity on an object. For example, in SI units, weight

would be measured in newtons, not kilograms. It is important to keep these

quantities distinct in engineering calculations.
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15. In some countries the comma is used to represent the decimal point. 
Therefore one should group digits into groups of three, separated by 
a space rather than a comma: 5,000,000 becomes 5 000 000; 0.124456 
becomes 0.124 456. 

Significant Figures 

16. Either prefixes or scientific notation can be used to indicate the 
number of significant figures: 

IOOOOm 
10 000 km or 10.000 x 103 m 

SUMMARY 

The Sf system is composed of seven base units characterizing the funda­
mental dimensions. Derived units can be expressed as algebraic combina­
tions of base units. Special unit names and unit symbols are introduced to 
represent the more common derived units. Prefixes can be used to repre­
sent decimal multiples or submultiples of these units. Precise rules have 
been adopted to govern the use of Sf units. 

Conversion of Other Unit Systems 

While the SI system of units (meter, kilogram, second) has been accepted by the 
rest of the world, the engineer entering professional practice in the United States 
should be prepared to encounter the more awkward British unit system (foot, 
pound, second) on occasion. As we noted earlier, this is a gravitational (rather 
than an absolute) system of units in which force replaces mass as a fundamental 
dimension. The conversion factors between the British and SI system are given in 
Appendix C. 

The conversion between unit systems is straightforward, although occasion­
ally frustrating and tedious. One sometimes confusing aspect should be noted. In 
the British system, the terms "weight" and "mass" are sometimes confused. 
When someone speaks of a person's weight in pounds, they frequently mean 
mass. However when we speak of weight in scientific terms (or the SI system), we 
are referring to the force of gravity on an object. For example, in SI units, weight 
would be measured in newtons, not kilograms. It is important to keep these 
quantities distinct in engineering calculations. 
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174 THE TOOLS 

FIGURE 3.13. Conversion from the English unit system to the Sl unit system is 
straightforward. <© 1978 by B. Kliban . Reprinted from Tiny Footprints 
by permission of Workman Publishing Company, New York) 

SUMMARY 

Engineers should be prepared to perform calculations in either Sf or 
British units . The conversion between unit systems is straightforward. 

Exercises 

Number Systems 

1. Write the binary representation of the following decimal numbers: 
(a) 12 (c) 54 
(b) 23 (d) 5.34 

2. Convert the following binary numbers into decimal representation: 
(a) 1101 (c) 1111111 
(b) 1000110 (d) 11.011 

3. Develop a table comparing the first ten digits of number systems 
based on units of 3 and 6. 

4. Although digital computers utilize circuit elements to process binary 
numbers, the computer engineer frequently uses hexadecimal num-

o 9 t1zoo by Google Original from 
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bers to analyze the design and operation of computers (e.g., for

memory addresses and contents). Why?

Significant Figures and Scientific Notation

5. Determine the number of significant figures in each of the following

numbers:

(a) 8.030 (d) 0.010 03

(b) 104.3 (e) 807.003

(c) 0.000 671 (f) 2.130 0

6. Perform the indicated calculation, rounding off each answer to the

proper number of significant figures:

(a) 1.21 + 3.1 + 2.579 (d) 367 0.021

(b) 6.35 x 2.103 (e) 67.24 - 0.0002

(c) 8.210 + 1 (f) (45.21 + 67.1)^-2.2

7. Express each of the following numbers in scientific notation (in both

regular and computer or "E" form):

(a) 134.2 (d) 31 416.001

(b) 0.003 2 (e) 0.000 000 32

(c) 62 000 000 (f) 0.097 2

8. Write the following numbers in decimal form:

(a) 3.26 x 10~3 (d) 2.718E+02

(b) 9.827 x 10' (e) 1.417E-6

(c) 1.006 x 10s (f) 7.1E + 10

9. Perform the indicated calculation, expressing each answer in both

scientific and decimal form (rounded to the proper number of sig-

nificant figures):

(a) (3.14 x 10~5) x (1.32 x 108)

(b) (2.16 x 101) - (5.62 x 10~3)

(c) (0.92 x 10'5) - (1.23 x 1018)

(d) (130.5) - (1.29 x 102)

(e) (897.1) x (2.65 x 10~2)

(f) (0.000 7) -r (1.3 x 10-3)

10. An airplane travels a distance of 891 km in a time of 1.3 hours.

Calculate the average speed of the plane.

11. An atomic nucleus has a radius of 1.3 x 10~i4 m. Calculate the

volume of the nucleus assuming that it is spherical in shape.

12. If the nucleus in Problem 11 has a mass of 3.21 x 10~27 kg, calculate

its density (mass per unit volume).

13. The Nova laser system at the Lawrence Livermore Laboratory is

capable of producing a light pulse of energy 3 x 104 J in a time

interval of 1 + 10~10 s. Calculate the power level of this laser, recall-

ing that one joule per second is equal to 1 watt. (It might be noted for

comparison that the present electrical generating capacity of the

United States is roughly 5 x 101i W.)
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bers to analyze the design and operation of computers (e.g., for 
memory addresses and contents). Why? 

Signifreant Figures and Scientific Notation 

5. Determine the number of significant figures in each of the following 
numbers: 
(a) 8.030 
(b) 104.3 
(c) 0.000 671 

(d) 0.010 03 
(e) 807.003 
(f) 2.130 0 

6. Perform the indicated calculation. rounding off each answer to the 
proper number of significant figures: 
(a) 1.21 + 3.1 + 2.579 (d) 367 7 0.021 
(b) 6.35 x 2.103 (e) 67.24- 0.0002 
(c) 8.210 +I (f) (45.21 + 67.1)72.2 

7. Express each of the following numbers in scientific notation (in both 
regular and computer or "E" form): 
(a) 134.2 (d) 31 416.001 
(b) 0.003 2 (e) 0.000 000 32 
(c) 62 000 000 (f) 0.097 2 

8. Write the following numbers in decimal form: 
(a) 3.26 X w-:1 (d) 2.718E+02 
(b) 9.827 x 101 (e) 1.417E-6 
(c) I. 006 X I o:~ (f) 7. I E + 1 0 

9. Perform the indicated calculation, expressing each answer in both 
scientific and decimal form (rounded to the proper number of sig­
nificant figures): 

(a) (3.14 X JQ- 5 ) X (1.32 X J06) 

(b) (2.16 X 101) - (5.62 X J0-3) 

(C) (0.92 X 1015) 7 (1.23 X 1016) 

(d) (130.5) - ( 1.29 X 102) 
(e) (897.1) X (2.65 X J0-2) 
< n (O.ooo 7) 7 < t.3 x w-3) 

10. An airplane travels a distance of 891 km in a time of 1.3 hours. 
Calculate the average speed of the plane. 

11. An atomic nucleus has a radius of 1.3 x I0- 14 m. Calculate the 
volume of the nucleus assuming that it is spherical in shape. 

12. If the nucleus in Problem II has a mass of 3.21 x JQ-27 kg, calculate 
its density (mass per unit volume). 

13. The Nova laser system at the Lawrence Livermore Laboratory is 
capable of producing a light pulse of energy 3 x I 04 J in a time 
interval of I + w-•o s. Calculate the power level of this laser, recall­
ing that one joule per second is equal to I watt. (It might be noted for 
comparison that the present electrical generating capacity of the 
United States is roughly 5 x 1011 W.) 
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Dimensions and Units

14. Verify the following equations using the concept of dimensional

homogeneity:

(a) F = ma (force = mass x acceleration)

(b) K.E = | mv2 (kinetic energy = ^ mass x velocity2)

(c) E = mc2 (energy = mass x velocity of light2)

(d) P = I2R (power = electric current2 x resistance)

15. Determine the dimensions of the following coefficients defined by

the corresponding equation:

(a) universal gas constant R:

(pressure x volume = number of moles xfix temperature)

(b) drag coefficient cD:

(heat transferred = h x area x temperature difference)

16. One commonly encounters dimensionless parameters in engineering

applications, that is, parameters without dimensions. Verify that

each of the following are dimensionless parameters:

(a) Reynolds number:

pV = nRT

F = cDA p y

drag force = cD x area x density x - velocity2

(c) heat transfer coefficient:

Q=hA (7, -

density x velocity x diameter

viscosity

(b) Prandtl Number:

viscosity x specific heat

thermal conductivity
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Dimensions and Units 

14. Verify the following equations using the concept of dimensional 
homogeneity: 

(a) F = rna (force = mass x acceleration) 

(b) KE = ~ mv 2 (kinetic energy = ~mass x velocityZ) 

(c) E = mc2 (energy = mass x velocity of light2) 

(d) P = 12R (power = electric current2 x resistance) 

15. Determine the dimensions of the following coefficients defined by 
the corresponding equation: 

(a) universal gas constant R: 

pV = nRT 

(pressure x volume = number of moles x R x temperature) 

(b) drag coefficient c 0 : 

v2 
F = c0 A p-

2 

(drag force = c 0 x area x density x ~ velocity2 ) 

(c) heat transfer coefficient: 

Q = hA (T I - T z) 

(heat transferred = h x area x temperature difference) 

16. One commonly encounters dimensionless parameters in engineering 
applications, that is, parameters without dimensions. Verify that 
each of the following are dimensionless parameters: 

(a) Reynolds number: 

Re = pvd 
#L 

(b) Prand~l Number: 

Pr = J.l.Cp 
k 

density x velocity x diameter 
viscosity 

viscosity x specific heat 
thermal conductivity 
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(c) Nusselt Number:

heat transfer coefficient x length

thermal conductivity

17. Correct each of the following dimensions given in SI units:

18. Write each of the following quantities in SI units:

(a) The speed of light

(b) The federal highway speed limit

(c) Atmospheric pressure

(d) Freezing point of water

(e) Your weight

(f) Your mass

20. You are driving down the highway at 65 miles per hour when you

suddenly spot a sign indicating that the posted speed limit is 100

km/h. Should you slow down?

21. Determine the weight in SI units of the following objects (assuming

that the local acceleration of gravity is g = 9.81 m/s2):

(a) A 1000 kg automobile

(b) A 2.2 ton automobile

(c) A quarter-pounder (0.25 lbj

22. The force of gravity varies slightly from place to place. For example,

while g = 9.81 m/s2 at the equator, g = 9.83 m/s2 in Greenland.

Calculate the difference in weight of a 100 kg object weighed at each

location.

(a)

(b)

(c)

(d)

(e)

15,000 W

10 g/cm3

87 Joules

155kPa

1.5 /if

(f)

(g)

(h)

(i)

(J)

100 km/hr

60 cps

55 k m

30 meters/second

9.81 m/s/s

Conversion among Units

19. Convert the following quantities into SI units:

(a) 15 inches (i) 105 poundals

(b) 9 yards (j) 15 psi

(c) 25 acres (k) 12,000 BTU

(d) 100 horsepower (1) 15 lbsm

(e) i quart (m) 15 lbs,

(f) 60 calories (n) 98.6Â° F

(g) 4500 angstroms (o) 2 teaspoons

(h) 6 slugs (p) 6 ounces
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(c) Nusselt Number: 

Nu = hD 
k 

heat transfer coefficient x length 
thermal conductivity 

17. Correct each of the following dimensions given in SI units: 
(a) 15,000 W (f) 100 km/hr 
(b) 10 g/cm3 (g) 60 cps 
(c) 87 Joules (h) 55 k m 
(d) 155kPa (i) 30 meters/second 
(e) 1.5 p.f (j) 9.81 m/s/s 

18. Write each of the following quantities in SI units: 
(a) The speed of light 
(b) The federal highway speed limit 
(c) Atmospheric pressure 
(d) Freezing point of water 
(e) Your weight 
(f) Your mass 

Conversion among Units 

19. Convert the following quantities into SI units: 
(a) 15 inches ( i) 105 poundals 
(b) 9 yards (j) 15 psi 
(c) 25 acres (k) 12,000 BTU 
(d) 100 horsepower (1) 15 lbsm 
(e) ! quart (m) 15 lbs1 

(f) 60 calories (n) 98.6° F 
(g) 4500 angstroms (o) 2 teaspoons 
(h) 6 slugs (p) 6 ounces 

20. You are driving down the highway at 65 miles per hour when you 
suddenly spot a sign indicating that the posted speed limit is 100 
km/h. Should you slow down? 

21. Determine the weight in SI units of the following objects (assuming 
that the local acceleration of gravity is g = 9.81 m/s2): 

(a) A 1000 kg automobile 
(b) A 2.2 ton automobile 
(c) A quarter-pounder (0.25 Ibm) 

22. The force of gravity varies slightly from place to place. For example, 
while g = 9.81 m/s2 at the equator, g = 9.83 m/s2 in Greenland. 
Calculate the difference in weight of a 100 kg object weighed at each 
location. 
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23. An astronaut weighs 800 N on earth. Determine the weight of the 
astronaut on the moon where the acceleration of gravity is g = 1.6 
m/s2

• 

3.3 SCIENTIFIC CONCEPTS 

Many of the tools of engineering spring directly from fundamental scientific prin­
ciples. Frequently engineers are identified with a particular branch of science. For 
example, chemical engineers are associated with chemistry , mechanical engineers 
with mechanics or thermodynamics, and electrical engineers with electrical sci­
ences such as electronics. However, all engineers need a broad foundation in 
fundamental scientific principles ranging across subjects such as physics , chemis­
try , materials science , electrical sciences, atomic and nuclear physics, and sys­
tems theory. This scientific knowledge is a primary focus of an engineering educa ­
tion. 

It would be unrealistic to attempt any more than a cursory discussion of the 
many important scientific concepts of importance to engineering. Rather we sha ll 
only sketch a path through the scientific subjects covered in the engineering 
curriculum. We shall illustrate how these principles are applied in engineering 
practice . 

Engineering is most frequently considered a macroscopic science, concerned 
with the bulk behavior of materials and processes, with the design and building of 
large structures, the dynamics of machines, or with industrial production. Yet 
most of the recent advances of pure science , of physics, chemistry , and biology, 
have been on a microscopic kvel , at the level of atoms or molecules or atomic 
nuclei . The remarkable progress achieved during the twentieth century in explain­
ing phenomena on this level has revolutionized our understanding of the macro­
scopic world more familiar to human experience. Therefore we shall depart 

o 9 t1zoo by Google 

FIGURE 3.14. The macroscopic be­
havior of materials is determined by their 
microscopic structure . 
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somewhat from the usual pedagogy of engineering courses and begin by consider-

ing scientific phenomena at the microscopic level. We shall then use this knowl-

edge as the basis for the study of macroscopic phenomena, such as machines,

structures, and processes, that are of more direct concern to the engineer.

SUMMARY

Engineers should acquire a broad knowledge of fundamental scientific

principles. Engineering is most frequently thought of as a macroscopic

science, concerned with the gross behavior of materials and processes

familiar to everyday human experience. The engineer should also have an

understanding and appreciation of the advances in our knowledge of

processes that occur on the microscopic level of atoms and nuclei.

3.3.1. The Structure of Matter

Fundamental to modern science is the concept that all matter is composed of

atoms, microscopic particles typically about a billionth of a centimeter in diame-

ter. These atoms also have a structure that consists of an even smaller atomic

nucleus with a positive electric charge, surrounded by several electrons possess-

ing negative electric charge. Atoms are frequently pictured (by both physicists and

commercial artists alike) as a kind of a miniature solar system, with the electrons

orbiting about the nucleus, much as the planets orbit about the sun. Although

the atomic nucleus contains essentially all of the mass of the atom, being rough-

ly a thousand times more massive than the electrons, it is only about one

ten-thousandth as large as the atom (about 10~14 m in diameter as compared to

I0~1Â° m). If we were to magnify a uranium atom to the size of the Rose Bowl, then

the uranium nucleus would be about the size of a football (and, incidently, about

the same shape as a football as well) (Figure 3.15).

The atomic nucleus is made up of two types of particles: protons, which carry

a positive charge, and neutrons, which are electrically neutral. The number of

protons in the atomic nucleus is denoted by the atomic number Z. There will be an

identical number Z of negatively charged electrons orbiting the positive nucleus,

attracted to it by the electric forces that arise between charged objects. Since the

electron charge is equal in magnitude but opposite in sign from that of the proton,

the atom itself is electrically neutral.

Atoms can interact with one another by means of electric forces that arise

between their electrons and nuclei. They can bang into one another, knocking

electrons loose, or acquiring and sharing electrons with one another. Such electric

forces can cause the atoms to stick or bind together into groups of atoms known as

molecules. The binding together of atoms into molecules is essentially the subject
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somewhat from the usual pedagogy of engineering courses and begin by consider­
ing scientific phenomena at the microscopic level. We shall then use this knowl­
edge as the basis for the study of macroscopic phenomena, such as machines, 
structures, and processes, that are of more direct concern to the engineer. 

SUMMARY 

Engineers should acquire a broad knowledge of fundamental scientific 
principles. Engineering is most frequently thought of as a macroscopic 
science. concerned with the gross behavior of materials and processes 
familiar to everyday human experience. The engineer should also have an 
understanding and appreciation of the advances in our knowledge of 
processes that occur on the microscopic level of atoms and nuclei. 

3.3.1. The Structure of Matter 

Fundamental to modern science is the concept that all matter is composed of 
atoms. microscopic particles typically about a billionth of a centimeter in diame­
ter. These atoms also have a structure that consists of an even smaller atomic 
nucleus with a positive electric charge, surrounded by several electrons possess­
ing negative electric charge. Atoms are frequently pictured (by both physicists and 
commercial artists alike) as a kind of a miniature solar system, with the electrons 
orbiting about the nucleus, much as the planets orbit about the sun. Although 
the atomic nucleus contains essentially all of the mass of the atom, being rough­
ly a thousand times more massive than the electrons, it is only about one 
ten-thousandth as large as the atom (about I0- 14 m in diameter as compared to 
J0- 10 m). If we were to magnify a uranium atom to the size ofthe Rose Bowl. then 
the uranium nucleus would be about the size of a football (and. incidently. about 
the same shape as a football as well) (Figure 3.15). 

The atomic nucleus is made up of two types of particles: protons. which carry 
a positive charge. and neutrons. which are electrically neutral. The number of 
protons in the atomic nucleus is denoted by the atomic number Z. There will be an 
identical number Z of negatively charged electrons orbiting the positive nucleus, 
attracted to it by the electric forces that arise between charged objects. Since the 
electron charge is equal in magnitude but opposite in sign from that of the proton, 
the atom itself is electrically neutral. 

Atoms can interact with one another by means of electric forces that arise 
between their electrons and nuclei. They can bang into one another, knocking 
electrons loose, or acquiring and sharing electrons with one another. Such electric 
forces can cause the atoms to stick or bind together into groups of atoms known as 
molecules. The binding together of atoms into molecules is essentially the subject 
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FIGURE 3.15. If an atom were magnified to the size of

the Rose Bowl, then its nucleus would be about the size of

a football.

of chemistry. Because the interaction among atoms depends on their electric

charge, atoms with the same atomic number Z will display identical chemical

behavior. Each different value of Z corresponds to a unique chemical element.

The chemical properties of an element are determined by the number of electrons

in the outermost orbit of the atom, since these are the electrons that participate in

the atomic (or chemical) reactions. This behavior gives rise to a classification

scheme of chemical properties of the elements displayed by the Periodic Table of

the Elements (a familiar tool to any chemistry student).

We have noted that atoms may bind together to form more complicated

structures known as molecules. In a similar manner either atoms or molecules can

attach themselves together to form macroscopic-sized samples of matter. At low

temperatures, the atoms will bind to one another in a more or less rigid pattern

forming a solid material. Of course, even though solids appear to be quite rigid and

inanimate forms of matter, on a microscopic level the atoms are in rapid motion,

vibrating about a fixed position in the solid structure (in the language of physics,

the crystal lattice). As the solid is heated to a higher temperature, these vibrations

become more agitated until the atoms break away from their lattice position and

begin to move about in a random fashion. At this point the solid loses its structure,

its rigidity. We find that on a macroscopic level the solid has melted; it has become

a liquid (Figure 3.16).

Suppose we continue to heat the liquid to still higher temperatures. The atoms

move more and more rapidly until they reach speeds that are too high to allow

them to be attracted to one another and clump together. The liquid vaporizes into

the gas phase. Hence, the form taken by matterâ€”the phase of the matterâ€”

depends sensitively on its temperature, that is, the average speed of motion of the

atoms or molecules comprising its microscopic structure. In fact we are accus-
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FIGURE 3.15. If an atom were magnified to the size of 
the Rose Bowl, then its nucleus would be about the size of 
a football. 

of chemistry. Because the interaction among atoms depends on their electric 
charge, atoms with the same atomic number Z will display identical chemical 
behavior. Each different value of Z corresponds to a unique chemical element. 
The chemical properties of an element are determined by the number of electrons 
in the outermost orbit of the atom, since these are the electrons that participate in 
the atomic (or chemical) reactions. This behavior gives rise to a classification 
scheme of chemical properties of the elements displayed by the Periodic Table of 
the Elements (a familiar tool to any chemistry student). 

We have noted that atoms may bind together to form more complicated 
structures known as molecules. In a similar manner either atoms or molecules can 
attach themselves together to form macroscopic-sized samples of matter. At low 
temperatures, the atoms will bind to one another in a more or less rigid pattern 
forming a solid material. Of course, even though solids appear to be quite rigid and 
inanimate forms of matter. on a microscopic level the atoms are in rapid motion. 
vibrating about a fixed position in the solid structure (in the language of physics. 
the crystal lattice). As the solid is heated to a higher temperature, these vibrations 
become more agitated until the atoms break away from their lattice position and 
begin to move about in a random fashion. At this point the solid loses its structure. 
its rigidity. We find that on a macroscopic level the solid has melted; it has become 
a liquid (Figure 3.16). 

Suppose we continue to heat the liquid to still higher temperatures. The atoms 
move more and more rapidly until they reach speeds that are too high to allow 
them to be attracted to one another and clump together. The liquid vaporizes into 
the gas phase. Hence, the form taken by matter-the phase of the matter­
depends sensitively on its temperature, that is, the average speed of motion of the 
atoms or molecules comprising its microscopic structure. In fact we are accus-
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Solid Liquid Gas Plasma

FIGURE 3.16. Matter assumes several forms or states as it is heated.

tomed to thinking of matter as existing in one of these three states: solid, liquid, or

gas.

There is yet another fundamental phase of matter. Suppose we continue to

heat the gas to still higher temperatures. Eventually we shall supply sufficient

energy to the molecules of the gas that they knock one another apart when they

collide; they dissociate into individual atoms. If we continue to add energy, even-

tually the collisions will become so violent that one or more electrons may be

stripped off from the atom. This process of removal of an electron from an atom is

known as ionization. The net result is a free electron plus an atom missing an

electron from its normal structure, an ion. If we add sufficient energy, all the

available electrons may be stripped away, leaving a fully ionized gas consisting of

free electrons and positively charged nuclei. Such an ionized gas is called a

plasma. Plasmas are not ordinarily encountered (or at least recognized) in our

daily experiences since the temperatures required to ionize a gas are very large,

typically ranging upwards of 10 000 C. Nevertheless, plasmas are quite common in

physics. For example, the glow in a neon light is a plasma. On a more grandiose

scale, the sun and, indeed, all stars are giant blobs of plasma. In fact, on the scale

of the universe the most common form of matter is plasma.

The explanation of the macroscopic character of matter in terms of its mi-

croscopic structure, the interactions between the very atoms that comprise it, is

one of the stunning intellectual accomplishments of civilization. Since matter in its

various forms is the clay of engineers, the substance they mold into devices and

processes to meet the needs of society, this microscopic view of science has had a

most dramatic impact on the engineering profession. It has led to the development

of new materials such as plastics, high strength metals, and ceramics. It has also

stimulated the development of entirely new technologies such as microelec-

tronics, lasers, and nuclear energy. Although engineers today are still concerned

primarily with the macroscopic world, they have become strongly dependent on

their knowledge of microscopic processes to provide them with the tools neces-

sary to ply their craft.
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FIGURE 3.16. Matter assumes several forms or states as it is heated. 

tomed to thinking of matter as existing in one of these three states: solid, liquid, or 
gas. 

There is yet another fundamental phase of matter. Suppose we continue to 
heat the gas to still higher temperatures. Eventually we shall supply sufficient 
energy to the molecules of the gas that they knock one another apart when they 
collide; they dissociate into individual atoms. If we continue to add energy, even­
tually the collisions will become so violent that one or more electrons may be 
stripped offfrom the atom. This process of removal of an electron from an atom is 
known as ionization. The net result is a free electron plus an atom missing an 
electron from its normal structure, an ion. If we add sufficient energy, all the 
available electrons may be stripped away, leaving a fully ionized gas consisting of 
free electrons and positively charged nuclei. Such an ionized gas is called a 
plasma. Plasmas are not ordinarily encountered (or at least recognized) in our 
daily experiences since the temperatures required to ionize a gas are very large, 
typically ranging upwards of 10 000 C. Nevertheless, plasmas are quite common in 
physics. For example, the glow in a neon light is a plasma. On a more grandiose 
scale, the sun and, indeed, all stars are giant blobs of plasma. In fact, on the scale 
of the universe the most common form of matter is plasma. 

The explanation of the macroscopic character of matter in terms of its mi­
croscopic structure, the interactions between the very atoms that comprise it, is 
one of the stunning intellectual accomplishments of civilization. Since matter in its 
various forms is the clay of engineers, the substance they mold into devices and 
processes to meet the needs of society, this microscopic view of science has had a 
most dramatic impact on the engineering profession. It has led to the development 
of new materials such as plastics, high strength metals, and ceramics. It has also 
stimulated the development of entirely new technologies such as microelec­
tronics, lasers, and nuclear energy. Although engineers today are still concerned 
primarily with the macroscopic world, they have become strongly dependent on 
their knowledge of microscopic processes to provide them with the tools neces­
sary to ply their craft. 
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SUMMARY

Atoms interact with one another by means of electrical forces. Atoms and

molecules bind together to form macroscopic-sized samples of matter.

The form taken by matter depends on its temperature, ranging from solids

at low temperature, to liquids and gases at higher temperatures, and

eventually to a form of matter known as a plasma in which molecules

become dissociated and atoms become ionized into a mixture of free

electrons and ions. The explanation of the macroscopic properties of

matter in terms of its microscopic structure has had a dramatic impact on

engineering. It has provided the engineer with new concepts, materials,

processes, and devices to apply as tools in engineering practice.

Example While developing a theory of light absorption and emission by atoms

over a half-century ago, Albert Einstein arrived at an interesting prediction. When

a unit of light energy (called a "photon") of exactly the right wavelength hits an

excited atom, there is a possibility that this will stimulate the emission of a second

light photon of exactly the same wavelength. In 1957 three physicists, Charles

Townes, Nikolai Basov, and Alexander Prokhorov, proposed a device for exploit-

ing Einstein's theory of /ight amplification by stimulated emission of radiation.

Two years later another scientist, Theodore Maiman, built the first such "laser"

using a ruby crystal excited by flash lamps. Nevertheless for many years after-

wards the laser was regarded as a scientific curiosity, a "solution in search of a

problem," since its features were so unusual. However today engineers have

applied the micrc.copic phenomenon of laser action in a wide variety of ways,

ranging from precise measurements of distances in civil engineering to communi-

cation over fiber optics cables to the playback of video disks. What was once only

a curiosity in atomic physics is now an important tool of the engineer.

3.3.2. Mechanic

Most engineering students begin their study of science with the subject of

mechanics, the physics of motion and dynamics. The fundamental principles gov-

erning the motion of physical objects subject to applied forces form the foundation

for much of the later scientific education of the engineer. The primary concepts of

interest include motion, forces, and energy.

Mechanical Systems

A mechanical system may consist of solid or fluid parts. It is useful to idealize the
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SUMMARY 

Atoms interact with one another by means of electrical forces. Atoms and 
molecules bind together to form macroscopic-sized samples of matter. 
The form taken by matter depends on its temperature, ranging from solids 
at low temperature, to liquids and gases at higher temperatures, and 
eventually to a form of matter known as a plasma in which molecules 
become dissociated and atoms become ionized into a mixture of free 
electrons and ions. The explanation of the macroscopic properties of 
matter in terms of its microscopic structure has had a dramatic impact on 
engineering. It has provided the engineer with new concepts, materials, 
processes, and devices to apply as tools in engineering practice. 

Example While developing a theory of light absorption and emission by atoms 
over a half-century ago, Albert Einstein arrived at an interesting prediction. When 
a unit of light energy (called a "photon") of exactly the right wavelength hits an 
excited atom, there is a possibility that this will stimulate the emission of a second 
light photon of exactly the same wavelength. In 1957 three physicists, Charles 
Townes, Nikolai Basov, and Alexander Prokhorov, proposed a device for exploit­
ing Einstein's theory of light amplification by stimulated emission of radiation. 
Two years later another scientist, Theodore Maiman, built the first such "laser" 
using a ruby crystal excited by flash lamps. Nevertheless for many years after­
wards the laser was regarded as a scientific curiosity, a ·'solution in search of a 
problem," since its features were so unusual. However today engineers have 
applied the micrc.;copic phenomenon of laser action in a wide variety of ways, 
ranging from precise measurements of distances in civil engineering to communi­
cation over fiber optics cables to the playback of video disks. What was once only 
a curiosity in atomic physics is now an important tool of the engineer. 

3.3.2. MechaniL 

Most engineering students begin their study of science with the subject of 
mechanics, the physics of motion and dynamics. The fundamental principles gov­
erning the motion of physical objects subject to applied forces form the foundation 
for much of the later scientific education of the engineer. The primary concepts of 
interest include motion, forces, and energy. 

Mechanical Systems 

A mechanical system may consist of solid or fluid parts. It is useful to idealize the 
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FIGURE 3.17. Laser systems can be used to measure precisely angular and linear dis­
placement. (Courtesy Hewlett-Packard Company) 

description of such a system by introducing the c,oncept of a body, a system of 
fixed identify whose composition cannot change. Frequently the detailed struc­
ture of a body is of no concern. In determining the effects of gravitational forces 
on the trajectory of a spacecraft, we can usually ignore the rotation of the craft 
about its own axis. In these cases it usually suffices to treat the body as a particle 
without extended size, located at a point in space. 

In more complex problems the detailed structure of the body may be impor­
tant. Certainly the orientation of a tennis racket is just as important as its trajec­
tory in determining the success of a serve. If the particles constituting an object 
such as the racket do not change their position relative to one another, then we 
refer to the object as a rigid body. While a rigid body will always retain its size and 
shape, a fluid is a substance that can deform or flow. Here we use the term fluid in 
its most general sense to include liquids, gases, and plasmas. A liquid has a 
definite volume and is nearly incompressible. On the other hand, the volume of 
gases and plasmas will expand to fill a closed container, and they are easily 
compressed. (Figure 3.18) 

Kinematics 

The simplest aspect of mechanics involves the motion of a body, that is, the 
changes in its position or orientation. The study of motion is known as kinematics. 
Motion is a relative concept. To describe the motion of objects, we must first 
introduce a point of reference. The position of the body is represented by a 
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,.,. ... ,. ... 
~ ..... ,,_ 

a 

....... o-­-- -----------+ 

FIGURE 3.18. Three different mechanical bodies: (a) the motion of a baseball modeled as 
a particle, (b) a tennis racket modeled as a rigid body , and (c) the fluid in a 
swimming pool. 

coordinate specifying its displacement from this position as a function of time, 
say, denoted by x(t ). 

The time rate of change of the position of the body is given by its velocity. For 
uniform motion , the velocity can be calculated as the distance traveled divided by 
the time required to travel this distance. More generally the velocity must be 
calculated as the time derivative of the displacement function x(t): 

dx v(t ) = ­
dt 

In a similar manner one can define the acceleration of a body as the time rate 
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of change of its velocity. Mathematically, we would calculate the acceleration as

the time derivative of the velocity function v(f):

M dv d2x

When the motion of the body is along a straight line, we refer to the motion as

linear or one-dimensional. In this case we can always describe the motion in a

coordinate system with one axis aligned along the direction of motion so that only

one distance variable, say x, is involved. In more general terms the displacement

of the body is a vector quantity, characterized by both magnitude and direction,

that can be visualized as an arrow leading from the old to the new position.

Velocity and acceleration are similarly vector quantities, possessing both mag-

nitude and direction. For example, to characterize the motion of a ship, we have

to give two coordinates specifying its position (e.g., the longitude and latitude on a

map), and similarly two coordinates specifying its velocity (or direction of mo-

tion). This is a case of two-dimensional motion, since the ship movement is re-

stricted to the surface of the ocean (provided it does not sink, of course). For the

more general three-dimensional motion of a submarine, three displacement and

three velocity coordinates are necessary.

Of particular importance are the kinematics of bodies moving along curved

paths. The motion of a body along a circular path is sometimes called angular

motion since it can be characterized by a single coordinate corresponding to the

angle through which the body moves as it traces out a circular arc. A special case

is the angular motion of a rigid body as it rotates about an axis. One can define the

concepts of angular velocity and angular acceleration in a manner similar to that

used in linear motion.

The traditional concepts of kinematics (i.e, motion) have been well estab-

lished since Galileo and Newton. However one of the most fundamental dis-

coveries of this century involved modifying these concepts to describe motion on

either the microscopic scale of atoms and nuclei or the astronomical scale of stars

and galaxies. Albert Einstein developed his special theory of relativity to describe

motion on these scales, when velocities become comparable to the speed of light,

c = 3 x 108 m/s. This theory leads to several surprising predictions. It implies that

no object can travel faster than the speed of light. Furthermore, as an object

approaches the speed of light, it appears shorter in length while time in its moving

frame of reference appears to slow down to a stationary observer. Finally, Ein-

stein's theory implies that mass can be converted into energy according to the

famous relationship, E = mc2. These predictions have since been verified many

times by experimental measurement. Many engineers (in particular, astronautical

engineers and nuclear engineers) encounter such relativistic effects in their work.

Dynamics

Dynamics concerns the study of forces, the causes of motion. A force applied to
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of change of its velocity. Mathematically, we would calculate the acceleration as 
the time derivative of the velocity function v(t): 

When the motion of the body is along a straight line, we refer to the motion as 
linear or one-dimensional. In this case we can always describe the motion in a 
coordinate system with one axis aligned along the direction of motion so that only 
one distance variable, say x, is involved. In more general terms the displacement 
of the body is a vector quantity, characterized by both magnitude and direction, 
that can be visualized as an arrow leading from the old to the new position. 
Velocity and acceleration are similarly vector quantities, possessing both mag­
nitude and direction. For example, to characterize the motion of a ship, we have 
to give two coordinates specifying its position (e.g., the longitude and latitude on a 
map), and similarly two coordinates specifying its velocity (or direction of mo­
tion). This is a case of two-dimensional motion, since the ship movement is re­
stricted to the surface of the ocean (provided it does not sink, of course). For the 
more general three-dimensional motion of a submarine, three displacement and 
three velocity coordinates are necessary. 

Of particular importance are the kinematics of bodies moving along curved 
paths. The motion of a body along a circular path is sometimes called angular 
motion since it can be characterized by a single coordinate corresponding to the 
angle through which the body moves as it traces out a circular arc. A special case 
is the angular motion of a rigid body as it rotates about an axis. One can define the 
concepts of angular velocity and angular acceleration in a manner similar to that 
used in linear motion. 

The traditional concepts of kinematics (i.e, motion) have been well estab­
lished since Galileo and Newton. However one of the most fundamental dis­
coveries of this century involved modifying these concepts to describe motion on 
either the microscopic scale of atoms and nuclei or the astronomical scale of stars 
and galaxies. Albert Einstein developed his special theory of relativity to describe 
motion on these scales, when velocities become comparable to the speed of light, 
c = 3 x 108 m/s. This theory leads to several surprising predictions. It implies that 
no object can travel faster than the speed of light. Furthermore, as an object 
approaches the speed of light, it appears shorter in length while time in its moving 
frame of reference appears to slow down to a stationary observer. Finally, Ein­
stein's theory implies that mass can be converted into energy according to the 
famous relationship, E = mc2 • These predictions have since been verified many 
times by experimental measurement. Many engineers (in particular, astronautical 
engineers and nuclear engineers) encounter such relativistic effects in their work. 

Dynamics 

Dynamics concerns the study of forces, the causes of motion. A force applied to 
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the body in the direction of motion speeds up or accelerates the body; if forc.es are 
applied in a direction opposing the motion, the body decelerates. Forces applied 
transverse to the motion will change the direction of motion. 

A force acting on a body is the result of the mutual interaction of this body 
with other bodies . If a force results when two bodies are in physical contact , it is 
called a surface f orce (Figure 3 .19). For instance, when we push against a wall , the 
force between our palm and the wall is a surface force . Forces can also be exerted 
on a body from a distance , such as the forces exerted on an airplane by gravity or 
the force exerted on a solenoid by magnetic fields. These are known as body 
f orces, since they act through a distance upon every part of the body, not just its 
surface. 

Force is a vector quantity, characterized by both magnitude and direction just 
as are displacement, velocity, and acceleration. Hence to determine the sum or 
resultant of several forces acting on a body, we cannot add the magnitudes of the 
forces directly but rather must use vector addition. This addition process is 
simplest for parallel or perpendicular forces . The calculation of the total force on a 
body can also be simplified by drawing a diagram of the body of interest, detached 

FIGURE 3.19. Examples of sutface and body forces. 

Surface force acts between 
hand and wall. 

Body force 

-
Surface force acts between 

table and objects. 

. . ; .. : 
·; .·: ...... : 
.-:·.; 

........... 
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• 
• 
• 

Surface force acts on wall 
due to col lisions of air 

molecules. 
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from its surroundings, with all of the forces acting upon it represented as vectors. 
Such figures are known asfree body diagrams (Figure 3.20). 

The laws governing forces and motion were postulated by Newton in the late 
seventeenth century: 

First Law: A body remains either at rest or in a state of uniform motion unless 
acted upon by forces. 
Second Law: A force acting on a body causes an acceleration of the body in 
the direction of the force and of magnitude proportional to the force and in­
versely proportional to the mass of the body. 
Third Law: When any force acts upon a body, there is an equal force acting in 
the opposite direction. 

In a sense, all three laws can be summarized in a simple equation 

that represents a mathematical statement of the second law, although the first and 
third laws can be interpreted as special cases of this formula. Here F is the 
resultant (total) external force acting on the body, m is its mass, and a is its 
acceleration. As we have also noted, acceleration a can be expressed mathemati­
cally as the second time derivative of the displacement function x(t). 

' 

D 

FIGURE 3.20. A free body diagram 
showing the forces acting on an airplane in 
flight. 
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Newton's laws find many applications in engineering practice, from the

dynamics of macroscopic objects such as cars or planes, to the behavior of large

structures such as bridges or buildings, or to the microscopic effects of subnuclear

particles as they cascade through materials. A special case of particular interest

involves the forces exerted on a body immersed in a fluid due to the impact of the

fluid molecules on its surface. The component of these forces parallel to the

surface of the body are known as friction and appear only when the body is in

motion through the fluid. The normal or perpendicular component of force on the

surface is known as pressure. These forces are of importance in the motion of

fluids, a subject known as fluid dynamics.

Yet another important case involves forces applied to objects in angular

motion (rotation). A force applied to a body in a direction that does not intersect

the axis of rotation results in a torque that produces an angular acceleration. The

magnitude of the torque (and hence the angular acceleration) depends on the

magnitude of the applied force and the distance between the force and the axis of

rotation.

SUMMARY

Mechanics is the study of motion and dynamics. Mechanical systems can

be idealized as bodies of fixed composition. The simplest concepts in

mechanics involve kinematics, the study of motion. Here the mathemati-

cal relationships between the displacement, velocity, and acceleration of

a moving body are analyzed. In general these are vector quantities, char-

acterized by both magnitude and direction. Dynamics concerns the study

offorces, the causes of motion. Force is also a vector quantity. Newton's

laws can be used to determine the motion that results from forces applied

to a body. Special types offorces include forces exerted by fluids (friction

and pressure) and forces exerted on rotating objects (torque).

3.3.3. Work, Energy, and Heat

Work

Many of us are inclined to define work as the necessary and unpleasant activity

that takes time away from play. However for scientists and engineers, who require

a more precise concept, work is the product of the force acting on a body and the

distance through which the body moves (Figure 3.21):

Work = force x distance
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Newton's laws find many applications in engineering practice. from the 
dynamics of macroscopic objects such as cars or planes. to the behavior of large 
structures such as bridges or buildings. or to the microscopic effects of subnuclear 
particles as they cascade through materials. A special case of particular interest 
involves the forces exerted on a body immersed in a fluid due to the impact of the 
fluid molecules on its surface. The component of these forces parallel to the 
surface of the body are known as friction and appear only when the body is in 
motion through the fluid. The normal or perpendicular component of force on the 
surface is known as pressure. These forces are of importance in the motion of 
fluids. a subject known as fluid dynamics. 

Yet another important case involves forces applied to objects in angular 
motion (rotation). A force applied to a body in a direction that does not intersect 
the axis of rotation results in a torque that produces an angular acceleration. The 
magnitude of the torque (and hence the angular acceleration) depends on the 
magnitude of the applied force and the distance between the force and the axis of 
rotation. 

SUMMARY 

Mechanics is the study of motion and dynamics. Mechanical systems can 
be idealized as bodies of fixed composition. The simplest concepts in 
mechanics involve kinematics, the study of motion. Here the mathemati­
cal relationships between the displacement, velocity, and acceleration of 
a moving body are analyzed. In general these are vector quantities, char­
acterized by both magnitude and direction. Dynamics concerns the study 
of forces, the causes of motion. Force is also a vector quantity. Newton's 
laws can be used to determine the motion that results from forces applied 
to a body. Special types of forces include forces exerted by fluids (friction 
and pressure) and forces exerted on rotating objects (torque). 

3.3.3. Work, Energy, and Heat 

Work 

Many of us are inclined to define work as the necessary and unpleasant activity 
that takes time away from play. However for scientists and engineers. who require 
a more precise concept. work is the product of the force acting on a body and the 
distance through which the body moves (Figure 3.21): 
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Force F

FIGURE 3.21. Work is defined as the

product of the distance moved and the

force in the direction of the motion.

Distance

Only the component of the force in the direction of motion enters into this defini-

tion. For example, if we were to tilt the surface of a table on which a book is lying

so that it begins to slide down the sloped table surface under the action of its own

weight, only the force component parallel to the table surface does work. No work

is performed in the direction perpendicular to the table surface because there can

be no displacement in this direction. Work is a scalar quantity characterized only

by magnitude. If work is performed on a body, then it is taken as negative; if work

is performed by the body, then it is positive.

The concept of work does not include time. The same amount of work is done

when a body is moved a distance d by a force F, regardless of how long it takes to

cover the distance. Therefore it is useful to introduce a new quantity, power, to

characterize the time rate at which work is performed. Power can be defined

mathematically as the time derivative of the work function. When the work is

performed at a uniform rate for a period of time, the power is just the amount of

work performed divided by the time.

A final concept of some importance is the efficiency of a device. Efficiency is

the ratio of the power produced by the device to that provided by the device. For

example, the efficiency of an electrical motor is given by the ratio of its shaft

mechanical power output to the electrical power it consumes. Efficiency can also

be defined as the work output to work input for a device.

Although we have introduced the concepts of work, power, and efficiency

within the context of mechanical devices, these concepts also apply to other

phenomena such as electricity, heat generation, and chemical processes.

Energy is a measure of the capacity for performing work. A body is said to possess

energy if it is capable of doing work. The energy of the body may be defined as the

work that could be obtained from the various forms of energy possessed by the

body.

We can distinguish between two principal types of energy: stored energy and

energy in transition. Stored energy is present in various forms such as potential

energy, kinetic energy, energy associated with molecular or atomic motion, chem-

ical energy, electrical energy, and nuclear energy. Energy in transition exists only

at the instant when energy is crossing the surface of a body. Examples of energy in

transition include work and heat. Once this transient energy enters the body, it

becomes stored energy.

Energy can be produced, stored, transformed from one form to another, and

Energy
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FIGURE 3.21. Work is defined as the 
product of the distance moved and the 
force in the direction of the motion. 

Only the component of the force in the direction of motion enters into this defini­
tion. For example, if we were to tilt the surface of a table on which a book is lying 
so that it begins to slide down the sloped table surface under the action of its own 
weight, only the force component parallel to the table surface does work. No work 
is performed in the direction perpendicular to the table surface because there can 
be no displacement in this direction. Work is a scalar quantity characterized only 
by magnitude. If work is performed on a body, then it is taken as negative; if work 
is performed by the body, then it is positive. 

The concept of work does not include time. The same amount of work is done 
when a body is moved a distanced by a force F, regardless of how long it takes to 
cover the distance. Therefore it is useful to introduce a new quantity, power, to 
characterize the time rate at which work is performed. Power can be defined 
mathematically as the time derivative of the work function. When the work is 
performed at a uniform rate for a period of time, the power is just the amount of 
work performed divided by the time. 

A final concept of some importance is the efficiency of a device. Efficiency is 
the ratio of the power produced by the device to that provided by the device. For 
example, the efficiency of an electrical motor is given by the ratio of its shaft 
mechanical power output to the electrical power it consumes. Efficiency can also 
be defined as the work output to work input for a device. 

Although we have introduced the concepts of work, power, and efficiency 
within the context of mechanical devices, these concepts also apply to other 
phenomena such as electricity, heat generation, and chemical processes. 

Energy 

Energy is a measure of the capacity for performing work. A body is said to possess 
energy if it is capable of doing work. The energy of the body may be defined as the 
work that could be obtained from the various forms of energy possessed by the 
body. 

We can distinguish between two principal types of energy: stored energy and 
energy in transition. Stored energy is present in various forms such as potential 
energy, kinetic energy, energy associated with molecular or atomic motion, chem­
ical energy, electrical energy, and nuclear energy. Energy in transition exists only 
at the instant when energy is crossing the surface of a body. Examples of energy in 
transition include work and heat. Once this transient energy enters the body, it 
becomes stored energy. 

Energy can be produced, stored, transformed from one form to another, and 
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of course, wasted. Indeed, since no machine is 100% efficient, there will always be

some waste in the utilization of energy.

Stored energy is conveniently classified into three primary forms: potential

energy, kinetic energy, and internal energy (Figure 3.22). The potential energy of

a body is a measure of the body's capacity for performing work as a result of the

body forces exerted upon it. For example, the potential energy of an elevated

body due to the force of gravity is equal to the product of the weight w of the body

and its elevation above the earth's surface:

PE = weight x elevation = wh = mgh

(Here we have noted that the weight w of a body is equal to its mass m multiplied

by the acceleration of gravity g.) If the body were lowered a distance h, it could

perform work of magnitude wh.

Kinetic energy corresponds to the energy of motion. The kinetic energy of a

body of mass m moving with velocity v is given by

KE = \ mv!

The potential and kinetic energies of a body are specified by the bulk or

macroscopic properties of mass and velocity. The internal energy U represents

the microscopic energy associated with the atoms and molecules comprising the

body. This component includes all forms of energy other than bulk kinetic and

potential energy. Examples of work produced by changes in internal energy in-

clude the flow of steam or other hot gases past the blades of a turbine and the

combustion of gasoline in a cylinder that produces hot gases that expand against a

piston. In both of these cases, work is performed at the expense of internal

energy.

Potential, kinetic, and internal energy can be stored in a body. The amounts

of each kind of energy can be changed by performing work on the body or by

letting the body perform work on its surroundings. Work, however, cannot be

stored. It can be identified only at the instant when it crosses the surface of the

body. The amount of internal energy can be changed by another energy flow

FIGURE 3.22. Various forms of stored energy.
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of course, wasted. Indeed, since no machine is 100% efficient, there will always be 
some waste in the utilization of energy. 

Stored energy is conveniently classified into three primary forms: potential 
energy, kinetic energy, and internal energy (Figure 3.22). The potential energy of 
a body is a measure of the body's capacity for performing work as a result of the 
body forces exerted upon it. For example, the potential energy of an elevated 
body due to the force of gravity is equal to the product of the weight w of the body 
and its elevation above the earth's surface: 

PE = weight x elevation = wh = mgh 

(Here we have noted that the weight w of a body is equal to its mass m multiplied 
by the acceleration of gravity g.) If the body were lowered a distance h, it could 
perform work of magnitude wh. 

Kinetic energy corresponds to the energy of motion. The kinetic energy of a 
body of mass m moving with velocity v is given by 

KE = ~ mv 2 

The potential and kinetic energies of a body are specified by the bulk or 
macroscopic properties of mass and velocity. The internal energy U represents 
the microscopic energy associated with the atoms and molecules comprising the 
body. This component includes all forms of energy other than bulk kinetic and 
potential energy. Examples of work produced by changes in internal energy in­
clude the flow of steam or other hot gases past the blades of a turbine and the 
combustion of gasoline in a cylinder that produces hot gases that expand against a 
piston. In both of these cases, work is performed at the expense of internal 
energy. 

Potential, kinetic, and internal energy can be stored in a body. The amounts 
of each kind of energy can be changed by performing work on the body or by 
letting the body perform work on its surroundings. Work, however, cannot be 
stored. It can be identified only at the instant when it crosses the surface of the 
body. The amount of internal energy can be changed by another energy flow 

FIGURE 3.22. Various forms of stored energy. 
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process: heat transfer. To discuss heat transfer, it is necessary to introduce the 
concept of temperature. 

Temperature 

Temperature is a property intuitively familiar to most people. It is difficult, how­
ever, to give a simple yet precise definition of this quantity . From a microscopic 
viewpoint , temperature is a measure of the average velocity of the atoms or 
molecules comprising a substance. The faster the molecules move about, the 
higher the temperature of the substance. But it is extremely difficult to measure 
molecular motions directly . Instead we must use indirect methods that measure 
the change in some property of the medium. For example , when a mercury ther­
mometer is placed in contact with a hot medium such as air, the molecules in the 
glass interact with those of the air and begin to move more rapidly. They then 
transfer this energy of motion to the mercury atoms. As a result of this increased 
motion , the mercury expands. This expansion, indicated by a change in the posi­
tion of the surface of the mercury column, enables us to measure the temperature 
of the air. 

Four scales are generally used to quantify temperature measurements. The 
Celsius and Fahrenheit scales are based on the freezing and boiling temperatures 
of water at standard pressure ( 1.01 MPa) . On the Celsius scale the freezing point 
of water is designated as O"C and the boiling point as IOO"C. The difference 
between these two temperatures is divided into 100 parts or degrees. On the 
Fahrenheit scale, the freezing point is taken as 32"F and the boiling point as 212°F . 
The difference between these two points is divided into 180 degrees (Figure 3.23). 

In scientific work it is more convenient to use so-called absolute temperature 

FIGURE 3.23. A comparison of temperature scales. 
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scales. The French physicist, J. A. C. Charles noted that if a fixed mass of gas

contained in a fixed volume is cooled, both its temperature and pressure decrease.

For each Celsius degree drop in temperature, the pressure decreases by about

1/273 of its value at 0Â°C. Thus, near -273Â°C (more precisely, -273.15Â°C) the

pressure of the gas would be zero. This is called the absolute zero temperature. In

Fahrenheit this absolute zero point would be -459.67Â°F. Absolute temperature

scales are based on these zero points. The Kelvin scale utilizes degrees of the

Celsius scale, starting from -273.15Â°C as its zero point. Hence the Kelvin and

Celsius temperature scales are related by

K = C + 273.15

The corresponding absolute temperature scale based on the Fahrenheit degree is

the Rankine scale, defined by

R = F + 459.67

The temperature scale adopted for all scientific and engineering work (the SI

system) is the Kelvin scale.

The Ideal Gas Law

There is a definite relation between the temperature, pressure, and volume char-

acterizing each substance. This is known as the equation of state for the sub-

stance. The relationships between these properties are usually very complex and

cannot be described by a simple formula. One important exception is the ideal

gas. In this model the gas molecules are assumed to move about freely without

colliding with one another. Of course this model is only a crude idealization of a

real gas in which molecular collisions can become quite important. Nevertheless,

many gases approximate an ideal gas when their temperature is sufficiently high or

the pressure is sufficiently low.

The equation of state for an ideal gas takes the simple form

pV = nRT

where p is the pressure of the gas, V is its volume, T is its temperature, n is the

number of moles of the gas (the mass of the gas m divided by its molecular weight

M), and R is a constant known as the universal gas constant, R = 8.314 joule/

mole K.

Heat

Heat is another form of energy that is transferred from one body to another

because of a temperature difference. A body does not contain heat. Rather heat is

a form of energy that can be identified only as it modifies the nature of a substance

(its temperature or state) or crosses the boundaries of the substance. When a hot
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scales. The French physicist, J. A. C. Charles noted that if a fixed mass of gas 
contained in a fixed volume is cooled, both its temperature and pressure decrease. 
For each Celsius degree drop in temperature, the pressure decreases by about 
1/273 of its value at ooc. Thus, near - 273°C (more precisely, -273 .15°C) the 
pressure of the gas would be zero. This is called the absolute zero temperature. In 
Fahrenheit this absolute zero point would be -459.67°F. Absolute temperature 
scales are based on these zero points. The Kelvin scale utilizes degrees of the 
Celsius scale, starting from -273.15°C as its zero point. Hence the Kelvin and 
Celsius temperature scales are related by 

K = C + 273.15 

The corresponding absolute temperature scale based on the Fahrenheit degree is 
the Rankine scale, defined by 

R = F + 459.67 

The temperature scale adopted for all scientific and engineering work (the SI 
system) is the Kelvin scale. 

The Ideal Gas Law 

There is a definite relation between the temperature, pressure, and volume char­
acterizing each substance. This is known as the equation of state for the sub­
stance. The relationships between these properties are usually very complex and 
cannot be described by a simple formula. One important exception is the ideal 
gas. In this model the gas molecules are assumed to move about freely without 
colliding with one another. Of course this model is only a crude idealization of a 
real gas in which molecular collisions can become quite important. Nevertheless. 
many gases approximate an ideal gas when their temperature is sufficiently high or 
the pressure is sufficiently low. 

The equation of state for an ideal gas takes the simple form 

pV = nRT 

where p is the pressure of the gas, V is its volume, Tis its temperature, n is the 
number of moles of the gas (the mass of the gas m divided by its molecular weight 
M), and R is a constant known as the universal gas constant, R = 8.314 joule/ 
mole K. 

Heat 

Heat is another form of energy that is transferred from one body to another 
because of a temperature difference. A body does not contain heat. Rather heat is 
a form of energy that can be identified only as it modifies the nature of a substance 
(its temperature or state) or crosses the boundaries of the substance. When a hot 
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block of copper is placed in a tank containing cold water, heat is transferred from 
the copper block to the water. Because of this heat transfer, the temperature (and 
therefore the internal energy) of the copper decreases and that of the water in­
creases. lf we wait long enough, the copper block and the water come into thermal 
equilibrium with one another at the same temperature. At this point the heat 
transfer ceases, since it can only occur because of a temperature difference, 
flowing from the higher to lower temperatures . 

There are many similarities between heat and work. Both are transient 
phenomena. Both are identified only at the surface of a body, not within the body, 
since both represent energy crossing a surface. And both heat and work are 
measured in the same unit, the joule, as are all forms of energy. 

Heat can be transferred by three different mechanisms: conduction, radia­
tion, and convection (Figure 3.24). Thermal conduction is heat flow within a body 
or between two bodies in physical contact. This process involves the microscopic 
motion of atoms and electrons in a material. It is quite similar to the flow or 
conduction of electric current. In fact , materials that are good electrical conduc­
tors or insulators also happen to be good conductors or insulators of heat. 

Radiation heat transfer is the transfer of energy through space in the form of 
electromagnetic radiation such as light or infrared radiation. Convection involves 
the transfer of heat by the mass motion of a fluid , in which the energy stored in the 
fluid is transported to a region of lower temperature by the fluid motion. 

In practice, all three modes of heat transfer frequently occur simultaneously . 
A good example is provided by the transfer of heat through the roof of a building. 
First, heat is transferred to the inside surface of the roof by convection in the air 

flGURE 3.24. The principal forms of heat transfer: conduction, radiation, and convec­
tion. 
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inside the building. Then the heat is conducted through the materials comprising 
the roof. Finally, heat is transported away from the outside surface of the roof by 
air convection and by radiation (Figure 3.25). 

Thermodynamics 

In any physical process, energy can neither be created nor destroyed ; it can only 
be converted from one form to another. This is known as the law of conservation 
of energy . This law states that the total energy transferred through the surface of a 
body must equal the change in stored energy of the body. We have seen that 
stored energy may be in the form of potential, kinetic, or internal energy. Thus, 
according to the law of conservation of energy , the sum of the amount of heat 
transported to (or away from) and work performed on (or by) the body during a 
given time period must equal the change in the total energy of the body: 

Net heat Net work Change in potential , 
input to - performed = kinetic, and internal 
body by body energy of body 

The law of conservation of energy, when stated in this form, is known as the first 
law of thermodynamics (Figure 3.26). 

Notice that this law states that work can be produced by changing the poten­
tial, kinetic, or internal energy of a body. However this energy can only be 
entirely coverted into work if there is no heat transfer. As a practical matter, heat 
transfer can never be eliminated entirely in any physical process. Some transfor­
mation of energy into heat is always present. For example, friction accompanying 
motion will produce heat transfer. As a result, the useful work produced by a body 
is always less than the change in the total amount of energy. Consequently the 
efficiency of any work-producing device or machine is always less than 100%. 
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FIGURE 3.25. The heat transfer processes 
involved in a house. 
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FIGURE 3.26. The work, energy, and heat bal­
ance described by the first law of thermodynamics. 

The efficiency of any energy conversion process is intimately related to the 
second law of thermodynamics. According to this law, it is impossible to convert a 
given quantity of internal energy completely into work. In any energy conversion 
process, some energy will always be degraded in availability or quality so that the 
ability to perform work is reduced. 

Devices that convert internal energy into work are known as heat engines. 
For example , consider the production of electricity in a steam-driven power plant. 
The heat produced by the combustion of a fuel , such as coal or perhaps the heat of 
a nuclear fi ssion chain reaction in uranium, is used to turn water into steam. This 
steam is then allowed to expand against the blades of a turbine, spinning the 
turbine shaft and producing mechanical work (Figure 3.27). The spinning turbine 
shaft drives the rotor of an electric generator to produce electricity, thereby 
converting mechanical energy into electrical energy. The steam leaving the tur-

FIGURE 3.27. A steam-driven turbine generator. (Courtesy General 
Electric Company) 
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bine is condensed back into water and pumped back to the boiler to repeat the

process.

In such a heat engine a "working fluid" (in this case, water or steam) is used

to absorb the heat produced by the fuel as internal energy. The fluid then expands

against the blades of the turbine, converting this internal energy into work. These

processes are governed by the laws of thermodynamics. The second law of ther-

modynamics restricts the efficiency that can be achieved in this transformation of

internal energy into mechanical work. As a result, any heat engine operating at

temperatures characterizing most industrial processes will convert only a fraction

of the fuel energy into work (typically from 20 to 40%). The remainder of this heat

will be rejected to the environment.

Conservation of Mass and Material Balance

Another conservation law of considerable importance to engineers is the law of

conservation of mass. This states that mass can neither be created nor destroyed

(at least on a macroscopic scale). This law can be applied to situations that involve

the movement, distribution, sorting, mixing, and separation of materials. For

example, it might be applied to the flow of materials through a complex chemical

processing facility. This conservation law is most commonly applied to a desig-

nated volume in space with well-defined boundaries known as ^control volume. A

balance between the material flow into and out of the surface of this volume is

then established. The law of conservation of mass implies that the time rate of

change of the mass inside the control volume must equal the difference in the rates

with which mass flows into and out of the volume (Figure 3.28). In the case of a

steady process with no mass accumulation in the volume, the rates of mass inflow

and outflow must be equal.

The laws of conservation of energy and mass are two of the most important

and useful scientific principles to the engineer. However on the microscopic level

of atoms and nuclei, these laws must be somewhat modified. Einstein's special

theory of relativity implies that on this scale, both laws are combined into a single

law that allows mass to be converted into energy and vice versa. More precisely,

the amount of energy produced by the conversion of an amount of mass m is

FIGURE 3.28. It is most convenient to

apply a material balance to a region in

space known as a control volume.
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bine is condensed back into water and pumped back to the boiler to repeat the 
process. 

In such a heat engine a "working fluid" (in this case, water or steam) is used 
to absorb the heat produced by the fuel as internal energy. The fluid then expands 
against the blades of the turbine, converting this internal energy into work. These 
processes are governed by the laws of thermodynamics. The second law of ther­
modynamics restricts the efficiency that can be achieved in this transformation of 
internal energy into mechanical work. As a result, any heat engine operating at 
temperatures characterizing most industrial processes will convert only a fraction 
of the fuel energy into work (typically from 20 to 40%). The remainder of this heat 
will be rejected to the environment. 

Conservation of Mass and Material Balance 

Another conservation law of considerable importance to engineers is the law of 
conservation of mass. This states that mass can neither be created nor destroyed 
(at least on a macroscopic scale). This law can be applied to situations that involve 
the movement, distribution, sorting, mixing, and separation of materials. For 
example, it might be applied to the flow of materials through a complex chemical 
processing facility. This conservation law is most commonly applied to a desig­
nated volume in space with well-defined boundaries known as a control \c'olume. A 
balance between the material flow into and out of the surface of this volume is 
then established. The law of conservation of mass implies that the time rate of 
change of the mass inside the control volume must equal the difference in the rates 
with which mass flows into and out of the volume (Figure 3.28). In the case of a 
steady process with no mass accumulation in the volume, the rates of mass inflow 
and outflow must be equal. 

The laws of conservation of energy and mass are two of the most important 
and useful scientific principles to the engineer. However on the microscopic level 
of atoms and nuclei, these laws must be somewhat modified. Einstein's special 
theory of relativity implies that on this scale, both laws are combined into a single 
law that allows mass to be converted into energy and vice versa. More precisely, 
the amount of energy produced by the conversion of an amount of mass m is 
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FIGURE 3.28. It is most convenient to 
apply a material balance to a region in 
space known as a control volume. 
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given by the famous formula, E = mc2, where c is the speed of light, c = 3 x

108 m/s. This result implies that the energy that can be obtained from a small

conversion of mass is truly staggering. For example, the amount of mass con-

verted into energy each day in a gigantic billion watt nuclear power plant is only

0.15 g.

As a practical matter, however, engineers are normally concerned with mac-

roscopic phenomena. On this scale the laws of conservation of energy and mass

can be applied in a separate and independent fashion. It is only for microscopic

processes such as atomic or nuclear energy release that the more general conser-

vation law becomes necessary.

Machines and Engines

Energy can be converted from one form into another. Devices designed to pro-

duce energy transformations are known as machines. For example, pulleys and

levers are simple machines that redirect mechanical energy. The water wheel and

hydraulic turbine are somewhat more complex machines that convert the potential

energy of water at higher elevation into the kinetic energy of a turning shaft.

An engine is a device that transforms internal energy into mechanical work.

The steam-driven turbine is one example we have already noted. Other familiar

examples are internal combustion engines or gas turbines that convert the internal

energy produced by the combustion of fuels into mechanical work by allowing the

hot combustion gases to expand against the surface of pistons or turbine blades.

The concept of a heat engine can be reversed in a refrigeration unit, which is

designed to cool a substance. In this case, mechanical work must be performed

first to cool a working fluid to a temperature below that of the substance to be

cooled, and then to pump this fluid past the surface of the substance to cool it by

convection.

SUMMARY

Work is defined as the product of the force acting on a body times the

distance (in the direction of the force) through which the body moves.

Power is defined to be the time rate at which work is performed. The

efficiency of a device or process is the ratio of its work (or power) output

to its work (or power) input. Energy is the capacity for performing work.

Energy can be stored in one of three forms: potential, kinetic, or internal

energy. It can also be transferred either as work or heat. Heat is a form of

energy transferred from one body to another as a result of a temperature
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given by the famous formula, E = mc2 , where c is the speed of light, c = 3 x 
108 m/s. This result implies that the energy that can be obtained from a small 
conversion of mass is truly staggering. For example, the amount of mass con­
verted into energy each day in a gigantic billion watt nuclear power plant is only 
0.15 g. 

As a practical matter, however, engineers are normally concerned with mac­
roscopic phenomena. On this scale the laws of conservation of energy and mass 
can be applied in a separate and independent fashion. It is only for microscopic 
processes such as atomic or nuclear energy release that the more general conser­
vation law becomes necessary. 

Machines and Engines 

Energy can be converted from one form into another. Devices designed to pro­
duce energy transformations are known as machines. For example, pulleys and 
levers are simple machines that redirect mechanical energy. The water wheel and 
hydraulic turbine are somewhat more complex machines that convert the potential 
energy of water at higher elevation into the kinetic energy of a turning shaft. 

An engine is a device that transforms internal energy into mechanical work. 
The steam-driven turbine is one example we have already noted. Other familiar 
examples are internal combustion engines or gas turbines that convert the internal 
energy produced by the combustion of fuels into mechanical work by allowing the 
hot combustion gases to expand against the surface of pistons or turbine blades. 
The concept of a heat engine can be reversed in a refrigeration unit, which is 
designed to cool a substance. In this case, mechanical work must be performed 
first to cool a working fluid to a temperature below that of the substance to be 
cooled, and then to pump this fluid past the surface of the substance to cool it by 
convection. 

SUMMARY 

Work is defined as the product of the force acting on a body times the 
distance (in the direction of the force) through which the body moves. 
Power is defined to be the time rate at which work is performed. The 
efficiency of a device or process is the ratio of its work (or power) output 
to its work (or power) input. Energy is the capacity for performing work. 
Energy can be stored in one of three forms: potential, kinetic, or internal 
energy. It can also be transferred either as work or heat. Heat is a form of 
energy transferred from one body to another as a result of a temperature 
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difference. Heat transfer can occur via conduction, radiation, or convec-

tion processes. Of key importance in mechanical processes is the first law

of thermodynamics, which states that the difference between the heat

transferred to a body and the work it performs must be equal to the

change in its stored energy. This is simply a restatement of the law of

conservation of energy. A related concept is the law of conservation of

mass. The second law of thermodynamics restricts the efficiency with

which internal energy can be converted into work. Devices that transform

mechanical energy from one form to another are known as machines;

devices that convert internal energy into work are known as engines.

3.3.4. Electrical Processes

The technology for producing and utilizing electrical energy has had a most

dramatic impact on twentieth century society. In a like manner, the importance of

electricity and electrical processes to the modern engineer cannot be overem-

phasized. Electricity is one of the most convenient forms of energy. It can be

easily produced, transmitted, and converted into other forms of energy. Electrical

signals have proven to be the most versatile and convenient medium for com-

munication and control. Most instrumentation and measurement devices convert

measured quantities such as temperature, displacement, and speed into electrical

signals that can be processed into a form suitable for analysis (e.g., amplified and

converted into analog or digital form for display). Because of their speed of opera-

tion, low power requirements, and flexibility, electric circuits have become the

most common logic devices in computing systems, including even biological

"computers" such as the human brain.

Electric and Magnetic Forces

Electrical processes make use of the forces that arise between electrically charged

objects. Experimentally these forces are found to depend not only on the mag-

nitude of the charges and their distance of separation, but also upon their velocity.

For convenience, we distinguish between forces arising between stationary

charges, known as electric forces, and those forces depending on the motion of the

charges, known as magnetic forces.

The electric or Coulomb force between two stationary charges is found to be

proportional to the magnitude of the charges and inversely proportional to the

square of the distance of their separation. Particles of like charge repel one

another; those of opposite charge attract one another. Since matter is made up of

atoms in which the positive charge of the nucleus is exactly balanced by the

negative charges of the electrons, matter on a macroscopic scale tends to be

electrically neutral and therefore not subject to electric forces under ordinary

circumstances. However it is possible to separate the charges of a few atoms (say.
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difference. Heat transfer can occur via conduction, radiation, or convec­
tion processes. Of key importance in mechanical processes is the first law 
of thermodynamics, which states that the difference between the heat 
transferred to a body and the work it performs must be equal to the 
change in its stored energy. This is simply a restatement of the law of 
conservation of energy. A related concept is the law of conservation of 
mass. The second law of thermodynamics restricts the efficiency with 
which internal energy can be converted into work. Devices that transform 
mechanical energy from one form to another are known as machines; 
devices that convert internal energy into work are known as engines. 

3.3.4. Electrical Processes 

The technology for producing and utilizing electrical energy has had a most 
dramatic impact on twentieth century society. In a like manner, the importance of 
electricity and electrical processes to the modem engineer cannot be overem­
phasized. Electricity is one of the most convenient forms of energy. It can be 
easily produced, transmitted, and converted into other forms of energy. Electrical 
signals have proven to be the most versatile and convenient medium for com­
munication and control. Most instrumentation and measurement devices convert 
measured quantities such as temperature, displacement, and speed into electrical 
signals that can be processed into a form suitable for analysis (e.g .• amplified and 
converted into analog or digital form for display). Because of their speed of opera­
tion, low power requirements, and flexibility, electric circuits have become the 
most common logic devices in computing systems, including even biological 
"computers" such as the human brain. 

Electric and Magnetic Forces 

Electrical processes make use of the forces that arise between electrically charged 
objects. Experimentally these forces are found to depend not only on the mag­
nitude of the charges and their distance of separation, but also upon their velocity. 
For convenience. we distinguish between forces arising between stationary 
charges, known as electric forces, and those forces depending on the motion of the 
charges, known as magnetic forces. 

The electric or Coulomb force between two stationary charges is found to be 
proportional to the magnitude of the charges and inversely proportional to the 
square of the distance of their separation. Particles of like charge repel one 
another; those of opposite charge attract one another. Since matter is made up of 
atoms in which the positive charge of the nucleus is exactly balanced by the 
negative charges of the electrons, matter on a macroscopic scale tends to be 
electrically neutral and therefore not subject to electric forces under ordinary 
circumstances. However it is possible to separate the charges of a few atoms (say. 
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by rubbing a glass rod with a piece of silk) to build up a positive or negative charge

on a sample of material so that it will experience electric forces.

Although we have described the electric forces arising between stationary

charges as an "action at a distance" type of phenomenon, it is sometimes conve-

nient instead to imagine that one of the charged particles establishes a region of

influence about it known as an electric field. This field then acts to exert a force on

the second charged particle.

This concept of a force "field" established by an electric charge is particu-

larly useful in dealing with the more complicated form of the force law characteriz-

ing moving charged particles. These forces are quite complex, since they depend

not only on the charge and distance of separation, but also on the velocities (and

direction of motion) of the charges. Furthermore, in more complex situations the

forces arising between moving charged particles will also depend on the accelera-

tion of the charges. The forces arising between moving charges are known as

magnetic forces. As with electric forces between stationary charges, one can

imagine that a moving charged particle produces a region of influence known as a

magnetic field. When both the electric and magnetic components of the forces (or

fields) are treated simultaneously, they are called electromagnetic forces (or

fields).

Electrical machinery takes advantage of such forces on charged particles as

they move through a magnetic field. Since an electric current is nothing more than

the flow of a large number of charged particles (electrons), current-carrying con-

ductors can produce and interact with magnetic fields in such a way as to convert

electrical energy into mechanical work. In a similar sense, time-varying magnetic

fields, caused by the mechanical motion of a magnet, for example, will induce

current flow in wires, thereby generating electricity.

Electric Currents and Voltages

On a macroscopic scale matter is electrically neutral with most electrons being

tightly bound to atomic nuclei. However certain materials such as metals are

characterized by relatively weak attachment of the outermost atomic electrons. In

these materials some outer electrons can become temporarily separated from the

atoms and drift randomly about in the material, occasionally colliding with other

electrons, knocking them loose, or becoming reattached to atoms. We can influ-

ence the motion of these free or "conduction" electrons by applying an electric

field to the material. This field will exert a force on the electrons, thereby influenc-

ing their motion in such a way as to cause a net drift or flow of electric charge.

This charge flow is known on a macroscopic level as an electric current.

As the conduction electrons drift through the material, they will experience

numerous collisions with other atomic electrons. This resistance to current flow

must be overcome by the applied electric field. The work per unit charge neces-

sary to bring like charges together or induce current flow is known as the electric

potential or voltage. The magnitude of the current that will flow in a conductor is

directly proportional to the potential difference or voltage across its ends. This

can be stated in terms of Ohm's law.
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by rubbing a glass rod with a piece of silk) to build up a positive or negative charge 
on a sample of material so that it will experience electric forces. 

Although we have described the electric forces arising between stationary 
charges as an "action at a distance" type of phenomenon. it is sometimes conve­
nient instead to imagine that one of the charged particles establishes a region of 
influence about it known as an electricfield. This field then acts to exert a force on 
the second charged particle. 

This concept of a force ·'field" established by an electric charge is particu­
larly useful in dealing with the more complicated form of the force law characteriz­
ing moving charged particles. These forces are quite complex, since they depend 
not only on the charge and distance of separation. but also on the velocities (and 
direction of motion) of the charges. Furthermore, in more complex situations the 
forces arising between moving charged particles will also depend on the accelera­
tion of the charges. The forces arising between moving charges are known as 
magnetic forces. As with electric forces between stationary charges. one can 
imagine that a moving charged particle produces a region of influence known as a 
magnetic field. When both the electric and magnetic components of the forces (or 
fields) are treated simultaneously. they are called electromagnetic forces (or 
fields). 

Electrical machinery takes advantage of such forces on charged particles as 
they move through a magnetic field. Since an electric current is nothing more than 
the flow of a large number of charged particles (electrons). current-carrying con­
ductors can produce and interact with magnetic fields in such a way as to convert 
electrical energy into mechanical work. In a similar sense. time-varying magnetic 
fields, caused by the mechanical motion of a magnet, for example, will induce 
current flow in wires, thereby generating electricity. 

Electric Currents and Voltages 

On a macroscopic scale matter is electrically neutral with most electrons being 
tightly bound to atomic nuclei. However certain materials such as metals are 
characterized by relatively weak attachment of the outermost atomic electrons. In 
these materials some outer electrons can become temporarily separated from the 
atoms and drift randomly about in the material, occasionally colliding with other 
electrons. knocking them loose, or becoming reattached to atoms. We can influ­
ence the motion of these free or "conduction" electrons by applying an electric 
field to the material. This field will exert a force on the electrons, thereby influenc­
ing their motion in such a way as to cause a net drift or flow of electric charge. 
This charge flow is known on a macroscopic level as an electric current. 

As the conduction electrons drift through the material, they will experience 
numerous collisions with other atomic electrons. This resistance to current flow 
must be overcome by the applied electric field. The work per unit charge neces­
sary to bring like charges together or induce current flow is known as the electric 
potential or voltage. The magnitude of the current that will flow in a conductor is 
directly proportional to the potential difference or voltage across its ends. This 
can be stated in terms of Ohm's law: 
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V = IR

where V is the voltage, / is the current, and R is the resistance of the conductor.

The resistance of a material depends upon many factors such as the density of

free or loosely bound electrons and the degree to which atomic collision processes

inhibit electron flow. Materials with low values of resistance such as copper,

silver, and aluminum are known as conductors. Other materials such as glass and

carbon are characterized by tightly bound electrons and large resistances and are

known as insulators. Of great interest in modern electronics applications is a type

of material intermediate between a conductor and an insulator known as a

semiconductor. Only small concentrations of free charge carriers are normally

present in a semiconductor. Their relative number can be strongly influenced by

adding a controlled amount of a selected impurity (doping) or absorbing a small

amount of energy (such as incident light). Devices such as transistors and solar

cells are based on semiconducting materials.

The application of a voltage to cause the flow of current in a wire corresponds

to a certain rate of performing work, that is, to a certain power. More precisely,

the power required to maintain the current flow is given by the product of the

voltage V and the current /:

P = VI

This power investment appears as heat in the wire. This is the most common form

of energy dissipation in electric systems. It is the basis for the pperation of electric

heaters. But it is also the source of inefficiency in the operation of electric motors

and generators.

Electrical Circuits

An electrical circuit is a closed path about which current flow is confined. The

simplest type of circuit involves steady current flow through wires or devices

characterized only by resistance. Although every wire or electrical device will

have some amount of resistance associated with it, it is convenient to represent an

electrical system by an idealized circuit in which all resistance is lumped into

separate resistors connected by perfectly conducting wires. The simplest electri-

cal circuit would then consist of an electrical source such as a battery or a

generator that can produce electrical energy as a voltage, connected by perfectly

conducting wires to a resistor that dissipates this energy as heat (Figure 3.29).

A resistor is a circuit element that can only dissipate electrical energy. How-

ever other types of circuit elements can store electrical energy in the form of

electric or magnetic fields. One such circuit element known as a capacitor consists

of electrically isolated plates on which charge can be accumulated to establish

electric fields. Another circuit element known as an inductor consists of coils of

wire that can produce a magnetic field.
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V = IR 

where Vis the voltage, I is the current, and R is the resistance of the conductor. 
The resistance of a material depends upon many factors such as the density of 

free or loosely bound electrons and the degree to which atomic collision processes 
inhibit electron flow. Materials with low values of resistance such as copper. 
silver, and aluminum are known as conductors. Other materials such as glass and 
carbon are characterized by tightly bound electrons and large resistances and are 
known as insulators. Of great interest in modem electronics applications is a type 
of material intermediate between a conductor and an insulator known as a 
semiconductor. Only small concentrations of free charge carriers are normally 
present in a semiconductor. Their relative number can be strongly influenced by 
adding a controlled amount of a selected impurity (doping) or absorbing a small 
amount of energy (such as incident light). Devices such as transistors and solar 
cells are based on semiconducting materials. 

The application of a voltage to cause the flow of current in a wire corresponds 
to a certain rate of performing work, that is, to a certain power. More precisely. 
the power required to maintain the current flow is given by the product of the 
voltage V and the current I: 

P =VI 

This power investment appears as heat in the wire. This is the most common form 
of energy dissipation in electric systems. It is the basis for the pperation of electric 
heaters. But it is also the source of inefficiency in the operation of electric motors 
and generators. 

Electrical Circuits 

An electrical circuit is a closed path about which current flow is confined. The 
simplest type of circuit involves steady current flow through wires or devices 
characterized only by resistance. Although every wire or electrical device will 
have some amount of resistance associated with it, it is convenient to represent an 
electrical system by an idealized circuit in which all resistance is lumped into 
separate resistors connected by perfectly conducting wires. The simplest electri­
cal circuit would then consist of an electrical source such as a battery or a 
generator that can produce electrical energy as a voltage, connected by perfectly 
conducting wires to a resistor that dissipates this energy as heat (Figure 3.29). 

A resistor is a circuit element that can only dissipate electrical energy. How­
ever other types of circuit elements can store electrical energy in the form of 
electric or magnetic fields. One such circuit element known as a capacitor consists 
of electrically isolated plates on which charge can be accumulated to establish 
electric fields. Another circuit element known as an inductor consists of coils of 
wire that can produce a magnetic field. 
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FIGURE 3.29. The components of a

simple passive circuit: resistors, capaci-

tors, and inductors.
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Electrical circuits consisting of resistors, capacitors, and inductors are called

passive circuits, while these devices are known as passive circuit elements. The

term "passive" means that these devices only store or dissipate electrical energy.

In contrast,"active" circuit elements such as transistors, amplifiers, and trans-

ducers can also serve as sources of energy.

Any material that carries an electrical currentâ€”even a straight wireâ€”

exhibits the characteristics of passive circuit elements: resistance, capacitance,

and inductance. Fortunately the voltages and currents in even the most complex

passive circuits can be analyzed using two simple laws that arise from the conser-

vation of charge and energy in the circuit. These principles, known as Kirchhoffs

laws, state that (1) the sum of the voltages around any closed path in the circuit

must be zero; and (2) the sum of the currents into any node in the circuit is zero.

These laws can be applied to the circuit to yield a set of equations to determine

any voltage or current in the circuit.

Active Circuit Elements and Electronics

Passive circuit elements such as resistors, capacitors, and inductors can only store

or dissipate electrical energy. Active circuit elements such as transistors and

amplifiers can also serve as sources of energy. Furthermore, active circuit ele-

ments can sometimes change their state or characteristics in response to an

applied signal.

Perhaps the most important example of an active circuit device is the transis-

tor. These devices can amplify an electrical signal. They are characterized by a

gain; that is, a signal entering the transistor can be amplified in magnitude by the

device. This is in sharp contrast to a passive electrical circuit that modifies a signal

in various ways but invariably reduces the amplitude of the signal.

Transistors as well as most other modern circuit elements are fabricated from

semiconductors. These devices are occasionally referred to as solid state elec-
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FlGURE 3.29. The components of a 
simple passive circuit: resistors, capaci­
tors, and inductors. 
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Electrical circuits consisting of resistors, capacitors, and inductors are called 
passive circuits, while these devices are known as passive circuit elements. The 
term "passive'' means that these devices only store or dissipate electrical energy. 
In contrast, "active" circuit elements such as transistors, amplifiers, and trans­
ducers can also serve as sources of energy. 

Any material that carries an electrical current-even a straight wire­
exhibits the characteristics of passive circuit elements: resistance, capacitance, 
and inductance. Fortunately the voltages and currents in even the most complex 
passive circuits can be analyzed using two simple laws that arise from the conser­
vation of charge and energy in the circuit. These principles, known as Kirchhoff s 
laws, state that (I) the sum of the voltages around any closed path in the circuit 
must be zero; and (2) the sum of the currents into any node in the circuit is zero. 
These laws can be applied to the circuit to yield a set of equations to determine 
any voltage or current in the circuit. 

Active Circuit Elements and Electronics 

Passive circuit elements such as resistors, capacitors, and inductors can only store 
or dissipate electrical energy. Active circuit elements such as transistors and 
amplifiers can also serve as sources of energy. Furthermore, active circuit ele­
ments can sometimes change their state or characteristics in response to an 
applied signal. 

Perhaps the most important example of an active circuit device is the transis­
tor. These devices can amplify an electrical signal. They are characterized by a 
gain; that is, a signal entering the transistor can be amplified in magnitude by the 
device. Th!s is in sharp contrast to a passive electrical circuit that modifies a signal 
in various ways but invariably reduces the amplitude of the signal. 

Transistors as well as most other modern circuit elements are fabricated from 
semiconductors. These devices are occasionally referred to as solid state elec-
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tronics to contrast them with older vacuum tube devices used in the early days of

electronics. To make a semiconductor, one takes a material such as silicon, which

is ordinarily an insulator, and injects into it or "dopes"it with minute quantities of

impurity atoms that modify the charge carrier concentrations. For example, if we

dope silicon with phosphorus, each phosphorus atom adds an extra electron to the

silicon crystal, which act as the major carrier for conducting electric current. This

is known as an n-type semiconductor, since the impurity has introduced a negative

charge carrier. The addition of boron impurity atoms to the silicon creates elec-

tron deficiences or "holes" that act as positive charge carriers, thereby yielding a

p-type semiconductor.

By joining together semiconductor materials of different types, one can build

diode rectifiers or transistor amplifiers or switches. Such devices, known as junc-

tion or bipolar transistors, were originally fabricated by physically joining to-

gether different types of semiconductors. However they were replaced by a sec-

ond type of transistor known as the insulated gate field effect transistor in which a

thin insulating layer of silicon dioxide is placed between layers of doped silicon.

Of most common use today are metal oxide semiconductor field effect transistors

known as MOSFETs or simply as MOS. These devices can be created by diffusing

or etching islands of n-type silicon on a substrate of p-type silicon. Rapid de-

velopments in surface science and materials have provided the capability to fabri-

cate thousands of such transistors on a single tiny clip of silicon, yielding an

integrated circuit or IC. These circuits can not only contain active elements such

as transistors, but they can also simulate passive elements such as resistors and

capacitors (Figure 3.30).

Integrated circuit or microelectronics technology has revolutionized electri-

cal engineering. As we shall discuss in greater detail in the next chapter, the trend

is toward using transistors in integrated circuits as switches (i.e., on/off devices)

to process electrical signals in digital form. That is. rather than using a circuit to

process continuously varying voltages and currents, modern integrated circuits

process a series of discrete on/off signals that can be used to represent information

in the form of binary numbers. The various transistors in the circuit are then

arranged into digital logic devices known as gates, which process this digital

information.

The development of integrated circuits and microelectronics has had a major

impact on all areas of technology. The advances in this field have led to truly

phenomenal developments, such as the microprocessor, a tiny computer on a

single chip of silicon (Figure 3.31). Indeed, since the first introduction of inte-

grated circuits in the late 1950s, the density of transistors that engineers have been

able to achieve in microelectronic circuit fabrication has roughly doubled each

year. The memory circuits in modem computers contain over 64,000 transistors in

a silicon chip no larger than a fingernail. New capabilities in integrated circuit

design and fabrication now promise to increase the density of integrated circuits

over the next several years by as much as a factor of 1000. leading to very large

scale integrated circuits (or VLSI).
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tronics to contrast them with older vacuum tube devices used in the early days of 
electronics. To make a semiconductor, one takes a material such as silicon, which 
is ordinarily an insulator, and injects into it or "dopes"it with minute quantities of 
impurity atoms that modify the charge carrier concentrations. For example, if we 
dope silicon with phosphorus, each phosphorus atom adds an extra electron to the 
silicon crystal, which act as the major carrier for conducting electric current. This 
is known as an n-type semiconductor, since the impurity has introduced a negative 
charge carrier. The addition of boron impurity atoms to the silicon creates elec­
tron deficiences or "holes" that act as positive charge carriers, thereby yielding a 
p-type semiconductor. 

By joining together semiconductor materials of different types, one can build 
diode rectifiers or transistor amplifiers or switches. Such devices, known as junc­
tion or bipolar transistors, were originally fabricated by physically joining to­
gether different types of semiconductors. However they were replaced by a sec­
ond type of transistor known as the insulated gate field effect transistor in which a 
thin insulating layer of silicon dioxide is placed between layers of doped silicon. 
Of most common use today are metal oxide semiconductor field effect transistors 
known as MOSFETs or simply as MOS. These devices can be created by diffusing 
or etching islands of n-type silicon on a substrate of p-type silicon. Rapid de­
velopments in surface science and materials have provided the capability to fabri­
cate thousands of such transistors on a single tiny clip of silicon, yielding an 
integrated circuit or IC. These circuits can not only contain active elements such 
as transistors. but they can also simulate passive elements such as resistors and 
capacitors (Figure 3.30). 

Integrated circuit or microelectronics technology has revolutionized electri­
cal engineering. As we shall discuss in greater detail in the next chapter, the trend 
is toward using transistors in integrated circuits as switches (i.e., on/off devices) 
to process electrical signals in digital form. That is. rather than using a circuit to 
process continuously varying voltages and currents. modem integrated circuits 
process a series of discrete on/otT signals that can be used to represent information 
in the form of binary numbers. The various transistors in the circuit are then 
arranged into digital logic devices known as gates. which process this digital 
information. 

The development of integrated circuits and microelectronics has had a mc:Yor 
impact on all areas of technology. The advances in this field have led to truly 
phenomenal developments. such as the microprocessor. a tiny computer on a 
single chip of silicon (Figure 3.31). Indeed. since the first introduction of inte­
grated circuits in the late 1950s. the density of transistors that engineers have been 
able to achieve in microelectronic circuit fabrication has roughly doubled each 
year. The memory circuits in modem computers contain over 64.000 transistors in 
a silicon chip no larger than a fingernail. New capabilities in integrated circuit 
design and fabrication now promise to increase the density of integrated circuits 
over the next sewral yeaN by as much as a factor of 1000. leading to ,·ery large 
scalt• intt•gwtt•d circuits (or VLSIL 
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FIGURE 3.30. Modern solid state electronics has made possible the 
development of integrated circuit chips containing hun­
dreds of thousands of circuit elements on a single tiny 
chip of sil icon. (Courtesy IBM Corporation) 

FIGURE 3.31. Of major importance in microelectronics has been the 
development of the microprocessor , a computer on a 
tiny chip of silicon. (Courtesy Digital Equipment Cor­
poration) 
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SUMMARY

Electricity is one of the most convenient forms of energy since it can be

easily produced, transmitted, and converted into other forms of energy.

Electrical processes make use of the forces that arise between charged

particles. Forces between stationary charges are known as electric

forces; those between moving charges are magnetic forces. An electric

field or voltage can be applied to a conducting material to induce a flow

of charged particles, that is, an electric current. An electrical circuit is a

closed path about which current flow is confined. If the circuit contains

only passive elements such as resistance, capacitors, and inductors, then

it is capable only of storing or dissipating energy. Of more interest are

circuits containing active elements such as transistors that can amplify or

switch signals. Thousands of such elements can be fabricated on a tiny

chip of semiconducting material such as silicon to make possible the

integrated circuits that form the basis of modern microelectronics.

3.3.5. Chemical Processes

Chemistry is the study of the properties and transformations of matter. Chemical

processes play a very important role in such diverse areas as the manufacturing of

metals, alloys, and plastics; combustion; power generation; petroleum refining:

photography; and integrated circuit technology. In this section we shall discuss

briefly some of the more important principles relevant to chemical processes used

in engineering.

Chemists classify the properties characterizing a substance into two general

catagories. Extensive properties, such as mass and volume, depend on the size of

the sample of material. Intensive properties such as melting point and density are

independent of sample size. Physical properties such as density and melting point

can be specified without reference to any other substance. Chemical properties

characterize interactions between substances. It is this latter class of properties

that is the concern of chemistry.

Compounds and Mixtures

On a microscopic level chemical processes involve the interaction of atoms as

they bind together or rearrange themselves to form molecules. For example, the

burning of fossil fuels such as coal involves the rearrangement of atoms from one

molecular form (carbon and oxygen) to another (carbon dioxide).

Elements are the simplest form of matter, consisting of atoms of only a single

type. The presently known 105 elements form the basic building blocks of all of
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SUMMARY 

Electricity is one of the most convenient forms of energy since it can be 
easily produced, transmitted, and converted into other forms of energy. 
Electrical processes make use of the forces that arise between charged 
particles. Forces between stationary charges are known as electric 
forces; those between moving charges are magnetic forces. An electric 
field or voltage can be applied to a conducting materia/to induce a flow 
of charged particles, that is, an electric current. An electrical circuit is a 
closed path about which current flow is confined. If the circuit contains 
only passive elements such as resistance, capacitors, and inductors. then 
it is capable only of storing or dissipating energy. Of more interest are 
circuits containing active elements such as transistors that can amplify or 
switch signals. Thousands of such elements can be fabricated on a tiny 
chip of semiconducting material such as silicon to make possible the 
integrated circuits that form the basis of modern microelectronics. 

3.3.5. Chemical Processes 

Chemistry is the study of the properties and transformations of matter. Chemical 
processes play a very important role in such diverse areas as the manufacturing of 
metals, alloys, and plastics; combustion; power generation; petroleum refining: 
photography; and integrated circuit technology. In this section we shall discuss 
briefly some of the more important principles relevant to chemical processes used 
in engineering. 

Chemists classify the properties characterizing a substance into two general 
catagories. Extensive properties, such as mass and volume, depend on the size of 
the sample of material. Intensive properties such as melting point and density are 
independent of sample size. Physical properties such as density and melting point 
can be specified without reference to any other substance. Cltemical properties 
characterize interactions between substances. It is this latter dass of properties 
that is the concern of chemistry. 

Compounds and Mixtures 

On a microscopic level chemical processes involve the interaction of atoms as 
they bind together or rearrange themselves to form molecules. For example, the 
burning of fossil fuels such as coal involves the rearrangement of atoms from one 
molecular form (carbon and oxygen) to another (carbon dioxide). 

Elements are the simplest form of matter, consisting of atoms of only a single 
type. The presently known 105 elements form the basic building blocks of all of 
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FIGURE 3.32. Chemistry involves the 
study of the structure, properties, and 
transformations of matter. (Courtesy 
Hewlett-Packard Company) 

the more complex substances produced by chemists. Elements can be combined 
together to form compounds, substances having their constituent elements always 
present in the same proportions . When the compound water is formed, it will 
always be composed of the elements hydrogen and oxygen in the proportion by 
weight of one part hydrogen to eight parts oxygen. On a microscopic scale we 
know that this ratio arises from the composition of the water molecule, H20, and 
the relative weights of hydrogen and oxygen atoms. 

In contrast, elements can also be combined into mixtures, which are charac­
terized by a variable composition. Sea water is a mixture of salt and water, since 
we can vary the salinity at will by simply adding more salt. If the mixture is 
uniform or homogeneous , we refer to it as a solution. For example , sea water is a 
solution of salt in water. On the other hand , a heterogeneous mixture such as oil 
and water would not be classified as a solution since on a sufficiently fme scale we 
would still be able to distinguish between the individual properties of oil and 
water. 

Atomic Weights and Moles 

The mass of an individual atom or molecule is extremely small. For example, a 
single oxygen atom has a mass of 25.5590 x I0- 27 kg. To avoid using such cumber­
some quantities, chemists instead measure the mass of all atoms and molecules in 
terms of a convenient reference chosen as one-twelfth the mass of the carbon-12 
atom: 1.67252 x I0-27 kg. More precisely, one defines the atomic weight of an 
element as the ratio of the mass of the atom to one-twelfth the mass of a carbon 
atom. The corresponding unit is known as the atomic mass unit or amu. The mass 
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of an oxygen atom on this scale is 15.9994 amu. That is, the atomic weight of

oxygen is 15.9994. The molecular weight of a compound is calculated in a similar

manner by summing the atomic weights of the atoms comprising the compound.

Atomic units such as the amu are rather inconvenient to use in describing

macroscopic chemical processes because in a typical chemical reaction, billions

upon billions of atoms or molecules are combining or rearranging. Hence, to

facilitate the transition to the study of chemical reactions among macroscopic-

sized samples, the chemist defines a reference amount of substance, the mole, as

the number of atoms contained in 12 g (0.012 kg) of carbon-12. This number has

been determined experimentally to be 6.023 x 1023 atoms and is known as Avoga-

dro's number.

The choice of carbon-12 as the basis for defining the mole is particularly

convenient, since this atom also serves to define the atomic weight. Therefore one

mole of any substance (that is, 6.023 x 1023 atoms or molecules) has a mass equal

to its atomic or molecular weight in grams. A mole of atomic oxygen has a mass of

15.9994 g. Since the mass of the mole is usually expressed in grams, it is also

common to refer to an amount of substance in gram moles. (Actually, a somewhat

longer name, the "gram molecular weight," was the origin of the name "mole,"

rather than any humorous reference to a subterranean animal.)

Chemical Symbols and Formulas

Symbols and formulas play an important role in chemistry. In fact, the layperson

usually associates the word "formula" with the symbol for some complex chemi-

cal compound (e.g., "Tell us where you hid the secret formula for the rocket fuel.

Mr. Bond, or we will slice you into tiny pieces with this laser beam . . . "). Each

element is assigned a chemical symbol associated with its name, such as H for

hydrogen, O for oxygen, and CI for chlorine. The only confusing departure from

this prescription is the use of Latin names for some elements, for example, Na for

sodium (natrium), Ag for silver (argentum), and Cu for copper (cuprum). A chemi-

cal compound could then be represented by a chemical formula that gives the

actual number of each kind of atom found in the molecule, such as H2O for water.

For more complex chemical compounds such as organic materials, a chemical

formula is used that represents not only the molecular constituents, but also

provides information about the nature of the chemical bonds that hold the atoms

together in the molecule. For example, the structural formula for acetic acid is:

Hâ€”Câ€”Câ€”Oâ€”H

l

H

Chemical Reactions

A chemical process involves the reaction of two or more constituents. Such a

reaction can be represented by an equation that symbolizes the changes that occur

to the reacting species. For example, the equation representing the reaction be-
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of an oxygen atom on this scale is 15.9994 amu. That is, the atomic weight of 
oxygen is 15.9994. The molecular weight of a compound is calculated in a similar 
manner by summing the atomic weights of the atoms comprising the compound. 

Atomic units such as the amu are rather inconvenient to use in describing 
macroscopic chemical processes because in a typical chemical reaction, billions 
upon billions of atoms or molecules are combining or rearranging. Hence, to 
facilitate the transition to the study of chemical reactions among macroscopic­
sized samples, the chemist defines a reference amount of substance, the mole, as 
the number of atoms contained in 12 g (0.0 12 kg) of carbon-12. This number has 
been determined experimentally to be 6.023 x 1 ()23 atoms and is known as A voga­
dro 's number. 

The choice of carbon-12 as the basis for defining the mole is particularly 
convenient, since this atom also serves to define the atomic weight. Therefore one 
mole of any substance (that is, 6.023 x 1023 atoms or molecules) has a mass equal 
to its atomic or molecular weight in grams. A mole of atomic oxygen has a mass of 
15.9994 g. Since the mass of the mole is usually expressed in grams, it is also 
common to refer to an amount of substance in gram moles. (Actually. a somewhat 
longer name. the "gram molecular weight," was the origin of the name "mole ... 
rather than any humorous reference to a subterranean animal.) 

Chemical Symbols and Formulas 

Symbols and formulas play an important role in chemistry. In fact, the layperson 
usually associates the word ·'formula·· with the symbol for some complex chemi­
cal compound (e.g .. "Tell us where you hid the secret formula for the rocket fuel. 
Mr. Bond, or we will slice you into tiny pieces with this laser beam . . . "). Each 
element is assigned a chemical symbol associated with its name, such as H for 
hydrogen, 0 for oxygen, and C I for chlorine. The only confusing departure from 
this prescription is the use of Latin names for some elements. for example, Na for 
sodium (natrium), Ag for silver (argentum), and Cu for copper (cuprum). A chemi­
cal compound could then be represented by a chemical formula that gives the 
actual number of each kind of atom found in the molecule. such as H20 for water. 
For more complex chemical compounds such as organic materials, a chemical 
formula is used that represents not only the molecular constituents. but also 
provides information about the nature of the chemical bonds that hold the atoms 
together in the molecule. For example, the structural formula for acetic acid is: 

Chemical Reactions 

H 0 
I /; 

H- C- C- 0 - H 
I 

H 

A chemical process involves the reaction of two or more constituents. Such a 
reaction can be represented by an equation that symbolizes the changes that occur 
to the reacting species. For example. the equation representing the reaction be-
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tween carbon and oxygen to produce CO2 is

C + o2 -> co2

In this equation the substances on the left (C and O2) are known as reactants,

while those on the right (CO2) are known as products. The arrow indicates that the

reaction proceeds in the direction from C and O2 as separate substances to CO2 as

product.

Such chemical reaction equations can also be interpreted as balance relations.

For example, our equation above indicates that one molecule of carbon combines

with one molecule of oxygen to form one molecule of carbon dioxide. Since a mole

of any substance contains a fixed number of molecules, the reaction equation

could also be read as stating that one mole of carbon reacts with one mole of

oxygen to produce one mole of carbon dioxide. Sometimes it is necessary to insert

coefficients in front of the reacting species to yield a balanced reaction equation.

The determination of the proper coefficients to use, that is, the balancing of the

reaction equation to yield the proper quantitative aspects of chemical composition

and reaction, is known as stoichiometry.

Chemical Reaction Energetics and Kinetics

The study of chemical reactions not only involves the determination of the

stoichiometry of the reactants and the products. It also involves determining why

certain reactions take place and others do not. This particular topic is known as

chemical thermodynamics, and it involves the energy changes that accompany

chemical processes (just as physical thermodynamics involves the energy changes

that accompany mechanical processes).

Of equal importance is the dynamics of the chemical reaction, the speed or

rate at which the reaction occurs, the effect of outside agents such as temperature

or catalysts, and the nature of the reactants and the products. This subject is

known as chemical reaction kinetics. To determine the rate at which a chemical

reaction proceeds, one must establish the mechanism of the reactionâ€”the de-

tailed sequence of steps that are followed along the path from reactants to prod-

ucts. Chemical reaction kinetics also involve consideration of the detailed interac-

tion mechanisms among the chemical species at the atomic level, that is, atomic

collision processes. These subjects are generally treated in courses on physical

chemistry.

SUMMARY

Chemistry involves the study of the properties and transformations of

matter. At the most fundamental level are the elements. These can be

combined into compounds or mixtures. The chemist introduces the con-

cept of atomic weight to characterize the mass of individual atoms or

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

THE TOOLS OF MATHEMATICS AND SCIENCE 207 

tween carbon and oxygen to produce C02 is 

In this equation the substances on the left (C and 0 2) are known as reactants. 
while those on the right (C02) are known as products. The arrow indicates that the 
reaction proceeds in the direction from C and 0 2 as separate substances to C02 as 
product. 

Such chemical reaction equations can also be interpreted as balance relations. 
For example. our equation above indicates that one molecule of carbon combines 
with one molecule of oxygen to form one molecule of carbon dioxide. Since a mole 
of any substance contains a fixed number of molecules. the reaction equation 
could also be read as stating that one mole of carbon reacts with one mole of 
oxygen to produce one mole of carbon dioxide. Sometimes it is necessary to insert 
coefficients in front of the reacting species to yield a balanced reaction equation. 
The determination of the proper coefficients to use. that is. the balancing of the 
reaction equation to yield the proper quantitative aspects of chemical composition 
and reaction. is known as stoichiometry. 

Chemical Reaction Ener~-:etics and Kinetics 

The study of chemical reactions not only involves the determination of the 
stoichiometry of the reactants and the products. It also involves determining why 
certain reactions take place and others do not. This particular topic is known as 
chemical thermod.vnamics. and it involves the energy changes that accompany 
chemical processes Uust as physical thermodynamics involves the energy changes 
that accompany mechanical processes). 

Of equal importance is the dynamics of the chemical reaction, the speed or 
rate at which the reaction occurs. the effect of outside agents such as temperature 
or catalysts, and the nature of the reactants and the products. This subject is 
known as chemical reaction kinetics. To determine the rate at which a chemical 
reaction proceeds, one must establish the mechanism of the reaction-the de­
tailed sequence of steps that are followed along the path from reactants to prod­
ucts. Chemical reaction kinetics also involve consideration of the detailed interac­
tion mechanisms among the chemical species at the atomic level. that is. atomic 
collision processes. These subjects are generally treated in courses on physical 
chemistry. 

SUMMARY 

Chemistry in\'Oh·es the study of the properties and transformations of 
matter. At the most fundamental lnel are the elements. These can be 
combined into compounds or mixtures. The chemist introduces the con­
cept of atomic weight to characteriz.e the mass of indil'idual atoms or 
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molecules. The mole is used to quantify the amount of a substance. Sym-

bols represent various elements and chemical compounds. These symbols

can be arranged into equations to describe chemical reactions. Although

the chemical equations describe the relative amount of each substance

participating in the reaction, the additional subjects of chemical reaction

thermodynamics and kinetics are necessary to analyze the detailed

energetics and rates of chemical processes.

3.3.6. Materials

If we identify engineers as the designers and builders of structures, machines, or

processes, then we immediately understand why the subject of engineering mate-

rials plays such an important role in engineering activities. For engineering design

depends heavily on available materials. Indeed, a design is only as good as the

materials that comprise it.

The engineer is frequently faced with choosing the best material for a particu-

lar application. Some designs may require the use of high strength materials:

others may stress ductility and flexibility; still others may require specialized

properties such as electrical conductivity or resistance to radiation damage. For-

tunately, engineers have a very wide range of materials from which to choose.

Chemists and physicists have roamed through the periodic table, making count-

less combinations of elements into new materials with every conceivable prop-

erty. The engineer can choose from metals, metal alloys, ceramics, plastics and

rubber, electronic materials such as semiconductors, and even natural products

such as wood and fiber.

It is important that the engineer acquire familiarity with the major types of

engineering materials and the methods used to determine and characterize the

properties of these materials. A variety of analytical skills should be mastered so

that the materials requirements for a particular engineering application can be

determined. We shall survey these topics, including a discussion of properties of

materials (with an emphasis on mechanical properties), materials performance,

and types of materials.

Mechanical Propertiesâ€”Strength of Materials

The characteristics of materials that are usually associated with engineering de-

sign involve strength. Related mechanical properties, such as elasticity, ductility,

hardness, and toughness determine the behavior of the materials under applied

forces or loads. These properties not only vary greatly from material to material,

but they are also very sensitive to the manufacturing processes used to prepare the

material, the type of applied forces, and the environment of the material (e.g..

temperature, chemical compatability with adjacent materials, and radiation expo-

sure).
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molecules. The mole is used to quantify the amount of a substance. Sym­
bols represent various elements and chemical compounds. These symbols 
can be arranged into equations to describe chemical reactions. Although 
the chemical equations describe the relative amount of each substance 
participating in the reaction, the additional subjects of chemical reaction 
thermodynamics and kinetics are necessary to analyze the detailed 
energetics and rates of chemical processes. 

3.3.6. Materials 

If we identify engineers as the designers and builders of structures, machines. or 
processes. then we immediately understand why the subject of engineering mate­
rials plays such an important role in engineering activities. For engineering design 
depends heavily on available materials. Indeed, a design is only as good as the 
materials that comprise it. 

The engineer is frequently faced with choosing the best material for a particu­
lar application. Some designs may require the use of high strength materials: 
others may stress ductility and flexibility: still others may require specialized 
properties such as electrical conductivity or resistance to radiation damage. For­
tunately. engineers have a very wide range of materials from which to choose. 
Chemists and physicists have roamed through the periodic table. making count­
less combinations of elements into new materials with every conceivable prop­
erty. The engineer can choose from metals. metal alloys. ceramics. plastics and 
rubber. electronic materials such as semiconductors. and even natural products 
such as wood and fiber. 

It is important that the engineer acquire familiarity with the major types of 
engineering materials and the methods used to determine and characterize the 
properties of these materials. A variety of analytical skills should be mastered so 
that the materials requirements for a particular engineering application can be 
determined. We shall survey these topics. including a discussion of properties of 
materials (with an emphasis on mechanical properties). materials performance. 
and types of materials. 

Mechanical Properties-Strength of Materials 

The characteristics of materials that are usually associated with engineering de­
sign involve strength. Related mechanical properties. such as elasticity. ductility. 
hardness, and toughness determine the behavior of the materials under applied 
forces or loads. These properties not only vary greatly from material to material. 
but they are also very sensitive to the manufacturing processes used to prepare the 
material. the type of applied forces. and the environment of the material (e.g .. 
temperature. chemical compatability with adjacent materials. and radiation expo­
sure). 
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The forces or loads acting on a body can be classified as static or dynamic.

Dynamic forces include the force of impact, alternating or cyclic forces, and

vibration. These forces are of great importance in machine design. Static forces or

loads are of more concern in structural design. There are three types of static

forces: tensile, compressive, and shear. Under tension the material is pulled apart.

Compressive forces push against the material, acting to compress it. Shear forces

tend to slice or tear the material (Figure 3.33).

The effect of forces on materials is analyzed using the concept of stress. This

is defined as the force applied to the material per unit area and is usually denoted

by the Greek symbol sigma:

Stress =

Force

Area

The unit of stress is the same as that for pressure, N/m2 or pascal.

Any stress applied to a material will result in some deformation. For example,

the material might lengthen during tension or shorten during compression. This

change in material dimensions under stress is called strain. More precisely, the

strain resulting from an applied stress is its fractional change in dimension.

Every material undergoes strain when subjected to a stress. The extent of this

strain is very important in engineering design. A small strain might be quite ac-

ceptable in a design, while a larger strain would exceed tolerances. To determine

the magnitude of the strain expected for a material subjected to a given stress or

load, we need to know the stress-strain relationship characterizing the material

(Figure 3.34). This relationship can be determined by experimental testing in

which a given stress (force) is applied to a specimen of the material, and the

change in its dimension (length) is measured. If the strain increases linearly with

stress, then we say the material is elastic. When the stress is removed, an elastic

material will return to its original shape. However there is a limiting strain, called

the elastic limit, beyond which a permanent change in the shape or plastic defor-

mation of the material will occur. For engineering purposes, the elastic limit is

frequently taken as the yield point of the material.

t'

Tension
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FIGURE 3.33. The three basic types of

stress: tension, compression, and shear.
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The forces or loads acting on a body can be classified as static or dynamic. 
Dynamic forces include the force of impact, alternating or cyclic forces, and 
vibration. These forces are of great importance in machine design. Static forces or 
loads are of more concern in structural design. There are three types of static 
forces: tensile, compressive, and shear. Under tension the material is pulled apart. 
Compressi,·e forces push against the material, acting to compress it. Shear forces 
tend to slice or tear the material (Figure 3.33). 

The effect of forces on materials is analyzed using the concept of stress. This 
is defined as the force applied to the material per unit area and is usually denoted 
by the Greek symbol sigma: 

Force 
Stress = -- = u 

Area 

The unit of stress is the same as that for pressure, N/m2 or pascal. 
Any stress applied to a material will result in some deformation. For example, 

the material might lengthen during tension or shorten during compression. This 
change in material dimensions under stress is called strain. More precisely. the 
strain resulting from an applied stress is its fractional change in dimension. 

Every material undergoes strain when subjected to a stress. The extent of this 
strain is very important in engineering design. A small strain might be quite ac­
ceptable in a design. while a larger strain would exceed tolerances. To determine 
the magnitude of the strain expected for a material subjected to a given stress or 
load, we need to know the stress-strain relationship characterizing the material 
(Figure 3.34). This relationship can be determined by experimental testing in 
which a given stress (force) is applied to a specimen of the material, and the 
change in its dimension (length) is measured. If the strain increases linearly with 
stress. then we say the material is elastic. When the stress is removed, an elastic 
material will return to its original shape. However there is a limiting strain, called 
the elastic limit, beyond which a permanent change in the shape or plastic defor­
mation of the material will occur. For engineering purposes, the elastic limit is 
frequently taken as the yield point of the material. 
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FIGURE 3.33. The three basic types of 
stress: tension. compression, and shear. 
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FIGURE 3.34. Strength testing of a 
specimen in civil engineering. (Courtesy 
University of Michigan College of En­
gineering) 

There are other mechanical properties by which we may characterize mate­
rials. The amount of plastic deformation occurring at the failure point of the 
stress-strain curve (Figure 3.35) is known as the ductility of the material. To 
calculate the tensile strength of the material we divide the maximum load by the 
original cross-sectional area of the material at the point of fracture. The toughness 
of the material refers to the measure of energy necessary to fracture the material . 
The hardness is defined as the resistance of a material to the penetration of its 
surface. The modulus of elasticity of the material refers to the coefficient relating 
strain to stress in the regime of elastic behavior. All of these characteristics play 
an important role in the choice of materials for a given engineering design. 

Other important characteristics must be considered when the material is to be 
subjected to dynamic or time-dependent loads. For example , when an airplane 
lands, there are large dynamic loads on the wheels and undercarriage of the plane. 
Repeated loadings may fatigue materials and cause eventual failure. Typically the 
fatigue life of a material is measured by subjecting it to repeated loadings until 
failure occurs. 

Other Factors Involved in Materials Selection 

A material is selected for an engineering application because of many factors in 
addition to mechanical properties such as strength. For example, the thermal 
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FIGURE 3.35. The stress-strain curve 
characterizing a material. 

Strain 

properties of a material (e.g., its melting point, thermal conductivity, expansion 
properties. and heat capacity) are frequently of importance. Chemical properties 
are also important , since most materials used by engineers are subject to chemical 
deterioration, oxidation. or corrosion. Many materials are chosen for their electri­
cal properties . In nuclear systems materials must be able to maintain strength or 
ductility. in high radiation environments. Other factors such as the fabricability , 
weight , durability , appearance, and cost of the the materials should be considered 
in engineering design. 

Types of Engineering Materials 

The most widely used materials in engineering are metals. Metals exhibit high 
strength , toughness , ductility , and good electrical and thermal conductivity . Fur­
thermore , they can be easily processed into the desired shape . Rarely are primary 
metals such as iron , copper, aluminum, or titanium used alone. It has been found 
that the strength and toughness of metals can be increased markedly when they 
are combined or alloyed with other elements. The discipline of metallurgy in­
volves the development of such metal alloys . Perhaps the most important example 
is steel which is composed of carbon and other elements added to iron. The 
mechanical properties of metals can also be strongly influenced by manufacturing 
and fabrication methods, such as by hammering, rolling, or heat treating. 

High temperature applications in which strength is at a premium frequently 
require the use of ceramics or refractory (i.e. , heat-resistant) materials such as 
oxides, nitrides, carbides , and borides of metals such as aluminum, beryllium, and 
titanium. Another useful class of materials include the plastics, which are made of 
long chains of hydrocarbon molecules known as polymers. The advances in de­
veloping plastics for various uses has been one of the impressive achievements of 
twentieth-century chemistry. 

Glasses are noncrystalline or amorphous materials characterized by high 
strength and brittleness. Although most people know of silicon-based glasses such 
as window glass from everyday use , many materials including metals can be made 
into glasses by rapid cooling from molten form. 

One can sometimes take advantage of the desirable properties of materials 
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and compensate for their deficiencies by forming composite materials. For exam-

ple, fiberglass is formed by embedding fibers of glass in plastic. One can use the

strength of glass to reinforce the plastic and use the ductility of plastic to compen-

sate for the brittleness of the glass. Various new fiber-reinforced plastic composite

materials are now used in industry where low weight, high strength, and stiffness

properties are desired.

More specialized materials find important roles in engineering. For example,

many of the recent advances made in the area of electronics have depended on the

development of new materials. Of particular importance have been the semicon-

ducting materials such as silicon and gallium arsenide. Also important has been

the development of prosthetic materials for use in biological systems; for example,

many advances in medicine require the development of new materials for artificial

limbs or organs that are compatible with the human body.

SUMMARY

Engineering design depends heavily on the availability of suitable materi-

als. Of particular concern are the mechanical properties of materials.

Forces applied to materials are characterized as tensile, compressive, or

shear stresses. Associated with these applied stresses is some deforma-

tion of the material known as strain. If the strain is proportional to the

stress, the material is said to be elastic. Eventually the body will reach its

elastic limit or yield point, beyond which a permanent change in shape

will occur. Materials are characterized mechanically by their modulus of

elasticity, yield strength, and tensile strength. Other properties of con-

cern include thermal, chemical, and electrical properties, as well as ease

of fabrication, weight, durability, appearance, and cost. Engineers can

choose from a wide variety of materials including metals, metal alloys,

ceramics, plastics, glasses, and composite materials.

3.3.7. Systems and Control

Dealing with problems of overwhelming complexity is a familiar engineering activ-

ity. Methods of abstraction are employed to represent the complicated behavior of

real systems by simplified models that are more amenable to analysis. The

methods used for developing and analyzing models of complicated systems have

evolved over the past several decades into a distinct discipline known as systems

engineering. The mathematical study of models of complex systems has led to the

development of very general and powerful methods for the analysis of feedback

control systems, stability, and optimization.
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and compensate for their deficiencies by forming composite materials. For exam­
ple, fiberglass is formed by embedding fibers of glass in plastic. One can use the 
strength of glass to reinforce the plastic and use the ductility of plastic to compen­
sate for the brittleness of the glass. Various new fiber-reinforced plastic composite 
materials are now used in industry where low weight, high strength, and stiffness 
properties are desired. 

More specialized materials find important roles in engineering. For example, 
many of the recent advances made in the area of electronics have depended on the 
development of new materials. Of particular importance have been the semicon­
ducting materials such as silicon and gallium arsenide. Also important has been 
the development of prosthetic materials for use in biological systems; for example. 
many advances in medicine require the development of new materials for artificial 
limbs or organs that are compatible with the human body. 

SUMMARY 

Engineering design depends heavily on the availability of suitable materi­
als. Of particular concern are the mechanical properties of materials. 
Forces applied to materials are characterized as tensile, compressive, or 
shear stresses. Associated with these applied stresses is some deforma­
tion of the material known as strain. If the strain is proportional to the 
stress, the material is said to be elastic. Eventually the body will reach its 
elastic limit or yield point, beyond which a permanent change in shape 
will occur. Materials are characterized mechanically by their modulus of 
elasticity, yield strength, and tensile strength. Other properties of con­
cern include thermal, chemical, and electrical properties, as well as ease 
of fabrication, weight. durability, appearance, and cost. Engineers can 
choose from a wide variety of materials including metals, metal alloys. 
ceramics, plastics, glasses, and composite materials. 

3.3. 7. Systems and Control 

Dealing with problems of overwhelming complexity is a familiar engineering activ­
ity. Methods of abstraction are employed to represent the complicated behavior of 
real systems by simplified models that are more amenable to analysis. The 
methods used for developing and analyzing models of complicated systems have 
evolved over the past several decades into a distinct discipline known as systems 
engineering. The mathematical study of models of complex systems has led to the 
development of very general and powerful methods for the analysis of feedback 
control systems, stability, and optimization. 
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Although systems engineering was developed as a subdiscipline of electrical

engineering for the design of electrical circuits, it has since been extended to other

fields. Electrical systems ranging in complexity from microscopic circuit chips to

massive computers or electrical power distribution networks have been designed

using systems methods. Applications have also been made to mechanical systems

ranging from automobiles to large manufacturing plants. Systems concepts have

also been applied to systems outside of engineering. For example, there have been

significant applications in biology, ranging from the study of simple cells to com-

plex organisms (including pop culture applications such as "biofeedback"). Some

of the most important (and controversial) applications of systems methods have

occurred in the social sciences, involving systems as complex as the national

economy and international politics.

We regard a system as any collection of interacting physical objects. Indeed,

almost anything that serves a function can be regarded as a system. All systems

are characterized by some form of operation. The description of the system can

usually be represented as a mathematical model that includes provisions for vari-

ous inputs and outputs. Frequently a black-box approach is adopted in which the

detailed functions of the system are unknown (or not of direct concern), and only

the input-output relationship is studied. In this sense the system of interest im-

plies a cause-effect (or stimulus-response) relationship, and the engineer studies

the relationships between system inputs and outputs. We have sketched the

black-box diagrams of several systems in Figure 3.36.

Most studies of system behavior are concerned with dynamic processes, that

is, processes that vary as functions of time. Indeed, steady-state or time-

Input

Black

Output â€ž

box

FIGURE 3.36. Examples of black box

diagrams of systems.
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Although systems engineering was developed as a subdiscipline of electrical 
engineering for the design of electrical circuits, it has since been extended to other 
fields. Electrical systems ranging in complexity from microscopic circuit chips to 
massive computers or electrical power distribution networks have been designed 
using systems methods. Applications have also been made to mechanical systems 
ranging from automobiles to large manufacturing plants. Systems concepts have 
also been applied to systems outside of engineering. For example, there have been 
significant applications in biology. ranging from the study of simple cells to com­
plex organisms (including pop culture applications such as .. biofeedback"). Some 
of the most important (and controversial) applications of systems methods have 
occurred in the social sciences, involving systems as complex as the national 
economy and international politics. 

We regard a system as any collection of interacting physical objects. Indeed, 
almost anything that serves a function can be regarded as a system. All systems 
are characterized by some form of operation. The description of the system can 
usually be represented as a mathematical model that includes provisions for vari­
ous inputs and outputs . Frequently a black-box approach is adopted in which the 
detailed functions of the system are unknown (or not of direct concern). and only 
the input-output relationship is studied. In this sense the system of interest im­
plies a cause-effect (or stimulus-response) relationship, and the engineer studies 
the relationships between system inputs and outputs. We have sketched the 
black-box diagrams of several systems in Figure 3.36. 

Most studies of system behavior are concerned with dynamic processes, that 
is . processes that vary as functions of time. Indeed, steady-state or time-
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independent studies of systems properties are rarely of interest since they imply

equilibrium behavior. Dynamic models of systems usually are represented

mathematically as a set of differential equations involving derivatives with respect

to time, that is, time rates of changes of quantities. In this sense, then, systems

analysis is closely related to the subject of differential equations. It has benefited

significantly from mathematical developments in this field.

One of the most important applications of systems theory is to automatic

control. Many complex modern systems cannot tolerate the imperfection that

accompanies human intervention. Human capabilities are too primitive to effec-

tively handle the rapid response required by modern aircraft or the intricate cir-

cuitry of a large computer. Therefore the engineer has tended more and more to

remove the human element from systems and replace it by automatic controls that

allow the system to adjust its behavior in response to changing conditions without

human intervention.

Of course, an automatic control system is not new to nature. Consider a

particularly primitive biological system, the weekend tennis player attempting to

return a serve. The player first senses the position of the tennis ball by sight, then

makes the necessary muscle movements required to bring the racket into position.

During this movement the position of the racket is sensed both visually and

through touch. As the ball moves closer and closer, the racket position is coordi-

nated with the trajectory of the ball so that at the moment of impact the racket is in

an optimum position to propel the ball deftly into the net.

The key features of the control system of the tennis player include a means

for detecting the position of the tennis racket, comparing this with the desired

position, and then making the necessary adjustments to bring the racket into the

desired position. The inputs in this system are visual information concerning

the trajectory of the ball and the position of the racket; the output is the position of

the racket. The key feature that allows the tennis player to control the racket

position is the ability to sense racket position and make adjustments. This is an

example of feedback, the ability to sense a system's output characteristics, com-

pare these against a desired output, and then act on the results of this comparison

to modify the inputs of the system. A simple black-box diagram of a feedback

system is shown in Figure 3.37.

Input

o-

1

Output^

FIGURE 3.37. A black box diagram of a

simple feedback system.
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independent studies of systems properties are rarely of interest since they imply 
equilibrium behavior. Dynamic models of systems usually are represented 
mathematically as a set of differential equations involving derivatives with respect 
to time, that is, time rates of changes of quantities. In this sense, then, systems 
analysis is closely related to the subject of differential equations. It has benefited 
significantly from mathematical developments in this field. 

One of the most important applications of systems theory is to automatic 
control. Many complex modern systems cannot tolerate the imperfection that 
accompanies human intervention. Human capabilities are too primitive to effec­
tively handle the rapid response required by modern aircraft or the intricate cir­
cuitry of a large computer. Therefore the engineer has tended more and more to 
remove the human element from systems and replace it by automatic controls that 
allow the system to adjust its behavior in response to changing conditions without 
human intervention. 

Of course. an automatic control system is not new to nature. Consider a 
particularly primitive biological system, the weekend tennis player attempting to 
return a serve. The player first senses the position of the tennis ball by sight. then 
makes the necessary muscle movements required to bring the racket into position. 
During this movement the position of the racket is sensed both visually and 
through touch. As the ball moves closer and closer, the racket position is coordi­
nated with the trajectory of the ball so that at the moment of impact the racket is in 
an optimum position to propel the ball deftly into the net. 

The key features of the control system of the tennis player include a means 
for det£'cting the position of the tennis racket, comparillg this with the desired 
position, and then making the necessary adjustments to bring the racket into the 
desired position. The inputs in this system are visual information concerning 
the trajectory of the ball and the position of the racket: the output is the position of 
the racket. The key feature that allows the tennis player to control the racket 
position is the ability to sense racket position and make adjustments. This is an 
example of feed hack, the ability to sense a system· s output characteristics. com­
pare these against a desired output. and then act on the results of this comparison 
to modify the inputs of the system. A simple black-box diagram of a feedback 
system is shown in Figure 3.37. 
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Nature has long used feedback control to allow biological systems to adapt to

changing environments. Certainly one can identify many such control systems in

nature, ranging from the simplest cell to complex organisms such as the human

being. But only recently have engineers applied these same concepts to design

self-regulating or feedback control systems into machines. Simple examples of

automatic control systems surround us. The thermostats used to control tempera-

ture in a room, automatic pilots used in airplanes, automatic speed or combustion

controls used in automobiles, and automatic color or frequency controls in televi-

sion sets are familiar examples.

Closely related to systems control is the concept of the stability of the system.

In any system there are inherent disturbances arising either from external pertur-

bations or from internal properties of the system. Such random disturbances are

referred to collectively as noise. It is important to examine the role played by

noise in a feedback system. For example, if amplifier units are used to amplify the

feedback signal, one must make certain that these feedback signals are not over-

whelmed by inherent noise in the system.

The effect of noise on a system's behavior is important for another reason. It

may happen that under certain conditions, disturbances applied to the system will

result in a wildly increasing response. Such a system is said to be unstable. Such

instability frequently arises because of a "positive feedback" situation. When the

output signal from a system is returned as feedback, it is added in a positive sense

to the input signal. As the output signal increases due to some input disturbance, it

causes a corresponding increase in the input signal, leading to still further increase

in the output signal, and so forth.

In order to achieve stability in a system, one requires a negative feedback in

which the response to any disturbance of the system is gradually suppressed.

Unfortunately, many systems with negative feedback may still be unstable be-

cause there is typically a time lag between sensing of the output signal and the

feedback of an appropriate modification in the input signal. For example, in a

thermostat unit there is usually an appreciable lag between the sensing of tempera-

ture and the time at which cooling or heating units respond to modify the tempera-

ture. Therefore one can imagine a situation in which the sensing unit determines

that the temperature is low so that heating units are activated. This results in a

gradual increase in temperature. But by the time that the sensing unit has deter-

mined that the temperature has reached the desired level and signaled the heating

unit to shut off, the temperature may have continued to increase, overshooting the

desired level. In this situation the feedback lag will cause the temperature to

oscillate.

All control systems that have a lag in feedback are prone to oscillations. If the

lag is too great, these oscillations may occur exactly out of phase so that the input

signal is reinforced at exactly the wrong time, effectively creating a positive feed-

back situation and instability. Such phenomena are of considerable concern in the

design of automatic control systems.
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Nature has long used feedback control to allow biological systems to adapt to 
changing environments. Certainly one can identify many such control systems in 
nature. ranging from the simplest cell to complex organisms such as the human 
being. But only recently have engineers applied these same concepts to design 
self-regulating or feedback control systems into machines. Simple examples of 
automatic control systems surround us. The thermostats used to control tempera­
ture in a room, automatic pilots used in airplanes, automatic speed or combustion 
controls used in automobiles, and automatic color or frequency controls in televi­
sion sets are familiar examples. 

Closely related to systems control is the concept of the stability of the system. 
In any system there are inherent disturbances arising either from external pertur­
bations or from internal properties of the system. Such random disturbances are 
referred to collectively as noise. It is important to examine the role played by 
noise in a feedback system. For example, if amplifier units are used to amplify the 
feedback signal. one must make certain that these feedback signals are not over­
whelmed by inherent noise in the system. 

The effect of noise on a system's behavior is important for another reason. It 
may happen that under certain conditions. disturbances applied to the system will 
result in a wildly increasing response. Such a system is said to be unstable. Such 
instability frequently arises because of a "positive feedback .. situation. When the 
output signal from a system is returned as feedback. it is added in a positive sense 
to the input signal. As the output signal increases due to some input disturbance. it 
causes a corresponding increase in the input signal, leading to still further increase 
in the output signal. and so forth. 

In order to achieve stability in a system, one requires a negative feedback in 
which the response to any disturbance of the system is gradually suppressed. 
Unfortunately. many systems with negative feedback may still be unstable be­
cause there is typically a time lag between sensing of the output signal and the 
feedback of an appropriate modification in the input signal. For example. in a 
thermostat unit there is usually an appreciable lag between the sensing of tempera­
ture and the time at which cooling or heating units respond to modify the tempera­
ture. Therefore one can imagine a situation in which the sensing unit determines 
that the temperature is low so that heating units are activated. This results in a 
gradual increase in temperature. But by the time that the sensing unit has deter­
mined that the temperature has reached the desired level and signaled the heating 
unit to shut off, the temperature may have continued to increase, overshooting the 
desired level. In this situation the feedback lag will cause the temperature to 
oscillate. 

All control systems that have a lag in feedback are prone to oscillations. If the 
lag is too great, these oscillations may occur exactly out of phase so that the input 
signal is reinforced at exactly the wrong time, effectively creating a positive feed­
back situation and instability. Such phenomena are of considerable concern in the 
design of automatic control systems. 
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SUMMARY

A system is any collection of interacting physical objects. We can model

any system by using a black-box approach that represents the system as a

cause-effect or input-output relationship. The rapid response, reliability,

or hostile environment required by many systems demand automatic

control based on feedback systems. Such systems sense the output, com-

pare this against a desired output reference, and then modify the input of

the system accordingly. Automatic control systems feed back as input a

portion of the output signal to control the system. Feedback systems must

respond in a stable fashion when subjected to random disturbances or

noise.

Exercises

Scientific Principles

1. Describe one engineering application of each of the following scien-

tific principles:

(a) Metal expands when it is heated.

(b) A gas heated by chemical combustion will expand and exert a

pressure on its surroundings.

(c) The force required to distort an elastic body is proportional to

the amount of distortion.

(d) For every action there is an equal and opposite reaction.

2. Identify the scientific principle that plays the most significant role in

each of the following engineering applications:

(a) The internal combustion engine

(b) Photocopying

(c) Solar photovoltaic cells

(d) Rocket propulsion

Structure of Matter

3. Protons and neutrons have masses of 1.67 x 10~27 kg and diameters of

about 10~13 m. Calculate the density of these particles.

4. The earth has a mass of 6.59 x 1024 kg and a diameter of approxi-

mately 15 000 km. What would be the diameter of the earth if it had

the same mass but was compressed to the density of nuclear particles?

5. Identify the various phases of matter that are present when a very hot

ingot of steel is quenched in a tank of water.
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SUMMARY 

A system is any collection of interacting physical objects. We can model 
any system by using a black-box approach that represents the system as a 
cause-effect or input-output relationship. The rapid response, reliability, 
or hostile environment required by many systems demand automatic 
control based onfeedback systems. Such systems sense the output, com­
pare this against a desired output reference, and then modify the input of 
the system accordingly. Automatic control systems feed back as input a 
portion of the output signal to control the system. Feedback systems must 
respond in a stable fashion when subjected to random disturbances or 
noise. 

Exercises 

Scientijrc Principles 

1. Describe one engineering application of each of the following scien­
tific principles: 

(a) Metal expands when it is heated. 
(b) A gas heated by chemical combustion will expand and exert a 

pressure on its surroundings. 
(c) The force required to distort an elastic body is proportional to 

the amount of distortion. 
(d) For every action there is an equal and opposite reaction. 

l. Identify the scientific principle that plays the most significant role in 
each of the following engineering applications: 

(a) The internal combustion engine 
(b) Photocopying 
(c) Solar photovoltaic cells 
(d) Rocket propulsion 

Structure of Matter 

3. Protons and neutrons have masses of 1.67 x t0-27 kg and diameters of 
about 10- 13 m. Calculate the density of these particles. 

4. The earth has a mass of 6.59 x 1024 kg and a diameter of approxi­
mately 15 000 km. What would be the diameter of the earth if it had 
the same mass but was compressed to the density of nuclear particles? 

S. Identify the various phases of matter that are present when a very hot 
ingot of steel is quenched in a tank of water. 
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6. List three examples of each phase of matter (solid, liquid, gas, and

plasma) encountered in your everyday activities.

Mechanical Systems

7. Determine the simplest mechanical system that would represent

each of the following situations.

(a) The motion of an airplane in flight.

(b) The rotation of a record on a turntable.

(c) The hydraulic brakes of an automobile.

(d) The fall of a parachutist.

8. For what situations would you represent each of the following ob-

jects as a particle, a rigid body, and a fluid.

(a) A drop of water

(b) A baseball

(c) An automobile

(d) The sun

(e) An atomic nucleus

Linear Motion

9. The Le Mans 24-hour endurance race was won in 1980 by a French

racing team covering 2860 miles. What was the average speed of the

winning team?

10. The average flight time for a round trip transcontinental flight (5000

km one way) is 10 hours. If there is a 400 km/h jet stream velocity

flowing from west to east, what is the difference in flight time in each

direction?

11. Graph acceleration, velocity, and distance versus time for uniformly

accelerated motion.

Forces

12. Two tugboats are pulling against a large tanker with forces of 15 000

N each. The distance between the tugboats and the ship is 150 m,

while that between the tugboats is 50 m. What is the total or resultant

force exerted on the ship?

13. An object weighing 1 000 N is being lifted by two ropes attached to

pulleys. If the angle between the ropes is 45Â°, then what is the force

(tension) exerted on each rope?

14. Explain how one would set the sails of a boat to move northeast into

a north headwind. In particular, determine the setting of the sails and

the course of the boat that would lead to the most rapid motion into

the wind. Explain the reasoning behind your answers.
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6. List three examples of each phase of matter (solid, liquid, gas, and 
plasma) encountered in your everyday activities. 

Mechanical Systems 

7. Determine the simplest mechanical system that would represent 
each of the following situations. 

(a) The motion of an airplane in flight. 
(b) The rotation of a record on a turntable. 
(c) The hydraulic brakes of an automobile. 
(d) The fall of a parachutist. 

8. For what situations would you represent each of the following ob-
jects as a particle, a rigid body, and a fluid. 

(a) A drop of water 
(b) A baseball 
(c) An automobile 
(d) The sun 
(e) An atomic nucleus 

Linear Motion 

9. The Le Mans 24-hour endurance race was won in 1980 by a French 
racing team covering 2860 miles. What was the average speed of the 
winning team? 

10. The average flight time for a round trip transcontinental flight (5000 
km one way) is 10 hours. If there is a 400 km/h jet stream velocity 
flowing from west to east, what is the difference in flight time in each 
direction? 

11. Graph acceleration, velocity, and distance versus time for uniformly 
accelerated motion. 

Forces 

12. Two tugboats are pulling against a large tanker with forces of 15 000 
N each. The distance between the tugboats and the ship is 150 m, 
while that between the tugboats is 50 m. What is the total or resultant 
force exerted on the ship? 

13. An object weighing I 000 N is being lifted by two ropes attached to 
pulleys. If the angle between the ropes is 45°, then what is the force 
(tension) exerted on each rope? 

14. Explain how one would set the sails of a boat to move northeast into 
a north headwind. In particular, determine the setting of the sails and 
the course of the boat that would lead to the most rapid motion into 
the wind. Explain the reasoning behind your answers. 

D1 tiz by 
Original from 

UNIVERSITY OF ICHIGAN 



218 THE TOOLS

Newton's Laws of Motion

15. A force gives a 50 kg mass an acceleration of 2 m/s2. What would be

the acceleration of a 125 kg mass if the same force was applied to it?

16. Explain why it is safest for a parachutist to land in a haystack than

on the surface of a concrete road.

17. A person weighing 750 N is standing in an elevator moving upwards

with an acceleration of 1.8 m/s2. How much tension does the person

contribute to the suspension cable of the elevator?

18. Could the elevator in Problem 17 accelerate downwards fast enough

to remove all tension from its suspension cable? If so, then how large

an acceleration would be required?

19. A car of mass 1500 kg covers 100 m from a standing start in 4 s.

Under the assumption of uniform acceleration, determine the force

acting on the car during this period.

Work and Power

20. How much work is performed in lifting a 20 kg sack of flour onto a

table 1.2 m in height?

21. A coil spring is shortened by 4 cm when a 750 N weight is placed on

it. How much work is done when this same spring is shortened 5 cm?

22. A mountain climber of mass 70 kg reaches the top of a 2000 m high

peak in 10 hours. How much work did the climber perform? How

much power was produced?

Energy

23. Does it require more work to increase the speed of a car from 20

km/h to 30 km/h or from 50 km/h to 60 km/h?

24. A tennis ball and a ping-pong ball are dropped inside a chamber

where there is a vacuum. Which ball will have the higher kinetic

energy just before the balls reach the bottom of the chamber?

25. Explain why high jumpers take a running start before attempting a

leap.

Temperature

26. The average body temperature is 98.6Â° F. What is this temperature in

Â°C? In K?

27. Find out the maximum and minimum temperatures on the previous

day and express these in each of the four temperature scales (C, K,

F, R).
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Newton's Laws of Motion 

IS. A force gives a 50 kg mass an acceleration of2 m/s2• What would be 
the acceleration of a 125 kg mass if the same force was applied to it? 

16. Explain why it is safest for a parachutist to land in a haystack than 
on the surface of a concrete road. 

17. A person weighing 750 N is standing in an elevator moving upwards 
with an acceleration of 1.8 m/s2• How much tension does the person 
contribute to the suspension cable of the elevator? 

18. Could the elevator in Problem 17 accelerate downwards fast enough 
to remove all tension from its suspension cable? If so, then how large 
an acceleration would be required? 

19. A car of mass 1500 kg covers 100 m from a standing start in 4 s. 
Under the assumption of uniform acceleration, determine the force 
acting on the car during this period. 

Work and Power 

20. How much work is performed in lifting a 20 kg sack of flour onto a 
table 1.2 m in height? 

21. A coil spring is shortened by 4 em when a 750 N weight is placed on 
it. How much work is done when this same spring is shortened 5 em? 

22. A mountain climber of mass 70 kg reaches the top of a 2000 m high 
peak in 10 hours. How much work did the climber perform? How 
much power was produced? 

Energy 

23. Does it require more work to increase the speed of a car from 20 
km/h to 30 km/h or from 50 km/h to 60 km/h? 

24. A tennis ball and a ping-pong ball are dropped inside a chamber 
where there is a vacuum. Which ball will have the higher kinetic 
energy just before the balls reach the bottom of the chamber? 

25. Explain why high jumpers take a running start before attempting a 
leap. 

TemperaJure 

26. The average body temperature is 98.6° F. What is this temperature in 
oc? In K? 

27. Find out the maximum and minimum temperatures on the previous 
day and express these in each of the four temperature scales (C, K, 
F, R). 
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Gas Laws

28. Air is contained in a spherical balloon of diameter 60 cm. The pres-

sure in the balloon is 100 kPa. What will be the pressure in the

balloon if it shrinks to a diameter of 35 cm?

29. A tire is inflated to a pressure of 30 psi while at the ambient tempera-

ture of 20Â° C. After several hours of driving, the tire temperature

rises to 50Â° C. What is the new tire pressure at this temperature?

Heat

30. Why is a fan installed in front of the radiator of automobiles?

31. Why does it cost more to heat a house when it is windy outside than

on a calm day, even when the temperature is the same?

32. Why will ice form of bridges before forming on the roadway pave-

ment of a highway?

33. White clothing is supposed to be better on hot, sunny days. But

Bedouins wear black clothing in the desert. Why?

Thermodynamics

34. From a height of 12 m a 5 kg stone falls into a container of water of

dimensions 5 m x 5 m x 1 m. Calculate the change in internal energy

of the water.

35. The doors of a refrigerator are left open while the refrigerator is

operating. Will the average temperature of the kitchen rise, fall, or

remain the same? What happens after the door is closed?

36. When a bullet is fired into a slab of wood, its temperature increases.

Why?

Conservation of Mass

37. A tank contains 2.5 kg of sea water with a concentration of salt of

5.8%. Sunlight evaporates 600 g of water out of the tank. What is the

salt concentration of the remaining water?

38. A tank of volume 8 m3 is filled with a pump at a rate of 100 liters per

minute. There is a small leak at the bottom of the tank where water

escapes at a rate of 1 liter per minute. How long does it take to fill the

tank? How long will it take for the tank to empty due to the leak once

the pump is halted?

Machines and Engines

39. List the work-producing machines present in a typical household

and identify the principal energy conversion processes in each.
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Gas lAws 

28. Air is contained in a spherical balloon of diameter 60 em. The pres­
sure in the balloon is I 00 kPa. What will be the pressure in the 
balloon if it shrinks to a diameter of 35 em? 

29. A tire is inflated to a pressure of 30 psi while at the ambient tempera­
ture of 20° C. After several hours of driving, the tire temperature 
rises to 50° C. What is the new tire pressure at this temperature? 

Heal 

30. Why is a fan installed in front of the radiator of automobiles? 

31. Why does it cost more to heat a house when it is windy outside than 
on a calm day. even when the temperature is the same? 

32. Why will ice form of bridges before forming on the roadway pave­
ment of a highway? 

33. White clothing is supposed to be better on hot, sunny days. But 
Bedouins wear black clothing in the desert. Why? 

Thermodynamics 

34. From a height of I2 m a 5 kg stone falls into a container of water of 
dimensions 5 m x 5 m x I m. Calculate the change in internal energy 
of the water. 

35. The doors of a refrigerator are left open while the refrigerator is 
operating. Will the average temperature of the kitchen rise, fall, or 
remain the same? What happens after the door is closed? 

36. When a bullet is fired into a slab of wood, its temperature increases. 
Why? 

ConservaJion of Mass 

37. A tank contains 2.5 kg of sea water with a concentration of salt of 
5.8%. Sunlight evaporates 600 g of water out of the tank. What is the 
salt concentration of the remaining water? 

38. A tank of volume 8m3 is filled with a pump at a rate of IOO liters per 
minute. There is a small leak at the bottom of the tank where water 
escapes at a rate of I liter per minute. How long does it take to fill the 
tank? How long will it take for the tank to empty due to the leak once 
the pump is halted? 

Machines and Engines 

39. List the work-producing machines present in a typical household 
and identify the principal energy conversion processes in each. 
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40. Discuss the major advantages and disadvantages of each of the fol-

lowing methods for generating electricity: hydroelectric power,

steam engines, steam turbines, and solar photovoltaic power.

41. Diesel engines utilize fuel roughly 20% more efficiently than conven-

tional spark-ignited (Otto cycle) internal combustion engines. Esti-

mate the fuel that would be saved each year if one-half of the auto-

mobiles in the United States were converted over to diesel engines.

Electric and Magnetic Forces

42. How many electrons correspond to 1 coulomb of charge?

43. Two positively charged particles are moving at high velocity toward

one another. If the effect of magnetic forces are ignored, will these

particles be deflected away from each other? How would the consid-

eration of magnetic forces effect the collision process?

44. Explain the behavior of a bar magnet in terms of the microscopic

nature of the magnetic forces.

45. Provide a microscopic explanation of the generation of elec-

tromagnetic waves (radiation) from a television broadcast antenna.

(This will require some additional reading in a physics or electrical

engineering text.)

Electric Currents and Voltages

46. Determine the current in a wire carrying a charge of 100 C each

second.

47. A car battery can supply 5 amperes of current for a period of 1

minute. How many coulombs of charge are produced?

48. Conduction electrons move very slowly in a material (about one

meter per hour). How, then, do we explain the fact that lights in a

room come on almost instantly when we turn on the light switch?

Circuits and Devices

49. Identify the circuit elements involved in a typical household appli-

ance.

50. Give five examples of major changes in engineering technology

caused by the introduction of integrated circuit technology.

Compounds and Mixtures

51. Categorize each of the following properties as extensive or inten-

sive: mass, volume, melting point, boiling point, density, color,

thermal conductivity.
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40. Discuss the major advantages and disadvantages of each of the fol­
lowing methods for generating electricity: hydroelectric power' 
steam engines, steam turbines, and solar photovoltaic power. 

41. Diesel engines utilize fuel roughly 20% more efficiently than conven­
tional spark-ignited (Otto cycle) internal combustion engines. Esti­
mate the fuel that would be saved each year if one-half of the auto­
mobiles in the United States were converted over to diesel engines. 

Electric and Magnetic Forces 

42. How many electrons correspond to 1 coulomb of charge? 

43. Two positively charged particles are moving at high velocity toward 
one another. If the effect of magnetic forces are ignored, will these 
particles be deflected away from each other? How would the consid­
eration of magnetic forces effect the collision process? 

44. Explain the behavior of a bar magnet in terms of the microscopic 
nature of the magnetic forces. 

45. Provide a microscopic explanation of the generation of elec­
tromagnetic waves (radiation) from a television broadcast antenna. 
(This will require some additional reading in a physics or electrical 
engineering text.) 

Electric Cu"ents and Voltages 

46. Determine the current in a wire carrying a charge of I 00 C each 
second. 

47. A car battery can supply 5 amperes of current for a period of I 
minute. How many coulombs of charge are produced? 

48. Conduction electrons move very slowly in a material (about one 
meter per hour). How, then, do we explain the fact that lights in a 
room come on almost instantly when we turn on the light switch? 

Circuits and Devices 

49. Identify the circuit elements involved in a typical household appli­
ance. 

SO. Give five examples of major changes in engineering technology 
caused by the introduction of integrated circuit technology. 

Compounds and Mixtures 

51. Categorize each of the following properties as extensive or inten­
sive: mass, volume, melting point, boiling point, density. color, 
thermal conductivity. 
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52. Classify the following materials as compounds or mixtures: water

(pure), sea water, beer, a penny, rubber cement, wool, a silver

spoon.

Atomic Weight and Mole

53. Suppose the atomic mass unit were based on the mass of oxygen-16

rather than carbon-12. Calculate the molecular weight of water in the

oxygen and carbon systems.

54. How many moles of carbon are required to produce 1 mole of pro-

pane, CsHg?

55. What is the mass of one mole of: O2, H2SO4, NH3, CgOi8?

Chemical Symbols and Formulas

56. Write the chemical symbols for each of the following elements:

gadolinium, mercury, ytterbrium, radon, radium, kurchatovium,

hahnium.

57. How many atoms of each kind are in the molecules of each of the

following compounds: H2SO4, Na2CO3, H2, (NHJsPO^ K4Fe (CN)6?

Chemical Reactions

58. How many moles of nitrogen (N.J and hydrogen (HJ are needed to

produce two moles of ammonia in the reaction:

N2 + 3H2 2NH3

59. Potassium chlorate, KC1O3, decomposes into potassium chloride

and oxygen when heated according to the reaction

2KC1O3 -Â» 2KC1 + 3O2

How much oxygen is released from 40 g of potassium chloride?

Mechanical Properties of Materials

60. Analyze and classify the type of stress in each of the following

situations:

(a) Suspension cables on the Golden Gate Bridge

(b) Roadbed girders on the Golden Gate Bridge

(c) Landing gear struts on an airplane

(d) Wings on an airplane

(e) Chin of a boxer
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52. Classify the following materials as compounds or mixtures: water 
(pure). sea water, beer, a penny, rubber cement, wool, a silver 
spoon. 

Atomic Weight and Mole 

53. Suppose the atomic mass unit were based on the mass of oxygen-16 
rather than carbon-12. Calculate the molecular weight of water in the 
oxygen and carbon systems. 

54. How many moles of carbon are required to produce 1 mole of pro­
pane, C 3Hs? 

55. What is the mass of one mole of: 0 2, H 2S04, NH 3, Cs01s? 

Chemical Symbols and Formulas 

56. Write the chemical symbols for each of the following elements: 
gadolinium. mercury. ytterbrium, radon, radium, kurchatovium, 
hahnium. 

57. How many atoms of each kind are in the molecules of each of the 
following compounds: H2S0 4• Na2C03, H 2, (NHJ 3P0 4, K 4Fe (CN) 6? 

Chemical Reactions 

58. How many moles of nitrogen (N 2) and hydrogen (H:z) are needed to 
produce two moles of ammonia in the reaction: 

59. Potassium chlorate. KCI03, decomposes into potassium chloride 
and oxygen when heated according to the reaction 

2KCI + 302 

How much oxygen is released from 40 g of potassium chloride? 

Mechanical Properties of Materials 

60. Analyze and classify the type of stress in each of the following 
situations: 

(a) Suspension cables on the Golden Gate Bridge 
(b) Roadbed girders on the Golden Gate Bridge 
(c) Landing gear struts on an airplane 
(d) Wings on an airplane 
(e) Chin of a boxer 
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61. A vertical metal rod of diameter of 1 cm supports a load of 90 000 N.

What is the stress in the bar? What type of stress is this?

62. The metal rod of Exercise 61, has a length of 5 cm. When subjected

to the load of 90 000 N, it is compressed by an amount of 0.003 cm.

What is the strain of the rod?

63. A steel elevator cable of diameter 3 cm supports an elevator car

containing 20 people. If the average weight of each person is 500 N,

and the car has a weight of 1500 N, what is the stress on the cable?

What type of stress is this?

Other Material Properties

64. Why is the Golden Gate Bridge in San Francisco orange?

65. Discuss the advantages and disadvantages of painting the surface of

an airplane.

66. In designing a bumper for a car, would you select a material with a

large or small modulus of elasticity?

67. What material considerations are important in each of the following:

baseball bats, nuclear reactor fuel elements, contact lens, frying

skillets?

Types of Materials

68. List as many different types of materials as you can think of that are

used in the following items: clothing, bridges, home computers, den-

tal work.

69. Some composite materials have long continuous filaments embed-

ded inside a resin such as epoxy. Do you expect the modulus

of elasticity to be higher in the direction parallel or normal to the

fibers?

70. What are the possible advantages of using plastics and composite

materials in airplanes instead of metals?

71. What material properties would be important in the design of an

artificial heart?

Systems

72. Give three examples of systems in each of the following areas:

(a) Engineering (e) Biology

(b) Society (f) Medicine

(c) Business (g) Economics

(d) Politics (h) Universities

73. Consider a television set as a system. Draw a black-box representa-

tion and identify inputs and outputs.
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61. A vertical metal rod of diameter of 1 em supports a load of 90 000 N. 
What is the stress in the bar? What type of stress is this? 

62. The metal rod of Exercise 61, has a length of 5 em. When subjected 
to the load of 90 000 N, it is compressed by an amount of 0.003 em. 
What is the strain of the rod? 

63. A steel elevator cable of diameter 3 em supports an elevator car 
containing 20 people. If the average weight of each person is 500 N, 
and the car has a weight of 1500 N, what is the stress on the cable? 
What type of stress is this? 

Other MaJerial Properties 

64. Why is the Golden Gate Bridge in San Francisco orange? 

65. Discuss the advantages and disadvantages of painting the surface of 
an airplane. 

66. In designing a bumper for a car, would you select a material with a 
large or small modulus of elasticity? 

67. What material considerations are important in each of the following: 
baseball bats, nuclear reactor fuel elements, contact lens, frying 
skillets? 

Types of MaJerials 

68. List as many different types of materials as you can think of that are 
used in the following items: clothing, bridges, home computers, den­
tal work. 

69. Some composite materials have long continuous filaments embed­
ded inside a resin such as epoxy. Do you expect the modulus 
of elasticity to be higher in the direction parallel or normal to the 
fibers? 

70. What are the possible advantages of using plastics and composite 
materials in airplanes instead of metals? 

71. What material properties would be important in the design of an 
artificial heart? 

Systems 

72. Give three examples of systems in each of the following areas: 
(a) Engineering (e) Biology 
(b) Society (f) Medicine 
(c) Business (g) Economics 
(d) Politics (h) Universities 

73. Consider a television set as a system. Draw a black-box representa­
tion and identify inputs and outputs. 
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74. Draw a black-box representation of each of the following "sys-

tems," taking care to identify the most important inputs and outputs:

(a) The United State economy (d) Your instructor

(b) Your own personal economy (e) An automobile

(c) Your college education

Feedback and Control

75. Discuss the use of feedback in each of the following situations:

(a) Automatic pilot of an aircraft

(b) AFC on an FM radio

(c) Plant leaves turning toward the sun

(d) The pro football college draft

76. Give three examples of oscillation phenomena in common feedback

control systems encounted in your everyday experience.
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74. Draw a black-box representation of each of the following "sys­
tems," taking care to identify the most important inputs and outputs: 
(a) The United State economy (d) Your instructor 
(b) Your own personal economy (e) An automobile 
(c) Your college education 

Feedback and Control 

75. Discuss the use of feedback in each of the following situations: 
(a) Automatic pilot of an aircraft 
(b) AFC on an FM radio 
(c) Plant leaves turning toward the sun 
(d) The pro football college draft 

76. Give three examples of oscillation phenomena in common feedback 
control systems encounted in your everyday experience. 
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CHAPTER 4

Digital Computers

Digital computers have revolutionized engineering practice, just as they have

other aspects of modern life. Computers have become an absolutely essential tool

in all phases of engineering, from research and development to marketing and

management. The engineer of a generation ago would probably not even recognize

many of today's routine engineering activities that rely heavily on digital comput-

ers. Even after three decades the computer revolution shows no sign of slowing.

New discoveries and improvements in computer technology continue at such a

pace that many products and techniques in the computer field become obsolete

within a few years time.

The power of computers in most applications can be traced to two fundamen-

tal features: their capacity to store and display large amounts of information and

their ability to process this information at a very rapid rate. Information storage

and display are important in many engineering activities. Today's engineer relies

on computer-based library reference services, computer data bases, and computer

scheduling, accounting, and inventory control services. The ability of the com-

puter to tackle large and complex calculations has also had a major impact on

engineering practice, particularly in research, development, and design activities.

Today the engineer routinely uses the computer to solve problems that would

have been unthinkable even as recently as a decade ago. Moreover the microelec-

tronics revolution has stimulated the development of powerful hand-held cal-

culators and personal microcomputers. These devices have become as familiar to

the engineer of today as the slide rule was to engineers several years ago.

Example A dramatic example of the rapid growth in information storage capa-

bility is provided by the computer system at the Lawrence Livermore Laboratory

in California (Figure 4.1). This system can store roughly one trillion (10i2) bits of

informationâ€”the equivalent of 100,000 booksâ€”in its computer memory devices.

All of this information is available for retrieval and display within a fraction of a
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CHAPTER 4 

Digital Computers 

Digital computers have revolutionized engineering practice. just as they have 
other aspects of modern life . Computers have become an absolutely essenti<!l tool 
in all phases of engineering, from research and development to marketing and 
management. The engineer of a generation ago would probably not even recognize 
many oftoday's routine engineering activities that rely heavily on digital comput­
ers. Even after three decades the computer revolution shows no sign of slowing. 
New discoveries and improvements in computer technology continue at such a 
pace that many products and techniques in the computer field become obsolete 
within a few years time. 

The power of computers in most applications can be traced to two fundamen­
tal features: their capacity to store and display large amounts of information and 
their ability to process this information at a very rapid rate. Information storage 
and display are important in many engineering activities. Today's engineer relies 
on computer-based library reference services, computer data bases. and computer 
scheduling, accounting, and inventory control services. The ability of the com­
puter to tackle large and complex calculations has also had a major impact on 
engineering practice, particularly in research. development. and design activities. 
Today the engineer routinely uses the computer to solve problems that would 
have been unthinkable even as recently as a decade ago. Moreover the microelec­
tronics revolution has stimulated the development of powerful hand-held cal­
culators and personal microcomputers. These devices have become as familiar to 
the engineer of today as the slide rule was to engineers several years ago. 

Example A dramatic example of the rapid growth in information storage capa­
bility is provided by the computer system at the Lawrence Livermore Laboratory 
in California (Figure 4.1 ). This system can store roughly one trillion ( 1012) bits of 
information-the equivalent of 100,000 books-in its computer memory devices. 
All of this information is available for retrieval and display within a fraction of a 
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FIGURE 4.1. The computer system at the Lawrence Livermore Laboratory. {Courtesy Lawrence Liver­
more National Laboratory) 

second. Other somewhat slower storage devices such as magnetic tapes extend 
this memory capacity to roughly 1014 bits (the equivalent of 10 million books). 

The ready availability of such mammoth information storage capacity has led 
to the establishment of public "jnformation utilities ... These computer-based serv­
ices provide information to subscribers in much the same way that electrical 
utilities provide electricity. One can access these services by simply dialing the 
appropriate telephone number from any computer terminal (or home computer) . 
Such services typically provide a myriad of information including daily news wire 
services, encyclopedia and library references services, educational materials. per­
sonal finance and consumer data, accounting and finance services , and games, all 
available at the request of the user for only a small fee. 

The evolution in the speed of computer calculation has also been quite dra­
matic. Even the relatively inexpensive personal computer can perform roughly 
100,000 operations (e.g. , additions) per second . Larger machines average about I 0 
million operations per second , while the fastest machines can perform more than 
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DIGITAL COMPUTERS 231

100 million operations per second. Indeed, the speed of some advanced computers

is now limited primarily by the length of time it takes an electrical signal to travel

from one part of the computer to another, at nearly the speed of light.

Exercises

Introduction

1. List the interactions (either direct or indirect) you have with comput-

ers on a typical day.

2. What role might computers play in the following situations:

1. Assembly line operations

2. Regional electric power distribution

3. Traffic light sequencing

4. Supermarkets

3. How could computers be used in the following engineering activities?

1. Literature search

3. Modeling of engineering systems

3. Model refinement

4. Optimization

5. Technical report preparation

4. List and describe all of the computers that you own. (Don't forget to

include devices such as multifunction watches.)

5. How do you regard the computer philosophically: as a benefit or a

threat? Contrast your views with those of your friends (particularly

those with nonscientific backgrounds).

4.1. TRENDS IN COMPUTER DEVELOPMENT

4.1.1. What Is a Computer?

A computer is essentially a machine that processes information or data. More

precisely, a computer is a device that can receive and store a set of instructions

and then carry out those instructions to process data. This definition implies that a

computer not only receives and processes data, but it also receives, stores, and

executes instructions. The set of instructions that can be fed into the computer is

known as a computer program. Both the data fed into the computer, as well as the

program (the set of instructions) that governs the processing of that data, can be

changed at the discretion of the user.

This definition suggests that the most primitive "black box" diagram of a
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I 00 million operations per second. Indeed, the speed of some advanced computers 
is now limited primarily by the length of time it takes an electrical signal to travel 
from one part of the computer to another, at nearly the speed of light. 

Exercises 

Introduction 

1. List the interactions (either direct or indirect) you have with comput­
ers on a typical day. 

2. What role might computers play in the following situations: 
I. Assembly line operations 
2. Regional electric power distribution 
3. Traffic light sequencing 
4. Supermarkets 

3. How could computers be used in the following engineering activities? 
I. Literature search 
3. Modeling of engineering systems 
3. Model refinement 
4. Optimization 
5. Technical report preparation 

4. List and describe all of the computers that you own. (Don't forget to 
include devices such as multifunction watches.) 

5. How do you regard the computer philosophically: as a benefit or a 
threat? Contrast your views with those of your friends (particularly 
those with nonscientific backgrounds). 

4.1. TRENDS IN COMPUTER DEVELOPMENT 

4.1.1. What Is a Computer? 

A computer is essentially a machine that processes information or data. More 
precisely, a computer is a device that can receive and store a set of instructions 
and then carry out those instructions to process data. This definition implies that a 
computer not only receives and processes data, but it also receives, stores, and 
executes instructions. The set of instructions that can be fed into the computer is 
known as a computer program. Both the data fed into the computer, as well as the 
program (the set of instructions) that governs the processing of that data, can be 
changed at the discretion of the user. 

This definition suggests that the most primitive "black box" diagram of a 
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FIGURE 4.2. A black box diagram indi-

cating the principal components of a digi-

tal computer.

t

computer would take the form shown in Figure 4.2. Here we have identified four

components: an input device to receive the data and/or instructions (program), a

memory device to temporarily store this data, a central processing unit that exe-

cutes the instructions to process the data, and an output device to display the

results of the data processing. Typically the input device might be a keyboard on a

computer terminal, a card reader to read punched cards, a magnetic disk or tape

device, or perhaps a speech identifier or light pen. Output devices include tele-

types or printers, TV screens, magnetic disks or tapes, speech synthesizers, and so

on. The computer memory most typically consists of tiny electric (integrated)

circuits, but other devices such as magnetic disks and tapes are also used. The

central processing unit (the "brains" of the computer) consists of electric circuits

designed to carry out the data processing (e.g., arithmetic calculations) and a

control unit to organize and coordinate this data processing.

In almost all modern computers, data is handled and manipulated in digital

formâ€”that is, as numbers. In fact, most computers process data in the form of

binary numbers, as sequences of the binary digits 0 or 1.

Central

processing

unit

4.1.2. Analog versus Digital Computers

Analog quantities are signals or measurements that can assume a continuum of

possible values. For example, physical quantities such as temperature, velocity,

or position are normally assumed to change smoothly and continuously. Digital

quantities, on the other hand, are inherently discrete with a magnitude rep-

resented by an integer number. Digital signals can therefore change only from one

incremental value to another; there is no longer a smooth variation. Examples of

digital variables include the number of units produced by a manufacturing plant on

a given day and the time of day as measured by a digital clock.

It is possible to build a calculational device or computer using either analog or

digital principles. For example, an electronic circuit can be designed that will

produce an output voltage that is the product of voltages supplied at two separate

inputs. This circuit will then function as a rudimentary analog computer. Its func-

tion will be to take two analog input quantities (voltages) and produce an analog
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Central 
processing 

unit 

FIGURE 4.2. A black box diagram indi­
cating the principal components of a digi­
tal computer. 

computer would take the form shown in Figure 4.2. Here we have identified four 
components: an input oevice to receive the data and/or instructions (program), a 
memory device to temporarily store this data, a central processing unit that exe­
cutes the instructions to process the data, and an output device to display the 
results of the data processing. Typically the input device might be a keyboard on a 
computer terminal, a card reader to read punched cards, a magnetic disk or tape 
device, or perhaps a speech identifier or light pen. Output devices include tele­
types or printers. TV screens, magnetic disks or tapes, speech synthesizers. and so 
on. The computer memory most typically consists of tiny electric (integrated) 
circuits, but other devices such as magnetic disks and tapes are also used. The 
central processing unit (the "brains'' of the computer) consists of electric circuits 
designed to carry out the data processing (e.g .. arithmetic calculations) and a 
control unit to organize and coordinate this data processing. 

In almost all modern computers, data is handled and manipulated in digital 
form-that is. as numbers. In fact, most computers process data in the form of 
binary numbers. as sequences of the binary digits 0 or I. 

4.1.2. Analog versus Digital Computers 

Ana/of.: quantities are signals or measurements that can assume a continuum of 
possible values. For example. physical quantities such as temperature. velocity. 
or position are normally assumed to change smoothly and continuously. Digital 
quantities. on the other hand, are inherently discrete with a magnitude rep­
resented by an integer number. Digital signals can therefore change only from one 
incremental value to another: there is no longer a smooth variation. Examples of 
digital variables include the number of units produced by a manufacturing plant on 
a given day and the time of day as measured by a digital clock. 

It is possible to build a calculational device or computer using either analog or 
digital principles. For example, an electronic circuit can be designed that will 
produce an output voltage that is the product of voltages supplied at two separate 
inputs. This circuit will then function as a rudimentary analog computer. Its func­
tion will be to take two analog input quantities (voltages) and produce an analog 
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output that is their product (the output voltage). Given this basic multiplier circuit, 
many other arithmetic operations can be carried out by properly combining such 
circuits. Modem analog computers often combine hundreds of these elements to 
produce an analog voltage that may vary as a complex function of several input 
variable voltages. 

Example It is desired to compute the kinetic energy of an automobile as its 
speed changes. The input variable in this case can be the voltage developed by the 
speedometer of the car, which is an analog quantity . Using a proper combination 
of electrical circuits, this voltage can be multiplied by itself (or squared) , produc­
ing a result proportional to kinetic energy (!mnv 2). This result is an analog voltage 
output that varies continuously as the automobile speed changes. It could be 
supplied to a calibrated voltmeter mounted on the automobile instrument panel to 
give the driver an indication of the car's instantaneous kinetic energy. 

FIGURE 4.3. A laboratory of analog computers. (Courtesy University of Michigan Col­
lege of Engineering) 
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Although analog computers are still useful in some applications, there has

been an overwhelming trend toward the use of digital computers in engineering.

Here the input and output quantities are digital numbers that can be used to

represent physical quantities. Therefore, most of this chapter will deal with the

concepts of digital information together with the basic components and functions

of digital computers.

SUMMARY

Analog quantities vary continuously, whereas digital quantities are re-

stricted to a set of discrete values. Analog computers consist of electronic

circuits or mechanical devices that stimulate the behavior of a system.

Digital computers process data in the form of numbers. Modern trends in

engineering have been toward the introduction of digital computation,

sometimes as a substitute for older analog methods.

4.1.3. Evolution of Digital Computers

The first electronic digital computer, ENIAC. was developed at the University of

Pennsylvania in 1945 and consisted of some 18,000 vacuum tubes. Subsequent

machines of the 1940s and 1950s were also fabricated from discrete circuit compo-

nents such as vacuum tubes, resistors, and capacitors. These computers were of

necessity quite large in physical size and required careful environmental control

(air conditioning). In order to provide a useful amount of computation capacity,

such units would occupy a large room or perhaps an entire building. Because of

their large size and expense, they were treated as central facilities. A user found it

necessary to bring data encoded on punched cards ("do not fold, spindle, or

multilate. . .") or magnetic tape for processing.

The introduction of transistor-based circuits in the late 1950s considerably

increased capacity and speed, but the computer continued to be a large and

expensive device servicing users from a central location. Such large, central com-

puting facilities are still common today, but the substitution of modern

miniaturized circuitry has allowed vastly greater capacity and computation

speeds. These large devices are commonly referred to as mainframe computers

(Figure 4.4), and each unit may cost as much as several million dollars.

The trend toward miniaturization in circuit design led to the introduction of

the minicomputer in the early 1960s. Here the basic elements of a digital computer

could be provided in a single electronic rack of convenient size. The entire com-

puter (complete with input/output devices) would be about the size of a desk.

Furthermore, costs were now sufficiently low ($10,000 to $100,000) to allow sepa-
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Although analog computers are still useful in some applications, there has 
been an overwhelming trend toward the use of digital computers in engineering. 
Here the input and output quantities are digital numbers that can be used to 
represent physical quantities. Therefore, most of this chapter will deal with the 
concepts of digital information together with the basic components and functions 
of digital computers. 

SUMMARY 

Analog quantities vary continuously. whereas digital quantities are re­
stricted to a set of discrete values. Analog computers consist of electronic 
circuits or mechanical del·ices that stimulate the behavior of a system. 
Digital computers process data in the form of numbers. Modern trends in 
engineering ha~·e been toward the introduction of digital computation, 
sometimes as a substitute for older analog methodl·. 

4.1.3. Evolution of Digital Computers 

The first electronic digital computer, ENIAC. was developed at the University of 
Pennsylvania in 1945 and consisted of some 18,000 vacuum tubes. Subsequent 
machines of the 1940s and 1950s were also fabricated from discrete circuit compo­
nents such as vacuum tubes, resistors. and capacitors. These computers were of 
necessity quite large in physical size and required careful environmental control 
(air conditioning). In order to provide a useful amount of computation capacity. 
such units would occupy a large room or perhaps an entire building. Because of 
their large size and expense, they were treated as central facilities. A user found it 
necessary to bring data encoded on punched cards (''do not fold. spindle. or 
multilate .. ." ·) or magnetic tape for processing. 

The introduction of transistor-based circuits in the late 1950s considerably 
increased capacity and speed, but the computer continued to be a large and 
expensive device servicing users from a central location. Such large. central com­
puting facilities are still common today. but the substitution of modern 
miniaturized circuitry has allowed vastly greater capacity and computation 
speeds. These large devices are commonly referred to as mainframe computers 
(Figure 4.4). and each unit may cost as much as several million dollars. 

The trend toward miniaturization in circuit design led to the introduction of 
the minicomputer in the early 1960s. Here the basic elements of a digital computer 
could be provided in a single electronic rack of convenient size. The entire com­
puter (complete with input/output devices) would be about the size of a desk. 
Furthermore, costs were now sufficiently low ($10,000 to $100,000) to allow sepa-

D1 tiz by 
Original from 

UNIVERSITY OF ICHIGAN 



G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le
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FIGUR E .a.4. A large mainframe computer. (Courtesy Control Data Corporation) 

FIGURE 4.5. A tiny microproce~sor. a computer on a single chip of s ilicon (in this case 
placed on the head of a paper clip for size reference). (Courtesy Bell 
Laboratories) 
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rate minicomputers to be dedicated to tasks in individual laboratories or at the site 
of .heir application . In this way data sources such as measuring instruments or 
sensors could be coupled directly to the minicomputer. This trend not only 
avoided the indirect transfer of data (carrying punched cards or magnetic tape 
over to the computer center), but it also permitted the direct involvement of the 
computer in the supervision and control of laboratory experiments and industrial 
processes. In this kind of real-time computation the signals from various sensors 
or instruments are used to derive a calculated result almost instantaneously. This 
result may then be used to control the future behavior of the system. 

The next step in this evolution was the introduction of the microprocessor in 
the 1970s. Technical developments in large scale integrated circuits (IC) allowed 
the incorporation of the basic elements of a digital computer on a single chip of 
silicon (Figure 4.5). Tens of thousands of individual circuit elements could be 
etched onto the surface of a s mall wafer of silicon about the size of a fingernail. 
Such an integrated circuit could be designed to store, interpret. and execute 
instructions. When equipped with suitable input and output devices and further 
IC-based memory, the microprocessor became the central processing unit of a 
tiny computer. Such computers based on microprocessors and costing no more 
than a few thousand dollars are referred to as microcomputers. 

While still considerably less versatile than large mainframe computers. mi­
croprocessors are continuing to undergo rapid evolution and improvement. Their 

FIGURE 4.6. Microprocessors have been built into .. smart .. instruments. (Courtesy 
Hewlett-Packard Company) 
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FIGURE 4.7. The personal computer has become a powerful tool of the scientist and 
engineer. (Courtesy Hewlett Packard Company) 

small size often allows their incorporation directly jnto the device or instrument 
that actually generates the data. Thus we have seen the rapid evolution of 
" smart" instruments in which some computational ability is provided within the 
device itself (Figure 4.6). The microprocessor has already had a profound impact 
on virtually all areas of instrumentation and engineering measurements. It has 
penetrated into the consumer market with the a ppearance of multifunction 
watches, telephone receivers, automobile instruments and controls, hand-held 
electronic games, and so on , all based on microprocessors. 
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The impact of most immediate concern to the engineering student is the use of 
microprocessors in small pocket calculators or personal computers (Figure 4.7). 
Today we have small, inexpensive computers with the computational powerofthe 
large machines that were in use a decade ago. Already these devices have rev­
olutionized engineering education and practice (Figure 4.8). 

The use of computers has also changed over the years. Early mainframe 
computers were usually operated in a batch mode that required each user to bring 
input data to the facility for processing in the form of punched cards or magnetic 
tape. The entire computer was then dedicated to each job in turn as they were 
carried out in sequence. During the J%0s many computer facilities shifted to 
rime-sharing systems (Figure 4.9). In this mode of operation many users are 
accommodated simultaneously from remote terminals connected to the central 
computer by phone lines. In a time-sharing system a small segment of the comput­
er's time, say 0.01 second , is allocated to each user in sequence. If there are 100 
users, then every second a typical user is given only one percent of the computer's 
time . Because the computer is so fast , a large number of calculations can be 
carried out in that short time segment. Very often the results needed by the user 
can be provided within a few such cycles. so that a response can be printed out at 
the terminal within a few seconds. In many cases the user is not even aware of the 

FIGURE 4.8. Personal computers are revolutionizing the activities of engineers and sci· 
entists. (Courtesy Apple Computer. Inc.) 
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Disk drives 

] 

(Telephone lines) 

1..__.....,_jr 1..__-...~r 1..__.....-.....Jr 
Time-sharing terminals 

Computers 

Touch-tone 
telephones 

FIGURE 4.9. A schematic of a large time-sharing computer sys tem (in this case the Michigan Terminal 
System). (Reprinted with permission from Brice Carnahan and James 0 . Wilkes. Digital 
ComputinK. FORTRAN-IV. WATFIV. and MTS . © 1979 by Brice Carnahan and James 0. 
Wilkes) 
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240 THE TOOLS 

FIGURE 4.10. Several of the more popular personal computers including the Apple-11. 
Radio Shack TRS-80 Model III . Zenith (Heath) Z-89. and the Hewlett­
Packard HP-85. (Courtesy Apple Computer, Inc. , Tandy Corporation. 
Zenith Data Systems and Hewlett-Packard) 

delay . When the results of a calculation are available almost immediately . the 
input data or processing instructions can be changed to reflect the experience 
gained from earlier results. This mode of operation is known as interactive com­
puting. In essence it allows the user to converse directly with the computer and 
allows a very rapid and efficient development of computing methods. 

Another important aspect of interactive computing is the development of the 
personal or home computer (Figure 4.10). These microcomputers typically use a 
keyboard for input and a TV screen for output. Their large memory size coupled 
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DIGITAL COMPUTERS

with inexpensive perhiperal devices such as floppy disk units and printers, pro-

vide the engineer with a powerful computer system that can be dedicated to

individual needs, whether at office, home, or school. Home computers can also be

converted rather easily into "smart" terminals to allow the user access to a large,

central time-sharing system.

SUMMARY

The power of digital computers is based on their capacity to store large

amounts of information and their ability to carry out the processing of this

data at high speed. In addition to large scale mainframe computer

facilities, the minicomputer and microprocessor have evolved to allow

location of the computer at the site of its application. The increased

flexibility of central facilities has allowed their use in a time-sharing mode

of operation with rapid feedback of information. This increased use of

interactive computing has also been stimulated by the development of the

personal microcomputer.

Example The variety of modern computers is extraordinary. In Figure 4.10 we

show several popular personal computers, including the Apple-II, the TRS-80, the

TI-91, and the Heath 95. All of these units are based on 8-bit microprocessors with

memory sizes of 8000 to 64,000 bytes and costing from $500 to $2500.

In contrast, Figure 4.11 shows the mammoth timesharing computer system at

the Lawrence Livermore Laboratory. This system is based upon four large CDC-

7600 mainframe computers and two CDC-Star-100 supercomputers. These com-

puters are coordinated by several PDP-10 computers that act as dispatchers,

routing data back and forth among the large computers, data banks, and an array

of PDP-8 minicomputers that handle the some 2200 user terminals tied into the

system. The Livermore system has been appropriately named "Octopus."

Exercises

What Is a Computer

1. Choose one of your own computers and identify and describe each

of its major components.

2. Prepare a list of as many input/output (I/O) devices for computers as

you can think of.
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with inexpensive perhiperal devices such as floppy disk units and printers, pro­
vide the engineer with a powerful computer system that can be dedicated to 
individual needs, whether at office, home, or school. Home computers can also be 
converted rather easily into "smart" terminals to allow the user access to a large, 
central time-sharing system. 

SUMMARY 

The power of digital computers is based on their capacity to store large 
amounts of information and their ability to carry out the processing of this 
data at high speed. In addition to large scale mainframe computer 
facilities, the minicomputer and microprocessor have evolved to allow 
location of the computer at the site of its application. The increased 
flexibility of centra/facilities has allowed their use in a time-sharing mode 
of operation with rapid feedback of information. This increased use of 
interactive computing has also been stimulated by the development of the 
personal microcomputer. 

Example The variety of modern computers is extraordinary. In Figure 4.10 we 
show several popular personal computers, including the Apple-II, the TRS-80, the 
Tl-91, and the Heath 95. All ofthese units are based on 8-bit microprocessors with 
memory sizes of 8000 to 64,000 bytes and costing from $500 to $2500. 

In contrast, Figure 4.11 shows the mammoth timesharing computer system at 
the Lawrence Livermore Laboratory. This system is based upon four large CDC-
7600 mainframe computers and two CDC-Star-100 supercomputers. These com­
puters are coordinated by several PDP-I 0 computers that act as dispatchers, 
routing data back and forth among the large computers, data banks, and an array 
of PDP-8 minicomputers that handle the some 2200 user terminals tied into the 
system. The Livermore system has been appropriately named "Octopus." 

Exercises 

What Is a Computer 

1. Choose one of your own computers and identify and describe each 
of its major components. 

2. Prepare a list of as many input/output (I/O) devices for computers as 
you can think of. 
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242 THE TOOLS 

FIGURE 4.11. The Lawrence Livermore Laboratory Octopus computer system and data network . (Cou r­
tesy Lawrence Livermore National Laboratory) 

D 

3. How would you contrast the definition of a computer with that of a 
hand-held calculator? 

4. Identify the major components of the "computer" of a human being. 

Analog vs. Digilal 

S. In some circumstances both analog and digital devices are available 
to carry out somewhat the same func tion. One example is the watch. 
where the digital variety now coexists with the more traditional '' big 
hand-little hand .. analog design. List three additional pairs of analog 
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and digital devices that are also used for the same purpose in other

applications.

6. The engineer's best friend of a decade ago, the slide rule, has been

essentially replaced by digital pocket calculators. Using older texts

as references, explain the principle of operation of the slide rule, and

show how it functions as one type of analog computer.

7. Determine several applications of analog computers within your own

college of engineering.

8. Identify and give examples of the replacement of analog by digital

devices in automobile design.

Computer Evolution

9. Identify the role played by each of the following individuals in the

development of computers:

William Babbage Seymor Cray

Herman Hollerith Frederick Fortran

John Von Neumann The Countess of Lovelace

10. Visit your university computer center and obtain the following in-

formation:

1. Type of mainframe computer(s)

2. Computer size (main memory, peripheral storage, terminals)

3. Computer speed (operations per second)

4. Available language (FORTRAN, ALGOL, PL/I, etc.)

11. Identify how each of the following types of computers might be used

in your particular field of engineering:

1. Mainframe

2. Microcomputer

3. Microprocessor

4. Analog computer

12. Trace the development of the personal computer (e.g., size, speed,

support devices, I/O) by referring to back issues of microcomputer

magazines in your technical library such as BYTE or Personal Com-

puting .

13. Prepare a short shopper's guide comparison list of presently availa-

ble personal computers (including primary characteristics and

costs).

4.2 BASIC PRINCIPLES OF DIGITAL METHODS

To discuss the basic operation of a digital computer, we must first look at the way

in which the digital information is handled within such devices. As we shall see,

virtually any piece of information can be reduced to a sequence of numbers. A key
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and digital devices that are also used for the same purpose in other 
applications. 

6. The engineer's best friend of a decade ago, the slide rule, has been 
essentially replaced by digital pocket calculators. Using older texts 
as references, explain the principle of operation of the slide rule, and 
show how it functions as one type of analog computer. 

7. Determine several applications of analog computers within your own 
college of engineering. 

8. Identify and give examples of the replacement of analog by digital 
devices in automobile design. 

Computer Evolution 

9. Identify the role played by each of the following individuals in the 
development of computers: 
William Babbage 
Herman Hollerith 
John Von Neumann 

Seymor Cray 
Frederick Fortran 
The Countess of Lovelace 

10. Visit your university computer center and obtain the following in-
formation: 

I. Type of mainframe computer(s) 
2. Computer size (main memory, peripheral storage, terminals) 
3. Computer speed (operations per second) 
4. Available language (FORTRAN, ALGOL, PL/1, etc.) 

11. Identify how each of the following types of computers might be used 
in your particular field of engineering: 

1. Mainframe 
2. Microcomputer 
3. Microprocessor 
4. Analog computer 

12. Trace the development of the personal computer (e.g., size, speed, 
support devices, 1/0) by referring to back issues of microcomputer 
magazines in your technical library such as BYTE or Personal Com­
putinf;:. 

13. Prepare a short shopper's guide comparison list of presently availa­
ble personal computers (including primary characteristics and 
costs). 

4.2 BASIC PRINCIPLES OF DIGITAL METHODS 

To discuss the basic operation of a digital computer, we must first look at the way 
in which the digital information is handled within such devices. As we shall see, 
virtually any piece of information can be reduced to a sequence of numbers. A key 
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element of our discussion is the way in which numbers can be represented by

electronic signals within the circuitry of the computer. We shall therefore begin

our discussion with a review of the different types of number systems, with

particular emphasis on the binary system used by all basic logic circuits. We then

show how these numbers can be combined or manipulated in arithmetic opera-

tions that are so important in the operation of any digital computer.

4.2.1. Number Systems

All of us have been trained to use the decimal number system. A specific number

such as 359.8 is coded in terms of the base of the number system, in this case 10.

The value of each digit depends on its position relative to the decimal point

according to the following prescription:

3 x 102

+5 x 101

+9 x 10Â°

+8 x 10~i

Of course there is nothing unique about the choice of 10 as the base. In most

digital applications it makes more sense to deal in number systems with a base of

2, 8, or 16, since these are more compatible with the on/off behavior of most

computer circuit components. These are called binary, octal, and hexadecimal

systems, respectively.

In the octal number system, only the digits 0 through 7 are used. The digit

represented as 8 in the common decimal system now is represented as 10 in the

octal system. It is to be interpreted as

1 0 .

1 x 8i

+0x8Â°

Table 4.1 shows several of the first successive octal digits together with their

decimal equivalents.

The hexadecimal representation requires six additional digits beyond those of

the decimal system. These are given the designation A through F as illustrated in

Table 4.1. In decimal notation these digits correspond to the numbers 10 through

15. Large numbers written in hexadecimal form will tend to have somewhat fewer

digits than the decimal equivalent because each number position carries a greater

range of values. The opposite is true for the octal system.

3 5 9-8

ft

i

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

244 THE TOOLS 

element of our discussion is the way in which numbers can be represented by 
electronic signals within the circuitry of the computer. We shall therefore begin 
our discussion with a review of the different types of number systems, with 
particular emphasis on the binary system used by all basic logic circuits. We then 
show how these numbers can be combined or manipulated in arithmetic opera­
tions that are so important in the operation of any digital computer. 

4.2.1. Number Systems 

All of us have been trained to use the decimal number system. A specific number 
such as 359.8 is coded in terms of the base of the number system, in this case 10. 
The value of each digit depends on its position relative to the decimal point 
according to the following prescription: 

3 5 9 . 8 

3 X 102 

L.....+--+--- + 5 X I 01 

a....--+--- +9 X 10° 

L.....-- +8 x 10-l 

Of course there is nothing unique about the choice of 10 as the base. In most 
digital applications it makes more sense to deal in number systems with a base of 
2, 8, or 16, since these are more compatible with the on/off behavior of most 
computer circuit components. These are called binary. octal, and hexadecimal 
systems, respectively. 

In the octal number system, only the digits 0 through 7 are used. The digit 
represented as 8 in the common decimal system now is represented as 10 in the 
octal system. It is to be interpreted as 

Table 4.1 shows several of the first successive octal digits together with their 
decimal equivalents. 

The hexadecimal representation requires six additional digits beyond those of 
the decimal system. These are given the designation A through F as illustrated in 
Table 4.1. In decimal notation these digits correspond to the numbers 10 through 
15. Large numbers written in hexadecimal form will tend to have somewhat fewer 
digits than the decimal equivalent because each number position carries a greater 
range of values. The opposite is true for the octal system. 
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TABLE 4.1 Equivalent Number Representations in Different Base Systems

DECIMAL

BINARY

OCTAL

HEXADECIMAL

0

0

0

0

1

1

1

1

2

10

2

2

3

11

3

3

4

100

4

4

5

101

5

5

6

110

6

6

7

111

7

7

X

1000

10

8

9

1001

11

9

10

1010

12

A

1 1

1011

13

B

12

1100

14

C

13

1101

15

D

14

1110

16

E

I5

mi

17

F

16

10000

20

10

The binary system is the simplest of all number systems and uses only the

digits 0 and 1. The value of each digit position is therefore given by the following

representation:

10 110 1.0101

+ 1 x 2s

+0x?

+ 1 x 23

+ 1 x 22

+0 x 21

+ 1x2Â°

+0 x 2-1

+ 1 x 2~2

+0 x 2~3

+ lx2~4
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TABLE 4.1 Equivalent Number Representations in Different Base Systems 

DECIMAL BINARY OCTAL HEXADECIMAL 

0 0 0 0 
I 

2 10 2 2 
3 II 3 3 
4 100 4 4 

5 101 5 5 
6 110 6 6 
7 Ill 7 7 
8 1000 10 8 
9 1001 II 9 

10 1010 12 A 

II lOll 13 B 
12 1100 14 c 
13 1101 15 D 
14 1110 16 E 

15 Jill 17 F 
16 10000 20 10 

The binary system is the simplest of all number systems and uses only the 
digits 0 and I. The value of each digit position is therefore given by the following 
representation: 

101101.0101 

t~ ~ ~ . ~ . ~ ~~ Al l 

19 IZ€ 

+I X 25 

+0 X :24 

+I X 23 

+I X 22 

+0 X 21 

+lx'J!l 

+0 X 2- 1 

+I X 2-2 

+0 X 2-3 

+I X 2- 4 
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Each of these positions in the binary number is called a binary dig// or bit. There

can be only two possible values for a binary digit, 0 or 1. The counting sequence

for binary numbers is also shown in Table 4.1. A given number requires many

more digits in binary form than does its decimal equivalent. For example, the

decimal number 35, which requires only two decimal digits has as its binary

equivalent 10011, requiring five bits.

Any octal or hexadecimal number can easily be converted to its binary equiv-

alent. Any of the octal digits 0 through 7 corresponds to a unique combination of

three bits (see Table 4.1). Figure 4.12 illustrates the simple steps required to

convert an octal representation to binary and vice versa. Each hexadecimal digit

corresponds to a unique pattern of four binary digits and interconversion between

these two systems is also direct and simple as shown in Figure 4.12.

Conversion between any of the above systems and the decimal is less direct.

To convert a decimal integer into binary form, one must first find the largest

power of 2 that is smaller than (or equal to) the decimal number. This power of 2

corresponds to the leading position (the leftmost digit) in the corresponding binary

number. A "\" is entered in this position, and the corresponding power of 2 is

subtracted from the original decimal number. If the remainder is larger than or

equal to the next lower power of 2, a " 1'' is entered in the next bit position and the

process repeated. If the remainder is less than the next lowest power, a "0" is

entered into the next bit position. By repeating this process until the remainder is

0, all the rest of the bit positions are filled in. This scheme is illustrated in Figure

4.13. The octal or hexadecimal equivalent to the binary number can easily be

obtained by grouping the binary digit into clusters of 3 and 4, respectively.

One binary digit can represent two numbers (0 or 1). Two bits can represent 4

numbers, while 3 bits can represent up to 8 numbers. In general, n bits will be able

to accommodate 2" decimal integers. To represent large decimal numbers, many

bits are required. As shown in Table 4.2, for example, 12 bits are capable only of

representing the decimal integers between 0 and 4095.

The familiar operations of addition, subtraction, multiplication, and division

can be carried out directly using binary numbers. For example, addition requires

the use of only the following simple rules:

0 0 1

+0 +1 +1

0 1 10

OCTAL: 5 13 6

iâ€”*â€”i r**â€”

BINARY: 101001011110

â– 

HEXADEC/MAL: A 5 E

FIGURE 4.12. The conversion between a

given binary number and either the octal or

hexadecimal system is quite simple. Starting

at the right, each group of three binary digits

corresponds to one octal digit. Each group of

four binary digits converts to one hexadeci-

mal digit. The digit conversions are shown in

Table 4.1.
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Each of these positions in the binary number is called a binary digit or bit. There 
can be only two possible values for a binary digit, 0 or 1. The counting sequence 
for binary numbers is also shown in Table 4.1. A given number requires many 
more digits in binary form than does its decimal equivalent. For example, the 
decimal number 35, which requires only two decimal digits has as its binary 
equivalent 10011, requiring five bits. 

Any octal or hexadecimal number can easily be converted to its binary equiv­
alent. Any of the octal digits 0 through 7 corresponds to a unique combination of 
three bits (see Table 4. 1). Figure 4.12 illustrates the simple steps required to 
convert an octal representation to binary and vice versa. Each hexadecimal digit 
corresponds to a unique pattern of four binary digits and interconversion between 
these two systems is also direct and simple as shown in Figure 4.12. 

Conversion between any of the above systems and the decimal is less direct. 
To convert a decimal integer into binary form, one must first find the largest 
power of 2 that is smaller than (or equal to) the decimal number. This power of 2 
corresponds to the leading position (the leftmost digit) in the corresponding binary 
number. A "1" is entered in this position, and the corresponding power of 2 is 
subtracted from the original decimal number. If the remainder is larger than or 
equal to the next lower power of 2, a "I" is entered in the next bit position and the 
process repeated. If the remainder is less than the next lowest power, a "0" is 
entered into the next bit position. By repeating this process until the remainder is 
0, all the rest of the bit positions are filled in. This scheme is illustrated in Figure 
4.13. The octal or hexadecimal equivalent to the binary number can easily be 
obtained by grouping the binary digit into clusters of 3 and 4, respectively. 

One binary digit can represent two numbers (0 or 1). Two bits can represent 4 
numbers. while 3 bits can represent up to 8 numbers. In general, n bits will be able 
to accommodate 2" decimal integers. To represent large decimal numbers, many 
bits are required. As shown in Table 4.2, for example, 12 bits are capable only of 
representing the decimal integers between 0 and 4095. 

The familiar operations of addition. subtraction, multiplication, and division 
can be carried out directly using binary numbers. For example, addition requires 
the use of only the following simple rules: 

OCTAL: 

BINARY: 

HEXADECIMAL: 

D1 tiz by 

0 
+0 

0 

5 1 3 6 

0 
+I 

I 
+I 
10 

~---~-'-! 
101001011110 

FIGURE 4.12. The conversion between a 
given binary number and either the octal or 
hexadecimal system is quite simple. Starting 
at the right. each group of three binary digits 
corresponds to one octal digit. Each group of 
four binary digits converts to one hexadeci­
mal digit. The digit conversions are shown in 
Table 4.1. 

A 5 E 
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We start with the decimal number 26.75.

26.75

-16

10.75

0.25

- 0-25 1

0

2-2

Thus

Digit position in converted

binary number

24 23 22 2i 2Â° 2~1 2~2

â€”

- 8

2.75

J

- 2

2.

0.75

- 0.5

2I

26.75 decimal

imal | ^

11010.11 binary

FIGURE 4.13. The conversion between decimal and binary systems

is a bit more involved, as shown in this example.

TABLE 4.2 Number of Decimal Integers

Corresponding to n Binary Bits

NUMBER OF CORRESPONDING

NUMBER n OF BITS DECIMAL INTEGERS (2")

1 2

2 4

3 8

4 16

5 32

6 64

7 128

8 256

9 512

10 1024

11 2048

12 4096

13 8192

14 16384

15 32768

"Â» 65536
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We start with the decimal number 26. 75. 

Digit position in converted 
binary number 

24 23 22 2' 20 2-12-2 
26.75 

~; =........-: :=:~ -=~---=--->--=-~ v_1 _" D 0 

0.75 

- .....Q.,_L 2- 1 0.25 ....___ ________________ __ 

-~ 2-2 D ....___ __________________ __ 

Thus 26.75 decimal Q 11010.11 binary 

FIGURE 4.13. The conversion between decimal and binary systems 
is a bit more involved. as shown in this example. 

TABLE 4.2 Number of Decimal Integers 
Corresponding to n Binary Bits 

NUMBER OF CORRESPONDING 

NUMBER n OF BITS DECIMAL INTEGERS (2") 

I 2 
2 4 
3 8 
4 16 
5 32 
6 64 

7 128 
8 256 
9 512 

10 1024 
II 2048 
12 4096 

13 8192 
14 16384 
15 32768 
II\ 65536 
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D 

In the third example we see the case of "carrying" a digit to the next position to 
the left of the column in which the addition occurs. An example of the addition of 
two 5-bit binary numbers is shown in Figure 4.14. As in decimal addition , the 
process proceeds column by c·olumn, starting with the right-hand digit. Each step 
must correspond to one of the three cases shown above. Using equally simple 
rules, longhand subtraction and multiplication can also be carried out directly in 
binary representation. 

10 0 0 I • J7 ,._ilnal 
+0101 1 • lf~imal 

1 1 1 o o .. 28 cleelmal 

FIGURE 4.14. An example of the addition of binary 
numbers. 

SUMMARY 

Various number systems are defined by choosing different base values for 
the system. The binary, octal, and hexadecimal systems are defined with 
bases of2 , 8, and 16. All are used to some extent in the representation of 
numbers in digital computers. The binary system is of most general im­
portance because it can be applied directly to describe the basic opera­
tion of logic circuits . Arithmetic operations such as addition can be car­
ried out directly in any number system, including binary. 

4.2.2. Representation of Information in Digital Form 

Virtually any information can be reduced to digital form. That includes not only 
tables of numbers or other numerical data, but also books, pictures, or even a 
performance of Mahler's Fifth Symphony by the Chicago Symphony Orchestra. 
(Witness the recent development of " digital " recordings.) As a result, methods to 
store digital information are of paramount importance in many fields of endeavor, 
and the archives of the future may well be made up of collections of binary 
numbers. 

Means for the storage (and retrieval) of binary information is consequently 
one of the most important topics of modem engineering. Since a binary digit can 
have only one or two possible values, it can be represented using pencil and paper 
simply by writing either a 0 or I . Such written or printed numbers are easily 
recognized by humans, but not by machines. Ways of storing binary information 
have evolved over the years that are more compatible with the requirements of 
electrical or mechanical devices. For example, the bar codes on items at the 
supermarket can be sensed by an optical scanner and translated as a correspond­
ing set of digital information. Because computers are electronic devices, common 
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methods of representing digital information are the electrical signals produced by

striking a key on a terminal keyboard or the signals from a pickup that senses the

patterns on magnetic tape or disk. These media have become the means through

which we can convey a wide variety of information to computers.

All digital computers are based on the storage and manipulation of informa-

tion that is stored in the form of binary digits or bits. Most often this information is

organized in the form of basic units called words. Each word consists of a fixed

number of bits, commonly anywhere between 8 and 64, depending on the size and

design of the particular computer. Most numbers that are stored or manipulated

within the computer are coded in terms of the content of a single word. There are

two distinct modes or conventions that can be used to code a particular number:

integer mode and floating point mode.

Integer Mode

As its name implies, only integer numbers can be represented in integer mode. If

we assume a 16-bit word for purposes of illustration (which is the common integer

word length on most microcomputers), then all decimal integers between 0 and

65,535 could be coded by using each of the 16 bits to represent the equivalent

binary integer. However it is likely that we shall also be interested in using or

storing negative integers. In that case, the first bit (or that in the most left-hand

position) can be given the special purpose of indicating the sign (0 will mean + and

1 will mean -) of the integer represented by the remaining 15 bits. In this way all

decimal integers between -32767 and +32767 can be accommodated.

Example In most digital computers, a system for representing integers known

as two's complement is used in place of either of the above schemes. The two's

complement of a binary number is defined as the binary number that, added to the

original number, gives a sum of unity. For example, the two's complement of

101111000 is 010001000, as shown by the following addition:

101111001

010001000

(1)000000001

The two's complement of a binary number is obtained simply by inverting the

value of each bit (thereby obtaining what is known as the "one's complement")

and adding 1 to the result. The advantage of the two's complement representation

is that it simplifies the subtraction operation. Whereas the two's complement of

the sum of two numbers is obtained by summing the two's complement of each,

the standard binary representation of the difference between integers A and B is

obtained by adding together the value of A (in conventional binary form) with the

two's complement of B.
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methods of representing digital information are the electrical signals produced by 
striking a key on a terminal keyboard or the signals from a pickup that senses the 
patterns on magnetic tape or disk. These media have become the means through 
which we can convey a wide variety of information to computers. 

All digital computers are based on the storage and manipulation of informa­
tion that is stored in the form of binary digits or bits. Most often this information is 
organized in the form of basic units called words. Each word consists of a fixed 
number of bits, commonly anywhere between 8 and 64, depending on the size and 
design of the particular computer. Most numbers that are stored or manipulated 
within the computer are coded in terms of the content of a single word. There are 
two distinct modes or conventions that can be used to code a particular number: 
integer mode andfloating point mode. 

Integer Mode 

As its name implies, only integer numbers can be represented in integer mode. If 
we assume a 16-bit word for purposes of illustration (which is the common integer 
word length on most microcomputers), then all decimal integers between 0 and 
65,535 could be coded by using each of the 16 bits to represent the equivalent 
binary integer. However it is likely that we shall also be interested in using or 
storing negative integers. In that case, the first bit (or that in the most left-hand 
position) can be given the special purpose of indicating the sign (0 will mean + and 
I will mean -)of the integer represented by the remaining 15 bits. In this way all 
decimal integers between -32767 and + 32767 can be accommodated. 

Example In most digital computers, a system for representing integers known 
as two's complement is used in place of either of the above schemes. The two's 
complement of a binary number is defined as the binary number that, added to the 
original number, gives a sum of unity. For example, the two's complement of 
101111000 is 010001000, as shown by the following addition: 

101111001 
010001000 

( 1)00000000 1 

The two's complement of a binary number is obtained simply by inverting the 
value of each bit (thereby obtaining what is known as the "one's complement") 
and adding 1 to the result. The advantage of the two· s complement representation 
is that it simplifies the subtraction operation. Whereas the two's complement of 
the sum of two numbers is obtained by summing the two's complement of each, 
the standard binary representation of the difference between integers A and B is 
obtained by adding together the value of A (in conventional binary form) with the 
two· s complement of B. 
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Example Carry out the binary equivalent of the decimal subtraction: 51 - 29 =

22 in binary representation, using the two's complement of the number that is

subtracted.

Solution: First we write

51 decimal â–º 110011 binary

29 decimal â–º 011101 binary

Now, to obtain the two's complement of the second number, we first note that its

one's complement is obtained by changing the value of each bit:

29 decimal â–º 100010 one's complement

Adding 1 to this result gives the two's complement:

29 decimal â–º 100011 two's complement

Therefore the original subtraction is equivalent to the following sum:

51 decimal â–º 110011 binary

29 decimal â–º 100011 two's complement

(1)010110 22 decimal

Note that in forming the sum, we have assumed that the number length is limited

to 6 bits. The 7th bit is therefore an "overflow" and is ignored.

The two's complement allows both addition and subtraction to be carried out

on the same type of computer circuit. In fact, all arithmetic operations on binary

numbers can be reduced to addition in a similar manner. A computer can get along

without special circuits for subtraction, multiplication, and division provided it

has the ability to add.

Floating Point Representation

In many situations it is necessary to represent numbers that do not fit within the

integer format discussed above. Sixteen bits can represent only a limited range of

values, and much larger numbers often arise in common calculations. Also, it is

not possible to represent fractional values in integer format. For these reasons, the

floating point representation has come into widespread use.

The floating point number representation is similar to the scientific notation

discussed in Section 3.3. Here any number is represented by two parts: its man-

tissa and its exponent (normally assumed to be base 10). In most conventions, the

mantissa is a number in the range 0.1000. . . to 0.9999. . . . The exponent then

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

0
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

250 THE TOOLS 

Example Carry out the binary equivalent of the decimal subtraction: 51 - 29 = 
22 in binary representation, using the two's complement of the number that is 
subtracted. 

Solution: First we write 

51 decimal---~lll• 110011 binary 

29 decimal IJJ> 011101 binary 

Now, to obtain the two's complement of the second number, we first note that its 
one's complement is obtained by changing the value of each bit: 

29 decimal ----.. • 1000 I 0 one· s complement 

Adding I to this result gives the two's complement: 

29 decimal----Ill• 1000 II two's complement 

Therefore the original subtraction is equivalent to the following sum: 

51 decimal----Ill• 110011 binary 

29 decimal .. 100011 two's complement 
( 1)010110 22 decimal 

Note that in forming the sum, we have assumed that the number length is limited 
to 6 bits. The 7th bit is therefore an "overflow" and is ignored. 

The two· s complement allows both addition and subtraction to be carried out 
on the same type of computer circuit. In fact, all arithmetic operations on binary 
numbers can be reduced to addition in a similar manner. A computer can get along 
without special circuits for subtraction. multiplication, and division provided it 
has the ability to add. 

Floating Point Representation 

In many situations it is necessary to represent numbers that do not fit within the 
integer format discussed above. Sixteen bits can represent only a limited range of 
values, and much larger numbers often arise in common calculations. Also, it is 
not possible to represent fractional values in integer format. For these reasons. the 
floating point representation has come into widespread use. 

The floating point number representation is similar to the scientific notation 
discussed in Section 3.3. Here any number is represented by two parts: its man­
tissa and its exponent (normally assumed to be base 10). In most conventions. the 
mantissa is a number in the range 0.1000 ... to 0.9999 .... The exponent then 
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DIGITAL COMPUTERS

indicates the power of 10 by which the mantissa should be multiplied in order to

give the represented number. The binary equivalent of the decimal point is al-

lowed to "float" in relation to the bits stored in memory to achieve the most

efficient representation of information. Some examples are shown below:

3647.1 â–º 3.6471 x 103 â–º 0.36471E+04

0.000 000 000 611 54 â–º 6.1154 x lO~I0 â–º 0.61154E - 9

Floating point numbers are generally represented by a 32-bit word length (on

both micro and mainframe computers). One possible scheme is shown below:

Sign of exponent

. Exponent

1

1

7

23 bits

-Sign of mantissa

Mantissa

Sign bits must be reserved for both the mantissa and the exponent. The sign of the

mantissa indicates the sign of the represented number, and the exponent can be

either positive or negative to represent either large or small multiplying factors. In

the 32-bit format shown, floating point numbers over the range of -2128 to +2128

can be accommodated.

Example There is one slight complication in this scheme for representing num-

bers in computers. Because each four bit binary sequence within a word can

represent numerical values 0 to 15, it proves most convenient to store numbers

(whether integer or floating point) in base 16 (or hexadecimal) form. For example,

the representation of the integer 1 212 501 072 using a 32-bit word length would be

0

100

1000

0100

0101

0100

1100

0101

0000

Bit pattern

0 Hexadecimal

(48454C50)I6 â–º (1 212 501 072)

while that of a floating point number 0.116 262 912 x 1010 would be

0

100

1000

0100

0101

0100

1100

0101

0000

Bit pattern

0 Hexadecimal

(.454C5 x 168)i6 â–º (1 162 626 120.000)
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indicates the power of 10 by which the mantissa should be multiplied in order to 
give the represented number. The binary equivalent of the decimal point is al­
lowed to "float" in relation to the bits stored in memory to achieve the most 
efficient representation of information. Some examples are shown below: 

3647.1---+lilo 3.6471 X 103---·· 0.36471E+04 

o.ooo ooo ooo 611 54__. 6.1154 x w--!0__. o.6t154E - 9 

Floating point numbers are generally represented by a 32-bit word length (on 
both micro and mainframe computers). One possible scheme is shown below: 

~Sign of expo~ Exponent 

..___Sign of mantissa Mantissa/ 

Sign bits must be reserved for both the mantissa and the exponent. The sign of the 
mantissa indicates the sign of the represented number, and the exponent can be 
either positive or negative to represent either large or small multiplying factors. In 
the 32-bit format shown. floating point numbers over the range of -2128 to + 2128 

can be accommodated. 

Example There is one slight complication in this scheme for representing num­
bers in computers. Because each four bit binary sequence within a word can 
represent numerical values 0 to 15. it proves most convenient to store numbers 
(whether integer or floating point) in base 16 (or hexadecimal) form. For example, 
the representation of the integer 1 212 501 072 using a 32-bit word len~th would be 

[o 1100 11000 I 0100 I 0101 I 0100 11100 I 0101 I 0000 I Bit pattern 

+ 4 8 4 5 4 C 5 0 Hexadecimal 

(48454C50) 16-_..Iilo (I 212 501 072)10 

while that of a floating point number 0.116 262 912 x 1010 would be 

~00 11000 I 0100 I 0101 I 0100 11100 I 0101 I 0000 I Bit pattern 

+ 4 8 4 5 4 C 5 0 Hexadecimal 
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In both instances the first bit is used to indicate sign. In floating point representa-

tion, the next 7 bits represent the exponent, while the last 24 bits represent the

mantissa. An "express" notation has been used to eliminate the need for an

exponent sign bit by assuming the exponent (in hexadecimal form) is 40 less than

the 7-bit number in the binary string.

The difference between integer and floating point numbers is quite important

for reasons other than convenience. Integer numbers are exactly represented,

stored, and manipulated in a computer. There is never any loss of digital informa-

tion due to rounding off. By way of contrast, the computer will automatically

truncate or round off floating point numbers to maintain the required binary word

length. This "roundoff error" can occasionally lead to problems in a long se-

quence of floating point calculations. The subject of inaccuracy and roundoff error

is dealt with extensively in a field of mathematics known as numerical analysis.

Logical Information

Other types of information can be represented in digital form. Logical or Boolean

variables (named after the British logician George Boole) can assume only the

values "true" or "false." These can easily be represented in binary form ("0" or

"1") and manipulated using logical expression such as "AND", "OR", and "= ".

Character or String Data

In addition to representing numbers, there are many occasions in which we would

like to store words and other text material in digital form. All that is needed is a

prearranged code by which letters and other symbols are assigned a specific

binary number. There are several different conventions in use, and Table 4.3

shows one of the most common, known as the 7-bit ASCII code (American Stan-

dard Code for Information Interchange). Seven bits will accommodate 27 or 128

different binary numbers. Therefore, 52 upper and lower case letters, 10 numerals,

and a number of special symbols can be coded. A sequence of such characters is

referred to as a string. String storage and manipulation is a key aspect in many

computer applications such as word processing.

Example Computer terminals with keyboards are a common means of com-

municating with digital computers. Entering the word "cat" into the computer

memory requires a sequence of events. When the letter "c" is pressed on the

keyboard, electrical circuits within the terminal must generate the 7-bit values

(Is and 0s) of the corresponding ASCII code for the letter "c." Most terminals are

connected to the computer by a phone line that can only carry audio signals.

Therefore this bit pattern is translated by the terminal into a sequence of tones that

is actually sent over the phone line. At the receiving end, these tones are reinter-

preted as the corresponding bit pattern. The computer has been preprogrammed

to recognize this pattern as the corresponding ASCII code for the letter "c." All
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In both instances the first bit is used to indicate sign. In floating point representa­
tion, the next 7 bits represent the exponent, while the last 24 bits represent the 
mantissa. An "express" notation has been used to eliminate the need for an 
exponent sign bit by assuming the exponent (in hexadecimal form) is 40 less than 
the 7-bit number in the binary string. 

The difference between integer and floating point numbers is quite important 
for reasons other than convenience. Integer numbers are exactly represented. 
stored, and manipulated in a computer. There is never any Joss of digital informa­
tion due to rounding off. By way of contrast, the computer will automatically 
truncate or round off floating point numbers to maintain the required binary word 
length. This "roundoff error" can occasionally lead to problems in a long se­
quence of floating point calculations. The subject of inaccuracy and roundoff error 
is dealt with extensively in a field of mathematics known as numerical analysis. 

Logical Information 

Other types of information can be represented in digital form. Logical or Boolean 
variables (named after the British logician George Boote) can assume only the 
values "true" or "false." These can easily be represented in binary form ("o·· or 
")")and manipulated using logical expression such as" AND'', "OR", and .. = ... 

Character or String Data 

In addition to representing numbers, there are many occasions in which we would 
like to store words and other text material in digital form. All that is needed is a 
prearranged code by which letters and other symbols are assigned a specific 
binary number. There are several different conventions in use, and Table 4.3 
shows one of the most common, known as the 7-bit ASCII code (American Stan­
dard Code for Information Interchange). Seven bits will accommodate 27 or 128 
different binary numbers. Therefore, 52 upper and lower case letters, 10 numerals. 
and a number of special symbols can be coded. A sequence of such characters is 
referred to as a string. String storage and manipulation is a key aspect in many 
computer applications such as word processing. 

Example Computer terminals with keyboards are a common means of com­
municating with digital computers. Entering the word "cat" into the computer 
memory requires a sequence of events. When the letter "c" is pressed on the 
keyboard, electrical circuits within the terminal must generate the 7-bit values 
( Is and Os) of the corresponding ASCII code for the letter ··c.·' Most terminals are 
connected to the computer by a phone line that can only carry audio signals. 
Therefore this bit pattern is translated by the terminal into a sequence of tones that 
is actually sent over the phone line. At the receiving end, these tones are reinter­
preted as the corresponding bit pattern. The computer has been preprogrammed 
to recognize this pattern as the corresponding ASCII code for the letter ··c.·· All 
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TABLE 4.3 The American Standard Code for Information Interchange (ASCII)

Character Set

CODE

CHAR

CODE

CHAR

CODE

CHAR

CODE

CHAR

Dec

Hex

Dec

Hex

Dec

Hex

Dec

Hex

0

00

NUL

32

20

SP

64

40

@

%

60

I

01

SOH

33

21

j

65

41

A

97

61

a

2

02

STX

34

22

66

42

B

98

62

b

3

03

ETX

35

23

#

67

43

C

99

63

c

4

04

EOT

36

24

$

68

44

D

100

64

d

5

05

ENQ

37

25

%

69

45

E

101

65

e

6

06

ACK

38

26

&

70

46

F

102

66

f

7

07

BEL

39

27

â€¢

71

47

G

103

67

8

8

08

BS

40

28

(

72

48

H

104

68

h

9

09

HT

41

29

)

73

49

I

105

69

i

10

0A

LF

42

2A

*

74

4A

J

106

6A

j

II

0B

VT

43

2B

+

75

4B

K

107

6B

k

12

0C

FF

44

2C

76

4C

L

108

6C

1

13

0D

CR

45

2D

-

77

4D

M

109

6D

m

14

0E

SO

46

2E

78

4E

N

110

6E

n

15

0F

SI

47

2F

/

89

4F

0

III

6F

0

16

10

DLE

48

30

0

80

50

P

112

70

P

17

11

DC1

49

31

1

81

51

Q

113

71

q

18

12

DC2

50

32

2

82

52

R

114

72

r

19

13

DC3

51

33

3

83

53

S

115

73

s

20

14

DC4

52

34

4

84

54

T

116

74

t

21

15

NAK

53

35

5

85

55

U

117

75

u

22

16

SYN

54

36

6

86

56

V

118

76

V

23

17

ETB

55

37

7

87

57

W

119

77

w

24

18

CAN

56

38

8

88

58

X

120

78

X

25

19

EM

57

39

9

89

59

Y

121

79

y

26

1A

SUB

58

3A

:

90

5A

Z

122

7A

z

27

IB

ESC

59

3B

;

91

5B

[

123

7B

{

28

1C

FS

60

3C

<

92

5C

\

124

7C

1

29

ID

GS

61

3D

=

93

5D

]

125

7D

}

30

IE

RS

62

3E

>

94

5E

A

126

7E

~

31

IF

US

63

3F

?

95

5F

-

127

7F

DEL

this takes place in a fraction of a second. Therefore pressing the letters "a" and

"t" at normal typing speed allows separate tone patterns to be generated and

transmitted for these letters as well.
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TABLE 4.3 The American Standard Code for Information Interchange (ASCII) 
Character Set 

CODE CHAR CODE CHAR CODE CHAR CODE CHAR 

Dec Hex Dec Hex Dec Hex Dec Hex 
,6 00 NUL 32 26 SP 64 4,0 @ 96 6,0 
I ,01 SOH 33 21 ! 65 41 A 97 61 a 
2 ,02 STX 34 22 .. 

66 42 B 98 62 b 
3 ,03 ETX 35 23 # 67 43 c 99 63 c 
4 ,04 EOT 36 24 $ 68 44 D 100 64 d 
5 ,05 ENQ 37 25 % 69 45 E 1,01 65 e 
6 ,06 ACK 38 26 & 7,0 46 F 1,02 66 f 
7 ,07 BEL 39 27 , 71 47 G 1,63 67 g 
8 ,08 BS 4,0 28 ( 72 48 H 1,04 68 h 
9 ,09 HT 41 29 ) 73 49 I 1,05 69 i 

1,6 ,0A LF 42 2A * 74 4A J 1,06 6A j 
II ,08 VT 43 28 + 75 48 K 1,07 68 k 
12 .oc FF 44 2C . 76 4C L 1,08 6C I 
13 ,0D CR 45 2D - 77 4D M 1,69 6D m 
14 ,0E so 46 2E 78 4E N 11,0 6E n 
15 ,tJF SI 47 2F I 89 4F 0 Ill 6F 0 

16 1,0 DLE 48 3,0 ,0 8,0 5,0 p 112 7,0 p 
17 II DCI 49 31 I 81 51 Q 113 71 q 
18 12 DC2 5,0 32 2 82 52 R 114 72 r 
19 13 DC3 51 33 3 83 53 s 115 73 s 
2,0 14 DC4 52 34 4 84 54 T 116 74 t 

21 15 NAK 53 35 5 85 55 u 117 75 u 
22 16 SYN 54 36 6 86 56 v 118 76 v 
23 17 ETB 55 37 7 87 57 w 119 77 w 

24 18 CAN 56 38 8 88 58 X 126 78 X 

25 19 EM 57 39 9 89 59 y 121 79 y 

26 lA SUB 58 3A 9,6 5A z 122 7A z 
27 IB ESC 59 38 

' 
91 58 [ 123 78 { 

28 IC FS &0 3C < 92 5C \ 124 7C I 
29 ID GS 61 3D = 93 50 ] 125 7D } 
3,6 IE RS 62 3E > 94 5E !\ 126 7E -
31 IF us 63 3F ? 95 SF - 127 7F DEL 

this takes place in a fraction of a second. Therefore pressing the letters "a" and 
"t" at normal typing speed allows separate tone patterns to be generated and 
transmitted for these letters as well. 
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254 THE TOOLS 

FIGURE 4.15. The keyboard of the Apple-III computer provides an example of the 
ASCII format. (Courtesy Apple Computer . Inc.) 

Example In addition to the usual letter and numeral characters, the ASCII code 
assigns binary integer representations to 32 nonprinting control characters used to 
control input or output on terminals and printers . Examples of control characters 
include ··RETURN'' for carriage return (or linefeed), " RUB" for rubout, .. EOT" 
for end of text , "ESC" for escape. and so on. Although there may be several 
special keys dedicated to such control characters on a computer terminal 
keyboard , such as the " ESCAPE" or "RETURN" key. Some control characters 
are transmitted usi ng normal letter keys by simultaneously depressing a special 
"CONTROL" key analogous to the " SHIFf" key on a typewriter to enter such 
characters. For example. the ··EOT" or end-of-text is entered by depressing the 
CONTROL key and the "C'' key simultaneously-or in the jargon of comput­
erese . typing a "CONTROL-C." 

Machine Instructions 

Instructions to the computer are aJso represented in binary form. A typi­
cal instruction based on a 32-bit word length is shown below: 

o 9 t1zoo by Google Original from 
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01001000

0100

0101

0100

1100

0101

0000

LH 4 5 4 C 5 0

LH 454 (C50)16 â–º LH 454 (3152)IO

The first eight bits hold the command itself, while the remaining bits hold

the memory location address and identify other computer components in

the central processing unit to which the command applies.

SUMMARY

Virtually any type of information can be reduced to digital form. Devices

such as computer terminals and tape readers are designed to convey this

information to a computer in binary form. Numbers can be represented in

computers using either integer or floating point mode. Logical data (true

or false) can be represented in binary form. Through the use of the ASCII

code, strings of characters and written text can also be represented in this

form. Instructions for the computer are also coded in binary form and

stored in computer memory.

4.2.3. Digital Signals

The concept of information is one about which we all have some intuitive feel. We

all agree that a spoken sentence has the potential of transferring a great deal of

information from the speaker to the listener. On the other hand, it is difficult to

imagine that very much information would be carried by the static noise found

between stations on the radio (or even by some stations on the radio). The science

of information theory has been developed to provide a framework for quantifying

some of these concepts and to provide analytical methods for analyzing the infor-

mation content of signals of different types.

From a fundamental point of view, the most basic unit of information is a

binary digit or bit. A single unit of information can be transferred from sender to

receiver by simply indicating whether the value of this binary digit is either 0 or 1.

Since no other values are possible, a further breakdown of the information content

into smaller units is impossible, and we could consider that one unit or bit of

information has been transferred. In principle, virtually any complex communica-

tion, be it words, numbers, musical tones, or pictures, can be represented to any

desired accuracy by a collection of binary digits. The more complex the signal, the
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01001000 1 0100 1 0101 1 0100 11100 1 0101 1 0000 1 

LH 4 5 4 C 5 0 

LH 454 (C50) 16--•IJJI LH 454 (3152) 10 

The first eight bits hold the command itself, while the remaining bits hold 
the memory location address and identify other computer components in 
the central processing unit to which the command applies. 

SUMMARY 

Virtually any type of information can be reduced to digital form. De\'ices 
such as computer terminals and tape readers are designed to convey this 
information to a computer in binary form. Numbers can be represented in 
computers using either integer or floating point mode. Logical data (true 
or false) can be represented in binary form. Through the use of the ASCII 
code, strings of characters and written text can also be represented in this 
form. Instructions for the computer are also coded in binary form and 
stored in computer memory. 

4.2.3. Digital Signals 

The concept of information is one about which we all have some intuitive feel. We 
all agree that a spoken sentence has the potential of transferring a great deal of 
information from the speaker to the listener. On the other hand, it is difficult to 
imagine that very much information would be carried by the static noise found 
between stations on the radio (or even by some stations on the radio) . The science 
of information theory has been developed to provide a framework for quantifying 
some of these concepts and to provide analytical methods for analyzing the infor­
mation content of signals of different types. 

From a fundamental point of view, the most basic unit of information is a 
binary digit or bit. A single unit of information can be transferred from sender to 
receiver by simply indicating whether the value of this binary digit is either 0 or 1. 
Since no other values are possible, a further breakdown of the information content 
into smaller units is impossible, and we could consider that one unit or bit of 
information has been transferred. In principle, virtually any complex communica­
tion, be it words, numbers, musical tones, or pictures, can be represented to any 
desired accuracy by a collection of binary digits . The more complex the signal, the 
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more digits are required. In principle, however, it is always possible to represent

any piece of information to arbitrary precision if a sufficient number of binary

digits can be used in its representation.

For example, suppose we are interested in the voltage produced by a pressure

transducer that converts a measurement of pressure into an equivalent electrical

voltage. This voltage is an analog quantity, which means that it may have a

continuum of possible values as the pressure varies. At one specific time, we

sample this voltage and call the result our signal. Depending on the degree of

precision that is justified by the instrument or of interest in the measurement, we

might represent the voltage as either 8.4 or 8.41362 volts. From our earlier discus-

sion of Section 3.4, the number of significant digits we use reflects the estimated

accuracy of the measurement. Both of these numbers have binary equivalents.

The higher precision number, having a larger number of decimal digits, will also

require a greater number of binary digits in its representation. Given enough

binary digits, the voltage could be represented to any arbitrary degree of accu-

racy. Six bits will allow changes on the scale of one part in 26 or 64, whereas

providing 12 bits will increase the precision to one part in 212 or 40%.

The electronic devices that carry out the conversion of an analog signal (such

as the voltage) to an equivalent binary number are generally called analog-to-

digital converters or ADCs. Because most instruments and control devices in

engineering provide an analog output signal, the ADC is an important first element

when digital methods such as computer control are used with these instruments.

Then all the powerful computational methods based on digital logic can be brought

to bear on the problem of processing and interpreting the signal.

Another decided advantage in the digital representation of signals is the po-

tential freedom from the effects of extraneous noise. Figure 4.16 is a sketch of a

supposedly constant analog signal that shows the effects of random fluctuations

called noise. Many sources of noise are possible, including random processes

within the sensor itself, fluctuations added by electronic components, or interfer-

ence along the line used to transmit the signal. An extreme example in which

interference dominates would be the signal representing the temperature of a

FIGURE 4.16. The contrast between analog and digital signal transmission and reception.
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more digits are required. In principle, however, it is always possible to represent 
any piece of information to arbitrary precision if a sufficient number of binary 
digits can be used in its representation. 

For example, suppose we are interested in the voltage produced by a pressure 
transducer that converts a measurement of pressure into an equivalent electrical 
voltage. This voltage is an analog quantity, which means that it may have a 
continuum of possible values as the pressure varies. At one specific time. we 
sample this voltage and call the result our signal. Depending on the degree of 
precision that is justified by the instrument or of interest in the measurement, we 
might represent the voltage as either 8.4 or 8.41362 volts. From our earlier discus­
sion of Section 3.4, the number of significant digits we use reflects the estimated 
accuracy of the measurement. Both of these numbers have binary equivalents. 
The higher precision number. having a larger number of decimal digits, will also 
require a greater number of binary digits in its representation. Given enough 
binary digits, the voltage could be represented to any arbitrary degree of accu­
racy. Six bits will allow changes on the scale of one part in 2 6 or 64. whereas 
providing 12 bits will increase the precision to one part in 212 or 4096. 

The electronic devices that carry out the conversion of an analog signal (such 
as the voltage) to an equivalent binary number are generally called analog-to­
digital converters or ADCs. Because most instruments and control devices in 
engineering provide an analog output signal, the ADC is an important first element 
when digital methods such as computer control are used with these instruments. 
Then all the powerful computational methods based on digital logic can be brought 
to bear on the problem of processing and interpreting the signal. 

Another decided advantage in the digital representation of signals is the po­
tential freedom from the effects of extraneous noise. Figure 4.16 is a sketch of a 
supposedly constant analog signal that shows the effects of random fluctuations 
called noise. Many sources of noise are possible, including random processes 
within the sensor itself, fluctuations added by electronic components, or interfer­
ence along the line used to transmit the signal. An extreme example in which 
interference dominates would be the signal representing the temperature of a 

FIGURE 4.16. The contrast between analog and digital signal transmission and reception. 
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spacecraft after landing on the surface of one of the planets. Even a constant

temperature signal would have the noisy appearance shown in Figure 4.16 after

transmission over the vast distances back to the earth. If we were interested in the

temperature at a specific time, our measurement would be uncertain because of

the unknown component of the noise present at that instant.

A great improvement can result if the signal is digitized before transmission,

as shown in Figure 4.16. Now the addition of a noise component to the binary

signal does not detract from its information content, provided it is not so severe as

to interfere with the distinction between the basic "0" or "1" states. Up to that

point, the same digital number will be received, independent of the noise level.

Therefore the noise addition does not interfere with perfect transmission of the

information contained in the original signal.

SUMMARY

Virtually any type of information can be reduced to a series of binary

numbers or sequence of bits. The larger the number of bits used in the

representation of a quantity, the greater will be the precision possible in

its representation. Analog to digital converters (ADCs) are common de-

vices used to convert the output of many conventional instruments to

digital form for subsequent processing by digital computers. One decided

advantage of the digital representation of signals is the relative immunity

from the effects of extraneous noise.

4.2.4. Binary Logic

All digital computers, whether they are at the level of microprocessors or large

scale central computers, ultimately perform calculations in binary form. As we

have seen, numbers are represented in such computers in the form of words made

up of binary digits or bits. The awesome power of computers is really based on

their ability to carry out relatively simple manipulations of these binary numbers.

The most complex calculation ultimately is broken down into individual steps of

addition, multiplication, incrementing, and so on, all of which are carried out at

the binary level. As we have noted, a computer essentially consists of thousands

of tiny electric circuits. These circuits perform the functions of storing binary

digits and providing logical combinations of signalsâ€”the basic steps in any com-

putation.

Only a few basic building blocks or logic units are necessary to construct the

circuits that carry out these steps. We shall limit our discussion to three such logic

functions: the NOT, AND, and OR functions. As we shall see later, these simple
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spacecraft after landing on the surface of one of the planets. Even a constant 
temperature signal would have the noisy appearance shown in Figure 4.16 after 
transmission over the vast distances back to the earth. If we were interested in the 
temperature at a specific time, our measurement would be uncertain because of 
the unknown component of the noise present at that instant. 

A great improvement can result if the signal is digitized before transmission, 
as shown in Figure 4.16. Now the addition of a noise component to the binary 
signal does not detract from its information content. provided it is not so severe as 
to interfere with the distinction between the basic "0" or · ·t" states. Up to that 
point, the same digital number will be received, independent of the noise level. 
Therefore the noise addition does not interfere with perfect transmission of the 
information contained in the original signal. 

SUMMARY 

Virtually any type of information can be reduced to a series of binary 
numbers or sequence of bits. The larger the number of bits used in the 
representation of a quantity. the greater will be the prt•cision possible in 
its representation. Analog to digital converters (ADCs) are common de­
,·ices used to com·ert the output of many com·entional instruments to 
digital form for subsequent processing by digital computers. One decided 
ad\'llntage of the digital representation ofsignals is the relative immunity 
from the effects of extraneous noise. 

4.2.4. Binary Logic 

All digital computers, whether they are at the level of microprocessors or large 
scale central computers, ultimately perform calculations in binary form. As we 
have seen, numbers are represented in such computers in the form of words made 
up of binary digits or bits. The awesome power of computers is really based on 
their ability to carry out relatively simple manipulations of these binary numbers. 
The most complex calculation ultimately is broken down into individual steps of 
addition, multiplication, incrementing, and so on, all of which are carried out at 
the binary level. As we have noted, a computer essentially consists of thousands 
of tiny electric circuits. These circuits perform the functions of storing binary 
digits and providing logical combinations of signals-the basic steps in any com­
putation. 

Only a few basic building blocks or logic units are necessary to construct the 
circuits that carry out these steps. We shall limit our discussion to three such logic 
functions: the NOT, AND, and OR functions. As we shall see later, these simple 
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functions can be combined to carry out the basic process of binary addition. Since

multiplication can be synthesized from a series of addition steps, we are already

well down the path toward providing the necessary components for a digital

computer.

Each of the basic logic functions can be described in terms of their effect on

binary digits. Any such digit can have only two possible values, either 0 or 1.

When represented within electronic circuits, these values correspond to two dis-

tinct voltage levels, usually called "high" or "low." No intermediate values are

recognized, and ideally the voltage at any point in the circuit must assume either

one of these two possible values.

The three basic logic functions are illustrated in Figure 4.17. We start our

discussion with the first of these, called the NOT function. Its operation is to

"invert" a binary digit, producing an output logical level that is the opposite of

that appliedjo its input. Symbolically, the input level is represented as A and its

inverse as A. An input level corresponding to "0" is transformed by the NOT

function into a "1", and vice versa. This operation is represented by the "truth

table" also shown in Figure 4.17. Here a list is made of al! possible input values (in

this case, only 0 or 1), together with the corresponding output values. The truth

table thus completely defines the operation of the logic function. It is particularly

simple in this elementary case.

The second logic function is the AND function. It requires two separate input

values and produces one output value depending on the state of the inputs. Its

operation is also represented by the truth table shown in Figure 4.17. If we call the

two inputs A and B, the output is called A AND B, and it is written symbolically

as A . B. The output is defined to be a 0 unless both A and B are 1, in which case

the output then becomes a 1.

The OR function also operates on two inputs and generates a 1 at the output

if either one or both of the inputs are at level 1. Otherwise the output is 0. If the

inputs are again called A and B, A OR B is written A + B and its value is shown in

the corresponding truth table.

In digital electronic circuits these logic functions are carried out by units

called gates. These are circuits composed of transistors, resistors, and capacitors

Basic logic functions: FIGURE 4.17. The basic logic functions

Af^A A r-^A B A r-v.t +B and their truth tables.

Corresponding truth tables:
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functions can be combined to carry out the basic process of binary addition. Since 
multiplication can be synthesized from a series of addition steps, we are already 
well down the path toward providing the necessary components for a digital 
computer. 

Each of the basic logic functions can be described in terms of their effect on 
binary digits. Any such digit can have only two possible values, either 0 or I. 
When represented within electronic circuits, these values correspond to two dis­
tinct voltage levels, usually called "high" or "low." No intermediate values are 
recognized, and ideally the voltage at any point in the circuit must assume either 
one of these two possible values. 

The three basic logic functions are illustrated in Figure 4.17. We start our 
discussion with the first of these, called the NOT function. Its operation is to 
"invert" a binary digit, producing an output logical level that is the opposite of 
that applied to its input. Symbolically, the input level is represented as A and its 
inverse as A. An input level corresponding to "0" is transformed by the NOT 
function into a "I", and vice versa. This operation is represented by the "truth 
table" also shown in Figure 4.17. Here a list is made of all possible input values (in 
this case, only 0 or 1 ), together with the corresponding output values. The truth 
table thus completely defines the operation of the logic function. It is particularly 
simple in this elementary case. 

The second logic function is the AND function. It requires two separate input 
values and produces one output value depending on the state of the inputs. Its 
operation is also represented by the truth table shown in Figure 4.17. If we call the 
two inputs A and B, the output is called A AND B, and it is written symbolically 
as A · B. The output is defined to be a 0 unless both A and B are I, in which case 
the output then becomes a I. 

The OR function also operates on two inputs and generates a l at the output 
if either one or both of the inputs are at level I. Otherwise the output is 0. If the 
inputs are again called A and B, A ORB is written A + B and its value is shown in 
the corresponding truth table. 

In digital electronic circuits these logic functions are carried out by units 
called gates. These are circuits composed of transistors, resistors, and capacitors 

Basic logic functions: 
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Corresponding truth tables: 
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DIGITAL COMPUTERS

that can be mass-produced in miniature on the surface of a silicon chip. Many

complex digital operations can be built up on a single chip by properly combining

such NOT, AND, and OR gates.

Digital computation is based on a small number of basic logic functions.

Most fundamental of these are the NOT, AND, and OR functions. The

effect that each of these operations has on logic levels supplied to their

inputs is indicated by the corresponding truth tables. Each of these func-

tions has its electronic equivalent called a gate.

Example We shall now show how the most basic of all arithmetic operations,

binary addition, can be carried out using a small number of these basic logic gates.

The fundamental rules of binary addition were outlined in the previous section. In

order to add two binary numbers, each with n bits, we must carry out n steps

corresponding to the n separate columns in the addition process. We shall concen-

trate on just one such column, and realize that full addition of twon-bit numbers

will require n of these units placed in series, one for each column (Figure 4.18).

Therefore, if we look at a typical column, our desired logic unit (which we will

call a binary adder) must have three logic inputs: one each for the two binary digits

that appear in the addition column, plus a "carry" input that may contain a bit

SUMMARY

FIGURE 4.18. The summation of binary bits.
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that can be mass-produced in miniature on the surface of a silicon chip. Many 
complex digital operations can be built up on a single chip by properly combining 
such NOT, AND, and OR gates. 

SUMMARY 

Digital computation is based on a small number of basic logic .flmctiom. 
Most .flmdamental £~(these are the NOT, AND. and OR .flmctions. The 
effect that each of these operations has on logic le1·els supplied to their 
inputs is indicated by the corresponding truth tables. Each of these .flmc­
tions has its electronic equil'lllelll called a gate. 

Example We shall now show how the most basic of all arithmetic operations, 
binary addition, can be carried out using a small number of these basic logic gates. 
The fundamental rules of binary addition were outlined in the previous section. In 
order to add two binary numbers. each with n bits. we must carry out n steps 
corresponding to then separate columns in the addition process. We shall concen­
trate on just one such column. and realize that full addition of two n-bit numbers 
will require n of these units placed in series. one for each column (Figure 4.18). 

Therefore, if we look at a typical column, our desired logic unit (which we will 
call a binary adder) must have three logic inputs: one each for the two binary digits 
that appear in the addition column. plus a "carry" input that may contain a bit 
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Sum Carry FIGURE 4.19. The truth table for a single bit binary adder,
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FIGURE 4.20. The logic circuit diagram for a binary adder.
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A 8 c s~{; c~f? FIGURE 4.19. The truth table for a single bit binary adder. 
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FIGURE 4.20. The logic circuit diagram for a binary adder. 
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carried over from the addition from the previous column. The binary adder will

have two outputs: one corresponding to the sum bit or the value of the binary digit

of the answer in the same column, plus a possible second bit that may be carried

over to the next column to the left. All possible combinations of the input values

are shown in the truth table of Figure 4.19, together with the corresponding values

for the output sum and carry bits.

A logic diagram of a binary adder made up of 19 separate logic gates is shown

in Figure 4.20. By following through each of the indicated logic functions, the

reader can verify that this combination of elements exactly fulfills the conditions

required in the adder truth table. For example, if all three inputs are held at 0, then

0s are also produced for both the sum and carry bit. The design shown is not

reduced to the minimum possible components, but it is close to the minimum.

Since the design deals with only one column in the addition shown on Figure 4.18,

it is said to be a "one bit wide" adder. In order to build an equivalent adder that

could accommodate words that are 16 bits wide, 16 such basic adders would have

to be combined in cascade.

Exercises

Number Systems

1. Convert the binary number 101101001010 to octal and hexadecimal

form.

2. Convert the decimal number 1015.5 to binary representation.

3. Convert the following numbers into their decimal equivalents:

(a) 110.01, (d) 0.0011.,

(b) 42.36â€ž (e) 3D32.Ei6

(c) 8B4.Clfi (f) BFFF.e

4. Convert the following binary numbers into hexadecimal:

(a) 101100 (d) 1.01101

(b) 10.1101 (e) 110111.0

(c) 110.1110 (f) 1001101011

5. Write the binary and hexadecimal equivalents of the following deci-

mal numbers:

(a) 36 (d) 1/3

(b) 50.3 (e) v

(c) 0.250 (f) e (2.718 . . .)

Digital Representation

6. What is the largest positive integer that can be stored in a computer

of 32-bit word length?
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carried over from the addition from the previous column. The binary adder will 
have two outputs: one corresponding to the sum bit or the value of the binary digit 
of the answer in the same column, plus a possible second bit that may be carried 
over to the next column to the left. All possible combinations of the input values 
are shown in the truth table of Figure 4.19, together with the corresponding values 
for the output sum and carry bits. 

A logic diagram of a binary adder made up of 19 separate logic gates is shown 
in Figure 4.20. By following through each of the indicated logic functions, the 
reader can verify that this combination of elements exactly fulfills the conditions 
required in the adder truth table. For example. if all three inputs are held at 0, then 
Os are also produced for both the sum and carry bit. The design shown is not 
reduced to the minimum possible components. but it is close to the minimum. 
Since the design deals with only one column in the addition shown on Figure 4.18, 
it is said to be a .. one bit wide·· adder. In order to build an equivalent adder that 
could accommodate words that are 16 bits wide, 16 such basic adders would have 
to be combined in cascade. 

Exercises 

Number Systems 

I. Convert the binary number 101101001010 to octal and hexadecimal 
form. 

2. Convert the decimal number 1015.5 to binary representation. 

3. Convert the following numbers into their decimal equivalents: 
(a) 110.01 2 (d) 0.0011 2 

(b) 42.36~~ (e) 3D32.E 16 

(c) 8B4.C 16 (f) BFFF 16 

4. Convert the following binary numbers into hexadecimal: 
(a) 101100 (d) 1.01101 
(b) 10.1101 (e) 110111.0 
(c) 110.1110 (f) 1001101011 

S. Write the binary and hexadecimal equivalents of the following deci­
mal numbers: 
(a) 36 (d) 1/3 
(b) 50.3 (e) 1T 

(c) 0.250 (f) e (2.718 ... ) 

Digital Representation 

6. What is the largest positive integer that can be stored in a computer 
of 32-bit word length? 
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7. A microcomputer has a memory size of 48000 K. How many bits are

required to address each memory location?

8. We wish to store and then add 1000 three-digit numbers (001 to 999).

How much memory will this require, assuming a binary number

representation in the computer?

9. Estimate the memory required to hold the contents of this textbook

(assuming the ASCII 7-bit character code is used).

10. Explain the bar code used on items in the supermarket.

11. Determine the two's complement binary form of each of the follow-

ing numbers: 10, 7, 31, 28.

12. Subtract the following pairs of numbers in binary arithmetic using

two's complement:

(a) 10-7 (c) 6 - 2

(b) 31 - 28 (d) 42 - 16

13. Determine the format used to represent floating point numbers in

16-bit word microcomputers.

14. Identify and describe the functions of five different CONTROL

characters on your microcomputer or computer terminal keyboard.

Digital Signals

15. Contrast the number of bits required to represent the decimal integer

28 with the number required to represent the decimal 28.25.

16. If a temperature sensor is accurate to within 1Â° over a range from 0 to

100Â°C, how many bits should be provided by the output of an ADC

to digitize its measurement adequately.

17. Locate three different ADCs that are part of devices that you fre-

quently use.

18. Identify three different types of noise that are present in your every-

day attempts at communication (oral, written, or graphical).

Binary Logic

19. Some compound logic functions are used frequently and have there-

fore been given special names. Supply a truth table showing the

output values for all possible input values for the following com-

pound functions:

(a) The NOR gate consisting of an OR function and a NOT func-

tion in the sequence as shown in Figure 4.21.

(b) The NAND function consisting of the AND and NOT func-

tions in series.
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7. A microcomputer has a memory size of 48000 K. How many bits are 
required to address each memory location? 

8. We wish to store and then add 1000 three-digit numbers (001 to 999). 
How much memory wiiJ this require, assuming a binary number 
representation in the computer? 

9. Estimate the memory required to hold the contents of this textbook 
(assuming the ASCII 7-bit character code is used). 

10. Explain the bar code used on items in the supermarket. 

11. Determine the two· s complement binary form of each of the follow­
ing numbers: 10, 7, 31, 28. 

12. Subtract the following pairs of numbers in binary arithmetic using 
two· s complement: 

(a) 10 - 7 
(b) 31 - 28 

(c) 6 - 2 
(d) 42 - 16 

13. Determine the format used to represent floating point numbers in 
16-bit word microcomputers. 

14. Identify and describe the functions of five different CONTROL 
characters on your microcomputer or computer terminal keyboard. 

Digital Signals 

15. Contrast the number of bits required to represent the decimal integer 
28 with the number required to represent the decimal 28.25. 

16. If a temperature sensor is accurate to within 1 o over a range from 0 to 
100°C, how many bits should be provided by the output of an ADC 
to digitize its measurement adequately. 

17. Locate three different ADCs that are part of devices that you fre­
quently use. 

18. Identify three different types of noise that are present in your every­
day attempts at communication (oral, written, or graphical). 

Binary Logic 

19. Some compound logic functions are used frequently and have there­
fore been given special names. Supply a truth table showing the 
output values for all possible input values for the following com­
pound functions: 

(a) The NOR gate consisting of an OR function and a NOT func­
tion in the sequence as shown in Figure 4.21. 

(b) The NAND function consisting of the AND and NOT func­
tions in series. 
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=^â€”^â€”

.A -

OR NOT

AND NOT

FIGURE 4.21. The logic diagrams for

the NOR and NAND functions.

NOR

NANI

20. Using the three basic logic functions defined in the text, devise a

logic circuit that meets the truth table in Figure 4.22

Inputs Output

A B

0

. -

0 0

r

in o

FIGURE 4.22. The truth table for Exer-

cise 3.

4.3. DIGITAL COMPUTER HARDWARE

The basic organization of any digital computer is shown in Figure 4.23. This

structure includes a central processing unit or CPU, input/output devices, a

reasonable amount of high speed data storage or memory, cheaper low speed but

high capacity storage, and a wide variety of peripheral devices. These elements

are common to computers of all levels of sophistication, from the familiar pocket

calculator to the most complex and powerful mainframe computer.

The central processing unit contains the control unit, the "brain" of the

computer. This unit controls and coordinates all data processing activities. It

retrieves instructions from memory, interprets, and executes these instructions in

the proper order. The CPU also contains the arithmetic unit in which actual

computations are performed. It must contain provisions to perform the basic

arithmetic operations of addition, subtraction, multiplication, and division, as well

Control unit

Arithmetic and

logic unit

FIGURE 4.23. The basic components

of a digital computer.

Memory

Output
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FIGURE 4.21. The logic diagrams for 
the NOR and NAND functions. 

20. Using the three basic logic functions defined in the text, devise a 
logic circuit that meets the truth table in Figure 4.22 

Inputs Output 

A B 

0 ' 0 

0 1 

1 

1 0 

~. -~·j ,___ -

0 
r -
t~ 

FIGURE 4.22. The truth table for Exer­
cise 3. 

4.3. DIGITAL COMPUTER HARDWARE 

The basic organization of any digital computer is shown in Figure 4.23. This 
structure includes a central processing unit or CPU, input/output devices, a 
reasonable amount of high speed data storage or memory, cheaper low speed but 
high capacity storage, and a wide variety of peripheral devices. These elements 
are common to computers of all levels of sophistication, from the familiar pocket 
calculator to the most complex and powerful mainframe computer. 

The central processinf? unit contains the control unit, the "brain'' of the 
computer. This unit controls and coordinates all data processing activities. It 
retrieves instructions from memory, interprets, and executes these instructions in 
the proper order. The CPU also contains the arithmetic unit in which actual 
computations are performed. It must contain provisions to perform the basic 
arithmetic operations of addition, subtraction, multiplication, and division, as well 

I _CPU l 
Control unit 

1 

Memory 

D1 tiz by 

Output 

FIGURE 4.23. The basic components 
of a digital computer. 
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as logical operations such as comparisons and tests. The arithmetic unit is com-

posed of very fast storage devices that temporarily hold the data or operands at

the start of the calculation and the results at its completion. These storage units

are called registers (or sometimes accumulators).

The main memory of the computer is composed of a large number of slower

memory devices known as memory locations or cells. Each memory location is

characterized by an address, typically 16 bits in length. The storage unit or mem-

ory of the computer provides a means of temporarily storing the input or output

data as well as the necessary intermediate results. In most cases, however, the

majority of the memory is commited to another task: to contain the set of instruc-

tions or program that determines the sequence of operations to be carried out by

the computer. Computer systems also employ slower, high capacity memory de-

vices such as magnetic disks and tapes.

The input/output (I/O) structure of the computer is the means by which data

is communicated to and retrieved from the machine. It is the interface between the

computer and the user. Common devices used to input data are a keyboard,

punched cards, or magnetic tape or disk. Output devices are chosen to suit the

application. They can provide printed records such as a typewriter or line printer,

visual display as on a TV screen, or more permanent records such as on magnetic

tape or disk.

SUMMARY

The organization of any computer, whether it is large or small, has basi-

cally the same elements: central processing unit (including control and

arithmetic units), memory, and input/output devices.

Example The CPU (in this case a tiny microprocessor) and the main memory of

the Apple-II microcomputer are shown in Figure 4.24.

4.3.1. The Central Processing Unit

Modern computers range in complexity from simple microcomputer devices to

large scale complex central computing facilities. Where a particular system falls

on this scale depends largely on two factors: the amount of fast memory that is

provided and the complexity and variety of operations built into the central

processing unit.

The CPU consists of two parts: A control unit to interpret, sequence, and

process instructions, and an arithmetic and logic unit (ALU) to carry out particu-

lar operations on data (e.g., addition, multiplication, or logical comparison).

The ALU contains several very fast binary storage devices known as regis-

ters that can be loaded with the contents found in any specified address in the
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as logical operations such as comparisons and tests. The arithmetic unit is com­
posed of very fast storage devices that temporarily hold the data or operands at 
the start of the calculation and the results at its completion. These storage units 
are called registers (or sometimes accumulators). 

The main memory of the computer is composed of a large number of slower 
memory devices known as memory locations or cells. Each memory location is 
characterized by an address, typically 16 bits in length. The storage unit or mem­
ory of the computer provides a means of temporarily storing the input or output 
data as well as the necessary intermediate results. In most cases, however, the 
majority of the memory is commited to another task: to contain the set of instruc­
tions or program that determines the sequence of operations to be carried out by 
the computer. Computer systems also employ slower, high capacity memory de­
vices such as magnetic disks and tapes. 

The input /output (1/0) structure of the computer is the means by which data 
is communicated to and retrieved from the machine. It is the interface between the 
computer and the user. Common devices used to input data are a keyboard. 
punched cards, or magnetic tape or disk. Output devices are chosen to suit the 
application. They can provide printed records such as a typewriter or line printer, 
visual display as on a TV screen, or more permanent records such as on magnetic 
tape or disk. 

SUMMARY 

The organization of any computer, whether it is large or small, lras basi­
cally the same elements: central processing unit (including control and 
arithmetic units), memory, and input/output devices. 

Example The CPU (in this case a tiny microprocessor) and the main memory of 
the Apple-11 microcomputer are shown in Figure 4.24. 

4.3.1. The Central Processing Unit 
Modem computers range in complexity from simple microcomputer devices to 
large scale complex central computing facilities. Where a particular system falls 
on this scale depends largely on two factors: the amount of fast memory that is 
provided and the complexity and variety of operations built into the central 
processing unit. 

The CPU consists of two parts: A control unit to interpret, sequence. and 
process instructions, and an arithmetic and logic unit (ALU) to carry out particu­
lar operations on data (e.g., addition, multiplication, or logical comparison). 

The ALU contains several very fast binary storage devices known as regis­
ters that can be loaded with the contents found in any specified address in the 
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FIGURE 4.24. The main circuit board of 
the Apple-11 computer showing the princi­
pal components of a digital computer. 
(Courtesy Apple Computer, Inc.) 

FIGURE 4.25. The basic components of a 
tiny microprocessor are identified. (The 
microprocessor is also shown in Figure 4.5.) 
(Courtesy Bell Laboratories) 
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main memory. These registers can store data roughly 10 times faster than storage

devices in the main memory (which are characterized by data storage and retrieval

times ranging from 100 ns to 10 /is). The switching circuits in the CPU are even

faster. For example, on most machines signals can pass through about 10 switch-

ing or logical devices in the time taken to store or retrieve information from the

fast CPU registers.

A digital computer is designed with a set of built-in instructions, each of

which is given a binary code. For example, all arithmetic units contain several

registers that can be loaded with the contents found in any specified address in the

memory. Thus, the code 0010 might represent the instruction "load register." If 4

bits are allocated to code the instruction as in this example, Â¥ or 16 different

instructions could be coded. These might also include processes of addition, in-

crementing, transferring from one register to memory, and so on. Small machines

can have an instruction set as small as 16 while larger machines have sets extend-

ing to 256 different instructions.

In addition to the coded instructions, some other information must also be

provided to the ALU. In the case of our example, we must specify the address in

memory from which the information will be obtained to load the register. If we

wish to have access to a memory of 40% locations (212), it will take 12 bits to

specify all of these locations. Then the entire instruction would consist of a 16-bit

combination: a 4-bit code specifying the operation (load register), followed by a

12-bit address of the location in memory whose contents will be transferred to the

register. This 16-bit word then represents one step in a program that could be

executed by the computer. One key to the success of modern computers is the fact

that all programs are reduced to a sequence of such binary words that can be

stored internally in the fast memory of the computer. When executing the pro-

gram, the computer simply processes these instructions one at a time in the order

in which they are stored within the memory. The entire program is really just a set

of binary numbers, and only a prearranged code built into the computer allows it

to be interpreted as a particular series of instructions. It is the function of the

control unit to supervise the flow of data required by this set of instructions

between the arithmetic unit, memory, and I/O devices of the computer.

SUMMARY

The arithmetic unit of a computer is provided with a basic set of instruc-

tions that allow it to perform elementary operations on data supplied to

it. The instruction set is very limited for small devices such as micro-

processors but may extend to hundreds of instructions for large scale

computers. During its operation, the control unit supervises the flow of

data to and from the arithmetic unit as required by each step of the

computer program.
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main memory. These registers can store data roughly 10 times faster than storage 
devices in the main memory (which are characterized by data storage and retrieval 
times ranging from 100 ns to 10 iJ.S). The swit~hing circuits in the CPU are even 
faster. For example, on most machines signals can pass through about 10 switch­
ing or logical devices in the time taken to store or retrieve information from the 
fast CPU registers. 

A digital computer is designed with a set of built-in instructions, each of 
which is given a binary code. For example, all arithmetic units contain several 
registers that can be loaded with the contents found in any specified address in the 
memory. Thus, the code 0010 might represent the instruction "load register." If 4 
bits are allocated to code the instruction as in this example, 2' or 16 different 
instructions could be coded. These might also include processes of addition, in­
crementing, transferring from one register to memory, and so on. Small machines 
can have an instruction set as small as 16 while larger machines have sets extend­
ing to 256 different instructions. 

In addition to the coded instructions, some other information must also be 
provided to the ALU. In the case of our example, we must specify the address in 
memory from which the information will be obtained to load the register. If we 
wish to have access to a memory of 4096 locations (2 12), it will take 12 bits to 
specify all of these locations. Then the entire instruction would consist of a 16-bit 
combination: a 4-bit code specifying the operation (load register), followed by a 
12-bit address of the location in memory whose contents will be transferred to the 
register. This 16-bit word then represents one step in a program that could be 
executed by the computer. One key to the success of modem computers is the fact 
that all programs are reduced to a sequence of such binary words that can be 
stored internally in the fast memory of the computer. When executing the pro­
gram, the computer simply processes these instructions one at a time in the order 
in which they are stored within the memory. The entire program is really just a set 
of binary numbers, and only a prearranged code built into the computer allows it 
to be interpreted as a particular series of instructions. It is the function of the 
control unit to supervise the flow of data required by this set of instructions 
between the arithmetic unit, memory, and 1/0 devices of the computer. 

SUMMARY 

The arithmetic unit of a computer is prodded with a basic set of instruc­
tions that allow it to perform elementary operations on data supplied to 
it. The instruction set is very limited for small del"ices such as micro­
processors but may extend to hundreds of instructions for large scale 
computers. Durin!? its operation, the control unit supen•ises the flow of 
data to and from the arithmetic unit as required by each step of the 
computer prof?ram. 
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Example The instruction to load a register does not directly lead to a useful

result. However, it can be an important first step in carrying out obviously impor-

tant processes such as addition. One of the prearranged instructions for the

machine could be to add together the contents of the register with that of another

location within the memory, and to replace the contents of the register with the

sum. This operation could be carried out within the arithmetic unit using the

binary adder discussed in an earlier section. Hence, if we wish to add together two

numbers initially found in the memory, we could do so using a sequence of

fundamental operations. The first of these will be to transfer the contents of the

first of the numbers to the register using the command illustrated earlier. We then

use the addition instruction to add the contents of an arbitrary location in memory

containing the second number. A third instruction then transfers the new contents

of the register, which now is the sum, to another location in memory for tempo-

rary storage. This value is then made known to the user by having the I/O portion

of the computer seek out this new location in memory and supply its contents to

an output device such as a printer or display screen.

4.3.2 Memory

Various devices are used to store binary data in a computer. We noted that the

CPU contains very fast storage registers used in the arithmetic and logic unit. The

main memory of the computer contains a large number of storage devices that can

contain binary data. The memory is organized into individual units or cells that

can be given a unique address. That is, the address of a memory cell is simply a

number identifying the location of that particular cell within the memory as a

whole.

Each memory cell can contain an amount of binary data known as a word. On

large computers the word size can range as high as 64 bits. On small microcom-

puters the word size is more typically 8 bits. Several special terms have been

introduced by computer engineers to characterize the size of a computer memory:

bit = one binary digit (0 or 1)

byte = 8 bits

nybble = half a byte or 4 bits

K or kilobyte = 2i0 = 1024 bytes

Example The word length for several of the more popular computers is given

below.
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Example The instruction to load a register does not directly lead to a useful 
result. However, it can be an important first step in carrying out obviously impor­
tant processes such as addition. One of the prearranged instructions for the 
machine could be to add together the contents of the register with that of another 
location within the memory, and to replace the contents of the register with the 
sum. This operation could be carried out within the arithmetic unit using the 
binary adder discussed in an earlier section. Hence, if we wish to add together two 
numbers initially found in the memory. we could do so using a sequence of 
fundamental operations. The first of these will be to transfer the contents of the 
first of the numbers to the register using the command illustrated earlier. We then 
use the addition instruction to add the contents of an arbitrary location in memory 
containing the second number. A third instruction then transfers the new contents 
of the register. which now is the sum. to another location in memory for tempo­
rary storage. This value is then made known to the user by having the 1/0 portion 
of the computer seek out this new location in memory and supply its contents to 
an output device such as a printer or display screen. 

4.3.2 Memory 

Various devices are used to store binary data in a computer. We noted that the 
CPU contains very fast storage registers used in the arithmetic and logic unit. The 
main memory of the computer contains a large number of storage devices that can 
contain binary data. The memory is organized into individual units or cells that 
can be given a unique address. That is, the address of a memory cell is simply a 
number identifying the location of that particular cell within the memory as a 
whole. 

Each memory cell can contain an amount of binary data known as a word. On 
large computers the word size can range as high as 64 bits. On small microcom­
puters the word size is more typically 8 bits. Several special terms have been 
introduced by computer engineers to characterize the size of a computer memory: 

bit = one binary digit (0 or 1) 

byte = 8 bits 

nybble = half a byte or 4 bits 

K or kilobyte = 210 = 1024 bytes 

Example The word length for several of the more popular computers is given 
below: 
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microcomputers (Apple-II, TRS-80, PET): 8 bits (1 byte)

IBM 3081, Amdahl: 32 bits (4 bytes)

DEC VAX 11/780: 32 bits (4 bytes)

Control Data Cyber series: 64 bits (8 bytes)

Example The main memory size of several popular computers is listed below:

Apple-II: 16 to 64 K

TRS-80: 4 to 48 K

Mainframe: 2 to 16 million bytes (2 to 16 megabytes)

The most general type of memory is called random access memory or RAM.

It consists of integrated circuits into which data can be entered or retrieved very

quickly. In a RAM cell with word length 2 bytes, 16 bits of data can be stored,

recalled, or replaced with new data by specifying the appropriate address of the

word in memory. Such memories typically can be read nondestructivelyâ€”that is,

the information at a particular memory address can be read many times without

disturbing the information that is stored there. Writing into memory, however,

normally destroys the information that was there previously.

At times there may be reasons to want to keep a portion of the memory

without changing it. For example, it would be important to keep a specific set of

instructions needed every time the machine is turned on in permanent form so that

it is never inadvertently destroyed. Such units are called read-only memories

(ROM) and cannot be changed once the original content is entered. (Write-only

memories would be units into which information could only be deposited but not

retrieved. For obvious reasons, this computer equivalent of a wastebasket serves

no useful purpose.)

A related type of memory is programmable read only memory or PROM. A

PROM is a ROM whose contents can be altered by electrical means. Both ROMs

and PROMs are frequently programmed with special instructions and packaged in

the form of a set of integrated circuit chips on a printed circuit board or card with

contacts for electrical connections. These firmware cards can then be inserted into

the computer when certain capability is required. For example, higher level pro-

gramming languages such as BASIC are frequently supplied on ROM firmware

cards for insertion into microcomputers.

A memory unit provides means for storing binary data. The smallest unit of

such information is a binary digit or bit that can assume values of only 0 to 1. The

physical system used to store information can be any element existing in either

one of two states. For example, a common electrical switch could be used to store
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microcomputers (Apple-II, TRS-80, PEn: 8 bits (I byte) 

IBM 3081, Amdahl: 32 bits (4 bytes) 

DEC VAX 11/780: 32 bits (4 bytes) 

Control Data Cyber series: 64 bits (8 bytes) 

Example The main memory size of several popular computers is listed below: 

Apple-11: 16 to 64 K 

TRS-80: 4 to 48 K 

Mainframe: 2 to 16 million bytes (2 to 16 megabytes) 

The most general type of memory is called random access memory or RAM. 
It consists of integrated circuits into which data can be entered or retrieved very 
quickly. In a RAM cell with word length 2 bytes, 16 bits of data can be stored, 
recalled, or replaced with new data by specifying the appropriate address of the 
word in memory. Such memories typically can be read nondestructively-that is, 
the information at a particular memory address can be read many times without 
disturbing the information that is stored there. Writing into memory. however, 
normally destroys the information that was there previously. 

At times there may be reasons to want to keep a portion of the memory 
without changing it. For example, it would be important to keep a specific set of 
instructions needed every time the machine is turned on in permanent form so that 
it is never inadvertently destroyed. Such units are called read-only memories 
(ROM) and cannot be changed once the original content is entered. (Write-only 
memories would be units into which information could only be deposited but not 
retrieved. For obvious reasons, this computer equivalent of a wastebasket serves 
no useful purpose.) 

A related type of memory is programmable read only memory or PROM. A 
PROM is a ROM whose contents can be altered by electrical means. Both ROMs 
and PROMs are frequently programmed with special instructions and packaged in 
the form of a set of integrated circuit chips on a printed circuit board or card with 
contacts for electrical connections. Thesefirmware cards can then be inserted into 
the computer when certain capability is required. For example, higher level pro­
gramming languages such as BASIC are frequently supplied on ROM firmware 
cards for insertion into microcomputers. 

A memory unit provides means for storing binary data. The smallest unit of 
such information is a binary digit or bit that can assume values of only 0 to 1. The 
physical system used to store information can be any element existing in either 
one of two states. For example, a common electrical switch could be used to store 
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DIGITAL COMPUTERS 269 

one bit of information. If the switch is open, it could represent the digit 0, while if 
the switch is closed, it could represent the digit 1. Early memories were made up 
of magnetic cores in which the direction of magnetization could assume either of 
two possible directions. The prevailing direction of magnetization could be sensed 
in order to nondestructively read out the existing data. The direction could be 
changed by applying an appropriate current pulse to write new information into 
the memory . 

These magnetic core memories have all but disappeared. They have been 
replaced by all-electronic memories that can be packed to a much higher density 
on semiconductor-based integrated circuit chips (Figure 4.26) . In early semicon­
ductor memories the basic storage element consisted of what was known as a 
" flip-flop" circuit. Consisting of two transistors and a number of resistors, this 
circuit can exist in only one of two possible states: one or the other of the transis­
tors conducting current while the other does not. These two states can also be 
remotely sensed or changed so one such circuit has the capacity to store one bit of 
information. Combinations of these elements can then be grouped to form words 
of 4, 8, or 16 bits within the memory units. Single semiconductor memory chips 
with as many as 64 000 bits of capacity were available. 

More recent computer memory microcircuits store information in the form of 
charge on a capacitor. A metal-oxide silicon (MOS) transistor simultaneously 
serves both as a switch to allow the capacitor to charge or discharge and as the 

FIGURE 4.26. The rapid miniaturization of semiconductor computer circuits is evident in this comparison 
of the circuits used in the CYBER 205 supercomputer and the larger circ uits used in the CDC 
ST AR-100 computer (also considered to be in the supercomputer class). (Courtesy Control 
Data Corporation) 
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270 THE TOOLS 

capacitor. Such one-device memory cells permit higher memory density. (Indeed. 
the charge stored in the capacitor memory cell of some present designs amounts to 
only about one million electrons.) 

Even greater density of storage can be obtained through the use of magnetic 
bubble memories (Figure 4.27) . These newly developed circuit c hips are based on 
localized bubbles that can be created in a thin magnetic film. Each bubble is a tiny 
region of magnetization that can be readily created and detected in the film and 
that can be made to last indefinitely. The presence or absence of a bubble at a 
given point can indicate either a zero or a one value for the corresponding bit of 
information. The bubbles can be moved about on the surface of the film in a fixed 
pattern. In this way, a very large number of bubbles can be stored and moved into 
position when it is desired to read out their information. Because the bubbles can 
be made as small as one micrometer in diameter, as many as a million bits can be 
stored on a single chip. 

Semiconductor memories allow quick access to stored information. They are 
used for the main memory of a computer. This memory might typically consis t of 
anywhere between 8000 and several million bytes. It is used to supply the fast 
storage and recall needed in many computer operations. Since it consists of ran­
dom access memory, it is possible to retrieve a byte of information in the time it 
takes the computer to recognize the address and sample that location. In many 
devices this time is well under a microsecond . Because of the fast access time, the 

o9 t1z byGoogle 

FIGURE 4.27. A microcircuit chip 
based on a magnetic bubble lattice that 
uses a hexagonal array of magnetic bub­
bles to read. write. and store digital in­
formation. (Courtesy IB M Corporation) 
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DIGITAL COMPUTERS 271 

FIGURE 4.28. Magnetic disk memory units. (Courtesy IBM Corporation) 

main memory is used to store the program being executed by the computer as well 
as data needed frequently in its execution . The speed is essential when carrying 
out arithmetic operations on a large scale. Other types of memory can be used that 
sacrifice some speed of access in return for a much larger capacity or lower cost 
than semiconductor memory. 

One example of this auxiliary memory is the magnetic disk (Figure 4.28). 
Here the sequence of ones and zeros that make up each byte is represented by the 
magnetic pattern in the metallic oxide layer placed on the surface of a round disk. 
When in use the disk is rotated at high speed. A pickup head can move radially 
across the disk so that data written in the form of a circular track on the surface of 
the disk can be read back much in the manner of a conventional phonograph 
record , but at much higher s peed . The pickup head can either read the existing 
pattern on the disk or can write new information in its place. The time needed to 
find any given location on the disk may be as long as ten to one hundred mil­
liseconds. However, once the information is located , a large number of bytes can 
be transferred to main memory quickly. A standard disk unit can accommodate 
several million bytes of information on one interchangeable disk. Smaller units 
using a flexible base for the magnetic surface are known as " floppy disks" and 
have become quite popular in connection with small microcomputer systems. 

Magnetic tape is a nother form of auxiliary memory (Figure 4.29). Here even 
larger capacities reaching tens or hundreds of millions of bytes can be achieved 
using tapes of convenient length . The access time is limited by the time required to 
spool the tape from one reel to another until the appropriate point along the tape is 
reached. This time can be many seconds or even minutes. As in the case of the 
disk, many bytes or words can be transferred at high rate once the appropriate 
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272 THE TOOLS 

D 

FIGURE 4.29. A magnetic tape drive unit. 
(Courtesy IBM Corporation) 

position has been reached. Magnetic tape is most useful when large amounts of 
information must be stored and only infrequently accessed . 

SUMMARY 

The storage or memory of a computer is one of its most important ele­
ments . Random access memories allow for the quick storage or retrieval 
of information. Read-only memories ha1•e a content that cannot be 
changed, but their use eliminates the possibility of the inad1·ertent loss of 
stored information. Memories are usually organized into subunits of 
ll'ords. each of which is identified by an address. Semiconductor 
memories are the most common types used f or the fast main memory of 
computers. Other media such as magnetic tape or disk have greater stor­
age capacity but slower access time to the stored information. 
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DIGITAL COMPUTERS 273 

4.3.3. Input/Output Devices 

The user communicates with the computer through a variety of input/output (1/0) 
devices. In early batch mode facilities, input would typically be in the form of 
punched cards. prepared on a keypunch machine , and fed into the computer 
through a card reader. The output would be provided by a high speed printer. 

With the introduction of time-sharing systems during the 1960s. the more 
common 1/0 device became a computer terminal. Early terminals looked quite 
similar to typewriters. with a keyboard for entering data and a printing device to 
provide the computer's response. Such terminals were either connected directly 
to the computer or equipped with cradlelike devices known as modems (for 
modulation-demodulation) that would hold a telephone receiver and communicate 
with the computer over phone lines. Gradually terminals with television screens 
(or, as they referred to in computerese, CRTs or cathode-ray-tubes) for computer 
output became popular because they could be produced more inexpensively than 
mechanical printers. Keyboards and TV monitors have also become the most 
popular means for 1/0 with modern microcomputers. 

Today' s computers can utilize a wide variet y of 1/0 devices. Input can be 

fiG URE 4.30. A modern computer graphics system based on a small microcomputer. 
(Coune<~y Hewlett-Packard Company) 
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provided not only by card readers or keyboard, but also from magnetic disk and 
tape, speech and visual pattern recognition devices , and analog-to-digital sensing 
devices. Output is provided on display screens (CRTs), teletype , high speed 
printer, magnetic disk or tape, speech synthesizer, and so on. 

When one uses a computer (whether it be a large mainframe time-sharing 
system or a microcomputer) from a terminal, data or instructions entered at the 
keyboard will appear on the display screen. The user's location within this display 
is identified by a flashing marker known as a cursor. The user can specify a variety 
of different forms or formats in which to enter or receive data, including binary. 
integer, and floating point numbers, text or character stri ngs, or graphical pic­
tures. Data entered into or generated by the computer is temporarily stored in 
special memory locations known as 1/0 buffers. Data that appears on a display 
screen is sometimes known as "soft " copy since it cannot be carried away from 
the terminal (it disappears as soon as the screen is erased). If " hard" copy is 
desired , the computer output must be rerouted to a printing or graphics plotting 
device (Figure 4.31). 

FIGURE 4.31. Many computer terminals or microcomputers are capable of providing 
hard copy. (Courtesy University of Michigan College of Engineering) 
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The development of inexpensive and reliable I/O devices has played a major

role in the growing popularity of microcomputers. It has made possible the de-

velopment of a truly portable and inexpensive computer system.

SUMMARY

Input devices include keyboards, card readers, magnetic disk and tape

devices, and speech and visual pattern recognition systems. Output can

be provided using teletypes and printers, CRT display screens, magnetic

disk and tape, and voice synthesizers.

4.3.4. Pocket Calculators

The introduction of the pocket calculator made a major impact on engineering

practice in the 1970s, just as it did on society at large. Almost instantly the slide

rule became obsolete.

The early electronic calculators were essentially just very fast and convenient

adding machines. They could perform only a limited number of operations or

functions, albeit with a speed and accuracy far beyond that of mechanical devices.

With the introduction of the microprocessor and integrated circuit memories,

the pocket calculator began to acquire more of the attributes of a computer. One

could program in a sequence of instructions and store the results of intermediate

calculations in memory. Yet the calculators of the 1970s were still limited to the

display of numerical data and required that instructions be entered in a precise

keystroke order.

One could distinguish among calculators by the type of keystroke logic that

they employed. Most calculators employed an algebraic system, in which argu-

ments and functions were entered in the same order as they would appear in an

algebraic expression:

Example Add 5 + 6 Key in first argument.

5

Press the ED key.

â–¡

Key in second argument.

6

Press the E] key

â–¡

Answer appears on display.
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The development of inexpensive and reliable 1/0 devices has played a major 
role in the growing popularity of microcomputers. It has made possible the de­
velopment of a truly portable and inexpensive computer system. 

SUMMARY 

Input del'ices include kt•yhoards. card readers, magnetic disk and tape 
del'ices. and spet•ch and l'isual pattnn recognition systems. Output can 
he pro1·ided using teletypes and printers, CRT display scrt•ens, magnetic 
disk and tape. and I'Oice syfllhesi::.ers. 

4.3.4. Pocket Calculators 

The introduction of the pocket calculator made a major impact on engineering 
practice in the 1970s, just as it did on society at large. Almost instantly the slide 
rule became obsolete. 

The early electronic calculators were essentially just very fast and convenient 
adding machines. They could perform only a limited number of operations or 
functions, albeit with a speed and accuracy far beyond that of mechanical devices. 

With the introduction of the microprocessor and integrated circuit memories, 
the pocket calculator began to acquire more of the attributes of a computer. One 
could program in a sequence of instructions and store the results of intermediate 
calculations in memory. Yet the calculators of the 1970s were still limited to the 
display of numerical data and required that instructions be entered in a precise 
keystroke order. 

One could distinguish among calculators by the type of keystroke logic that 
they employed. Most calculators employed an algebraic system, in which argu­
ments and functions were entered in the same order as they would appear in an 
algebraic expression: 

Example Add 5 + 6 Key in first argument. 

Press the [±] key. 

Key in second argument. 

Press the El key 

Answer appears on display. 

Dig IZ b 

5 

[±] 

6 

El 

II 
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Such algebraic systems require some prescription to order operations in complex 
expressions with several operations . Usually a hierarchy was built into the logic 
(typically multiplication and division were executed prior to addition or subtrac­
tion). Parentheses were also used to assist in order operations. 

An alternative system that avoided this difficulty was based on Reverse 
Polish Notation or RPN (developed by the Polish mathematician Jan 
Lukasiewicz). In this system the operator ( +, -, x, + ) was placed immediately 
after the operand(s) . eliminating all ambiguity regarding the order of execution in 
compound expressions. 

Example Add 5 + 6 Key in first argument. 

Press !ENTER I key to separate 
first argument from second. 

Key in second argument. 

Press the [±] key 

Answer appears on display. 

5 

!ENTER I 

6 

II 

The more sophisticated pocket calculators based on microprocessors now 
allow the display of both numerical and symbolic data. In these devices one can 
enter a complex algebraic expression in its written form before execution , much as 
in the higher programming languages used on full-scale computers. In this sense . 

FIGURE 4.32. The evolution in hand-held calculators from s imple four-function units ( +. - . + . x ) to 
microprocessor-based units approaching a personal computer in capability has been quite 
rapid. (Courtesy Hewle tt-Packard Company) 
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the pocket "calculator" and the microcomputer are rapidly converging (Figure

4.32).

SUMMARY

The pocket electronic calculator rapidly replaced the slide rule during the

1970s. Since early calculators could accept only numerical input, key-

stroke logic systems such as algebraic or RPN logic were used to enter

calculations. More advanced calculators are capable of receiving and

displaying both numerical and symbolic information and are rapidly ap-

proaching the sophistication of microcomputer.

Exercises

Digital Computer Hardware

1. Compare the characteristics of the principal microprocessors used in

personal computers.

2. Determine the number of basic machine instructions characterizing

the CPU of your campus mainframe computer, a personal computer,

a pocket programmable calculator.

3. Determine the types of memory devices available for your campus

mainframe computer and a personal computer.

4. Using the ASCII code, how much memory would you estimate to be

necessary for a 100 statement computer program (assuming at most 80

characters per statement)?

5. Define the following terms used with I/O devices:

Modem Buffer Handshaking

Baud Cursor Interrupt

File Scroll GIGO

Pocket Calculators

6. Describe the steps involved in performing the following calculation:

55.78 x 45.36

using both RPN and algebraic logic.

7. Describe the steps involved in performing the following calculation:

3.1416 x (10.01)2

55.78

using both RPN and algebraic logic.
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the pocket "calculator" and the microcomputer are rapidly converging (Figure 
4.32). 

SUMMARY 

The pocket electronic calculator rapidly replaced the slide rule during the 
1970s. Since early calculators could accept only numerical input, key­
stroke logic systems such as algebraic or RPN logic were used to enter 
calculations. More ad1·anced calculators are capable of receiving and 
displaying botlr numerical and symbolic information and are rapidly ap­
proaching the sophistication of microcomputer. 

Exercises 

Digital Computer Hardware 

1. Compare the characteristics of the principal microprocessors used in 
personal computers. 

2. Determine the number of basic machine instructions characterizing 
the CPU of your campus mainframe computer, a personal computer. 
a pocket programmable calculator. 

3. Determine the types of memory devices available for your campus 
mainframe computer and a personal computer. 

4. Using the ASCII code, how much memory would you estimate to be 
necessary for a 100 statement computer program (assuming at most 80 
characters per statement)? 

5. Define the following terms used with 1/0 devices: 
Modem Buffer Handshaking 
Baud Cursor Interrupt 
File Scroll GIGO 

Pocket Calcullltors 

6. Describe the steps involved in performing the following calculation: 

55.78 X 45.36 

using both RPN and algebraic logic. 

7. Describe the steps involved in performing the following calculation: 

3.1416 X (10.01)2 

55 .78 

using both RPN and algebraic logic. 
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8.

Use a pocket calculator to calculate a value for e using the series:

term by term up to 10 terms.

9. Use a pocket calculator to calculate the natural logarithm of 2 using

the series expansion:

Perform the calculations to 4 terms.

10. Compare the features of the modern hand-held calculator with those

of personal computers (e.g., cost, capability, programming).

Thus far our discussion has focused on the hardware of the computer systems:

input devices for entering information into the computer, output devices for dis-

playing results, memory units for storing information, and processing units for

performing computations on the stored data. AH data is stored and processed in

the computer in binary form, as strings of binary digits or bits. The actual opera-

tions performed by the computer on this binary data are quite primitive and are

performed using an array of simple electrical switches or gates.

But what makes the computer such a powerful device is its ability to store and

interpret binary strings as instructions as well as data. The computer can control

its own course of action if it is fed a suitable set of instructions, that is, a program.

Hence the built-in hardware of the computer includes both circuits for performing

arithmetical and logical operations on stored data, as well as circuits for interpret-

ing and implementing stored instructions. These instructions provided as input to

the computer are known as software. They serve to organize the various arithmet-

ical, logical, and control functions built into the complex procedures needed to

process information.

4.4.4. Machine Language Versus Assembly Language

In its most primitive form, a program is simply a sequence of instructions in

binary form that can be loaded into the computer memory and then implemented

by the central processing unit. Typically these instructions, which are referred to

as machine language, consist of binary words of several bytes in length. These

4.4. COMPUTER SOFTWARE
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8. Use a pocket calculator to calculate a value fore using the series: 

I I I I 
e - 1 + TI + 2! + 3! + · · · + n! + · · · 

term by term up to 10 terms. 

9. Use a pocket calculator to calculate the natural logarithm of 2 using 
the series expansion: 

Perform the calculations to 4 terms. 

10. Compare the features of the modem hand-held calculator with those 
of personal computers (e.g., cost, capability, programming). 

4.4. COMPUTER SOFTWARE 

Thus far our discussion has focused on the hardl\'are of the computer systems: 
input devices for entering information into the computer, output devices for dis­
playing results. memory units for storing information. and processing units for 
performing computations on the stored data. All data is stored and processed in 
the computer in binary form, as strings of binary digits or bits. The actual opera­
tions performed by the computer on this binary data are quite primitive and are 
performed using an array of simple electrical switches or gates. 

But what makes the computer such a powerful device is its ability to store and 
interpret binary strings as instructions as well as data. The computer can control 
its own course of action if it is fed a suitable set of instructions, that is. a program. 
Hence the built-in hardware of the computer includes both circuits for performing 
arithmetical and logical operations on stored data, as well as circuits for interpret­
ing and implementing stored instructions. These instructions provided as input to 
the computer are known as softl\'are. They serve to organize the various arithmet­
ical. logical, and control functions built into the complex procedures needed to 
process information. 

4.4.4. Machine Language Versus Assembly Language 

In its most primitive form, a program is simply a sequence of instructions in 
binary form that can be loaded into the computer memory and then implemented 
by the central processing unit. Typically these instructions, which are referred to 
as machine languagl' , consist of binary words of several bytes in length. These 
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binary instructions control the processing of other binary data loaded into the

memory of the computer.

Although machine language programs can be directly executed by the com-

puter, the task of writing such programs is quite formidable. For example, in a

typical computer each machine language instruction might consist of a 16-bit

binary word. A typical program might consist of hundreds or thousands of such

instructions. Each detailed operation within the computer would have to be

specified by its binary code, together with proper addresses in memory and other

details necessary for information transfer. "Hand coding" even a simple program

in machine language is a herculean task, not to speak of the difficulties inherent in

finding errors or making modifications to the program at a later time.

Hence it proves convenient to assign special symbols as a code to represent

several machine language instructions. This development of a set of rules and

special words and symbols to aid in the writing and implementation of computer

programs is known as assembly language. It is the most primitive form of a

programming language. A typical assembly language command to copy the con-

tents of a memory location with address (in hexadecimal notation) F9C6 into a

register might be "FETCH F9C6". Commands to multiply the contents of the

register with the contents of location FE41 and then store this result in location

C020 would be "MPY FE41" and "STORE C020", respectively.

After writing out a list of such assembly language commands, that is, an

assembly language program, a special program known as an assembler can be

loaded into the computer to translate these commands into machine language

(binary form). The use of assembly language greatly simplifies computer pro-

gramming over direct machine language coding. It is sometimes used today for

situations in which very high execution speed is desired for a particular computa-

tion procedure.

However even assembly language programs are still very difficult to write.

They require an intimate knowledge of the computer "architecture" (register

characteristics, memory addresses). Furthermore assembly languages differ from

computer to computer. An assembly language program developed for one type of

computer will not run on another type.

When an engineer writes a program, the details of computer operation at

either the machine language or assembly language level are usually of no interest.

We might be interested in specifying that two numbers be added together, but we

usually do not want to be concerned with the loading of registers or the transfer of

data to and from memory that is required to carry out that addition. Consequently

a number of higher level programming languages have been developed to ease the

task of writing programs for computers. These languages use common English and

mathematical expressions to represent machine language instructions. And in

contrast to assembly language, these higher level programming languages are

intended to be machine-independent. That is, a program written for one class of

computers should be capable of straightforward adaptation to run on other

machines.
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binary instructions control the processing of other binary data loaded into the 
memory of the computer. 

Although machine language programs can be directly executed by the com­
puter, the task of writing such programs is quite formidable. For example, in a 
typical computer each machine language instruction might consist of a 16-bit 
binary word. A typical program might consist of hundreds or thousands of such 
instructions. Each detailed operation within the computer would have to be 
specified by its binary code, together with proper addresses in memory and other 
details necessary for information transfer. "Hand coding" even a simple program 
in machine language is a herculean task, not to speak of the difficulties inherent in 
finding errors or making modifications to the program at a later time. 

Hence it proves convenient to assign special symbols as a code to represent 
several machine language instructions. This development of a set of rules and 
special words and symbols to aid in the writing and implementation of computer 
programs is known as assembl_v lan~-:uage. It is the most primitive form of a 
programming language. A typical assembly language command to copy the con­
tents of a memory location with address (in hexadecimal notation) F9C6 into a 
register might be "FETCH F9C6". Commands to multiply the contents of the 
register with the contents of location FE41 and then store this result in location 
C020 would be "MPY FE41'' and "STORE C020". respectively. 

After writing out a list of such assembly language commands, that is, an 
assembly language program, a special program known as an as.H'mbler can be 
loaded into the computer to translate these commands into machine language 
(binary form). The use of assembly language greatly simplifies computer pro­
gramming over direct machine language coding. It is sometimes used today for 
situations in which very high execution speed is desired for a particular computa­
tion procedure. 

However even assembly language programs are still very difficult to write. 
They require an intimate knowledge of the computer "architecture" (register 
characteristics. memory addresses). Furthermore assembly languages differ from 
computer to computer. An assembly language program developed for one type of 
computer will not run on another type. 

When an engineer writes a program, the details of computer operation at 
either the machine language or assembly language level are usually of no interest. 
We might be interested in specifying that two numbers be added together, but we 
usually do not want to be concerned with the loading of registers or the transfer of 
data to and from memory that is required to carry out that addition. Consequently 
a number of higher level programming languages have been developed to ease the 
task of writing programs for computers. These languages use common English and 
mathematical expressions to represent machine language instructions. And in 
contrast to assembly language, these higher level programming languages are 
intended to be machine-independent. That is, a program written for one class of 
computers should be capable of straightforward adaptation to run on other 
machines. 
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SUMMARY

A program is a sequence of instructions that can be loaded into the

computer and implemented by the central processing unit. At the most

primitive level a program consists of binary words of several bytes in

length known as machine language. To assist in programming, a set of

rules and symbols known as assembly language is developed to represent

the binary word instructions. A special program known as an assembler

then converts these symbols into machine language. Assembly languages

differ from computer to computer.

4.4.2. Higher Level Programming Languages

A higher level programming language assigns common mathematical or English

terms to represent a number of machine language instructions. Such languages

also remove the dependence on machine architecture by referring to memory

locations by names (called "variables") rather than specific addresses. At the

present time there are over 150 programming languages in use throughout the

United States for a variety of applications include scientific and engineering com-

putation, simulation and modeling, process control, business and accounting, and

so on (Table 4.4).

The most widely used programming languages are FORTRAN, Pascal, and

BASIC. To illustrate how such languages are used, let us consider first the FOR-

TRAN language. This is still the most commonly used language in science and

engineering (at least in the United States). The original version of FORTRAN (a

mneumonic for Formula Translator) was developed in 1954 for mathematical cal-

culations. The language has evolved through several versions such as

FORTRAN-IV, introduced in the 1960s and popular still today, and the more

recent FORTRAN-77. FORTRAN closely resembles the algebraic manipulations

the user would perform in attempting to solve a problem directly rather than

program it for a computer. Although the language is easily understood by the

programmer, it is totally incomprehensible to the computer until translated into

machine language (binary) instructions.

This translation task is performed by a large and complex computer program

known as a compiler or translator. The compiler does not simply transcribe a

program into machine language (as an assembler transcribes assembly language

into binary instructions). It also analyzes and reworks the program. It performs

such complex tasks as reordering operations, choosing internal representations

for data, eliminating redundant operations, and reserving memory locations. The

compiler both checks the program to verify that all of the rules of the language
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SUI\fMARY 

A program is a sequence of instructions that can be loaded into the 
computer and implemented by the central processing unit. At the most 
primitive level a program consists of binary words of several bytes in 
length known as machine language. To assist in programming, a set of 
rules and symbols known as assembly language is developed to represent 
the binary word instructions. A special program known as an assembler 
then converts these symbols into machine language. Assembly languages 
differ from computer to computer. 

4.4.2. Higher Level Programming Languages 

A higher level programming language assigns common mathematical or English 
terms to represent a number of machine language instructions. Such languages 
also remove the dependence on machine architecture by referring to memory 
locations by names (called .. variables") rather than specific addresses. At the 
present time there are over 150 programming languages in use throughout the 
United States for a variety of applications include scientific and engineering com­
putation, simulation and modeling, process control, business and accounting, and 
so on (Table 4.4). 

The most widely used programming languages are FORTRAN, Pascal, and 
BASIC. To illustrate how such languages are used, let us consider first the FOR­
TRAN language. This is still the most commonly used language in science and 
engineering (at least in the United States). The original version of FORTRAN (a 
mneumonic for Formula Translator) was developed in 1954 for mathematical cal­
culations. The language has evolved through several versions such as 
FORTRAN-IV, introduced in the 1960s and popular still today, and the more 
recent FORTRAN-77. FORTRAN closely resembles the algebraic manipulations 
the user would perform in attempting to solve a problem directly rather than 
program it for a computer. Although the language is easily understood by the 
programmer, it is totally incomprehensible to the computer until translated into 
machine language (binary) instructions. 

This translation task is performed by a large and complex computer program 
known as a compiler or translator. The compiler does not simply transcribe a 
program into machine language (as an assembler transcribes assembly language 
into binary instructions). It also analyzes and reworks the program. It performs 
such complex tasks as reordering operations, choosing internal representations 
for data, eliminating redundant operations, and reserving memory locations. The 
compiler both checks the program to verify that all of the rules of the language 
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TABLE 4.4 Some of the More Popular Higher Level Programming Languages

YEAR

ORIGIN OF

NAME

PRIMARY

LANGUAGE

INTRODUCED

USE

ALGOL

1960

Algorithmic /anguage

Scientific

BASIC

1965

beginner's all-purpose

symbolic /nstruction

code

Education,

microcomputer

COBOL

1959

Common business-

oriented /anguage

Business

FORTRAN

1954

Formula translator

Scientific

LISP

1956

List processor

Artificial

intelligence

Pascal

1971

Blaise Pascal (famous

French mathematician)

General,

microcomputer

PL/1

1964

Programming /anguage 1

Scientific,

business

Ada

1979

Augusta Ada Byron

(Lord Byron's daughter

and first computer

programmer)

General

have been observed (the syntax of the language) and then optimizes the actual

machine language translations of the program for efficient execution.

It is a difficult task to write a compiler program. One statement in the pro-

gramming language may require many machine language instructions to control

the transfers to and from memory, the arithmetic and logic operations, and the use

of I/O devices. Fortunately, computer scientists have developed very sophisti-

cated compilers over the past two decades for many higher level languages.

Example To illustrate the use of a compiler, let us consider how we might write

and execute a FORTRAN program. We would first develop a set of instructions, a

program, in the higher level language. (This is a major task in itself, and we shall

return to consider it in greater detail in the next section.) This program is com-

monly called the source program, because it provides the source of instructions

that will eventually be translated into machine language instructions by the com-

piler.
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TABLE 4.4 Some of the More Popular Higher Level Programming Languages 

LANGUAGE 

ALGOL 

BASIC 

COBOL 

FORTRAN 

LISP 

Pascal 

PLII 

Ada 

YEAR 
INTRODUCED 

1960 

1965 

1959 

1954 

1956 

1971 

1964 

1979 

ORIGIN OF 
NAME 

Algorithmic language 

Beginner's all-purpose 
symbolic instruction 
code 

Common business­
oriented language 

Formula translator 

List processor 

Blaise Pascal (famous 
French mathematician) 

Programming language 1 

Augusta Ada Byron 
(Lord Byron' s daughter 
and first computer 
programmer) 

PRIMARY 
USE 

Scientific 

Education, 
microcomputer 

Business 

Scientific 

Artificial 
intelligence 

General, 
microcomputer 

Scientific, 
business 

General 

have been observed (the syntax of the language) and then optimizes the actual 
machine language translations of the program for efficient execution. 

It is a difficult task to write a compiler program. One statement in the pro­
gramming language may require many machine language instructions to control 
the transfers to and from memory, the arithmetic and logic operations, and the use 
of 1/0 devices. Fortunately, computer scientists have developed very sophisti­
cated compilers over the past two decades for many higher level languages. 

Example To illustrate the use of a compiler, let us consider how we might write 
and execute a FORTRAN program. We would first develop a set of instructions, a 
program, in the higher level language. (This is a major task in itself, and we shall 
return to consider it in greater detail in the next section.) This program is com­
monly called the source program, because it provides the source of instructions 
that will eventually be translated into machine language instructions by the com­
piler. 
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We would next give a command to load the FORTRAN compiler into the

computer and then feed the source program in as data to be processed by the

compiler program. The compiler will then process the source program, checking it

for errors, translating it into machine language instructions, and optimizing this

machine language program, which is referred to as the object program. The output

from this phase known as compilation will consist both of the object program (or

object "code") as well as diagnostic information provided by the compiler to

identify any errors that might exist in the source program.

If the source program has been successfully compiled, that is, if the compiler

detects no errors, then we would next load the object program (the machine

language code) into the computer and execute it with suitable data provided as

input.

While FORTRAN is probably the most common language used in scientific

and engineering applications, in many ways it is a rather primitive language ill-

suited to other applications. The listing of a FORTRAN program can prove quite

incomprehensible to others (as well as to the original programmer after a short

time away from it). It is sometimes difficult to write FORTRAN programs in a

logical mathematical structure. In addition, FORTRAN is an awkward language to

use for handling large amounts of non-numerical data (e.g., text material).

Perhaps the most popular language for nonscientific applications is BASIC

(Beginner's Ail-Purpose Symbolic /nstruction Code). This is an easy-to-use lan-

guage especially suited to microcomputers. Even a novice can become reasonably

adept at programming in BASIC with only a few hours of effort (conveniently

provided by the numerous self-instruction modules written for this language).

BASIC is designed as a conversational interactive language so that the program-

mer is in intimate and constant contact with the computer. A BASIC program is

interpreted by a special program known as an interpreter each time it is executed,

rather than translated or compiled once and stored in machine language (object)

form such as FORTRAN. For this reason BASIC is an inherently expensive

language to use in terms of CPU time required. Each execution of a BASIC

program requires a new interpretation. Nevertheless, because of its simplicity,

BASIC is frequently the language of choice for short programs (50 statements or

less).

Other languages have been developed for special applications. For example,

COBOL (Common Business Oriented Language) is a programming language suit-

able for commercial data processing work in business. SNOBOL is a symbol

(string) manipulation language useful in text manipulation or matching patterns of

characters. LISP is a symbolic language useful for artificial intelligence (robotics)

applications. Recently there has been an attempt to introduce a standardized

general purpose language known as Ada (after Lord Byron's daughter, Augusta

Ada Byron, who served as the world's first programmer for Charles Babbage).

Probably the most powerful general purpose language available for mi-

crocomputers is Pascal (named after the famous French mathematician, Blaise
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We would next give a command to load the FORTRAN compiler into the 
computer and then feed the source program in as data to be processed by the 
compiler program. The compiler will then process the source program, checking it 
for errors, translating it into machine language instructions, and optimizing this 
machine language program, which is referred to as the object program. The output 
from this phase known as compilation will consist both of the object program (or 
object "code'') as well as diagnostic information provided by the compiler to 
identify any errors that might exist in the source program. 

If the source program has been successfully compiled, that is, if the compiler 
detects no errors, then we would next load the object program (the machine 
language code) into the computer and execute it with suitable data provided as 
input. 

While FORTRAN is probably the most common language used in scientific 
and engineering applications, in many ways it is a rather primitive language ill­
suited to other applications. The listing of a FORTRAN program can prove quite 
incomprehensible to others (as well as to the original programmer after a short 
time away from it). It is sometimes difficult to write FORTRAN programs in a 
logical mathematical structure. In addition, FORTRAN is an awkward language to 
use for handling large amounts of non-numerical data (e.g., text material). 

Perhaps the most popular language for nonscientific applications is BASIC 
(Beginner's All-Purpose Symbolic Instruction Code). This is an easy-to-use lan­
guage especially suited to microcomputers. Even a novice can become reasonably 
adept at programming in BASIC with only a few hours of effort (conveniently 
provided by the numerous self-instruction modules written for this language). 
BASIC is designed as a conversational interactive language so that the program­
mer is in intimate and constant contact with the computer. A BASIC program is 
interpreted by a special program known as an interpreter each time it is executed. 
rather than translated or compiled once and stored in machine language (object) 
form such as FORTRAN. For this reason BASIC is an inherently expensive 
language to use in terms of CPU time required. Each execution of a BASIC 
program requires a new interpretation. Nevertheless, because of its simplicity. 
BASIC is frequently the language of choice for short programs (50 statements or 
less). 

Other languages have been developed for special applications. For example. 
COBOL (Common Business Oriented Language) is a programming language suit­
able for commercial data processing work in business. SNOBOL is a symbol 
(string) manipulation language useful in text manipulation or matching patterns of 
characters. LISP is a symbolic language useful for artificial intelligence (robotics) 
applications. Recently there has been an attempt to introduce a standardized 
general purpose language known as Ada (after Lord Byron's daughter, Augusta 
Ada Byron. who served as the world's first programmer for Charles Babbage). 

Probably the most powerful general purpose language available for mi­
crocomputers is Pascal (named after the famous French mathematician, Blaise 
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Pascal) developed in the early 1970s. Pascal is similar in many ways to an earlier

scientific language ALGOL (for Algorithmic Language). It is designed to take

advantage of sophisticated programming methods. In contrast to FORTRAN or

BASIC, a Pascal source program is compiled into a "p-code" language, somewhat

akin to assembly language, which can then be interpreted by another program

loaded into the computer. This feature makes Pascal probably the most machine-

independent of all programming languages. Pascal is likely to replace BASIC and

FORTRAN for many computer applications in the near future.

SUMMARY

Higher level programming languages assign common mathematical or

English terms to represent several machine language instructions. The

basic features of these languages are independent of computer type. The

most popular such languages include BASIC (for small computers),

FORTRAN (for scientific calculations), Pascal (for general use on both

large and small machines), as well as special purpose languages such as

COBOL (business applications) and LISP (artificial intelligence).

4.4.3. Operating Systems

Computer systems have become so complex and sophisticated that it would be

impractical for one to depend on a human operator to run the systems. This has

led to a class of computer programs known as operating or executive systems or

simply as monitors. These programs sequence and monitor the progress of user

computer programs in the system to take maximum advantage of the operating

characteristics of both input and output devices and the central processing unit. In

monitoring the progress of programs, the operating system protects other com-

puter users (and the system itself) from user programming errors. It acts to limit

total computing time and printing volume. Operating systems also perform the

timing and bookkeeping operations necessary to assign appropriate charges for

the use of the computer. On smaller microcomputers the operating system facili-

tates the use of peripheral devices such as disk drives. Among the more popular

operating systems are the CP/M (Control Program for Microcomputers) system

and the UNIX system.

In smaller machines the operating system or monitor may actually be

hardwired into the system in ROM. However on large mainframe systems, the

operating system must be loaded into the machine just as any other program.

Individuals responsible for the care and feeding of the operating system are known

as systems programmers. They play a vital role in modern computer applications.
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Pascal) developed in the early 1970s. Pascal is similar in many ways to an earlier 
scientific language ALGOL (for Algorithmic Language). It is designed to take 
advantage of sophisticated programming methods. In contrast to FORTRAN or 
BASIC, a Pascal source program is compiled into a "p-code" language, somewhat 
akin to assembly language, which can then be interpreted by another program 
loaded into the computer. This feature makes Pascal probably the most machine­
independent of all programming languages. Pascal is likely to replace BASIC and 
FORTRAN for many computer applications in the near future. 

SUMMARY 

Higher le,•el programming languages assign common mathematical or 
English terms to represent several machine language instructions. The 
basic features of these languages are independent of computer type. The 
most popular such languages include BASIC (for small computers), 
FORTRAN (for scientific calculations), Pascal (for general use on both 
large and small machines), as well as special purpose languages such as 
COBOL (business applications) and LISP (artificial intelligence). 

4.4.3. Operating Systems 

Computer systems have become so complex and sophisticated that it would be 
impractical for one to depend on a human operator to run the systems. This has 
led to a class of computer programs known as operating or executive systems or 
simply as monitors. These programs sequence and monitor the progress of user 
computer programs in the system to take maximum advantage of the operating 
characteristics of both input and output devices and the central processing unit. In 
monitoring the progress of programs, the operating system protects other com­
puter users (and the system itseiO from user programming errors. It acts to limit 
total computing time and printing volume. Operating systems also perform the 
timing and bookkeeping operations necessary to assign appropriate charges for 
the use of the computer. On smaller microcomputers the operating system facili­
tates the use of peripheral devices such as disk drives. Among the more popular 
operating systems are the CP/M (Control Program for Microcomputers) system 
and the UNIX system. 

In smaller machines the operating system or monitor may actually be 
hardwired into the system in ROM. However on large mainframe systems, the 
operating system must be loaded into the machine just as any other program. 
Individuals responsible for the care and feeding ofthe operating system are known 
as systems programmers. They play a vital role in modem computer applications. 
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Example Several years ago a major university computer center experienced a

rather disturbing malfunction in its operating system shortly after one of the

systems programmers had quit his job. One day during normal operation, all

terminals tied into the system suddenly crashed and simultaneously printed out:

"I WANT A COOKIE!" The system then resumed operation. This event would

not have been so disturbing, had it not reoccurred once again several days later.

At this point the systems programmers became concerned. But not matter how

carefully they examined and tested the system, periodically the computer would

stop everything and print out "I WANT A COOKIE!" To make matters worse,

the frequency of its demands was gradually increasing. First every few days, then

every day, and then every few hours, it would demand "I WANT A COOKIE!"

Finally, in despair, they gave up and contacted the former systems programmer.

Although he would not admit to tampering with the system, he did suggest that the

next time the computer printed out "I WANT A COOKIE", they should type in

the message "HERE IS AN OREO." And so they did. The computer then re-

sponded with "YUM, YUM!" and has behaved normally every since.

The operating system is responsible for running the computer, whether in

batch or time-sharing mode. A set of special instructions is provided to allow the

user to instruct the operating system to perform desired tasks, such as running

computer programs or transferring data from one storage device to another or

printing out results of a calculation. Operating system commands are frequently

identified by a prefix character to distinguish them from other commands that

might appear in a program.

Example Suppose that the prefix character for an operating system is "$".

Then a typical job submitted by a user that would compile and run a FORTRAN

program might look as follows:

SSIGNON ALONZO K. ZORCH ACT45 TIME=2S PAGES=20

$COMPILE FORTRAN

FORTRAN program

SENDFTLE

SLOAD OBJECT

SEXECUTE

Data cards for the FORTRAN Program

SENDFILE

SSIGNOFF
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Example Several years ago a major university computer center experienced a 
rather disturbing malfunction in its operating system shortly after one of the 
systems programmers had quit his job. One day during normal operation, all 
terminals tied into the system suddenly crashed and simultaneously printed out: 
"I WANT A COOKIE!" The system then resumed operation. This event would 
not have been so disturbing, had it not reoccurred once again several days later. 
At this point the systems programmers became concerned. But not matter how 
carefully they examined and tested the system, periodically the computer would 
stop everything and print out "I WANT A COOKIE!" To make matters worse. 
the frequency of its demands was gradually increasing. First every few days. then 
every day, and then every few hours, it would demand "I WANT A COOKIE!" 
Finally, in despair, they gave up and contacted the former systems programmer. 
Although he would not admit to tampering with the system, he did suggest that the 
next time the computer printed out "I WANT A COOKIE", they should type in 
the message "HERE IS AN OREO." And so they did. The computer then re­
sponded with ''YUM, YUM!" and has behaved normally every since. 

The operating system is responsible for running the computer, whether in 
batch or time-sharing mode. A set of special instructions is provided to allow the 
user to instruct the operating system to perform desired tasks, such as running 
computer programs or transferring data from one storage device to another or 
printing out results of a calculation. Operating system commands are frequently 
identified by a prefix character to distinguish them from other commands that 
might appear in a program. 

Example Suppose that the prefix character for an operating system is · 'S". 
Then a typical job submitted by a user that would compile and run a FORTRAJ' 
program might look as follows: 
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$SIGNON ALONZO K. ZORCH ACT45 TIME=2S PAGES=20 
$COMPILE FORTRAN 

{ FORTRAN program 

$ENDFILE 
$LOAD OBJECT 
$EXECUTE 

{ Data cards for the FORTRAN Program 

$END FILE 
$SIGN OFF 
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In this case the user has first used the command "$SIGNON" to identify himself

to the system, along with specifying time and printing limits. The "$COMPILE

FORTRAN" command instructs the computer to compile or translate a set of

programming statements, ending with the "SENDFILE" command. The result of

this compilation, the object program, is then loaded into the computer with the

"SLOAD" command, and executed with the "SEXECUTE" command. When

the job is finished, the user indicates to the system that there is no further work by

the "SSIGNOFF" command.

SUMMARY

A set of special programs known as an operating sytem is used to control

and monitor the use of computers. Most operating systems respond to a

set of special instructions.

4.4.5. Programming

A computer program is a set of instructions that can be loaded into a computer to

control its processing of information. In a more abstract sense, a program is a

statement in some computer programming language of an algorithm: a step-by-

step procedure for solving a problem. Computer programming is a term frequently

used to describe the process of developing an algorithm to solve a problem of

interest and then writing a computer program to implement this algorithm.

As we have noted, there are literally hundreds of programming languages

available for different tasks and suitable for different types of computers. Such

languages attempt to combine the precision of mathematical expressions with the

flexibility of natural languages. Early programming languages such as FORTRAN

were designed for specific tasks in mathematical analysis. They were not particu-

larly well suited to the variety of computer applications ranging from data sorting

to systems control to text processing that arise in practice.

There was yet another shortcoming with the early languages. It was hoped

that these languages would be machine-independent. That is, no matter what

machine a program had been written to run on, it would be possible to run it on

any other machine with the appropriate compiler. Unfortunately this has not yet

happened. Most programs cannot be moved easily from one machine to another

without some changes in programming.

Yet another limitation of the early languages involved the difficulty they

presented both in writing efficient programs and then tracking down errors that

might be present in these programs. Computer programmers refer to an error in a
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In this case the user has first used the command · '$SIGNON' • to identify himself 
to the system, along with specifying time and printing limits. The "$COMPILE 
FORTRAN" command instructs the computer to compile or translate a set of 
programming statements, ending with the "$ENDFILE" command. The result of 
this compilation, the object program, is then loaded into the computer with the 
"$LOAD"' command, and executed with the "$EXECUTE" command. When 
the job is finished, the user indicates to the system that there is no further work by 
the "$SIGNOFF" command. 

SUMMARY 

A set of special pro[(rams known as an operating sytem is used to control 
and monitor the use of computers. Most operating systems respond to a 
set of special instructions. 

4.4.5. Programming 

A computer program is a set of instructions that can be loaded into a computer to 
control its processing of information. In a more abstract sense, a program is a 
statement in some computer programming language of an algorithm: a step-by­
step procedure for solving a problem. Computer programming is a term frequently 
used to describe the process of developing an algorithm to solve a problem of 
interest and then writing a computer program to implement this algorithm. 

As we have noted, there are literally hundreds of programming languages 
available for different tasks and suitable for different types of computers. Such 
languages attempt to combine the precision of mathematical expressions with the 
flexibility of natural languages. Early programming languages such as FORTRAN 
were designed for specific tasks in mathematical analysis. They were not particu­
larly well suited to the variety of computer applications ranging from data sorting 
to systems control to text processing that arise in practice. 

There was yet another shortcoming with the early languages. It was hoped 
that these languages would be machine-independent. That is, no matter what 
machine a program had been written to run on, it would be possible to run it on 
any other machine with the appropriate compiler. Unfortunately this has not yet 
happened. Most programs cannot be moved easily from one machine to another 
without some changes in programming. 

Yet another limitation of the early languages involved the difficulty they 
presented both in writing efficient programs and then tracking down errors that 
might be present in these programs. Computer programmers refer to an error in a 
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program as a bug. Most programs contain many bugs when they are first written.

(Indeed, many programs that have been used for years still contain bugs.) It can

prove to be a tedious task to track down these errors, that is, to debug the

program.

For these reasons, once a program is operating satisfactorily, there is a gen-

eral tendency to continue its use, even though it may not present the best ap-

proach for a particular computer. Today many powerful computers are being used

far short of their capacity because they are constrained by the programs or pro-

gramming languages originally written for machines 10 to 20 years older.

There has been great interest in developing new methods of programming

more suited to modern computers and the variety of tasks that they are employed

to solve. Many of these methods involve entirely new approaches to problem

solving as well as new computer languages.

Earlier approaches to computer programming were heavily influenced by the

fact that computers can perform only one small instruction at a time. They tended

to concentrate more on the order in which these steps were taken than on under-

standing how each step related to the solution of the problem as a whole. These

early programming methods made extensive use of flow charts to diagram the

logical sequence of processing that the program would follow. The sequence of

operations in the flow chart could be followed as if it were a road map. Unfortu-

nately, as the problem became more complex, so too did the flow chart become

more complex and confusing.

Modern computer programming stresses a somewhat different approach

known as structured programming. In this approach one uses an orderly approach

that emphasizes subdividing large and complicated logical sequences into smaller

and smaller modules, each of which performs a task that is conceptually separate

and distinct from other parts of the program. Structured programming adopts

essentially the reverse approach from the flow chart method. It leaves the order of

processing to be determined until after the various major steps of the task have

been defined. These steps are broken down into progressively finer and finer

details. Each such component is then programmed as a separate part of the pro-

gram.

Structured programming makes extensive use of subprograms or procedures

(known as subroutines in earlier computer programming languages). Again the

programmer makes extensive use of diagrams, but in this case the program is

diagrammed as a hierarchic or "tree" structure. All logical connections branch

away from the trunk of the tree, with no connections allowed to loop back on

themselves. One starts at the trunk of the tree and follows the structure toward the

branches, providing a progressive definition of more detailed levels. For this

reason, structured programming is sometimes referred to as top-down program-

ming .

Structured programming methods are actually quite similar to the approach

we adopted in engineering problem solving in Chapter 2. Recall that we began

there with a broad, detail-free definition of the problem. Then as we learned more

about the nature of the problem, this definition became more and more precise,

leading to more specific methods for its solution. The same approach is used in
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program as a bug. Most programs contain many bugs when they are frrst written. 
(Indeed, many programs that have been used for years still contain bugs.) It can 
prove to be a tedious task to track down these errors, that is, to debug the 
program. 

For these reasons, once a program is operating satisfactorily, there is a gen­
eral tendency to continue its use, even though it may not present the best ap­
proach for a particular computer. Today many powerful computers are being used 
far short of their capacity because they are constrained by the programs or pro­
gramming languages originally written for machines 10 to 20 years older. 

There has been great interest in developing new methods of programming 
more suited to modern computers and the variety of tasks that they are employed 
to solve. Many of these methods involve entirely new approaches to problem 
solving as well as new computer languages. 

Earlier approaches to computer programming were heavily influenced by the 
fact that computers can perform only one small instruction at a time. They tended 
to concentrate more on the order in which these steps were taken than on under­
standing how each step related to the solution of the problem as a whole. These 
early programming methods made extensive use of flow charts to diagram the 
logical sequence of processing that the program would follow. The sequence of 
operations in the flow chart could be followed as if it were a road map. Unfortu­
nately, as the problem became more complex, so too did the flow chart become 
more complex and confusing. 

Modern computer programming stresses a somewhat different approach 
known as structured programming. In this approach one uses an orderly approach 
that emphasizes subdividing large and complicated logical sequences into smaller 
and smaller modules. each of which performs a task that is conceptually separate 
and distinct from other parts of the program. Structured programming adopts 
essentially the reverse approach from the flow chart method. It leaves the order of 
processing to be determined until after the various major steps of the task have 
been defined. These steps are broken down into progressively finer and finer 
details. Each such component is then programmed as a separate part of the pro­
gram. 

Structured programming makes extensive use of subprograms or procedures 
(known as subroutines in earlier com.,uter programming languages). Again the 
programmer makes extensive use of diagrams, but in this case the program is 
diagrammed as a hierarchic or "tree" structure. All logical connections branch 
away from the trunk of the tree, with no connections allowed to loop back on 
themselves. One starts at the trunk of the tree and follows the structure toward the 
branches, providing a progressive definition of more detailed levels. For this 
reason, structured programming is sometimes referred to as top-down program­
ming. 

Structured programming methods are actually quite similar to the approach 
we adopted in engineering problem solving in Chapter 2. Recall that we began 
there with a broad, detail-free definition of the problem. Then as we learned more 
about the nature of the problem, this definition became more and more precise. 
leading to more specific methods for its solution. The same approach is used in 
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structured programming. One begins with a short list of only very rough and

informal instructions. We then refine these instructions progressively until a satis-

factory solution algorithm is achieved.

Many of the newer programming languages are now being designed to take

advantage of structured programming methods. Notable among these are the Pas-

cal, FORTRAN-77, and PL/1 languages.

SUMMARY

A computer program is a set of instructions that can be loaded into a

computer to control its processing of information. Programs involve an

algorithm, a step-by-step procedure for solving a problem. Early pro-

gramming languages concentrated more on the order of instructions than

on understanding how each step related to the solution of a problem as a

whole. Newer languages employ structured programming in which one

breaks up large and complicated logical sequences into smaller and

smaller modules, each of which performs a task that is conceptually

separate and distinct from other parts of the program. Structured pro-

gramming is also known as top-down programming.

Exercises marked with an asterisk(*) require some degree of programming knowl-

edge.

Exercises

Machine Language vs. Assembly Language

1. Find out, list, and define several assembly language commands for

your university mainframe computer.

2. Define the following terms:

Assembler Opcode

Disassembler Operand

Cross assembler Editor

Programming Languages

3. Suggest appropriate variable names in FORTRAN, BASIC, or Pas-

cal for each of the following:

(a) Time

(b) Velocity

(c) Number of defective units
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structured programming. One begins with a short list of only very rough and 
informal instructions. We then refine these instructions progressively until a satis­
factory solution algorithm is achieved. 

Many of the newer programming languages are now being designed to take 
advantage of structured programming methods. Notable among these are the Pas­
cal, FORTRAN-77, and PL/1 languages. 

SUMMARY 

A computer program is a set of instructions that can be loaded into a 
computer to control its processing of information. Programs involve an 
algorithm. a step-by-step procedure for solving a problem. Early pro­
gramming languages concentrated more on the order of instructions than 
on understanding how each step related to the solution of a problem as a 
whole. Newer languages employ structured programming in which one 
breaks up large and complicated logical sequences into smaller and 
smaller modules, each of which performs a task that is conceptually 
separate and distinct from other parts of the program. Structured pro­
gramming is also known as top-down programming. 

Exercises marked with an asterisk(*) require some degree of programming knowl­
edge. 

Exercises 

Machine Language vs. Assembly LangiUige 

1. Find out, list, and define several assembly language commands for 
your university mainframe computer. 

2. Define the following terms: 
Assembler 
Disassembler 
Cross assembler 

Opcode 
Operand 
Editor 

Programming LangiUiges 

3. Suggest appropriate variable names in FORTRAN, BASIC, or Pas-
cal for each of the following: 

(a) Time 
(b) Velocity 
(c) Number of defective units 
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(d) Result of a logical expression

(e) Mass

(f) User's response to the question: "What is your name?"

(g) Number of terms to be retained in a series

(h) Angle of inclination

*4. Contrast the statements in FORTRAN, BASIC, and Pascal that

accomplish each of the following tasks:

(a) Sets the variable X equal to a value 1.57.

(b) Adds together two variables, X and Y.

(c) Calculates e0 02.

(d) Reads in data for the value of a variable X.

(e) Writes out the value of a variable A'.

(f) Reads in a string variable such as a sentence.

(g) Performs a given calculation 100 times.

*5. Contrast the essential differences between FORTRAN IV (level G

or H compiler) and FORTRAN-77.

*6. Contrast the essential differences between BASIC and extended

BASIC.

*7. Roughly how much core memory is required for the BASIC in-

terpreter program for a microcomputer? For the Pascal compiler

and interpreter programs?

*8. Write computer program statements (in any language such as

BASIC, FORTRAN, or Pascal) for calculating the following alge-

braic expressions:

(a) ax2 + bx + c

(b) L + R/C

L - R/C

(c)

eai - g'

(d) -b Â± (b2 - 4ac)"*

la

*9. Write a computer program for converting any decimal integer into

binary form.

â€¢10. Write a computer program that will convert any binary number into

a decimal integer.

Operating Systems

11. Determine and list the commands on your campus computer operat-

ing system that correspond to each of the following:
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(d) Result of a logical expression 
(e) Mass 
(f) User's response to the question: "What is your name?" 
(g) Number of terms to be retained in a series 
(h) Angle of inclination 

*4. Contrast the statements in FORTRAN, BASIC, and Pascal that 
accomplish each of the following tasks: 

(a) Sets the variable X equal to a value 1.57. 
(b) Adds together two variables, X and Y. 
(c) Calculates e0 ·02 • 

(d) Reads in data for the value of a variable X. 
(e) Writes out the value of a variable X. 
(f) Reads in a string variable such as a sentence. 
(g) Performs a given calculation 100 times. 

·s. Contrast the essential differences between FORTRAN IV (level G 
or H compiler) and FORTRAN-77. 

*6. Contrast the essential differences between BASIC and extended 
BASIC. 

*7. Roughly how much core memory is required for the BASIC in­
terpreter program for a microcomputer? For the Pascal compiler 
and interpreter programs? 

•s. Write computer program statements (in any language such as 
BASIC, FORTRAN, or Pascal) for calculating the following alge­
braic expressions: 

(a) ax2 + bx + c 

(b) L +RIC 
L- RIC 

(c) 
eaz _ e-az 

eaz + e-az 

(d) -b ± (b2 - 4ac )112 

2a 

*9. Write a computer program for converting any decimal integer into 
binary form. 

•to. Write a computer program that will convert any binary number into 
a decimal integer. 

Operating Systems 

11. Determine and list the commands on your campus computer operat­
ing system that correspond to each of the following: 
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DIGITAL COMPUTERS

(a) Signing on and off the system.

(b) Determining the status of your computer account.

(c) Creating a file in which data or program statements can be

placed.

(d) Running a program.

(e) Compiling a source program in Fortran, PL/1, or ALGOL.

(f) Stopping program execution ("break").

(g) Listing the contents of a file on a printer.

12. Identify the operating system commands that will accomplish the

tasks outlined in Problem 11 on a personal computer (e.g., the Disk

Operating Sytem for the TRS-80 or Apple II computers).

* 13. Write the sequence of commands analogous to those on page 284

that would compile and execute a FORTRAN source program on

your campus computer.

Programming

Any suitable programming language can be used in the following exer-

cises.

14. Develop an algorithm to calculate the number of elapsed days be-

tween any two dates.

*15. The Fibonacci sequence, 1, 1, 2, 3, 5, 8, 13, 21, . . . is charac-

terized by the property that each number (beyond the first two) is

the sum of the two previous numbers. Write and run a computer

program to print out the first 30 terms in this series. At what point in

the sequence will the size of the terms overflow the capacity of a

16-bit word?

*16. Write a computer program that will balance a checkbook. The pro-

gram should first ask for the previous balance and then ask for each

check written or deposit made.

* 17. Write a program that will simulate dealing a 5-card poker hand from

a 52-card deck by printing out the names of each card. This program

can make use of the binomial distribution. Be careful to account for

the change in the deck as each card is dealt.

*18. Write a program that will convert between English pounds and

dollars using a specified exchange rate.

*19. Set up a string manipulation program that will write a technical

paper. Begin by storing a variety of titles and phrases, and then use

a random number generator to select out and combine various

phrases to form the text.

*20. Write a program that will convert the measures used in a cooking

recipe (e.g., cups, tablespoons, teaspoons, a pinch, . . .) into SI

units (grams, cubic centimeters).
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(a) Signing on and off the system. 
(b) Determining the status of your computer account. 
(c) Creating a file in which data or program statements can be 

placed. 
(d) Running a program. 
(e) Compiling a source program in Fortran, PL/1, or ALGOL. 
(f) Stopping program execution ("break"). 
(g) Listing the contents of a file on a printer. 

12. Identify the operating system commands that will accomplish the 
tasks outlined in Problem 11 on a personal computer (e.g., the Disk 
Operating Sytem for the TRS-80 or Apple II computers). 

*13. Write the sequence of commands analogous to those on page 284 
that would compile and execute a FORTRAN source program on 
your campus computer. 

Programming 

Any suitable programming language can be used in the following exer­
cises. 

14. Develop an algorithm to calculate the number of elapsed days be­
tween any two dates. 

*15. The Fibonacci sequence, 1, 1, 2, 3, 5, 8, 13, 21, ... is charac­
terized by the property that each number (beyond the first two) is 
the sum of the two previous numbers. Write and run a computer 
program to print out the first 30 terms in this series. At what point in 
the sequence will the size of the terms overflow the capacity of a 
16-bit word? 

*16. Write a computer program that will balance a checkbook. The pro­
gram should first ask for the previous balance and then ask for each 
check written or deposit made. 

*17. Write a program that will simulate dealing a 5-card poker hand from 
a 52-card deck by printing out the names of each card. This program 
can make use of the binomial distribution. Be careful to account for 
the change in the deck as each card is dealt. 

*18. Write a program that will convert between English pounds and 
dollars using a specified exchange rate. 

*19. Set up a string manipulation program that will write a technical 
paper. Begin by storing a variety of titles and phrases, and then use 
a random number generator to select out and combine various 
phrases to form the text. 

*20. Write a program that will convert the measures used in a cooking 
recipe (e.g., cups, tablespoons, teaspoons, a pinch, ... ) into Sl 
units (grams, cubic centimeters). 
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*21. Write a program that will take a cooking recipe and calculate the

number of calories and nutrients per serving.

*22. Recalculate the Fibonacci sequence of Problem 15 to 100 terms

using floating point arithmetic.

*23. The series

is known to diverge. That is, the sum increases without limit as K

increases. However, if the sum is calculated for finite precision

arithmetic, for example, 8-digit floating point, then for some value

of K, K~x will no longer contribute to the sum and the series will

converge. For what value of K might you expect the sum to cease

growing?

*24. Write a computer program to calculate the first N terms of the

following series for any value of x:

(a) sin x = x + jj- + ^ + . . â€¢

(b) cos* - i -- + --- + .. .

(c) e* = 1 + X + ^ + y| + . . .

Test this program for various N by calculating the identity:

sin2 x + cos2 x = 1

*25. Write a program to play a game of TICKTACKTOE against the

user. Use computer graphics if possible.

*26. Write a program to play a game of three-dimensional TICKTACK-

TOE on a 4 x 4 x 4 grid. Again use computer graphics if possible.

*27. Write a program that will interweave two text files line by line.

*28. Modify the file merging program of Problem 27 to weave files to-

gether on a sentence-by-sentence basis.

*29. Develop a course grading program. The program should handle the

grades throughout the term of up to 30 students. It should combine

these grades at the end of the term using some appropriate weight-

ing and then perform a statistical analysis of the scores (computing

average and standard deviation). The program should then assign

letter grades (A, B, C, . . .) based on some appropriate "curve."
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*21. Write a program that will take a cooking recipe and calculate the 
number of calories and nutrients per serving. 

*22. Recalculate the Fibonacci sequence of Problem 15 to 100 terms 
using floating point arithmetic. 

*23. The series 

is known to diverge. That is, the sum increases without limit asK 
increases. However, if the sum is calculated for finite precision 
arithmetic, for example, 8-digit floating point , then for some value 
of K , K-1 will no longer contribute to the sum and the series will 
converge. For what value of K might you expect the sum to cease 
growing? 

*24. Write a computer program to calculate the first N terms of the 
following series for any value of x: 

(a) 
. xa xs 

SID X = X + - + - + · · · 
3! 5! 

(b) 
x2 x4 x 6 

COS X = 1 - 2! + 4! - 6! + · · · 

xz xa 
(C) ez = 1 + X + - + - + · · · 

2! 3! 

Test this program for various N by calculating the identity: 

sin2 x + cos2 x = 1 

*25. Write a program to play a game of TICKTACKTOE against the 
user. Use computer graphics if possible. 

*26. Write a program to play a game of three-dimensional TICKT ACK­
TOE on a 4 x 4 x 4 grid. Again use computer graphics if possible. 

*27. Write a program that will interweave two text files line by line. 

*28. Modify the file merging program of Problem 27 to weave flies to­
gether on a sentence-by-sentence basis. 

*29. Develop a course grading program. The program should handle the 
grades throughout the term of up to 30 students. It should combine 
these grades at the end of the term using some appropriate weight­
ing and then perform a statistical analysis of the scores (computing 
average and standard deviation). The program should then assign 
letter grades (A, B, C, .. . ) based on some appropriate "curve." 
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*30. Develop a computer program that will play Beethoven's Fur Elise

on a microcomputer.

*31. Develop a computer program that will "compose" melodies using a

random number generator. Perhaps the simplest approach would be

to write a Brownian Motion Boogie in which each note is selected at

random to be equal to, one note above, or one note below the

preceding note.

*32. Develop a program to generate "computer art" using a microcom-

puter with color computer graphics capability.

4.5. FUTURE DEVELOPMENTS

The technological trends in the rapid development of computers have stressed

both their size and speed. Modern machines now vary in size from small micro-

processors, with no more than a few hundred words of associated memory, to

large mainframe computers with capacities that were unimaginable even a few

years ago.

The speed of operation has also been an important factor in computer evolu-

tion. The number of operations performed per unit time for any given machine is

inversely proportional to the time it takes to do one such operation. For many

years progress was made by simply reducing the time required for each individual

circuit to carry out its function. Ultimately, however, such improvements are

limited by the finite time required to transmit signals from one point in circuitry to

another. Even though these signals travel at near the speed of light, this transmis-

sion time can be a limiting factor in the very fastest machines. The Cray IS

computer shown in Figure 4.33 is built as a compact cylindrical arrangement of

circuits just to minimize the length of interconnections required and therefore to

reduce the necessary signal transmission times to a minimum.

High speed computation in digital computers is usually measured in terms of

millions of floating point operations per second or MFLOPS. For example, large

commercial machines such as the IBM 3033 or CDC Cyber 176 can achieve a

speed of 1 to 10 MFLOPS. By way of contrast, supercomputers such as the Cray

IS or CDC Cyber 205 achieve speeds of 200 to 800 MFLOPs (Figure 4.34). Exist-

ing microcircuit designs are beginning to approach inherent speed limitations,

both in the switching speed of their circuitry, and also because highly compact

machines such as the Cray-IS dissipate so much heat that special precautions

have to be taken to keep circuits within operating temperatures. (In the case of the

Cray-lS, the computer has essentially been built inside an air conditioner.)

Perhaps the next phase of computer hardware development will be based not

on semiconductors, but instead on superconducting devices known as Josephson

junctions. These devices can act as switches, just as transistors. They are capable

of miniaturization and incredible speeds. In fact, the Josephson junction is the
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DIGITAL COMPUTERS 291 

*30. Develop a computer program that will play Beethoven's Fur Elise 
on a microcomputer. 

*31. Develop a computer program that will "compose" melodies using a 
random number generator. Perhaps the simplest approach would be 
to write a Brownian Motion Boogie in which each note is selected at 
random to be equal to, one note above, or one note below the 
preceding note. 

*32. Develop a program to generate "computer art" using a microcom­
puter with color computer graphics capability. 

4.5. FUTURE DEVELOPMENTS 

The technological trends in the rapid development of computers have stressed 
both their size and speed. Modern machines now vary in size from small micro­
processors, with no more than a few hundred words of associated memory, to 
large mainframe computers with capacities that were unimaginable even a few 
years ago. 

The speed of operation has also been an important factor in computer evolu­
tion. The number of operations performed per unit time for any given machine is 
inversely proportional to the time it takes to do one such operation. For many 
years progress was made by simply reducing the time required for each individual 
circuit to carry out its function . Ultimately , however, such improvements are 
limited by the finite time required to transmit signals from one point in circuitry to 
another. Even though these signals travel at near the speed of light, this transmis­
sion time can be a limiting factor in the very fastest machines. The Cray IS 
computer shown in Figure 4.33 is built as a compact cylindrical arrangement of 
circuits just to minimize the length of interconnections required and therefore to 
reduce the necessary signal transmission times to a minimum. 

High speed computation in digital computers is usually measured in terms of 
millions of floating point operations per second or MFLOPS. For example, large 
commercial machines such as the IBM 3033 or CDC Cyber 176 can achieve a 
speed of I to 10 MFLOPS. By way of contrast, supercomputers such as the Cray 
1 S or CDC Cyber 205 achieve speeds of 200 to 800 MFLOPs (Figure 4.34). Exist­
ing microcircuit designs are beginning to approach inherent speed limitations, 
both in the switching speed of their circuitry, and also because highly compact 
machines such as the Cray- 1 S dissipate so much heat that special precautions 
have to be taken to keep circuits within operating temperatures. (In the case of the 
Cray-lS, the computer has essentially been built inside an air conditioner.) 

Perhaps the next phase of computer hardware development will be based not 
on semiconductors, but instead on superconducting devices known as Josephson 
junctions. These devices can act as switches, just as transistors . They are capable 
of miniaturization and incredible speeds. In fact, the Josephson junction is the 
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292 THE TOOLS 

FIGURE 4.33. The Cray-1 S supercomputer is a cylindrical circuit array to minimize the 
length of electrical connections. (Courtesy Los Alamos Scientific Labora­
tory) 

fastest switch known, being capable of changing its state in as little as 6 pico­
seconds (six-trillionths of a second). Moreover, since these circuits involve super­
conductors with no electrical resistance , heat dissipation is no longer a serious 
limitation on computer size (although the circuitry must be kept immersed in a 
bath of liquid helium to achieve the superconducting operation). A high speed, 
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TABLE 4.5 Computer Speeds in 
Millions of Floating Point 
Operations per Second 

COMPUTER 

IBM 3033 
CDC Cyber 176 
Cray IS 
CDC Cyber 205 

SPEED (MFLOPS) 

4.4 

9.1 
240 
800 

DIGITAL COMPUTERS 293 

high performance supercomputer based on Josephson junction devices would be 
capable of speeds up to thousands of MFLOPS, and yet would be packaged in a 
tiny cube several centimeters on a side (Figure 4.35). 

The quest for faster operational speed has also led to the development of new 
types of computer architecture. Conventional computers carry out a program in 
sequence , moving from one instruction to the next as each is completed. This type 
of operation will always require a total time equal to the product of the average 

FIGURE 4.34. The CDC CYBER 205 can pelform up to 800 million operations per second 
and has four million words of central memory. (Courtesy Control Data 
Corporation) 
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294 THE TOOLS 

FIGURE 4.35. The experimental Jo­
sephson circuit computer will operate at 
supercooled temperatures at speeds or­
ders uf magnitude faster than semiconduc­
tor-based computers. (Courtesy IBM Cor· 
poration) 

time required to carry out one operation multiplied by the total number of opera­
tions. Newer machines can reduce time using a technique known as pipelining. In 
this method, advantage is taken of the fact that certain circuit components may 
only be required for the early part of the computation and would normally be idle 
for the remainder of the operation . However, if results are required for a large 
number of different input parameters , these initial circuits may begin processing 
the next set of data before the first set has worked its way entirely through the 
computational process . If the sequence of operations is a long one, there could be, 
for example, as many as 10 independent operations going on at once , each operat­
ing on a different set of data. For a large collection of input data, the total time will 
therefore be only one-tenth that required if each set of data passed through the 
entire system before the next set were started . At any instant the pipeline will 
contain multiple data being processed according to the same set sequence of 
instructions. Pipeline architecture computers such as the Cray IS or Cyber 205 are 
known as single instruction stream/multiple data stream (SIMD) or vector com­
puters in contrast to conventional single instruction stream/single data stream 
(SISD) or scalar computers which act on only a single piece of data at a time. 
Even more advanced computer architectures are under development which utilize 
numbers of independent processors to achieve multiple instruction stream/multi­
ple data stream (MIMD) operation. 

Future developments in the area of microcomputers will also have a great 
impact on engineering practice. Today we already have small, inexpensive micro­
computers that have the computing capability of relatively large machines of a 
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decade ago. Just as the hand calculator quickly replaced the slide rule during the 
1970s, the personal computer may well replace the hand-held calculator during the 
1980s. Indeed, many " programmable" hand calculators are in fact microcomput­
ers, although to date one must usually program them using a specially designed 
assembly language rather than a higher level programming language. Personal 
computers will almost certainJy continue to address many of the needs that for­
merly required the use of large, mainframe time-sharing computer systems. 

Perhaps the primary limitation on the role played by computers will occur not 
in computer hardware, but rather in the area of software development. To exploit 
fully the increasing power and sophistication of computers, we shall need to 
develop more flexible and powerful programming languages. It will be particularly 
essential in the area of personal computers, to develop languages (or 1/0 devices) 
that allow the layperson to "converse" naturally with the computer. 

During the days of its early development, the computer was regarded primar­
ily as a calculation tool-as simply a bigger and faster calculator. Only during the 
later s tages of its development did it become apparent that the power of the 
computer could be directed at other applications such as the simulation and mod­
eling of systems, data storage. organization , and processing, and systems control. 

FIGURE 4.36. Computer programming can be an extremely frustrating experience. (Copyright, 1972. G.B. 

~ .. 
I • 

111115.' 
I 

Trudeau. Reprinted with permission of Universal Press Syndicate. All rights reserved.) 
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296 THE TOOLS

It has been noted that the evolution of the computer has followed a path similar to

that of the printed book. Early computers were "handmade," one of a kind items,

expensive and complex to use, and available to only a few. Just as the introduction

of the printing press led to the wide spread use of books, the implementation of

time-sharing computer systems greatly expanded user access. And just as the

Industrial Revolution made possible the personal book by providing inexpensive

paper and mechanized printing, the microelectronics revolution of the 1970s has

led to the development of the truly personal computer, inexpensive and portable,

yet with the power of earlier machines.

However, there is one important difference between the development of the

printed book and the computer. It took some 600 years for printed books to

become available to the average member of society. It has taken just 40 years for

the development of the personal computer. It is logical to expect that the pace of

computer development and implementation will continue to be just as rapid in the

future.

SUMMARY

Digital computers now cover a wide spectrum of complexity, ranging

from microprocessors to large mainframe computers. Improvements in

computational speed have been an important element in the evolution of

all types of computers. As fundamental limits on speed are approached,

attention has focused on new types of computer architecture. New con-

cepts such as pipelining and vector processing have led to dramatic in-

creases in computing power. At the other end of the spectrum, the de-

velopment of the portable, inexpensive microcomputer has provided the

engineer with a convenient and powerful tool.

Exercises

Future Developments

1. Determine the cost of your campus central computer, the number of

hours it operates each week, and its speed of operation (number of

operations per second). Then using this information, calculate the

cost per million operations.

2. Repeat the calculation of computational cost outlined in Problem 1 for

a typical personal computer (e.g., TRS-80 or Apple-II), making

reasonable assumptions about usage.

3. An important question in engineering analysis involves the choice
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It has been noted that the evolution of the computer has followed a path similar to 
that ofthe printed book. Early computers were "handmade," one of a kind items. 
expensive and complex to use, and available to only a few. Just as the introduction 
of the printing press led to the wide spread use of books, the implementation of 
time-sharing computer systems greatly expanded user access. And just as the 
Industrial Revolution made possible the personal book by providing inexpensive 
paper and mechanized printing, the microelectronics revolution of the 1970s has 
led to the development of the truly personal computer, inexpensive and portable. 
yet with the power of earlier machines. 

However, there is one important difference between the development of the 
printed book and the computer. It took some 600 years for printed books to 
become available to the average member of society. It has taken just 40 years for 
the development of the personal computer. It is logical to expect that the pace of 
computer development and implementation will continue to be just as rapid in the 
future. 

SUMMARY 

Digital computers now cover a wide spectrum of complexity, ranging 
from microprocessors to large mainframe computers. lmprm·ements in 
computational speed have been an important element in the evolution of 
all types of computers. As fundamental limits on speed are approached, 
attention has focused on new types of computer architecture. New con­
cepts such as pipelining and vector processing have led to dramatic in­
creases in computing power. At the other end of the spectrum, the de­
velopment of the portable, inexpensil•e microcomputer has provided the 
engineer with a convenient and powerful tool. 

Exercises 

Future Developments 

1. Determine the cost of your campus central computer, the number of 
hours it operates each week, and its speed of operation (number of 
operations per second). Then using this information, calculate the 
cost per million operations. 

2. Repeat the calculation of computational cost outlined in Problem 1 for 
a typical personal computer (e.g., TRS-80 or Apple-11), making 
reasonable assumptions about usage. 

3. An important question in engineering analysis involves the choice 
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DIGITAL COMPUTERS

between analytical (paper-pencil-calculator) and computer methods

for problem solving. Which of the following problems would seem

appropriate for "hand" calculation and which could make effective

use of a digital computer:

(a) Determine the geometrical shape that has the maximum sur-

face-to-volume ratio.

(b) Perform a statistical analysis (e.g., determine the average and

standard deviation) for 5 temperature measurements.

(c) Prepare an Internal Revenue Service tax return.

(d) Prepare and place in alphabetical order words for the index of

a book.

(e) Analyze the air flow about a new hang glider wing design.

(f) Prepare a technical report in which a number of revisions will

be necessary at various stages.

Give examples of the following types of engineering problems:

(a) A problem that can be solved by hand (without computer).

(b) A problem that could be solved by hand, but might be more

efficiently solved by using a computer.

(c) A modest problem that requires the use of a computer.

(d) A problem that would tax the speed and memory requirements

of a personal computer.

(e) A problem that would tax the speed and memory requirements

of a large mainframe computer.

(f) A problem that is clearly beyond the capabilities of present-

day computers.

(g) A problem that will always be beyond the capability of com-

puters.
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DIGITAL COMPUTERS 297 

between analytical (paper-pencil-calculator) and computer methods 
for problem solving. Which of the following problems would seem 
appropriate for "hand" calculation and which could make effective 
use of a digital computer: 

(a) Determine the geometrical shape that has the maximum sur­
face-to-volume ratio. 

(b) Perform a statistical analysis (e.g., determine the average and 
standard deviation) for 5 temperature measurements. 

(c) Prepare an Internal Revenue Service tax return. 
(d) Prepare and place in alphabetical order words for the index of 

a book. 
(e) Analyze the air flow about a new hang glider wing design. 
(f) Prepare a technical report in which a number of revisions will 

be necessary at various stages. 

4. Give examples of the following types of engineering problems: 
(a) A problem that can be solved by hand (without computer). 
(b) A problem that could be solved by hand, but might be more 

efficiently solved by using a computer. 
(c) A modest problem that requires the use of a computer. 
(d) A problem that would tax the speed and memory requirements 

of a personal computer. 
(e) A problem that would tax the speed and memory requirements 

of a large mainframe computer. 
(f) A problem that is clearly beyond the capabilities of present­

day computers. 
(g) A problem that will always be beyond the capability of com­

puters. 
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CHAPTER 5

Experiments and Tests

As the needs of society have become more complex, the tools of the engineer have

become more powerful and versatile. Modern science and mathematics have pro-

vided sophisticated methods of analysis and powerful aids such as the digital

computer. Nevertheless, despite their power and versatility the tools of engineer-

ing analysis are incomplete until they are augmented by the experience gained by

direct observation of engineering phenomena, that is, by experiment and testing.

Experimental data and test results play an important role in all phases of engineer-

ing. These activities range from sophisticated experiments intended to investigate

new scientific phenomena in the laboratory to product testing on the assembly

line. Since all engineers will either perform experiments and tests or make use of

the results obtained from such activities, it is important to consider experimental

and testing methods in some detail.

In our discussion we shall distinguish between an experiment and a test. We

define an experiment as an observation carried out under controlled conditions in

order to discover an unknown effect or to test or establish a hypothesis. In this

sense an experiment can be regarded as a planned observational process by which

we increase our experience of the external world. The major objectives of an

experiment are to discover and identify unknown effects and to prove or disprove

theories. For example, experiments might be performed to determine the variation

with temperature of the pressure of a gas in a container. Such an experiment

would be designed to discover a new relationship, in this case between the tem-

perature and pressure of the gas. One might attempt also to measure the deflection

of starlight as it passes through the gravitational field of the sun in order to test

Einstein's theory of relativity. These examples indicate that experiments can be

performed on a small scale within the confines of the laboratory, or on the grander

scale of nature itself, perhaps even on the scale of the universe. Scientific and

engineering experiments represent an application of a procedure known as the

scientific method, a procedure that includes the sequence of observations,

analysis, and experiments that lead to new knowledge.
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CHAPTER 5 
Experiments and Tests 

As the needs of society have become more complex, the tools of the engineer have 
become more powerful and versatile. Modern science and mathematics have pro­
vided sophisticated methods of analysis and powerful aids such as the digital 
computer. Nevertheless, despite their power and versatility the tools of engineer­
ing analysis are incomplete until they are augmented by the experience gained by 
direct observation of engineering phenomena, that is, by experiment and testing. 
Experimental data and test results play an important role in all phases of engineer­
ing. These activities range from sophisticated experiments intended to investigate 
new scientific phenomena in the laboratory to product testing on the assembly 
line. Since all engineers will either perform experiments and tests or make use of 
the results obtained from such activities, it is important to consider experimental 
and testing methods in some detail. 

In our discussion we shall distinguish between an experiment and a test. We 
define an experiment as an observation carried out under controlled conditions in 
order to discover an unknown effect or to test or establish a hypothesis. In this 
sense an experiment can be regarded as a planned observational process by which 
we increase our experience of the external world. The major objectives of an 
experiment are to discover and identify unknown effects and to prove or disprove 
theories. For example, experiments might be performed to determine the variation 
with temperature of the pressure of a gas in a container. Such an experiment 
would be designed to discover a new relationship, in this case between the tem­
perature and pressure of the gas. One might attempt also to measure the deflection 
of starlight as it passes through the gravitational field of the sun in order to test 
Einstein's theory of relativity. These examples indicate that experiments can be 
performed on a small scale within the confines of the laboratory, or on the grander 
scale of nature itself, perhaps even on the scale of the universe. Scientific and 
engineering experiments represent an application of a procedure known as the 
scientific method, a procedure that includes the sequence of observations, 
analysis, and experiments that lead to new knowledge. 
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302 THE TOOLS 

D 

Temperature 

FIGURE 5.1. An experiment to measure 
the relationship between the temperature 
and pressure of a gas. 

In contrast , an engineering test is a means of critical examination involving 
the controlled observation and evaluation of the results of engineering design , 
whether it be a product , a process or a component of a system. In this sense the 
purpose of a test is not to discover new phenomena , but rather to evaluate the 
characteristics of a design. Tests may be performed on a fi nished product . for 
instance, to determine whether an automobile meets federal standards for safety. 
exhaust emission , and fuel effic iency . Tests are also carried out before a product 
goes into production . For example , many different car radiator designs may be 
tested to determine the design that is most compatible with the tooling require­
ments of a new engine. Once the automobile goes into production, one radiator in 
a given batch (say , one in I 00) might be tested to check the quality of the product. 

Experiments and tests can provide valuable information only if they are prop­
erly designed and performed. A good experiment or test is one that yields the 

b Google 

FIGURE 5.2. The deflection of starlight 
by a massive object such as the sun. 
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EXPERIMENTS AND TESTS 303 

FIGURE 5.3. Static testing of aircraft engines. (Courtesy United States Air Force) 

required information with the minimum amount of time, effort, and cost. Unfortu­
nately, experiments and tests often are run without proper care. The results of 
careless experiments and tests can give one a false sense of security without 
actually providing meaningful information. 

The key to successful experimentation and testing is careful planning. En­
gineers should approach these activities with the same methods that they apply to 
any engineering problem. The application of the general procedure of engineering 
problem solving to the design, conduct, and analysis of engineering experiments 
and tests will be considered in this chapter. 

SUMMARY 

Engineers make extensive use of experimental data and test results. An 
experiment is an investigation carried out under controlled conditions in 
order to discover an unknown effect or to test or establish a hypothesis. A 
test is a means of critical examination aimed at evaluating the charac­
teristics of engineering design. Both experiments and tests require careful 
planning prior to execution. 
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304 THE TOOLS

Exercises

Experiments and Tests

Give three examples each of experiments and tests that might be used

in engineering practice in your field of interest.

Identify the unknown effect or hypothesis that was being investigated

in each of the following famous experiments:

(a) Galileo's measurement of the fall of stones from the leaning

tower of Pisa

(b) The Michelson-Morley measurement of the speed of light

(c) The Stern-Gerlach measurement of the electron spin

(d) Milliken's measurement of the ratio of charge to mass on an oil

drop

(e) Recent attempts to detect gravitational waves by sensing the

vibration of a metal cylinder

What feature is being critically evaluated in each of the following

tests:

(a) Vibration tests of soil compaction at a construction site

(b) Mechanically slamming a car door until hinge failure

(c) EPA tests of automotive emissions

(d) Measurement of radioactivity levels in nuclear power plant

emissions

5.1. EXPERIMENTS

We have defined an experiment as a planned observational process by which we

may increase our experience of the external world. Experimental investigations

require careful thought, both in planning and in the analysis and interpretation of

observed results or measured data. This combination of thinking and experimenta-

tion is commonly called the scientific method. Its elements consist of a sequence

of steps that are followed, often unconsciously, in answering scientific questions.

The steps involved in the scientific method can be identified as observation,

hypothesis, and experiment.

5.1.1. The Scientific Method

Observation

The first step in the scientific method involves the observation of some new

phenomenon. Frequently this observation is unplanned or by chance. For exam-

ple, a mechanical engineer might notice that an automobile engine begins to vi-

brate noisily whenever its speed (rpm) exceeds a certain limit (Figure 5.4). Since
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Exercises 

Experiments and Tests 

1. Give three examples each of experiments and tests that might be used 
in engineering practice in your field of interest. 

2. Identify the unknown effect or hypothesis that was being investigated 
in each of the following famous experiments: 

(a) Galileo's measurement of the fall of stones from the leaning 
tower of Pisa 

(b) The Michelson-Morley measurement of the speed of light 
(c) The Stern-Gerlach measurement of the electron spin 
(d) Milliken's measurement of the ratio of charge to mass on an oil 

drop 
(e) Recent attempts to detect gravitational waves by sensing the 

vibration of a metal cylinder 

3. What feature is being critically evaluated in each of the following 
tests: 

(a) V~bration tests of soil compaction at a construction site 
(b) Mechanically slamming a car door until hinge failure 
(c) EPA tests of automotive emissions 
(d) Measurement of radioactivity levels in nuclear power plant 

emissions 

5.1. EXPERIMENTS 

We have defined an experiment as a planned observational process by which we 
may increase our experience of the external world. Experimental investigations 
require careful thought, both in planning and in the analysis and interpretation of 
observed results or measured data. This combination of thinking and experimenta­
tion is commonly called the scientific method. Its elements consist of a sequence 
of steps that are followed. often unconc;ciously, in answering scientific questions. 
The steps involved in the scientific method can be identified as observation. 
hypothesis, and experiment. 

5.1.1. The Scientific Method 

Observation 

The first step in the scientific method involves the observation of some new 
phenomenon. Frequently this observation is unplanned or by chance. For exam­
ple, a mechanical engineer might notice that an automobile engine begins to vi­
brate noisily whenever its speed (rpm) exceeds a certain limit (Figure 5.4). Since 
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FIGURE 5.4. The scientific method of observation, hypothesis, and experiment.
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OBSERVATION 

HYPOTHESIS 

EXPERIMENT 

FIGURE 5.4. The scientific method of observation. hypothesis . and experiment. 
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the observed phenomenon is outside the range of previous experience, it provokes

curiosity and stimulates speculation regarding the nature of the phenomenon. In

our example, the engineer might suspect that the speed or frequency of rotation at

which the vibration begins corresponds to the natural frequency of vibration of

some component of the engine, such as the piston shafts. This speculation will

generally stimulate further observations to confirm the presence of the phenome-

non and determine its general features. However the observational phase of the

scientific method remains quite qualitative and vaguely defined in most cases.

Hypothesis

After observing a new phenomenon, one attempts to explain or understand the

observations by proposing tentative explanations that can be tested by further

experimentation. These speculations or trial explanations are called scientific

hypotheses. It is important to realize that such hypotheses or theories advanced to

explain observations should be regarded as correct or truthful only to the extent

that they are confirmed by further scientific observation or experiment. In a

sense, scientists or engineers are just spectators, observing a complicated game

played by nature without knowing the actual rules of the game. They hope that by

watching long and carefully enough they can guess a few of the rules of the game:

the laws of nature. These guesses then form the hypotheses advanced to explain a

scientific observation.

To be of use, hypotheses or theories must be tested against the results of

further observation. For example, our mechanical engineer might propose to test

the hypothesis about piston shaft vibration by measuring the natural frequency of

vibration of a single shaft and piston assembly. Only when confirmed by repeated

observations do the hypotheses acquire the status of a theory or scientific law.

The most useful approach is to formulate the hypothesis in such a way that it can

be used to predict the results of further observations of a more careful and quan-

titative nature. It is this latter type of scientific observation, designed to test

scientific hypotheses, that we call an experiment.

Experiment

The final stage of the scientific method is experimentation in which carefully

planned and controlled observations are made to test a scientific hypothesis. The

bits of information gathered in these observations are known as scientific or

experimental data. This is the quantitative data that is used to confirm or disprove

the predictions of a scientific hypothesis or theory. The experiment, then, is the

acid test of a scientific investigation. Its goal is to establish new scientific knowl-

edge. It is frequently difficult to distinguish between observation and experiment.

As a general rule, however, we might characterize an experiment as an observa-

tion in which we interfere with nature to create conditions or events more favora-

ble to our purpose.

It is important to realize that the scientific method of observation, hypothesis,
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the observed phenomenon is outside the range of previous experience, it provokes 
curiosity and stimulates speculation regarding the nature of the phenomenon. In 
our example, the engineer might suspect that the speed or frequency of rotation at 
which the vibration begins corresponds to the natural frequency of vibration of 
some component of the engine, such as the piston shafts. This speculation will 
generally stimulate further observations to confirm the presence of the phenome­
non and determine its general features. However the observational phase of the 
scientific method remains quite qualitative and vaguely defined in most cases. 

Hypothesis 

After observing a new phenomenon, one attempts to explain or understand the 
observations by proposing tentative explanations that can be tested by further 
experimentation. These speculations or trial explanations are called scientific 
hypotheses. It is important to realize that such hypotheses or theories advanced to 
explain observations should be regarded as correct or truthful only to the extent 
that they are confirmed by further scientific observation or experiment. In a 
sense, scientists or engineers are just spectators, observing a complicated game 
played by nature without knowing the actual rules of the game. They hope that by 
watching long and carefully enough they can guess a few of the rules of the game: 
the laws of nature. These guesses then form the hypotheses advanced to explain a 
scientific observation. 

To be of use, hypotheses or theories must be tested against the results of 
further observation. For example, our mechanical engineer might propose to test 
the hypothesis about piston shaft vibration by measuring the natural frequency of 
vibration of a single shaft and piston assembly. Only when confirmed by repeated 
observations do the hypotheses acquire the status of a theory or scientific law. 
The most useful approach is to formulate the hypothesis in such a way that it can 
be used to predict the results of further observations of a more careful and quan­
titative nature. It is this latter type of scientific observation, designed to test 
scientific hypotheses , that we call an experiment. 

Experiment 

The final stage of the scientific method is experimentation in which carefully 
planned and controlled observations are made to test a scientific hypothesis. The 
bits of information gathered in these observations are known as scientific or 
experimental data. This is the quantitative data that is used to confirm or disprove 
the predictions of a scientific hypothesis or theory. The experiment, then, is the 
acid test of a scientific investigation. Its goal is to establish new scientific knowl­
edge. It is frequently difficult to distinguish between observation and experiment. 
As a general rule, however, we might characterize an experiment as an observa­
tion in which we interfere with nature to create conditions or events more favora­
ble to our purpose. 

It is important to realize that the scientific method of observation, hypothesis, 
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and experimentation arrives at new scientific knowledge that may be only of a

preliminary or temporary nature. That is, after the scientific hypothesis has been

confirmed by careful experimentation, perhaps even acquiring the status of a

scientific law, it may subsequently be contradicted or disproved by later observa-

tions or experiments. In this sense, scientific theories or laws should be regarded

only as constructs of the moment, useful to the extent that they can help to explain

the results of presently known experimental data, and doomed eventually to be

discarded when contradicted by new observations.

SUMMARY

The scientific method involves the steps of observation, hypothesis, and

experiment in order to determine new scientific knowledge. The first stage

of observation of new phenomena is frequently unplanned. This stimu-

lates the second stage of hypothesis in which a tentative explanation is

given for the observed phenomenon. In the third stage of experimenta-

tion, carefully planned and controlled observations are made to test the

scientific hypothesis. The information gathered in these observations is

known as experimental data.

Example Galileo observed that there is a relationship between the time it takes

a falling object to reach the ground and the height from which it was dropped. He

hypothesized that this time was proportional to some power of the height

time ~ (height)"

According to legend, he then dropped balls from the leaning tower of Pisa and

measured the time it took the balls to fall to the ground from different heights to

deduce that n = Â£. (In fact, Galileo did not drop balls from the leaning tower of

Pisa, but rather he rolled them down inclined planes.)

5.1.2. Design of Experiments

Experiments in science and engineering vary widely, both in scale and purpose.

Nuclear engineers perform measurements on the microscopic scale of atoms and

nuclei, while astronautical engineers measure properties of planets or stars or

perhaps even the universe itself. Since practically every experiment is different,

no one detailed experimental procedure will be applicable to all situations.

Nevertheless we can identify some general features common to all experiments.
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and experimentation arrives at new scientific knowledge that may be only of a 
preliminary or temporary nature. That is, after the scientific hypothesis has been 
confirmed by careful experimentation, perhaps even acquiring the status of a 
scientific law, it may subsequently be contradicted or disproved by later observa­
tions or experiments. In this sense, scientific theories or laws should be regarded 
only as constructs of the moment, useful to the extent that they can help to explain 
the results of presently known experimental data, and doomed eventually to be 
discarded when contradicted by new observations. 

SUMMARY 

The scientific method im•ob·es the steps of observation, hypothesis, and 
experiment in order to determine new scientific knowledge. The first stage 
of observation of new phenomena is frequently unplanned. This stimu­
lates the second stage of hypothesis in which a tentative explanation is 
gi\•en for the observed phenomenon. In the third stage of experimenta­
tion, carefully planned and controlled observations are made to test the 
scientific hypothesis. The information gathered in these observations is 
known as experimental data. 

Example Galileo observed that there is a relationship between the time it takes 
a falling object to reach the ground and the height from which it was dropped. He 
hypothesized that this time was proportional to some power of the height 

time - (height)" 

According to legend, he then dropped balls from the leaning tower of Pisa and 
measured the time it took the balls to fall to the ground from different heights to 
deduce that n = i. (In fact, Galileo did not drop balls from the leaning tower of 
Pisa, but rather he rolled them down inclined planes.) 

5.1.2. Design of Experiments 

Experiments in science and engineering vary widely, both in scale and purpose. 
Nuclear engineers perform measurements on the microscopic scale of atoms and 
nuclei, while astronautical engineers measure properties of planets or stars or 
perhaps even the universe itself. Since practically every experiment is different, 
no one detailed experimental procedure will be applicable to all situations. 
Nevertheless we can identify some general features common to all experiments. 
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Some First Principles

Engineers must resist the temptation to rush into an experiment without adequate

planning. The most critical aspects of experimental investigation are the prelimi-

nary analysis and planning of the experiment and the final analysis of the data. If

the experiment is properly planned, its actual performance can frequently be

reduced to a simple collection of data. Indeed, in many engineering experiments

the data is actually taken by technicians rather than the engineer designing the

experiment.

The nature of the experiment will be determined by several factors. Since the

goal of any experiment is to test a conjecture or hypothesis about some new

phenomenon, the engineer obviously should seek to acquire some understanding

of the nature of the problem before beginning. This degree of familiarity with the

subject of the experiment is occasionally called the background for the experi-

ment. This preparation can vary widely, from the precise measurement of a quan-

tity using a theory that is well-established (e.g., measuring the pressure, volume,

and temperature dependence of a gas) to learning about a newly discovered

phenomenon for which there is no directly relevant background information (e.g.,

measuring the surface composition of the Jovian moon Europa using a space

probe). However, even though the familiarity with the subject of the experiment

may vary widely, there is always some degree of reference to background ideas.

That is, all measurements and experiments are conceived and interpreted in terms

of current modes of thought.

A second factor is the degree of control that the experimenter has over the

phenomenon. The physical properties of a new semiconductor material can be

exhaustively studied using the sophisticated instruments in a solid state physics

laboratory. In contrast, the production engineers investigating a large scale indus-

trial process that is not functioning properly may be able to do little more than

watch in the hope of making a guess at the fault. Such a limited degree of control is

also characteristic of "experiments" in the social sciences in which observational

surveys (e.g., product market surveys) play an important role. The planning phase

is particularly important in such experimental investigations with limited control,

for once the experiment is underway, the investigator may be able to do little more

than passively watch its progress.

Another important factor is the influence of statistical fluctuations that limit

the precision of any measurement. Since such statistical behavior is always pres-

ent to some degree, the investigator should design the experiment and method of

data analysis to account for these effects. The statistical concepts presented in

Chapter 3 can be applied to the analysis of statistical variations in experimental

measurements, as we shall demonstrate in the next section.

A final factor that will determine the conduct of the experiment is the required

precision. For example, a very high degree of measurement precision is required

when studying a phenomenon with a very small effect or when making a "bench-

mark" measurement intended to serve as a standard for further measurements. Of

course, many experiments involving new or poorly understood phenomena as-

sume essentially an observational nature in which precision is of no immediate
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Some First Principles 

Engineers must resist the temptation to rush into an experiment without adequate 
planning. The most critical aspects of experimental investigation are the prelimi­
nary analysis and planning of the experiment and the final analysis of the data. If 
the experiment is properly planned, its actual performance can frequently be 
reduced to a simple collection of data. Indeed, in many engineering experiments 
the data is actually taken by technicians rather than the engineer designing the 
experiment. 

The nature of the experiment will be determined by several factors. Since the 
goal of any experiment is to test a conjecture or hypothesis about some new 
phenomenon, the engineer obviously should seek to acquire some understanding 
of the nature of the problem before beginning. This degree of familiarity with the 
subject of the experiment is occasionally called the background for the experi­
ment. This preparation can vary widely, from the precise measurement of a quan­
tity using a theory that is well-established (e.g., measuring the pressure, volume, 
and temperature dependence of a gas) to learning about a newly discovered 
phenomenon for which there is no directly relevant background information (e.g .. 
measuring the surface composition of the Jovian moon Europa using a space 
probe). However, even though the familiarity with the subject of the experiment 
may vary widely, there is always some degree of reference to background ideas. 
That is, all measurements and experiments are conceived and interpreted in terms 
of current modes of thought. 

A second factor is the degree of control that the experimenter has over the 
phenomenon. The physical properties of a new semiconductor material can be 
exhaustively studied using the sophisticated instruments in a solid state physics 
laboratory. In contrast, the production engineers investigating a large scale indus­
trial process that is not functioning properly may be able to do little more than 
watch in the hope of making a guess at the fault. Such a limited degree of control is 
also characteristic of ··experiments'' in the social sciences in which observational 
surveys (e.g., product market surveys) play an important role. The planning phase 
is particularly important in such experimental investigations with limited control. 
for once the experiment is underway, the investigator may be able to do little more 
than passively watch its progress. 

Another i!llportant factor is the influence of statistical fluctuations that limit 
the precision of any measurement. Since such statistical behavior is always pres­
ent to some degree, the investigator should design the experiment and method of 
data analysis to account for these effects. The statistical concepts presented in 
Chapter 3 can be applied to the analysis of statistical variations in experimental 
measurements, as we shall demonstrate in the next section. 

A final factor that will determine the conduct of the experiment is the required 
precision. For example, a very high degree of measurement precision is required 
when studying a phenomenon with a very small effect or when making a "bench­
mark" measurement intended to serve as a standard for further measurements. Of 
course, many experiments involving new or poorly understood phenomena as­
sume essentially an observational nature in which precision is of no immediate 
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concern. The skilled experimenter will design the procedure to yield the desired 
precision with the minimum investment of resources (equipment, time, and 
money). 

SUMMARY 

The design of an experiment involves many factors. The investigator 
should have acquired some degree of familiarity with the subject of the 
experiment before planning the observations. Important factors affecting 
the planning of experiments include the degree of control over the sub­
ject, the importance of statistical fluctuations in observed quantities, and 
the required precision. 

Example An engineer is required to determine the power consumption of an 
internal combustion engine. The shaft of the engine is attached to an electric 
generator, and the power output of the generator is measured. The rpm of the 
engine is measured with an instrument called a tachometer. The rpm is varied 
during the tests by adjusting the throttle on the engine. These measurements 
establish a relationship between rpm and power output. 

Variables 

The basis of all scientific investigation is the assumption that similar events occur 
under similar circumstances or, put another way, that nature behaves according to 
some order. The similarities between events are usually restricted to a few fea­
tures of particular interest. Then it is often found that similar circumstances can be 
identified by focusing attention on a rather small number of essential charac­
teristics. These essential conditions that determine the occurrence of a given 
event are called variables. 

FIGURE S.S. An experiment to measure the dependence of engine power output on speed 
(RMP) 

rpm Engine Generator 
SJ 

Power 
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Therefore the first step in planning any experiment is to decide the kind of

event to be studied and to identify the variables that prior experience suggests

may be important. These variables may be conveniently classified into two

groups. Variables under the direct control of the investigator are called indepen-

dent variables. For example, in measuring the pressure-temperature relationship

of a gas in a container, the experimenter might choose the gas temperature as the

independent variable. This temperature could then be controlled by adding or

removing heat from the container (e.g., using a heater coil or a cooling fluid).

The experiment will also involve variables that are not under the direct con-

trol of the investigator but are of direct interest in the outcome of the experiment.

The most important of these uncontrolled variables are known as dependent vari-

ables. In our example above, the gas pressure would serve as the dependent

variable. The experimenter will design the experimental procedure to measure

values of the dependent variable for several values of the independent variables in

order to learn as much as possible about the behavior of the system.

Of course many other variables are usually not under the control of the

experimenter but nevertheless influence the outcome of the experiment. In fact

many of these uncontrolled variables cannot even be identified or subjected to

analysis. The degree to which mechanical friction or electrical resistance affect

the transducer measuring the gas pressure and temperature are examples of un-

controlled and unknown variables. The experimenter should design an experiment

to minimize the influence of these unknown quantities and to isolate the depen-

dence of the variable of interest on only the few independent variables that can be

controlled. Ideally the most desirable situation is to fix all but one of the indepen-

FIGURE 5.6. Identification of dependent and independent variables in

the measurement of the relationship between pressure

and temperature of a gas.
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Therefore the first step in planning any experiment is to decide the kind of 
event to be studied and to identify the variables that prior experience suggests 
may be important. These variables may be conveniently classified into two 
groups. Variables under the direct control of the investigator are called indepen­
dent variables. For example, in measuring the pressure-temperature relationship 
of a gas in a container, the experimenter might choose the gas temperature as the 
independent variable. This temperature could then be controlled by adding or 
removing heat from the container (e.g., using a heater coil or a cooling fluid). 

The experiment will also involve variables that are not under the direct con­
trol of the investigator but are of direct interest in the outcome of the experiment. 
The most important of these uncontrolled variables are known as dependent vari­
ables. In our example above, the gas pressure would serve as the dependent 
variable. The experimenter will design the experimental procedure to measure 
values of the dependent variable for several values of the independent variables in 
order to learn as much as possible about the behavior of the system. 

Of course many other variables are usually not under the control of the 
experimenter but nevertheless influence the outcome of the experiment. In fact 
many of these uncontrolled variables cannot even be identified or subjected to 
analysis. The degree to which mechanical friction or electrical resistance affect 
the transducer measuring the gas pressure and temperature are examples of un­
controlled and unknown variables. The experimenter should design an experiment 
to minimize the influence of these unknown quantities and to isolate the depen­
dence of the variable of interest on only the few independent variables that can be 
controlled. Ideally the most desirable situation is to fix all but one of the indepen-

FIGURE 5.6. Identification of dependent and independent variables in 
the measurement of the relationship between pressure 
and temperature of a gas. 
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dent variables and then to study the variation of the dependent variable of interest

with respect to only this single controlled variable.

A common axiom of good experimental procedure in the scientific laboratory

is that we should hold all independent variables constant except that one under

investigation. However this usually turns out to be a counsel of perfection rather

than practice in more complex systems such as industrial processes. Here the

variables may be so interdependent, so intertwined, that the effect of varying one

may be to alter all the others that the experimenter had hoped to keep constant.

That is, the supposedly independent variables are not really independent at all, but

are rather strongly dependent on one another. The conduct of experiments for

these situations becomes a matter of considerable skill and art (and frustration).

SUMMARY

The quantities characterizing an experiment are known as variables. They

may be classified as independent variables (which determine the outcome

of the experiment and are under the control of the investigator), depen-

dent variables (which characterize the outcome of the experiment), and

uncontrolled variables (which may influence this outcome, but are not

under the control of the investigator). One should attempt to vary only

one independent variable at a time when performing an experiment.

Example An engineer sets out to measure the speed of sound through different

gases. In this experiment the speed of sound is the dependent variable. It is

hypothesized that the appropriate independent variables are the composition,

temperature, and pressure of the gas. That is, the engineer designs the experiment

to measure the dependence of the speed of sound c on these quantities:

c =/(composition, temperature, pressure)

After the measurements are performed, it is found that near atmospheric pressure,

the speed of sound does not change appreciably with pressure. Hence the original

hypothesis is modified to indicate a dependence of sound speed on composition

and temperature alone:

c =/(composition, temperature)

Repetition and Reproducibility

Rarely does an experimental program consist of a single observation or measure-

ment. Rather it is more common to repeat the measurement process several times
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dent variables and then to study the variation of the dependent variable of interest 
with respect to only this single controlled variable. 

A common axiom of good experimental procedure in the scientific laboratory 
is that we should hold all independent variables constant except that one under 
investigation. However this usually turns out to be a counsel of perfection rather 
than practice in more complex systems such as industrial processes. Here the 
variables may be so interdependent, so intertwined, that the effect of varying one 
may be to alter all the others that the experimenter had hoped to keep constant. 
That is, the supposedly independent variables are not really independent at all, but 
are rather strongly dependent on one another. The conduct of experiments for 
these situations becomes a matter of considerable skill and art (and frustration). 

SUMMARY 

The quantities characterizing an experiment are known as variables. They 
may be classified as independent variables (which determine the outcome 
of the experiment and are under the control of the investigator), depen­
dent variables (which characterize the outcome of the experiment), and 
uncontrolled variables (which may influence this outcome, but are not 
under the control of the investigator). One should attempt to vary only 
one independent variable at a time when performing an experiment. 

Example An engineer sets out to measure the speed of sound through different 
gases. In this experiment the speed of sound is the dependent variable. It is 
hypothesized that the appropriate independent variables are the composition, 
temperature, and pressure of the gas. That is, the engineer designs the experiment 
to measure the dependence of the speed of sound c on these quantities: 

c = flcomposition, temperature, pressure) 

After the measurements are performed, it is found that near atmospheric pressure, 
the speed of sound does not change appreciably with pressure. Hence the original 
hypothesis is modified to indicate a dependence of sound speed on composition 
and temperature alone: 

c = .flcomposition, temperature) 

Repetition and Reproducibility 

Rarely does an experimental program consist of a single observation or measure­
ment. Rather it is more common to repeat the measurement process several times 
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to increase confidence in the results. For example, when electrical engineers

measure the energy of the light beam produced by a pulsed laser, they fire the

laser many times into a calorimeter and measure the energy deposited by each

shot.

Of course even when an experiment is repeated under identical conditions,

the measured results will usually be different. The experimenter is simply unable

to control all of the variables affecting the outcome. The degree to which the

uncontrolled variables influence the measurement will determine the reproducibil-

ity of the experiment. In most cases reproducibility is an important goal for exper-

iment design.

There are situations, however, in which the results obtained in successive

experiments performed even under identical conditions will continue to fluctuate.

For example, an experiment in which a coin is tossed will yield heads or tails in

almost a random fashion. This random behavior or uncertainty in the results of an

experiment is present to some degree in nearly all measurements.

Methods have been developed to deal with the uncertainty or fluctuation in

measurement. Later we shall apply the statistical analysis discussed in Chapter 3

to this problem. In fact, we shall find that the degree of fluctuation in the results of

measurements can provide additional information about the phenomenon under

investigation.

SUMMARY

Most experimental programs will consist of many observations or mea-

surements performed under identical conditions. An important goal is the

reproducibility of the results of experiments performed under similar con-

ditions. There will always be some degree of variation in experimental

results caused by uncontrolled variables or statistical effects that will

appear as random fluctuations in measured quantities.

Example On the microscopic level of atomic and nuclear physics, uncertainty in

measurement occurs, which is explained by an important law of physics known as

the Heisenberg uncertainty principle This law states that the act of measurement

itself will disturb the measured system in such a way as to introduce a random

fluctuation in the measured quantity.

Relative versus Absolute Measurements

It is generally advisable to make comparative observations or measurements

wherever possible instead of relying on absolute measurements. If only differ-
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to increase confidence in the results. For example. when electrical engineers 
measure the energy of the light beam produced by a pulsed laser, they fire the 
laser many times into a calorimeter and measure the energy deposited by each 
shot. 

Of course even when an experiment is repeated under identical conditions, 
the measured results will usually be different. The experimenter is simply unable 
to control all of the variables affecting the outcome. The degree to which the 
uncontrolled variables influence the measurement will determine the reproducibil­
ity of the experiment. In most cases reproducibility is an important goal for exper­
iment design. 

There are situations, however, in which the results obtained in successive 
experiments performed even under identical conditions will continue to fluctuate. 
For example, an experiment in which a coin is tossed will yield heads or tails in 
almost a random fashion. This random behavior or uncertainty in the results of an 
experiment is present to some degree in nearly all measurements. 

Methods have been developed to deal with the uncertainty or fluctuation in 
measurement. Later we shall apply the statistical analysis discussed in Chapter 3 
to this problem. In fact, we shall find that the degree of fluctuation in the results of 
measurements can provide additional information about the phenomenon under 
investigation. 

SUMMARY 

Most experimental programs will consist of many obsermtions or mea­
surements performed under identical conditions. An important goal is the 
reproducibility of the results of experiments performed under similar con­
ditions. There will always be some degree of variation in experimental 
results caused by uncontrolled variables or statistical effects that will 
appear as random fluctuations in measured quantities. 

Example On the microscopic level of atomic and nuclear physics, uncertainty in 
measurement occurs, which is explained by an important law of physics known as 
the Heisenberg uncertainty principle This law states that the act of measurement 
itself will disturb the measured system in such a way as to introduce a random 
fluctuation in the measured quantity. 

Relative versus Absolute Measurements 

It is generally advisable to make comparative observations or measurements 
wherever possible instead of relying on absolute measurements. If only differ-
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FIGURE 5.7. Measurements performed 
under apparently identical conditions will 
usually exhibit some nuctuation. 

ences or ratios of a variable are used, then many measurement errors will be 
common to both cases and will cancel out in the result. Much of the skill in 
planning an experiment involves designing conditions under which such relative 
measurements are sufficient to test a hypothesis. 

One way to proceed involves performing measurements on two different 
samples in which the only difference is caused by the quantity under investigation . 
In one sample the dependence between the dependent and independent variables 
would be measured as the latter is varied. These results would then be compared 
to measurements performed on a second reference or control sample in which 
variables are held constant. The use of a control experiment is particularly valu­
able when some perturbing influence is at work on both the sample and the 
reference. 

An engineer might wish to measure the influence of static electricity on par­
ticulate emission from a power plant smoke stack. First a series of measurements 
is conducted to determine particulate flow and distribution under normal circum­
stances. This would be the control or background experiment. Then an electrical 
voltage would be applied across electrodes in the stack , and the measurements 
repeated under otherwise identical conditions. A comparison between the two 
classes of measurements should then yield the desired information. 

Occasionally one can choose the controls as absolute standards whose prop­
erties have already been precisely measured. The experimenter then performs a 
measurement relative to the standard by comparing the data taken from the two 
samples. This is the general procedure used in all measurements, since the units in 
which one expresses the measurements of dimensions are defined relative to some 
standard (recall Section 3.2). A special case arises when the comparison value can 
be controUed so that the measuring instrument reads zero at the time the mea­
surement is being made. In this type of " nul" measurement , the final reading is 
essentially independent of the characteristics of the detecting instrument and 
many other components of the system. 
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SUMMARY

It is generally advisable to make comparative observations or measure-

ments between the experimental subject and a control or reference sam-

ple. It is particularly useful to choose the control sample as an absolute

standard.

Example An excellent example of a null measurement device is the Wheatstone

bridge used to provide an accurate measurement of the resistance of a passive

circuit element. The Wheatstone bridge circuit, shown in Figure 5.8, is arranged to

balance reference resistances against the unknown resistance until the current in

the central arm (between nodes I and II) is zero as sensed by a galvanometer

placed in the arm.

The general approach is to adjust a variable but known resistance R until the

galvanometer gives a null reading. Then, since nodes I and II must be at the same

potential and

7,7?, = I2R2

ItRx = I2R

we can divide the first equation by the second to find the unknown resistance in

terms of the reference resistances as

The Wheatstone bridge circuit allows very accurate measurements of resistances

over a large range. It can also be used to measure small changes in resistance, as

might arise, for example, in a strain gauge.

FIGURE 5.8. The Wheatstone bridge

circuit.
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SUMMARY 

It is generally advisable to make comparative observations or measure­
ments between the experimental subject and a control or reference sam­
ple. It is particularly useful to choose the control sample as an absolute 
standard. 

Example An excellent example of a null measurement device is the Wheatstone 
bridge used to provide an accurate measurement of the resistance of a passive 
circuit element. The Wheatstone bridge circuit, shown in Figure 5.8, is arranged to 
balance reference resistances against the unknown resistance until the current in 
the central arm (between nodes I and II) is zero as sensed by a galvanometer 
placed in the arm. 

The general approach is to adjust a variable but known resistance R until the 
galvanometer gives a null reading. Then, since nodes I and II must be at the same 
potential and 

we can divide the flrst equation by the second to find the unknown resistance in 
terms of the reference resistances as 

The Wheatstone bridge circuit allows very accurate measurements of resistances 
over a large range. It can also be used to measure small changes in resistance. as 
might arise. for example, in a strain gauge. 
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FIGURE 5.8. The Wheatstone bridge 
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Scientific Integrity

A fascinating phenomenon known as the "Cargo Cult" has been discovered on a

number of islands in the South Pacific. These islands were inhabited by primitive,

stone age cultures until their first contact with Western civilization through the

voyages of Captain Cook. The natives were overwhelmed with Western material

goods, which they referred to in their pidgin English as "cargo." During World

War II their fondest dreams appeared to come true as the Allies developed several

of the islands into military bases. Planes would land, and soldiers would come

bringing with them enormous quantities of "cargo."

After the war, the soldiers left and the planes flew away, taking the cargo with

them. Now the natives pray for the planes to return. They have developed a

religion about the return of the cargo, a "cargo cult." They fashion bamboo

shoots into primitive guns and march about like the soldiers did. On one island

they have cleared off areas of land to look like a runway, and placed fires along

side it to attract the planes. They even made a wooden hut out of old cargo crates

for a native to sit in, with two wooden pieces on his head like headphones and bars

of bamboo sticking out like antennas. They pray to this figure and wait for the

planes to land.

The natives appear to be doing everything right. The form is perfect; it looks

exactly the way it looked before. But something is wrong. The soldiers do not

return. The planes do not land.

As members of a sophisticated culture, we find the cargo cult amusing. Yet,

as the Nobel Laureate physicist Richard Feynman has noted, despite our sophisti-

cation, in many ways we tend to approach modern science and technology in ways

remarkably similar to the cargo cult. Feynman has coined the term "cargo cult

science" to refer to many approaches to science in our society today that appear

to follow all the apparent precepts and forms of scientific investigation, but that

are missing something very essential because they simply do not workâ€”the

planes do not land. We can all think of obvious examples such as astrology, the

biorhythm fads, UFOs (close encounters of the third kind, the search for ancient

astronauts), strange creatures (the Abominable Snowman, the Loch Ness mon-

ster, Bigfoot). Unfortunately, many aspects of engineering have also become

infected with cargo cult science, particularly in those areas of technology that

have become highly controversial and are debated vigorously in the public

limelight.

But what is missing from these pseudosciences, these Cargo Cult Sciences?

Feynman suggests that the missing ingredient might be identified as "scientific

integrity," a principle of scientific thought that corresponds to an utter honesty, a

leaning over backward to consider and present all aspects of a scientific investiga-

tion.

This principle of scientific integrity is particularly important in experimental

investigation. If you are doing an experiment, you should report everything that

you think might make your results invalid. You should present not only what you

think is right about it, but also other causes that could possibly explain your
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Scientific Integrity 

A fascinating phenomenon known as the "Cargo Cult" has been discovered on a 
number of islands in the South Pacific. These islands were inhabited by primitive, 
stone age cultures until their first contact with Western civilization through the 
voyages of Captain Cook. The natives were overwhelmed with Western material 
goods, which they referred to in their pidgin English as "cargo." During World 
War II their fondest dreams appeared to come true as the Allies developed several 
of the islands into military bases. Planes would land, and soldiers would come 
bringing with them enormous quantities of ··cargo." 

After the war. the soldiers left and the planes flew away, taking the cargo with 
them. Now the natives pray for the planes to return. They have developed a 
religion about the return of the cargo, a "cargo cult." They fashion bamboo 
shoots into primitive guns and march about like the soldiers did. On one island 
they have cleared off areas of land to look like a runway, and placed fires along 
side it to attract the planes. They even made a wooden hut out of old cargo crates 
for a native to sit in, with two wooden pieces on his head like headphones and bars 
of bamboo sticking out like antennas. They pray to this figure and wait for the 
planes to land. 

The natives appear to be doing everything right. The form is perfect; it looks 
exactly the way it looked before. But something is wrong. The soldiers do not 
return. The planes do not land. 

As members of a sophisticated culture. we find the cargo cult amusing. Yet, 
as the Nobel Laureate physicist Richard Feynman has noted, despite our sophisti­
cation. in many ways we tend to approach modern science and technology in ways 
remarkably similar to the cargo cult. Feynman has coined the term "cargo cult 
science" to refer to many approaches to science in our society today that appear 
to follow all the apparent precepts and forms of scientific investigation, but that 
are missing something very essential because they simply do not work-the 
planes do not land. We can all think of obvious examples such as astrology. the 
biorhythm fads. UFOs (close encounters of the third kind, the search for ancient 
astronauts). strange creatures (the Abominable Snowman, the Loch Ness mon­
ster. Bigfoot). Unfortunately, many aspects of engineering have also become 
infected with cargo cult science, particularly in those areas of technology that 
have become highly controversial and are debated vigorously in the public 
limelight. 

But what is missing from these pseudosciences, these Cargo Cult Sciences? 
Feynman suggests that the missing ingredient might be identified as "scientific 
integrity," a principle of scientific thought that corresponds to an utter honesty, a 
leaning over backward to consider and present all aspects of a scientific investiga­
tion. 

This principle of scientific integrity is particularly important in experimental 
investigation. If you are doing an experiment, you should report everything that 
you think might make your results invalid. You should present not only what you 
think is right about it, but also other causes that could possibly explain your 
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D 

FIGURE 5.9. Some popular examples of cargo cult science. (Art and photography by 

Charles Mendez) 
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results; you should mention other ideas you considered but have rejected because

of another experiment and why you have rejected them to make sure that others

know it.

Details that could throw doubt on your interpretation must be given, if you

know them. You must do the best you canâ€”if you know anything at all wrong, or

possibly wrongâ€”to explain it. If you concoct a theory, for example, and advertise

it or publish it, then you must also put down all of the facts that disagree with it, as

well as those that agree with it.

In summary, the idea is to try to give all of the information to help others to

judge the value of your contribution, not just the information that leads to judge-

ment in one particular direction or another. We have learned from experience that

the truth will eventually come out. Other experimenters will repeat your experi-

ment and find out whether you were right or wrong. Nature's phenomena will

agree or disagree with your theory.

You must be careful not to fool yourself, since you are frequently the easiest

person to fool. After you have avoided fooling yourself, it is easy not to fool other

scientists or engineers. You just have to be honest in a conventional way after

that. But you also have an important obligation not to fool the public. It is this type

of integrity, this kind of care not to fool yourself or others, that must be embraced

to avoid excursions into cargo cult science.

SUMMARY

An essential ingredient of scientific inquiry is a kind of scientific integrity,

an utter honesty in which the investigators present all available data and

knowledge concerning a phenomenon, whether it supports their particu-

lar scientific hypothesis or not.

The Design of an Experimental Procedure

Experimenters should use their background knowledge of the phenomenon under

investigation to design the experimental procedure. This knowledge may range

from a mere suggestion about how the system might behave under various condi-

tions to a well-established and highly developed theory of its behavior. Such

considerations will assist in identifying appropriate dependent and independent

variables, measurement procedures, and methods of data analysis and presenta-

tion.

The particular experimental design may vary considerably, depending on the

various factors mentioned above. To illustrate the various considerations involved

in designing an experiment, let us consider one example of an experimental proce-

dure and then illustrate how this procedure might be applied to typical experi-

ments:
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results; you should mention other ideas you considered but have rejected because 
of another experiment and why you have rejected them to make sure that others 
know it. 

Details that could throw doubt on your interpretation must be given, if you 
know them. You must do the best you can-if you know anything at all wrong, or 
possibly wrong-to explain it. If you concoct a theory, for example, and advertise 
it or publish it, then you must also put down all of the facts that disagree with it, as 
well as those that agree with it. 

In summary, the idea is to try to give all of the information to help others to 
judge the value of your contribution, not just the information that leads to judge­
ment in one particular direction or another. We have learned from experience that 
the truth will eventually come out. Other experimenters will repeat your experi­
ment and find out whether you were right or wrong. Nature's phenomena will 
agree or disagree with your theory. 

You must be careful not to fool yourself, since you are frequently the easiest 
person to fool. After you have avoided fooling yourself, it is easy not to fool other 
scientists or engineers. You just have to be honest in a conventional way after 
that. But you also have an important obligation not to fool the public. It is this type 
of integrity, this kind of care not to fool yourself or others, that must be embraced 
to avoid excursions into cargo cult science. 

SUMMARY 

An essential ingredient of scientific inquiry is a kind ofscientific integrity, 
an utter honesty in which the im·estigators present all available data and 
knowledge concerning a phenomenon, whether it supports their particu­
lar scientific hypothesis or not. 

The Design of an Experimental Procedure 

Experimenters should use their background knowledge of the phenomenon under 
investigation to design the experimental procedure. This knowledge may range 
from a mere suggestion about how the system might behave under various condi­
tions to a well-established and highly developed theory of its behavior. Such 
considerations will assist in identifying appropriate dependent and independent 
variables, measurement procedures, and methods of data analysis and presenta­
tion. 

The particular experimental design may vary considerably, depending on the 
various factors mentioned above. To illustrate the various considerations involved 
in designing an experiment, let us consider one example of an experimental proce­
dure and then illustrate how this procedure might be applied to typical experi­
ments: 
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Procedure 

1. Sketch a diagram of the experimental problem, identifying all signifi­
cant parameters. 

2. List all significant variables (both dependent and independent) and 
their dimensions. 

3. Determine which of these variables is treated as independent and 
under the control of the experimenter and which will be measured as 
dependent variables. 

4. Determine the ranges of experimental variables (perhaps by making 
trial measurements). 

5. Perform the appropriate measurements and record the data. 

6. Evaluate the magnitude of errors or uncertainty in the results. 

7. Analyze the results in terms of any available theory. 

Example Let us outline the design of an experiment to determine the relation­
ship between the pressure p, temperature T, and volume V of steam. 

Step 1 

We begin by sketching a diagram of the problem, identifying all the sig­
nificant parameters that might be relevant to the experiment (Figure 5.10). 

Step 2 

We then list the quantities of interest, along with other quantities that 
might influence our results. The dimensions of each such quantity are also 
noted . 

pressure p (N/m3) 

temperature T (K) 
volume V (m3) 

mass m (kg) 

FIGURE 5.10. Measurement of the pressure-volume relationship of steam. 

II 

Steam 

Pressure p 
Volume V 
Temperature T 
Massm 
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We include in this list all the quantities that we suspect will affect the

measurement. It is also important, however, to exclude quantities that do

not have significant effect.

Step 3

Notice that the above four quantities correspond to variables of the exper-

iment. Let us choose volume as our dependent variable and identify the

remaining three quantities as the independent variables under our control.

Step 4

We next estimate the ranges over which the measurements are to be

made. In our example, the pressure, temperature, and volume may range

from nearly zero to thousands of Pa, K, or m3. It is impractical to

perform the experiments for large numbers of values. The pressure,

temperature, and volume ranges of interest must be decided upon before

the measurements are performed. Suppose we use 1 kg of steam in our

experiments and choose a temperature range of 200 to 1000Â°C and a pres-

sure range of 0.02 to 0.60 MPa.

Step 5

We now perform the necessary measurements. During the experiment it is

important to change only one variable at a time, while keeping all other

variables constant. In our example, the temperature can be kept constant

by using a heater, while the volume is increased step by step. For each

volume the pressure is recorded as shown in Table 5.1. The data can then

be plotted on a graph as shown in Figure 5.12. When the behavior of

the data is completely unknown before the measurements, it is best to first

take data at large intervals. This will establish the trend in the data. Once

this trend is established, the gaps in the data can be filled in. It is also good

practice to plot each data point as it is measured, since erroneous mea-

^ FIGURE 5.11. Plotting data taken in the

pressure-volume experiment.

Volume
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EXPERIMENTS AND TESTS 319 

We include in this list all the quantities that we suspect will affect the 
measurement. It is also important, however, to exclude quantities that do 
not have significant effect. 

Step 3 

Notice that the above four quantities correspond to variables of the exper­
iment. Let us choose volume as our dependent variable and identify the 
remaining three quantities as the independent variables under our control. 

Step 4 

We next estimate the ranges over which the measurements are to be 
made. In our example, the pressure, temperature, and volume may range 
from nearly zero to thousands of Pa, K, or m3 • It is impractical to 
perform the experiments for large numbers of values. The pressure, 
temperature, and volume ranges of interest must be decided upon before 
the measurements are performed. Suppose we use 1 kg of steam in our 
experiments and choose a temperature range of 200 to 1 ooooc and a pres­
sure range of 0.02 to 0.60 MPa. 

Step 5 

We now perform the necessary measurements. During the experiment it is 
important to change only one variable at a time, while keeping all other 
variables constant. In our example, the temperature can be kept constant 
by using a heater, while the volume is increased step by step. For each 
volume the pressure is recorded as shown in Table 5 .1. The data can then 
be plotted on a graph as shown in Figure 5.12. When the behavior of 
the data is completely unknown before the measurements, it is best to first 
take data at large intervals. This will establish the trend in the data. Once 
this trend is established, the gaps in the data can be filled in. It is also good 
practice to plot each data point as it is measured, since erroneous mea-

v2 
Volume 
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FIGURE 5.11. Plotting data taken in the 
pressure-volume experiment. 
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TABLE S.l Data Taken for the Pressure p and Volume V of 0.1 kg of Superheated 
Steam 

TEMPERATURE: 
200°C 600°C IOOOoc 

V (m3) p (MPa) V (m3) p (MPa) V (m3) p (MPa) 

1.080 0.2 2.013 0.2 2.937 0.2 

0.716 0.3 1.341 0.3 1.958 0. 3 

0.534 0.4 1.005 0.4 1.468 0.4 

0.425 0.5 0.804 0.5 1.175 0.5 

0.352 0.6 0 .1\(,Q 0.6 0.979 0 .6 

surements will often become apparent from the graph and can be checked 
or repeated immediately. 

Step 6 

We next estimate the error or uncertainty in the measurement. 

Step 7 

Finally , we establish , if possible , an analytical correlation for the data, 
which we interpret using our hypothesis or theory of the behavior of 
steam. We discuss error and data analysis in the next section. 

FIGURE 5.12. It is usually convenient to first take data at widely spaced intervals to 
establish a trend. 
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EXPERIMENTS AND TESTS

Example Let us next design an experiment to determine the drag forces on a

sphere moving with a constant velocity in a viscous fluid. (This is a classic prob-

lem in fluid mechanics.) Again we can follow our procedure step by step:

Step I

First draw a diagram of the problem, labeling all of the forces acting on the

sphere.

Step 2

Next, we identify the relevant variables of the problem:

Drag force F (N)

Velocity of the fluid v (m/s)

Speed of sound in fluid c (m/s)

Viscosity of fluid n (Ns/m2)

Density of fluid p (kg/m3)

Diameter of sphere d (m)

Surface roughness â‚¬ (m)

Gravitational acceleration g (m/s2)

We have included in this list only those variables that may affect the drag

on the sphere directly. For example, although the fluid temperature will

have an effect on the viscosity, we shall not include temperature as a

direct variable.

Step 3

We choose the drag force F on the sphere as our dependent variable, and

represent its dependence on the remaining variables as a function:

F = F(v, c, n, p, d, e, g)
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FIGURE 5.13. The pressure versus vol­
ume relationship for steam. 

josi ~- - -
ol , 

0 2 3 
Volume [m3] 

Example Let us next design an experiment to determine the drag forces on a 
sphere moving with a constant velocity in a viscous fluid. (This is a classic prob­
lem in fluid mechanics.) Again we can follow our procedure step by step: 

Step I 

First draw a diagram of the problem, labeling all of the forces acting on the 
sphere. 

Step 2 

Next, we identify the relevant variables of the problem: 

Drag force F (N) 
Velocity of the fluid v (m/s) 
Speed of sound in fluid c (m/s) 
Viscosity of fluid IL (N-s/m2) 

Density of fluid p (kg/m3) 

Diameter of sphere d (m) 
Surface roughness E (m) 
Gravitational acceleration g (m/sZ) 

We have included in this list only those variables that may affect the drag 
on the sphere directly. For example, although the fluid temperature will 
have an effect on the viscosity, we shall not include temperature as a 
direct variable. 

Step 3 

We choose the drag force F on the sphere as our dependent variable, and 
represent its dependence on the remaining variables as a function: 

F = F(v , c, IJ., p, d, E, g) 
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Fluid

Velocity v

Density p i

FIGURE 5.14. Measurement for the drag

force on a moving sphere.

Speed of sound c

Viscosity y.

But this suggests a bothersome complication. Our procedure in the previ-

ous experiment involved varying only one independent variable at a time.

For example, we might vary only the velocity v while keeping all other

variables unchanged. Then for each value of v we would measure the drag

force F. Now suppose we were to repeat the measurements for four

different velocities. We could then plot F as a function of v. We would

repeat this procedure for the next variable, and so on, eventually measur-

ing the drag force for all possible combinations of the independent vari-

ables. But, if we vary all seven variables independently for just 4 values,

then we find we must perform 47 = 16 384 measurements! If we were to

strive for more resolution and vary each variable 6 times, we would need

67 = 279 936 measurements. This is clearly an impossible task. We must

find some means to alleviate the problem caused by a large number of

independent variables.

We can reduce the number of measurements required by combining some

of the independent variables. We have identified eight variables in the

problem: F, v, c, ft, p, d, c, and g. A result due to Buckingham (and

known as the Buckingham II-Theorem) lets us combine such variables

into a number of dimensionless parameters or "groups" given by

where n is the number of variables in the problem (n = 8 in our example),

and k is the number of basic dimensions that appear. In our example we

have found three dimensions: s,N, and m, giving k = 3. (Notice here that

kg is not a separate dimension since it is related to N by N = kg . m/s2.)

That is, we may combine the variables into ( = 8 â€” 3 = 5 dimensionless

Step 3'

i = n â€” k
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FIGURE 5.14. Measurement for the drag 
force on a moving sphere. 

But this suggests a bothersome complication. Our procedure in the previ­
ous experiment involved varying only one independent variable at a time. 
For example, we might vary only the velocity v while keeping all other 
variables unchanged. Then for each value ofv we would measure the drag 
force F. Now suppose we were to repeat the measurements for four 
different velocities. We could then plot F as a function of v. We would 
repeat this procedure for the next variable, and so on, eventually measur­
ing the drag force for all possible combinations of the independent vari­
ables. But, if we vary all seven variables independently for just 4 values, 
then we find we must perform 47 = 16 384 measurements! If we were to 
strive for more resolution and vary each variable 6 times, we would need 
67 = 279 936 measurements. This is clearly an impossible task. We must 
find some means to alleviate the problem caused by a large number of 
independent variables. 

Step 31 

We can reduce the number of measurements required by combining some 
of the independent variables. We have identified eight variables in the 
problem: F, v, c, p., p, d, E, and g. A result due to Buckingham (and 
known as the Buckingham II-Theorem) lets us combine such variables 
into a number of dimensionless parameters or "groups'' given by 

i = n- k 

where n is the number of variables in the problem (n = 8 in our example), 
and k is the number of basic dimensions that appear. In our example we 
have found three dimensions: s, N, and m, giving k = 3. (Notice here that 
kg is not a separate dimension since it is related toN by N = kg · m/s2.) 

That is, we may combine the variables into i = 8 - 3 = 5 dimensionless 
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parametersâ€”with the constraint that each original variable must appear

at least once in the combinations.

The dimensionless parameters can be formed by various methods.

The simplest way to proceed is just by inspection (fiddling with the vari-

ables). In our problem the dimensionless parameters can be identified as:

F [ N

Pv2cP L(kg/m3) (m2/s2) m2

pvd

v_

*

e

d

= 1

(kg/m3) (m/s) (m) =

N . s/m2)

[(m/s)

L(m/s)

[ m2/s2

L(m) (m/s2)

[(m)

L(m)

= 1

= 1

= 1

Of course these combinations are not unique. We could have formed

other dimensionless parameters. Every combination is acceptable as long

as it is dimensionless and each original variable appears at least once in

one of the groups. Our particular choice was motivated by past experi-

ence with similar problems in fluid mechanics. In fact, four of the dimen-

sionless parameters we have chosen arise so frequently that they have

been given special names:

p

cf = â€”TTii force (or drag) coefficient

pvl dr

Re - Pvd Reynolds number

M = v-

Mach number

dg

Froude number

Note that by combining our variables into dimensionless parameters, we

have reduced the number of independent variables from 7 to 4 and the

number of measurements required from 47 = 16 384 to 44 = 256.
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parameters-with the constraint that each original variable must appear 
at least once in the combinations. 

The dimensionless parameters can be formed by various methods. 
The simplest way to proceed is just by inspection (fiddling with the vari­
ables). In our problem the dimensionless parameters can be identified as: 

F [ N - 1] 
pv2tfl (kg/m3} (m2/s2) m2 -

pvd [(kg/m3) (m/s) (m} = 1] 
1.1. N · s/m2) 

v [(m/s) 
= 1] -

c (m/s) 

v2 
[ m2Js2 = 1] 

dg 
(m) (m/s2) 

e [(m) = 1] 
d (m) 

Of course these combinations are not unique. We could have formed 
other dimensionless parameters. Every combination is acceptable as long 
as it is dimensionless and each original variable appears at least once in 
one of the groups. Our particular choice was motivated by past experi­
ence with similar problems in fluid mechanics. In fact, four of the dimen­
sionless parameters we have chosen arise so frequently that they have 
been given special names: 

c - F force (or drag) coefficient 
1- p v2 d2 

Re = pvd Reynolds number 
1.1. 

M = ~ Mach number 
c 

v2 Froude number 
Fr =-

dg 

Note that by combining our variables into dimensionless parameters, we 
have reduced the number of independent variables from 7 to 4 and the 
number of measurements required from 47 = 16 384 to 44 = 256. 
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Step 4

We next determine the ranges of the independent variables over which the

measurements are to be made. Notice that instead of varying each indi-

vidual variable, we now have only to vary each group. For example, we

need not vary both v and c, only their ratio v/c. Doubling v or halving c

have the same effect, namely, the doubling of the ratio M = v/c.

We first inspect the dimensionless parameters to see if any of them

are unimportant. If the sphere is smooth so that e is much smaller than the

diameter d, then the parameter e/d plays no role in the problem. Similarly,

if the flow velocity v is small compared to the speed of sound, then the

Mach number M = v/c does not influence the results. In this case we are

left with a dependence of the drag or force coefficient on only two

parameters, the Reynolds number and the Froude number:

cf = c,(Re, Fr)

or

F ,/ pvd

pv2d2 J\ n'dg)

If we were to vary each of the two variables, Re and Fr, 4 times, we would

need to perform only 2* = 16 measurements.

Step 5

The necessary measurements are now made. For example, we could vary

the velocity v while keeping all other variables constant. Then for each

value of v we would measure the drag force F. For each set of v and F we

could calculate the ratios F/v2d2, pvd/p., and v2/dg and plot the results as

shown in Figure 5.15.

Steps 6 and 7

If we had performed these measurements, we would have found that the

ratio v2/dg had no measurable effect on the results. In other words, for all

values of v2/dg the results would have been practically identical for the

same Reynolds number. We thus conclude that for a smooth sphere (c

much less than d) in subsonic flow (M = v/c << 1), the drag force coeffi-

cient is a function only of the Reynolds number:

cf = cf (Re)

The relationship between c,and Re is provided from the measurements.

Typical results are shown in Figure 5.16. The results in this illustration are

not restricted to a specific sphere or a specific fluid. They apply to all
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Step 4 

We next determine the ranges of the independent variables over which the 
measurements are to be made. Notice that instead of varying each indi­
vidual variable, we now have only to vary each group. For example, we 
need not vary both v and c, only their ratio v /c. Doubling v or halving c 
have the same effect, namely, the doubling of the ratio M = v/c. 

We first inspect the dimensionless parameters to see if any of them 
are unimportant. If the sphere is smooth so that E is much smaller than the 
diameter d, then the parameter e/d plays no role in the problem. Similarly, 
if the flow velocity v is small compared to the speed of sound, then the 
Mach number M = v /c does not influence the results. In this case we are 
left with a dependence of the drag or force coefficient on only two 
parameters, the Reynolds number and the Froude number: 

c1 = cdRe, Fr) 

or 

F ( pvd v2 ) 
pv2d2 = f --;;:-, dg 

If we were to vary each ofthe two variables, Re and Fr, 4 times, we would 
need to perform only 24 = 16 measurements. 

Step 5 

The necessary measurements are now made. For example, we could vary 
the velocity v while keeping all other variables constant. Then for each 
value of v we would measure the drag force F. For each set of v and F we 
could calculate the ratios F/v2d2 , pvd/ JL, and v2/dg and plot the results as 
shown in Figure 5.15. 

Steps 6 and 7 

If we had performed these measurements, we would have found that the 
ratio v2/dg had no measurable effect on the results. In other words, for all 
values of v 2/dg the results would have been practically identical for the 
same Reynolds number. We thus conclude that for a smooth sphere (E 
much less than d) in subsonic flow (M = v/c <<1), the drag force coeffi­
cient is a function only of the Reynolds number: 

The relationship between c 1 and Re is provided from the measurements. 
Typical results are shown in Figure 5.16. The results in this illustration are 
not restricted to a specific sphere or a specific fluid. They apply to all 
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FIGURE 5.15. Velocity and force coeffi-

cient versus Reynolds number.

1 1.5 2 2.5 3 4 5 6 7 8 910

100 â€ž 1000

Reynolds number Re

TABLE 5.2 Tabulation of the Data for an Experiment Measuring the Drag Force

on a Smooth Sphere Moving at Subsonic Speeds in Air. Data Taken

for a 1 mm Sphere moving in Air with Viscosity ft = 1.78 x 10~s kg/ms

and Density p = 1.23 kg/m3

MEASURED

CALCULATED

VELOCITY v

DRAGF

FORCE

REYNOLDS

FROUDE

(m/s)

m

COEFFICIENT

NUMBER

NUMBER

2

1.92 x 10-3

0.39

138

408

3

3.43 x l0-3

0.31

207

917

4

5.31 x 10~3

0.27

276

1631

5

7.38 x 10-3

0.24

345

2548
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FIGURE 5.15. Velocity and force coeffi­
cient versus Reynolds number. 

TABLE 5.2 Tabulation of the Data for an Experiment Measuring the Drag Force 
on a Smooth Sphere Moving at Subsonic Speeds in Air. Data Taken 
for a 1 mm Sphere moving in Air with Viscosity p. = 1. 78 x 1 o-a kg/ms 
and Density p = 1.23 kg/m3 

MEASURED 

VELOCITY l' DRAGF FORCE 
(m/s) (N) COEFFICIENT 

--- - --

2 1.92 X J0-3 0.39 
3 3.43 X J0-3 0.31 
4 5.31 x w-J 0.27 
5 7.38 x w-3 0.24 

Dl IZ b 

CALCULATED 

REYNOLDS FROUDE 
NUMBER NUMBER 

138 408 
207 917 
276 1631 
345 2548 
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10 102 103 IQA 105

Reynolds number Re = ^

FIGURE 5.16. The drag coefficient cF versus Reynolds number.

spheres, large or small, and to all fluids, including both gases and liquids.

The use of dimensionless parameters therefore enables us to compare the

results obtained with different size objects. This feature is the reason why

scale model testing (i.e., wind tunnels or ship towing tanks) are so useful

in the study of fluid flow problems (airplane and ship hull design).

Example A smooth ball of diameter 30 cm is placed in a river characterized by a

flow velocity of 1 m/s. What force must be applied to the sphere to keep it from

moving downstream?

Solution

We can apply our experimental results to answer this question if we recognize that

the restraining force is equal to the drag force. The Reynolds number is given by

_ pvd _ (1000) (1) (0.3) _

Re (0.001) - 3 x 10

The corresponding force coefficient is found to be

cf - 0.4

The drag force is therefore calculated as

F = cfpv'd2 = (0.4) (1000) (1) (013)2 = 36 N
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FIGURE 5.16. The drag coefficient cF versus Reynolds number. 

105 

spheres, large or small, and to all fluids, including both gases and liquids. 
The use of dimensionless parameters therefore enables us to compare the 
results obtained with different size objects. This feature is the reason why 
scale model testing (i.e., wind tunnels or ship towing tanks) are so useful 
in the study of fluid flow problems (airplane and ship hull design). 

Example A smooth ball of diameter 30 em is placed in a river characterized by a 
flow velocity of 1 m/s. What force must be applied to the sphere to keep it from 
moving downstream? 

Solution 

We can apply our experimental results to answer this question if we recognize that 
the restraining force is equal to the drag force. The Reynolds number is given by 

Re = pvd = (1000) (I) (0.3) = 3 x ws 
#.L (0.001) 

The corresponding force coefficient is found to be 

c, ;._ 0.4 

The drag force is therefore calculated as 

Dl IZ b 

F = c 1pv2d2 = (0.4) ( 1 000) ( l) (0 13)2 = 36 N 
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EXPERIMENTS AND TESTS

SUMMARY

Although the detailed procedure for experiments will vary, a general ap-

proach might be:

1. Diagram the problem.

2. Identify all significant variables.

3. Determine independent and dependent variables.

4. Determine ranges of experimental variables.

5. Perform appropriate measurements and record data.

6. Evaluate errors or uncertainty in reported results.

7. Analyze results.

Exercises

Scientific Method

1. Identify the steps of observation, hypothesis, and experiment that

would be appropriate in the investigation of the following phenomena:

(a) Turbulent air flow about an aircraft wing

(b) Energy content of a new blend of alcohol and gasoline (gaso-

hol)

(c) Change in tolerance of a part being machined as machine

speed is increased

(d) Strength of a prestressed concrete beam with various concrete

compositions

2. Contrast the definitions of a hypothesis, a theory, and a law and give

an example of each.

3. Give three examples of scientific laws, originally established by the

scientific method, which have since been disproven by subsequent

experiments.

4. Choose an observation in your everyday experiences (e.g., beer bub-

bles rising to the surface of a glass or the tendency of your instructor

to lecture faster as students rustle about toward the end of class).

Propose a hypothesis to explain this observation, and then perform an

experiment to test your hypothesis. Write a brief summary of your

results.
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SUMMARY 

Although the detailed procedure for experiments will vary, a general ap­
proach might be: 

1. Diagram the problem. 

2. Identify all significant variables. 

3. Determine independent and dependent variables. 

4. Determine ranges of experimental variables. 

S. Perform appropriate measurements and record data. 

6. Evaluate errors or uncertainty in reported results. 

7. Analyze results. 

Exercises 

Scientific Method 

l. Identify the steps of observation, hypothesis, and experiment that 
would be appropriate in the investigation of the following phenomena: 

(a) Turbulent air flow about an aircraft wing 
(b) Energy content of a new blend of alcohol and gasoline (gaso­

hol) 
(c) Change in tolerance of a part being machined as machine 

speed is increased 
(d) Strength of a prestressed concrete beam with various concrete 

compositions 

2. Contrast the definitions of a hypothesis, a theory, and a law and give 
an example of each. 

3. Give three examples of scientific laws, originally established by the 
scientific method, which have since been disproven by subsequent 
experiments. 

4. Choose an observation in your everyday experiences (e.g., beer bub­
bles rising to the surface of a glass or the tendency of your instructor 
to lecture faster as students rustle about toward the end of class). 
Propose a hypothesis to explain this observation, and then perform an 
experiment to test your hypothesis. Write a brief summary of your 
results. 

b 
Original from 

UNIVERSITY OF ICHIG N 



328 THE TOOLS

Design of Experiments

5. Rank the following experiments in order of decreasing background

knowledge:

(a) A new measurement of the speed of light

(b) Measurements of X-ray sources in the universe

(c) Measurement of switching speed of a new integrated circuit

(d) Determination of atmospheric composition in the Los

Angeles basin

(e) Determination of voter preference in a political campaign

(f) Measurement of failure strength of a new metal alloy

(g) Search for lasing action at X-ray wavelengths

(h) Soil composition measurements in construction site survey

6. Rank the experiments listed in Exercise 5 in order of decreasing

degree of control.

7. Rank the experiments listed in Exercise 5 in order of decreasing

presence of statistical fluctuations.

8. Rank the experiments listed in Exercise 5 in order of decreasing

degree of required precision.

9. Identify the independent and dependent variables in each of the

following experiments:

(a) Measurement of heat resistance of new insulating material

(b) Measurement of energy content of various blends of alcohol

and gasoline (gasohol)

(c) Loss of part tolerance in machine tooling with increases in

machining speed

(d) Strength of prestressed concrete beam with various concrete

compositions

10. Identify possible uncontrolled variables in the following experi-

ments:

(a) Speed of crack propagation in material under tensile stress

(b) Measurement of distance from earth to moon by bouncing a

laser beam off a reflector left by the Apollo mission

(c) Measurement of charge-to-mass ratio of an oil droplet (Milli-

ken oil drop experiment)

(d) Measurement of efficiency of conversion of light into elec-

tricity by a new photovoltaic cell

11. Suggest an experiment in which the independent variables are, in

fact, highly interdependent in the sense that varying one will

strongly influence another.

12. Rank the following measurements in order of decreasing degree of

reproducibility:

(a) Measurement of air temperature in a room
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Design of Experiments 

S. Rank the following experiments in order of decreasing background 
knowledge: 

(a) A new measurement of the speed of light 
(b) Measurements of X-ray sources in the universe 
(c) Measurement of switching speed of a new integrated circuit 
(d) Determination of atmospheric composition in the Los 

Angeles basin 
(e) Determination of voter preference in a political campaign 
(f) Measurement of failure strength of a new metal alloy 
(g) Search for lasing action at X-ray wavelengths 
(h) Soil composition measurements in construction site survey 

6. Rank the experiments listed in Exercise 5 in order of decreasing 
degree of control. 

7. Rank the experiments listed in Exercise 5 in order of decreasing 
presence of statistical fluctuations. 

8. Rank the experiments listed in Exercise 5 in order of decreasing 
degree of required precision. 

9. Identify the independent and dependent variables in each of the 
following experiments: 

(a) Measurement of heat resistance of new insulating material 
(b) Measurement of energy content of various blends of alcohol 

and gasoline (gasohol) 
(c) Loss of part tolerance in machine tooling with increases in 

machining speed 
(d) Strength of prestressed concrete beam with various concrete 

compositions 

10. Identify possible uncontrolled variables in the following experi­
ments: 

(a) Speed of crack propagation in material under tensile stress 
(b) Measurement of distance from earth to moon by bouncing a 

laser beam off a reflector left by the Apollo mission 
(c) Measurement of charge-to-mass ratio of an oil droplet (Milli­

ken oil drop experiment) 
(d) Measurement of efficiency of conversion of light into elec­

tricity by a new photovoltaic cell 

11. Suggest an experiment in which the independent variables are, in 
fact, highly interdependent in the sense that varying one will 
strongly influence another. 

12. Rank the following measurements in order of decreasing degree of 
reproducibility: 

(a) Measurement of air temperature in a room 
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(b) Measurement of the length of a meter stick using a standard

(c) Measurement of noise level from airplanes passing overhead

in a neighborhood near an airport

(d) Measurement of vortex structure in water flow behind a ship

propeller

13. In measuring length, the unit of meter is used. Is this an absolute or a

relative measure? Why?

14. Is the measure of force (in newtons) an absolute or a relative mea-

surement? Why?

15. Suggest an experiment to perform a relative measurement of each of

the following:

(a) The amount of radioactivity in a sample

(b) The degree to which level of education influences political

attitudes

(c) The degree to which the speed of a given chemical reaction

depends on the concentration of a catalyst

(d) The dependence of the rate of diffusion of a gas through a

porous membrane on its molecular weight

16. Give three examples of cargo cult science.

17. Contrast the advocacy or adversary approach used in legal argument

with the concept of scientific integrity used in scientific debate.

18. Describe the experimental procedure you would use to establish the

relationship between the resistance of a wire and its temperature.

19. Describe the experimental procedure you would use to determine

the relationship between the period of oscillation of a pendulum, the

length of the pendulum, and the mass of the pendulum.

20. Describe an experimental procedure to determine the relationship

between the strength of a material and its temperature.

21. Design an experimental procedure to measure the flow rate of water

through a pipe for various pipe diameters and surface roughness.

22. Design an experiment to measure the rate at which sand settles in a

liquid.

23. Design an experiment to measure each of the following quantities:

(a) Effect of microwave radiation on biological organisms

(b) Effect of radioactive krypton released from nuclear power

plants on electrical conductivity of the atmosphere

(c) Degree to which air bubble collapse can pit and damage ship

propellers (erosion by cavitation)

(d) Execution speed of a new computer algorithm

(e) Effect of CO2 concentration in the atmosphere on climate (or

more narrowly, the degree to which CO2 can act to trap heat

radiation from the Earth's surface)
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(b) Measurement of the length of a meter stick using a standard 
(c) Measurement of noise level from airplanes passing overhead 

in a neighborhood near an airport 
(d) Measurement of vortex structure in water flow behind a ship 

propeller 

13. In measuring length, the unit of meter is used. Is this an absolute or a 
relative measure? Why? 

14. Is the measure of force (in newtons) an absolute or a relative mea­
surement? Why? 

15. Suggest an experiment to perform a relative measurement of each of 
the following: 

(a) The amount of radioactivity in a sample 
(b) The degree to which level of education influences political 

attitudes 
(c) The degree to which the speed of a given chemical reaction 

depends on the concentration of a catalyst 
(d) The dependence of the rate of diffusion of a gas through a 

porous membrane on its molecular weight 

16. Give three examples of cargo cult science. 

17. Contrast the advocacy or adversary approach used in legal argument 
with the concept of scientific integrity used in scientific debate. 

18. Describe the experimental procedure you would use to establish the 
relationship between the resistance of a wire and its temperature. 

19. Describe the experimental procedure you would use to determine 
the relationship between the period of oscillation of a pendulum, the 
length of the pendulum, and the mass of the pendulum. 

20. Describe an experimental procedure to determine the relationship 
between the strength of a material and its temperature. 

21. Design an experimental procedure to measure the flow rate of water 
through a pipe for various pipe diameters and surface roughness. 

22. Design an experiment to measure the rate at which sand settles in a 
liquid. 

23. Design an experiment to measure each of the following quantities: 
(a) Effect of microwave radiation on biological organisms 
(b) Effect of radioactive krypton released from nuclear power 

plants on electrical conductivity of the atmosphere 
(c) Degree to which air bubble collapse can pit and damage ship 

propellers (erosion by cavitation) 
(d) Execution speed of a new computer algorithm 
(e) Effect of C02 concentration in the atmosphere on climate (or 

more narrowly, the degree to which C02 can act to trap heat 
radiation from the Earth"s surface) 
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5.2. EXPERIMENTAL DATA

5.2.1. Data Recording and Documentation

Careful records should be kept of all experimental activities, whether they involv e

scientific research or engineering development. No matter how confident one

feels at the time of an experiment, human memory is simply too fallible to be relied

on. Every detail concerning the experiment should be put down in writing in some

permanent form. This is true not only for lists of observations or data, but for all

other aspects of description of the work as well. It is best to write down almost

everything, since experimental work is essentially exploration, and one never

knows what information may subsequently prove useful.

Laboratory notebooks should be permanently and strongly bound and of

sufficient size, say roughly 20 by 25 cm, with numbered pages. Ruled pages are

generally used, but this is a matter of personal taste, and some investigators may

prefer unruled or cross-sectioned pages. One should begin by laying out the pre-

liminary analysis of the experiment and the measurement and calculation program

in the notebook. At this stage of preliminary work the notebook is particularly

useful, since the average person can think more effectively on paper, writing down

any given information, equations, circuits, etc., and working with them systemati-

cally, than by simply staring vacantly into space hoping for inspiration for the

solution of the experimental problem.

Data should be entered directly into the notebook at the time of observation

with a clear indication of the date. It should be recorded in ink (particularly if the

notebook may be used as evidence to establish a patent). Sketches, drawings, and

diagrams are essential, as is extensive documentation of all instruments involved

in the measurements (e.g., serial numbers and circuit diagrams). Since so much

observation is visual, it is important to record what is actually seen, including

things not fully understood at the time. Bad or unpromising experiments, even

those deemed failures, should be fully recorded. They represent an investment of

effort that should not be thrown away, because often something can be salvaged,

even if it is only a knowledge of what not to do in the future.

As a general principle, the experimenter should consider anything worth

writing down as worth preserving. Completeness of description takes priority over

conciseness of expression. In this sense, a laboratory notebook is quite different

than a technical report, since it must serve to document the investigation rather

than merely present the results.

Laboratory notebooks play a critical role in patent applications. For this

reason, it may be desirable to witness and notarize notebook pages at various

times. To maximize the legal worth of the record, each entry should be dated and

no blank pages or spaces left. Many industrial and scientific laboratories have

adopted precise standards governing the manner in which laboratory notebooks

are kept.
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330 THE TOOLS 

5.2. EXPERIMENTAL DATA 

5.2.1. Data Recording and Documentation 

Careful records should be kept of all experimental activities, whether they involve 
scientific research or engineering development. No matter how confident one 
feels at the time of an experiment, human memory is simply too fallible to be relied 
on. Every detail concerning the experiment should be put down in writing in some 
permanent form. This is true not only for lists of observations or data, but for all 
other aspects of description of the work as well. It is best to write down almost 
everything, since experimental work is essentially exploration, and one never 
knows what information may subsequently prove useful. 

Laboratory notebooks should be permanently and strongly bound and of 
sufficient size, say roughly 20 by 25 em, with numbered pages. Ruled pages are 
generally used, but this is a matter of personal taste, and some investigators may 
prefer unruled or cross-sectioned pages. One should begin by laying out the pre­
liminary analysis of the experiment and the measurement and calculation program 
in the notebook. At this stage of preliminary work the notebook is particularly 
useful, since the average person can think more effectively on paper, writing down 
any given information, equations, circuits, etc., and working with them systemati­
cally, than by simply staring vacantly into space hoping for inspiration for the 
solution of the experimental problem. 

Data should be entered directly into the notebook at the time of observation 
with a clear indication of the date. It should be recorded in ink (particularly if the 
notebook may be used as evidence to establish a patent). Sketches, drawings. and 
diagrams are essential, as is extensive documentation of all instruments involved 
in the measurements (e.g., serial numbers and circuit diagrams). Since so much 
observation is visual, it is important to record what is actually seen, including 
things not fully understood at the time. Bad or unpromising experiments, even 
those deemed failures, should be fully recorded. They represent an investment of 
effort that should not be thrown away, because often something can be salvaged, 
even if it is only a knowledge of what not to do in the future. 

As a general principle, the experimenter should consider anything worth 
writing down as worth preserving. Completeness of description takes priority over 
conciseness of expression. In this sense, a laboratory notebook is quite different 
than a technical report, since it must serve to document the investigation rather 
than merely present the results. 

Laboratory notebooks play a critical role in patent applications. For this 
reason, it may be desirable to witness and notarize notebook pages at various 
times. To maximize the legal worth of the record, each entry should be dated and 
no blank pages or spaces left. Many industrial and scientific laboratories have 
adopted precise standards governing the manner in which laboratory notebooks 
are kept. 
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FIGURE 5.17. An example of a laboratory notebook . 

SUMMARY 

Careful records should be kept of all experimental activities, including 
data, description of visual observations, experimental plan and data 
analysis, and any other information characterizing the experiment. 
Bound laboratory notebooks should be used; in certain applications, 
these notebooks should be periodically witnessed and notarized to serve 
as legal documentation of the experiment. All entries should be carefully 
dated. 

5.2.2. Measurement and Accuracy 

One important characteristic of scientific observation is its quantitative nature. 
This emphasis on numbers is an important aspect of all areas of technology. We 
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shall define a measurement as a quantitative statement of the result of a human

process of observation. It is important to recognize the human and fallible nature

of the measurement process and its consequently limited validity. When one

states that the speed of an automobile has been measured to be 100 km/h, this does

not mean that the automobile is actually moving at this speed. Rather it means that

the observer has used instruments (clocks and rulers) to measure the speed and

concluded that it is 100 km/h. Of course the observer may have made a mistake in

reading the instruments. Furthermore the experimental techniques are of limited

accuracy. Hence a mere statement of the result of a measurement is usually

insufficient, and some statement of the confidence one may associate with the

measurement is very important. The definition of confidence in measurement is

closely related to the concepts of significant figures, precision, and accuracy.

The number of digits that arise as the result of measurement are called sig-

nificant figures (Section 3.3). When a number is written to represent the result of a

measurement, it is always assumed that, unless otherwise stated, only the right-

most digit is uncertain. Significant figures are of considerable importance since

they indicate to us the reliability of our measurements.

The term precision refers to how closely two or more measurements of the

same quantity come to each other. In general, the more significant figures present

in a given measured quantity, the greater the precision of the measurement.

The term accuracy refers to how close an experimental observation lies to the

true value. Generally a more precise measurement will also be a more accurate

measurement. The principal benefit of repeated measurements is not so much to

improve the accuracy of the measurement as it is to provide an estimate of its

precision.

Even with an ideally calibrated instrument under ideal conditions, there is a

fundamental limit to the precision of the measurement by the instrument scale,

since this is necessarily subdivided at finite intervals. In a sense, this is analogous

to the situation in which a numerical value must be rounded off to some particular

number of significant figures. Therefore great care should be taken to determine

the precision or uncertainty in any measurement.

A common approach is to use the finest scale division on the instrument as a

measure of the "maximum" range of uncertainty. But this definition is far too

crude for most purposes. Rather the experimenter must actually measure the

uncertainty in the results by repeating the measurement several times. Only in this

way can the precision of the measurement be determined and a quantitative esti-

mate of the possible error range provided.

SUMMARY

A measurement is a quantitative statement of the result of a human process of

observation. The number of digits that are of importance in a given measure-

ment are called significant figures. Precision refers to how closely two

measurements of the same quantity come to each other. Accuracy refers
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shall define a measurement as a quantitative statement of the result of a human 
process of observation. It is important to recognize the human and fallible nature 
of the measurement process and its consequently limited validity. When one 
states that the speed of an automobile has been measured to be 100 km/h, this does 
not mean that the automobile is actually moving at this speed. Rather it means that 
the observer has used instruments (clocks and rulers) to measure the speed and 
concluded that it is 100 km/h. Of course the observer may have made a mistake in 
reading the instruments. Furthermore the experimental techniques are of limited 
accuracy. Hence a mere statement of the result of a measurement is usually 
insufficient, and some statement of the confidence one may associate with the 
measurement is very important. The definition of confidence in measurement is 
closely related to the concepts of significant figures, precision, and accuracy. 

The number of digits that arise as the result of measurement are called sig­
nificant figures (Section 3.3). When a number is written to represent the result of a 
measurement, it is always assumed that, unless otherwise stated, only the right­
most digit is uncertain. Significant figures are of considerable importance since 
they indicate to us the reliability of our measurements. 

The term precision refers to how closely two or more measurements of the 
same quantity come to each other. In general, the more significant figures present 
in a given measured quantity, the greater the precision of the measurement. 

The term accuracy refers to how close an experimental observation lies to the 
true value. Generally a more precise measurement will also be a more accurate 
measurement. The principal benefit of repeated measurements is not so much to 
improve the accuracy of the measurement as it is to provide an estimate of its 
precision. 

Even with an ideally calibrated instrument under ideal conditions, there is a 
fundamental limit to the precision of the measurement by the instrument scale, 
since this is necessarily subdivided at finite intervals. In a sense, this is analogous 
to the situation in which a numerical value must be rounded off to some particular 
number of significant figures. Therefore great care should be taken to determine 
the precision or uncertainty in any measurement. 

A common approach is to use the finest scale division on the instrument as a 
measure of the "maximum" range of uncertainty. But this definition is far too 
crude for most purposes. Rather the experimenter must actually measure the 
uncertainty in the results by repeating the measurement several times. Only in this 
way can the precision of the measurement be determined and a quantitative esti­
mate of the possible error range provided. 

SUMMARY 

A measurement is a quantitative statement of the result of a human process of 
observation. The number of digits that are of importance in a given measure­
ment are called significant figures. Precision refers to how closely two 
measurements of the same quantity come to each other. Accuracy refers 
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to how closely an experimental measurement lies to the true value. It is

important to determine the uncertainty in experimental measurements.

Usually this must be done by repeating the measurement several times.

5.2.3. Errors

Data resulting from experiments always have inaccuracies or errors. To make the

best use of such data, we need to know the magnitude of these errors. One can

identify two general classes of errors.

Errors that influence all measurements of a particular quantity in a regular or

equal fashion are classified as systematic errors. These are typically caused by

inaccuracies in measurement instruments or experimental method. For example,

an error in instrument calibration (e.g., a meter stick that is only 99 cm long)

would give rise to systematic errors, since every measurement made by this

instrument would be in error by the same amount (1%). Mechanical defects can

influence instrument reproducibility in a systematic fashion. Other sources of

systematic errors include limited investigator skills (such as in reading instru-

ments), improperly designed apparatus, and so on. One must be aware of the

presence of systematic errors and attempt to eliminate or minimize sources of

such errors wherever possible, while quantifying and correcting for the errors that

remain.

A second class of errors is characterized by statistical fluctuation or random

behavior. Such random errors are due to the working of several uncontrolled

variables, each of which has a small effect. As their name implies, successive

observations of the same quantity will vary in a statistical or random fashion.

Random errors can be caused by small changes in experimental conditions (tem-

perature, pressure, illumination, vibration) or by the inability of the observer to

read instrument scales precisely.

Our earlier definitions of accuracy and precision can be related to the type of

error in the measurement. If the systematic error is small, the measurement is said

to have a high accuracy. If the random error is small, the measurement is said to

be of high precision.

In practice one should attribute random behavior to measurements only when

no more plausible explanation of the observed pattern of results is available.

Random errors can be analyzed using statistical methods.

SUMMARY

Errors that arise in a regular pattern to influence all measurements of a

quantity in the same fashion are classified as systematic errors. Errors

arising from uncontrolled variables that cause measurements to fluctuate

in a statistical fashion are known as random errors.
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to how closely an experimental measurement lies to the true value. It is 
important to determine the uncertainty in experimental measurements. 
Usually this must be done by repeating the measurement several times. 

5.2.3. Errors 

Data resulting from experiments always have inaccuracies or errors. To make the 
best use of such data, we need to know the magnitude of these errors. One can 
identify two general classes of errors. 

Errors that influence all measurements of a particular quantity in a regular or 
equal fashion are classified as systematic errors. These are typically caused by 
inaccuracies in measurement instruments or experimental method. For example, 
an error in instrument calibration (e.g., a meter stick that is only 99 em long) 
would give rise to systematic errors, since every measurement made by this 
instrument would be in error by the same amount (1%). Mechanical defects can 
influence instrument reproducibility in a systematic fashion. Other sources of 
systematic errors include limited investigator skills (such as in reading instru­
ments), improperly designed apparatus, and so on. One must be aware of the 
presence of systematic errors and attempt to eliminate or minimize sources of 
such errors wherever possible, while quantifying and correcting for the errors that 
remain. 

A second class of errors is characterized by statistical fluctuation or random 
behavior. Such random errors are due to the working of several uncontrolled 
variables, each of which has a small effect. As their name implies, successive 
observations of the same quantity will vary in a statistical or random fashion. 
Random errors can be caused by small changes in experimental conditions (tem­
perature, pressure, illumination, vibration) or by the inability of the observer to 
read instrument scales precisely. 

Our earlier definitions of accuracy and precision can be related to the type of 
error in the measurement. If the systematic error is small, the measurement is said 
to have a high accuracy. If the random error is small, the measurement is said to 
be of high precision. 

In practice one should attribute random behavior to measurements only when 
no more plausible explanation of the observed pattern of results is available. 
Random errors can be analyzed using statistical methods. 

SU!\'IMARY 

Errors that arise in a regular pattern to influence all measurements of a 
quantity in the same fashion are classified as systematic errors. Errors 
arising from uncontrolled variables that cause measurements to fluctuate 
in a statistical fashion are known as random errors. 
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Exercises

Data

Recording

1. Perform the following experiment: Sit down and rest for five minutes

and then record your pulse rate. Then run up a flight of stairs twice.

Record your pulse rate immediately after the run. then after a lapse of

I, 5, and 10 minutes. Record your observation in a proper laboratory

notebook format.

2. Explain how you would present the results from any of the experi-

ments proposed in Exercises 18 to 22 on p. 329.

3. Critically compare the method of presentation you are requested to

use in your introductory chemistry or physics laboratories with that

you might expect to be appropriate for an industrial laboratory.

4. An engineer measures the wavelength of light emitted by a carbon

dioxide laser and quotes this result as X = 10.613 Â± 0.002 (im. How

would this result be quoted with the appropriate number of significant

figures?

5. Suppose the measurement in Exercise 4 had been written as X =

10.613 Â± 0.2 nm. How would this result be quoted with the appropri-

ate number of significant figures?

6. Suppose the measurement in Exercise 4 had been quoted as X =

10.613 with a 0.5% relative uncertainty. How would this result be

written in terms of absolute uncertainty and in terms of significant

figures?

7. An engineer performs five different measurements of the temperature

in a room and records this data as: 22.1, 23.0, 23.7, 24.1, and 24.5Â°C.

It is known that the true temperature in the room is 23.9Â°C. Determine

(a) the number of significant figures, (b) the precision, and (c) the

accuracy of the measurements.

8. Calculate the percent error for the following measurements:

9. Calculate the absolute error for the following measurements:

Measurement and Accuracy

Errors

(a) 10.613 Â± 0.002

(b) 555.31 Â± 0.4

(c) 0.156 + 0.002

(d) 100 Â± 30

(a) 101 Â± 3%

(b) 15.672 Â± 0.02%

(c) 5 Â± 50%

(d) 0.0065 Â± 10%

10. A meter stick, capable of being read to the nearest mm, is used to

measure a length of 53 cm. What are the absolute and relative uncer-

tainties in this measurement?
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Dtlt4 ReconliltK 111111 DociiiUIIIIlliDII 

1. Perform the following experiment: Sit down and rest for five minutes 
and then record your pulse rate. lben run up a flight of stairs twice. 
Record your pulse rate immediately after the run. then after a lapse of 
I, 5, and 10 minutes. Record your observation in a proper laboratory 
notebook format. 

2. Explain how you would present the results from any of the experi­
ments proposed in Exercises 18 to 22 on p. 329. 

3. Critically compare the method of presentation you are requested to 
use in your introductory chemistry or physics laboratories with that 
you might expect to be appropriate for an industrial laboratory. 

MetUure~~~elfl tuUl AccUTGCy 

4. An engineer measures the wavelength of light emitted by a carbon 
dioxide laser and quotes this result as ~ = 10.613 :t 0.002 #Lm. How 
would this result be quoted with the appropriate number of significant 
figures? 

S. Suppose the measurement in Exercise 4 had been written as ~ = 
10.613 :t 0.2 #Lm. How would this result be quoted with the appropri­
ate number of significant figures? 

6. Suppose the measurement in Exercise 4 had been quoted as ~ = 
10.613 with a 0.5% relative uncertainty. How would this result be 
written in terms of absolute uncertainty and in terms of significant 
figures? 

7. An engineer performs five different measurements of the temperature 
in a room and records this data as: 22.1. 23.0, 23.7, 24.1. and 24.5°C. 
It is known that the true temperature in the room is 23.9"C. Determine 
(a) the number of significant figures. (b) the precision, and (c) the 
accuracy of the measurements. 

En-ors 

8. Calculate the percent error for the following measurements: 
(a) 10.613 :t 0.002 (c) 0.156 :t 0.002 
(b) 555.31 ::!:: 0.4 (d) 100 ::!:: 30 

9. Calculate the absolute error for the following measurements: 
(a) 101 :t 3% (c) 5 :t 50% 
(b) 15.672 ::!:: 0.02% (d) 0.0065 ::!:: 10% 

10. A meter stick, capable of being read to the nearest mm, is used to 
measure a length of 53 em. What are the absolute and relative uncer­
tainties in this measurement? 
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11. What is the smallest length that can be measured using a meter stick

(read to 1 mm) if an uncertainty of 1% or less is to be achieved?

12. A stopwatch can be read to an accuracy of one-tenth of a second.

What are the absolute and relative uncertainties that would be pre-

sent in the timing of a 100 m dash using this watch?

13. A digital watch is guaranteed to be accurate to within 15 seconds per

month. What is the uncertainty present in using this watch to time

the results of a marathon run in which the winning time was roughly

2 hours and 10 minutes?

5.3 STATISTICAL ANALYSIS OF EXPERIMENTAL DATA

Suppose we follow the suggested experimental procedure and perform a number

of measurements under identical circumstances. In most cases these measure-

ments will not be in absolute agreement, but instead will exhibit some fluctuation,

that is, random error. How do we analyze the results of these measurements to

arrive at a quantitative statement of the result of the experiment?

The most commonly used procedure is to take the average or arithmetic

mean of the measurements. If we make N observations and we obtain the data*,,

x2, . . . , xN, then we could calculate the average of these observations as

X = JJ (Xi + x2 + â–  â–  . + xN)

Clearly the average gives the number x about which the observations tend to

cluster. The average is not necessarily the true value of the quantity being mea-

sured, but, in many cases, it is the best estimate for this true value.

It is also important to determine how the observations are spread about the

average value. Do the observations all cluster closely about the average, or are

they scattered widely about it? The most common measure of this spread in the

data is provided by the standard deviation, defined by

a = {k [Xl ~ ~x)i + {Xi ~ X)I + â–  â–  â–  + {x" ~ x)i]}i 2

As the name implies, the standard deviation is a measure of the amount by which a

typical data point differs from the mean.

Example The diameter of a shaft is measured with a micrometer. Five mea-

surements are taken, which yield the following data: 2.51, 2.49, 2.52, 2.50, and

2.48. What is the average of the measurements and their standard deviation?
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11. What is the smallest length that can be measured using a meter stick 
(read to 1 mm) if an uncertainty of 1% or less is to be achieved? 

12. A stopwatch can be read to an accuracy of one-tenth of a second. 
What are the absolute and relative uncertainties that would be pre­
sent in the timing of a 100 m dash using this watch? 

13. A digital watch is guaranteed to be accurate to within 15 seconds per 
month. What is the uncertainty present in using this watch to time 
the results of a marathon run in which the winning time was roughly 
2 hours and 10 minutes? 

5.3 STATISTICAL ANALYSIS OF EXPERIMENTAL DATA 

Suppose we follow the suggested experimental procedure and perform a number 
of measurements under identical circumstances. In most cases these measure­
ments will not be in absolute agreement, but instead will exhibit some fluctuation, 
that is, random error. How do we analyze the results of these measurements to 
arrive at a quantitative statement of the result of the experiment? 

The most commonly used procedure is to take the average or arithmetic 
mean of the measurements. If we make N observations and we obtain the datax1 , 

x 2 , •••• xs. then we could calculate the average of these observations as 

Clearly the average gives the number x about which the observations tend to 
cluster. The average is not necessarily the true value of the quantity being mea­
sured. but, in many cases, it is the best estimate for this true value. 

It is also important to determine how the observations are spread about the 
average value. Do the observations all cluster closely about the average, or are 
they scattered widely about it? The most common measure of this spread in the 
data is provided by the standard deviation, defined by 

As the name implies, the standard deviation is a measure of the amount by which a 
typical data point differs from the mean. 

Example The diameter of a shaft is measured with a micrometer. Five mea­
surements are taken, which yield the following data: 2.51, 2.49, 2.52, 2.50, and 
2.48. What is the average of the measurements and their standard deviation? 
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Solution

Let us organize the data in tabular form:

X

xt â€” X

(x, - if

2.48

-0.02

0.0004

2.49

-0.01

0.0001

2.50

0.00

0.0

2.51

+0.01

0.0001

2.52

+0.02

0.0004

12.50

0.0010

The average is then

- 12.50 , â€ž

x = â€”^â€” = 2.50

while the standard deviation is

a = (Of^)"2 = 0.0,4

We could write the corresponding measurement as

x = 2.50 Â± 0.01

The use of concepts such as the average and standard deviation to charac-

terize experimental data is an example of the application of methods of statistical

analysis. By the term statistics, we generally mean those mathematical methods

developed for describing and analyzing processes in which there is some degree of

chance or random variability. Certainly the collection of experimental data is an

appropriate example, since this data will usually contain random errors that cause

a fluctuation in the results of measurements performed under identical circum-

stances. The engineer makes frequent use of statistical methods in the interpreta-

tion of experimental or testing data.

SUMMARY

Statistical methods are generally applied to analyze sets of repeated mea-

surements that are characterized by the occurrence of random errors. In
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Solution 

Let us organize the data in tabular form: 

X x,- .i (x, - .i't 

2.48 -0.02 0.0004 
2.49 -0.01 0.()001 
2.50 0.00 0.0 
2.51 +0.01 0.000 I 
2.52 +0.02 0.0004 

12.50 0.0010 

The average is then 

x = 12S50 = 2.50 

while the standard deviation is 

We could write the corresponding measurement as 

X = 2.50 ± 0.01 

The use of concepts such as the average and standard deviation to charac­
terize experimental data is an example of the application of methods of statistical 
analysis. By the term statistics, we generally mean those mathematical methods 
developed for describing and analyzing processes in which there is some degree of 
chance or random variability. Certainly the collection of experimental data is an 
appropriate example, since this data will usually contain random errors that cause 
a fluctuation in the results of measurements performed under identical circum­
stances. The engineer makes frequent use of statistical methods in the interpreta­
tion of experimental or testing data. 

SUMMARY 

Statistical methods are generally applied to analyze sets of repeated mea­
surements that are characterized by the occurrence of random errors. In 
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particular, the average or mean of the data is frequently taken as the best

estimate, while the standard deviation is used to characterize the spread

of the data.

We can apply statistical methods to analyze data in a more informative manner.

Suppose our experimental "data" consist of a set of scores obtained on an exami-

nation given to a class of 100 students (Table 5.3). As we noted earlier, one way of

characterizing these data is to calculate the average score by adding all of the

scores and dividing by 100, the number of students taking the examination. For

this example the average score is 77.4. We can also calculate the standard devia-

tion of the scores to characterize the scatter about the average. Such a calculation

yields a standard deviation of 10.2.

Statistics provides an alternative way to present and analyze the test data. As

long as we are not interested in the exact sequence of scores, we can replace the

data set by its corresponding/regency or statistical distribution function, which

TABLE 5.3 Scores for a Class of

5.3.1 Statistical Distribution Functions

100 Students

76

83

82

81

94

62

53

60

78

53

53

55

83

59

83

79

86

91

57

64

89

93

86

82

90

65

97

79

91

75

64

85

62

85

80

79

50

91

70

92

90

81

92

85

75

79

94

47

87

80

59

50

78

95

88

85

81

92

85

97

89

86

72

77

87

82

89

65

52

89

80

95

78

80

92

87

75

88

91

76

92

68

95

66

99

87

81

82

70

40

62

78

52

77

95

69

74

84

89

64
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particular, the average or mean of the data is frequently taken as the best 
estimate, while the standard deviation is used to characterize the spread 
ofthe data. 

5.3.1 Statistical Distribution Functions 

We can apply statistical methods to analyze data in a more informative manner. 
Suppose our experimental .. data" consist of a set of scores obtained on an exami­
nation given to a class of 100 students (Table 5.3). As we noted earlier, one way of 
characterizing these data is to calculate the average score by adding all of the 
scores and dividing by 100, the number of students taking the examination. For 
this example the average score is 77.4. We can also calculate the standard devia­
tion of the scores to characterize the scatter about the average. Such a calculation 
yields a standard deviation of 10.2. 

Statistics provides an alternative way to present and analyze the test data. As 
long as we are not interested in the exact sequence of scores, we can replace the 
data set by its correspondingfrequency or statistical distribution function, which 

TABLE 5.3 

76 89 
83 93 
82 86 
81 82 
94 90 
62 65 
53 97 
60 79 
78 91 
53 75 
53 64 

55 85 
83 62 
59 85 
83 80 
79 79 
86 50 
91 91 
57 70 
64 92 

Scores for a Class of 
100 Students 

90 89 
81 86 
92 72 
85 77 
75 87 
79 82 
94 89 
47 65 
87 52 
80 89 
59 80 
50 95 
78 78 
95 80 
88 92 
85 87 
81 75 
92 88 
85 91 
97 76 
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92 
68 
95 
66 
99 
87 
81 
82 
70 
40 
62 
78 
52 
77 

95 
69 
74 
84 

89 
64 

Original from 
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D 

we shall denote by F(x). The value of F(x) is defined as the relative frequency with 
which the number x appears in the collection of data. In the example given by 
Table 5.3, the number 81 appears 4 times in the data set, so that the amplitude of 
the distribution function at this value, F(81) , is 4. Figure 5.18 shows the complete 
distribution function for the data set. Such a plot is known as a histogram . It is 
simply a graphical representation of the relative frequency with which a given 
quantity is observed versus its magnitude. 

It is common to normalize the distribution function by dividing by the total 
number of scores. Hence , if there were 4 occurrences of the score 81 , then F (8l) 
would become 4/100 = 0.04. In this way, if we add up the values of F (x) for all 
possible values of x, the total will come out to be unity. 

Also shown in Figure 5.18 is a graphical representation of the 100 scores as a 
horizontal bar graph . By comparing the two plots, we can see that the distribution 
function tells us something about the way the data are distributed about the mean 
value. The scores range from a minimum of 40 to a maximum of99. Therefore the 
distribution function has nonzero values only between these extremes. Its peak 

FIGURE 5.18. A histogram for the class grade data. 
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occurs at the most probable score (the score that appears most frequently), that is,

at the mode of the distribution, which in this case is 78. We can also define the

median of the distribution as that value for which there are an equal number of

measurements whose values lie above and below the median value. The median

for the data displayed in Figure 5.18 is 81. In general, the mean, mode, and median

will not be the same.

We have defined the mean or average value of the data as the sum of all

values of the measurements divided by the number of measurements. However

we can also calculate this quantity directly from a knowledge of the distribu-

tion function F(x). We need only multiply each value of the distribution function

F(x) by the value of the argument x and then sum over all values of x to find the

average as

This is also known as the first moment of the distribution function.

The relative width of the distribution function is a measure of how much

internal fluctuation exists in the data. If all the test scores in our example were

very nearly the same, then the distribution would be narrow and sharply peaked.

If, on the other hand, there were a great deal of variation of scatter among the

individual scores, the distribution function would have a large width. This width

can be characterized by a quantity known as the variance

Variance = (x, - x)2 F(xt) + (x2 - x)2 F(xd + â–  â–  â–  + (xN - x)2 F{xN)

A large variance implies a broad distribution, a small variance, a narrow distribu-

tion.

There is one technicality in this definition. It assumes that the mean value* is

the true or exact mean characterizing all of the data that could be measured for the

process of interest. However in practice, we can only take a limited sample of data

and use this to estimate the mean. When this "experimental mean" is used to

calculate the variance of the same limited set of data points, the derived value will

tend to be slightly smaller than if the true mean from an unlimited data set were

used. Therefore, the following formula should be used when calculating the var-

iance of the same set of data used to derive the mean value:

where N is the number of data points. The "minus one" in the denominator of the

expression above increases the calculated value, compensating for the fact that we

have used the experimental rather than the true mean.

From its definition we see that the variance is approximately the average

x = xx F(xJ + x2 F{x2) + - . . + xN F(xN)

(x2 - x)2 F(x2) + â–  â–  â–  + (xN-x) F(xN)

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

1
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

EXPERIMENTS AND TESTS 339 

occurs at the most probable score (the score that appears most frequently), that is, 
at the mode of the distribution, which in this case is 78. We can also define the 
median of the distribution as that value for which there are an equal number of 
measurements whose values lie above and below the median value. The median 
for the data displayed in Figure 5.18 is 81. In general, the mean, mode, and median 
will not be the same. 

We have defined the mean or average value of the data as the sum of all 
values of the measurements divided by the number of measurements. However 
we can also calculate this quantity directly from a knowledge of the distribu­
tion function F(x). We need only multiply each value of the distribution function 
F(x) by the value of the argument x and then sum over all values of x to find the 
average as 

This is also known as the first moment of the distribution function. 
The relative width of the distribution function is a measure of how much 

internal fluctuation exists in the data. If all the test scores in our example were 
very nearly the same, then the distribution would be narrow and sharply peaked. 
If, on the other hand, there were a great deal of variation of scatter among the 
individual scores, the distribution function would have a large width. This width 
can be characterized by a quantity known as the variance 

A large variance implies a broad distribution, a small variance, a narrow distribu­
tion. 

There is one technicality in this definition. It assumes that the mean valuex is 
the true or exact mean characterizing all of the data that could be measured for the 
process of interest. However in practice, we can only take a limited sample of data 
and use this to estimate the mean. When this "experimental mean" is used to 
calculate the variance of the same limited set of data points, the derived value will 
tend to be slightly smaller than if the true mean from an unlimited data set were 
used. Therefore, the following formula should be used when calculating the var­
iance of the same set of data used to derive the mean value: 

Variance = (N N_ 1 )[<x 1 -x)2 F(xJ + 

(x2 - x)2 F(xz) + ... + (xN -X) F(xN)] 

where N is the number of data points. The "minus one" in the denominator of the 
expression above increases the calculated value, compensating for the fact that we 
have used the experimental rather than the true mean. 

From its definition we see that the varia11ce is approximately the average 
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obtained by squaring all the deviations of the data points from the mean value. By

taking the square root of the variance, the standard deviation is obtained

Standard deviation = (Variance)1'2

The standard deviation is a measure of the amount by which a typical data point

differs from the mean. Again, wide distributions will have large values and narrow

distributions will have small values of the standard deviation (Figure 5.19).

Since the standard deviation is a convenient index of the amount of fluctua-

tion that characterizes a given set of data, it has come to play an important role in

statistics. In some cases it can be applied to represent the uncertainty that should

be associated with a given measurement. The reasoning is as follows: Suppose we

have a single measurement of a quantity that is subject to random fluctuations. It

might be, for example, the number of people who are struck by lightning in the

United States in a given year. However, data are available only for the latest year

and show that 246 people fall in that catagory. We know that the number for the

next year will undoubtedly be different. An insurance company would be in-

terested in knowing the average number to be expected if data could be gathered

over many years, so that they could properly set their premiums for lightning

insurance. The company could suffer financial loss if the 246 was simply an

abnormally low number, and the average were really 500 cases per year. If we had

some idea of the standard deviation of the distribution from which the one sample

FIGURE 5.19. Distribution functions for two sets of data with differing degree of

interna! fluctuations.

A narrow distribution A wide distribution

(little scatter about the mean) (large scatterabout the mean)
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obtained by squaring all the deviations of the data points from the mean value. By 
taking the square root of the variance, the standard deviation is obtained 

Standard deviation = (Variance)112 

The standard deviation is a measure of the amount by which a typical data point 
differs from the mean. Again, wide distributions will have large values and narrow 
distributions will have small values of the standard deviation (Figure 5.19). 

Since the standard deviation is a convenient index of the amount of fluctua­
tion that characterizes a given set of data, it has come to play an important role in 
statistics. In some cases it can be applied to represent the uncertainty that should 
be associated with a given measurement. The reasoning is as follows: Suppose we 
have a single measurement of a quantity that is subject to random fluctuations. It 
might be, for example, the number of people who are struck by lightning in the 
United States in a given year. However, data are available only for the latest year 
and show that 246 people fall in that catagory. We know that the number for the 
next year will undoubtedly be different. An insurance company would be in­
terested in knowing the average number to be expected if data could be gathered 
over many years, so that they could properly set their premiums for lightning 
insurance. The company could suffer financial loss if the 246 was simply an 
abnormally low number, and the average were really 500 cases per year. If we had 
some idea of the standard deviation of the distribution from which the one sample 

FIGURE 5.19. Distribution functions for two sets of data with differing degree of 
internal fluctuations. 

A narrow distribution 
(little scatter about the mean) 
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A wide distribution 
(large scatter about the mean) 
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was drawn, we could then say that the difference between any typical sample and

the true mean value should approximately be given by the value of the standard

deviation. Therefore the standard deviation can be quoted as an uncertainty to be

associated with that single sample as an estimate of the amount by which the true

value might reasonably be expected to differ from the single value.

SUMMARY

A histogram is a graphical plot of the relative frequency with which a

certain quantity is observed. When applied to a collection of data, such a

plot is also called a frequency or statistical distribution function. The

distribution function can be characterized by its mean, mode, and median

values. The width of the distribution indicating the spread in the data is

characterized by the mean-squared deviation of the data about the aver-

age or the variance. The square root of the variance is the standard

deviation, a measure of the amount by which a typical data point differs

from the mean.

5.3.2. Common Distribution Functions

Many physical phenomena can be described by well-known distribution functions.

For example, sometimes we are interested in events that are known to occur with

a given probability p. Then the distribution function characterizing the occurrence

of x such events out of n repetitions of the selection process is given by the

binomial distribution

FÂ»)-0.-x)lxl^(|-^

where n \ is the factorial function, Â«!=Â«.(Â«- 1) . (n - 2) ... 3 . 2 . 1.

Example The probability of rolling a given number on a Las Vegas style die is

p = Â£. Suppose we use the binomial distribution to determine the probability of

rolling exactly 5 sixes in 20 rolls of the die. Then we choose x - 5 and n = 20 find

â„¢=^J (!)~ -

In Figure 5.20 we show the histogram of the binomial distribution characterizing
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was drawn, we could then say that the difference between any typical sample and 
the true mean value should approximately be given by the value of the standard 
deviation. Therefore the standard deviation can be quoted as an uncertainty to be 
associated with that single sample as an estimate of the amount by which the true 
value might reasonably be expected to differ from the single value. 

SUMMARY 

A histogram is a graphical plot of the relative frequency with which a 
certain quantity is observed. When applied to a collection of data, such a 
plot is also called a frequency or statistical distribution function. The 
distribution/unction can be characterized by its mean, mode, and median 
values. The width of the distribution indicating the spread in the data is 
characterized by the mean-squared deviation of the data about the aver­
age or the variance. The square root of the variance is the standard 
deviation, a measure of the amount by which a typical data point differs 
from the mean. 

5.3.2. Common Distribution Functions 

Many physical phenomena can be described by well-known distribution functions. 
For example, sometimes we are interested in events that are known to occur with 
a given probability p. Then the distribution function characterizing the occurrence 
of x such events out of n repetitions of the selection process is given by the 
binomial distribution 

n! F(x) = (n p.r (I - p)n-.r 
- x)! x! 

where n! is the factorial function, n! = n · (n - 1) · (n - 2) ... 3 · 2 · I. 

Example The probability of rolling a given number on a Las Vegas style die is 
p = i. Suppose we use the binomial distribution to determine the probability of 
rolling exactly 5 sixes in 20 rolls of the die. Then we choosex = 5 and n = 20 find 

20!(1)5 (5)15 
F(5) = 15! 5! 6 6 = 0.1294 

In Figure 5.20 we show the histogram of the binomial distribution characterizing 
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FIGURE 5.20. The probability distribu-

tion function for 20 rolls of a die as given

by the binomial distribution function.

Number of sixes from 20 rolls, x

the probabilities of all possible results from 20 rolls of the die. For this example,

the mean or average is 3.33, the median is 3, and the mode is 3.

One disadvantage of the binomial distribution in practical applications is that

one needs to know both the number of trials and the individual probability of

success in order to apply it. A useful simplification of this distribution can be used,

however, when the individual probability of success is low,p < < 1. The distribu-

tion function can then be rewritten as

F(x) = (P

However, since the product/? . n is just the mean valuev, we can rewrite this as

FM = -ir

This form is known as the Poisson distribution. Note that now only one

parameter, the mean value x, of the distribution needs to be known in advance

in order to predict the probability that any result will be observed.

Example As an example of the application of the Poisson distribution, sup-

pose that a given engine factory produces 500 units per day. Experience has
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0.3 

~ 
:0 
"' ..0 
0 a: 

Number of sixes from 20 rolls, x 

FIGURE 5.20. The probability distribu­
tion function for 20 rolls of a die as given 
by the binomial distribution function. 

the probabilities of all possible results from 20 rolls of the die. For this example. 
the mean or average is 3.33, the median is 3, and the mode is 3. 

One disadvantage of the binomial distribution in practical applications is that 
one needs to know both the number of trials and the individual probability of 
success in order to apply it. A useful simplification of this distribution can be used. 
however, when the individual probability of success is low, p < < I. The distribu­
tion function can then be rewritten as 

(p · nY e-pn 

F(x)= ' X . 

However, since the product p · n is just the mean value x, we can rewrite this as 

xr e -r 
F(x) = -­

x! 

This form is known as the Poisson distribution. Note that now only one 
parameter, the mean value x. of the distribution needs to be known in advance 
in order to predict the probability that any result will be observed. 

Example As an example of the application of the Poisson distribution , sup­
pose that a given engine factory produces 500 units per day. Experience has 
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shown that, on a more or less random basis, one out of every 80 engines is

defective and fails the quality control test. Suppose we wish to know the pre-

dicted probability distribution of the total number of failed engines over one

day's productions.

Solution

In this case, p = gfe, and the necessary condition p Â« 1 for the application of

the Poisson distribution is satisfied. We can therefore proceed immediately to

calculate the expected mean number of failures as

x=p-n=& 500 = 6.25

This value can be used in the Poisson distribution to predict the probability of any

given number of failures occurring. For example, the probability that exactly 8

failures occur on a given day is

(6 25)8 e~e 2i

F(8) = 1 g, = 0.111

Thus, about one day in every nine (1/9 = 0.111) we should expect eight failed

engines.

SUMMARY

The binomial distribution can be used to predict the outcome of a given

number of repetitions of a process for which the probability of success for

any one trial is known. If the probability of success is small for any one

trial, the binomial distribution may be replaced by the more convenient

Poisson distribution. Here, the probability of observing any given number

of successes can be predicted based only on a prior knowledge of the

average number to be expected.

Our previous example of a histogram characterizing the test scores of a class

of students is useful for describing quantities that can take on only integer or

discrete values (the number of successes or a definite count). Many other mea-

surements involve continuous variables such as size, weight, or velocity whose

value are not restricted to discrete possibilities. For example, the measurement

might be that of the weight of each person in a large class. If we use a fine enough

scale, no two weights will be exactly the same. In order to construct a histogram
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shown that, on a more or less random basis, one out of every 80 engines is 
defective and fails the quality control test. Suppose we wish to know the pre­
dicted probability distribution of the total number of failed engines over one 
day's productions. 

Solution 

In this case, p = "k, and the necessary condition p << I for the application of 
the Poisson distribution is satisfied. We can therefore proceed immediately to 
calculate the expected mean number of failures as 

x = p · n = -k 500 = 6.25 

This value can be used in the Poisson distribution to predict the probability of any 
given number of failures occurring. For example, the probability that exactly 8 
failures occur on a given day is 

Thus, about one day in every nine (1/9 = 0.111) we should expect eight failed 
engines. 

SLM\lARY 

The binomial distribution can be used to predict the outcome of a given 
number of repetitions of a process for which the probability of success for 
any one trial is known. If the probability of success is small for any one 
trial, the binomial distribution may be replaced by the more convenient 
Poisson distribution. Here, the probability of observing any given number 
of successes can be predicted based only on a prior knowledge of the 
average number to be expected. 

Our previous example of a histogram characterizing the test scores of a class 
of students is useful for describing quantities that can take on only integer or 
discrete values (the number of successes or a definite count). Many other mea­
surements involve continuous variables such as size, weight, or velocity whose 
value are not restricted to discrete possibilities. For example, the measurement 
might be that of the weight of each person in a large class. If we use a fine enough 
scale, no two weights will be exactly the same. In order to construct a histogram 
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344 THE TOOLS 

for this example, the weight scale must be arbitrarily divided into a number of 
intervals, and then the number of individuals whose weight lies within each of 
these intervals can be plotted as the histogram (see Figure 5.21). 

The binomial and Poisson distributions introduced earlier apply only to dis­
crete quantities or counts. In each case , the distribution gave the predicted proba­
bility of observing any discrete value of the variable. When dealing with continu­
ous variables, distribution functions must be cast in a slightly different form . We 
can no longer talk about the probability of observing any specific value of a 
continuous variable, since that probability approaches zero as we examine a 
smaller and smaller interval about the value. Instead , we must now talk about the 
probability density characterizing the probability of observing a value between 
any two specified limits. 

An example of a continuous distribution or probability density is the Gaussian 
distribution (also called the normal distribution) defined by 

In this expression, x is the mean value and CT is the standard deviation. A graph of 
this distribution for a mean value of 61.2 and a standard deviation of 8.6 is shown 
in Figure 5.22. We now interpret the area under the curve between two limits as 
the probability that a value of the variable x between these two limits will be 
observed. The example could represent the expected distribution of the size of 
particles formed in a given industrial process. The probability that we shall find a 
particle with a diameter between 40 and 55 J.Lm is then given by the shaded area on 
the plot. The area under the entire curve must be equal to I since the probability is 
unity that the particle diameter must lie somewhere between the very small and 
very large limits. 

One property of the Gaussian curve is that 68% of its area lies within limits 
that are one value of the standard deviation CT on either side of the mean. There­
fore in any sample from a true Gaussian distribution, we would expect that the 
difference between a given sample and the true mean value will be less than one 

Weight interva l 

o9 t1z byGoogle 

FIGURE 5.21. A histogram for the 
weight distribution of a class. 
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EXPERIMENTS AND TESTS

FIGURE 5.22. A Gaussian or normal dis-

tribution for particle sizes. The shaded

area represents the probability that the

particle size is between 40 and 55 microns.

40

50

70 80 90 nm

Particle diameter*

standard deviation for 68% of all samples. A similar argument indicates that 97%

of the samples will fall within two standard deviations, and 99% will fall within

three standard deviations of the mean value.

Many experimentally observed distributions can be adequately represented

by the Gaussian shape. Any population in which many factors combine to produce

the resulting distribution is likely to appear Gaussian in shape because it can be

shown mathematically that the combination of a large number of distribution

functions, no matter how different they may be individually, will always tend

to approach a Gaussian shape when combined (the so-called Central Limit

Theorem).

The continuous Gaussian distribution is also often applied to situations in

which the variable is really discrete, but the differences between adjacent values

are small. For example, we might use the Gaussian distribution to describe the

expected number of vehicles that cross a bridge each day, even though we know

that the result must always be an integer value. As long as the mean value is large,

however, differences between adjacent possible results are relatively small, and it

is not a bad approximation to treat the variable as continuous.

For processes in which the individual success probability is small and the

expected mean value is large, the binomial, Poisson, and Gaussian distributions

are similar. One property of this common distribution is that the expected stan-

dard deviation is given by the square root of the mean value. Therefore, if the

expected number of vehicles crossing a bridge in a day has an average value of

1000, we should expect that there will be an uncertainty associated with this

statistic given by the square root of 1000, that is, an uncertainty of about 30. Thus

on any given day, it should not be surprising if the traffic flow were to vary

anywhere between 970 and 1030 just due to random fluctuations. In comparing the

results of different samples, it is very important to bear in mind that the differ-

ences that are observed may be due only to these random variations and may not

indicate any real differences or trends in the true quantity being sampled. Traffic

planners would be wrong in interpreting a 3% gain in traffic flow across the bridge

in two consecutive days corresponding to an increase from 970 to 1000 vehicles

per day as significant, since this difference could easily be due to entirely to

chance.
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F1GURE 5.22. A Gaussian or normal dis­
tribution for particle sizes. The shaded 
area represents the probability that the 
particle size is between 40 and 55 microns. 

standard deviation for 68% of all samples. A similar argument indicates that 97% 
of the samples will fall within two standard deviations, and 99% will fall within 
three standard deviations of the mean value. 

Many experimentally observed distributions can be adequately represented 
by the Gaussian shape. Any population in which many factors combine to produce 
the resulting distribution is likely to appear Gaussian in shape because it can be 
shown mathematically that the combination of a large number of distribution 
functions, no matter how different they may be individually, will always tend 
to approach a Gaussian shape when combined (the so-called Central Limit 
Theorem). 

The continuous Gaussian distribution is also often applied to situations in 
which the variable is really discrete, but the differences between adjacent values 
are small. For example, we might use the Gaussian distribution to describe the 
expected number of vehicles that cross a bridge each day, even though we know 
that the result must always be an integer value. As long as the mean value is large, 
however, differences between adjacent possible results are relatively small, and it 
is not a bad approximation to treat the variable as continuous. 

For processes in which the individual success probability is small and the 
expected mean value is large, the binomial, Poisson, and Gaussian distributions 
are similar. One property of this common distribution is that the expected stan­
dard deviation is given by the square root of the mean value. Therefore, if the 
expected number of vehicles crossing a bridge in a day has an average value of 
1000, we should expect that there will be an uncertainty associated with this 
statistic given by the square root of 1000, that is, an uncertainty of about 30. Thus 
on any given day, it should not be surprising if the traffic flow were to vary 
anywhere between 970 and I 030 just due to random fluctuations. In comparing the 
results of different samples, it is very important to bear in mind that the differ­
ences that are observed may be due only to these random variations and may not 
indicate any real differences or trends in the true quantity being sampled. Traffic 
planners would be wrong in interpreting a 3% gain in traffic flow across the bridge 
in two consecutive days corresponding to an increase from 970 to I 000 vehicles 
per day as significant, since this difference could easily be due to entirely to 
chance. 
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SUMMARY

Distribution functions can also be defined for continuous variables as well

as for discrete variables. A common distribution function for continuous

variables is the Gaussian or normal distribution. For such distribution,

68% of all measurements will lie within one standard deviation of the true

mean value, 97% within two standard deviations, and 99% within three

standard deviations. The standard deviation is therefore an indication of

the uncertainty in any particular measurement.

5.3.3. Data Analysis and Correlation

Suppose we measure the electrical resistance R of a wire as a function of the wire

temperature T and plot the data as shown in Figure 5.23. The question then arises

as to what correlation may exist between the dependent and independent vari-

ables, R and T. The simplest such relationship between these variables would

involve a linear dependence of the form

where a0 and a, are constants. Fortunately, linear relationships or correlations of

this type are not only quite common in practice but can also be used to charac-

terize more general correlations by using appropriate variable scales (e.g., log-log

or semi-log).

Therefore it is good practice to first graph the data in several different forms

to see if a linear correlation exists between variables x and y of the form

R = a0 + axT

y

a0 + atx

FIGURE 5.23. The correlation fitting

resistance-temperature data for a wire.
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S(;MMARY 

Distribution/unctions can also be defined for continuous variables as well 
as for discrete variables. A common distribution function for continuous 
variables is the Gaussian or normal distribution. For such distribution, 
68% of all measurements will lie within one standard deviation of the true 
mean value, 97% within two standard deviations, and 99% within three 
standard deviations. The standard deviation is therefore an indication of 
the uncertainty in any particular measurement. 

5.3.3. Data Analysis and Correlation 

Suppose we measure the electrical resistance R of a wire as a function of the wire 
temperature T and plot the data as shown in Figure 5.23. The question then arises 
as to what correlation may exist between the dependent and independent vari­
ables, R and T. The simplest such relationship between these variables would 
involve a linear dependence of the form 

where a0 and a 1 are constants. Fortunately, linear relationships or correlations of 
this type are not only quite common in practice but can also be used to charac­
terize more general correlations by using appropriate variable scales (e.g., log-log 
or semi-log). 

Therefore it is good practice to first graph the data in several different forms 
to see if a linear correlation exists between variables x and y of the form 

R 

Cll 
u c 
«< 
-:;; 
"iii 
Cll 

0:: 

Dl IZ b 

Temperature T 

FIGURE 5.23. The correlation fitting 
resistance-temperature data for a wire. 
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To find the values of the coefficients a0 and a 1 that yield the "best fit" to the data, 
one can use the method of least squares. If we represent each pair of observations 
using subscripts, x 1 andy h then the method of least squares gives the coefficients 
as 

LYILx~ - LXIYI Lxl 
a 

0 
= _._1 _...,!.f __ __!l _ ___,::-!f.____ 

n~x~ - (~x~r 

nL(X1Y1) - LX1L Y1 
at = _ _,_; ____ _,_; __ t,___ 

nLx1- (Lx,r 
I I 

With this method we can fit a straight line to any data. Of course this does not 
imply that such a fit is appropriate. How well the data is represented by the 
straight line fit is expressed by the correlation coefficient r defined as 

r = [ ( );] 
112 

[ 

1 

I ( )
2

] l/2 nLx1 - Lxf nL y1 - LYI 
I I I I 

The correlation coefficient r will range between - I and + I, with a value r = I 
corresponding to perfect correlation. A valuer = 0 implies no correlation. The r 
values obtained from the fitting procedure can be compared with those given by 
statistical tables to estimate the "goodness" of the correlation. The table gives the 
maximum values of r that can be expected to occur by chance alone. The calcu­
lated value of r should be larger than the value given by the table to ensure that it is 
indeed a correlation (Table 5.4). 

FIGURE 5.24. The correlation coefficient indicates the degree of correlation. 

r= +l r +1 r- -1 r 0 • 

Perfect correlation Good correlation (positive) Good correlation (negat ive) Poor correlat ion 
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TABLE 5.4 Value of the Correlation Coefficient r. (Here, n is equal to the number

of data points minus 1.)

95% CONFIDENCE LEVEL

99% CONFIDENCE LEVEL

H

TOTAL NUMBER OF VARIABLES

TOTAL NUMBER OF VARIABLES

2

3

4

5

2

3

4

5

.997

.999

.999

.999

1.000

1.000

1.000

1.000

2

.950

.975

.983

.987

.990

.995

.997

.998

3

.878

.930

.950

.961

.959

.976

.983

.987

4

.811

.881

.912

.930

.917

.949

.962

.970

5

.754

.836

.874

.898

.874

.917

.937

.949

6

.707

.795

.839

.867

.834

.886

.911

.927

7

.666

.758

.807

.838

.798

.855

.885

.904

8

.632

.726

.777

.811

.765

.827

.860

.882

9

.602

.697

.750

.786

.735

.800

.836

.861

10

.576

.671

.726

.763

.708

.776

.814

.840

11

.553

.648

.703

.741

.684

.753

.793

.821

12

.532

.627

.683

.722

.661

.732

.773

.802

13

.514

.608

.664

.703

.641

.712

.755

.785

14

.497

.590

.646

.686

.623

.694

.737

.768

15

.482

.574

.630

.670

.606

.677

.721

.752

16

.468

.559

.615

.655

.590

.662

.706

.738

17

.456

.545

.601

.641

.575

.647

.691

.724

18

.444

.532

.587

.628

.561

.633

.678

.710

19

.433

.520

.575

.615

.549

.620

.665

.698

20

.423

.509

.563

.604

.537

.608

.652

.685

21

.413

.498

.552

.592

.526

.5%

.641

.674

22

.404

.488

.542

.582

.515

.585

.630

.663

23

.3%

.479

.532

.572

.505

.574

.619

.652

24

.388

.470

.523

.562

.496

.565

.609

.642

25

.381

.462

.514

.553

.487

.555

.600

.633

26

.374

.454

.506

.545

.478

.546

.590

.624

27

.367

.446

.498

.536

.470

.538

.582

.615

28

.361

.439

.490

.529

.463

.530

.573

.606

29

.355

.432

.482

.521

.456

.522

.565

.598

30

.349

.426

.476

.514

.449

.514

.558

.591

35

.325

.397

.445

.482

.418

.481

.523

.556

40

.304

.373

.419

.455

.393

.454

.494

.526
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TABLE 5.4 Value of the Correlation Coemdentr. (Here, n Is equal to the number 
of data points minus 1.) 

n 

I -CONFIDENCE LEVEL 

. TOTAL NUMBER OF VARIABLES 

I -CONFIDENCE LEVEL 

TOTAL NUMBER OF VARIABLES 

f------- - - - - - - - +--- - - -----·- - -

2 

1 .997 
2 .950 

3 .878 
4 .811 
5 .754 

6 .707 

7 .666 
8 .632 
9 .602 

10 .576 

11 .553 

12 .532 
13 .514 
14 .497 
15 .482 

16 .468 
17 .456 

18 .444 
19 .433 
20 .423 

21 .413 
22 .404 

23 .396 
24 .388 

25 .381 

26 .374 
27 .367 
28 I .361 

29 .355 
30 .349 

35 .325 

40 .304 

Dl IZ b 

3 

.999 

.915 

.930 

.881 

.836 

.795 

.758 

.726 

.697 

.671 

.648 

.627 

.608 

.590 

.574 

.559 

.545 

.532 

.520 

.509 

.498 

.488 

.479 

.470 

.462 

.454 

.446 

.439 

.432 

.426 

.397 

.373 

4 

.999 

.983 

.950 

.912 

.874 

.839 

.807 

.777 

.750 

.726 

.703 

.683 

.664 

.646 

.630 

.615 

.601 

.587 

.515 

.563 

.552 

.542 

.532 

.523 

.514 

.506 

.498 

.490 

.482 

.476 

.445 

.419 

s 

.999 

.987 

.961 

.930 

.898 

.867 

.838 

.811 

.786 

.763 

.741 

.722 

.703 

.686 

.670 

.655 

.641 

.628 

.615 

.604 

.592 

.582 

.572 

.562 

.553 

.545 

.536 

.529 

.521 

.514 

.482 

.455 

2 

1.000 
.990 
.959 
.917 
.874 

.834 

.798 

.765 

.735 

.708 

.684 

.661 

.641 

.623 

.606 

.590 

.515 

.561 

.549 

.537 

.526 

.515 

.505 

.496 

.487 

.478 

.470 

.463 

.456 

.449 

.418 

.393 

3 

1.000 
.995 
.976 
.949 
.917 

.886 

.855 

.827 

.800 

.776 

.753 

.732 

.712 

.694 

.677 

.662 

.647 

.633 

.620 

.608 

.596 

.585 

.574 

.565 

.555 

.546 

.538 

.530 

.522 

.514 

.481 

.454 

Original from 
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4 

1.000 
.997 

.983 

.962 

.937 

.911 

.885 

.860 

.836 

.814 

.793 

.773 

.155 

.737 

.721 

.706 

.691 

.678 

.665 

.652 

.641 

.630 

.619 

.609 

.600 

.590 

.582 

.573 

.565 

.558 

.523 

.494 

s 

1.000 
.998 

.987 

.970 

.949 

.927 

.904 

.882 

.861 

.840 

.821 

.802 

.785 

.768 

.752 

.738 

.724 

.710 

.698 

.685 

.674 

.663 

.652 

.642 

.633 

.624 

.615 

.606 

.598 

.591 

.556 

.526 
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TABLE 5.4 (Continued)

45

.288

.353

.397

.432

.372

.430

.470

.501

50

.273

.336

.379

.412

.354

.410

.449

.479

60

.250

.308

.348

.380

.325

.377

.414

.442

70

.232

.286

.324

.354

.302

.351

.386

.413

80

.217

.269

.304

.332

.283

.330

.362

.389

90

.205

.254

.288

.315

.267

.312

.343

.368

100

.195

.241

.274

.300

.254

.297

.327

.351

125

.174

.216

.246

.269

.228

.266

.294

.316

150

.159

.198

.225

.247

.208

.244

.270

.290

200

.138

.172

.196

.215

.181

.212

.234

.253

300

.113

.141

.160

.176

.148

.174

.192

.208

400

.098

.122

.139

.153

.128

.151

.167

.180

500

.088

.109

.124

.137

.115

.135

.150

.162

1000

.062

.077

.088

.097

.081

.096

.106

.116

Example The resistance of a wire was measured as a function of temperature,

and the following data were obtained:

Temperature x: 20 30 40 50 60

Resistance y: 1.0 1.13 1.25 1.38 1.51

Let us assume a linear correlation of the form

Y = a0 + axx

We can now apply the method of least squares to determine the fitting coeffi-

cients. It is convenient to tabulate the steps in our calculations as follows:

X

y

*y

X1

y*

20

1.0

20.0

400

1.00

30

1.13

33.9

900

1.28

40

1.25

50.0

1600

1.56

50

1.38

69.0

2500

1.90

60

1.51

90.6

3600

2.28

200

6.27

263.5

9000

8.02
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EXPERIMENTS AND TESTS 

TABLE 5.4 (Continued) 

45 .288 .353 .397 .432 .372 .430 .470 .501 
50 .273 .336 .379 .412 .354 .410 .449 .479 

60 .250 .308 .348 .380 .325 .377 .414 .442 
70 .232 .286 .324 .354 .302 .351 .386 .413 
80 .217 .269 .304 .332 .283 .330 .362 .389 
90 .205 .254 .288 .315 .267 .312 .343 .368 

100 .195 .241 .274 .300 .254 .297 .327 .351 

125 .174 .216 .246 .269 .228 .266 .294 .316 
150 . 159 .198 .225 .247 .208 .244 .270 .290 

200 .138 .172 .196 .215 .181 .212 .234 .253 

300 .113 .141 . 160 .176 .148 . 174 .192 .208 

400 .098 .122 .139 .153 .128 . 151 .167 .180 

500 .088 .109 .124 .137 .115 . 135 .150 .162 
1000 .062 .077 .088 .097 .081 .096 .106 .116 

Example The resistance of a wire was measured as a function of temperature, 
and the foJiowing data were obtained: 

Temperature x: 

Resistance y: 
20 
1.0 

30 
1.13 

Let us assume a linear correlation of the form 

40 
1.25 

50 
1.38 

60 
1.51 

We can now apply the method of least squares to determine the fitting coeffi­
cients. It is convenient to tabulate the steps in our calculations as foJiows: 

X y xy x2 

- ---- ·----- - - - ---

20 1.0 20.0 400 
30 1.13 33.9 900 
40 1.25 50.0 1600 
50 1.38 69.0 2500 
60 1.51 90.6 3600 - - - -

200 6.27 263.5 9000 

Dl IZ b 

y2 

- --

1.00 
1.28 
1.56 
1.90 
2.28 -
8.02 

Original from 
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350 THE TOOLS

Hence we calculate the fitting coefficients as

_ _ (6.27) (9000) - (263.5) (200) _ Q

0 (5) (9000) - (200) (200)

(5) (263.5) - (200) (6.27) __

i (5) (9000) - (200) (200)

Thus the resistance-temperature relationship is

7? = 0.746 + 0.0127 T

The correlation coefficient can be calculated as

(5) (263.5) - (200) (6.27)

r =

[(5) (9000) - (200)2]"2 [(5) (8.02) - (6.27)2]i'2

= 0.999

For 5 data points (n = 5), the Table 5.4 gives r = 0.97 at the 99% confidence level.

Since 0.999 is greater than 0.97, it can be concluded with 99% confidence that the

dependence between R and T is linear.

Many engineering problems are better described using relationships that are

not linear:

y

= 1 - e-aox

exponential

y

= a0+ a,xm

square root

y

= axb

power law

y

= a + b\x

inverse

Each of these relationships can be transformed into a linear form. For example,

consider the power law expression y = ax". If we take the natural logarithm of

both sides of this expression, we find

In y = In a + b In x

or

Y = A + bX
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350 THE TOOLS 

Hence we calculate the fitting coefficients as 

= (6.27) (9000) - (263.5) (200) = 0 746 
ao (5) (9000) - (200) (200) · 

= (5) (263.5) - (200) (6.27) = 0 0127 
a 1 (5) (9000) - (200) (200) · 

Thus the resistance-temperature relationship is 

R = 0.746 + 0.0127 T 

The correlation coefficient can be calculated as 

(5) (263.5) - (200) (6.27) 
r = [(5) (9000) - (200)2]112 [(5) (8.02) - (6.27)2]'12 

= 0.999 

For 5 data points (n = 5), the Table 5.4 gives r = 0.97 at the 99% confidence level. 
Since 0.999 is greater than 0.97, it can be concluded with 99% confidence that the 
dependence between R and Tis linear. 

Many engineering problems are better described using relationships that are 
not linear: 

y = 1 - e-ao.r exponential 

y = a 0 + a 1x 112 square root 

y = axb power law 

y = a + b!x inverse 

Each of these relationships can be transformed into a linear form. For example. 
consider the power law expression y = axb. If we take the natural logarithm of 
both sides of this expression, we find 

or 

Dl IZ b 

In y = In a + b In x 

Y = A+ bX 
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H

2.0

I 1.0

FIGURE 5.25. A fit of a linear correla-

tion to resistance-temperature data char-

acterizing a wire.

R =0.746 + 0.0127 T

10 20 30 40 50 60 T

Temperature [Â°C]

where we have introduced the new variables

Y = In y

X = In x

A = In a

We can now apply the least squares method as before to determine the fitting

coefficients A and b.

A similar procedure can be used to apply linear correlation methods to the

other forms. The appropriate variable substitutions are given in Table 5.5

TABLE 5.5 Application of Linear Correlations to Nonlinear Relationships

NONLINEAR LINEAR

EQUATION EQUATION Y X

y = 1 - e-o* Y = aX

y = a0 + atxm Y = a0 + atX y x,n

y = ox* Y = In a + bX In y Inx

y = a + â€” Y = a + bx y -

x x
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R = 0.746 + 0.0127 T 
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FIGURE 5.25. A fit of a linear correla­
tion to resistance-temperature data char­
acterizing a wire. 

10 20 30 40 50 60 T 

Temperature [°C) 

where we have introduced the new variables 

Y = lny 

X= lnx 

A =In a 

We can now apply the least squares method as before to determine the fitting 
coefficients A and b. 

A similar procedure can be used to apply linear correlation methods to the 
other forms. The appropriate variable substitutions are given in Table 5.5 

TABLE S.S Application of Linear Correlations to Nontinear Relationships 

NONLINEAR 
EQUATION 

y = I -e-ar 

y = axb 

b 
Y =a+­

X 

LINEAR 
EQUATION 

Y =aX 

Y =In a+ bX 

Y =a + bx 

Dig IZ b 

y X 

InC ~J X 

y 

lny 

y 

lnx 

X 
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352 THE TOOLS

SUMMARY

Data analysis typically involves determining a functional form or correla-

tion that characterizes the data taken in an experiment. The simplest such

correlation assumes a linear relationship between dependent and inde-

pendent variables. The least squares method can be used to determine the

coefficients for such a linear fit. Linear fits can be applied to more gen-

eral correlations by appropriate variable transformations.

Exercises

Statistical Analysis

1. The resistance of a resistor is measured with results: 5.12,4.90, 4.95,

4.98, 4.10, and 5.05 ohms. What is the average of the measurements

and their standard deviation?

2. The speed of cars passing through a certain point on a highway is

measured with radar. The measurements give the following values:

85.5, 80, 82, 90, 95, 100, 102, 105, 89, 106, 103, and 104 km/h. What

is the average speed of the cars and the standard deviation of the

speeds?

3. The various ages of the players on a baseball team are 21, 20, 25, 35,

37, 28, 24, 26, 22, 24, and 35. Calculate the mean and standard

deviation for these ages.

Distribution Functions

4. Find the probability that exactly 7 heads are observed after 10 tosses

of a coin.

5. On the average, members of a certain poker group attend 3 out of

every 4 sessions. What number of invitations maximizes the proba-

bility that exactly 7 players turn out on a given night?

6. Tires obtained from a given distributor have a 2.5% probability of

being defective. What is the probability that all 5 tires issued with a

new car are free of defects?

7. Records kept over a long period of time show that a municipal fire

department makes an average of 4.5 runs per day. Assuming that

alarms occur on a random basis, what is the probability that:

(a) exactly three runs are made on a given day; (b) at least one run is

made on a specific day?
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352 THE TOOLS 

SUMMARY 

Data analysis typically involves determining a functional form or correla­
tion that characterizes the data taken in an experiment. The simplest such 
correlation assumes a linear relationship between dependent and inde­
pendent variables. The least squares method can be used to determine the 
coefficients for such a linear fit. Linear fits can be applied to more gen­
eral correlations by appropriate variable transformations. 

Exercises 

Statistical Analysis 

I. The resistance of a resistor is measured with results: 5.12, 4.90. 4.95, 
4.98, 4.10, and 5.05 ohms. What is the average ofthe measurements 
and their standard deviation? 

2. The speed of cars passing through a certain point on a highway is 
measured with radar. The measurements give the following values: 
85.5, 80, 82, 90, 95, 100, 102, 105, 89, 106, 103, and 104 km/h. What 
is the average speed of the cars and the standard deviation of the 
speeds? 

3. The various ages of the players on a baseball team are 21, 20, 25, 35, 
37. 28, 24, 26, 22, 24, and 35. Calculate the mean and standard 
deviation for these ages. 

Distribution Functions 

4. Find the probability that exactly 7 heads are observed after 10 tosses 
of a coin. 

S. On the average, members of a certain poker group attend 3 out of 
every 4 sessions. What number of invitations maximizes the proba­
bility that exactly 7 players tum out on a given night? 

6. Tires obtained from a given distributor have a 2.5% probability of 
being defective. What is the probability that all 5 tires issued with a 
new car are free of defects? 

7. Records kept over a long period of time show that a municipal fire 
department makes an average of 4.5 runs per day. Assuming that 
alarms occur on a random basis, what is the probability that: 
(a) exactly three runs are made on a given day; (b) at least one run is 
made on a specific day? 
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EXPERIMENTS AND TESTS

8. A given industrial plant has compiled a record that shows that 2.5

reportable accidents happen in any year on the average. What is the

probability that exactly 10 accidents occur over a four-year period?

9. An environmental engineer performs a series of measurements of the

atmospheric concentration of carbon dioxide in a certain region and

tabulates this data (in parts per million):

201

193

158

185

285

223

205

232

301

187

243

211

110

273

220

198

155

261

162

218

(a) Draw a histogram of these observations, grouping them into

intervals of 50 ppm.

(b) Calculate the mean, mode, and median of the distribution of

observations.

(c) Calculate the standard deviation of the data.

(d) If the distribution is assumed to be Gaussian in form, within

what limit should 68% of the measurements fall? In actual

fact, what percentage of measurements fall in this range?

(e) Select two randomly chosen groups of five measurements

from the data set and compute the mean and standard devia-

tion for each of these subsets. How do they compare with

each other and the larger sample?

(f) If a single measurement of 392 ppm had been obtained,

should this measurement be accepted or rejected?

10. Using the mean and standard deviations calculated from the data

provided in Exercises 1, 2, and 3 on p. 352, plot the corresponding

normal distribution for this data.

Data Analysis and Correlation

Suggest the variables or combinations of variables that should be plotted

to determine the quantities in the following problems.

11. The position d of a body subject to uniform acceleration a is mea-

sured for various times. If it is known that

d = \at>

how would one determine al

12. The pressure p, specific volume v, and temperature T of an ideal gas

are related by
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EXPERIMENTS AND TESTS 353 

8. A given industrial plant has compiled a record that shows that 2 . .5 
reportable accidents happen in any year on the average. What is the 
probability that exactly 10 accidents occur over a four-year period? 

9. An environmental engineer performs a series of measurements of the 
atmospheric concentration of carbon dioxide in a certain region and 
tabulates this data (in parts per million): 

201 
285 
301 
110 
155 

193 
223 
187 
273 
261 

158 
205 
243 
220 
162 

185 
232 
211 
198 
218 

(a) Draw a histogram of these observations, grouping them into 
intervals of 50 ppm. 

(b) Calculate the mean, mode, and median of the distribution of 
observations. 

(c) Calculate the standard deviation of the data. 
(d) If the distribution is assumed to be Gaussian in form, within 

what limit should 68% of the measurements fall? In actual 
fact, what percentage of measurements fall in this range? 

(e) Select two randomly chosen groups of five measurements 
from the data set and compute the mean and standard devia­
tion for each of these subsets. How do they compare with 
each other and the larger sample? 

(f) If a single measurement of 392 ppm had been obtained, 
should this measurement be accepted or rejected? 

10. Using the mean and standard deviations calculated from the data 
provided in Exercises I, 2, and 3 on p. 352, plot the corresponding 
normal distribution for this data. 

Data Analysis and Co"elation 

Suggest the variables or combinations of variables that should be plotted 
to determine the quantities in the following problems. 

11. The position d of a body subject to uniform acceleration a is mea­
sured for various times. If it is known that 

1 
d = -at2 

2 

how would one determine a? 

12. The pressure p, specific volume v, and temperature T of an ideal gas 
are related by 
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354 THE TOOLS

pv = RT

If the pressure and temperature are measured for fixed v, how would

one determine the gas constant /??

13. The electrostatic force beween two stationary charges qx and q2

separated by a distance r is given by

f =

If the force between two charges of fixed magnitude is measured for

various separations r, how would one plot this data to confirm the

inverse square nature of the force law?

14. The mass m of an object moving at speeds comparable to the speed

of light will vary according to the theory of relativity as

ma

m =

(1 - v1/c2)x12

If this mass is measured as a function of the speed v, how would one

plot the data to determine the rest mass m0 and the speed of light c?

15. The number of disintegrations per second observed from a radioac-

tive sample is known to decay exponentially as

R(t) = R0 exp (-0.693 t/Tui)

How would you plot the data obtained from measuring the disinte-

gration rate R versus time to determine the half-life Tm1

16. The resistance of a copper wire is measured as a function of temper-

ature:

T(C) 10 20 30 40 50 60 70 80

/?(ohms) 12.1 12.9 13.5 13.9 14.3 15.0 15.3 16.0

It is known that the resistance as a function of temperature is ap-

proximately linear

R =/?0(l + aT)

where R0 is the resistance at 0Â°C, and a is the temperature coefficient

of resistance.

(a) Using the least squares method, fit a straight line to the mea-

sured data.
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354 THE TOOLS 

pv = RT 

If the pressure and temperature are measured for fixed v, how would 
one determine the gas constant R? 

13. The electrostatic force be ween two stationary charges q 1 and q 2 

separated by a distance r is given by 

If the force between two charges of fixed magnitude is measured for 
various separations r, how would one plot this data to confirm the 
inverse square nature of the force law? 

14. The mass m of an object moving at speeds comparable to the speed 
of light will vary according to the theory of relativity as 

If this mass is measured as a function of the speed v, how would one 
plot the data to determine the rest mass m 0 and the speed of light c? 

15. The number of disintegrations per second observed from a radioac­
tive sample is known to decay exponentially as 

R(t) = R 0 exp ( -0.693 t/T112) 

How would you plot the data obtained from measuring the disinte­
gration rate R versus time to determine the half-life T112? 

16. The resistance of a copper wire is measured as a function of temper­
ature: 

T(C) 

R(ohms) 
10 
12.1 

w ~ ~ ~ w m ~ 

12.9 13.5 13.9 14.3 15.0 15.3 16.0 

It is known that the resistance as a function of temperature is ap­
proximately linear 

R = R 0 (I +aT) 

where R 0 is the resistance at 0°C, and a is the temperature coefficient 
of resistance. 

(a) Using the least squares method, fit a straight line to the mea­
sured data. 
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(b) Using the slope and intercept of this linear fit, determine a

value for R0 and a.

17. A comparison of the number of students inquiring about admission

to a given engineering school with actual school enrollment showed

the following figures for a seven-year period:

YEAR

1

2

3

4

5

6

7

Enrolled

300

350

400

480

500

510

550

Inquired

1200

1450

1500

1670

1980

2010

2310

Using a least squares linear fit, estimate the number of students

expected to enroll in a given year when the number of inquiries is

500.

18. In a chemical process the pH levels of a liquid were found to vary

with the amount of liquid. Measurements gave the following results:

Liter 218 178 200 195 152 231 205

pH 5.5 2.9 4.6 4.4 3.8 6.0 4.6

Can a linear least squares fit adequately describe these results?

19. A vacuum pump is connected to a sealed chamber. The pressure is

found to vary with time in the following manner:

Time(s) 1 2 5 10 60 120

Pressure (mm Hg) 752.44 744.95 722.93 687.68 417.10 228.81

Find a suitable expression correlating this data.

20. The fuel consumption of an automobile was measured while the car

traveled at different speeds. These measurements gave the following

values:

Fuel consumption 6.5 9.1 12.5 16.6

(liters/100 km)

Speed (m/s) 40 45 50 55

Find an expression correlating this data.
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(b) Using the slope and intercept of this linear fit, determine a 
value for R 0 and a. 

17. A comparison of the number of students inquiring about admission 
to a given engineering school with actual school enrollment showed 
the following figures for a seven-year period: 

YEAR 

Enrolled 
Inquired 

1 

300 
1200 

2 

350 
1450 

3 

400 
1500 

4 

480 
1670 

5 

500 
1980 

6 

510 
2010 

7 

550 
2310 

Using a least squares linear fit, estimate the number of students 
expected to enroll in a given year when the number of inquiries is 
500. 

18. In a chemical process the pH levels of a liquid were found to vary 
with the amount of liquid. Measurements gave the following results: 

Liter 

pH 
218 
5.5 

178 
2.9 

200 
4.6 

195 
4.4 

152 
3.8 

231 
6.0 

205 
4.6 

Can a linear least squares fit adequately describe these results? 

19. A vacuum pump is connected to a sealed chamber. The pressure is 
found to vary with time in the following manner: 

Time (s) I 2 5 10 60 120 
Pressure (mm Hg) 752.44 744.95 722.93 687.68 417.10 228.81 

Find a suitable expression correlating this data. 

20. The fuel consumption of an automobile was measured while the car 
traveled at different speeds. These measurements gave the following 
values: 

Fuel consumption 6.5 9. 1 12.5 16.6 
(liters/ 100 km) 

Speed (m/s) 40 45 50 55 

Find an expression correlating this data. 
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21. The relationship between drag and velocity for an airplane wing was

found to be:

Drag(N) 10 40 250 1000

Velocity (m/s) 10 20 50 100

Find an expression correlating this data.

5.4 TESTING

All engineering designs should be subjected to extensive testing. At each phase of

the design process, tests are used to verify the design concept, control the quality

of materials and production methods, and determine whether the final product or

process meets design specifications. If the design involves a single item such as a

building or a bridge, it is usually a straightforward task to design a suitable testing

program. However, when many items are involved, such as integrated circuits

produced in an electronics factory, the engineer is forced to draw conclusions

about a large number of products based on tests performed using a limited number

of samples. This would be a simple task if all the production items were com-

pletely identical. Unfortunately no two items are ever exactly alike. The test

engineer must utilize a limited number of samples to infer information about a

large and varied group of products. Since the results of these tests may be used to

make important decisions, it is imperative that the tests be designed properly and

the data analyzed correctly.

5.4.1 Testing Programs

Testing requires very careful planning. The engineer should specify the design

characteristics that are most important and the methods to be used for measuring

these characteristics. The conditions under which the tests are to be conducted

must be defined. This might include start-up and shutdown conditions, operation

under partial and full load, operation under the failure of auxiliary equipment,

operator errors, material selection, and so on. Objectives of engineering tests

include: (1) quality assurance of materials and components, (2) performance,

(3) life, endurance, and safety, (4) human acceptance, and (5) environmental im-

pact.

A good testing program might consist of the following sequence:

1. The engineer should determine whether a test is needed at all. Tests

can be expensive, and unnecessary testing should be avoided.
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5.4 TESTING 

21. The relationship between drag and velocity for an airplane wing was 
found to be: 

Drag (N) 
Velocity (m/s) 

10 
10 

40 
20 

250 

50 
1000 

100 

Find an expression correlating this data. 

All engineering designs should be subjected to extensive testing. At each phase of 
the design process, tests are used to verify the design concept, control the quality 
of materials and production methods, and determine whether the final product or 
process meets design specifications. If the design involves a single item such as a 
building or a bridge, it is usually a straightforward task to design a suitable testing 
program. However, when many items are involved, such as integrated circuits 
produced in an electronics factory, the engineer is forced to draw conclusions 
about a large number of products based on tests performed using a limited number 
of samples. This would be a simple task if all the production items were com­
pletely identical. Unfortunately no two items are ever exactly alike. The test 
engineer must utilize a limited number of samples to infer information about a 
large and varied group of products. Since the results of these tests may be used to 
make important decisions, it is imperative that the tests be designed properly and 
the data analyzed correctly. 

5.4.1 Testing Programs 

Testing requires very careful planning. The engineer should specify the design 
characteristics that are most important and the methods to be used for measuring 
these characteristics. The conditions under which the tests are to be conducted 
must be defined. This might include start-up and shutdown conditions, operation 
under partial and full load, operation under the failure of auxiliary equipment. 
operator errors, material selection, and so on. Objectives of engineering tests 
include: ( 1) quality assurance of materials and components, (2) performance, 
(3) life , endurance, and safety, (4) human acceptance, and (5) environmental im­
pact. 

A good testing program might consist of the following sequence: 

1. The engineer should determine whether a test is needed at all. Tests 
can be expensive, and unnecessary testing should be avoided. 
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2. The engineer should next decide what type of test is most suitable for

the problem. For example, either destructive or nondestructive test-

ing could be selected. The test could be terminated before the part

ultimately fails, or the test can be run until failure. The test could be

performed under the actual conditions or under conditions that only

approximate the real life environment.

3. The engineer should design the tests so that the resulting data will be

statistically significant. This involves ensuring that the samples tested

are representative of the actual parts and that a sufficient number of

samples are tested.

4. The test data should be properly analyzed and interpreted.

There are many statistical tools available to assist in the design of tests and in the

analysis of test results. We shall demonstrate the use of statistical methods in test

data analysis through the use of the normal distribution. Although such a distribu-

tion is not suitable for describing the results of every test, it is appropriate in many

situations.

Let us recall the general form of the distribution of a random variable, as

shown in Figure 5.26. This distribution has an average value x and a standard

deviation o\ Suppose we are interested now in the probability that x is greater than

some value of b. This probability can be denoted by the symbol P{x > b) and is

represented by the shaded area under the distribution curve. This area, and ac-

cordingly the probability P(x > b), can be found by integrating the normal distribu-

tion from x = b to x = ^:

Unfortunately this integral cannot be performed analytically. However it has been

calculated numerically by mathematicians and tabulated for various cases. It is

customary to introduce the variable

5.4.2 Analysis of Test Results

x â€”

x

z =

(T

f)xl

I,

FIGURE 5.26. The probability that a

given data point will be greater than b is

given by the area under the distribution

function curve.
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2. The engineer should next decide what type of test is most suitable for 
the problem. For example, either destructive or nondestructive test­
ing could be selected. The test could be terminated before the part 
ultimately fails, or the test can be run until failure. The test could be 
performed under the actual conditions or under conditions that only 
approximate the real life environment. 

3. The engineer should design the tests so that the resulting data will be 
statistically significant. This involves ensuring that the samples tested 
are representative of the actual parts and that a sufficient number of 
samples are tested. 

4. The test data should be properly analyzed and interpreted. 

5.4.2 Analysis of Test Results 

There are many statistical tools available to assist in the design of tests and in the 
analysis of test results. We shall demonstrate the use of statistical methods in test 
data analysis through the use of the normal distribution. Although such a distribu­
tion is not suitable for describing the results of every test, it is appropriate in many 
situations. 

Let us recall the general form of the distribution of a random variable, as 
shown in Figure 5.26. This distribution has an average value i and a standard 
deviation a . Suppose we are interested now in the probability that x is greater than 
some value of h. This probability can be denoted by the symbol P(x >b) and is 
represented by the shaded area under the distribution curve. This area, and ac­
cordingly the probability P(x >h), can be found by integrating the normal distribu­
tion from x = h to x = x : 

("' 1 [ (x - x )2 ] 
P(x >b) = Jb u (21r)112 exp - 2a2 dx 

Unfortunately this integral cannot be performed analytically. However it has been 
calculated numerically by mathematicians and tabulated for various cases. It is 
customary to introduce the variable 

Dig IZ b 

X-i 
z = -CT-

FIGURE 5.26. The probability that a 
given data point will be greater than b is 
given by the area under the distribution 
function curve. 
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so that the integral of the normal distribution can be presented as shown in Table

5.6. The use of this table is illustrated by the following example.

Example Consider a manufacturing process in which plugs are produced for a

bathtub. Plugs larger than 2.5 cm in diameter must be rejected. Measurements

performed on 20 samples show that the plug diameters follow a normal distribu-

tion with a mean of 2.495 cm and a standard deviation of 0.01 cm. What percent-

age of the plugs can be used?

Solution

The problem is illustrated graphically in Figure 5.27. We can first calculate the

reduced variable z:

= b - x = 2.51 - 2.495

z a- 0.01

From the table, we can look up at the probability for z = 1.5 as

P(x > b) = 0.0668

Thus 6.68% of the plugs must be scrapped. The percentage of usable plugs is

100% - 6.68% = 93.32%.

5.4.3 Types of Testing

Performance Tests

One customarily thinks of engineering testing as a procedure directed toward

determining whether products or processes meet design standards. Certainly such

performance testing is an important feature of engineering. Whether one performs

structural tests on a large building, engine tests on an automobile passing down an

assembly line, or even tests of a new computer program to be used in inventory

FIGURE 5.27. The Gaussian distribution

used to describe plug diameters.
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so that the integral of the normal distribution can be presented as shown in Table 
5.6. The use of this table is illustrated by the following example. 

Example Consider a manufacturing process in which plugs are produced for a 
bathtub. Plugs larger than 2.5 em in diameter must be rejected. Measurements 
performed on 20 samples show that the plug diameters follow a normal distribu­
tion with a mean of 2.495 em and a standard deviation of 0.01 em. What percent­
age of the plugs can be used? 

Solution 

The problem is illustrated graphically in Figure 5.27. We can first calculate the 
reduced variable z: 

z = _b_-__ x- _ 2.51 - 2.495 = 1.5 
0.01 

From the table, we can look up at the probability for z = 1.5 as 

P(x >b) = 0.0668 

Thus 6.68% of the plugs must be scrapped. The percentage of usable plugs is 
100% - 6.68% = 93.32%. 

5.4.3 Types of Testing 

Performance Tests 

One customarily thinks of engineering testing as a procedure directed toward 
determining whether products or processes meet design standards. Certainly such 
performance testing is an important feature of engineering. Whether one performs 
structural tests on a large building, engine tests on an automobile passing down an 
assembly line , or even tests of a new computer program to be used in inventory 

DIQIIZ b 

Usable 

i = 2.495 
Diameter 

" ' 
) 

I - · -

Scrap 

.r 

FIGURE 5.27. The Gaussian distribution 
used to describe plug diameters . 
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TABLE 5.6 Tabulation of the Area under the Normal Distribution P(x > b) from x = b to x = Â»

z

b

.00

.01

.02

.03

.04

.05

.06

.07

.08

.09

0.0

.5000

.4960

.4920

.4880

.4840

.4801

.4761

.4721

.4681

.4641

0.1

.4602

.4562

.4522

.4483

.4443

.4404

.4364

.4325

.4286

.4247

0.2

.4207

.4168

.4129

.4090

.4052

.4013

.3974

.3936

.3897

.3859

0.3

.3821

.3783

.3745

.3707

.3669

.3632

.3594

.3557

.3520

.3483

0.4

.3446

.3409

.3372

.3336

.3300

.3264

.3228

.3192

.3156

.3121

0.5

.3085

.3050

.3015

.2981

.2946

.2912

.2877

.2843

.2810

.2776

0.6

.2743

.2709

.2676

.2643

.2611

.2578

.2546

.2514

.2483

.2451

0.7

.2420

.2389

.2358

.2327

.2296

.2266

.2236

.2206

.2177

.2148

0.8

.2119

.2090

.2061

.2033

.2005

.1977

.1949

.1922

.1894

.1867

0.9

.1841

.1814

.1788

.1762

.1736

.1711

.1685

.1660

.1635

.1611

1.0

.1587

.1562

.1539

.1515

.1492

.1469

.1446

.1243

.1401

.1379

1.1

.1357

.1335

.1314

.1292

.1271

.1251

.1230

.1210

.1190

.1170

1.2

.1151

.1131

.1112

.1093

.1075

.1056

.1038

.1020

.1003

.0985

1.3

.0968

.0951

.0934

.0918

.0901

.0885

.0869

.0853

.0838

.0823

1.4

.0808

.0793

.0778

.0764

.0749

.0735

.0721

.0708

.0694

.0681

1.5

.0668

.0655

.0643

.0630

.0618

.0606

.0594

.0582

.0571

.0559

1.6

.0548

.0537

.0526

.0516

.0505

.0495

.0485

.0475

.0465

.0455

1.7

.0446

.0436

.0427

.0418

.0409

.0401

.0392

.0384

.0375

.0367

1.8

.0359

.0351

.0344

.0336

.0329

.0322

.0314

.0307

.0301

.0294

1.9

.0287

.0281

.0274

.0268

.0262

.0256

.0250

.0244

.0239

.0233

2.0

.0228

.0222

.0217

.0212

.0207

.0202

.0197

.0192

.0188

.0183

2.1

.0179

.0174

.0170

.0166

.0162

.0158

.0154

.0150

.0146

.0143

2.2

.0139

.0136

.0132

.0129

.0125

.0122

.0119

.0116

.0113

.0110

2.3

.0107

.0104

.0102

.00990

.00964

.00939

.00914

.00889

.00866

.00842

2.4

.00820

.00798

.00776

.00755

.00734

.00714

.00695

.00676

.00657

.00639

2.5

.00621

.00604

.00587

.00570

.00554

.00539

.00523

.00508

.00494

.00480

2.6

.00466

.00453

.00440

.00427

.00415

.00402

.00391

.00379

.00368

.00357

2.7

.00347

.00336

.00326

.00317

.00307

.00298

.00289

.00280

.00272

.00264

2.8

.00256

.00248

.00240

.00233

.00226

.00219

.00212

.00205

.00199

.00193

2.9

.00187

.00181

.00175

.00169

.00164

.00159

.00154

.00149

.00144

.00139

3

.00135

.03988

.03687

.03483

.03337

.03233

.0M59

.03108

.0*723

.0*481

4

.0*317

.04207

.0*133

.0S854

.05541*

.05340

.O^ll

.0s 130

.0*793

.0B479

5

.0Â»287

.0M70

.07996

.07579

.07333

.07I90

.07107

.08599

.08332

.08182

6

.0"987

.0Â»530

.0Â»282

.0M49

.QlV77

.010402

.0,0206

.0,0104

.0"523

.0Â»260

".0*541 means .00000541.
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TABLE 5.6 Tabulation of the Area under the Normal Distribution P(x > b) from x = b to x = oo 

! 
b 

-
I .oo 
I 

0 .0 .5000 

0.1 .4602 
0.2 .4207 
0 .3 

I 
.3821 

0.4 .3446 
I 

0 .5 I .3085 
0.6 I .2743 

I 
0.7 

I 
.2420 

0 .8 .2119 
0.9 I .1841 

I 1.0 .1587 

1.1 
I 

. 1357 
1.2 .1151 
1.3 I .0968 
1.4 I .0808 

1.5 I .0668 
1.6 .0548 
1.7 .0446 
1.8 .0359 
1.9 .0287 

' 

I 
I 
I 

.01 

.4960 

.4562 

.4168 

.3783 

.3409 

.3050 

.2709 

.2389 

.2090 

.1814 

.1562 

. 1335 

.1131 

.0951 

.0793 

.0655 

.0537 

.0436 

.0351 

.0281 

I 

I 

I 
! 

I 
I 

.02 

.4920 

.4522 

.4129 

.3745 

.3372 

.3015 

.2676 

.2358 

.2061 

. 1788 

.1539 

.1314 

. 1112 

.0934 

.0778 

.0643 

.0526 

.0427 

.0344 

.0274 

I 

I 
I 

I 

I 

.03 

.4880 

.4483 

.4090 

.3707 

.3336 

.2981 

.2643 

.2327 

.2033 

.1762 

.1515 

.1292 

.1093 

.0918 

.0764 

.0630 

.0516 

.0418 

.0336 

.0268 

I 

I 

I 

I 

z 

.04 

.4840 

.4443 

.4052 

.3669 

.3300 

.2946 

.2611 

.2296 

.2005 

.1736 

.1492 

. 1271 

.1075 

.0901 

.0749 

.0618 

.0505 

.0409 

.0329 

.0262 

I 

.OS 

.4801 

.4404 

.4013 

.3632 

.3264 

.2912 

.2578 

.2266 

.1977 

. 1711 

. 1469 

.1251 

. 1056 

.0885 

.0735 

.0606 

.0495 

.0401 

.0322 

.0256 

2.0 .0228 .0222 .0217 .0212 .0207 .0202 
2.1 .0179 .0174 .0170 .0166 .0162 .0158 
2.2 .0139 .0136 .0132 .0129 .0125 .0122 
2.3 .0107 .0104 .0102 .00990 .00964 .00939 

2.4 .00820 .00798 .00776 .00755 .00734 .00714 

2.5 .00621 .00604 .00587 .00570 .00554 .00539 
2.6 .00466 .00453 .00440 .00427 .00415 .00402 
2.7 .00347 
2 8 00256 

2.9 I .00187 

3 
4 
5 
6 

I 

I .ool35 
.04317 
.OS287 
.Qt987 

.00336 
00248 

.00181 

.Q3988 

.04207 

.OSI70 

.QII530 

a.OIS41 means .00000.541. 

.00326 .00317 .00307 
00233 00226 

.00175 I .00169 I .00164 li 

00240 

.Q3687 

.04133 

.07996 

.QII282 

.Q3483 .Q3337 

.Q3854 .Q5541 * 

.07579 1 .07333 

\ .Q9149 i .o•D?n 1 

359 

.00298 
00219 

.00159 

.Q3233 

.Q5340 

.07 190 

.010402 

I 
! 

.06 

.4761 

.4364 
.3974 
.3594 
.3228 

.2877 
.2546 
.2236 
.1949 
.1685 

. 1446 

.1230 

. 1038 

.0869 

.0721 

.0594 

.0485 

.0392 

.0314 

.0250 

.0197 

.0154 

.0119 

.00914 

.00695 

.00523 

.00391 

.00289 
00212 

.00154 
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control, performance testing is always necessary to provide assurance of the

validity and achievement of design goals.

Quality Assurance Tests

Any engineering design is only as good as the components and workmanship used

to realize it. Therefore a critical aspect in both construction and production en-

gineering involves quality assurance, a continual testing to ensure that materials,

parts, and labor used in engineering activities meet adequate standards. Quality

assurance involves both testing of components and workmanship (e.g., welds), as

well as complex management programs designed to monitor and ensure quality

control. The latter activity becomes particularly critical in large construction proj-

ects and manufacturing.

Endurance Tests

It is important to determine how the performance of a product will change with

time. It is not sufficient simply to verify that the performance of a new product

meets design goals; the engineer must determine as well how it will hold up in use

and whether it can stand up to overloading, misoperation, or other punishment

without failure. Tests are performed to determine whether the product will per-

form adequately over its design lifetime. Moreover, product samples are usually

also pushed beyond design loading or lifetime until failure occurs to determine

their endurance (the degree of overdesign).

Safety Tests

Engineers should always be concerned about the safety of a design. A thorough

and carefully planned testing program may be required not only during the con-

struction (or manufacturing) stage, but also during operation. Safety testing is

becoming increasingly regulated by various government agencies. In many cases,

the ever-changing and occasionally confusing array of safety regulations gener-

ated by government bureaucracy represent a serious challenge to effective en-

gineering design.

Environmental Impact

Another aspect of testing is to determine the impact of a design on its natural

environment. This occurs in both product testing (e.g., measurement of exhaust

emissions from automobiles) and construction (e.g., soil runoff from excavation).

As with safety, environmental impact has come under the increasing control of

government regulatory agencies (such as the Environmental Protection Agency).

The rapid growth in regulations governing this aspect of engineering design has

had a major impact in many areas.
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control, performance testing is always necessary to provide assurance of the 
validity and achievement of design goals. 

Quality Assurance Tests 

Any engineering design is only as good as the components and workmanship used 
to realize it. Therefore a critical aspect in both construction and production en­
gineering involves quality assurance, a continual testing to ensure that materials, 
parts, and labor used in engineering activities meet adequate standards. Quality 
assurance involves both testing of components and workmanship (e.g., welds). as 
well as complex management programs designed to monitor and ensure quality 
control. The latter activity becomes particularly critical in large construction proj­
ects and manufacturing. 

Endurance Tests 

It is important to determine how the performance of a product will change with 
time. It is not sufficient simply to verify that the performance of a new product 
meets design goals: the engineer must determine as well how it will hold up in use 
and whether it can stand up to overloading, misoperation, or other punishment 
without failure. Tests are performed to determine whether the product will per­
form adequately over its design lifetime. Moreover. product samples are usually 
also pushed beyond design loading or lifetime until failure occurs to determine 
their endurance (the degree of overdesign). 

Safety Tests 

Engineers should always be concerned about the safety of a design. A thorough 
and carefully planned testing program may be required not only during the con­
struction (or manufacturing) stage, but also during operation. Safety testing is 
becoming increasingly regulated by various government agencies. In many cases. 
the ever-changing and occasionally confusing array of safety regulations gener­
ated by government bureaucracy represent a serious challenge to effective en­
gineering design. 

Environmental Impact 

Another aspect of testing is to determine the impact of a design on its natural 
environment. This occurs in both product testing (e.g., measurement of exhaust 
emissions from automobiles) and construction (e.g., soil runoff from excavation). 
As with safety. environmental impact has come under the increasing control of 
government regulatory agencies (such as the Environmental Protection Agency). 
The rapid growth in regulations governing this aspect of engineering design has 
had a major impact in many areas. 
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EXPERIMENTS AND TESTS

Human Acceptance Tests

Engineers should be concerned with the interaction of their designs with the

people who buy or use them. Tests should be performed to determine whether the

product meets the physical, mental, and emotional requirements of the average

person for whom the design is intended. This frequently requires extensive sur-

veys conducted on large groups of users.

Exercises

Testing Programs

Suggest a testing program for each of the following situations:

1. Test the integrity of radioactive-waste shipping casks under accident

conditions.

2. Test the failure strength of pressure vessels for boilers.

3. Test the lifetime performance of flashlight batteries.

4. Test the comfort of new commercial aircraft seat designs.

5. Monitor the quality of concrete being used in highway construction.

6. Ascertain whether EPA (Environmental Protection Agency) regula-

tions governing effluents from waste treatment plants are being met.

7. Monitor quality of welds on piping in nuclear power plants.

Analysis of Test Results

8. The acceptable value of resistors produced in a factory is 0.900 Â±

0.005 ohm. The standard deviation of the resistances measured in

the plant is 0.003 ohm. What percent of the resistors must be dis-

carded?

9. The concentration of a pollutant in the exhaust gas stack of a power

plant was measured periodically. The measurements yielded the fol-

lowing values (in ppm): 14.1, 14.9, 14.8, 15.1, 15.6, 14.4, 14.9, 15.2,

15.3, 15.2, and 15.9. Estimate the number of measurements when the

concentration level can be expected to be below 15.5 ppm.

10. The flow rate in a pipe is measured over a period of time: 30.1, 7.2,

10.1, 5.1, 1.3, 6.1, 16.2, 6.5, 24.1, 3.9, 17.2, 8.4, 13.2, 14.9, and 18.9

m3 per minute. Determine the percentage of time the flow rate would

be greater than m3 per minute.
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EXPERIMENTS AND TESTS 361 

Human Acceptance Tests 

Engineers should be concerned with the interaction of their designs with the 
people who buy or use them. Tests should be performed to determine whether the 
product meets the physical, mental, and emotional requirements of the average 
person for whom the design is intended. This frequently requires extensive sur­
veys conducted on large groups of users. 

Exercises 

Testing Programs 

Suggest a testing program for each of the following situations: 

1. Test the integrity of radioactive-waste shipping casks under accident 
conditions. 

2. Test the failure strength of pressure vessels for boilers. 

3. Test the lifetime performance of flashlight batteries. 

4. Test the comfort of new commercial aircraft seat designs. 

5. Monitor the quality of concrete being used in highway construction. 

6. Ascertain whether EPA (Environmental Protection Agency) regula­
tions governing effluents from waste treatment plants are being met. 

7. Monitor quality of welds on piping in nuclear power plants. 

Analysis of Test Results 

8. The acceptable value of resistors produced in a factory is 0.900 :±:: 

0.005 ohm. The standard deviation of the resistances measured in 
the plant is 0.003 ohm. What percent of the resistors must be dis­
carded? 

9. The concentration of a pollutant in the exhaust gas stack of a power 
plant was measured periodically. The measurements yielded the fol­
lowing values (in ppm): 14.1, 14.9, 14.8, 15.1, 15.6, 14.4, 14.9, 15.2, 
15.3, 15.2, and 15.9. Estimate the number of measurements when the 
concentra!ion level can be expected to be below 15.5 ppm. 

10. The flow rate in a pipe is measured over a period of time: 30.1, 7 .2, 
10.1, 5.1, 1.3, 6.1, 16.2, 6.5, 24.1, 3.9, 17.2, 8.4, 13.2, 14.9, and 18.9 
m3 per minute. Determine the percentage of time the flow rate would 
be greater than m3 per minute. 
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CHAPTER 6

Communication

There is a natural tendency to consider an engineering task completed once the

technical activities of design and analysis have been finished. Sometimes the

quality of technical achievement is emphasized to the exclusion of other engineer-

ing activities that may have a comparable impact on the success of the effort. In

particular, both students and practicing engineers alike frequently tend to under-

estimate the importance of communication in engineering. An engineer's efforts

are incomplete until they have been communicated in an appropriate form to those

who will use them. In fact a significant portion of an engineer's activities are spent

not in actual technical work but, rather, in communicating the results of that work

to others.

The engineer's audience might consist of fellow engineers, supervisors, or

skilled craftsmen who will implement the design. Engineers may even be called

upon to describe their activities directly to members of the public at large. Some-

times the information engineers must convey is of a highly technical nature. They

might wish to present the results obtained from a complex computer program or

prepare an operating manual for a new machine. Sometimes the information is

more qualitative and descriptive, such as would be the case in the sales descrip-

tion of a product. An engineer might even be faced with writing an article explain-

ing a project in a manner suitable for a layperson.

Regardless of the intended audience and purpose of the communication, the

presentation must be clear and precise so that the message comes across. Unless

engineers can accomplish this, their technical achievements will be of little use.

For even the most brilliant engineering design will lay dormant, gathering dust, if

those who must implement it remain unaware (or unconvinced) of its merits.

6.1. GENERAL ASPECTS OF EFFECTIVE COMMUNICATION

The importance of effective communication in engineering cannot be overem-

phasized. In some situations the engineer's efforts may even be judged more on

365
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CHAPTER6 

Communication 

There is a natural tendency to consider an engineering task completed once the 
technical activities of design and analysis have been finished. Sometimes the 
quality of technical achievement is emphasized to the exclusion of other engineer­
ing activities that may have a comparable impact on the success of the effort. In 
particular. both students and practicing engineers alike frequently tend to under­
estimate the importance of communication in engineering. An engineer's efforts 
are incomplete until they have been communicated in an appropriate form to those 
who will use them. In fact a significant portion of an engineer's activities are spent 
not in actua1 technical work but. rather, in communicating the results ofthat work 
to others. 

The engineer's audience might consist of fellow engineers, supervisors, or 
skilled craftsmen who will implement the design. Engineers may even be called 
upon to describe their activities directly to members of the public at large. Some­
times the information engineers must convey is of a highly technical nature. They 
might wish to present the results obtained from a complex computer program or 
prepare an operating manual for a new machine. Sometimes the information is 
more qualitative and descriptive, such as would be the case in the sales descrip­
tion of a product. An engineer might even be faced with writing an article explain­
ing a project in a manner suitable for a layperson. 

Regardless of the intended audience and purpose of the communication, the 
presentation must be clear and precise so that the message comes across. Unless 
engineers can accomplish this, their technical achievements will be of little use. 
For even the most brilliant engineering design will lay dormant, gathering dust, if 
those who must implement it remain unaware (or unconvinced) of its merits. 

6.1. GE!\ERAL ASPECTS OF EFFECTIVE COMMLINICATION 

The importance of effective communication in engineering cannot be overem­
phasized. In some situations the engineer's efforts may even be judged more on 
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366 THE TOOLS

the quality of presentation than on the merit of the work itself. A final product may

be able to stand on its own, of course. But before any idea or design can be

translated into reality, it must first be sold successfully to others many times, as it

passes from primitive design concept through development to production and

marketing. No matter how good the idea is, it will not be accepted unless the

engineer can describe it in a clear and convincing fashion. As disappointing as it

may sound, the First Law of Madison Avenue sometimes applies to engineering

just as it applies to advertising: A great presentation of lousy work has a better

chance of acceptance than a lousy presentation of great work.

The engineer should master a wide range of communication skills. Foremost

among these are fundamental verbal skills in writing and speaking. Written com-

munications, for example, might consist of brief informal notes or memos

(memoranda) to other engineers within a large organization (perhaps even to

oneself!) Engineers will frequently need to write letters. To the chagrin of many

engineers, longer technical reports or proposals will usually be required, both for

internal distribution within an organization or for wider distribution outside.

Sometimes the engineer may even wish to write a paper or a book suitable for

publication.

In a similar manner, oral communication may occur on several different

levels. The engineer will have daily, informal discussions with colleagues to ex-

change thoughts and explore new ideas. Instructions to subordinates or craftsmen

may be required. Also, sometimes the engineer must give formal presentations or

lectures describing technical activities.

There are other important modes of communication in addition to the verbal

skills of writing and speaking. Engineers make frequent use of graphical materials

such as drawings, charts, pictures, or models. In fact, engineers are frequently

singled out for their ability in graphical communication. Most reports or lectures

presented by engineers will make frequent use of visual materials. Engineers

would do well to become familiar with computer graphics, which has revo-

lutionized the design and preparation of graphical materials.

The computer has influenced communication in other ways. Certainly an

important aspect of engineering communication is the presentation of computer

materials, including both computer software (programs) and computer-generated

output detailing the results of a particular computational task. The computer has

also revolutionized the manner in which the engineer approaches the more mun-

dane aspects of written communication by making available powerful wordproc-

essing (text editing) systems. Today the microcomputer is rapidly replacing the

typewriter (and to a more limited extent, the secretary) as the medium through

which the engineer translates ideas into verbal form.

Unfortunately, while communication activities occupy a large fraction of

practicing engineers' time and play an important role in determining their effec-

tiveness, engineers are often poorly equipped to handle communication tasks.

Many engineers are poor writers and speakers. All too true is the well-worn joke

about the senior engineering student who observed, "Four years ago I didn t even

know how to spell 'engineer,' and now I are one!"
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the quality of presentation than on the merit of the work itself. A final product may 
be able to stand on its own, of course. But before any idea or design can be 
translated into reality, it must first be sold successfully to others many times. as it 
passes from primitive design concept through development to production and 
marketing. No matter how good the idea is, it will not be accepted unless the 
engineer can describe it in a clear and convincing fashion . As disappointing as it 
may sound, the First Law of Madison Avenue sometimes applies to engineering 
just as it applies to advertising: A great presentation of lousy work has a better 
chance of acceptance than a lousy presentation of great work. 

The engineer should master a wide range of communication skills. Foremost 
among these are fundamental verbal skills in writing and speaking. Written com­
munications, for example. might consist of brief informal notes or memos 
(memoranda) to other engineers within a large organization (perhaps even to 
oneself!) Engineers will frequently need to write letters . To the chagrin of many 
engineers, longer technical reports or proposals will usually be required. both for 
internal distribution within an organization or for wider distribution outside. 
Sometimes the engineer may even wish to write a paper or a book suitable for 
publication. 

In a similar manner, oral communication may occur on several different 
levels. The engineer will have daily, informal discussions with colleagues to ex­
change thoughts and explore new ideas. Instructions to subordinates or craftsmen 
may be required. Also, sometimes the engineer must give formal presentations or 
lectures describing technical activities. 

There are other important modes of communication in addition to the verbal 
skills of writing and speaking. Engineers make frequent use of graphical materials 
such as drawings, charts, pictures, or models. In fact, engineers are frequently 
singled out for their ability in graphical communication. Most reports or lectures 
presented by engineers will make frequent use of visual materials. Engineers 
would do well to become familiar with computer graphics, which has revo­
lutionized the design and preparation of graphical materials. 

The computer has influenced communication in other ways. Certainly an 
important aspect of engineering communication is the presentation of computer 
materials, including both computer software (programs) and computer-generated 
output detailing the results of a particular computational task. The computer has 
also revolutionized the manner in which the engineer approaches the more mun­
dane aspects of written communication by making available powerful wordproc­
essing (text editing) systems. Today the microcomputer is rapidly replacing the 
typewriter (and to a more limited extent, the secretary) as the medium through 
which the engineer translates ideas into verbal form. 

Unfortunately. while communication activities occupy a large fraction of 
practicing engineers' time and play an important role in determining their effec­
tiveness, engineers are often poorly equipped to handle communication tasks. 
Many engineers are poor writers and speakers. All too true is the well-worn joke 
about the senior engineering student who observed ... Four years ago I didn ·t even 
know how to spell 'engineer,' and now I are one!" 
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FIGURE 6. 1. Communication plays a vital role in engineering. ( Ken Karp) 
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Many engineering students are the products of a natural selection process

operative in our educational system that has reinforced their analytical skills

(mathematics and science) at the expense of their verbal development. Unfortu-

nately, some engineering curricula compound this situation by placing insufficient

emphasis on the development of verbal skills in composition and speaking. All too

frequently students (and later, practicing engineers) must acquire verbal com-

munication skills mostly on their own, often through hard-earned work experi-

ence.

Many engineering students have problems with the basic mechanical skills of

communication: grammar and spelling. Grammatical and spelling mistakes can

make a written report incoherent (and certainly embarrassing), and poor grammar

detracts from an oral presentation.

But these are not the primary sources of difficulty in verbal communication.

The grammar and spelling in a written report can always be corrected by an editor.

Grammatical errors in an oral presentation may be overlooked if the talk is audi-

ble, the accent understandable, and the material well organized. Many foreign-

born engineers and scientists are better speakers, even with their thick accents,

than their American counterparts. We need only recall brilliant engineers such as

Wemer von Braun and Theodore von Karman who conveyed their ideas with

absolute clarity despite their heavy accents. When someone once asked von Kar-

man what language he used to communicate his ideas, he is said to have re-

sponded: "In the universal language of science and engineering, bad English."

Foreign-born engineers and scientists have played a significant role in this coun-

try's technological development. They could express their ideas clearly, though

admittedly in less than perfect English.

It is not our intent to downplay the importance of good grammar and correct

spelling in engineering communication. However, these mechanical aspects of

verbal skills are not the major reasons for poor communication. The most signifi-

cant deficiencies are improperly organized material and a corresponding lack of

clarity in expression of thoughts and ideas. Grammatical and spelling errors can be

corrected in a written report or overlooked in an oral presentation. But no verbal

communication will be successful without careful organization and clarity. Atten-

tion to these points is the engineer's responsibility.

In college students are required to write many reports and even give an

occasional oral presentation. However in most cases they are concerned less with

communication that with "performing" for their instructor. Their goal is to im-

press the professor with their knowledge. The situation in engineering practice

will be quite different. Unlike the professor, the audience will usually be less

informed on the subject than the engineer. Furthermore, it may initially be quite

uninterested in the engineer's activities and require some stimulation. Hence the

engineer's goals are to inform, instruct, and often to excite and persuade. To

achieve these goals, a presentation must be clear, coherent, and concise.

For many people communication becomes a form of entertainment or a

means of creative expression. For engineers, communication is far more impor-

tant because it is the means by which they convey the results of their labors and
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Many engineering students are the products of a natural selection process 
operative in our educational system that has reinforced their analytical skills 
(mathematics and science) at the expense of their verbal development. Unfortu­
nately, some engineering curricula compound this situation by placing insufficient 
emphasis on the development of verbal skills in composition and speaking. All too 
frequently students (and later, practicing engineers) must acquire verbal com­
munication skills mostly on their own, often through hard-earned work experi­
ence. 

Many engineering students have problems with the basic mechanical skills of 
communication: grammar and spelling. Grammatical and spelling mistakes can 
make a written report incoherent (and certainly embarrassing), and poor grammar 
detracts from an oral presentation. 

But these are not the primary sources of difficulty in verbal communication. 
The grammar and spelling in a written report can always be corrected by an editor. 
Grammatical errors in an oral presentation may be overlooked if the talk is audi­
ble, the accent understandable, and the material well organized. Many foreign­
born engineers and scientists are better speakers, even with their thick accents, 
than their American counterparts. We need only recall brilliant engineers such as 
Werner von Braun and Theodore von Karman who conveyed their ideas with 
absolute clarity despite their heavy accents. When someone once asked von Kar­
man what language he used to communicate his ideas, he is said to have re­
sponded: "In the universal language of science and engineering, bad English.·· 
Foreign-born engineers and scientists have played a significant role in this coun­
try's technological development. They could express their ideas clearly, though 
admittedly in less than perfect English. 

It is not our intent to downplay the importance of good grammar and correct 
spelling in engineering communication. However, these mechanical aspects of 
verbal skills are not the major reasons for poor communication. The most signifi­
cant deficiencies are improperly organized material and a corresponding lack of 
clarity in expression of thoughts and ideas. Grammatical and spelling errors can be 
corrected in a written report or overlooked in an oral presentation. But no verbal 
communication will be successful without careful organization and clarity. Atten­
tion to these points is the engineer's responsibility. 

In college students are required to write many reports and even give an 
occasional oral presentation. However in most cases they are concerned less with 
communication that with "performing" for their instructor. Their goal is to im­
press the professor with their knowledge. The situation in engineering practice 
will be quite different. Unlike the professor, the audience will usually be less 
informed on the subject than the engineer. Furthermore, it may initially be quite 
uninterested in the engineer's activities and require some stimulation. Hence the 
engineer's goals are to inform, instruct, and often to excite and persuade. To 
achieve these goals, a presentation must be clear, coherent, and concise. 

For many people communication becomes a form of entertainment or a 
means of creative expression. For engineers, communication is far more impor­
tant because it is the means by which they convey the results of their labors and 
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persuade others of their value. Without a high degree of skill in this endeavor,

engineers would become cloistered and ineffective. Their technical achievements

would lay fallow, unrecognized and unappreciated by those for whom they are

intended.

SUMMARY

Communication plays an essential role in engineering, for without

adequate presentation, an engineer's work will remain unrecognized and

unappreciated. The engineer should master a wide range of communica-

tion skills, including the verbal skills of writing and speaking, as well as

other skills in mastering graphical and computer methods. In all forms of

communication, stress should be on careful organization and clarity of

presentation.

Exercises

Communication

1. Rank the various roles or functions of engineers (recall Section 1.3) to

the degree to which they depend on effective communication.

2. Identify three examples of poor communication in engineering that

have led to serious consequences.

3. Estimate the number of papers and talks you will be required to

prepare during your college education.

4. Give three examples in which a very effective presentation has led to

the acceptance of a poor product (or idea).

5. Give three examples in which ineffective communication has hin-

dered the public acceptance of a new technology.

6.2 WRITTEN COMMUNICATION

Written communication plays an important role in engineering. One usually thinks

first of technical reports detailing the engineer's activities. But written communi-

cation assumes other forms as well. Engineers frequently find it useful to keep a

written record of their activities, sometimes using only informal notes, at other

times using dated and witnessed entries in bound notebooks (such as the labora-

tory notebooks used in experimental work). Communication by brief memoran-
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persuade others of their value. Without a high degree of skill in this endeavor, 
engineers would become cloistered and ineffective. Their technical achievements 
would lay fallow, unrecognized and unappreciated by those for whom they are 
intended. 

SUMMARY 

Communication plays an essential role in engineering, for without 
adequate presentation, an engineer's work will remain unrecognized and 
unappreciated. The engineer should master a wide range of communica­
tion skills, including the verbal skills of writing and speaking, as well as 
other skills in mastering graphical and computer methods. In all forms of 
communication, stress should be on careful organization and clarity of 
presentation. 

Exercises 

Communication 

1. Rank the various roles or functions of engineers (recall Section 1.3) to 
the degree to which they depend on effective communication. 

2. Identify three examples of poor communication in engineering that 
have led to serious consequences. 

3. Estimate the number of papers and talks you will be required to 
prepare during your college education. 

4. Give three examples in which a very effective presentation has led to 
the acceptance of a poor product (or idea). 

S. Give three examples in which ineffective communication has hin­
dered the public acceptance of a new technology. 

6.2 WRITTEN COMMUNICATION 

Written communication plays an important role in engineering. One usually thinks 
first of technical reports detailing the engineer's activities. But written communi­
cation assumes other forms as well. Engineers frequently find it useful to keep a 
written record of their activities, sometimes using only informal notes, at other 
times using dated and witnessed entries in bound notebooks (such as the labora­
tory notebooks used in experimental work). Communication by brief memoran-
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dum or letter is a common task. Occasionally the engineer must prepare more

elaborate documents such as technical reports describing engineering activities

and results or proposals seeking to persuade others of the need for or usefulness of

a particular project. An engineer may be required to provide the detailed descrip-

tion or technical specifications of a given design, or to write an operating manual

for the benefit of those who will implement or use the design. Some engineers find

themselves working with marketing people to write sales descriptions for a prod-

uct. Most engineers will be called upon at some point to provide a written descrip-

tion of their activities suitable for the layperson. Obviously a wide range of writing

skills are required in engineering.

6.2.1. Notes and Records

Since the memory capacity of the human brain is limited, engineers find it useful

to record in written form various aspects of their day-to-day activities. They may

write informal notes to remind themselves of a given calculation or conversation

with a colleague. Their notes may also be in a more formal arrangement, such as in

the bound laboratory notebook in which entries are made in permanent form and

carefully dated (see Chapter 5). This notebook may serve later as a legal document

in a patent application.

It is wise to approach the task of keeping written notes or records of one's

activities with some care. Even informal notes used as reminders should not be

treated like a grocery list, to be scribbled on scrap pieces of paper and taped at

strategic locations about the office (or pinned to the engineer's shirt). Rather a

carefully systemized approach should be used to record information and then file

this in such a way that it can be easily retrieved at some later time. Bound

notebooks are one excellent approach. We have already noted the importance of

laboratory notebooks in experimental work and in recording the results of calcula-

tions. Such notebooks can also be used to enter notes of meetings or conversa-

tions.

Many companies and laboratories have established careful procedures for

keeping records of the engineers' activities. Whether or not these formal proce-

dures exist, the engineer would be well advised to develop the habit of keeping

careful written records of professional activities.

SUMMARY

Engineers should develop a habit of keeping careful written records of

their professional activities. They should use a systemized approach to

record and then file information in an easily retrievable form. Bound

notebooks are one excellent approach.
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dum or letter is a common task. Occasionally the engineer must prepare more 
elaborate documents such as technical reports describing engineering activities 
and results or proposals seeking to persuade others of the need for or usefulness of 
a particular project. An engineer may be required to provide the detailed descrip­
tion or technical specifications of a given design, or to write an operating manual 
for the benefit of those who will implement or use the design. Some engineers find 
themselves working with marketing people to write sales descriptions for a prod­
uct. Most engineers will be called upon at some point to provide a written descrip­
tion of their activities suitable for the layperson. Obviously a wide range of writing 
skills are required in engineering. 

6.2.1. Notes and Records 

Since the memory capacity of the human brain is limited, engineers find it useful 
to record in written form various aspects of their day-to-day activities. They may 
write informal notes to remind themselves of a given calculation or conversation 
with a colleague. Their notes may also be in a more formal arrangement, such as in 
the bound laboratory notebook in which entries are made in permanent form and 
carefully dated (see Chapter 5). This notebook may serve later as a legal document 
in a patent application. 

It is wise to approach the task of keeping written notes or records of one· s 
activities with some care. Even informal notes used as reminders should not be 
treated like a grocery list, to be scribbled on scrap pieces of paper and taped at 
strategic locations about the office (or pinned to the engineer's shirt). Rather a 
carefully systemized approach should be used to record information and then file 
this in such a way that it can be easily retrieved at some later time. Bound 
notebooks are one excellent approach. We have already noted the importance of 
laboratory notebooks in experimental work and in recording the results of calcula­
tions. Such notebooks can also be used to enter notes of meetings or conversa­
tions. 

Many companies and laboratories have established careful procedures for 
keeping records of the engineers' activities. Whether or not these formal proce­
dures exist, the engineer would be well advised to develop the habit of keeping 
careful written records of professional activities. 

SUMMARY 

Engineers should develop a habit of keeping careful written records of 
their professional activities. They should use a systemized approach to 
record and then file information in an easily retrievable form. Bound 
notebooks are one excellent approach. 
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6.2.2. Memoranda and Letters

Engineers should become skillful at using short memoranda or letters to com-

municate with others both within and outside their organization. Memoranda such

as those shown in Figure 6.3 provide a useful vehicle for communications within a

company. The general format for such memoranda contains the date, name, title,

and address of the receiver (TO) and the sender (FROM), a short statement of the

topic (SUBJECT), and a brief text concerning this subject. The sender usually

initials or signs the memorandum after his or her name and retains a copy in a

correspondence file. If copies are provided for other individuals, these are usually

indicated at the bottom of the memorandum with the notation "cc" (for carbon

copy).

Communication by letter is also an important aspect of engineering activity.

Most courses on English composition treat the business letter in some detail, and

this format suffices for most engineering applications (Figure 6.4). As with all

business letters, the text of the letter should be brief and to the point. Clarity of

presentation is all-important, as it is in any form of engineering communication.

SUMMARY

Short memoranda and letters are a valuable communication tool of the

engineer. The text of these documents should be brief and to the point.

6.2.3. Technical Reports

The difficulty of writing increases with the length of the written material. While

the preparation of a one-page memorandum or letter may be quick and easy, the

writing of a long report is painful for everyone, even for professional writers.

The first difficulty that must be faced and overcome is the dreaded ''blank

page terror"â€”sitting at your desk with newly sharpened pencils and a clean,

white expanse of blank paper before youâ€”and drawing a mental blank. How do

you begin to write a technical report? How do you overcome the initial mental

block? A novelist might fall back on the six-pack-of-beer (or Cognac-and-cigar)

approach. A more productive approach for the engineer is to make a detailed

outline of the report.

Most technical reports follow a fairly standard organization structure shown

in Table 6.1. Although a technical report should present information in roughly

this order, the actual preparation of the report follows almost the reverse order.

For example, one frequently prepares the illustrations and tables first. The title

page and abstract are usually the last parts to be prepared.
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6.2.2. Memoranda and Letters 

Engineers should become skillful at using short memoranda or letters to com­
municate with others both within and outside their organization. Memoranda such 
as those shown in Figure 6.3 provide a useful vehicle for communications within a 
company. The general format for such memoranda contains the date, name, title. 
and address of the receiver (TO) and the sender (FROM), a short statement of the 
topic (SUBJECT), and a brief text concerning this subject. The sender usually 
initials or signs the memorandum after his or her name and retains a copy in a 
correspondence file. If copies are provided for other individuals, these are usually 
indicated at the bottom of the memorandum with the notation "cc" (for carbon 
copy). 

Communication by letter is also an important aspect of engineering activity. 
Most courses on English composition treat the business letter in some detail, and 
this format suffices for most engineering applications (Figure 6.4). As with all 
business letters, the text of the letter should be brief and to the point. Clarity of 
presentation is all-important, as it is in any form of engineering communication. 

SUMMARY 

Short memoranda and letters are a valuable communication tool of the 
engineer. The text of these documents should be brief and to the point. 

6.2.3. Technical Reports 

The difficulty of writing increases with the length of the written material. While 
the preparation of a one-page memorandum or letter may be quick and easy, the 
writing of a long report is painful for everyone, even for professional writers. 

The first difficulty that must be faced and overcome is the dreaded "blank 
page terror"-sitting at your desk with newly sharpened pencils and a clean, 
white expanse of blank paper before you-and drawing a mental blank. How do 
you begin to write a technical report? How do you overcome the initial mental 
block? A novelist might fall back on the six-pack-of-beer (or Cognac-and-cigar) 
approach. A more productive approach for the engineer is to make a detailed 
outline of the report. 

Most technical reports follow a fairly standard organization structure shown 
in Table 6.1. Although a technical report should present information in roughly 
this order, the actual preparation of the report follows almost the reverse order. 
For example, one frequently prepares the illustrations and tables first. The title 
page and abstract are usually the last parts to be prepared. 
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The University of Michigan 

Memorandum 

December 10, 1980 

TO: 

FROM: Professor George s. Springer 

2282 G. G. Brown Laboratory 

SUBJECT: Christmas Vacation 

The machine shops in Rooms 1-121 and 1-122 in 

G. G. Brown Laboratory will be closed from 4 pm on 

December 24, 1980 until 8 am on January 2, 1981 . 

cc : 

mhl/GSS 

COMMUNICATION 373 

FIGURE 6.3. Memoranda provide a brief, informal means of written communication. 
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D 

Professor Alonzo K. Zorch 
Department of Mechanical Engineering 
The University of Michigan 
Ann Arbor, Michigan 48109 

Dear Professor Zorch: 

In response to your inquiry concerning the 
availability of aircraft flight simulator programs 
for microcomputers, we would note three of our software 
packages of particular interest: 

SSS-12: Piper Super Cub 150 

SSS-14: Sopwith F.l Camel 

SSS-15: Boeing 767 

Each of these programs is designed to run (with full 
three-dimensional, high resolution graphics display) 
on either the TRS-80 or Apple-II microcomputers. 

More detailed program descriptions are enclosed . 

mh/SKS 

Enc. 

Sincerely yours, 

~\(~ 
Susan K. Smith 
Sales Engineer 
Software Simulations , Inc. 

FIGURE 6.4. Technical letters written by engineers foUow a form similar to those of 
business letters. 
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TABLE 6.1 Outline of a Technical

Report

Title Page

Abstract

Table of contents

List of figures and tables

Nomenclature

Acknowledgments

Text:

Introduction

Experiments and tests

Analysis

Results and discussion

Summary and conclusions

References

Appendices

Illustrations, graphs, and tables

Let us consider each of these components in the order of preparation (rather

than presentation).

Graphical Material

We shall return to discuss the preparation of graphical materials such as technical

illustrations, graphs, and tables in more detail in the next section. However we

should note here that the quality of the graphical material used in a report is very

important. Many readers will judge a report from the graphs and illustrations it

contains and will only scan the text. These graphical materials are often copied

and distributed without the main body of the report. Hence it is extremely impor-

tant that all figures and illustrations be as self-explanatory as possible.

Text

Once the illustrations, graphs, and tables are completed, the task of writing the

main body of the report begins. As mentioned, one first begins with an outline.

Depending on the length of the text, several outlines may be required. The first

outline should be general and cover only the major points. Successive outlines

should include more and more detail.

As we noted earlier, organization is the key to a successful report. Thus each

outline should be reviewed, analyzed, and rearranged until the sequence of pre-

sentation becomes logical. An important observation should be made here. Stu-

dents and novice engineers frequently attempt to present material in the order in

which the work was accomplished. However this "historical" approach is rarely
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TABLE 6.1 Outline of a Technkal 
Report 

Title Page 
Abstract 
Table of contents 
List of figures and tables 
Nomenclature 
Acknowledgments 
Text: 

Introduction 
Experiments and tests 
Analysis 
Results and discussion 
Summary and conclusions 

References 
Appendices 
Illustrations, graphs, and tables 
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Let us consider each of these components in the order of preparation (rather 
than presentation). 

Graphical Material 

We shall return to discuss the preparation of graphical materials such as technical 
illustrations, graphs, and tables in more detail in the next section. However we 
should note here that the quality of the graphical material used in a report is very 
important. Many readers will judge a report from the graphs and illustrations it 
contains and will only scan the text. These graphical materials are often copied 
and distributed without the main body of the report. Hence it is extremely impor­
tant that all figures and illustrations be as self-explanatory as possible. 

Text 

Once the illustrations, graphs, and tables are completed, the task of writing the 
main body of the report begins. As mentioned, one first begins with an outline. 
Depending on the length of the text, several outlines may be required. The first 
outline should be general and cover only the major points. Successive outlines 
should include more and more detail. 

As we noted earlier, organization is the key to a successful report. Thus each 
outline should be reviewed, analyzed, and rearranged until the sequence of pre­
sentation becomes logical. An important observation should be made here. Stu­
dents and novice engineers frequently attempt to present material in the order in 
which the work was accomplished. However this "historical" approach is rarely 
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suitable for a technical report since it drags the reader through all of the false

starts, mistakes, and faulty logic of the original work. Rather one should em-

phasize logic and clarity of presentation in an outline. While the report must

contain all the important facts (and, needless to say, only the facts), these need not

be presented in the same chronological order in which they were discovered.

Having completed a detailed outline, one can proceed to write the text mate-

rial. It is best to be simple. The writing should be clear enough to be understood by

anyone, including people unfamiliar with the subject matter. It is therefore good

practice to ask a friend or colleague to read the draft and comment on its clarity.

The Introduction section introduces the subject matter of the report: what

was done, why it was done, and how it was done. This section provides a back-

ground for the work, relating it to similar studies performed in the past. Fre-

quently an extensive review of similar work (sometimes known as a "literature

survey") is included in the introduction to provide a context within which to judge

the importance of the work.

Many readers will read only the introduction. Therefore special care must be

taken to write this part lucidly. The purpose and scope of the work should be

introduced and described in the first page or two of the introduction, relegating to

later pages additional discussion and references to past work. In this way the

reader can learn immediately whether the topic is of sufficient interest to warrant

further reading.

The introduction is followed by a Description of the Work. Here the major

decision facing the author is just how much detail to include. Most writers tend to

include too much material. Generally it is sufficient to outline the method of

approach and the solution technique in just enough detail for the reader to under-

stand what was done. If necessary, details of algebra, apparatus, computer pro-

grams, and such can and should be relegated to appendices.

One can distinguish between the presentation of engineering analysis (math-

ematics) and experimental work. The detailed outline for the presentation of

analytical work follows that given in Section 2.1. We have provided similar details

for the description of experimental work in Section 5.2.

The results are given in Results and Discussion. This section should contain

not merely the graphs with the data and verbal statements of the information given

on the graphs, but it should also critically evaluate these results. In this section the

author may provide an interpretation of the results and opinions regarding their

usefulness and significance.

The final section is the Summary and Conclusions. Although many of these

conclusions may have already been given in the results and discussion section,

they are usually scattered throughout the text and intermingled with the author's

opinions. In the summary and conclusions section only the facts (and not opin-

ions) are given. These facts are best presented using short, concise statements.

For emphasis, it is sometimes useful to number the conclusions consecutively. It

is important to remember that many readers will only scan the abstract, introduc-

tion, and conclusions sections of the report.
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suitable for a technical report since it drags the reader through all of the false 
starts, mistakes, and faulty logic of the original work. Rather one should em­
phasize logic and clarity of presentation in an outline. While the report must 
contain all the important facts (and, needless to say, only the facts), these need not 
be presented in the same chronological order in which they were discovered. 

Having completed a detailed outline, one can proceed to write the text mate­
rial. It is best to be simple. The writing should be clear enough to be understood by 
anyone, including people unfamiliar with the subject matter. It is therefore good 
practice to ask a friend or colleague to read the draft and comment on its clarity. 

The Introduction section introduces the subject matter of the report: what 
was done, why it was done, and how it was done. This section provides a back­
ground for the work, relating it to similar studies performed in the past. Fre­
quently an extensive review of similar work (sometimes known as a "literature 
survey") is included in the introduction to provide a context within which to judge 
the importance of the work. 

Many readers will read only the introduction. Therefore special care must be 
taken to write this part lucidly. The purpose and scope of the work should be 
introduced and described in the first page or two of the introduction, relegating to 
later pages additional discussion and references to past work. In this way the 
reader can learn immediately whether the topic is of sufficient interest to warrant 
further reading. 

The introduction is followed by a Description of the Work. Here the major 
decision facing the author is just how much detail to include. Most writers tend to 
include too much material. Generally it is sufficient to outline the method of 
approach and the solution technique in just enough detail for the reader to under­
stand what was done. If necessary, details of algebra, apparatus, computer pro­
grams, and such can and should be relegated to appendices. 

One can distinguish between the presentation of engineering analysis (math­
ematics) and experimental work. The detailed outline for the presentation of 
analytical work follows that given in Section 2.1. We have provided similar detail~ 
for the description of experimental work in Section 5.2. 

The results are given in Results and Discussion. This section should contain 
not merely the graphs with the data and verbal statements of the information given 
on the graphs, but it should also critically evaluate these results. In this section the 
author may provide an interpretation of the results and opinions regarding their 
usefulness and significance. 

The final section is the Summary and Conclusions. Although many of these 
conclusions may have already been given in the results and discussion section, 
they are usually scattered throughout the text and intermingled with the author's 
opinions. In the summary and conclusions section only the facts (and not opin­
ions) are given. These facts are best presented using short, concise statements. 
For emphasis, it is sometimes useful to number the conclusions consecutively. It 
is important to remember that many readers will only scan the abstract, introduc­
tion, and conclusions sections of the report. 
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Abstract

The abstract is a concise summary of the work that is usually written after the

main text. Abstracts are usually less than a page long and in some cases may be

only a paragraph in length. In the abstract the author states the problem that was

attacked, the method of solution, and the major conclusions. In a sense, the

abstract is a summary of the introduction and the conclusions sections. The pur-

pose of the abstract is to provide enough information to enable the reader to assess

whether or not the report is of interest. Thus the title provides the first clue to the

contents of the report, while the abstract gives more detailed information on its

nature.

Abstracts are of particular significance since they are frequently compiled as

an independent summary of the report. There are journals and computer-based

data banks that compile titles and abstracts of reports. The reader may selectively

scan and obtain copies of any abstracts of interest from these sources. Therefore

abstracts should provide sufficient information to allow the reader to decide

whether or not to obtain and read the entire report.

Appendices

Details of the calculations, the experiments, and the data should be included in the

appendices. As a rule of thumb, the appendices should contain information that is

of interest only to a person who might want to repeat the work.

References

The references are grouped together following the main text. Each reference

should provide sufficient information so that the reference could be easily located

or obtained. A variety of standard forms are used for references, including books:

G. S. Springer, Sex and the Singles Tennis Player (Adult Book Press, Ann

Arbor, 1982)

journal articles and symposium proceedings:

G. F. Knoll, "Knitpicking for Fun and Profit," National Inquirer, Vol. 23

(August 1982), pp. 45-49.

and reports:

G. S. Springer and G. F. Knoll, "Cardiovascular Development in Sedentary

Engineering Faculty," Report No. 82-5, College of Engineering, The Univer-

sity of Michigan, Ann Arbor, Michigan 48109 (1982)

Title Page

The following information is included on the title page: the title of the report, the

name and title of authors), the name and address of the organization issuing the

report, and the number and date of the report.
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Abstract 

The abstract is a concise summary of the work that is usually written after the 
main text. Abstracts are usually less than a page long and in some cases may be 
only a paragraph in length. In the abstract the author states the problem that was 
attacked, the method of solution, and the major conclusions. In a sense, the 
abstract is a summary of the introduction and the conclusions sections. The pur­
pose of the abstract is to provide enough information to enable the reader to assess 
whether or not the report is of interest. Thus the title provides the first clue to the 
contents of the report, while the abstract gives more detailed information on its 
nature. 

Abstracts are of particular significance since they are frequently compiled as 
an independent summary of the report. There are journals and computer-based 
data banks that compile titles and abstracts of reports. The reader may selectively 
scan and obtain copies of any abstracts of interest from these sources. Therefore 
abstracts should provide sufficient information to allow the reader to decide 
whether or not to obtain and read the entire report. 

Appendices 

Details of the calculations, the experiments, and the data should be included in the 
appendices. As a rule of thumb, the appendices should contain information that is 
of interest only to a person who might want to repeat the work. 

References 

The references are grouped together following the main text. Each reference 
should provide sufficient information so that the reference could be easily located 
or obtained. A variety of standard forms are used for references, including books: 

G. S. Springer, Sex and the Singles Tennis Player (Adult Book Press, Ann 
Arbor, 1982) 

journal articles and symposium proceedings: 

G. F. Knoll, "Knitpicking for Fun and Profit," National Inquirer, Vol. 23 
(August 1982), pp. 45-49. 

and reports: 

G. S. Springer and G. F. Knoll, "Cardiovascular Development in Sedentary 
Engineering Faculty," Report No. 82-5, College of Engineering, The Univer­
sity of Michigan, Ann Arbor, Michigan 48109 (1982) 

Title Page 

The following information is included on the title page: the title of the report, the 
name and title of author(s), the name and address of the organization issuing the 
report, and the number and date of the report. 
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Table of Contents

The table of contents lists the titles of all sections and subsections and their page

numbers.

List of Figures and Tables

This includes the titles of all figures and tables and their page numbers.

Nomenclature

All symbols used in the report are listed and defined in the nomenclature section,

along with the page number where the symbol first appears in the text.

Once the text has been completed, the task of revision and editing begins. The

report must be read and reread many times. The chapters and sections must be

divided into subsections; appropriate titles and subtitles must be added. Superflu-

ous parts must be deleted, and ambiguous parts must be clarified. The grammar

and spelling must be corrected (making frequent use of style manuals). It is likely

that the author will revise the entire manuscript several times.

An engineer who prepares a report usually "lives" with it for several days or

weeks. It is common to become so familiar with (and perhaps so sick of) the report

that one may develop blindspots to errors that remain in it. One useful technique

(if time permits) is to let the report rest or "incubate"(cf. Sec. 2.2) for a few days

while other unrelated activities are pursued. Coming back to the project will often

bring a fresh insight and perspective. Even an overnight break will help.

It is also useful to have the final draft of the manuscript read by someone else.

In many organizations professional editors trained in technical composition are

used to edit the final draft. A good editor will not only correct grammatical mis-

takes, but will also point out where the text is unclear. After this editing, the

report is finally ready for typing. The typed copy needs to be proofread again

before it is ready for reproduction.

Writing is a long and arduous process, requiring continual revision and polish-

ing to achieve a satisfactory result. All too often insufficient time is allowed for

this critical engineering activity. Many a technical report has been hurriedly

thrown together under the pressure of impending deadlines. The resulting docu-

ment may become so flawed and confusing that it undermines the technical merit

of the project being reported.

SUMMARY

The primary components of a technical report include title, abstract, front

matter (tables of contents, list of figures, nomenclature), text, references,

and appendices. One begins by developing a detailed outline of the body

of the text, including the introduction, procedure, analysis, results and
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Table of Contents 

The table of contents lists the titles of all sections and subsections and their page 
numbers. 

List of Figures and Tables 

This includes the titles of all figures and tables and their page numbers. 

Nomenclature 

All symbols used in the report are listed and defined in the nomenclature section, 
along with the page number where the symbol first appears in the text. 

Once the text has been completed, the task of revision and editing begins. The 
report must be read and reread many times. The chapters and sections must be 
divided into subsections; appropriate titles and subtitles must be added. Superflu­
ous parts must be deleted, and ambiguous parts must be clarified. The grammar 
and spelling must be corrected (making frequent use of style manuals). It is likely 
that the author will revise the entire manuscript several times. 

An engineer who prepares a report usually "lives" with it for several days or 
weeks. It is common to become so familiar with (and perhaps so sick oO the report 
that one may develop blindspots to errors that remain in it. One useful technique 
(if time permits) is to let the report rest or "incubate"(cf. Sec. 2.2) for a few days 
while other unrelated activities are pursued. Coming back to the project will often 
bring a fresh insight and perspective. Even an overnight break will help. 

It is also useful to have the final draft of the manuscript read by someone else. 
In many organizations professional editors trained in technical composition are 
used to edit the final draft. A good editor will not only correct grammatical mis­
takes, but will also point out where the text is unclear. After this editing. the 
report is finally ready for typing. The typed copy needs to be proofread again 
before it is ready for reproduction. 

Writing is a long and arduous process, requiring continual revision and polish­
ing to achieve a satisfactory result. All too often insufficient time is allowed for 
this critical engineering activity. Many a technical report has been hurriedly 
thrown together under the pressure of impending deadlines. The resulting docu­
ment may become so flawed and confusing that it undermines the technical merit 
of the project being reported. 

SCMMARY 

The primary components of a technical report include title, abstract, front 
matter (tables of contents, list of figures, nomenclature), text, references, 
and appendices. One begins by developing a detailed outline of the body 
of the text, including the introduction, procedure, analysis, results and 
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discussion, and summary and conclusions. Next the abstract is written

and appendices and references are added. Finally the front matter (title

page, etc.) is prepared. Successful report writing requires time for careful

organization and revision.

6.2.4. Manuals and Technical Specifications

A different style of writing is required for instruction manuals or technical specifi-

cations and documentation that may accompany a given design. Operating manu-

als are frequently directed toward individuals without extensive technical back-

ground. The pitfalls of writing such instruction manuals are all too familiar. (This

is particularly apparent to those of us who have been reduced to a state of utter

confusion late on Christmas Eve after attempting to follow the assembly instruc-

tions that accompany most modern toysâ€”"Plug tab A into slot B . . . light fuse

and retire quickly . . . "') Writing manuals is somewhat akin to writing textbooks.

Although engineers are a necessary part of this process, they should realize their

own limitations and blindspots caused by their intimate familiarity with the device

or process involved. Perhaps the most useful approach in writing operating manu-

als is extensive testing of the material on typical users.

A somewhat different tack is taken in the writing of the documentation or

technical specifications for a design. Here one writes a reference intended for

experienced users. Such technical specifications frequently assume a legal signifi-

cance since they may be used to document the details of the design. Here accu-

racy and completeness should be emphasized above all else. Only the engineer

who is intimately familiar with the design can prepare the technical specifications.

SUMMARY

Operating manuals are frequently directed toward individuals without

extensive technical background and therefore should be tested on a trial

basis before implementation. Technical specifications are intended as a

reference for experienced users and therefore must be accurate and com-

plete.

6.2.5. Proposals and Sales Literature

As we noted earlier, engineering communication is not only a means of conveying

information but of persuasion as well. Nowhere is this more apparent than in the
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discussion, and summary and conclusions. Next the abstract is written 
and appendices and references are added. Finally the front matter (title 
page, etc.) is prepared. Successful report writing requires time for careful 
organization and revision. 

6.2.4. Manuals and Technical Specifications 

A different style of writing is required for instruction manuals or technical specifi­
cations and documentation that may accompany a given design. Operating manu­
als are frequently directed toward individuals without extensive technical back­
ground. The pitfalls of writing such instruction manuals are all too familiar. (This 
is particularly apparent to those of us who have been reduced to a state of utter 
confusion late on Christmas Eve after attempting to follow the assembly instruc­
tions that accompany most modern toys-"Plug tab A into slot B ... light fuse 
and retire quickly ... '")Writing manuals is somewhat akin to writing textbooks. 
Although engineers are a necessary part of this process, they should realize their 
own limitations and blindspots caused by their intimate familiarity with the device 
or process involved. Perhaps the most useful approach in writing operating manu­
als is extensive testing of the material on typical users. 

A somewhat different tack is taken in the writing of the documentation or 
technical specifications for a design. Here one writes a reference intended for 
experienced users. Such technical specifications frequently assume a legal signifi­
cance since they may be used to document the details of the design. Here accu­
racy and completeness should be emphasized above all else. Only the engineer 
who is intimately familiar with the design can prepare the technical specifications. 

SUMMARY 

Operating manuals are frequently directed toward individuals without 
extensive technical background and therefore should be tested on a trial 
basis before implementation. Technical specifications are intended as a 
reference for experienced users and therefore must be accurate and com­
plete. 

6.2.5. Proposals and Sales Literature 

As we noted earlier, engineering communication is not only a means of conveying 
information but of persuasion as well. Nowhere is this more apparent than in the 
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technical proposal. This is a document written by engineers to "sell" an idea, that

is, to propose a certain project or activity. It may take the form of a brief letter or

memorandum to the engineer's supervisor requesting permission for a certain

activity. It may also assume the form of a lengthy technical document, prepared

by hundreds of engineers in a company, that will be routed to an external agency

(such as the federal government) for funding consideration.

Technical proposals are similar in many ways to technical reports. Then-

general outline is provided in Table 6.2. Just as with technical reports, clarity is

paramount. But, in contrast to reports that are intended for a general audience,

technical proposals are aimed at only one person or organization: the prospective

client or sponsor. The concerns of this reader must be kept uppermost in mind

during the preparation of the proposal.

A related type of technical writing involves sales literature. Although much of

this material is prepared by professional marketing or advertising staff, the en-

gineer may be called upon to provide technical information. The facts provided by

the engineer must be sufficiently clear and detailed so that the sales information

can be accurately prepared.

SUMMARY

Engineering communication is a means of persuasion as well as informa-

tion exchange. Technical proposals are documents prepared by engineers

to promote a given project or design. They are prepared in a manner

similar to a technical report except that they are targeted specifically to

the interests of the client. Engineers also become involved in preparing

sales literature.

Exercises

Notes and Records

1. Set up a written record showing your daily activities.

2. Design a sheet for recording the electric power consumption of a

typical home.

3. Set up a record showing your weekly expenditures.

4. Design a logbook for recording the gasoline consumption of an au-

tomobile.

5. Design a logbook for recording the weight of a person over a one-

month period.
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technical proposal. This is a document written by engineers to "sell" an idea, that 
is, to propose a certain project or activity. It may take the form of a brief letter or 
memorandum to the engineer's supervisor requesting permission for a certain 
activity. It may also assume the form of a lengthy technical document, prepared 
by hundreds of engineers in a company, that will be routed to an external agency 
(such as the federal government) for funding consideration. 

Technical proposals are similar in many ways to technical reports. Their 
general outline is provided in Table 6.2. Just as with technical reports, clarity is 
paramount. But, in contrast to reports that are intended for a general audience, 
technical proposals are aimed at only one person or organization: the prospective 
client or sponsor. The concerns of this reader must be kept uppermost in mind 
during the preparation of the proposal. 

A related type of technical writing involves sales literature. Although much of 
this material is prepared by professional marketing or advertising staff, the en­
gineer may be called upon to provide technical information. The facts provided by 
the engineer must be sufficiently clear and detailed so that the sales information 
can be accurately prepared. 

SUMMARY 

Engineering communication is a means of persuasion as well as informa­
tion exchange. Technical proposals are documents prepared by engineers 
to promote a given project or design. They are prepared in a manner 
similar to a technical report except that they are targeted specifically to 
the interests of the client. Engineers also become involved in preparing 
sales literature. 

Exercises 

Notes and Records 

1. Set up a written record showing your daily activities. 

2. Design a sheet for recording the electric power consumption of a 
typical home. 

3. Set up a record showing your weekly expenditures. 

4. Design a logbook for recording the gasoline consumption of an au­
tomobile. 

5. Design a logbook for recording the weight of a person over a one­
month period. 
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TABLE 6.2 The Outline of a

Technical Proposal

Cover material

Abstract

Table of contents

Text

Introduction

Objectives

Background

Method of approach

Timetable

Documentation of qualifications

Participating engineer biographical data

Facilities of supporting institution

Other required documentation

Cost estimates and budget

Patent agreements

Security provisions

6. Design a logbook for recording the data taken in an experiment to

measure the relationship between the pressure, volume, and temp-

erature of a gas.

Memoranda and Letters

7. Write a memorandum to announce the cleanup schedule of a labora-

tory.

8. Write a memorandum announcing the office hours during the

Christmas holidays.

9. Write a memorandum designed to encourage energy conservation in

your college.

10. Write a memorandum specifying who may use the student machine

shop.

11. Write a memorandum introducing a new secretary to the staff.

12. Write a letter to the dean requesting a postponement of your final

examination.

13. Write a letter providing a government agency with a statement of

your project's monthly expenditures from a federal contract.

14. Write a letter to the Environmental Protection Agency explaining

why your plant failed to comply with federal water pollution stan-

dards.
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TABLE 6.2 The Outline of a 
Technical Proposal 

Cover material 
Abstract 
Table of contents 
Text 

Introduction 
Objectives 
Background 
Method of approach 
Timetable 

Documentation of qualifications 
Participating engineer biographical data 
Facilities of supporting institution 

Other required documentation 
Cost estimates and budget 
Patent agreements 
Security provisions 
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6. Design a logbook for recording the data taken in an experiment to 
measure the relationship between the pressure, volume, and temp­
erature of a gas. 

Memoranda and Letters 

7. Write a memorandum to announce the cleanup schedule of a labora­
tory. 

8. Write a memorandum announcing the office hours during the 
Christmas holidays. 

9. Write a memorandum designed to encourage energy conservation in 
your college. 

10. Write a memorandum specifying who may use the student machine 
shop. 

11. Write a memorandum introducing a new secretary to the staff. 

12. Write a letter to the dean requesting a postponement of your final 
examination. 

13. Write a letter providing a government agency with a statement of 
your project's monthly expenditures from a federal contract. 

14. Write a letter to the Environmental Protection Agency explaining 
why your plant failed to comply with federal water pollution stan­
dards. 
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15. Write a letter to the local traffic violations court contesting a parking

ticket.

16. Write a letter to a book publisher requesting permission to reprint

material from a book.

17. Write a letter to a local manufacturer complaining about the quality

of parts you have been receiving.

18. Write a letter summarizing briefly the technical accomplishments of

an aircraft design project during the last month.

Technical Reports

19. Write a 500-word report describing how you would recommend that

a student prepare for a final examination.

20. Visit a supermarket and then write a technical report on improve-

ments you feel could be made in their service toward customers.

21. Prepare a report comparing the lifetime earnings of plumbers with

those of engineers with B.S., M.S., and Ph.D. degrees.

22. Examine a house and then write a report with recommendations on

how energy conservation measures could be implemented.

23. Write a technical paper discussing the impact of television on the

election of the President of the United States.

Manuals and Technical Specifications

24. Write a user's manual for (a) an electric drill and (b) an electric

toaster.

25. Write the technical specifications and user's manual for a

corkscrew.

26. Write a user's manual for the novice on how to sign on to your

university's computer system.

Proposals and Sales Literature

27. Write a sales brochure for

(a) A bicycle

(b) A digital watch

(c) Plastic drawing aids (rulers)

(d) A freshman engineering text

28. Prepare a proposal to your dean requesting funds for a set of tools

for the laboratory.

29. Prepare a proposal to the Department of Energy to support the de-

velopment of a new energy system that will make use of organic

materials in chicken manure.
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15. Write a letter to the local traffic violations court contesting a parking 
ticket. 

16. Write a letter to a book publisher requesting permission to reprint 
material from a book. 

17. Write a letter to a local manufacturer complaining about the quality 
of parts you have been receiving. 

18. Write a letter summarizing briefly the technical accomplishments of 
an aircraft design project during the last month. 

Technical Reports 

19. Write a 500-word report describing how you would recommend that 
a student prepare for a final examination. 

20. Visit a supermarket and then write a technical report on improve­
ments you feel could be made in their service toward customers. 

21. Prepare a report comparing the lifetime earnings of plumbers with 
those of engineers with B.S., M.S., and Ph.D. degrees. 

22. Examine a house and then write a report with recommendations on 
how energy conservation measures could be implemented. 

23. Write a technical paper discussing the impact of television on -the 
election of the President of the United States. 

ManU/lis and Technical SpecifiCations 

24. Write a user's manual for (a) an electric drill and (b) an electric 
toaster. 

25. Write the technical specifications and user's manual for a 
corkscrew. 

26. Write a user's manual for the novice on how to sign on to your 
university's computer system. 

Proposals and Sales LiJeralure 

27. Write a sales brochure for 
(a) A bicycle 
(b) A digital watch 
(c) Plastic drawing aids (rulers) 
(d) A freshman engineering text 

28. Prepare a proposal to your dean requesting funds for a set of tools 
for the laboratory. 

29. Prepare a proposal to the Department of Energy to support the de­
velopment of a new energy system that will make use of organic 
materials in chicken manure. 
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30. Prepare a proposal to the mayor of your town for permission to hold

a rock concert on the steps of City Hall. Also propose that the city

provide some form of financial assistance.

31. Prepare a personal resume that you could submit to prospective

employers.

6.3 ORAL COMMUNICATION

Another important means of communication in engineering is speaking. Although

the goals of oral and written communication are essentially the same, namely to

convey information and to persuade, the actual techniques involved are somewhat

different.

For many engineers, giving an oral presentation is even more difficult and

painful than writing a report. Writing can be done in seclusion without anyone else

being aware of the author's trials and tribulations. The writer can tear up pages,

cross out paragraphs, and start over again. A manuscript can be revised again and

again until it meets the author's satisfaction. A speaker has neither the luxury of

privacy nor the opportunity to correct a speech, at least not when finally in front

of an audience. Then, stagefright must be overcome, the sinking feeling in the pit

of the stomach suppressed, and the talk must be given.

Even the most experienced speakers have butterflies before important

speeches. It is sometimes said, in fact, that some degree of anxiety is helpful when

giving a speech, just as it is in athletic competition. Furthermore, anxiety and

nervousness can be overcome to a large extent by preparing the presentation very

carefully.

Organization plays just as important a role in oral communication as it does in

written communication. A technical talk should begin with an introduction de-

scribing the objectives of the work and the reasons for undertaking it. This should

be followed by a description of the work and the results. Finally, the conclusions

are given, and the principal results and conclusions summarized again. Hence we

can identify three primary components of an oral presentation: (1) the introduc-

tion, (2) the description of work and results, and (3) the conclusions and summary.

Within this general framework the speech should be subdivided into smaller seg-

ments, each of which is similar to the subsections of a report.

Although the organization of written and oral reports are similar, they do

differ significantly in several details. The reader of a written report can control the

pace of the communication. Difficult passages can be read more slowly; parts of

the report can be reread if necessary. In contrast, the audience of an oral presenta-

tion must follow the pace set by the speaker. It is the speaker's responsibility to

ensure that the audience remains awake, interested, and follows the subject mat-

ter of the presentation.

One should never read a speech from a prepared text. Except for highly

skilled actors, few people can read a text without lulling their audience to sleep.
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30. Prepare a proposal to the mayor of your town for permission to hold 
a rock concert on the steps of City Hall. Also propose that the city 
provide some form of financial assistance. 

31. Prepare a personal resume that you could submit to prospective 
employers. 

6.3 ORAL COMMUNICATION 

Another important means of communication in engineering is speaking. Although 
the goals of oral and written communication are essentially the same, namely to 
convey information and to persuade, the actual techniques involved are somewhat 
different. 

For many engineers, giving an oral presentation is even more difficult and 
painful than writing a report. Writing can be done in seclusion without anyone else 
being aware of the author's trials and tribulations. The writer can tear up pages, 
cross out paragraphs, and start over again. A manuscript can be revised again and 
again until it meets the author's satisfaction. A speaker has neither the luxury of 
privacy nor the opportunity to correct a speech, at least not when finally in front 
of an audience. Then, stagefright must be overcome, the sinking feeling in the pit 
of the stomach suppressed, and the talk must be given. 

Even the most experienced speakers have butterflies before important 
speeches. It is sometimes said, in fact, that some degree of anxiety is helpful when 
giving a speech, just as it is in athletic competition. Furthermore, anxiety and 
nervousness can be overcome to a large extent by preparing the presentation very 
carefully. 

Organization plays just as important a role in oral communication as it does in 
written communication. A technical talk should begin with an introduction de­
scribing the objectives of the work and the reasons for undertaking it. This should 
be followed by a description of the work and the results. Finally, the conclusions 
are given, and the principal results and conclusions summarized again. Hence we 
can identify three primary components of an oral presentation: (1) the introduc­
tion, (2) the description of work and results, and (3) the conclusions and summary. 
Within this general framework the speech should be subdivided into smaller seg­
ments, each of which is similar to the subsections of a report. 

Although the organization of written and oral reports are similar, they do 
differ significantly in several details. The reader of a written report can control the 
pace of the communication. Difficult passages can be read more slowly; parts of 
the report can be reread if necessary. In contrast, the audience of an oral presenta­
tion must follow the pace set by the speaker. It is the speaker's responsibility to 
ensure that the audience remains awake, interested, and follows the subject mat­
ter of the presentation. 

One should never read a speech from a prepared text. Except for highly 
skilled actors, few people can read a text without lulling their audience to sleep. 
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FIGURE 6.5. The engineer is frequently called on to make an oral presentation. (Courtesy 
Xerox Corporation) 
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Fortunately most speeches can be delivered without reading. If the speech is long,

cue cards or visual aids can be used. The major points of the speech can be written

on index cards, to which the speaker can refer during the lecture. Major state-

ments, results, and conclusions should also be presented in visual form using

slides or viewgraphs. By asking for the "next slide please" (or pressing the remote

slide advance control), the speaker can trigger a reminder of the next topic in the

speech. In this sense, visual aids not only serve to convey ideas to the audience,

but they can also be used to prompt the speaker's memory.

Several recommendations concerning the use of visual aids are appropriate

here. One should avoid putting too much information on any given slide or view-

graph. It is also important to avoid using too many slides. Usually four to five

slides for every ten minutes of presentation will suffice. One should make certain

that the lettering on the slides is sufficiently large. For example, typewriter letter-

ing photographed with normal cameras will usually not project well onto a screen.

Visual material such as slides or viewgraphs may contain statements,

mathematical symbols, or charts. The use of mathematical symbols and equations

should be minimized. It takes time for any audience to absorb the meaning of

mathematical symbols. It is best, wherever possible, to replace equations and

formulas by verbal statements. After all, the main purpose of the presentation is to

get the central ideas across to the audience, unencumbered with details. Any

details can be provided in written reports that accompany the talk. %

The presentation should be simple and to the point if the speaker is to keep

the interest and comprehension of the audience high. A special effort should be

made to hold the audience's attention during the talk, for once people lose the

speaker's train of thought, they "tune out" and stop listening. To avoid this, the

talk must be on a level where everyone in the audience can understand it. Re-

search has shown that only three or four major ideas can be absorbed from a 30 to

50 minute talk. Therefore the speaker must restrict the subject matter accordingly.

Many novice speakers try to present too much information too rapidly. It is

better to proceed slowly and to repeat major ideas several times throughout the

presentation. Slides should not be flipped on and off but should be left on the

screen for several minutes.

Before a speech is given, it is advisable to practice it alone or before a friendly

THE SCIENTIFIC METHOD

1. OBSERVATION

2. HYPOTHESIS

3. EXPERIMENT

FIGURE 6.6. This simple slide illustrates

the limited amount of technical informa-

tion that should be transmitted on one

slide.
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Fortunately most speeches can be delivered without reading. If the speech is long, 
cue cards or visual aids can be used. The major points of the speech can be written 
on index cards, to which the speaker can refer during the lecture. Major state­
ments, results, and conclusions should also be presented in visual form using 
slides or viewgraphs. By asking for the "next slide please" (or pressing the remote 
slide advance control), the speaker can trigger a reminder of the next topic in the 
speech. In this sense, visual aids not only serve to convey ideas to the audience, 
but they can also be used to prompt the speaker's memory. 

Several recommendations concerning the use of visual aids are appropriate 
here. One should avoid putting too much information on any given slide or view­
graph. It is also important to avoid using too many slides. Usually four to five 
slides for every ten minutes of presentation will suffice. One should make certain 
that the lettering on the slides is sufficiently large . For example, typewriter letter­
ing photographed with normal cameras will usually not project well onto a screen. 

Visual material such as slides or viewgraphs may contain statements, 
mathematical symbols, or charts. The use of mathematical symbols and equations 
should be minimized. It takes time for any audience to absorb the meaning of 
mathematical symbols. It is best, wherever possible, to replace equations and 
formulas by verbal statements. After all, the main purpose of the presentation is to 
get the central ideas across to the audience, unencumbered with details. Any 
details can be provided in written reports that accompany the talk. 

The presentation should be simple and to the point if the speaker is to keep 
the interest and comprehension of the audience high. A special effort should be 
made to hold the audience's attention during the talk, for once people lose the 
speaker's train of thought, they "tune out" and stop listening. To avoid this, the 
talk must be on a level where everyone in the audience can understand it. Re­
search has shown that only three or four major ideas can be absorbed from a 30 to 
50 minute talk. Therefore the speaker must restrict the subject matter accordingly. 

Many novice speakers try to present too much information too rapidly . It is 
better to proceed slowly and to repeat major ideas several times throughout the 
presentation. Slides should not be flipped on and off but should be left on the 
screen for several minutes. 

Before a speech is given, it is advisable to practice it alone or before a friendly 
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THE SCIENTIFIC METHOD 
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2. HYPOTHE SIS 
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FIGURE 6.6. This simple slide illustrates 
the limited amount of technical informa­
tion that should be transmitted on one 
slide. 
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audience several times. During practice, the length of the speech can be timed, the

effectiveness of visual aids tested, and the delivery refined. Remember the old

saying in boxing, "Train hard, fight easy!"

SUMMARY

Although the basic goals of oral and written communication are similar,

there are some differences in technique. Careful organization is the key to

both. However a speaker has the additional concern of keeping the audi-

ence interested. Speeches should never be read from a prepared text.

Extensive use should be made of visual aids such as slides or viewgraphs.

Only a limited number of key points should be made in any talk.

Exercises

Oral Communication

1. Prepare a 10-minute talk on the effect of an oil embargo on the life of a

United States citizen.

2. Prepare a 15-minute talk on the impact of recent integrated circuit

technology on our everyday life.

3. Prepare a 5-minute talk on the importance of pocket calculators and

computers to engineering students.

4. Prepare a 30-minute talk on the energy consumption in the United

States and the various means by which energy can be conserved.

5. Prepare two 10-minute talks, one in support of and one in opposition

to nuclear power.

6. Prepare a talk on the effects of government regulation on the automo-

tive industry.

7. Prepare a 1-minute talk on the impact of word processors on office

work.

8. Prepare a 5-minute talk explaining the importance of L'Hopital's rule

to your United States congressman.

6.4 GRAPHICAL COMMUNICATION

Graphical displays play an important role in conveying technical information.

More than just the familiar saying, "A picture is worth a thousand words," is the
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audience several times. During practice, the length of the speech can be timed, the 
effectiveness of visual aids tested, and the delivery refined. Remember the old 
saying in boxing, "Train hard, fight easy!" 

SUMMARY 

Although the basic goals of oral and written communication are similar, 
there are some differences in technique. Careful organization is the key to 
both. However a speaker has the additional concern of keeping the audi­
ence interested. Speeches should never be read from a prepared text. 
Extensive use should be made of visual aids such as slides or viewgraphs. 
Only a limited number of key points should be made in any talk. 

Exercises 

Oral Communication 

1. Prepare a 10-minute talk on the effect of an oil embargo on the life of a 
United States citizen. 

2. Prepare a 15-minute talk on the impact of recent integrated circuit 
technology on our everyday life. 

3. Prepare a 5-minute talk on the importance of pocket calculators and 
computers to engineering students. 

4. Prepare a 30-minute talk on the energy consumption in the United 
States and the various means by which energy can be conserved. 

S. Prepare two 10-minute talks, one in support of and one in opposition 
to nuclear power. 

6. Prepare a talk on the effects of government regulation on the automo­
tive industry. 

7. Prepare a 1-minute talk on the impact of word processors on office 
work. 

8. Prepare a 5-minute talk explaining the importance of L'Hopital's rule 
to your United States congressman. 

6.4 GRAPIDCAL COMMUNICATION 

Graphical displays play an important role in conveying technical information. 
More than just the familiar saying, "A picture is worth a thousand words," is the 
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FIGURE 6. 7. Bar charts are a conve­
nient way to represent the general features 
of engineering data. 

fact that many technical concepts simply cannot be conveyed with words alone. 
Illustrations, charts, graphs, figures, diagrams, and drawings are necessary to 
communicate technical information. 

In general graphics refers to methods for transmitting technical information 
pictorally or symbolically by means of images or illustrations as opposed to text or 
mathematical symbols. Graphics is an essential tool for communicating engineer­
ing information. In a sense, graphics is the language of design, just as mathematics 
is the language of engineering analysis. The introduction of powerful new methods 
of computer graphics into design has expanded and enhanced the importance of 
graphical communication. 

6.4.1. Graphs 

Graphs are the mechanism most commonly used by engineers to present data. 
Engineers can choose among a wide variety of graphical representations. For 
example, pie charts illustrate the relative magnitude of various components of a 
system; bar charts or histograms iUustrate data of a discontinuous nature; and line 

State 
appropriations 

35% 

FIGURE 6.8. A pie or circle chart can be 
used to indicate the division of a particular 
quantity (in this case, coUege revenue). 
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FIGURE 6.9. The line chart or graph

provides a more detailed presentation of

quantitative data.

12 2 4 6 8 10 12 2 4 6 8 10 12

(Noon)

Time of day

graphs characterize more complex functional dependence. The engineer can also

select a graphical scale most appropriate for the problem at hand. A linear or

logarithmic scale might be chosen; the grid spacing could also be chosen to em-

phasize points of interest.

In general we might characterize the process of constructing graphs by the

following steps:

1. Select the scale to be used.

2. Identify the scales and the parameters on each axis.

3. Plot the points on the graphs using proper symbols.

4. Connect the points (perhaps using a fitting or interpolation scheme).

5. Identify and label each curve and symbol.

6. Add all necessary legends.

7. Add captions, including figure number and title.

Graphs should be self-contained, including all information relevant to their under-

standing. This information may be provided on the graph itself or included in the

caption. Since graphs taken from reports are frequently reproduced in journals

after some reduction in size, one should take care that the lettering is sufficiently

large to remain legible after photoreduction.

SUMMARY

Engineering data are usually presented in graphical form, such as pie

charts, bar charts or histograms, and line graphs.
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FIGURE 6.9. The line chart or graph 
provides a more detailed presentation of 
quantitative data. 

12 2 4 6 8 10 12 2 4 6 8 10 12 
(Noon) 

Time of day 

graphs characterize more complex functional dependence. The engineer can also 
select a graphical scale most appropriate for the problem at hand. A linear or 
logarithmic scale might be chosen; the grid spacing could also be chosen to em­
phasize points of interest. 

In general we might characterize the process of constructing graphs by the 
following steps: 

1. Select the scale to be used. 

2. Identify the scales and the parameters on each axis. 

3. Plot the points on the graphs using proper symbols. 

4. Connect the points (perhaps using a fitting or interpolation scheme). 

S. Identify and label each curve and symbol. 

6. Add all necessary legends. 

7. Add captions, including figure number and title. 

Graphs should be self-contained, including all information relevant to their under­
standing. This information may be provided on the graph itself or included in the 
caption. Since graphs taken from reports are frequently reproduced in journals 
after some reduction in size, one should take care that the lettering is sufficiently 
large to remain legible after photoreduction. 

SUMMARY 

Engineering data are usually presented in graphical form, such as pie 
charts, bar charts or histograms, and line graphs. 
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T 

FIGURE 6.10. Tables can be used to present actual data for further reference. 

6.4.2. Tables 

The use of tables should be discouraged. Numbers in tables are difficult to com­
prehend. They fail to illustrate trends in the data. In fact, tables are sometimes 
used to disguise poor data. Results should be presented in graphical form wherev­
er possible. Tables should be used only if it is necessary to present actual numbers 
for future reference. Even in this case, the data should also be presented in 
graphical form . 

As with graphs, tables should be titled and contain sufficient information to 
make them self-explanatory. 

SUMMARY 

The use of tables should be avoided wherever possible. Data can be more 
easily understood when presented in graphical form. Tables should be 
used only when the actual numerical values of the data are necessary. 

6.4.3. Technical Dlustratlons 

illustrations are frequently used to depict a device or process . The illustration 
might' be a precise mechanical drawing of the object of interest. A simple line 
drawing is frequently sufficient to illustrate the basic concept. The illustration 
might also take the form of an abstract diagram. 

Technical illustrations play an extremely important role in engineering. 
Through graphical means the engineer communicates with colleques and conveys 
the precise instructions needed for the production and assembly of engineering 
designs. In years past, engineering students spent one or more semesters learning 
the techniques required to prepare proper engineering drawings. Such courses, 
generally referred to as " engineering graphics," would teach the proper use of 
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mechanical drawing instruments, lettering, engineering drawing standards, and

how to prepare and understand technical drawings.

However for the past two decades, the tasks of preparing detailed design

drawings have been assumed by draftsmen or engineering technicians. Engineers

have become less concerned with the details of the preparation of engineering

drawings, and courses in engineering graphics have gradually disappeared from

many engineering programs.

Nevertheless there is still a need for graphics material in an engineering

education. Engineers should be able to understand and communicate through the

use of graphics. They should be able to set ideas down in graphical form and to

understand and interpret the drawings prepared by others. They should also be

thoroughly familiar with the various types of graphics used in engineering prac-

tice.

Interestingly enough, the introduction of computer graphics into engineering

practice has intensified this need for a background in graphics (although graphics

taught merely as "mechanical drawing" is of limited relevance to the modem

engineer). As we shall discuss in greater detail in the next chapter, modern

computer-aided design (CAD) systems have replaced the draftsman with com-

puter graphics and, in so doing, have brought the engineer back into direct contact

with preparation of engineering graphics. For example, the engineer might sketch

a rough design directly on a computer terminal display screen with a light pen. The

computer system could then be instructed to refine the sketch in an interactive

mode, reforming it into a more precise shape, adding appropriate dimensions,

performing geometrical analysis, and generating alternative graphical representa-

tions of the design. When the engineer is finally satisfied with the result of this

engineer-computer interaction, instructions can be given to the computer to pro-

duce finished design drawings. In a very real sense computer graphics has reem-

phasized the importance of graphics education in the engineering curriculum.

A variety of types of graphics are used in engineering practice. For conve-

nience we shall divide technical illustrations into several classes: block diagrams,

schematic line diagrams, pictoral drawings, assembly drawings, and multiview

drawings.

FIGURE6.il. Block diagrams are commonly used to illustrate the major components of a

system such as a hi-fi set.
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mechanical drawing instruments, lettering, engineering drawing standards, and 
how to prepare and understand technical drawings. 

However for the past two decades, the tasks of preparing detailed design 
drawings have been assumed by draftsmen or engineering technicians. Engineers 
have become less concerned with the details of the preparation of engineering 
drawings, and courses in engineering graphics have gradually disappeared from 
many engineering programs. 

Nevertheless there is still a need for graphics material in an engineering 
education. Engineers should be able to understand and communicate through the 
use of graphics. They should be able to set ideas down in graphical form and to 
understand and interpret the drawings prepared by others. They should also be 
thoroughly familiar with the various types of graphics used in engineering prac­
tice. 

Interestingly enough, the introduction of computer graphics into engineering 
practice has intensified this need for a background in graphics (although graphics 
taught merely as "mechanical drawing" is of limited relevance to the modem 
engineer). As we shall discuss in greater detail in the next chapter, modem 
computer-aided design (CAD) systems have replaced the draftsman with com­
puter graphics and, in so doing, have brought the engineer back into direct contact 
with preparation of engineering graphics. For example, the engineer might sketch 
a rough design directly on a computer terminal display screen with a light pen. The 
computer system could then be instructed to refine the sketch in an interactive 
mode, reforming it into a more precise shape, adding appropriate dimensions. 
performing geometrical analysis, and generating alternative graphical representa­
tions of the design. When the engineer is finally satisfied with the result of this 
engineer-computer interaction, instructions can be given to the computer to pro­
duce finished design drawings. In a very real sense computer graphics has reem­
phasized the importance of graphics education in the engineering curriculum. 

A variety of types of graphics are used in engineering practice. For conve­
nience we shall divide technical illustrations into several classes: block diagrams, 
schematic line diagrams, pictoral drawings, assembly drawings, and multiview 
drawings. 

FIGURE 6.11. Block diagrams are commonly used to illustrate the major components of a 
system such as a hi-fi set. 
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FIGURE 6.12. A conceptual diagram of a nuclear power plant. 

Block Diagrams 

Block diagrams are commonly used to illustrate the major components of a system 
and the relationship among these components. For example, the block diagram of 
a high fidelity system identifies components such as amplifiers, tuners, turntables, 
and speakers. It shows how these components are related. Note that block dia­
grams do not contain sufficient information on how to assemble (or even connect) 
such components, but they do describe their function. 

Schematic Line Diagrams 

Schematic line diagrams also show the components of a system, but in greater 
detail than block diagrams. Line diagrams are sufficiently illustrative that they can 
be used to assemble the system. 

FIGURE 6.13. Line drawings provide a somewhat more detailed representation of system 
components. 
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Pictorial Drawings 

FIGUR.E 6.14. Pictorial drawings present 
a view of an object. 

Pictorial drawings are similar to photographs in that they depict a view of the 
object. The disadvantage of this type of illustration is that all details cannot be 
shown. This is particularly true for complex objects. For example, while the 
picture of a typewriter might be helpful to a mechanic assembling typewriters, the 
assembly could not be accomplished on the basis of a pictorial drawing alone. 

Pictorial drawings can be difficult to draw, particularly for those who are not 
artistically inclined. Nevertheless, even students less talented in art can draw 
freehand sketches by following some simple rules and by practicing sketches. 

There are two major types of pictorial drawings: isometric and perspective 
drawings. In isometric drawings, lines parallel on the object remain parallel on the 
drawing. In perspective drawings parallel lines recede off to a point in the dis­
tance. Isometric drawings are easier to make but create the improper perspective 
of the object. In these drawings receding lines appear to be spreading apart. The 
top surface of objects appears to be shortened. Perspective drawings provide a 
more realistic picture of the true object, but are somewhat more difficult to con­
struct. 

FIGURE 6.15. Pictorial drawings can be either isometric (with parallel lines) or perspective (with lines 
receding to a point) . 
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COMMUNICATION

FIGURE 6.16. An example of an iso-

metric sketch.

Each pictorial drawing (be it isometric or perspective) shows the object only

as viewed from one direction. Thus the orientation of the object in the drawing

must be selected carefully so that the resulting picture will illustrate the most

significant features of the object. Sometimes it may be necessary to draw pictures

from several different directions to bring out all the necessary details.

Assembly Drawings

Assembly drawings are somewhat similar to pictorial drawings. However, while

the purpose of pictorial drawings is to illustrate the appearance of an object,

assembly drawings show how individual parts and components are fitted together.

On assembly drawings, the individual parts are identified and major dimensions

are included.

FIGURE 6.17. An example of a perspec-

tive sketch.
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FIGURE 6.16. An example of an iso­
metric sketch. 
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Each pictorial drawing (be it isometric or perspective) shows the object only 
as viewed from one direction. Thus the orientation of the object in the drawing 
must be selected carefully so that the resulting picture will illustrate the most 
significant features of the object. Sometimes it may be necessary to draw pictures 
from several different directions to bring out all the necessary details. 

Assembly Drawings 

Assembly drawings are somewhat similar to pictorial drawings. However, while 
the purpose of pictorial drawings is to illustrate the appearance of an object, 
assembly drawings show how individual parts and components are fitted together. 
On assembly drawings, the individual parts are identified and major dimensions 
are included. 
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FIGURE 6.17. An example of a perspec­
tive sketch. 
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FIGURE 6.18. Assembly drawings are 
similar to pictorial drawings except that 
they illustrate how individual components 
fit together. 

FIGURE 6.19. Multiview drawings show several views of an object. 
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Assembly drawings are used to provide instructions on how to assemble a

product from the various parts. Engineers make frequent use of assembly draw-

ings to illustrate their ideas. The draftsman prepares the detailed multiview draw-

ings of the object and its components on the basis of assembly drawings.

Multiview Drawings

Multiview drawings must be used when an accurate, detailed description of a part

is needed. Multiview drawings are used when an object or product is to be fabri-

cated from the drawing. These illustrations thus contain complete descriptions of

the part, including all dimensions, tolerances, and surface finishes.

Multiview drawings show several simple orthographic projections of an ob-

ject. Thus each view appears as a projection on a plane (say, a plate of glass)

perpendicular to the line of sight of the viewer. These planes are then placed

"flat-' on the paper to provide the multiview presentation of the object.

The views are chosen so as to describe the object in sufficient detail. For

single objects, two or three views are generally sufficient. For more complex

objects, more views may be necessary.

Interior details do not appear on projections made of the outside contours

only. Simple interior details such as a hole can be illustrated by dotted lines. To

show more complicated details, sectional views must be used. To prepare sec-

tions, the object is sliced through with an imaginary plane, and the projection of

the object on this plane is depicted on the drawing.

FIGURE 6.20. A full section drawing

slices an object with an imaginary plane

and then depicts the projection of the ob-

ject on this plane.

Full section
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Assembly drawings are used to provide instructions on how to assemble a 
product from the various parts. Engineers make frequent use of assembly draw­
ings to illustrate their ideas. The draftsman prepares the detailed multiview draw­
ings of the object and its components on the basis of assembly drawings. 

Multiview Drawings 

Multi view drawings must be used when an accurate, detailed description of a part 
is needed. Multiview drawings are used when an object or product is to be fabri­
cated from the drawing. These illustrations thus contain complete descriptions of 
the part, including all dimensions, tolerances, and surface finishes. 

Multiview drawings show several simple orthographic projections ~f an ob­
ject. Thus each view appears as a projection on a plane (say, a plate of glass) 
perpendicular to the line of sight of the viewer. These planes are then placed 
·'flat" on the paper to provide the multi view presentation of the object. 

The views are chosen so as to describe the object in sufficient detail. For 
single objects, two or three views are generally sufficient. For more complex 
objects, more views may be necessary. 

Interior details do not appear on projections made of the outside contours 
only. Simple interior details such as a hole can be illustrated by dotted lines. To 
show more complicated details, sectional views must be used. To prepare sec­
tions, the object is sliced through with an imaginary plane, and the projection of 
the object on this plane is depicted on the drawing. 

Dig liz b 

FIGURE 6.20. A full section drawing 
slices an object with an imaginary plane 
and then depicts the projection of the ob­
ject on this plane. 
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Half section

Quarter section

FIGURE 6.21. Half and quarter section drawings.

In the case of a full section the imaginary plane cuts through the entire

section. Half sections show only the interior of half of an object. Half sections are

useful for symmetric objects. Offset sections cut through the entire object along a

staggered line. Partial sections are used to show internal details of pictorial draw-

ings. In sectional views solid parts cut by imaginary planes are indicated by

cross-hatched lines.

6.5 mm

FIGURE 6.22. Dimensioning of an en-

gineering drawing.

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

1
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

396 THE TOOLS 

Half section Quarter section 

FIGURE 6.21. Half and quarter section drawings. 

In the case of a full section the imaginary plane cuts through the entire 
section. Half sections show only the interior of half of an object. Half sections are 
useful for symmetric objects. Otfset sections cut through the entire object along a 
staggered line. Partial sections are used to show internal details of pictorial draw­
ings. In sectional views solid parts cut by imaginary planes are indicated by 
cross-hatched lines. 

4mm 

D1g 1ze 

FIGURE 6.22. Dimensioning of an en­
gineering drawing. 
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Dimensions 

Dimensions must be added to all the different types of drawings to show the 
relevant sizes. In pictorial assembly drawings often a few major dimensions are 
sufficient. In multiview drawings the dimensions of all details must be given 
clearly. 

Pho tographs 

Photographs are difficult and expensive to reproduce. Unless absolutely neces­
sary , photographs should not be included in a technical report. The information 
contained in a photograph can usually be conveyed in a line drawing. 

We have classified engineering drawings by type , but it is also possible to 
classify drawings by function. For example , construction drawings are used for 
the construction of a particular project. Orthographic projections are used, and 
dimensions and tolerances are kept relatively simple. Production drawings include 
detail and assembly drawings for mass produced items. Again orthographic pro­
jections are used , but in this case detailed dimensions and tolerances are included. 
Systems drawings used in either production or construction use block and 

FIGURE 6.23. A photograph can usually be replaced with a drawing. (Courtesy Chev­
rolet) 
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schematic line diagrams. Concept drawings are similar, but concerned mainly with

the presentation of ideas.

Engineers should become adept at graphical communication. We shall return

to consider this subject in further detail in the next chapter when we discuss

computer-aided design.

SUMMARY

Technical drawings are extremely important in communicating engineer-

ing information. They include block diagrams, line diagrams, pictorial

drawings, and multiview drawings. Although it is not essential that en-

gineers be adept in rendering such drawings, they should be able to

understand them and use them in communicating with others.

Exercises

Graphs

1. The annual expenditures for a company are given as

Salaries $1,750,000

Rent 250,000

Supplies 50,000

Materials 600.000

Miscellaneous 9,000

Present these expenditures in the form of (1) a bar graph and (2) a pie

chart.

2. A company manufactures shirts in four size ranges. The number of

shirts produced each month in each size range are:

Small 800

Medium 1600

Large 1300

Extra Large 800

Present this data on bar graphs and pie charts.

3. The emission for an industrial plant are broken down into the follow-

ing components:

Unburned hydrocarbons 4.0%

Oxides of nitrogen 0.5%

Carbon monoxide 0.3%

Carbon dioxide 0.6%

Other 95.6%

Present this data in a pie chart.
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schematic line diagrams. Concept drawings are similar, but concerned mainly with 
the presentation of ideas. 

Engineers should become adept at graphical communication. We shall return 
to consider this subject in further detail in the next chapter when we discuss 
computer-aided design. 

SUMMARY 

Technical drawings are extremely important in communicating engineer­
ing information. They include block diagrams, line diagrams, pictorial 
drawings, and multiview drawings. Although it is not essential that en­
gineers be adept in rendering such drawings, they should be able to 
understand them and use them in communicating with others. 

Exercises 

Graphs 

1. The annual expenditures for a company are given as 
Salaries $1,750,000 
Rent 250,000 
Supplies 50.000 
Materials 600,000 
Miscellaneous 9.000 
Present these expenditures in the form of (I) a bar graph and (2) a pie 
chart. 

2. A company manufactures shirts in four size ranges. The number of 
shirts produced each month in each size range are: 
Small 800 
Medium 1600 
Large 1300 
Extra Large 800 
Present this data on bar graphs and pie charts. 

3. The emission for an industrial plant are broken down into the follow­
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Unburned hydrocarbons 
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Carbon monoxide 
Carbon dioxide 
Other 
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Present this data in a pie chart. 
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4. The age distribution of workers in a plant is

MALE

FEMALE

20-30 years

625

710

350

250

475

428

809

375

295

612

30-40

40-50

50-60

other

Present this age distribution data in pie and bar chart form. The two

pie charts should be side by side. Combine the male and female

distributions on a single bar chart.

5. Plot the weight of steel and wooden spheres as functions of their

radius. The density of steel is 7703 kg/m3 while that of wood is 705

kg/m3.

6. The relationship between the Celsius and Fahrenheit temperature

scales is given by

Plot this relationship over the temperature range 0Â°F to 250Â°F.

7. A certain machine part is removed from a temperature bath. The

temperature of the part is found to vary with time t according to the

formula:

where t is the time in seconds. Plot the variation of the part tempera-

ture with time on both regular and semi-log paper.

8. Plot the pressure versus volume for saturated steam. Use the data

given in the steam tables.

9. The drag on a sphere was measured and found to vary with velocity

as follows:

Velocity (m/s) 12 4 8 10

Drag(N) 100 400 1600 6400 10 000

(F - 32)

T(t) = 300 e-2 45' + 20 Â°C

Plot the variation of drag with velocity using both regular and log-log

scales.
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The age distribution of workers in a plant is 

MALE FEMALE 

20-30 years 625 428 
30-40 710 809 
40-50 350 375 
50-60 250 295 
other 475 612 

Present this age distribution data in pie and bar chart form. The two 
pie charts should be side by side. Combine the male and female 
distributions on a single bar chart. 

S. Plot the weight of steel and wooden spheres as functions of their 
radius. The density of steel is 7703 kg/m3 while that of wood is 705 
kg/m3 • 

6. The relationship between the Celsius and Fahrenheit temperature 
scales is given by 

5 C =- (F- 32) 
9 

Plot this relationship over the temperature range 0°F to 250°F. 

7. A certain machine part is removed from a temperature bath. The 
temperature of the part is found to vary with time 1 according to the 
formula: 

T(t) = 300 e-2·451 + 20 oc 

where 1 is the time in seconds. Plot the variation of the part tempera­
ture with time on both regular and semi-log paper. 

8. Plot the pressure versus volume for saturated steam. Use the data 
given in the steam tables. 

9. The drag on a sphere was measured and found to vary with velocity 
as follows: 

Velocity (m/s) 
Drag (N) 

I 

100 
2 

400 
4 

1600 
8 

6400 
10 

I 0 000 

Plot the variation of drag with velocity using both regular and log-log 
scales. 
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Technical Illustrations

10. Draw a block diagram of the following systems:

(a) An automatic car wash

(b) The computing process in a computer center

(c) The power train of an automobile

(d) The process of television transmission and reception

11. Draw a line diagram of the following items:

(a) The heating system of a single family home

(b) An automatic coffee percolator

(c) A toaster

(d) A process that can be used to produce desalinated water

12. Draw both isometric and perspective drawings of the following ob-

jects:

(a) A pencil (f) A shoe

(b) A chain (g) A car

(c) A desk (h) A bicycle

(d) A hammer (i) A crane

(e) A paperclip (j) Abridge

13. Make assembly drawings of the following items:

(a) A ballpoint pen

(b) A telephone receiver

(c) A filing cabinet drawer

(d) A bicycle pedal

(e) A faucet

14. Draw multiview diagrams of the objects listed in Exercise 13. In-

clude sections wherever necessary.

6.5 COMPUTERS AND COMMUNICATION

6.5.1. Impact on Communication Activities

For many years the engineer has approached technical reports, articles, or letters

by writing draft after draft. Typically notes written or dictated would comprise the

first or rough draft. In some cases the engineer would edit (correct and modify)

this written draft directly. In other instances a secretary would tediously translate

the engineer's frequently illegible handwriting, correcting the more glaring spell-

ing and grammatical errors, and type a clean copy of the material to serve as a

draft for further editing. This process might then be repeated several times, revis-

ing and polishing the draft manuscript until an acceptable form was reached.

A similar procedure was followed in preparing graphical materials. The en-

gineer would prepare a rough hand sketch that could be used by a draftsman to
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Technical/Uustralions 

10. Draw a block diagram of the following systems: 
(a) An automatic car wash 
(b) The computing process in a computer center 
(c) The power train of an automobile 
(d) The process of television transmission and reception 

11. Draw a line diagram of the following items: 
(a) The heating system of a single family home 
(b) An automatic coffee percolator 
(c) A toaster 
(d) A process that can be used to produce desalinated water 

12. Draw both isometric and perspective drawings of the following ob-
jects: 

(a) 

(b) 
(c) 

A pencil 
A chain 
A desk 

(d) A hammer 
(e) A paperclip 

(f) 

(g) 
(h) 

( i ) 
(j) 

A shoe 
A car 
A bicycle 
A crane 
A bridge 

13. Make assembly drawings of the following items: 
(a) A ballpoint pen 
(b) A telephone receiver 
(c) A filing cabinet drawer 
(d) A bicycle pedal 
(e) A faucet 

14. Draw multiview diagrams of the objects listed in Exercise 13. In­
clude sections wherever necessary. 

6.5 COMPUTERS AND COMMUNICATION 

6.5.1. Impact on Communication Activities 

For many years the engineer has approached technical reports, articles, or letters 
by writing draft after draft. Typically notes written or dictated would comprise the 
first or rough draft. In some cases the engineer would edit (correct and modifyl 
this written draft directly. In other instances a secretary would tediously translate 
the engineer"s frequently illegible handwriting, correcting the more glaring spell­
ing and grammatical errors, and type a clean copy of the material to serve as a 
draft for further editing. This process might then be repeated several times, revis­
ing and polishing the draft manuscript until an acceptable form was reached. 

A similar procedure was followed in preparing graphical materials. The en­
gineer would prepare a rough hand sketch that could be used by a draftsman to 
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COMMUNICATION 401 

produce the desired illustrations or drawings. Once again several iterations might 
be required until an acceptable drawing was obtained. 

Many of these activities have changed dramatically with the introduction of 
the computer into both office and home and the development of sophisticated 
wordprocessing systems. Today many engineers compose their first draft while 
seated at a computer terminal or microcomputer. As they enter text on a 
keyboard, the material appears before them on a monitor screen. The computer 
can then be used to edit this material, adding, deleting, or correcting text with the 
touch of a key. Entire sections (sentences or paragraphs) can be instantly shifted 
about. Most wordprocessing systems can aid in editing and composition in many 
other ways , such as by conducting word or phrase searches, adjusting and justify­
ing margins, and even correcting spelling. They allow the engineer to compose and 
manipulate written material on a TV screen, almost as a sculptor would mold and 
form a lump of clay. Working drafts are stored in digital form on floppy disks 
and are available for instant retrieval. When the engineer is finally satisfied with 
the draft, simple commands instruct the computer to print out the text typewriter 
or high speed printer. Or. the engineer may simply send the draft, while it is still in 
digital form (on magnetic disk or tape) . directly to the publisher for computer 
composition. 

FIGURE 6.24. Wordprocessing systems have revolutionized the preparation of written 
reports. (Courtesy Tex.as Instru ments Inc.) 
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The computer can be used in a very similar manner to prepare graphs, charts,

and drawings. For example, the engineer can sit before a microcomputer or com-

puter terminal and build up a graphical display on a screen using either the

keyboard or a light pen (or electric tablet). The computer can assist in this task in a

way that would have been beyond the imagination of draftsmen or artists several

years ago. It can instantly modify color or shading, connect even the most com-

plex diagram with properly placed lines, superimpose carefully constructed

shapes, and so on. Once again the graphical information is stored in digital form on

disk or tape until it is desired to produce "hard copy" using a printer or plotting

device. In some cases the images produced on the display are reproduced directly

using photographic methods.

In some sophisticated computer networks there is a capability to generate

simultaneous displays on graphics terminals that are geographically remote from

one another. This opens up an entirely new form of communication, since en-

gineers can transmit complex graphics images of designs directly to one another.

Already the computer has had an enormous impact on the routine (and often

tedious) tasks involved in written and graphical communication. This impact is

certain to become even more pronounced with the introduction of voice inter-

preters to receive spoken commands and translate these into text or graphical

materials.

SUMMARY

The computer has changed dramatically the manner in which both written

and graphical materials are prepared. Modern wordprocessing systems

have greatly improved the ease and efficiency of composition and editing.

Likewise, computer graphics is rapidly replacing mechanical drawing

(drafting) as the primary graphics tool of the engineer.

6.5.2. Computer Software

Just as the computer has revolutionized the conventional means of communica-

tion, it has also introduced a need for new kinds of communication in the area of

computer "software." As we discussed, this term refers to the computer pro-

grams written to perform certain tasks. These programs represent the result of

creative intellect and achievement, just as much as any device or process pro-

duced by the engineer. As computer software becomes more varied and complex,

it becomes more important to provide these programs with suitable documenta-

tion and instructions for their use.

Standards are now being established for writing and documenting computer

programs. For example, the top-down or structured programming methods de-
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The computer can be used in a very similar manner to prepare graphs, charts. 
and drawings. For example, the engineer can sit before a microcomputer or com­
puter terminal and build up a graphical display on a screen using either the 
keyboard or a light pen (or electric tablet). The computer can assist in this task in a 
way that would have been beyond the imagination of draftsmen or artists several 
years ago. It can instantly modify color or shading, connect even the most com­
plex diagram with properly placed lines, superimpose carefully constructed 
shapes, and so on. Once again the graphical information is stored in digital form on 
disk or tape until it is desired to produce "hard copy" using a printer or plotting 
device. In some cases the images produced on the display are reproduced directly 
using photographic methods. 

In some sophisticated computer networks there is a capability to generate 
simultaneous displays on graphics terminals that are geographically remote from 
one another. This opens up an entirely new form of communication, since en­
gineers can transmit complex graphics images of designs directly to one another. 

Already the computer has had an enormous impact on the routine (and often 
tedious) tasks involved in written and graphical communication. This impact is 
certain to become even more pronounced with the introduction of voice inter­
preters to receive spoken commands and translate these into text or graphical 
materials. 

SUMMARY 

The computer has changed dramatically the manner in which both written 
and graphical materials are prepared. Modern wordprocessing systems 
have greatly improved the ease and ej]iciency ofcomposition and editing. 
Likewise. computer graphics is rapidly replacing mechanical drawing 
(drajiing) as the primary graphics tool of the engineer. 

6.5.2. Computer Software 

Just as the computer has revolutionized the conventional means of communica­
tion, it has also introduced a need for new kinds of communication in the area of 
computer "software.'' As we discussed, this term refers to the computer pro­
grams written to perform certain tasks. These programs represent the result of 
creative intellect and achievement, just as much as any device or process pro­
duced by the engineer. As computer software becomes more varied and complex. 
it becomes more important to provide these programs with suitable documenta­
tion and instructions for their use. 

Standards are now being established for writing and documenting computer 
programs. For example, the top-down or structured programming methods de-
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COMMUNICATION 403 

FIGURE 6.25. A modern computer graphics system based on a microcomputer. (Cour­
tesy Hewlett-Packard Company) 

scribed in Chapter 4 are now commonly recommended for all software applica­
tions. Sufficient comment (or REM) statements should be included to explain the 
program logic. This is particularly important in the older computer languages such 
as BASIC of FORTRAN as compared with the more literal languages such as 
Pascal. It is also important to recognize that computer software is now regarded as 
another form of publishing. Computer programs can be copywrited and protected 
from plagiarism. This point should be kept in mind when using or writing com­
puter software or communicating it to others. 

SUMMARY 

A new area of communication has grown up involving computer pro­
grams or software. Standards are now being established concerning pro­
gram structure and documentation. 
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6.5.3. Computer Results

One advantage of the computer is that it can process enormous quantities of

information very rapidly. This also means that it can churn out huge stacks of

output with ease, whether the output is relevant or meaningless rubbish. Some-

times computer users are tempted to overwhelm colleagues with the sheer mag-

nitude of results, perhaps calculating a number to 16 decimal places when only

two are sufficient, or including page after page of numerical results generated by

the computer.

Therefore a premium must be placed on data reduction and interpretation

when presenting the results of a computer calculation. The presentation of this

data is akin to the design of graphical materials. One should always strive for

simplicity, clarity, and brevity. Just because a computer can cheaply generate

thousands of graphs or tables is no reason to include them in a report.

SUMMARY

One should avoid the temptation to use the enormous power of the com-

puter to produce large quantities of data for inclusion in a report. A

premium should be placed on data reduction and interpretation. As with

other forms of engineering communication, one should strive for clarity,

simplicity, and brevity.

Example As a routine measure, all of the computer printout at government

defense laboratories is classified and marked with red lettering in the margin:

'SECRET RESTRICTED DATA." Yet these computers print out millions of

pages each month. It has been proposed (somewhat facetiously) that instead of

classifying this output, the United States government should pack it up in crates

and mail it over to its foreign competitors, reasoning that the workload involved

in sifting through the tons and tons of meaningless computer data in search of

secrets would quickly overload any foreign intelligence organization.

Exercises

Computers and Communication

1. Prepare the following items on a wordprocessing system:

(a) A one page paper extolling the virtues of the wordprocessor
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6.5.3. Computer Results 

One advantage of the computer is that it can process enormous quantities of 
information very rapidly. This also means that it can chum out huge stacks of 
output with ease, whether the output is relevant or meaningless rubbish. Some­
times computer users are tempted to overwhelm colleagues with the sheer mag­
nitude of results, perhaps calculating a number to 16 decimal places when only 
two are sufficient, or including page after page of numerical results generated by 
the computer. 

Therefore a premium must be placed on data reduction and interpretation 
when presenting the results of a computer calculation. The presentation of this 
data is akin to the design of graphical materials. One should always strive for 
simplicity, clarity, and brevity. Just because a computer can cheaply generate 
thousands of graphs or tables is no reason to include them in a report. 

SUMMARY 

One should avoid the temptation to use the enormous power of the com­
puter to produce large quantities of data for inclusion in a report. A 
premium should be placed on data reduction and interpretation. As with 
other forms of engineering communication, one should stri\'e for clarity, 
simplicity, and brevity. 

Example As a routine measure, all of the computer printout at government 
defense laboratories is classified and marked with red lettering in the margin: 
"SECRET RESTRICTED DATA." Yet these computers print out millions of 
pages each month. It has been proposed (somewhat facetiously) that instead of 
classifying this output, the United States government should pack it up in crates 
and mail it over to its foreign competitors, reasoning that the workload involved 
in sifting through the tons and tons of meaningless computer data in search of 
secrets would quickly overload any foreign intelligence organization. 

Exercises 

Computers and Communication 

1. Prepare the following items on a wordprocessing system: 

Dig liz b 

(a) A one page paper extolling the virtues of the wordprocessor 
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(b) A business letter to the manufacturer of the wordprocessor

explaining why you still have not paid for it

(c) The mathematical equations representing Newton's laws

2. Inquire in your engineering dean's office as to how many wordpro-

cessing systems are presently used in your college of engineering.

Compare this to the number of wordprocessors used in a local busi-

ness enterprise of about the same size.

3. Prepare a three-dimensional illustration of the following items on a

computer graphics console:

(a) A cube (c) A pyramid

(b) A sphere (d) A rectangular building

4. Document one of the programs you prepared in the exercises of Chap-

ter 4 in a form suitable for distribution.

5. It is now common for large computer systems to communicate with

each other, transferring data or software, without human interven-

tion. Write a short paper on this development, the ultimate form of

"computer communication," briefly describing the mechanics of this

communication process and how prevalent it is today.

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

1
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

COMMUNICATION 405 

(b) A business letter to the manufacturer of the wordprocessor 
explaining why you still have not paid for it 

(c) The mathematical equations representing Newton's laws 

2. Inquire in your engineering dean's office as to how many wordpro­
cessing systems are presently used in your college of engineering. 
Compare this to the number of wordprocessors used in a local busi­
ness enterprise of about the same size. 

3. Prepare a three-dimensional illustration of the following items on a 
computer graphics console: 
(a) A cube 
(b) A sphere 

(c) A pyramid 
(d) A rectangular building 

4. Document one of the programs you prepared in the exercises of Chap­
ter 4 in a form suitable for distribution. 

5. It is now common for large computer systems to communicate with 
each other, transferring data or software, without human interven­
tion. Write a short paper on this development, the ultimate form of 
"computer communication," briefly describing the mechanics of this 
communication process and how prevalent it is today. 
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CHAPTER 7

Computer-Aided Engineering: CAD/CAM

The application of computers in engineering has produced some confusing new

jargon. Terms such as CAD, CAM, CAD/CAM, and CADD abound in the en-

gineering literature. The employment opportunities section of most newspapers

reveal listing after listing for CAD/CAM specialists in the aerospace, automotive,

and manufacturing industries. Hundreds of new companies have been formed in

recent years to produce and market CAD/CAM systems and services.

What do these magic letters mean? CAD is simply the acronym for

computer-aided design, a term referring to the use of computers in engineering

design activities. The other terms refer to related uses of the computer in engineer-

ing: computer-aided manufacturing (CAM) and computer-aided design and draft-

ing (CADD).

During the early years of development, the term "computer-aided design"

was used in a restricted sense to refer to the use of computer graphics in engineer-

ing drafting applications. Gradually the computer became an important aid in

creating and testing design sketches. The term "computer-aided manufacturing"

was also first used in a restricted sense to refer to the use of digital or numerical

control of manufacturing machinery such as cutting tools. Today, however,

CAD/CAM has come to represent a far more extensive integration of computers

into almost every phase of engineering. In fact the computer has now become the

instrument that weaves together and extends the traditional tools of the engineer

that we have studied in this text, the tools provided by science and mathematics,

experiments and testing methods, and communication skills.

An example will make this clearer. Until quite recently the usual procedure

for designing and producing a machined part began with the design engineer, who

sketched the outlines of the part. This sketch would be passed along to a

draftsman for the production of finished drawings. Another engineer would use

the drawings to determine geometric properties such as areas, volumes, and

weights. A structural engineer would determine stresses and deflections. These

data would then be returned to the design engineer for consideration in a redesign

of the part, then back to the draftsman for more drawings, and so on, iterating
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CHAPTER 7 

Computer-Aided Engineering: CAD/CAM 

The application of computers in engineering has produced some confusing new 
jargon. Terms such as CAD. CAM, CAD/CAM. and CADD abound in the en­
gineering literature. The employment opportunities section of most newspapers 
reveal listing after listing for CAD/CAM specialists in the aerospace, automotive, 
and manufacturing industries. Hundreds of new companies have been formed in 
recent years to produce and market CAD/CAM systems and services. 

What do these magic letters mean? CAD is simply the acronym for 
compllter-aided design. a term referring to the use of computers in engineering 
design activities. The other terms refer to related uses of the computer in engineer­
ing: computer-aided manufacturing (CAM) and computer-aided design and draft­
ing (CADD). 

During the early years of development, the term .. computer-aided design" 
was used in a restricted sense to refer to the use of computer graphics in engineer­
ing drafting applications. Gradually the computer became an important aid in 
creating and testing design sketches. The term ·'computer-aided manufacturing" 
was also first used in a restricted sense to refer to the use of digital or numerical 
control of manufacturing machinery such as cutting tools. Today, however, 
CAD/CAM has come to represent a far more extensive integration of computers 
into almost every phase of engineering. In fact the computer has now become the 
instrument that weaves together and extends the traditional tools of the engineer 
that we have studied in this text, the tools provided by science and mathematics, 
experiments and testing methods, and communication skills. 

An example will make this clearer. Until quite recently the usual procedure 
for designing and producing a machined part began with the design engineer, who 
sketched the outlines of the part. This sketch would be passed along to a 
draftsman for the production of finished drawings. Another engineer would use 
the drawings to determine geometric properties such as areas, volumes, and 
weights. A structural engineer would determine stresses and deflections. These 
data would then be returned to the design engineer for consideration in a redesign 
of the part, then back to the draftsman for more drawings, and so on, iterating 
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410 THE TOOLS 

FIGURE 7.1. An engineer working at a CAD/CAM console. (Courtesy IBM Corporation) 

back and forth until a finished design was achieved. The final drawings for the 
design would then be passed to the manufacturing engineer who would prepare 
instructions for a machinist. Finally the part would be machined according to the 
specifications given by these instructions. 

The introduction of computer has changed this process quite dramatically. 
Today CAD/CAM systems have integrated the activities of draftsmen , design 
engineers, analysis engineers, and manufacturing engineers. Using these systems 
an engineer can sit down before a computer terminal and sketch the part directly 
on a CRT (cathode-ray tube) display monitor, using a light pen or electrosensitive 
graphics tablet. The software and data base provided by the CAD/CAM system 
can then be used to manipulate this initial design , performing a stress analysis and 
determining section properties to a very high precision, through an interactive 
design process between computer and engineer, until a final design is achieved. 
The CAD/CAM system can then produce finished drawings for this final design. 
Finally, the CAD/CAM system can prepare instructions (on paper tape or disk) for 
numerically controlled machine tools and place orders for related parts and pro­
duction facilities. In essence, the modern CAD/CAM system allows the engineer 
to sit down at a computer terminal , perform all of the activities of engineering 
design while interacting with the computer, and then walk over to the numerically 
controlled machine tool and pick up the finished part. 
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FIGURE 7.2. The traditional engineering activities involved in machine part design and 
production. (From Engineering* 1979) 

FIGURE 7.3 The CAD/CAM approach to machine part design and production. (From 
Engineering* 1979) 
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412 THE TOOLS

In a very real sense computer-aided design and manufacturing, CAD/CAM,

has become the ultimate tool of the engineer, integrating all other aspects of

engineering activities, including design, analysis, and communication. In fact, the

evolution of such systems is now so advanced, and the role they already play in

engineering practice so general, that the term "computer-aided design" is proba-

bly outmoded. It would be far more appropriate to refer to these systems

computer-aided engineering since they span essentially all of the activities of the

engineer.

The development of CAD/CAM systems is another example of the profound

influence that the computer has had on the engineering profession. It has often

been said that the computer age has accomplished for our minds what the indus-

trial revolution did for our muscles. Just as machines have taken over many of the

more mundane tasks of labor, thereby allowing us to use our energies for other

more sophisticated endeavors, the computer has relieved the engineer of many of

the more routine aspects of engineering practice such as drafting, repetitive calcu-

lations, and tedious design revisions. The immense data storage and calculating

capability of modern computers has provided the engineer with a powerful in-

strument to rapidly process and analyze the large quantities of information associ-

ated with complex engineering systems. It has also facilitated information flow

and decision making and provided a new means of communication. The computer

has presented engineers with a powerful new lever to use in multiplying their

intellectual capabilities.

The key to computer-aided engineering has been integration: the synergistic

blending together of engineer and computer into a problem solving team so that

the strengths of both can be utilized most fully. The computer supplies the raw

computational power and the capacity to store and process vast amounts of infor-

mation. The engineer provides the creativity, judgment, and insight needed to

solve complex engineering problems.

The rapid evolution in computer size, capacity, and cost has led to a revolu-

tion in the use of CAD/CAM methods in industry. They free engineers from

repetitive, time-consuming busywork and allow them to spend more of their time

in creative activities. They also promise significant gains in industrial produc-

tivity. The potential impact of CAD/CAM methods on engineering practice during

the 1980s may well rival the importance of the digital computer to engineering

analysis during the 1960s.

SUMMARY

CAD/CAM refers to computer-aided design and manufacturing. CAD/

CAM systems based on interactive computer graphics and engineering

analysis programs have revolutionized engineering practice by combining

engineering design, analysis, and graphical communication. These
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In a very real sense computer-aided design and manufacturing, CAD/CAM. 
has become the ultimate tool of the engineer, integrating all other aspects of 
engineering activities, including design, analysis, and communication. In fact, the 
evolution of such systems is now so advanced, and the role they already play in 
engineering practice so general, that the term "computer-aided design" is proba­
bly outmoded. It would be far more appropriate to refer to these systems 
computer-aided engineering since they span essentially all of the activities of the 
engineer. 

The development of CAD/CAM systems is another example of the profound 
influence that the computer has had on the engineering profession. It has often 
been said that the computer age has accomplished for our minds what the indus­
trial revolution did for our muscles. Just as machines have taken over many of the 
more mundane tasks of labor, thereby allowing us to use our energies for other 
more sophisticated endeavors, the computer has relieved the engineer of many of 
the more ro:Jtine aspects of engineering practice such as drafting, repetitive calcu­
lations, and tedious design revisions. The immense data storage and calculating 
capability of modern computers has provided the engineer with a powerful in­
strument to rapidly process and analyze the large quantities of information associ­
ated with complex engineering systems. It has also facilitated information flow 
and decision making and provided a new means of communication. The computer 
has presented engineers with a powerful new lever to use in multiplying their 
intellectual capabilities. 

The key to computer-aided engineering has been integration: the synergistic 
blending together of engineer and computer into a problem solving team so that 
the strengths of both can be utilized most fully. The computer supplies the raw 
computational power and the capacity to store and process vast amounts of infor­
mation. The engineer provides the creativity, judgment, and insight needed to 
solve complex engineering problems. 

The rapid evolution in computer size, capacity, and cost has led to a revolu­
tion in the use of CAD/CAM methods in industry. They free engineers from 
repetitive, time-consuming busywork and allow them to spend more of their time 
in creative activ.ities. They also promise significant gains in industrial produc­
tivity. The potential impact of CAD/CAM methods on engineering practice during 
the 1980s may well rival the importance of the digital computer to engineering 
analysis during the 1960s. 

SUMMARY 

CAD/CAM refers to computer-aided design and manufacturing. CADI 
CAM systems based on interactive computer graphics and engineering 
analysis programs hm·e re\'Oiutionized engineering practice by combining 
engineering design, analysis, and graphical communication. These 
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COMPUTER-AIDED ENGINEERING: CAD/CAM 413

computer-aided engineering systems have integrated and extended the

traditional tools of engineering provided by science and mathematics,

experimental methods, and communication arts. CAD/CAM systems

allow the engineer and computer to interact together in a synergistic

fashion, thereby combining the abilities of the computer to process

rapidly vast amounts of information and the creativity of the engineer to

synthesize novel solutions to complex problems.

Exercises

Computer-Aided Engineering

1. Look through the employment opportunities section of a major news-

paper and determine the number of available positions for CAD/CAM

specialists. What types of firms are searching for these engineers?

2. Determine whether your college of engineering has an operating

CAD/CAM system. If it does, briefly describe the system (e.g., capa-

bility, number of consoles, degree to which it is used in instructional

activities).

8.1. COMPUTER-AIDED DESIGN

Computer-aided design or CAD refers to the application of computers to engineer-

ing design. To better understand the role that CAD can play in this activity, recall

the steps in the engineering design process:

Identification of need

Information search

Synthesis of possible solutions

Feasibility study

Preliminary design study

Final design

Design documentation

Computers can play an important role in every step of this sequence. The data

base maintained by computers can be used to facilitate an information search, to

rapidly retrieve past designs or search the technical literature. Although the

creativity of the engineer plays the most important role in the synthesis of possible

solutions to the design problem, the computer can assist in the expression and

examination of these solutions using powerful tools of computer graphics and

numerical analysis.

Perhaps the most significant impact of CAD systems has occurred in the more

detailed design activities of feasibility studies, preliminary design, and final de-
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computer-aided engineering systems have integrated and extended the 
traditional tools of engineering provided by science and mathematics, 
experimental methods, and communication arts. CAD/CAM systems 
allow the engineer and computer to interact together in a synergistic 
fashion, thereby combining the abilities of the computer to process 
rapidly vast amounts of information and the creativity of the engineer to 
synthesize novel solutions to complex problems. 

Exercises 

Computer-Aided Engineering 

I. Look through the employment opportunities section of a major news­
paper and determine the number of available positions for CAD/CAM 
specialists. What types of firms are searching for these engineers? 

2. Determine whether your college of engineering has an operating 
CAD/CAM system. If it does, briefly describe the system (e.g., capa­
bility, number of consoles, degree to which it is used in instructional 
activities). 

8.1. COMPUTER-AIDED DESIGN 

Computer-aided design or CAD refers to the application of computers to engineer­
ing design. To better understand the role that CAD can play in this activity, recall 
the steps in the engineering design process: 

Identification of need 
Information search 
Synthesis of possible solutions 
Feasibility study 
Preliminary design study 
Final design 
Design documentation 

Computers can play an important role in every step of this sequence. The data 
base maintained by computers can be used to facilitate an information search, to 
rapidly retrieve past designs or search the technical literature. Although the 
creativity of the engineer plays the most important role in the synthesis of possible 
solutions to the design problem, the computer can assist in the expression and 
examination of these solutions using powerful tools of computer graphics and 
numerical analysis. 

Perhaps the most significant impact of CAD systems has occurred in the more 
detailed design activities of feasibility studies, preliminary design, and final de-
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sign. Interactive computer graphics can be used to visualize and rapidly analyze

new designs. Many CAD systems are capable of performing sophisticated en-

gineering analyses of preliminary design features, including a determination of

geometrical characteristics such as dimensions, surface areas, volumes, weights,

moments of inertia; structural and dynamical characteristics; thermal and electri-

cal analysis; and economic analysis. The computer can be used to construct a

comprehensive numerical model of the design that the engineer can interrogate

and modify in a manner similar to the use of a physical prototype. The computer-

based model can actually serve as a prototype to simulate the performance of a

given design. Experience gained with these models can be fed back into the design

process. In this manner the important processes of iteration and optimization

of design options can be accomplished rapidly and inexpensively by the CAD

system.

When the engineer has converged on a final design, the computer can then

perform the final design analysis and prepare the design documentation. Com-

puter graphics methods can prepare the final design drawings. The computer can

also prepare the detailed numerical instructions that will control the machines

used to implement the design. It can place orders for parts and schedule produc-

tion facilities. It can even prepare cost and marketing information.

The single most important factor that has led to the rapid implementation of

CAD systems is their use of interactive computing. The engineer is able to com-

municate instantaneously with the computer system to see the results of design

changes, to detect mistakes and implement corrections immediately, and to use

the computer to simulate the performance of the design before an expensive

prototype is constructed. The computer provides immediate access to a vast data

base that can be conveniently manipulated and applied to the design by the CAD

system. The key to this interactive capability has been the development of ver-

satile computer graphics and the software for performing engineering analysis of

design features. Although the creativity and ability of the engineer still plays the

major role in determining the success of any design, CAD/CAM systems have

greatly extended the engineer's capabilities and eliminated much of the drudgery

and inefficiency from the design process.

SUMMARY

The computer can play an important role in every phase of the engineer-

ing design process, including information searches, graphical display,

engineering analysis, prototype simulation, final design analysis, and de-

sign presentation. The key to CAD systems is interactive computing,

allowing the engineer to implement and see the results of design changes

immediately.
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sign. Interactive computer graphics can be used to visualize and rapidly analyze 
new designs. Many CAD systems are capable of performing sophisticated en­
gineering analyses of preliminary design features, including a determination of 
geometrical characteristics such as dimensions, surface areas, volumes, weights, 
moments of inertia; structural and dynamical characteristics; thermal and electri­
cal analysis; and economic analysis. The computer can be used to construct a 
comprehensive numerical model of the design that the engineer can interrogate 
and modify in a manner similar to the use of a physical prototype. The computer­
based model can actually serve as a prototype to simulate the performance of a 
given design. Experience gained with these models can be fed back into the design 
process. In this manner the important processes of iteration and optimization 
of design options can be accomplished rapidly and inexpensively by the CAD 
system. 

When the engineer has converged on a final design, the computer can then 
perform the final design analysis and prepare the design documentation. Com­
puter graphics methods can prepare the final design drawings. The computer can 
also prepare the detailed numerical instructions that will control the machines 
used to implement the design. It can place orders for parts and schedule produc­
tion facilities. It can even prepare cost and marketing information. 

The single most important factor that has led to the rapid implementation of 
CAD systems is their use of interactive computing. The engineer is able to com­
municate instantaneously with the computer system to see the results of design 
changes, to detect mistakes and implement corrections immediately. and to use 
the computer to simulate the performance of the design before an expensive 
prototype is constructed. The computer provides immediate access to a vast data 
base that can be conveniently manipulated and applied to the design by the CAD 
system. The key to this interactive capability has been the development of ver­
satile computer graphics and the software for performing engineering analysis of 
design features. Although the creativity and ability of the engineer still plays the 
major role in determining the success of any design, CAD/CAM systems have 
greatly extended the engineer's capabilities and eliminated much of the drudgery 
and inefficiency from the design process. 

SUMMARY 

The computer can play an important role in e~·ery phase of the engineer­
ing design process, including information searches, graphical display, 
engineering analysis, prototype simulation, final design analysis, and de­
sign presentation. The key to CAD systems is interacti~·e computing, 
allowing the engineer to implement and see the results of design changes 
immediately. 
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7.1.1. Background

Although computers have been applied to engineering analysis since the early

days of their development, the integration of computers into the engineering de-

sign process in an interactive mode can be traced back to the development of

time-sharing computer systems and storage-type cathode-ray-tube (CRT) displays

in the 1960s. On-line computer graphics were developed through the cooperative

efforts of computer manufacturers and companies in the aerospace and automo-

tive industries. Hardware developments were paralleled by the development of

software packages (computer programs) to facilitate the use of computer graphics

and integrate this with other aspects of engineering analysis.

When early CAD equipment first became available during the 1960s, it was

quite expensive and accompanied only by rather primitive software. Only a few

high technology industries for whom speed and precision were essential to prod-

uct design could afford to implement the early systems. The key to the more

recent proliferation of CAD systems has been the rapid evolution in computer

hardware coupled with the dramatic decrease in hardware costs. Rapid develop-

ments in microelectronics made possible inexpensive graphics display terminals

and stand-alone microcomputers. Time-sharing systems brought the power of

large, mainframe computers to remote users.

Equally important has been the parallel development of more sophisticated

software packages to implement CAD. Simpler, more user-oriented computer

languages were developed. Software packages with complete analysis and design

modules were developed. But in contrast to declining hardware costs, software

costs have increased dramatically and now account for as much as 80% of the

expense of a CAD system.

Today the trend is toward general purpose CAD/CAM systems, equipped

with the hardware and software to take a design from an early conceptual stage to

detailed design drawings and machine tool instructions. For example, a

CAD/CAM system for machine part design would allow the engineer to sketch the

part at a CAD/CAM console, perform a geometric analysis (including section

properties, weights, and moments of inertia), analyze stresses, deflections,

dynamics, and temperature distributions, and prepare final design drawings and

machine tool instructions. The system might also compile data files for bills of

materials, piece part costs or manual machine operation sheets, and part order.

For example, the CAD AM system developed by Lockheed can handle major

portions of the work of draftsmen, design engineers, analysis engineers, and man-

ufacturing engineers.

The implementation of CAD/CAM systems has already revolutionized en-

gineering practice in many industries. It is routinely used for component design

and manufacture in many aerospace and automotive activities. CAD/CAM

methods have also found extensive use in the electronics and chemical industries.

The next decade is likely to see their rapid implementation in general manufactur-

ing and construction activities.
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7 .1.1. Background 

Although computers have been applied to engineering analysis since the early 
days of their development, the integration of computers into the engineering de­
sign process in an interactive mode can be traced back to the development of 
time-sharing computer systems and storage-type cathode-ray-tube (CRT) displays 
in the 1960s. On-line computer graphics were developed through the cooperative 
efforts of computer manufacturers and companies in the aerospace and automo­
tive industries. Hardware developments were paralleled by the development of 
software packages (computer programs) to facilitate the use of computer graphics 
and integrate this with other aspects of engineering analysis. 

When early CAD equipment first became available during the 1960s, it was 
quite expensive and accompanied only by rather primitive software. Only a few 
high technology industries for whom speed and precision were essential to prod­
uct design could afford to implement the early systems. The key to the more 
recent proliferation of CAD systems has been the rapid evolution in computer 
hardware coupled with the dramatic decrease in hardware costs. Rapid develop­
ments in microelectronics made possible inexpensive graphics display terminals 
and stand-alone microcomputers. Time-sharing systems brought the power of 
large. mainframe computers to remote users. 

Equally important has been the parallel development of more sophisticated 
software packages to implement CAD. Simpler, more user-oriented computer 
languages were developed. Software packages with complete analysis and design 
modules were developed. But in contrast to declining hardware costs, software 
costs have increased dramatically and now account for as much as 80% of the 
expense of a CAD system. 

Today the trend is toward general purpose CAD/CAM systems, equipped 
with the hardware and software to take a design from an early conceptual stage to 
detailed design drawings and machine tool instructions. For example, a 
CAD/CAM system for machine part design would allow the engineer to sketch the 
part at a CAD/CAM console, perform a geometric analysis (including section 
properties, weights, and moments of inertia). analyze stresses, deflections, 
dynamics, and temperature distributions, and prepare final design drawings and 
machine tool instructions. The system might also compile data files for bills of 
materials, piece part costs or manual machine operation sheets, and part order. 
For example, the CADAM system developed by Lockheed can handle major 
portions of the work of draftsmen, design engineers, analysis engineers, and man­
ufacturing engineers. 

The implementation of CAD/CAM systems has already revolutionized en­
gineering practice in many industries. It is routinely used for component design 
and manufacture in many aerospace and automotive activities. CAD/CAM 
methods have also found extensive use in the electronics and chemical industries. 
The next decade is likely to see their rapid implementation in general manufactur­
ing and construction activities. 
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SUMMARY

The development of CAD /CAM systems was stimulated by both computer

hardware advances such as graphic displays, as well as by software de-

velopments in interactive computing. Initial development and application

occurred in the aerospace and automotive industries, although CAD/

CAM is now being rapidly implemented in general manufacturing and

construction activities.

7.1.2. General Features of CAD/CAM Systems

What are the general components of a CAD/CAM system? The hardware compo-

nents are similar for the most part to those of other computer systems, with the

possible exception of specialized equipment to support sophisticated display

graphics applications and numerically controlled machines and robots.

CAD/CAM systems can be based either on large, time-sharing computer systems

or on dedicated microcomputers. In the latter case, microcomputer CAD/CAM

hardware is frequently tied into a much larger data base maintained by a large,

mainframe computer.

The most significant developments in CAD/CAM systems have arisen in

software, in the development of a variety of computer programs that assist the

engineer in performing design and analysis. We can identify four classes of

software packages for CAD/CAM systems.

Computer Graphics

Interactive computer graphics has played a major role in assisting the engineer to

create and visualize new designs. Computer graphics hardware-software pack-

ages typically allow the engineer to interact with two- or three-dimensional color

displays of the design and may include additional features such as animation.

Engineering Analysis

The analysis of the design is performed by several computer programs integrated

into the CAD/CAM system. These can range from simple geometrical analysis

programs to determine dimensions, areas, volumes, and moments of inertia to

complex general purpose programs that can perform a wide variety of engineering

calculations, including the analysis of stress, dynamics, temperature distributions,

fluid flow, and electrical characteristics. The most powerful such analysis pack-

ages are based on finite element methods, so-called because they break the

design into small components or elements and then solve the mathematical equa-

tions that represent the interrelation of these elements. Other more specialized
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SUMMARY 

The development of CAD/CAM systems was stimulated by both computer 
hardware admnces such as graphic: displays, as well as by software de­
\'elopments in interactive computing.lnitial development and application 
occurred in the aerospace and automotive industries, although CADI 
CAM is now being rapidly implemented in general manufacturing and 
construction acth•ities. 

7.1.2. General Features of CAD/CAM Systems 

What are the general components of a CAD/CAM system? The hardware compo­
nents are similar for the most part to those of other computer systems, with the 
possible exception of specialized equipment to support sophisticated display 
graphics applications and numerically controlled machines and robots. 
CAD/CAM systems can be based either on large, time-sharing computer systems 
or on dedicated microcomputers. In the latter case, microcomputer CAD/CAM 
hardware is frequently tied into a much larger data base maintained by a large. 
mainframe computer. 

The most significant developments in CAD/CAM systems have arisen in 
software, in the development of a variety of computer programs that assist the 
engineer in performing design and analysis. We can identify four classes of 
software packages for CAD/CAM systems. 

Computer Graphics 

Interactive computer graphics has played a major role in assisting the engineer to 
create and visualize new designs. Computer graphics hardware-software pack­
ages typically allow the engineer to interact with two- or three-dimensional color 
displays of the design and may include additional features such as animation. 

Engineering Analysis 

The analysis of the design is performed by several computer programs integrated 
into the CAD/CAM system. These can range from simple geometrical analysis 
programs to determine dimensions, areas, volumes, and moments of inertia to 
complex general purpose programs that can perform a wide variety of engineering 
calculations, including the analysis of stress, dynamics, temperature distributions. 
fluid flow, and electrical characteristics. The most powerful such analysis pack­
ages are based on finite element methods, so-called because they break the 
design into small components or elements and then solve the mathematical equa­
tions that represent the interrelation of these elements. Other more specialized 
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programs may be included in CAD/CAM systems used in particular areas such as

chemical process development or electrical circuit design.

Data Processing

CAD/CAM systems must be capable of handling large amounts of data, storing

these data until requested by the engineer, and then retrieving and presenting the

data in a suitable form. Therefore software has been developed for data handling

and process. In some cases, specialized computer languages have evolved that

allow easier interaction with the CAD/CAM system than more general computer

languages.

Communication

An important component of any CAD/CAM system is the manner in which it

facilitates the documentation, communication, and use of design efforts. Software

packages have been developed that can generate finished design drawings and

instructions for numerically controlled machines. It is becoming more common for

engineers to communicate design concepts across a linked network of CAD/CAM

consoles using computer graphics.

The present advantages of CAD are most apparent in industrial applications.

Although there may initially be some resistance to the role changes caused by the

introduction of digital systems, subsequent experience has demonstrated a rapid

decrease in the time between design and production. CAD systems can be used to

achieve design refinements earlier in the design process, thereby reducing the

need for building costly physical prototypes. CAD systems can also eliminate

interference between various aspects of the design. Since each designer's console

is linked to a single data base, as design changes are entered, these are stored in

computer memory and can be immediately taken into account in other aspects of

the design. If a hydraulic line is relocated in an aircraft design by structural

engineers, control engineers can assess immediately whether this change is con-

sistent with their own design constraints. Through interactive computer graphics

and common data bases, CAD systems can display the current status of the

project, giving each designer a picture of what fellow engineers have completed or

what they are working on.

SUMMARY

The essential features of a CAD/CAM system are a graphics display

console supported by a minicomputer or time-sharing computer system,

and software to support computer graphics, engineering analysis, data

processing, and communication activities.
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programs may be included in CAD/CAM systems used in particular areas such as 
chemical process development or electrical circuit design. 

Data Processing 

CAD/CAM systems must be capable of handling large amounts of data, storing 
these data until requested by the engineer, and then retrieving and presenting the 
data in a suitable form. Therefore software has been developed for data handling 
and process. In some cases, specialized computer languages have evolved that 
allow easier interaction with the CAD/CAM system than more general computer 
languages. 

Communication 

An important component of any CAD/CAM system is the manner in which it 
facilitates the documentation. communication. and use of design efforts. Software 
packages have been developed that can generate finished design drawings and 
instructions for numerically controlled machines. It is becoming more common for 
engineers to communicate design concepts across a linked network of CAD/CAM 
consoles using computer graphics. 

The present advantages of CAD are most apparent in industrial applications. 
Although there may initially be some resistance to the role changes caused by the 
introduction of digital systems, subsequent experience has demonstrated a rapid 
decrease in the time between design and production. CAD systems can be used to 
achieve design refinements earlier in the design process, thereby reducing the 
need for building costly physical prototypes. CAD systems can also eliminate 
interference between various aspects of the design. Since each designer's console 
is linked to a single data base, as design changes are entered. these are stored in 
computer memory and can be immediately taken into account in other aspects of 
the design. If a hydraulic line is relocated in an aircraft design by structural 
engineers, control engineers can assess immediately whether this change is con­
sistent with their own design constraints. Through interactive computer graphics 
and common data bases, CAD systems can display the current status of the 
project, giving each designer a picture of what fellow engineers have completed or 
what they are working on. 

SUMMARY 

The essential features of a CAD/CAM system are a graphics display 
console supported hy a minicomputer or time-sharing computer system, 
and software to support computer graphics, engineering analysis, data 
processing, and communication actil•ities. 
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Example To illustrate the capability of CAD/CAM systems, we have described

below a software package for mechanical engineering design:

Computer Graphics Package

An interactive software package based on CRT screen presentation that

provides all of the features of computer-supported drafting (in 2-D or 3-D)

including labeling, dimensioning, and geometrical analysis.

Finite Element Analysis Package

A set of programs capable of static and dynamic structural analysis, heat

transfer, aerodynamics, acoustics, electromagnetism, hydroelasticity,

and other engineering analysis.

Numerical Control Package

A software package that produces numerically controlled machine in-

struction tapes directly from the graphics package.

In Figure 7.4 we show a series of CRT screen simulations of a typical CAD/CAM

session using such a system.

Example Figure 7.5 shows the screen display for a CAD program used in

marine design to analyze ship hull structural properties. Here the program

analyzes a hull "midship," that is, a cross section of the ship's hull. Steel plate

dimensions can be chosen and the strength of the midship section can be deter-

mined.

Exercises

Computer-Aided Design

1. Briefly describe the role played by computers in each phase of the

engineering design process.

2. We have noted the growing use of CAD/CAM methods in the aero-

space and automobile industries. In what other industries would you

expect to see significant implementation of CAD/CAM systems dur-

ing the next decade?

3. By using your technical library or writing directly to the appropriate

company, obtain and briefly summarize the essential characteristics

of a major CAD/CAM system (such as the CADAM system de-

veloped by Lockheed).
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Example To illustrate the capability of CAD/CAM systems, we have described 
below a software package for mechanical engineering design: 

Computer Graphics Package 

An interactive software package based on CRT screen presentation that 
provides all of the features of computer-supported drafting (in 2-D or 3-D) 
including labeling, dimensioning, and geometrical analysis. 

Finite Element Analysis Package 

A set of programs capable of static and dynamic structural analysis, heat 
transfer, aerodynamics, acoustics, electromagnetism, hydroelasticity, 
and other engineering analysis. 

Numerical Control Package 

A software package that produces numerically controlled machine m­
struction tapes directly from the graphics package. 

In Figure 7.4 we show a series of CRT screen simulations of a typical CAD/CAM 
session using such a system. 

Example Figure 7.5 shows the screen display for a CAD program used in 
marine design to analyze ship hull structural properties. Here the program 
analyzes a hull "midship," that is, a cross section of the ship's hull. Steel plate 
dimensions can be chosen and the strength of the midship section can be deter­
mined. 

Exercises 

Computer-Aided Design 

1. Briefly describe the role played by computers in each phase of the 
engineering design process. 

2. We have noted the growing use of CAD/CAM methods in the aero­
space and automobile industries. In what other industries would you 
expect to see significant implementation of CAD/CAM systems dur­
ing the next decade? 

3. By using your technical library or writing directly to the appropriate 
company, obtain and briefly summarize the essential characteristics 
of a major CAD/CAM system (such as the CADAM system de­
veloped by Lockheed). 
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Ane~ -o• tlle-permlle_, ... ,... __ ..... -. .. 

FIGURE 7.4. A simulation of a CAD/CAM session. (Courtesy of Structural Dynamics 
Research Corporation. Software Product: SDRC Supertab and Output Dis­
play .) 

7 .2. COMPUTER-AIDED MANUFACTURING AND ROBOTICS 

In the same sense that computer-aided design has had a dramatic impact on 
engineering design and analysis, computer-aided manufacturing or CAM has sig­
nificantly improved industrial productivity in the areas of manufacturing and as­
sembly. The earliest applications of CAM i.nvolved numerically controlled (NC) 
machine tools introduced in the late 1950s. Control units that responded to in­
structions coded in digital form on paper tape were used to regulate the speed and 
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cutting path of tooling machines. Such NC machines could perform complex

operations beyond the capability of a human operator and provided dramatic

improvements in speed, efficiency, and reliability. Gradually NC machines were

developed that could perform many functions by using multiple tools in a pro-

grammed sequence.

Eventually, small digital computers took the place of the machine control

unit, giving rise to a new term, computer numerical control or CNC. This advance

eliminated the paper punch tape, since the machine instructions were stored di-

rectly in the computer memory. Since these computers could be reprogrammed,

alterations of the finished project could be implemented quite easily. The sub-

sequent implementation of time-sharing computer systems allowed a single large

computer to manage several NC machines (so-called direct numerical control or

DNC).

More recently, CAM systems have adopted a hierarchical computer organi-

zation in which a mainframe computer is used to control a hierarchy of micro-

computers, each of which can control a given machine tool. Hierarchical CAM

systems have been made possible by the development of the inexpensive micro-

processor that allows one to dedicate a tiny computer to control each task of

interest. When coupled with artificial intelligence concepts, hierarchical CAM

systems have led to a highly flexible and reliable use of computers in all phases of

engineering.

An important extension of CAM has involved the development of industrial

robots. A robot is generally thought of as a machine capable of imitating human

functions. Rapid advances in computer, sensor, and actuator design have led to

the development of robots that can replace humans in certain assembly line activi-

ties such as welding and painting. Early industrial robots were designed to per-

form highly specific tasks involving only modest sensing and dexterity require-

ments. The major effort in robotics today is directed toward the development of

flexible and versatile robots, capable of performing a wide range of industrial

activities. When combined with microelectronics technology and advances in arti-

ficial intelligence, robotics development seems capable of stimulating major in-

creases in industrial productivity.

Today CAM refers to integrated computer networks that oversee all major

functions in a manufacturing plant, from initial design sketch to quality control of

the final product. When coupled with CAD systems, the computer has led to a

"digital unification" of the three major areas of manufacturing: engineering design

and analysis, product management and control, and finance and marketing.

The use of such CAD/CAM systems in manufacturing has been a key element

of the explosive growth in the industrial productivity of Japan and Europe. In

some cases, entire manufacturing and assembly lines have been totally automated

with dramatic increases in productivity and quality control. The diffusion of CAM

equipment throughout the manufacturing industry in the United States has been

much slower. But there seems little doubt that CAD/CAM methods will be im-

plemented quite rapidly by American industry during the 1980s in an effort to

match the great strides in industrial productivity achieved by foreign competitors.
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cutting path of tooling machines. Such NC machines could perform complex 
operations beyond the capability of a human operator and provided dramatic 
improvements in speed, efficiency, and reliability. Gradually NC machines were 
developed that could perform many functions by using multiple tools in a pro­
grammed sequence. 

Eventually. small digital computers took the place of the machine control 
unit. giving rise to a new term. computer numerical control or CNC. This advance 
eliminated the paper punch tape. since the machine instructions were stored di­
rectly in the computer memory. Since these computers could be reprogrammed, 
alterations of the finished project could be implemented quite easily. The sub­
sequent implementation of time-sharing computer systems allowed a single large 
computer to manage several NC machines (so-called direct numerical control or 
DNC). 

More recently. CAM systems have adopted a hierarchical computer organi­
zation in which a mainframe computer is used to control a hierarchy of micro­
computers. each of which can control a given machine tool. Hierarchical CAM 
systems have been made possible by the development of the inexpensive micro­
processor that allows one to dedicate a tiny computer to control each task of 
interest. When coupled with artificial intelligence concepts, hierarchical CAM 
systems have led to a highly flexible and reliable use of computers in all phases of 
engineering. 

An important extension of CAM has involved the development of industrial 
robots. A robot is generally thought of as a machine capable of imitating human 
functions. Rapid advances in computer. sensor. and actuator design have led to 
the development of robots that can replace humans in certain assembly line activi­
ties such as welding and painting. Early industrial robots were designed to per­
form highly specific tasks involving only modest sensing and dexterity require­
ments. The major effort in robotics today is directed toward the development of 
flexible and versatile robots. capable of performing a wide range of industrial 
activities. When combined with microelectronics technology and advances in arti­
ficial intelligence. robotics development seems capable of stimulating major in­
creases in industrial productivity. 

Today CAM refers to integrated computer networks that oversee all major 
functions in a manufacturing plant, from initial design sketch to quality control of 
the final product. When coupled with CAD systems, the computer has led to a 
.. digital unification·· of the three major areas of manufacturing: engineering design 
and analysis, product management and control. and finance and marketing. 

The use of such CAD/CAM systems in manufacturing has been a key element 
of the explosive growth in the industrial productivity of Japan and Europe. In 
some cases, entire manufacturing and assembly lines have been totally automated 
with dramatic increases in productivity and quality control. The diffusion of CAM 
equipment throughout the manufacturing industry in the United States has been 
much slower. But there seems little doubt that CAD/CAM methods will be im­
plemented quite rapidly by American industry during the 1980s in an effort to 
match the great strides in industrial productivity achieved by foreign competitors. 
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422 THE TOOLS 

FIGURE 7.6. Industrial robots are playing an increasingly important role in heavy manufacturing and 
production, such as these robots used on an automobile assembly line. (Courtesy Unimation. 
Inc ., from Unimation Robotics) 

SUMMARY 

Computer-aided manufacturing or CA M has progressed from the early 
use of numerical controlled machines to the hierarchical systems of today 
in which mainframe computers manage a large number of dedicated mi­
crocomputers that control individual machine tools. CAM systems ha,·e 
been integrated together with computer-aided design or CAD systems to 
achieve an integrated computer system capable of overseeing all major 
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engineering activities .from initial product design to production and mar­
keting. 

Example The automobile industry has pioneered in the development and im­
plementation of CAD/CAM systems. General Motors began in 1959 to develop 
interactive computer design and the use of numerical control technology for 
sculptured body tooling. By the late 1960s they had merged interactive computer 
graphics with numerical control machining. Today's CAD/CAM systems include 
both large scale, time-sharing systems with hundreds of computer graphics termi­
nals , as well as stand-alone minicomputer systems that can operate independently 
or tie into the central base of the large system. 

FIGURE 7.7. CAD/CAM methods are finding increasing application in the aerospace and 
manufacturing industries. (Courtesy Lockheed California Company. 
Software Product: CADAM 1t-registered trademark of the Lockheed 
California Company) 
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A major application of CAD/CAM has been to the design and manufacturing

of large sheet metal body panels. A design begins with a full-size clay design

model of the automobile. Data from the clay model are recorded by a digital

scanner and transmitted to a central computer data base. Graphics consoles are

used by product designers to recall the data as points and lines, review it for

completeness and accuracy, and then represent it as three-dimensional surfaces

using computer graphics. The product engineer can add reinforcements, holes,

flanges, inner panels, and structural parts directly from the graphics console. The

CAD/CAM system produces the instructions for a numerical controlled mill to cut

a wood die model. Tool and die groups responsible for building stamping tools

then use the wood model as the template for building manufacturing tools.

CAD/CAM also plays an important role in evaluating the structural charac-

teristics of a design. Computer models can be developed to describe the perform-

ance of automobile components in various environments (i.e., computer-

simulated roads). Computer simulation is used to study passenger visibility or

luggage space capacity.

Tooling engineers can use CAD/CAM systems to design welding fixtures and

the optimum orientation of welding guns. The computer then automatically puts

the weld guns in the proper position. Process engineers use computer monitoring

to check part tolerances as they progress through the various machining opera-

tions. Die processing engineers use CAD/CAM to determine the die operations

required to transform a sheet metal blank into the desired final part shape. Com-

puters are also used to collect data in test laboratories and analyze these data,

reducing it to a form suitable for evaluation.

The impact of CAD/CAM on engineering design has been profound. It has

eliminated much of the trial and error in the design process, allowing the testing of

computer-based models before prototype construction. CAD/CAM has been ex-

tended into tool design and manufacturing. The entire body tooling cycle from

design concept to production die can be controlled by computer.

Perhaps the most rapid growth of CAD/CAM systems is in manufacturing and

assembly. Computer-controlled sensing devices can control production, monitor

tolerances, and maintain quality control. Robots are being used for more and more

tasks, including inspection and testing, painting, welding, material handling, and

assembly and fabrication. Through the use of CAD/CAM methods, the utilization

of equipment and material in manufacturing can be optimized.

Exercises

Computer-Aided Manufacturing

1. Why do many numerically controlled machine shops continue to

make use of paper tape for NC units rather than magnetic tape or

disk?
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A major application of CAD/CAM has been .to the design and manufacturing 
of large sheet metal body panels. A design begins with a full-size clay design 
model of the automobile. Data from the clay model are recorded by a digital 
scanner and transmitted to a central computer data base. Graphics consoles are 
used by product designers to recall the data as points and lines, review it for 
completeness and accuracy, and then represent it as three-dimensional surfaces 
using computer graphics. The product engineer can add reinforcements, holes. 
flanges, inner panels, and structural parts directly from the graphics console. The 
CAD/CAM system produces the instructions for a numerical controlled mill to cut 
a wood die model. Tool and die groups responsible for building stamping tools 
then use the wood model as the template for building manufacturing tools . 

CAD/CAM also plays an important role in evaluating the structural charac­
teristics of a design. Computer models can be developed to describe the perform­
ance of automobile components in various environments (i.e., computer­
simulated roads). Computer simulation is used to study passenger visibility or 
luggage space capacity. 

Tooling engineers can use CAD/CAM systems to design welding fixtures and 
the optimum orientation of welding guns. The computer then automatically puts 
the weld guns in the proper position. Process engineers use computer monitoring 
to check part tolerances as they progress through the various machining opera­
tions. Die processing engineers use CAD/CAM to determine the die operations 
required to transform a sheet metal blank into the desired final part shape. Com­
puters are also used to collect data in test laboratories and analyze these data. 
reducing it to a form suitable for evaluation. 

The impact of CAD/CAM on engineering design has been profound. It has 
eliminated much of the trial and error in the design process, allowing the testing of 
computer-based models before prototype construction. CAD/CAM has been ex­
tended into tool design and manufacturing. The entire body tooling cycle from 
design concept to production die can be controlled by computer. 

Perhaps the most rapid growth of CAD/CAM systems is in manufacturing and 
assembly. Computer-controlled sensing devices can control production, monitor 
tolerances, and maintain quality control. Robots are being used for more and more 
tasks, including inspection and testing, painting, welding, material handling. and 
assembly and fabrication. Through the use of CAD/CAM methods, the utilization 
of equipment and material in manufacturing can be optimized. 

Exercises 

Computer-Aided Manufacturing 

I. Why do many numerically controlled machine shops continue to 
make use of paper tape for NC units rather than magnetic tape or 
disk? 
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2. Write a short paper comparing the extent to which CAM and robotics

are used in Japanese industry to that in the United States. To what

degree would you attribute the marked increase in Japanese prod-

uctivity in recent years (at a time when United States productivity

remained relatively constant or even fell off) to this use of CAM

systems?

3. List three applications where CAM could be used effectively.

7.3. COMPUTER GRAPHICS

A major factor in the growth of computer-aided design systems has been the rapid

evolution of interactive computer graphics. During the early 1960s software was

developed that allowed a computer to display results in graphical form using pen

or electrostatic plotters or printers and cathode-ray-tube (CRT) displays. These

first applications were rather primitive, and the most common use of computer

graphics was in data plotting. In most cases, the time required to plot these

graphics by computer and display hardware prevented a truly interactive mode of

operation.

However, as computer speeds increased, it soon became possible for the user

to sit before a terminal equipped with a video monitor and display immediately the

graphical plots of computed results. Software was developed that would allow the

computer to draw two-dimensional objects. Some limited capability was achieved

for displaying three-dimensional objects in "wire-line" drawing form, that is, as

points and lines (rather than solid shapes).

The interaction between the user and the computer was improved with the

introduction of light pen and graphics tablet input. These devices allowed the user

to input data to the computer system using a light pen to sense a position on a CRT

screen or by tracing an electric stylus along an electro-sensitive tablet. This input

was then digitized and processed by the computer. In this way the user could

actually sketch drawings directly on the display and then use the computer to

modify or store these drawings.

Many systems also take advantage of the capability of computers to store a

large library of standardized designs or design elements. A preliminary design can

be entered by the engineer using light pen of graphics tablet and then compared

with a reference standard design. Modifications can then be made based on a

comparison of the preliminary design with the stored standards.

Today interactive computer graphics has come to represent a mode of in-

teraction between user and computer through the visual medium of a CRT display

screen (Figure 7.8). The user can employ a variety of input devices such as light

pen, graphics tablet, or keyboard to produce graphics displays on the terminal

screen. Software routines can then act as an analytic assistant. For example, as

each element of a sketch is entered into the computer, it can be analyzed by

applying precoded rules and constraintsâ€”for example, all lines shall be either
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2. Write a short paper comparing the extent to which CAM and robotics 
are used in Japanese industry to that in the United States. To what 
degree would you attribute the marked increase in Japanese prod­
uctivity in recent years (at a time when United States productivity 
remained relatively constant or even fell oft) to this use of CAM 
systems? 

3. List three applications where CAM could be used effectively. 

7 .3. COMPUTER GRAPHICS 

A major factor in the growth of computer-aided design systems has been the rapid 
evolution of interactive computer graphics. During the early 1960s software was 
developed that allowed a computer to display results in graphical form using pen 
or electrostatic plotters or printers and cathode-ray-tube (CRT) displays. These 
first applications were rather primitive, and the most common use of computer 
graphics was in data plotting. In most cases, the time required to plot these 
graphics by computer and display hardware prevented a truly interactive mode of 
operation. 

However, as computer speeds increased, it soon became possible for the user 
to sit before a terminal equipped with a video monitor and display immediately the 
graphical plots of computed results. Software was developed that would allow the 
computer to draw two-dimensional objects. Some limited capability was achieved 
for displaying three-dimensional objects in "wire-line" drawing form, that is, as 
points and lines (rather than solid shapes). 

The interaction between the user and the computer was improved with the 
introduction of light pen and graphics tablet input. These devices allowed the user 
to input data to the computer system using a light pen to sense a position on a CRT 
screen or by tracing an electric stylus along an electro-sensitive tablet. This input 
was then digitized and processed by the computer. In this way the user could 
actually sketch drawings directly on the display and then use the computer to 
modify or store these drawings. 

Many systems also take advantage of the capability of computers to store a 
large library of standardized designs or design elements. A preliminary design can 
be entered by the engineer using light pen of graphics tablet and then compared 
with a reference standard design. Modifications can then be made based on a 
comparison of the preliminary design with the stored standards. 

Today interactive computer graphics has come to represent a mode of in­
teraction between user and computer through the visual medium of a CRT display 
screen (Figure 7.8). The user can employ a variety of input devices such as light 
pen, graphics tablet, or keyboard to produce graphics displays on the terminal 
screen. Software routines can then act as an analytic assistant. For example, as 
each element of a sketch is entered into the computer, it can be analyzed by 
applying precoded rules and constraints-for example, all lines shall be either 
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426 THE TOOLS 

FIGURE 7.8. A modern computer graphics system. (Courtesy Texas Instruments. Inc.) 

exactly vertical or horizontal or rough circles shall be made into perfect circles. In 
this manner the computer can assist in converting a rough freehand sketch into an 
accurate diagram. In a sense. the graphics software allows the computer to .. un­
derstand .. the sketch, to perform an analysis of it, and to display the result s. T he 
detailed dimensions of the sketch can be expanded or rotated. The computer can 
display alternative views of the object. Or, if the object consists of several parts. 
the computer can be used to ··explode .. the drawing and focus on a given compo­
nent. 

The primary emphasis of computer graphics in recent years has been on 
developing the ability to handle three-dimensional graphics. Ideally one would li ke 
to store certain primitive shapes in computer memory, for example, spheres, 
rectangular blocks, cones , or donut-shaped toroids. The user could then assemble 
these primitive shapes together by manipulating them on the graphics terminal 
display screen. Once the appropriate shape has been obtained, the computer can 
then be asked to provide a geometrical analysis, including quantities such as 
dimensions, volumes, and weights. 

Example Complex three-dimensional shapes can be generated using computer 
graphics to deform or modify simple shapes such as cubes , cylinders, and spheres. 
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COMPUTER-AIDED ENGINEERING: CAD/CAM

Examples of the deformation of a cube into various shapes are shown in Fig-

ure 7.9.

Interactive computer graphics allows the user to converse directly and im-

mediately with the computer at the most appropriate rate. The responsiveness of

the computer allows the engineer to test ideas, concepts, while they are still fresh.

Computer graphics facilitates working with the most natural language of design:

the language of pictures and images. Engineers can manipulate full three-

dimensional images, viewing their effort dynamically and from a perspective that

closely mirrors the actual physical situation. These capabilities for visualization

and animation are particularly important features of CAD systems.

SUMMARY

The development of CRT displays and time-sharing or microcomputer

hardware, coupled with software developments has led to powerful in-

teractive computer graphics systems. The engineer can work interactively

with the computer, sketching, analyzing, and modifying design concepts

through the use of visual images.

Example The design of a complex structure such as a power plant requires

hundreds of construction drawings and costly scale models. Computer graphics

promises to facilitate this design by displaying complex three-dimensional shapes.

In Figure 7.10 we show the primitive graphical buildup of a concrete shell for the

wall of a nuclear power plant containment structure. In the first diagram, all lines

are shown as the shell is "assembled" on the computer, using polyhedrons of

various sizes and shapes. A software program can then edit this diagram, search-

ing out interference problems between construction elements and removing hid-

den lines to achieve the section diagrams shown in Figure 7.10.

Example Computer graphics can also prove of importance in visualizing ar-

chitectural design. In Figure 7.11 we have shown a sequence of CRT display

images, detailing the design and analysis of an engineering laboratory for the

University of Michigan campus.
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Examples of the deformation of a cube into various shapes are shown in Fig­
ure 7.9. 

Interactive computer graphics allows the user to converse directly and im­
mediately with the computer at the most appropriate rate. The responsiveness of 
the computer allows the engineer to test ideas, concepts, while they are still fresh. 
Computer graphics facilitates working with the most natural language of design: 
the language of pictures and images. Engineers can manipulate full three­
dimensional images, viewing their effort dynamically and from a perspective that 
closely mirrors the actual physical situation. These capabilities for visualization 
and animation are particularly important features of CAD systems. 

SUMMARY 

The de1·e/opmmt l~( CRT displays and time-sharing or microcomputer 
hardware. coupled with sojiware del'elopments has led to powerful in­
teractil·e computer Rraphics systems. The engineer can work interactively 
with the computer, sketching, analyzing, and modifying design concepts 
through the use of l'isual images. 

Example The design of a complex structure such as a power plant requires 
hundre.ds of construction drawings and costly scale models. Computer graphics 
promises to facilitate this design by displaying complex three-dimensional shapes. 
In Figure 7 .I 0 we show the primitive graphical buildup of a concrete shell for the 
wall of a nuclear power plant containment structure. In the first diagram, all lines 
are shown as the shell is "assembled" on the computer, using polyhedrons of 
various sizes and shapes. A software program can then edit this diagram, search­
ing out interference problems between construction elements and removing hid­
den lines to achieve the section diagrams shown in Figure 7.10. 

Example Computer graphics can also prove of importance in visualizing ar­
chitectural design. In Figure 7.11 we have shown a sequence of CRT display 
images, detailing the design and analysis of an engineering laboratory for the 
University of Michigan campus. 
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SAMPLE MODIFICATIONS FIGURE 7.9. An example of how elementary shapes

q |g ^ CUBE can be mo<^ie<* us'ng computer graphics software. (Cour-

tesy University of Michigan College of Engineering)

B

OR CREATING

TWO VERTICES

ON A FACE TO

CREATE A

NEW EDGE

AND . . .

"Split" Face "Push" Right Half

of Split Face Down

c

OR CREATING

A SUBFACE

AND . . .

"Pulling" It Out from the Cube "Pushing" It into the Cube
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SAMPLE MODIFICATIONS 
ON A CUBE 

FIGURE 7 .9. An example of how elementary shapes 
can be modified using computer graphics software. (Cour­
tesy University of Michigan College of Engineering) 

B 
OR CREATING 
TWO VERTICES 
ON A FACE TO 
CREATE A 
NEW EDGE 
AND ... 

c 
OR CREATING 
A SUBFACE 
AND ... 
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A 
SHAPES CAN BE CHANGED BY . .. . 

··scaling .. a Face 

Translate Top 
Face .. Up" and Left 

.. Constrained .. Translation 
of a Face 

Translate Right Front 
Edge to the Left 

.. Unconstrained .. Translation 
of a Face 

Translate Front 
Edge into Curve 

··Pushing .. It through the Cube .. Pushing .. It through an Edge " Pushing .. It through a Vertex 
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All Lines Shown Hidden Lines Removed

FIGURE 7.10. Computer graphics can be used to analyze complex shapes such as this nuclear power plant

containment wall. (Courtesy University of Michigan College of Engineering)
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430 THE TOOLS 

NORTHWEST QUADRANT 
OF CONCRETE SHELL 
FOR NUCLEAR POWER PLANT 

All Lines Shown 

\ 

EXTRACTED 
SECTION 

SECTION 
EXTRACTED 

FIGURE 7.10. Computer graphics can be used to analyze complex shapes such as this nuclear power plant 
containment wall. (Courtesy University of Michigan College of Engineering) 
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COMPUTER-AIDED ENGINEERING: CAD/CAM

Exercises

Exercises marked with an asterisk (*) require some degree of programming

knowledge.

Computer Graphics

Write a computer graphics program that will draw one of the follow-

ing shapes:

(a) A square

(b) A triangle

(c) A five-pointed star

(d) A series of concentric squares of progressively larger (or

smaller) size

Write a program that will draw a square, then rotate it by a specified

number of degrees (entered as input) and redraw it. Continue in this

fashion until instructed to stop.

Write a graphics program that will permit a user to define and edit

(modify) arbitrary polygon shapes. Desirable commands for the pro-

gram are:

(a) ERASE: Initialize the screen by erasing it.

(b) SHAPE: Ask the user to input coordinates for each vertex,

defaulting to an equilateral polygon centered in the screen.

(c) COLOR: Color of polygon lines.

(d) SHAPE: Shade in the form of a polygon.

(e) MODIFY: Add or delete vertices (and hence sides) of

polygon.

Write a program that will graph any function over some specified

interval.

* 5. Use the random number generator (e.g., RND in BASIC) to create a

"kaleidoscope" of ever-changing color patterns.

* 6. Write an "etch a sketch" program in which user-controlled ADC

input (analog-to-digital converters, or in more common terms,

"game paddles") are used to move a tracing point about the screen

to draw pictures.

7. Define the following computer graphics terms:

Pixel Window

Display buffer Scroll

Refresh graphics TURTLEGRAPHICS

8. Explain how a three-dimensional computer graphics display might

be used to represent a four-dimensional object.

* 9. Write a "bouncing ball" program in which animated graphics is used

to display a moving object, for example, a handball game in which

the ADC input signal (game paddle) is used to control a paddle that

will bounce a ball off a wall (a la ping-pong).
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COMPUTER-AIDED ENGINEERING: CAD/CAM 431 

Exercises 

Exercises marked with an asterisk (*) require some degree of programming 
knowledge. 

Computer Graphics 

* I. Write a computer graphics program that will draw one of the follow-
ing shapes: 

(a) A square 
(b) A triangle 
(c) A five-pointed star 
(d) A series of concentric squares of progressively larger (or 

smaller) size 

* 2. Write a program that will draw a square, then rotate it by a specified 
number of degrees (entered as input) and redraw it. Continue in this 
fashion until instructed to stop. 

* 3. Write a graphics program that will permit a user to define and edit 
(modify) arbitrary polygon shapes. Desirable commands for the pro­
gram are: 

(a) ERASE: Initialize the screen by erasing it. 
(b) SHAPE: Ask the user to input coordinates for each vertex, 

defaulting to an equilateral polygon centered in the screen. 
(c) COLOR: Color of polygon lines. 
(d) SHAPE: Shade in the form of a polygon. 
(e) MODIFY: Add or delete vertices (and hence sides) of 

polygon. 

* 4. Write a program that will graph any function over some specified 
interval. 

* 5. Use the random number generator (e.g., RND in BASIC) to create a 
"kaleidoscope" of ever-changing color patterns. 

* 6. Write an "etch a sketch" program in which user-controlled ADC 
input (analog-to-digital converters, or in more common terms, 
"game paddles") are used to move a tracing point about the screen 
to draw pictures. 

7. Define the following computer graphics terms: 
Pixel Window 
Display buffer Scroll 
Refresh graphics TURTLEGRAPHICS 

8. Explain how a three-dimensional computer graphics display might 
be used to represent a four-dimensional object. 

* 9. Write a "bouncing ball" program in which animated graphics is used 
to display a moving object, for example, a handball game in which 
the ADC input signal (game paddle) is used to control a paddle that 
will bounce a ball off a wall (a Ia ping-pong). 
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1 

2 

Modified parameters for the 
facade details 

Parameters satisfactory for facade 

Modify placement 

Googlc 

I 

II 

1' 

3 

4 

Reference map drawn 

Indicate position or manipulate 
map to show area of Interest 

Reference map satisfactory 

Indicate location of building 
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5 End of a sequence of steps 

Building modification finished 

Program remains open lor later modification 

Direction and viewpoint Indicated lor 
generation of perspective view with 
hidden lines removed 

6 Perspective view 

D b Google 

FIGURE 7 .II. Computer graphics are particularly 
useful in visualizing new designs. (Courtesy Uni­
versity of Michigan College of Engineering) 
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434 THE TOOLS 

10. The use of computer graphics has had a major impact on the design 
of operator consoles or control panels. Briefly describe the type of 
graphics display that might prove useful in the following situations: 

(a) Process flow control in a chemical factory 
(b) Pilot instrument panel on the space shuttle 
(c) Nuclear power plant control panel 
(d) Instrument panel for an automobile 

11. Explain how computer graphics has been used to produce the special 
effects in popular science fiction movies (e.g., Star Wars, Alien, The 
Black Hole, or Startrek). 

7.4 FINITE ELEMENT METHODS 

An important aspect of engineering analysis involves taking a complex system, 
say the wing of an airplane or the piping system for a chemical processing plant, 
and introducing approximation after approximation until the engineer eventually 
arrives at a model sufficiently simple for mathematical analysis. This activity 
sometimes gets carried to an extreme in undergraduate engineering courses. In 
strength of materials courses, complex beams or machine parts are represented as 
slender, uniform columns under simple loads. In fluid mechanics courses, the 
fluids are assumed to flow in uniform pipes or channels . Heat transfer courses 
usually consider thermal conduction in slabs of infinite width and uniform com­
position . Electrical circuits are assumed to consist of lumped circuit elements 
connected by perfectly conducting wires . In course after course, the under­
graduate engineer is equipped with an arsenal of analytical tools to handle such 
simplified, idealized problems. 

Hence the new engineering graduate sometimes has a rude awakening when 
first confronting the complex systems that must be analyzed in engineering prac­
tice. Imagine the complexity of performing a stress analysis of an automobile 

FIGURE 7.12. Simple models such as those used to describe forces on a beam, fluid flow. heat conduc tion . 
and electrical circuits are familiar tools in undergraduate engineering courses. 

T 
+ 
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engine or determining the dynamic response of a skyscraper to an earthquake. Of 
course the initial response is usually to flee for the nearest computer terminal. 
That is, the engineer is first tempted to write down all of the mathematical equa­
tions that describe a complex system and then attempt to solve these equations on 
a computer. 

This task is easier said than done. It takes a considerable amount of effort to 
cast the relevant equations into a form appropriate for computer solution. If the 
equations contain derivatives (as they usually do in engineering applications), the 
engineer must somehow " discretize•· the equations by replacing the derivatives 
with approximate difference formulas. This particular approach is known as the 
finite difference method. It , and its host discipline , numerical analysis, have pro­
vided the basis for the use of computers in engineering analysis for many years . 
However even finite difference methods are frequently overwhelmed by the com­
plexity of many engineering problems, by the complicated geometrical shapes and 
the nonuniform composition of engineering systems. 

During the 1950s structural engineers developed a quite different approach 

FIGURE 7.13. Modern fini te element methods can be used to analyze co mplex systems 
such as aircraft. (Courtesy Lockheed California Company) 
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436 THE TOOLS

known as the finite element method. This approach returns to the simple,

idealized models introduced in undergraduate engineering courses. The general

method proceeds by noting that while the total system may be very complex, on a

fine enough scale, small parts of the system may behave very similarly to idealized

models. For example, although the stresses on an automobile are very complex, if

we decompose the automobile body into small panels, so-called "finite ele-

ments," we can characterize the forces on these panels using simple models. The

trick then is to use the computer to reconstruct the analysis of a complex system

from idealized models of its component parts, its finite elements.

Finite element methods are ideally suited to computer implementation. Virtu-

ally any complex system can be broken into tiny elements. Then each of the

elements can be analyzed and reassembled back into the original system. Al-

though finite element methods were first developed and implemented in the area

of structural mechanics, their application has since spread to problems in heat

transfer, fluid flow, electromagnetism, and many other areas of engineering

analysis. You can always spot a finite element analysis by its characteristic art

form in which a complex geometrical shape is represented by a grid of small

elements (Figure 7.14).

Although finite element methods were first developed as an ad hoc approach

to breaking down the complexity of problems in structural mechanics, mathemati-

cians have now provided a powerful mathematical framework justifying why the

method works and how it can be modified and improved. Applications of finite

element methods have become so widespread that there are several general pur-

pose computer programs in use in engineering with the capability to analyze

problems in structural, mechanical, electrical, or chemical engineering. In fact,

several finite element computer programs have been integrated into CAD/CAM

systems to provide the analysis of engineering design in an interactive mode.

Example The most popular finite element program for general interactive use

(CAD/CAM) is the NASTRAN code. This program, currently used by govern-

ment, industry, and several universities, was developed under the sponsorship of

NASA at a cost of several million dollars. NASTRAN can solve engineering

problems in the areas of acoustics, electromagnetism, static and dynamic struc-

tural analysis, heat transfer, aerodynamics, hydroelasticity, and other fields of

engineering analysis. It is capable of being interfaced with complex computer

graphics and data processing codes so that it can be integrated into a total

CAD/CAM package.

More specialized computer programs have been developed for use in

CAD/CAM applications. For example, programs have been written to analyze the

dynamics of general mechanical systems under various constraints. These pro-

grams follow a philosophy similar to that of the finite element approach by break-

ing the system up into a number of nodes, and then solving the equations that

describe the dynamics and interactions of these nodes.
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known as the finite element method. This approach returns to the simple, 
idealized models introduced in undergraduate engineering courses. The general 
method proceeds by noting that while the total system may be very complex, on a 
fine enough scale, small parts of the system may behave very similarly to idealized 
models. For example, although the stresses on an automobile are very complex, if 
we decompose the automobile body into small panels, so-called "finite ele­
ments," we can characterize the forces on these panels using simple models. The 
trick then is to use the computer to reconstruct the analysis of a complex system 
from idealized models of its component parts, its finite elements. 

Finite element methods are ideally suited to computer implementation. Virtu­
ally any complex system can be broken into tiny elements. Then each of the 
elements can be analyzed and reassembled back into the original system. Al­
though finite element methods were first developed and implemented in the area 
of structural mechanics, their application has since spread to problems in heat 
transfer, fluid flow, electromagnetism, and many other areas of engineering 
analysis. You can always spot a finite element analysis by its characteristic art 
form in which a complex geometrical shape is represented by a grid of small 
elements (Figure 7.14). 

Although finite element methods were first developed as an ad hoc approach 
to breaking down the complexity of problems in structural mechanics. mathemati­
cians have now provided a powerful mathematical framework justifying why the 
method works and how it can be modified and improved. Applications of finite 
element methods have become so widespread that there are several general pur­
pose computer programs in use in engineering with the capability to analyze 
problems in structural, mechanical, electrical, or chemical engineering. In fact. 
several finite element computer programs have been integrated into CAD/CAM 
systems to provide the analysis of engineering design in an interactive mode. 

Example The most popular finite element program for general interactive use 
(CAD/CAM) is the NASTRAN code. This program, currently used by govern­
ment. industry. and several universities, was developed under the sponsorship of 
NASA at a cost of several million dollars. NASTRAN can solve engineering 
problems in the areas of acoustics, electromagnetism, static and dynamic struc­
tural analysis, heat transfer, aerodynamics. hydroelasticity, and other fields of 
engineering analysis. It is capable of being interfaced with complex computer 
graphics and data processing codes so that it can be integrated into a total 
CAD/CAM package. 

More specialized computer programs have been developed for use in 
CAD/CAM applications. For example, programs have been written to analyze the 
dynamics of general mechanical systems under various constraints. These pro­
grams follow a philosophy similar to that of the finite element approach by break­
ing the system up into a number of nodes, and then solving the equations that 
describe the dynamics and interactions of these nodes. 
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FIGURE 7.14. One can always identify the characteristic artwork of a finite element

analysis. (Courtesy Structural Dynamics Research Corporation)

Example As an illustration of how the dynamics of a complex mechanical sys-

tem might be analyzed, Figure 7.15 represents and analyzes a car suspension

assembly placed on a road simulation device.

SUMMARY

To analyze the complex systems encountered in practice, engineers have

turned to a powerful tool known as the finite element method. This

scheme breaks up the system into many small components or elements,

each of which can be adequately described by simple models. A computer

is then used to reconstruct the analysis of the original system according to

the interaction of its component parts. Finite element programs are fre-

quently included as part of a CAD /CAM system to perform structural and

thermal analysis or the analysis of fluid or electromagnetic phenomena.
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FIGURE 7 .14. One can always identify the characteristic artwork of a finite element 
analysis. (Courtesy Structural Dynamics Research Corporation) 

Example As an illustration of how the dynamics of a complex mechanical sys­
tem might be analyzed, Figure 7.15 represents and analyzes a car suspension 
assembly placed on a road simulation device. 

SUMMARY 

To analy:.e the complex systems encountered in practice, engineers have 
turned to a powerji1l tool known as the finite element method. This 
scheme breaks up the system into many small components or element.'!, 
each of which can he adequately described by simple models. A computer 
is then used to reconstruct the analysis of the original system according to 
the interaction of its component parts. Finite element programs are fre­
quently included as part ofa CAD/CAM system to perj(um structural and 
thermal analysis or the analysis of fluid or electromagnetic phenomena. 
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Components of the front suspension the front suspension

FIGURE 7.15. Software packages can be developed to model the complex dynamics of systems such as an

automobile suspension system. (Courtesy M. Chace. University of Michigan College of

Engineering)

7.5 FUTURE DEVELOPMENTS

The past decade has seen a rapid growth in the capability and application of

CAD/CAM systems. What was once simply a drafting tool based on computer

graphics has now become an important tool in engineering design and analysis.

CAD/CAM methods are also being extended into manufacturing and production.

There is little doubt that they will play an increasingly important role in all phases

of engineering practice. With the rapid strides made in computer hardware de-

velopment, including the explosive growth in microelectronics, and with new

software developments such as simpler programming languages and the use of

artificial intelligence concepts to improve engineer-computer interaction, the po-

tential of CAD/CAM as a tool in engineering is almost limitless.

Yet there is some reason for concern. Our past experience with the use of

computers as a tool in engineering analysis suggests that there is a danger that the

computer will begin to dictate features of the design. That is, the particular com-

puter system hardware or software will structure or constrain the engineer to think

along certain lines more compatible with system capabilities. It is important that

computer-assisted engineering systems be developed in a manner that imposes the

least constraint on the engineer and in a way that allows maximum creativity and

imagination.

A second concern arises from the increasing sophistication of these systems.

As the methods of computer graphics and engineering analysis become more

sophisticated and complex, they also become further removed from the knowl-
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FIGURE 7 .IS. Software packages can be developed to model the complex dynamics of systems such as an 
automobile suspension system. (Courtesy M. Chace. University of Michigan College of 
Engineering) 

7.5 FUTURE DEVELOPMENTS 

The past decade has seen a rapid growth in the capability and application of 
CAD/CAM systems. What was once simply a drafting tool based on computer 
graphics has now become an important tool in engineering design and analysis. 
CAD/CAM methods are also being extended into manufacturing and production. 
There is little doubt that they will play an increasingly important role in all phases 
of engineering practice. With the rapid strides made in computer hardware de­
velopment, including the explosive growth in microelectronics, and with new 
software developments such as simpler programming languages and the use of 
artificial intelligence concepts to improve engineer-computer interaction, the po­
tential of CAD/CAM as a tool in engineering is almost limitless. 

Yet there is some reason for concern. Our past experience with the use of 
computers as a tool in engineering analysis suggests that there is a danger that the 
computer will begin to dictate features of the design. That is, the particular com­
puter system hardware or software will structure or constrain the engineer to think 
along certain lines more compatible with system capabilities. It is important that 
computer-assisted engineering systems be developed in a manner that imposes the 
least constraint on the engineer and in a way that allows maximum creativity and 
imagination. 

A second concern arises from the increasing sophistication of these systems. 
As the methods of computer graphics and engineering analysis become more 
sophisticated and complex, they also become further removed from the knowl-
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edge and experience of the engineer who will use them. Indeed, there is already an

alarming tendency for both engineering students and practicing engineers to ap-

proach CAD/CAM systems as black boxes, with insufficient knowledge of the

limitations of the analytical methods or assumptions built into the software on

which they rely. As with any computer application, a healthy skepticism should

always be nurtured by the user.

Of course, computer-aided engineering also offers a new tool of remarkable

power to the engineer. It provides instant access to vast data bases. It can use

unique methods of computer graphics to aid in visualizing and representing com-

plex problems. It allows the engineer to explore different approaches both rapidly

and inexpensively. The computer can be used to simulate various aspects of the

performance of a design. The interactive nature of computer-aided engineering

allows the engineer to correct and modify the design and finally to prepare it in a

form most suitable for communication and implementation. Computer-aided en-

gineering has provided engineers with a powerful level to increase their analytical

capabilities and their creativity.

Computer-aided engineering may have an even more dramatic impact on the

engineering profession. For the past several decades there has been a definite

trend toward specialization in engineering. In the manufacturing industry, for

example, one rarely encounters simple classifications such as mechanical en-

gineers, electrical engineers, or civil engineers. Rather, we find design engineers,

analysis engineers, stress engineers, tool design engineers, process engineers,

manufacturing engineers, and product engineers. Interacting with these engi-

neers are drafting and crafts specialists, machine tool operators, and so forth.

However the introduction of CAD/CAM, or in its more general sense,

computer-aided engineering, has reversed this trend. These systems have allowed

a single engineer to perform the work of draftsman, design engineer, analysis

engineer, and manufacturing engineer. In fact, the divisions of responsibility asso-

ciated with these separate titles are rapidly blurring, as computer-aided engineer-

ing systems continue to extend the capability of the engineer.

The age of the engineer as a specialist may have reached its zenith and

may now be starting to recede. If so, the development and implementation of

computer-aided engineering may once again reestablish the importance of the

engineer as a generalise In so doing, ironically enough, the computer will lead to a

reemphasis of the importance of a broad and liberal education for students intend-

ing to enter the profession of engineering.

SUMMARY

CAD/CAM methods will play an increasingly important role in all phases

of engineering design and analysis with the rapid evolution of computer

hardware and software. CAD/CAM systems must be developed to impose
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edge and experience ofthe engineer who will use them. Indeed, there is already an 
alarming tendency for both engineering students and practicing engineers to ap­
proach CAD/CAM systems as black boxes, with insufficient knowledge of the 
limitations of the analytical methods or assumptions built into the software on 
which they rely. As with any computer application, a healthy skepticism should 
always be nurtured by the user. 

Of course, computer-aided engineering also offers a new tool of remarkable 
power to the engineer. It provides instant access to vast data bases. It can use 
unique methods of computer graphics to aid in visualizing and representing com­
plex problems. It allows the engineer to explore different approaches both rapidly 
and inexpensively. The computer can be used to simulate various aspects of the 
performance of a design. The interactive nature of computer-aided engineering 
allows the engineer to correct and modify the design and finally to prepare it in a 
form most suitable for communication and implementation. Computer-aided en­
gineering has provided engineers with a powerful level to increase their analytical 
capabilities and their creativity. 

Computer-aided engineering may have an even more dramatic impact on the 
engineering profession. For the past several decades there has been a definite 
trend toward specialization in engineering. In the manufacturing industry, for 
example, one rarely encounters simple classifications such as mechanical en­
gineers, electrical engineers, or civu engineers. Rather, we find design engineers, 
analysis engineers. stress engineers, tool design engineers, process engineers, 
manufacturing engineers, and product engineers. Interacting with these engi­
neers are drafting and crafts specialists, machine tool operators, and so forth. 

However the introduction of CAD/CAM, or in its more general sense, 
computer-aided engineering, has reversed this trend. These systems have allowed 
a single engineer to perform the work of draftsman, design engineer, analysis 
engineer, and manufacturing engineer. In fact, the divisions of responsibility asso­
ciated with these separate titles are rapidly blurring, as computer-aided engineer­
ing systems continue to extend the capability of the engineer. 

The age of the engineer as a specialist may have reached its zenith and 
may now be starting to recede. If so, the development and implementation of 
computer-aided engineering may once again reestablish the importance of the 
engineer as a generalist. In so doing, ironically enough, the computer will lead to a 
reemphasis of the importance of a broad and liberal education for students intend­
ing to enter the profession of engineering. 

SUMMARY 

CAD/CAM methods will play an increasingly important role in all phases 
of engineering design and analysis with the rapid evolution of computer 
hardware and software. CAD/CAM systems must be developed to impose 
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minimum constraints on the creativity of the engineer. Furthermore, it is

important that the engineer avoid the tendency to approach CAD/CAM

as a black box and, instead, attempt to understand the methods used in

these systems. Computer-aided engineering not only provides engineers

with a powerful tool to increase their capability, but it also reintegrates

the various functions of the engineer, including design, analysis, and

production. As computer-aided engineering extends the capability of the

engineer, it may reestablish the importance of the engineer as a

generalist.

Exercises

Future Developments

1. How might you expect artificial intelligence concepts to impact upon

the design of CAD/CAM systems?

2. How would you redesign your college program to stress a general

engineering education rather than a specialist major? What would be

the advantages and disadvantages of doing so?
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minimum constraints on the creativity of the engineer. Furthermore, it is 
important that the engineer avoid the tendency to approach CAD/CAM 
as a black box and, instead, attempt to understand the methods used in 
these systems. Computer-aided engineering not only provides engineers 
with a powerful tool to increase their capability, but it also reintegrates 
the mrious functions of the engineer, including design, analysis, and 
production. As computer-aided engineering extends the capability of the 
engineer, it may reestablish the importance of the engineer as a 
generalist. 

Exercises 

Future Developments 

1. How might you expect artificial intelligence concepts to impact upon 
the design of CAD/CAM systems? 

2. How would you redesign your college program to stress a general 
engineering education rather than a specialist major? What would be 
the advantages and disadvantages of doing so? 
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PART IV

THE CONSTRAINTS

We have identified engineering as a profession of problem solving, concerned with

the application of science and technology to the needs of society. But the activities

of the engineer cannot be restricted to technical considerations alone. The prob-

lems of society are too complex, too interwoven with social, economic, and politi-

cal issues to yield merely to the tools of science and mathematics. Engineers

should master more than just technical subjects such as physics, chemistry,

mechanics, or thermodynamics. They should develop a broader perspective that

will allow them to anticipate and analyze the impact of their activities on society.

In so doing, they should recognize that their profession will always be subject to

the constraints arising from the interaction of engineering with society and its

institutions.

Many of these constraints on engineering practice involve economic matters.

Engineering activities are frequently dominated by considerations of cost and

potential return. In fact, a concern for economic factors might well be identified as

one of the characteristics that sets engineering apart from the pure sciences. All

engineers, whether involved in research and development, design and production,

or management and sales, require some background in the fundamental principles

of economics.

As engineers advance in their profession, they may find that human relations

take on greater importance in their activities. Engineers are frequently called upon

to assume executive roles in management. Furthermore, they should be prepared

to interact with other professionals such as accountants, lawyers, business execu-

tives, and government administrators. These interactions will usually place con-

straints on engineering practice.

Engineering affects not only the individual member of society. It also inter-

acts with and affects social organizations and institutions such as government and

commerce. As these interactions with societal institutions have increased, new

constraints have been placed on engineering practice such as government regula-

tion, environmental impact and public safety legislation, and technology assess-

ment.

In this final part of the text we shall examine the nontechnical constraints that

affect the activities of the engineer. We first consider engineering economics.

Then we discuss the constraints arising from the interaction of engineering with

society, with people and their institutions.
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PART IV 
THE CONSTRAINTS 

We have identified engineering as a profession of problem solving, concerned with 
the application of science and technology to the needs of society. But the activities 
of the engineer cannot be restricted to technical considerations alone. The prob­
lems of society are too complex, too interwoven with social, economic, and politi­
cal issues to yield merely to the tools of science and mathematics. Engineers 
should master more than just technical subjects such as physics, chemistry, 
mechanics, or thermodynamics. They should develop a broader perspective that 
will allow them to anticipate and analyze the impact of their activities on society. 
In so doing, they should recognize that their profession will always be subject to 
the constraints arising from the interaction of engineering with society and its 
institutions. 

Many of these constraints on engineering practice involve economic matters. 
Engineering activities are frequently dominated by considerations of cost and 
potential return. In fact, a concern for economic factors might well be identified as 
one of the characteristics that sets engineering apart from the pure sciences. All 
engineers, whether involved in research and development, design and production, 
or management and sales, require some background in the fundamental principles 
of economics. 

As engineers advance in their profession, they may find that human relations 
take on greater importance in their activities. Engineers are frequently called upon 
to assume executive roles in management. Furthermore, they should be prepared 
to interact with other professionals such as accountants, lawyers, business execu­
tives, and government administrators. These interactions will usually place con­
straints on engineering practice. 

Engineering affects not only the individual member of society. It also inter­
acts with and affects social organizations and institutions such as government and 
commerce. As these interactions with societal institutions have increased, new 
constraints have been placed on engineering practice such as government regula­
tion, environmental impact and public safety legislation, and technology assess­
ment. 

In this final part of the text we shall examine the nontechnical constraints that 
affect the activities of the engineer. We first consider engineering economics. 
Then we discuss the constraints arising from the interaction of engineering with 
society, with people and their institutions. 
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CHAPTER 8

Engineering Economics

The practice of engineering, in addition to employing the principles of science and

mathematics, often also requires the application of some basic concepts from the

field of economics. Engineers in management roles quickly learn that many of

their day-to-day decisions are dominated by considerations of cost and potential

return. The need for a background in economic principles is most obvious for

engineers employed in commerce and industry. But even engineers less directly

concerned with commercial enterprise must be aware of some fundamental prin-

ciples of economics if they are to make intelligent choices in planning research and

development, devising testing programs or carrying out many of the other varied

activities that arise in engineering practice.

A concern for economic considerations could be regarded as one of the fac-

tors that sets engineering apart from pure science. In the design of a product or the

choice of a particular process, considerations of cost are often placed on an equal

footing with principles from scientific fields such as thermodynamics or

mechanics. History has shown us many examples of ideas that were clever scien-

tific developments but failed to achieve practical applications because of eco-

nomic factors.

Example The dream of the alchemist was to change base metal into gold. With

the discovery of nuclear reactions, scientists of this century have provided one

method of carrying out this long sought-after transmutation. High-powered parti-

cle accelerators are used to hurl ions of carbon and neon at a foil target of bismuth,

a metal almost as heavy as lead. The incident ions knock off fragments of the

bismuth nuclei, leaving behind the lighter element gold.

But the alchemist's dream remains unfulfilled as a practical matter because of

economics. The cost of building and operating the massive accelerator needed to

produce the ion beam is far greater than the value of the small amount of gold that

can be produced. In fact, it costs roughly $10,000 in accelerator operating ex-

penses to produce approximately one million atoms of gold (worth less than one

billionth of one cent). Hence, while the nuclear transmutation process has been
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CHAPTER 8 

Engineering Economics 

The practice of engineering, in addition to employing the principles of science and 
mathematics, often also requires the application of some basic concepts from the 
field of economics. Engineers in management roles quickly learn that many of 
their day-to-day decisions are dominated by considerations of cost and potential 
return. The need for a background in economic principles is most obvious for 
engineers employed in commerce and industry. But even engineers less directly 
concerned with commercial enterprise must be aware of some fundamental prin­
ciples of economics if they are to make intelligent choices in planning research and 
development, devising testing programs or carrying out many of the other varied 
activities that arise in engineering practice. 

A concern for economic considerations could be regarded as one of the fac­
tors that sets engineering apart from pure science. In the design of a product or the 
choice of a particular process, considerations of cost are often placed on an equal 
footing with principles from scientific fields such as thermodynamics or 
mechanics. History has shown us many examples of ideas that were clever scien­
tific developments but failed to achieve practical applications because of eco­
nomic factors. 

Example The dream of the alchemist was to change base metal into gold. With 
the discovery of nuclear reactions. scientists of this century have provided one 
method of carrying out this long sought-after transmutation. High-powered parti­
cle accelerators are used to hurl ions of carbon and neon at a foil target of bismuth. 
a metal almost as heavy as lead. The incident ions knock off fragments of the 
bismuth nuclei, leaving behind the lighter element gold. 

But the alchemist's dream remains unfulfilled as a practical matter because of 
economics. The cost of building and operating the massive accelerator needed to 
produce the ion beam is far greater than the value of the small amount of gold that 
can be produced. In fact, it costs roughly $10,000 in accelerator operating ex­
penses to produce approximately one million atoms of gold (worth less than one 
billionth of one cent). Hence, while the nuclear transmutation process has been 
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446 THE CONSTRAINTS 

demonstrated scientifically, economic factors have prevented any real exploita­
tion. 

Some principles of economics amount to just plain common sense. If we have 
to choose between two suppliers of a raw material, with all other factors being 
equal, we shall choose the supplier that offers us the lowest price . If it will cost 
more to manufacture an item than we can reasonably expect to sell it for, there is 
no economic reason to continue its production. However, most economic de,ci­
sions are not so clear-cut because of complicating factors that must be carefully 
weighed and analyzed. Very often the responsibility for a preliminary economic 
analysis of a new project may be assigned to a managing engineer. The engineer 
may be required to balance various factors based on interest rates, costs , depre­
ciation , and so on in order to recommend a proper course of action. It is the 

FIGURE 8.1. The transmutation of bismuth into gold is limited by eco­
nomic considerations. <© 1980 by S. Harris. Reprinted 
with permission of Science 80) 

"Unfortunately this lab is funded 
only by as much gold as we can malce from bismuth." 
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purpose of this chapter to outline some of these basic ideas of economics and to

show how they often come into play in engineering decision making.

SUMMARY

The principles of economics underlie many decisions made in engineer-

ing. Before a scientific development can be exploited, it must be econom-

ically feasible. Managing engineers are often responsible for a prelimi-

nary economic analysis of proposed new projects.

8.1 RATE OF RETURN

One of the most important concepts of economics is that of the rate of return on an

investment. This is defined as

c . annual profit

rate of return = â€” â€”â€”

investment

In the private sector of our economy, prudent investments by individuals or

corporations are expected to result in a significant rate of return. As a baseline for

comparison, we know that simply investing funds in a savings account will yield a

rate of return determined by the interest rate paid by that bank. There is very little

risk in this investment; the rate of return is virtually guaranteed.

On the other hand, many investments by private industry in production

facilities or other corporate ventures involve a substantial degree of risk. The

product might not sell in the volume anticipated, the facilities might develop

unexpected maintenance problems, or some aspect of the cost analysis might be in

error. In order to compensate for this risk, most corporate investments are made

in expectation of a rate of return that is substantially larger than the interest rate

from a bank. This assumption of risk by private investment is a necessary element

in the current economic structure of the United States.

Example A factory produces 35,000 can openers per month that can be sold at a

net profit of $2.00 per unit. If the investment in the production facilities, labor, and

required inventory totals $4,000,000 find the rate of return on this investment.
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purpose of this chapter to outline some of these basic ideas of economics and to 
show how they often come into play in engineering decision making. 

SUMMARY 

The principles of economics underlie many decisions made in engineer­
ing. Before a scientific de1·elopment can be exploited, it must be econom­
ically feasible. Managing engineers are often responsible for a prelimi­
nary economic analysis of proposed new projects. 

8.1 RATE OF RETURN 

One of the most important concepts of economics is that of the rate of return on an 
investment. This is defined as 

rate of return = _a?_n_u_a_I.,Lp_ro_fi_It 
mvestment 

In the private sector of our economy, prudent investments by individuals or 
corporations are expected to result in a significant rate of return. As a baseline for 
comparison, we know that simply investing funds in a savings account will yield a 
rate of return determined by the interest rate paid by that bank. There is very little 
risk in this investment; the rate of return is virtually guaranteed. 

On the other hand, many investments by private industry in production 
facilities or other corporate ventures involve a substantial degree of risk. The 
product might not sell in the volume anticipated, the facilities might develop 
unexpected maintenance problems, or some aspect of the cost analysis might be in 
error. In order to compensate for this risk, most corporate investments are made 
in expectation of a rate of return that is substantially larger than the interest rate 
from a bank. This assumption of risk by private investment is a necessary element 
in the current economic structure of the United States. 

Example A factory produces 35,000 can openers per month that can be sold at a 
net profit of$2.00 per unit. If the investment in the production facilities, labor, and 
required inventory totals $4,000,000 find the rate of return on this investment. 
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448 THE CONSTRAINTS

Solution

The annual profit can be calculated as

annual = ($2/unit) (35,0oo units/month) (12 months/year)

pront

= $840,000

Therefore the rate of return is given by:

, , , $840,000

rate of return = = 21%

Complications can arise even in so simple a concept as rate of return. For

example, this rate is seldom a constant from year to year. It will usually vary,

depending on the circumstances. The rate of return may even be negative during

the early years of a project, when startup costs are high. A corporation may still

embark on such a venture, however, in the expectation that lower costs in future

years will result in an average rate of return that will be attractive. In making such

projections into the future, it is necessary to recognize that the value of a given

monetary investment depends on the time at which it is made.

SUMMARY

The rate of return is defined as the annual profit from an activity ex-

pressed as a percentage of the total investment. Investments are made in

expectation of a favorable rate of return. The element of risk is usually

present in private investment.

Exercises

Rate of Return

1. Assume that an investment of $150 million is required to construct an

off-shore oil drilling platform. If this facility is expected to produce

one million barrels of oil per year at a production cost of $10 per

barrel, find the rate of return on this investment using today's oil

prices.

2. Assume that 10% is a fair rate of return on an investment in housing.
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Solution 

The annual profit can be calculated as 

annfiual = ($2/unit) (35,000 units/month) ( 12 months/year) 
pro It 

= $840' 000 

Therefore the rate of return is given by: 

$840,000 
rate of return = $4,000,000 = 21% 

Complications can arise even in so simple a concept as rate of return. For 
example, this rate is seldom a const~:~nt from year to year. It will usually vary. 
depending on the circumstances. The rate of return may even be negative during 
the early years of a project, when startup costs are high. A corporation may still 
embark on such a venture, however, in the expectation that lower costs in future 
years will result in an average rate of return that will be attractive. In making such 
projections into the future, it is necessary to recognize that the value of a given 
monetary investment depends on the time at which it is made. 

SUMMARY 

The rate of return is defined as the annual profit from an actirity ex­
pressed as a percentage of the total im·estment. lm·estments are made in 
expectation of a favorable rate of return. The element of risk is usually 
present in pril'ltte im·estment. 

Exercises 

Rate of Return 

1. Assume that an investment of $150 million is required to construct an 
off-shore oil drilling platform. If this facility is expected to produce 
one million barrels of oil per year at a production cost of $10 per 
barrel, find the rate of return on this investment using today's oil 
prices. 

2. Assume that I 0% is a fair rate of return on an investment in housing. 
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ENGINEERING ECONOMICS 449 

If an investor builds a ten-unit apartment house for $1 million, and the 
annual operating cost for taxes, utilities, depreciation , etc . amount to 
$50,000 per year, what should the landlord charge for monthly rental 
rate on each apartment? 

8.2 THE TIME VALUE OF MONEY 

One of the basic tenets of a capitalistic economy is the assumption that accumu­
lated capital or money has intrinsic worth. As a result , individuals or organizations 
that wish to use capital accumulated by others must pay for the privilege of doing 
so. Conversely, those who have accumulated this wealth can expect a reward for 
allowing their money to be temporarily used by others. Although great philosophi­
cal debates have been carried out over the centuries regarding the moral justifica­
tions for these assumptions , they underlie the economic systems on which all 
Western democracies currently operate. 

This assumption leads directly to the concept of the time value of money. A 
dollar of accumulated capital no longer has constant worth, but it can be expected 
to increase in value because of the income it generates. If this income is allowed to 
accumulate, each dollar of capital on hand today will become two dollars at some 
future date . In evaluating investment or in carrying out economic analysis of 
various kinds , we must take into account this change in the dollar's value. 

The arguments that follow all assume that the purchasing power of the dollar 
is constant. As we know all too painfully , the pressures of inflation have substan­
tially reduced the purchasing power of the dollar over recent years. We shall 
address the effects of inflation in a later section. Here we confine our discussion to 
the ideal circumstance in which the purchasing power of the dollar remains con­
stant. 

lco:JI 

Year 

FIGURE 8.2. The time-dependent value 
of one dollar received today. The slope of 
this plot depends on the prevailing interest 
rate. 
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450 THE CONSTRAINTS

SUMMARY

Accumulated capital or money has intrinsic worth. Hence those who have

accumulated this capital can expect a reward for allowing its temporary-

use by others. This leads to the concept of the time value of money, since

accumulated capital can be expected to increase in value with time be-

cause of the income it can generate.

8.3 INTEREST

8.3.1. Simple Interest

The most direct illustration of the time value of money arises in connection with

interest rates. In return for the temporary use of a given sum of money, a borrower

must pay to the lender a prearranged fee or interest. The amount borrowed is

generally called the principal. We shall represent it by the symbol P.

The most basic method of computing interest is to assess a fixed percentage

of the initial principal per unit time. This is the basis of simple interest. The total

interest accumulated, /, is calculated from the interest rate i and the number of

time units n over which the money is held as follows:

/ = Pni

The unit of time used in quoting interest percentage is almost always taken as one

year.

Example A principal of $10,000 held over two years at an annual interest rate

of 12% will yield a total interest charge of $2400 as shown by the following

calculation:

/ = ($10,000) (2) (0.12) = $2400

In simple interest calculations, the amount of interest earned per unit time is

constant. If we consider the sum of the initial principal and the accumulated

interest, this total value is given by P (1 + ni). Its value increases linearly with

time. An example is shown in the curve in Figure 8.3.
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8.3 INTEREST 

SUMMARY 

Accumulated capital or money has intrinsic worth. Hence those who have 
accumulated this capital can expect a reward for allowing its temporary 
use by others. This leads to the concept of the time value of money, since 
accumulated capital can be expected to increase in value with time be­
cause of the income it can generate. 

8.3.1. Simple Interest 

The most direct illustration of the time value of money arises in connection with 
interest rates. In return for the temporary use of a given sum of money, a borrower 
must pay to the lender a prearranged fee or interest. The amount borrowed is 
generally called the principal. We shall represent it by the symbol P. 

The most basic method of computing interest is to assess a fixed percentage 
of the initial principal per unit time. This is the basis of simple interest. The total 
interest accumulated, I, is calculated from the interest rate i and the number of 
time units n over which the money is held as follows: 

I= Pni 

The unit of time used in quoting interest percentage is almost always taken as one 
year. 

Example A principal of $10,000 held over two years at an annual interest rate 
of 12% will yield a total interest charge of $2400 as shown by the following 
calculation: 

I = ($10,000) (2) (0.12) = $2400 

In simple interest calculations, the amount of interest earned per unit time is 
constant. If we consider the sum of the initial principal and the accumulated 
interest, this total value is given by P (I + ni). Its value increases linearly with 
time. An example is shown in the curve in Figure 8.3. 
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FIGURE 8.3. Income growth due to var-

ious simple interest rates.
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8.3.2. Compound Interest

In the above case of simple interest, the interest payment becomes due and is paid

at the end of the prearranged loan period regardless of its length. Until that time,

the base principal upon which the interest is calculated is assumed to remain

constant.

An alternative method of computing interest is based on the assumption that

the loan period is broken up into smaller time intervals. For example, a five-year

loan could be assumed to be made up of five individual one-year periods. In

calculating compound interest, it is assumed that the cumulative interest is paid at

the end of each of these individual periods, and this amount is then added to the

value of the original principal. The amount of interest accumulated in each indi-

vidual period is calculated as simple interest over that period, but the principal

upon which that interest is calculated increases from period to period. The length

of each interest accumulation period must be specified in the terms of the original

loan and is known as the compounding period. A loan might be compounded

annually, semi-annually, monthly, or even weekly.

Example Assume we have a five-year loan with original principal of $10,000 at

an interest rate of 10% compounded annually. At the end of the first year, the

interest accumulated is

This interest is now assumed to be added to the original principal, bringing it to a

total of $11,000. During the second year of the loan, the interest accumulated is

now

/ = Pni = ($10,000) (1) (0.10) = $1000

/ = Pni = ($11,000) (1) (0.10) = $1100
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FIGURE 8.3. Income growth due to var­
ious simple interest rates. 
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8.3.2. Compound Interest 

In the above case of simple interest, the interest payment becomes due and is paid 
at the end of the prearranged loan period regardless of its length. Until that time, 
the base principal upon which the interest is calculated is assumed to remain 
constant. 

An alternative method of computing interest is based on the assumption that 
the loan period is broken up into smaller time intervals. For example, a five-year 
loan could be assumed to be made up of five individual one-year periods. In 
calculating compound interest, it is assumed that the cumulative interest is paid at 
the end of each of these individual periods, and this amount is then added to the 
value of the original principal. The amount of interest accumulated in each indi­
vidual period is calculated as simple interest over that period, but the principal 
upon which that interest is calculated increases from period to period. The length 
of each interest accumulation period must be specified in the terms of the original 
loan and is known as the compounding period. A loan might be compounded 
annually, semi-annually, monthly, or even weekly. 

Example Assume we have a five-year loan with original principal of $10,000 at 
an interest rate of I 0% compounded annually. At the end of the first year, the 
interest accumulated is 

I= Pni = ($10,000) (I) (0.10) = $1000 

This interest is now assumed to be added to the original principal, bringing it to a 
total of $11 ,000. During the second year of the loan, the interest accumulated is 
now 

I= Pni = ($11,000) (1) (0.10) = $1100 

Dig liz b 
Original from 
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Again this is added to the accumulated principal, bringing the total to SI2,100. The

amount of interest earned in each successive year is greater than the interest

earned in the previous year because of the increasing base upon which it is calcu-

lated. The total value of the investment therefore grows at an ever-increasing rate.

In general, let us represent the original principal by P. We shall now let i

represent the interest rate per compounding period. For example, in a loan at \QTc

annual interest compounded semi-annually, i will be one-half of 0.10 or 0.05.

During the first period, the interest earned by the principal P is therefore

/ = Pi

The worth of the investment (original principal plus earned interest) at the end of

the first period is therefore

Cumulative worth = P + Pi = P (1 + i)

This is now the new principal upon which interest is earned during the second

period. That interest is given by

/ = P (1 + /) /

New

principal

which leads to a total value at the end of the second period of

I FIGURE 8.4 Investment growth due to a

I0rr interest rate, calculated both as sim-

ple and compound interest.
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Again this is added to the accumulated principal, bringing the total to $12.100. The 
amount of interest earned in each successive year is greater than the interest 
earned in the previous year because of the increasing base upon which it is calcu­
lated. The total value of the investment therefore grows at an ever-increasing rate. 

In general, let us represent the original principal by P. We shall now let i 
represent the interest rate per compounding period. For example, in a loan at I<Y1-
annual interest compounded semi-annually, i will be one-half of 0.10 or 0.05. 
During the first period. the interest earned by the principal P is therefore 

I = Pi 

The worth of the investment (original principal plus earned interest) at the end of 
the first period is therefore 

Cumulative worth = P + Pi = P (I + i) 

This is now the new principal upon which interest is earned during the second 
period. That interest is given by 

I = P (I + i) i 

New 
principal 

which leads to a total value at the end of the second period of 

$1.80-

Simple interest 

0 
Years 

Dig liz b 

4 5 

FIGURE 8.4 Investment growth due to a 
lOr,( interest rate. calculated both as sim­
ple and compound interest. 
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Cumulative worth = P (1 + i) + P (\ +/')/'

= P (1 + if

If we carry on similar arguments for further time periods, we find that the value at

the end of n periods is

Cumulative worth = P (1 + /)"

In Figure 8.5 the cumulative worth of loans made with the same interest rates

but different compounding periods are compared. In general, the shorter the com-

pounding period, the faster will the value of the investment grow.

Example Find the cumulative worth of an initial $5000 investment after 8 years

of 109f interest compounded annually.

Solution

We can apply our formula for the cumulative worth after n periods:

Cumulative worth = P (1 + if

FIGURE 8.5. Income growth due to \(f/r compound interest with dif-

ferent compounding periods.

Compounded montnly

Compounded semi-annually

Simple interest
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Cumulative worth = P (I + i) + P (I + i) i 

= P (I + if 

If we carry on similar arguments for further time periods, we find that the value at 
the end of n periods is 

Cumulative worth = P (I + i)" 

In Figure 8.5 the cumulative worth of loans made with the same interest rates 
but different compounding periods are compared. In general, the shorter the com­
pounding period. the faster will the value of the investment grow. 

Example Find the cumulative worth of an initial $5000 investment after 8 years 
of I (Y7r interest compounded annually. 

Solution 

We can apply our formula for the cumulative worth after n periods: 

Cumulative worth = P (I + i)" 

FIGURE 8.5. Income growth due to J(y;t, compound interest with dif­
ferent compounding periods. 

Months 

Dl IZ b 

Compounded montnly 

Compounded sem1-annually 

Simple interest 
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For this problem we set i = 0.10 and n = 8. Then we find

cumulative worth = $5,000 (1.00 + 0.10)8 = $10,718

Example Find the cumulative worth after 5 years of an initial $1000 investment

made at an annual interest rate of 9% compounded monthly.

In this case the compounding period is no longer equal to one year, and we must

first calculate the interest per compounding period. Since the annual rate is 9%,

the monthly rate is given by

The number of compounding periods is the number of months in 5 years or 5 x 12

= 60 months. Therefore we find

One might imagine taking this process to the extreme by compounding the

interest every day or perhaps even every second. As we divide the time into

smaller periods, the interest is compounded more frequently but at a smaller rate

per period. Although it is true that the total worth (principal plus interest) of an

investment at the end of a fixed investment period is maximized by using the

smallest possible compounding period, very small differences will be observed

once the compounding period is less than about one day. Nonetheless, it is in-

structive to imagine subdividing the investment period into an infinite number of

periods with infinitesimal length, with the interest compounded after each such

interval. This condition is known as continuous compounding, and it represents a

limit or asymptote beyond which no compounded investment can grow regardless

of how fine the compounding period.

In this extreme, imagine that we invest an initial principal P at an annual

interest rate r. Let us examine the worth of this investment after a one-yeax

investment period, assuming that one year is subdivided into n compounding

periods. The interest over each of these periods is therefore given by r/n. From

our earlier formula for compound interest, we find the worth of the investment at

the end of one year is given by

Solution

-jlf- = 0.0075 per month

cumulative worth = $1000(1.0000 + 0.0075)60 = $1566
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454 THE CONSTRAINTS 

For this problem we set i = 0.10 and n = 8. Then we find 

cumulative worth = $5,000 (1.00 + 0.10)" = $10,718 

Example Find the cumulative worth after 5 years of an initial $1000 investment 
made at an annual interest rate of 9% compounded monthly. 

Solution 

In this case the compounding period is no longer equal to one year, and we must 
first calculate the interest per compounding period. Since the annual rate is m. 
the monthly rate is given by 

oi?! = 0.0075 per month 

The number of compounding periods is the number of months in 5 years or 5 x 12 
= 60 months. Therefore we find 

cumulative worth = $1000 (1.0000 + 0.0075)60 = $1566 

One might imagine taking this process to the extreme by compounding the 
interest every day or perhaps even every second. As we divide the time into 
smaller periods, the interest is compounded more frequently but at a smaller rate 
per period. Although it is true that the total worth (principal plus interest) of an 
investment at the end of a fixed investment period is maximized by using the 
smallest possible compounding period, very small differences will be observed 
once the compounding period is less than about one day. Nonetheless, it is in­
structive to imagine subdividing the investment period into an infinite number of 
periods with infinitesimal length, with the interest compounded after each such 
interval. This condition is known as continuous compounding, and it represents a 
limit or asymptote beyond which no compounded investment can grow regardless 
of how fine the compounding period. 

In this extreme, imagine that we invest an initial principal P at an annual 
interest rate r. Let us examine the worth of this investment after a one-year 
investment period, assuming that one year is subdivided into n compounding 
periods. The interest over each of these periods is therefore given by r/n. From 
our earlier formula for compound interest, we find the worth of the investment at 
the end of one year is given by 

Dig liz b 

cumulative worth = p ( 1 + ~)" 
after one year n 
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For continuous compounding, we must now let n approach infinity with the fol-

lowing results:

It should come as no surprise to see the exponential function arise in this applica-

tion. The exponential function describes any quantity that grows in direct propor-

tion to the amount already present. The growth rate of an investment when com-

pounded continuously is exactly proportional to the cumulative value of that

investment up to that time.

To generalize the expression above to periods other than one year, we need

only observe that r represented the interest rate over the full period in the deriva-

tion. For a period of T years, the equivalent rate is rT, where r is the annual

interest rate. Hence for more general interest periods, we find

An example of continuous compounding is given in Figure 8.6

Example In 1626 the Governor of the Dutch settlement in America, New

Amsterdam, bought Manhattan Island from the Indians for beads and trinkets

worth $24 (or so the story goes). If that same sum had been invested in mutual

cumulative worth

after T years

= PerT

1.40

1.50

FIGURE 8.6. Cumulative worth result-

ing from a 10% annual interest rate, calcu-

lated both as simple and continuously

compounded interest.
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For continuous compounding, we must now let n approach infinity with the fol­
lowing results: 

cumulative worth 
after one year 

lim P (1 + ~)n =Per 
n--+oo n 

It should come as no surprise to see the exponential function arise in this applica­
tion. The exponential function describes any quantity that grows in direct propor­
tion to the amount already present. The growth rate of an investment when com­
pounded continuously is exactly proportional to the cumulative value of ~hat 
investment up to that time. 

To generalize the expression above to periods other than one year, we need 
only observe that r represented the interest rate over the full period in the deriva­
tion. For a period of T years, the equivalent rate is rT, where r is the annual 
interest rate. Hence for more general interest periods, we find 

cumulative worth = PerT 
after T years 

An example of continuous compounding is given in Figure 8.6 

Example In 1626 the Governor of the Dutch settlement in America, New 
Amsterdam, bought Manhattan Island from the Indians for beads and trinkets 
worth $24 (or so the story goes). If that same sum had been invested in mutual 

Continuous 
compounding 

Years 

Dig liz b 

FIGURE 8.6. Cumulative worth result­
ing from a 10% annual interest rate, calcu­
lated both as simple and continuously 
compounded interest. 
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funds at 8% annual interest compounded continuously, what would its value have

been in 1980?

Solution

We can identify P = $24, r = 0.08, and T = 1980 - 1626 = 354 in our formula

above. Therefore we can calculate

cumulative = pgrr = $24e(0.o8x3M.

worth

= $1.99 x 1012 s 2 trillion dollars!

This example shows the power of the exponential function and the surprising

accumulation of worth of an investment when extended over long periods of time.

8.3.3. Effective Annual Interest Rate

It has become commonplace to quote an effective annual rate of simple interest or

effective annual yield of an investment to take into account the various possible

compounding periods. For example, a principal of $10,000 invested at 10% inter-

est compounded semi-annually will, from our formula, grow to a value of SI 1,025

at the end of one year. The equivalent simple interest rate of the one-year period is

then 10.25%. The same $10,000 principal, if compounded continuously at 10%

interest, would accumulate to a value of $11,052 at the end of one year. The

equivalent annual interest rate in this latter case would therefore be 10.52%.

SUMMARY

Interest is the fee paid by a borrower to a lender for the temporary use of

a sum of money. Simple interest is computed as a fixed percentage of the

loan amount or principal and paid at the end of the loan period. In

compound interest the loan period is divided into a number of compound-

ing periods. The interest earned during each compounding period is

added to the principal for purposes of calculating the interest during the

next compounding period. In the limit that the compounding period is

made very small, the interest is said to be compounded continuously. For

any fixed interest rate, continuous compounding results in maximum rate

of growth. Sometimes an effective annual interest rate is used to take into

account compounding.
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funds at 8% annual interest compounded continuously, what would its value have 
been in 1980? 

Solution 

We can identify P = $24, r = 0.08, and T = 1980 - 1626 = 354 in our fonnula 
above. Therefore we can calculate 

cumulative = PerT = $24e(0.08)(3M) 

worth 

= $1.99 X I oul === 2 trillion doUars! 

This example shows the power of the exponential function and the surprising 
accumulation of worth of an investment when extended over long periods of time. 

8.3.3. Effective Annual Interest Rate 

It has become commonplace to quote an effective annual rate of simple interest or 
effective annual yield of an investment to take into account the various possible 
compounding periods. For example, a principal of $10,000 invested at 10% inter­
est compounded semi-annually will, from our formula, grow to a value of $11,025 
at the end of one year. The equivalent simple interest rate ofthe one-year period is 
then 10.25%. The same $10,000 principal, if compounded continuously at J()l;( 

interest, would accumulate to a value of $11,052 at the end of one year. The 
equivalent annual interest rate in this latter case would therefore be 10.52%. 

SUMMARY 

Interest is the fee paid by a borrower to a lender for the temporary use of 
a sum of money. Simple interest is computed as a fixed percentage of tire 
loan amount or principal and paid at the end of the loan period. In 
compound interest the loan period is divided into a number of compound­
ing periods. The interest earned during each compounding period is 
added to the principal for purposes of calculating the interest during the 
next compounding period. In the limit that the compounding period is 
made very small, the interest is said to be compounded continuously. For 
any fixed interest rate, continuous compounding results in maximum rate 
of growth. Sometimes an effectil'e annual interest rate is used to take into 
account compounding. 
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Exercises

Simple Interest

1. What is the total interest earned on a principal of $ 10,000 invested at

7.5% annual interest over a period of three years?

2. An endowment is an investment from which the annual interest is

used to fund a specific purpose. If a student scholarship requires

$5000 per year, how large an endowment will be required to fund

such a scholarship if the investment can be made at a simple annual

interest rate of 11%?

3. Find the interest due on a principal of $8000 if held for a period of

three years and seven months at a simple interest rate of 8.5%.

Compound Interest

4. A corporation needs to borrow a sum of $ 100,000 for a period of five

years. If the prevailing interest rate is 9% compounded annually,

what amount must be repaid at the end of the five years?

5. How much interest is paid on a loan of $5000 at an annual interest

rate of 15% compounded weekly over a period of four years?

6. An investment is made at an annual interest rate of 10% com-

pounded weekly over a period of three years. Find the interest rate

that would yield the same total interest if compounded on an annual

basis.

7. At what interest rate, compounded semi-annually will an invested

principal double in value in exactly five years?

8. A father wishes to establish a trust fund that will pay his daughter

$10,000 on her twenty-first birthday. If the prevailing interest rate is

9% compounded annually, and his daughter is now observing her

twelfth birthday, how much principal must be invested now to meet

that objective?

Continuous Compounding

9. Calculate the interest due on a loan of $10,000 after 2.5 years of

continuously compounded interest at an annual rate of 11%.

10. Compare the interest earned by $1000 over a one-year period com-

pounded continuously or compounded on a weekly basis.

11. The doubling time for an investment is the period of time over which

the cumulative worth reaches twice the original investment. For

continuous compounding of interest, derive an expression for the

doubling time T in terms of the annual interest rate r.
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Exercises 

Simple I 11Urest 

1. What is the total interest earned on a principal of $10,000 invested at 
7.5% annual interest over a period of three years? 

2. An endowment is an investment from which the annual interest is 
used to fund a specific purpose. If a student scholarship requires 
$5000 per year, how large an endowment will be required to fund 
such a scholarship if the investment can be made at a simple annual 
interest rate of 11%? 

3. Find the interest due on a principal of $8000 if held for a period of 
three years and seven months at a simple interest rate of 8.5%. 

Compound Interest 

4. A corporation needs to borrow a sum of $I 00,000 for a period of five 
years. If the prevailing interest rate is 9% compounded annually, 
what amount must be repaid at the end of the five years? 

S. How much interest is paid on a loan of $5000 at an annual interest 
rate of I5% compounded weekly over a period of four years? 

6. An investment is made at an annual interest rate of 10% com­
pounded weekly over a period of three years. Find the interest rate 
that would yield the same total interest if compounded on an annual 
basis. 

7. At what interest rate, compounded semi-annually will an invested 
principal double in value in exactly five years? 

8. A father wishes to establish a trust fund that will pay his daughter 
$10,000 on her twenty-first birthday. If the prevailing interest rate is 
9% compounded annually, and his daughter is now observing her 
twelfth birthday, how much principal must be invested now to meet 
that objective? 

Continuous Compounding 

9. Calculate the interest due on a loan of $10,000 after 2.5 years of 
continuously compounded interest at an annual rate of II%. 

10. Compare the interest earned by $1000 over a one-year period com­
pounded continuously or compounded on a weekly basis. 

11. The doubling time for an investment is the period of time over which 
the cumulative worth reaches twice the original investment. For 
continuous compounding of interest, derive an expression for the 
doubling time T in terms of the annual interest rate r. 
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8.4. PRESENT WORTH

Because money can earn interest, the time at which a payment is made has an

influence on the value of that payment. For example, suppose the prevailing

interest rate is 10% calculated as simple annual interest. If you receive a payment

of $1000 today, that payment has greater value than a similar $1000 payment made

a year from now because of the interest that could be earned over the year's time.

For the case of our example, the $1000 will have grown to $1100 a year from now

and, therefore, its value is 10% greater than the $1000 payment that was delayed a

year.

Thus the true value of any payment depends on the time at which that pay-

ment is made. If we are to make a fair comparison among several payment

schedules, we must pick a fixed point in time at which to calculate the effective

worth of each transaction. By choosing the same reference time to evaluate all

payments, the time dependence of their value is eliminated, and a fair comparison

can then be made between alternative choices.

In the example above, we chose the time of a year from now to compare the

worth of a $1000 received today with that of $1000 received in a year's time. In

normal economic calculations, it is more conventional to choose instead the pres-

ent time as the reference point. If we carry out the calculations correctly, the

relative value of two different payment options will not be affected by the specific

time chosen to make the comparison. Like the zero point or origin on a coordinate

axis, the choice is an arbitrary one.

By choosing the present time as a reference point, the present worth of a

payment is calculated. In the example given above, the present worth of $1000

received today is obviously also $1000. However the worth of $1000 received a

year from now is less than $1000. Its present worth is, in fact, $909.09 because the

interest earned on this amount over the year's time ($90.91) will increase this

present worth to $1000 in a year. Thus we should be equally happy accepting a

payment of $909.09 today as opposed to $1000 a year from now; $909.09 is the

present worth of the deferred payment.

The present worth both for payments made in the past or the future depends

on the rate and type of interest that is assumed to be in effect. The formulas

developed earlier for simple and compound interest can be used directly to calcu-

late the present worth of a past payment. These formulas fairly account for the

gain in worth of past payments up to the present time. The time period used is

obviously the length of time between the payment and the present time.

On the other hand, we must discount the value of future payments when

determining their present worth. The same interest formulas can be rearranged

to give the discounted value of a future payment. For example, recall that we de-

rived the value of a payment P after n periods of compound interest at a rate r per

period as

cumulative worth = W = P (1 + /)"
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458 THE CONSTRAINTS 

8.4. PRESENT WORTH 

Because money can earn interest, the time at which a payment is made has an 
influence on the value of that payment. For example, suppose the prevailing 
interest rate is 10% calculated as simple annual interest. If you receive a payment 
of $1000 today, that payment has greater value than a similar $1000 payment made 
a year from now because of the interest that could be earned over the year's time. 
For the case of our example, the $1000 will have grown to $1100 a year from now 
and, therefore, its value is 10% greater than the $1000 payment that was delayed a 
year. 

Thus the true value of any payment depends on the time at which that pay­
ment is made. If we are to make a fair comparison among several payment 
schedules, we must pick a fixed point in time at which to calculate the effective 
worth of each transaction. By choosing the same reference time to evaluate all 
payments, the time dependence of their value is eliminated, and a fair comparison 
can then be made between alternative choices. 

In the example above. we chose the time of a year from now to compare the 
worth of a $1000 received today with that of$1000 received in a year's time. In 
normal economic caJculations, it is more conventional to choose instead the pres­
ent time as the reference point. If we carry out the calculations correctly. the 
relative value of two different payment options will not be affected by the specific 
time chosen to make the comparison. Like the zero point or origin on a coordinate 
axis, the choice is an arbitrary one. 

By choosing the present time as a reference point, the present worth of a 
payment is calculated. In the example given above, the present worth of $1000 
received today is obviously also $1000. However the worth of $1000 received a 
year from now is less than $1000. Its present worth is, in fact. $909.09 because the 
interest earned on this amount over the year's time ($90.91) will increase this 
present worth to $1000 in a year. Thus we should be equally happy accepting a 
payment of $909.09 today as opposed to $1000 a year from now; $909.09 is the 
present worth of the deferred payment. 

The present worth both for payments made in the past or the future depends 
on the rate and type of interest that is assumed to be in effect. The formulas 
developed earlier for simple and compound interest can be used directly to calcu­
late the present worth of a past payment. These formulas fairly account for the 
gain in worth of past payments up to the present time. The time period used is 
obviously the length of time between the payment and the present time. 

On the other hand, we must discount the value of future payments when 
determining their present worth. The same interest formulas can be rearranged 
to give the discounted value of a future payment. For example, recall that we de­
rived the value of a payment P after n periods of compound interest at a rate i per 
period as 

Dig liz b 

cumulative worth = W = P ( 1 + i)" 
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By definition, W is the present worth oiP, whenP is a past payment. By symmet-

ric logic, P must be the present worth of a payment W made in the future. Thus we

find

present worth of - p W

future payment W ~ ~ (1 + if

Similar expressions can be derived from our earlier formulas for simple interest

and continuously compounded interest:

simple interest:

continuous

compounding'

P =

W

(1 + ni)

p = We~rT

When carrying out a present worth calculation or other economic analysis, a

cash flow diagram of the type shown in Figure 8.7 is often of help. Here time is

shown on the horizontal axis, with each payment indicated as a vertical arrow. An

arrow pointing toward the line represents a payment received, while an arrow

pointing away represents a payment made to another party. If the amounts of the

payments are entered by the corresponding arrows, one can see at a glance what

factors must be included in a present worth calculation.

SUMMARY

The value of a monetary payment depends on the time at which it is made.

Early payments have greater value than those made later because of their

added ability to earn interest. Comparisons of different payment schemes

can be made by calculating their present worth.

$ 100Â° FIGURE 8.7. An example of a cash flow

diagram. The case shown is for a $1000

$375 $375 $375 loan to an individual that is paid back by

i f i

three yearly payments of $375.
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ENGINEERING ECONOMICS 459 

By definition, W is the present worth of P, when P is a past payment. By symmet­
ric logic, P must be the present worth of a payment W made in the future. Thus we 
find 

present worth of W 
future payment W = p = ( 1 + i)" 

Similar expressions can be derived from our earlier formulas for simple interest 
and continuously compounded interest: 

simple interest: 

continuous . 
compounding · 

p = w 
(l + ni) 

When carrying out a present worth calculation or other economic analysis, a 
cash flow diagram of the type shown in Figure 8. 7 is often of help. Here time is 
shown on the horizontal axis, with each payment indicated as a vertical arrow. An 
arrow pointing toward the line represents a payment received, while an arrow 
pointing away represents a payment made to another party. If the amounts of the 
payments are entered by the corresponding arrows, one can see at a glance what 
factors must be included in a present worth calculation. 

SUMMARY 

The value of a monetary payment depends on the time at which it is made. 
Early payments have greater value than those made later because of their 
added ability to earn interest. Comparisons of different payment schemes 
can be made by calculating their present worth . 

$1000 

1 $375t 

0 1 

$375t 

2 
Years 

Dl IZ b 

3 

FIGURE 8.7. An example of a cash flow 
diagram. The case shown is for a $1000 
loan to an individual that is paid back by 
three yearly payments of $375. 
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Exercises

Present Worth

For the following calculations, assume that the interest rate is fixed at

8% per year. In each case find the present worth of the indicated

payment schedule.

(a) A payment of $10,000 made five years ago, with interest com-

pounded annually.

(b) A payment of $10,000 due in three years with interest com-

pounded continuously.

(c) A series of $500 annual payments, beginning two years ago,

and extending to eight years in the future. Assume interest is

compounded annually.

A high school student is faced with a decision of whether to attend

college for four years or instead go to work directly out of school.

Examine the financial implications of this decision by calculating the

present worth of both of the following two scenarios. In order to

simplify the calculation, we shall ignore the somewhat compensating

effects of inflation and future wage increases, and assume that wages

remain constant.

(a) The student takes a job immediately at an annual salary of

$19,000. Assume the student's career extends over a period of

45 years. To simplify the calculation, assume that wage pay-

ments are received as a lump sum at the end of each year.

(b) The student first goes to college for four years. In each of

these years a tuition payment of $2000 is required but offset in

part by $1000 of personal earnings. Following four years in

college, the student is able to find a position at $23,000 per

year. Assume the student's subsequent career will extend for

a period of 41 years.

Find the present worth of 12 equal annuity payments of $1500 each to

be paid monthly beginning one month from the present date. Assume

that 8% interest rate prevails compounded semi-annually.

An organization wishes to establish a fund that will provide for five

annual payments of $10,000 each, beginning exactly 10 years from

now. Ten equal payments will be made into the fund at annual inter-

vals, beginning with the present date. If the prevailing interest rate is

assumed to be 9% compounded annually, how large must these 10

annual payments into the fund be if they are to be adequate to cover

the desired payments out of the fund?

In 1916 the Model T Ford sold for $400. Find the present worth of a

payment of that amount made on January 1, 1916, assuming a 7%

interest rate compounded continuously.
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460 THE CONSTRAINTS 

Exercises 

Present Worth 

1. For the following calculations, assume that the interest rate is fixed at 
8% per year. In each case find the present worth of the indicated 
payment schedule. 

(a) A payment of $10,000 made five years ago, with interest com­
pounded annually. 

(b) A payment of $10,000 due in three years with interest com­
pounded continuously. 

(c) A series of $500 annual payments, beginning two years ago, 
and extending to eight years in the future. Assume interest is 
compounded annually. 

2. A high school student is faced with a decision of whether to attend 
college for four years or instead go to work directly out of school. 
Examine the financial implications of this decision by calculating the 
present worth of both of the following two scenarios. In order to 
simplify the calculation, we shall ignore the somewhat compensating 
effects of inflation and future wage increases, and assume that wages 
remain constant. 

(a) The student takes a job immediately at an annual salary of 
$19,000. Assume the student"s career extends over a period of 
45 years. To simplify the calculation, assume that wage pay­
ments are received as a lump sum at the end of each year. 

(b) The student first goes to college for four years. In each of 
these years a tuition payment of $2000 is required but offset in 
part by $1000 of personal earnings. Following four years in 
college, the student is able to find a position at $23,000 per 
year. Assume the student's subsequent career will extend for 
a period of 41 years. 

3. Find the present worth of 12 equal annuity payments of $1500 each to 
be paid monthly beginning one month from the present date. Assume 
that 8% interest rate prevails compounded semi-annually. 

4. An organization wishes to establish a fund that will provide for five 
annual payments of $10,000 each, beginning exactly 10 years from 
now. Ten equal payments will be made into the fund at annual inter­
vals, beginning with the present date. If the prevailing interest rate is 
assumed to be 9% compounded annually, how large must these 10 
annual payments into the fund be if they are to be adequate to cover 
the desired payments out of the fund? 

5. In 1916 the Model T Ford sold for $400. Find the present worth of a 
payment of that amount made on January I, 1916, assuming a 7% 
interest rate compounded continuously. 
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6. Find the present worth of 12 monthly income tax withholding pay-

ments of $400 each, if the first payment was made 14 months ago.

Assume an annual interest rate of 10% compounded semiannually.

8.5. INSTALLMENT FINANCING AND SINKING FUNDS

A popular method for financing purchases, both for individuals and corporations,

involves deferred payment in the form of a number of equal future payments

spaced uniformly in time. The purchaser pays a premium for the privilege of

deferring payments, however, because of the principle of the time value of money

discussed earlier. The financier of the purchaser, whether it is the seller or a third

institution such as a bank, will prescribe the type and rate of interest it demands

for this privilege. The size of the payments are then set by the following condition:

the sum of the present worth of all future payments must equal the equivalent cash

price of the purchase if payment were made at the present time.

Example A $40,000 piece of equipment is to be financed by an immediate pay-

ment of $ 10,000 with the remaining $30,000 to be covered by three equal payments

spaced at one year intervals in the future. Find the size of each of these payments,

if the interest rate is to be 12% compounded annually.

Solution

From the terms of the problem, the present worth of the three future payments

must sum to $30,000. If we let jr represent the size of each payment, we can apply

our present worth formula to write the following three present worths, rep-

resented as C, C2, and C3:

Ci = (1 + 0.12)2 = 0197x

Ca = (l +0.12)Â» = Â°.712*

Therefore we may write

0.893* + 0.797* + 0.712* = $30,000
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ENGINEERING ECONOMICS 461 

6. Find the present worth of 12 monthly income tax withholding pay­
ments of $400 each, if the first payment was made 14 months ago. 
Assume an annual interest rate of 10% compounded semiannually. 

8.5. INSTALLMENT FINANCING AND SINKING FUNDS 

A popular method for financing purchases, both for individuals and corporations, 
involves deferred payment in the form of a number of equal future payments 
spaced uniformly in time. The purchaser pays a premium for the privilege of 
deferring payments, however, because of the principle of the time value of money 
discussed earlier. The financier of the purchaser, whether it is the seller or a third 
institution such as a bank, will prescribe the type and rate of interest it demands 
for this privilege. The size of the payments are then set by the following condition: 
the sum of the present worth of all future payments must equal the equivalent cash 
price of the purchase if payment were made at the present time. 

Example A $40,000 piece of equipment is to be financed by an immediate pay­
ment of$10,000 with the remaining $30,000 to be covered by three equal payments 
spaced at one year intervals in the future. Find the size of each of these payments, 
if the interest rate is to be 12% compounded annually. 

Solution 

From the terms of the problem, the present worth of the three future payments 
must sum to $30,000. If we let x represent the size of each payment, we can apply 
our present worth formula to write the following three present worths, rep­
resented as C 1, C2 , and C3 : 

X 
C, = (1 + 0.12)1 = 0.893x 

X 
c2 = (1 + 0.12)2 = 0.797x 

X 
c3 = 0 + 0. 12>3 = o.112x 

Therefore we may write 

0.893x + 0.797x + 0.712x = $30,000 
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or solving

2.402* = $30,000

x = $12,491

A cash flow diagram for this transaction is sketched below:

Years after

present time

0 12 3

â–¼ â–¼ â–¼ â–¼

$10,000 $12,491 $12,491 $12,491

Some industries use an alternative method of financing new or replacement

equipment. Funds are set aside for a number of years prior to the time a purchase

is planned. The accumulated worth of these funds at the time of purchase will then

be sufficient to cover the cash price. This process is known as establishing a

sinking fund for a specific future purchase.

Again, the principle is the same as in an installment purchase: the present

worth of the fund at the time of purchase must equal the cash purchase price. In

this case, the interest earned by each payment into the sinking fund is a positive

contribution to this present value, and the corporation in effect finances the

purchase on its own. This has the advantage of avoiding interest payments to

outside agencies, but it also requires that money or capital be accumulated and set

aside for this purpose in advance.

Example Find the cash value of a sinking fund established two years ago in

which four payments of $10,000 each were made at six-month intervals. Assume

that the fund accrues interest at 9% annual rate compounded continuously.

We shall represent the present worth of the four payments as W,, W2, W3, and Wt.

From our formula for continuously compounded interest:

Solution

W, = PerT = $10,000<><0<>9,<20> = $11,972

Similarly,

$10,000e<009)<15)

$10,000e(OO9X1O)

$10,000e<OO9HO-5)

$11,445

$10,942

$10,460
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462 THE CONSTRAINTS 

or solving 

2.402x = $30,000 

X = $12,491 

A cash flow diagram for this transaction is sketched below: 

Years after 
present time 

0 

• $10,000 

2 .. .. 
$12,491 $12,491 

3 .. 
$12,491 

Some industries use an alternative method of financing new or replacement 
equipment. Funds are set aside for a number of years prior to the time a purchase 
is planned. The accumulated worth of these funds at the time of purchase will then 
be sufficient to cover the cash price. This process is known as establishing a 
sinking fund for a specific future purchase. 

Again, the principle is the same as in an installment purchase: the present 
worth of the fund at the time of purchase must equal the cash purchase price. In 
this case, the interest earned by each payment into the sinking fund is a positive 
contribution to this present value, and the corporation in effect finances the 
purchase on its own. This has the advantage of avoiding interest payments to 
outside agencies, but it also requires that money or capital be accumulated and set 
aside for this purpose in advance. 

Example Find the cash value of a sinking fund established two years ago in 
which four payments of$ 10,000 each were made at six-month intervals. Assume 
that the fund accrues interest at 9% annual rate compounded continuously. 

Solution 

We shall represent the present worth of the four payments as W~> W2 , W3 , and W 4 • 

From our formula for continuously compounded interest: 

Similarly, 

Dig liz b 

wl =PerT = $10,000e<0.09)(2·01 = $11,972 

W2 = $1 o,oooe<0·09)(t.:i> = $11,445 

w3 = $10,000e<0·09)(l.O) = $10,942 

W4 = $10,000e<0·09)(o.s> = $10,460 
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The current value of the sinking fund is the sum of these present worths or

W, + W2 + W3 + W4 = $44,819

SUMMARY

Capital equipment is sometimes financed through a series of payments

over a period of time rather than in one lump sum. When these payments

are deferred to the future, the procedure is known as an installment

purchase. When regular payments are accumulated prior to the expendi-

ture, the process is known as establishing a sinking fund.

Exercises

Installment Financing

1. An equipment purchase for $70,000 is to be financed through five

equal annual payments, the first of which is to be made six months

from the time of purchase. If the prevailing interest rate is 11% com-

pounded annually, find the size of each installment payment.

2. It is anticipated that an item of equipment must be replaced in three

years at a cost of $45,000. A sinking fund consisting of four equal

payments spaced at one-year intervals and beginning with the present

time is to be used to finance this purchase. Assuming a prevailing

interest rate of 9% compounded semi-annually, find the required size

of the payments to the sinking fund.

3. Five annual payments of $ 1,000 are made into a sinking fund starting

today and repeated for the next four years. Find the total value of this

fund at the end of this period assuming an 8% interest rate com-

pounded annually.

4. A purchase of $3,000 is to be financed by monthly payments of $300

beginning one year from the date of purchase. If simple interest

applies at an annual rate of 8%, find the number of full payments

required in order to reduce the outstanding balance to less than $300.

5. Two purchases of $ 10,000 each are to be financed using a common set

of installment payments. The first purchase was made 2 years ago, the

second 1 year ago, and the payments are to begin today. For 24
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ENGINEERING ECONOMICS 463 

The current value of the sinking fund is the sum of these present worths or 

W1 + W1 + W3 + W4 = $44,819 

SUMMARY 

Capital equipment is sometimes financed through a series of payments 
m·er a period of time rather than in one lump sum. When these payments 
are deferred to the jillure, the procedure is known as an installment 
purchase. When regular payments are accumulated prior to the expendi­
ture, the process is known as establishing a sinking fimd. 

Exercises 

Installment Financing 

l. An equipment purchase for $70,000 is to be financed through five 
equal annual payments, the first of which is to be made six months 
from the time of purchase. If the prevailing interest rate is 11% com­
pounded annually, find the size of each installment payment. 

2. It is anticipated that an item of equipment must be replaced in three 
years at a cost of $45,000. A sinking fund consisting of four equal 
payments spaced at one-year intervals and beginning with the present 
time is to be used to finance this purchase. Assuming a prevailing 
interest rate of 9% compounded semi-annually, find the required size 
of the payments to the sinking fund. 

3. Five annual payments of $1 ,000 are made into a sinking fund starting 
today and repeated for the next four years. Find the total value ofthis 
fund at the end of this period assuming an 8% interest rate com­
pounded annually. 

4. A purchase of $3,000 is to be financed by monthly payments of $300 
beginning one year from the date of purchase. If simple interest 
applies at an annual rate of 8%, find the number of full payments 
required in order to reduce the outstanding balance to less than $300. 

5. Two purchases of$10,000 each are to be financed using a common set 
of installment payments. The first purchase was made 2 years ago, the 
second 1 year ago, and the payments are to begin today. For 24 
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monthly payments at a semi-annually compounded rate of 7%, find 
the required size of each payment. 

8.6. DEPRECIATION 

8.6.1. The Need for Depreciation 

Engineering equipment and other physical facilities usually become less valualble 
with age. In some exceptional cases, such as vintage c-ars or wines, the true vaJue 
may actually increase with time . But the normal experience in engineering 
facilities is a decrease in resale value with use. Some causes of this decline in 
value are obvious, such as wear and tear, or increased maintenance costs. Even if 
the facility continues to work as well as it did when it was new, it may become 
technologically obsolete when compared with newer equipment of the same type . 

o 9 t1zoo by Google 

FIGURE 8.8. Depreciation. 
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Its resale value will therefore decline. Whatever the cause, the gradual decrease in

the value of facilities or equipment is known as depreciation.

A recognition of the effects of depreciation is necessary when planning en-

gineering investments. To see why, imagine that a given manufacturing process

requires equipment with a cost of $600,000 and a useful life of five years. At the

end of life, assume that the salvage value of the equipment is $100,000. Assume

also that the labor and materials required to produce the product cost $50,000 per

year. At first glance, one might think that the company could make a handsome

profit by selling that same product at a price that would yield a yearly revenue of

$100,000. Neglecting the time value of money and capital costs (which we shall

consider later), the company will have realized $50,000 net income per year, or

$250,000 at the end of five years. But at this point the equipment has reached the

end of its useful life and must be replaced. This step will require a new investment

of $500,000, but the accumulated profits have only amounted to half that figure.

The five-year operation has really been a losing venture because of the effects of

depreciation of the equipment.

The real problem in this example lies with the bookkeeping technique. The

cost of replacing the equipment should have been anticipated by accounting for

the depreciation of the original equipment. These depreciation costs must be

included when calculating the total cost of producing a manufactured item. These

costs are no less real than the labor or materials costs that must be factored into

the price to be charged for the finished product.

Depreciation costs are also recognized in some aspects of taxation. Tax laws

acknowledge the validity of depreciation costs and allow for their deduction to

offset income derived from that equipment before taxes are paid on the resulting

income. Therefore careful definition of depreciation policies used in accounting

are necessary both in determining a fair market price for a product and in deriving

maximum tax benefit from an investment in equipment.

8.6.2. Methods for Calculating Depreciation

The detailed bookkeeping method used to account for depreciation is obviously of

interest to accountants, but engineers must also be aware of the various options.

The specific method can influence both the initial price that must be charged for a

manufactured item in order to show a profit, and the tax that must be paid by the

manufacturer.

The simplest method of accounting is straight line depreciation in which the

value of a facility is assumed to decrease at a uniform rate from its initial value to

its salvage value. A plot of the assumed value versus year is linear and, therefore,

the method is called the straight line method in bookkeeping terminology. With

this approach, the annual depreciation cost is constant over the entire useful

lifetime of the facility.

Other depreciation methods are also widely used. In addition to the straight

line method, some of them are recognized by the Internal Revenue Service, and a

corporation or individual can generally choose the most favorable option. Most

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

1
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

ENGINEERING ECONOMICS 465 

Its resale value will therefore decline. Whatever the cause, the gradual decrease in 
the value of facilities or equipment is known as depreciation. 

A recognition of the effects of depreciation is necessary when planning en­
gineering investments. To see why, imagine that a given manufacturing process 
requires equipment with a cost of $600,000 and a useful life of five years. At the 
end of life. assume that the salvage value of the equipment is $100,000. Assume 
also that the labor and materials required to produce the product cost $50,000 per 
year. At first glance, one might think that the company could make a handsome 
profit by selling that same product at a price that would yield a yearly revenue of 
$100,000. Neglecting the time value of money and capital costs (which we shall 
consider later), the company will have realized $50,000 net income per year, or 
$250,000 at the end of five years. But at this point the equipment has reached the 
end of its useful life and must be replaced. This step will require a new investment 
of $500,000. but the accumulated profits have only amounted to half that figure. 
The five-year operation has really been a losing venture because of the effects of 
depreciation of the equipment. 

The real problem in this example lies with the bookkeeping technique. The 
cost of replacing the equipment should have been anticipated by accounting for 
the depreciation of the original equipment. These depreciation costs must be 
included when calculating the total cost of producing a manufactured item. These 
costs are no less real than the labor or materials costs that must be factored into 
the price to be charged for the finished product. 

Depreciation costs are also recognized in some aspects of taxation. Tax laws 
acknowledge the validity of depreciation costs and allow for their deduction to 
offset income derived from that equipment before taxes are paid on the resulting 
income. Therefore careful definition of depreciation policies used in accounting 
are necessary both in determining a fair market price for a product and in deriving 
maximum tax benefit from an investment in equipment. 

8.6.2. Methods for Calculating Depreciation 

The detailed bookkeeping method used to account for depreciation is obviously of 
interest to accountants, but engineers must also be aware of the various options. 
The specific method can influence both the initial price that must be charged for a 
manufactured item in order to show a profit, and the tax that must be paid by the 
manufacturer. 

The simplest method of accounting is straight line depreciation in which the 
value of a facility is assumed to decrease at a uniform rate from its initial value to 
its salvage value. A plot of the assumed value versus year is linear and, therefore, 
the method is called the straight line method in bookkeeping terminology. With 
this approach, the annual depreciation cost is constant over the entire useful 
lifetime of the facility. 

Other depreciation methods are also widely used. In addition to the straight 
line method, some of them are recognized by the Internal Revenue Service, and a 
corporation or individual can generally choose the most favorable option. Most 
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alternative methods recognize that the rate of depreciation is greatest when

equipment is new and decreases as the equipment ages. Anyone who has pur-

chased a new car knows that its drop in market value is most severe during the

first year of ownership; its value decreases more slowly as the car gets older. The

same is true for industrial equipment.

As an example of an accelerated depreciation scheme, the sum-of-years-

digits method has gained widespread popularity and is recognized as an accepta-

ble method by taxation authorities in many situations. Here the rate of deprecia-

tion is not held constant as in the straight line method but, rather, is allowed to

decrease in a linear fashion from the start of the investment. A situation is then

achieved in which the depreciation rate is maximum during the first year and is

scheduled to decrease in uniform steps each year until it becomes zero at the end

of the equipment's useful life. An example of the type of depreciation is shown in

Figure 8.9.

In the example shown in the figure, we assume that a facility with initial cost

of $100,000 has a useful life of 8 years, at which time its salvage value is $20,000.

The sum-of-years-digits method is implemented as follows: during the first year

we will depreciate the value by an amount that is 8 times greater than in the last

year, with the amount depreciated decreasing uniformly for each intermediate

year. The amount depreciated in the first year is thus given by 8/36 of the total drop

in value, with the denominator given by the sum 8 + 7 + 6 + .... +1. (Sum of

years digits over the eight-year period.) In the second year, 7hb is depreciated,

decreasing to '/36 in the eighth year.

SUMMARY

Depreciation represents the gradual decrease in the value of equipment

or other facilities. Value is assumed to decrease from the initial cost to

the salvage value over the useful lifetime. In any economic analysis these

depreciation costs must be included along with all other costs associated

with the product or services produced by that facility. Annual deprecia-

tion costs depend on the specific method of accounting chosen for each

case. These can include a linear or straight line decrease in the value,

which results in constant annual depreciation costs, or alternative

methods that recognize accelerated depreciation in the early years of the

facility lifetime.

Exercises

Depreciation

1. An item of equipment has an initial cost of $100,000, a salvage value

of $15,000, and a useful life of eight years. Calculate the depreciation
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alternative methods recognize that the rate of depreciation is greatest when 
equipment is new and decreases as the equipment ages. Anyone who has pur­
chased a new car knows that its drop in market value is most severe during the 
first year of ownership; its value decreases more slowly as the car gets older. The 
same is true for industrial equipment. 

As an example of an accelerated depreciation scheme, the sum-of-years­
digits method has gained widespread popularity and is recognized as an accepta­
ble method by taxation authorities in many situations. Here the rate of deprecia­
tion is not held constant as in the straight line method but, rather, is allowed to 
decrease in a linear fashion from the start of the investment. A situation is then 
achieved in which the depreciation rate is maximum during the first year and is 
scheduled to decrease in uniform steps each year until it becomes zero at the end 
of the equipment's useful life. An example of the type of depreciation is shown in 
Figure 8.9. 

In the example shown in the figure, we assume that a facility with initial cost 
of $100,000 has a useful life of 8 years, at which time its salvage value is $20.000. 
The sum-of-years-digits method is implemented as follows: during the first year 
we will depreciate the value by an amount that is 8 times greater than in the last 
year, with the amount depreciated decreasing uniformly for each intermediate 
year. The amount depreciated in the first year is thus given by 8 /36 ofthe total drop 
in value, with the denominator given by the sum 8 + 7 + 6 + .... +I. (Sum of 
years digits over the eight-year period.) In the second year, 7/36 is depreciated. 
decreasing to 1/ J6 in the eighth year. 

SUMMARY 

Depreciation represents the gradual decrease in the mlue of equipment 
or other facilities. Value is assumed to decrease from the initial cost to 
the sab·age \'alue 0\'er the usejitllifetime. In any economic analysis these 
depreciation costs must be included along with all other costs associated 
with the product or sen·ices produced by tlrat facility. Annual deprecia­
tion costs depend on the specific method of accounting chosen for each 
case. These can include a linear or straight line decrease in the mlue. 
which results in constant annual depreciation costs, or alternati,·e 
met/rods that recognize accelerated depreciation in the early years of the 
facility lifetime. 

Exercises 

D~pr~cilltion 

1. An item of equipment has an initial cost of $100,000, a salvage value 
of $15,000, and a useful life of eight years. Calculate the depreciation 
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costs for each of the first three years of its life under the following

assumptions:

(a) Straight line or linear depreciation

(b) Sum-of-years-digits depreciation

2. A company purchases a piece of equipment for $10,000 with an ex-

pected lifetime of five years, after which its salvage value is assumed

to be $2000. Make a table of depreciated worth of the equipment at

the end of each of the five years using the following schemes:

(a) Linear or straight line depreciation

(b) Sum-of-years-digit depreciation

For each scheme also show the amount of depreciated loss assumed

to take place in each of the calendar years.

3. A manufacturing facility with an initial cost of $120,000 produces 80

units per day. If its useful lifetime is 10 years and its estimated salvage

value is $5,000, find the depreciation cost per manufactured unit as-

suming linear depreciation.

4. Find the ratio of depreciation in the first year to that in the last year,

using the sum-of-years-digits methods and a lifetime of 12 years.

8.7. CATEGORIES OF COST

In carrying out a fair economic analysis, the engineer must be familiar with the

different types of costs that are associated with a given product or service. The

different sources of costs can be sorted into several broad categories.
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FIGURE 8.9. Straight-line versus sum­
of-years-digits depreciation. 
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costs for each of the first three years of its life under the following 
assumptions: 

(a) Straight line or linear depreciation 
(b) Sum-of-years-digits depreciation 

2. A company purchases a piece of equipment for $10,000 with an ex­
pected lifetime of five years, after which its salvage value is assumed 
to be $2000. Make a table of depreciated worth of the equipment at 
the end of each of the five years using the following schemes: 

(a) Linear or straight line depreciation 
(b) Sum-of-years-digit depreciation 

For each scheme also show the amount of depreciated loss assumed 
to take place in each of the calendar years. 

3. A manufacturing facility with an initial cost of $120,000 produces 80 
units per day. If its useful lifetime is 10 years and its estimated salvage 
value is $5.000, find the depreciation cost per manufactured unit as­
suming linear depreciation. 

4. Find the ratio of depreciation in the first year to that in the last year, 
using the sum-of-years-digits methods and a lifetime of 12 years. 

8. 7. CATEGORIES OF COST 

In carrying out a fair economic analysis, the engineer must be familiar with the 
different types of costs that are associated with a given product or service. The 
different sources of costs can be sorted into several broad categories. 
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8.7.1. Fixed Cost

This category includes any costs that do not depend on the number of units

produced or the level of activity in a given venture. For example, once a produc-

tion facility has been constructed, the depreciation costs mentioned in the previ-

ous section are committed for the life of the facility. Other types of fixed costs

include taxes, security, insurance, some types of regular maintenance, and an

important category known as capital costs.

By capital costs we mean the inherent expense of owning a facility that

required a capital investment to acquire. This important concept should not be

confused with depreciation, since capital costs are present whether or not the

value of the property is assumed to decrease as it ages. Rather, capital costs are a

consequence of the time value of money. In building a plant that costs a million

dollars, a company has made the decision to forgo the interest that the same

million dollars could accrue if otherwise invested. Thus the million dollar plant

really costs the company an annual charge equal to the deferred interest. The

revenue obtained by the company from operation of this plant must be adequate to

cover these costs as well as all others associated with the operation of the plant, or

else the decision to build the plant would have led to an unwise investment for the

company. When large and expensive facilities are needed for production, the

capital costs of these facilities may dominate the remainder of the fixed costs

involved in the operation of that facility.

The annual charge for the capital investment is derived from the initial in-

vestment by using one of the methods for calculating interest described earlier.

The annual charge, of course, depends on the prevailing rate of interest assumed

to be in effect at the time. It does not matter whether the facility is self-financed by

the company from its own assets (as in the example above), or whether money is

borrowed from another institution to make the initial investment. In the first case,

the capital cost represents the lost interest that could have been earned by making

the investment elsewhere. In the second case, the capital cost is directly given by

the interest paid to the lender. In either case, the annual cost is identical if the

same rate of interest is assumed.

8.7.2. Variable Costs

In any manufacturing operation or other activity, there is generally a component

of costs that depends on the number of units produced or level of the activity.

These are categorized as variable costs in contrast to the fixed costs mentioned

above. For example, the total cost of materials that go into a manufactured prod-

uct will increase as more units are produced. Labor costs go up as more produc-

tion workers are needed. Many maintenance and utility costs will also increase as

the level of activity goes up.

Variable costs are seldom constant per unit produced. Production beyond a

certain level may require adding workers at overtime wage rates, raising the labor
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8.7.1. Fixed Cost 

This category includes any costs that do not depend on the number of units 
produced or the level of activity in a given venture. For example, once a produc­
tion facility has been constructed, the depreciation costs mentioned in the previ­
ous section are committed for the life of the facility. Other types of fixed costs 
include taxes, security, insurance, some types of regular maintenance, and an 
important category known as capital costs. 

By capital costs we mean the inherent expense of owning a facility that 
required a capital investment to acquire. This important concept should not be 
confused with depreciation, since capital costs are present whether or not the 
value of the property is assumed to decrease as it ages. Rather, capital costs are a 
consequence of the time value of money. In building a plant that costs a million 
dollars, a company has made the decision to forgo the interest that the same 
million dollars could accrue if otherwise invested. Thus the million dollar plant 
really costs the company an annual charge equal to the deferred interest. The 
revenue obtained by the company from operation of this plant must be adequate to 
cover these costs as well as all others associated with the operation of the plant. or 
else the decision to build the plant would have led to an unwise investment for the 
company. When large and expensive facilities are needed for production, the 
capital costs of these facilities may dominate the remainder of the fixed costs 
involved in the operation of that facility. 

The annual charge for the capital investment is derived from the initial in­
vestment by using one of the methods for calculating interest described earlier. 
The annual charge, of course, depends on the prevailing rate of interest assumed 
to be in effect at the time. It does not matter whether the facility is self-financed by 
the company from its own assets (as in the example above), or whether money is 
borrowed from another institution to make the initial investment. In the first case. 
the capital cost represents the lost interest that could have been earned by making 
the investment elsewhere. In the second case, the capital cost is directly given by 
the interest paid to the lender. In either case, the annual cost is identical if the 
same rate of interest is assumed. 

8.7.2. Variable Costs 

In any manufacturing operation or other activity, there is generally a component 
of costs that depends on the number of units produced or level of the activity. 
These are categorized as variable costs in contrast to the fixed costs mentioned 
above. For example, the total cost of materials that go into a manufactured prod­
uct will increase as more units are produced. Labor costs go up as more produc­
tion workers are needed. Many maintenance and utility costs will also increase as 
the level of activity goes up. 

Variable costs are seldom constant per unit produced. Production beyond a 
certain level may require adding workers at overtime wage rates, raising the labor 
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cost component per unit. On the other hand, increasing output may allow the

purchase of raw materials in larger volume and therefore at more favorable prices.

An analysis of variable costs is therefore rather complex and often relies on past

experience with similar operations as an essential guide.

8.7.3. Incremental Costs

The increase in variable cost per unit of output required to raise the output rate

from one level to another is known as incremental cost. For example, the com-

bined fixed and variable costs involved in producing 1000 units per year of a

product may be $10,000 or $10 per unit. An analysis might be made of increasing

production to 1200 units per year. The fixed cost will not change and, thus, it may

be possible to carry out this increase in production for a new annual total cost of

$11,000. Thus the incremental cost of adding 200 units to the annual production is

$1000 per 200 units, or $5 a unit. Because of the effect of fixed costs, it is usually

true that incremental costs go down as production volume increases.

SUMMARY

Costs of an engineering operation can generally be divided into fixed

costs and variable costs. Fixed costs do not depend on the number of

units produced or the level of the activity, whereas variable costs do

change with these indices. An important part of fixed costs is capital cost,

which reflects the fixed investment made in equipment and facilities.

Variable costs include labor, supplies, and other expenses that depend on

the volume of output. Incremental cost is the increase in variable cost per

unit of output that is required to raise production from one level to

another.

Exercises

Cost

1. For the following activities, make lists of fixed and variable costs that

must be reflected in the total cost of production:

(a) Operating a lemonade stand

(b) Manufacturing integrated circuits for use in hand-held cal-

culators

(c) Producing raisin bagels at the local bagel factory
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cost component per unit. On the other hand, increasing output may allow the 
purchase of raw materials in larger volume and therefore at more favorable prices. 
An analysis of variable costs is therefore rather complex and often relies on past 
experience with similar operations as an essential guide. 

8. 7 .3. Incremental Costs 

The increase in variable cost per unit of output required to raise the output rate 
from one level to another is known as incremental cost. For example, the com­
bined fixed and variable costs involved in producing 1000 units per year of a 
product may be $10,000 or $10 per unit. An analysis might be made of increasing 
production to 1200 units per year. The fixed cost will not change and, thus, it may 
be possible to carry out this increase in production for a new annual total cost of 
$11,000. Thus the incremental cost of adding 200 units to the annual production is 
$1000 per 200 units, or $5 a unit. Because of the effect of fixed costs, it is usually 
true that incremental costs go down as production volume increases. 

SUMMARY 

Costs of an engineering operation can generally be divided into fixed 
costs and variable costs. Fixed costs do not depend on the number of 
units produced or the le,•el of the actil'ity, whereas variable costs do 
change with these indices. An important part of fixed costs is capital cost, 
which reflects the fixed im•estment made in equipment and facilities. 
Variable costs include labor, supplies, and other expenses that depend on 
the volume of output. Incremental cost is the increase in variable cost per 
unit of output that is required to raise production from one level to 
another. 

Exercises 

Cost 

1. For the following activities, make lists of fixed and variable costs that 
must be reflected in the total cost of production: 

(a) Operating a lemonade stand 
(b) Manufacturing integrated circuits for use in hand-held cal­

culators 
(c) Producing raisin bagels at the local bagel factory 
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470 THE CONSTRAINTS

(d) Providing engineering consultation services to a banker con-

templating investment in a high technology area

(e) Writing computer programs on a consulting basis to local

industry

In each case, comment on the degree to which incremental costs

change with the volume of the activity.

2. Large central station electric generating plants of 1000 megawatt elec-

tric generating capacity now cost in the vicinity of two billion dollars

to construct. Assuming an 8% simple interest rate, what is the corre-

sponding capital cost in units of cents per kilowatt hour? Compare

this figure with the prevailing electric utility rates in your area.

3. A college professor is contemplating buying his own cap and gown for

use at graduation ceremonies twice a year. He presently rents this

costume at $15 for each use. If a new gown is purchased, it can be

expected to last for 15 years, at which point its value is reduced to

zero. Assuming a 10% simple interest rate and linear depreciation,

find the maximum purchase price that would justify buying the cos-

tume. (At this price, the capital costs of owning the gown plus the

depreciation charges will just equal the rental now paid.)

4. For a manufacturing facility in your city, make a list of all important

cost categories and divide the list into fixed and variable cost

categories.

5. A modern jet airliner costs approximately 10 million dollars when

purchased new. In a particular application that aircraft will provide

800,000 passenger-miles of service per day. At 10% simple interest,

what are the corresponding capital costs per passenger-mile?

6. A man paid $10 an hour performs a job that can be done equally well

by a computer. At an annual interest rate of 12% simple interest, at

what computer purchase price will the capital costs be equal to this

figure? With a useful life of 5 years and no salvage value, what is the

additional hourly rate corresponding to depreciation? Assume 8 hour

operation per day, 5 days per week.

8.8. INFLATION

All of our discussion to this point has assumed that the purchasing power of a

dollar does not change with time. As we are all aware from our daily lives, the

inexorable rise in prices known as inflation leads to a continual decrease in the

real value of the dollar. The causes of inflation are many and complex, and it has

become a common malady of the economies of virtually all the developed coun-

tries of the world. In the United States every year since 1940 has shown a measur-

able degree of inflation as indicated by various federal price indexes. Since 1970

the rate of inflation has been particularly severe, and it is no longer unusual to see
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470 THE CONSTRAINTS 

(d) Providing engineering consultation services to a banker con­
templating investment in a high technology area 

(e) Writing computer programs on a consulting basis to local 
industry 

In each case, comment on the degree to which incremental costs 
change with the volume of the activity. 

2. Large central station electric generating plants of 1000 megawatt elec­
tric generating capacity now cost in the vicinity of two billion dollars 
to construct. Assuming an 8% simple interest rate, what is the corre­
sponding capital cost in units of cents per kilowatt hour? Compare 
this figure with the prevailing electric utility rates in your area. 

3. A college professor is contemplating buying his own cap and gown for 
use at graduation ceremonies twice a year. He presently rents this 
costume at $15 for each use. If a new gown is purchased, it can be 
expected to last for 15 years, at which point its value is reduced to 
zero. Assuming a l()lk simple interest rate and linear depreciation, 
find the maximum purchase price that would justify buying the cos­
tume. (At this price, the capital costs of owning the gown plus the 
depreciation charges will just equal the rental now paid.) 

4. For a manufacturing facility in your city, make a list of all important 
cost categories and divide the list into fixed and variable cost 
categories. 

5. A modern jet airliner costs approximately I 0 million dollars when 
purchased new. In a particular application that aircraft will provide 
800,000 passenger-miles of service per day. At I 0% simple interest, 
what are the corresponding capital costs per passenger-mile? 

6. A man paid $10 an hour performs a job that can be done equally well 
by a computer. At an annual interest rate of 12% simple interest. at 
what computer purchase price will the capital costs be equal to this 
figure? With a useful life of 5 years and no salvage value, what is the 
additional hourly rate corresponding to depreciation? Assume 8 hour 
operation per day, 5 days per week. 

8.8. I~FLATION 

All of our discussion to this point has assumed that the purchasing power of a 
dollar does not change with time. As we are all aware from our daily lives, the 
inexorable rise in prices known as inflation leads to a continual decrease in the 
real value of the dollar. The causes of inflation are many and complex, and it has 
become a common malady of the economies of virtually all the developed coun­
tries of the world. In the United States every year since 1940 has shown a measur­
able degree of inflation as indicated by various federal price indexes. Since 1970 
the rate of inflation has been particularly severe, and it is no longer unusual to see 
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FIGURE 8.10. Inflation must be taken

into account in determining the time value

of money.

double-digit inflation (greater than 10%) in any given year. Prudent economic

planning in today's climate must take into account the effects of this inflation.

Some obvious effects of inflation are felt in predicting future variable costs of

an operation. Inflation increases the cost of raw materials. Inflation also drives up

labor costs as salary and wage increases are needed to keep pace with increasing

prices. These increasing costs for a manufacturing company cause it to raise

prices, resulting in something of a vicious spiral. Governments have found it

difficult to eliminate or even control inflation rates. Therefore it is only prudent

that economic planning be done under the assumption that inflation will always be

with us.

Inflation has a considerable effect on the economic implications of interest

rates discussed earlier in this chapter. For example, assume that we borrow $1000

at 107c simple interest for repayment in one year's time. The repaid principal and

interest will amount to $1100. However, if there has been a general 5% inflation

over that same year, each of the repaid dollars will only be worth approximately

950 when measured against the goods that one dollar would have purchased when

the loan was made. Thus half of the accrued interest is really eaten away by the

effects of inflation, and the effective amount earned is only $500. By allowing

debts to be paid back with currency of less real value, the effect of inflation is to

favor the borrower and to penalize the lender. When measured in true purchasing

power, the effective interest earned by a lender (or paid by a borrower) is the

difference between nominal interest rates and the rate of inflation.

If it is assumed that a constant rate of inflation prevails, then the principles of

present worth accounting outlined earlier in this chapter still apply. In other

words, if two different schedules of loans and/or payments are intercompared in

the absence of inflation, they shall bear the same relationship to each other inde-

pendent of any assumed inflation rate. If one schedule of payments is shown to be

more favorable than another without inflationary effects, then that preference will

not be changed by any constant inflation factor.
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FIGURE 8.10. Inflation must be taken 
into account in determining the time value 
of money. 

double-digit inflation (greater than 10%) in any given year. Prudent economic 
planning in today's climate must take into account the effects of this inflation. 

Some obvious effects of inflation are felt in predicting future variable costs of 
an operation. Inflation increases the cost of raw materials. Inflation also drives up 
labor costs as salary and wage increases are needed to keep pace with increasing 
prices. These increasing costs for a manufacturing company cause it to raise 
prices, resulting in something of a vicious spiral. Governments have found it 
difficult to eliminate or even control inflation rates. Therefore it is only prudent 
that economic planning be done under the assumption that inflation will always be 
with us. 

Inflation has a considerable effect on the economic implications of interest 
rates discussed earlier in this chapter. For example, assume that we borrow$ 1000 
at J()l/( simple interest for repayment in one year's time . The repaid principal and 
interest will amount to $1100. However, if there has been a general 5% inflation 
over that same year, each of the repaid dollars will only be worth approximately 
95¢ when measured against the goods that one dollar would have purchased when 
the loan was made. Thus half of the accrued interest is really eaten away by the 
effects of inflation, and the effective amount earned is only $500. By allowing 
debts to be paid back with currency of less real value, the effect of inflation is to 
favor the borrower and to penalize the lender. When measured in true purchasing 
power, the effective interest earned by a lender (or paid by a borrower) is the 
difference between nominal interest rates and the rate of inflation. 

If it is assumed that a constant rate of inflation prevails, then the principles of 
present worth accounting outlined earlier in this chapter still apply. In other 
words, if two different schedules of loans and/or payments are intercompared in 
the absence of inflation, they shall bear the same relationship to each other inde­
pendent of any assumed inflation rate. If one schedule of payments is shown to be 
more favorable than another without inflationary effects, then that preference will 
not be changed by any constant inflation factor. 
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THE CONSTRAINTS

SUMMARY

Inflation has become an important factor in economic analysis and deci-

sion making. The declining purchasing power of the dollar must be taken

into account when evaluating the true future value of an investment or in

projecting future costs. Comparisons based on present worth accounting

remain valid in the presence offixed rate inflation.

Exercises

Inflation

1. Inflation percentages are quoted yearly and therefore correspond to

annual compounding. Find the percentage decrease in purchasing

power corresponding to 10 years of 7% inflation.

2. A 3-year investment is made at an interest rate of 11% compounded

semi-annually. Inflation rates for those 3 years are 8%, 7%, and 10%.

By what factor has the real purchasing power of that investment

increased over the 3 years?
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472 THE CONSTRAINTS 

SUMMARY 

Inflation has become an important factor in economic analysis and deci­
sion making. The declining purchasing power of the dollar must be taken 
into account when evaluating the true future value of an investment or in 
projecting future costs. Comparisons based on present worth accounting 
remain valid in the presence of fixed rate inflation. 

Exercises 

Inflation 

1. Inflation percentages are quoted yearly and therefore correspond to 
annual compounding. Find the percentage decrease in purchasing 
power corresponding to 10 years of 7% inflation. 

2. A 3-year investment is made at an interest rate of II% compounded 
semi-annually. Inflation rates for those 3 years are 8%, 7%, and 10%. 
By what factor has the real purchasing power of that investment 
increased over the 3 years? 
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CHAPTER 9

Interaction With People

As engineers advance in their profession, they usually find that human relations

play an important role, even replacing some of their technical activities. Many

engineers will find themselves in technical management. They might be asked to

lead a small group of engineers or supervise a design project. Some engineers will

move out of technical activities altogether into executive management positions

that are more concerned with personnel or budget matters than engineering

analysis and design. Their interaction with other professionals such as account-

ants, business executives, and lawyers will become increasingly important.

The more management responsibility engineers assume, the greater will be

their need for knowledge of business and management methods and a general

understanding of the law. A strong case can be made for the inclusion of a course

on modern management methods in the formal education of an engineer, and

many undergraduate curricula provide for this opportunity. Similarly, some expo-

sure to economics and accounting methods is desirable. In addition, although

engineers are not expected to master the complex and intricate (and confusing)

details of our legal code, they should be able to recognize those occasions when

legal advice is necessary and to interact intelligently with lawyers.

9.1. ENGINEERS AND MANAGEMENT

About five years into their careers most engineers will have to decide if they

should continue on in a technical specialty or enter technical management. It has

been estimated that as many as two-thirds of all engineers will spend a good part of

their careers as managers.

This trend should not be surprising. Even recent engineering graduates find

themselves faced with decisions concerning the allocation of human and material

resources. They must consider the economic implications of their technical deci-

sions. They are also frequently faced with human relations activities, whether

interacting with other engineers in their organization, or supervising the work of

475
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CHAPTER 9 

Interaction With People 

As engineers advance in their profession, they usually find that human relations 
play an important role, even replacing some of their technical activities. Many 
engineers will find themselves in technical management. They might be asked to 
lead a small group of engineers or supervise a design project. Some engineers will 
move out of technical activities altogether into executive management positions 
that are more concerned with personnel or budget matters than engineering 
analysis and design. Their interaction with other professionals such as account­
ants. business executives. and lawyers will become increasingly important. 

The more management responsibility engineers assume, the greater will be 
their need for knowledge of business and management methods and a general 
understanding of the law. A strong case can be made for the inclusion of a course 
on modern management methods in the formal education of an engineer, and 
many undergraduate curricula provide for this opportunity. Similarly, some expo­
sure to economics and accounting methods is desirable. In addition. although 
engineers are not expected to master the complex and intricate (and confusing) 
details of our legal code, they should be able to recognize those occasions when 
legal advice is necessary and to interact intelligently with lawyers. 

9.1. ENGINEERS AND MANAGEMENT 

About five years into their careers most engineers will have to decide if they 
should continue on in a technical specialty or enter technical management. It has 
been estimated that as many as two-thirds of all engineers will spend a good part of 
their careers as managers. 

This trend should not be surprising. Even recent engineering graduates find 
themselves faced with decisions concerning the allocation of human and material 
resources. They must consider the economic implications of their technical deci­
sions. They are also frequently faced with human relations activities, whether 
interacting with other engineers in their organization, or supervising the work of 
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476 THE CONSTRAINTS 

support personnel such as draftsmen, technicians, and craftsmen. Since so many 
of the engineer's activities involve "management," and since the reward system 
in most organizations tends to favor those in executive positions, it is not surpris­
ing that many engineers move rapidly into formal management roles . 

9.1.1. What is Management? 

Just what is management? A typical picture is that of the cigar-chomping execu­
tive , seated behind an enormous desk in a plush office , surrounded by subordi­
nates anxious to carry out every request. This stereotypical image suggests that 
authority over people is an important part of the management function. But the 
executive must also assume responsibility, that is, the obligation to accomplish 
certain goals. Of course, managers may play an important role in determining 
these goals and the methods used to pursue them. In management activities re­
sponsibility and authority go hand-in-hand. 

Perhaps the most famous definition of management was provided by an early 
pioneer of modern management methods, Federick W. Taylor: " Management is 
knowing exactly what you want men to do, and then seeing that they do it in the 
best and cheapest way." It is important to recognize two aspects of Taylor· s 

FIGURE 9.1. The most common perception of management fails to take into account the dual aspects of 
authority and responsibility. 
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INTERACTION WITH PEOPLE 477

definition. The first is concerned with defining objectives and planning the use of

resources in an efficient manner. The second aspect is concerned with achieving

satisfactory performance from employees. Management not only involves careful

planning and organization, but leadership as well. In a very real sense, manage-

ment is the function of getting things done through people. It involves both eco-

nomic and behavioral aspects.

The major stimulus for the development of modern management methods was

the recognition that management activities are simply another form of problem

solving and therefore subject to scientific methods. Whether seeking to minimize

the production costs of an item or to increase the productivity of subordinates, a

manager can apply the same problem solving approach so common in other as-

pects of engineering. As in the scientific method, modern management methods

involve reasoning from facts rather than conjecture, moving from cause to effect

based upon observation or experience.

In fact, the similarity between modern management methods and engineering

analysis is quite striking. For this reason most engineers find the transition to

managerial activities to be a rather natural step. They have already developed the

discipline and approach necessary for engineering problem solving. To apply

these to management problems is a straightforward extension (although it may

involve the acquisition of new "tools" such as finance and psychology). Just as in

engineering, the complexity of management problems will require a creativity and

imagination in the application of scientific principles that can challenge and stimu-

late engineers.

Although management roles vary greatly in authority and responsibility, rang-

ing from the leadership of a small technical group to the direction of a large

corporation with thousands of employees, we can identify several general activi-

ties involved at all levels of the management heirarchy. Certainly one important

component is planning, of establishing objectives and planning the work of others

to achieve these objectives. A second activity is organization, arranging the

planned work and the structure of the group of employees to function as efficiently

and effectively as possible. The third activity is leadership, the activity of motivat-

ing others to carry out the planned work as organized and then controlling the

performance of their work. We shall consider each of these activities in turn.

SUMMARY

Management involves planning objectives, organizing resources, and

leading others to achieve these objectives in the most efficient and effec-

tive manner. Management activities involve both authority and responsi-

bility. Since management is essentially an activity of problem solving, the

similarity between modern management methods and engineering

analysis is quite striking.
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INTERACTION WITH PEOPLE 477 

definition. The first is concerned with defining objectives and planning the use of 
resources in an efficient manner. The second aspect is concerned with achieving 
satisfactory performance from employees. Management not only involves careful 
planning and organization, but leadership as well. In a very real sense, manage­
ment is the function of getting things done through people. It involves both eco­
nomic and behavioral aspects. 

The major stimulus for the development of modem management methods was 
the recognition that management activities are simply another form of problem 
solving and therefore subject to scientific methods. Whether seeking to minimize 
the production costs of an item or to increase the productivity of subordinates, a 
manager can apply the same problem solving approach so common in other as­
pects of engineering. As in the scientific method, modem management methods 
involve reasoning from facts rather than conjecture, moving from cause to effect 
based upon observation or experience. 

In fact, the similarity between modern management methods and engineering 
analysis is quite striking. For this reason most engineers find the transition to 
managerial activities to be a rather natural step. They have already developed the 
discipline and approach necessary for engineering problem solving. To apply 
these to management problems is a straightforward extension (although it may 
involve the acquisition of new "tools .. such as finance and psychology). Just as in 
engineering, the complexity of management problems will require a creativity and 
imagination in the application of scientific principles that can challenge and stimu­
late engineers. 

Although management roles vary greatly in authority and responsibility, rang­
ing from the leadership of a small technical group to the direction of a large 
corporation with thousands of employees, we can identify several general activi­
ties involved at all levels of the management heirarchy. Certainly one important 
component is planninR, of establishing objectives and planning the work of others 
to achieve these objectives. A second activity is organization, arranging the 
planned work and the structure of the group of employees to function as efficiently 
and effectively as possible. The third activity is leadership, the activity of motivat­
ing others to carry out the planned work as organized and then controlling the 
performance of their work. We shall consider each of these activities in turn. 

SUMMARY 

Management invol\·es planning objectives, orgamzmg resources, and 
leading others to achieve these objectives in the most efficient and effec­
tive manner. Management activities involve both authority and responsi­
bility. Since management is essentially an activity of problem solving, the 
similarity between modern management methods and engineering 
analysis is quite striking. 
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9.1.2. Planning and Decision Making

The most basic of management functions is planning. In this step, broad objectives

are defined and goals set for various times into the future. In many organizations,

detailed planning is carried out on a year-by-year basis, often to coincide with

annual budgets. Equally important, however, is long-range planning that looks

beyond the year ahead in an attempt to anticipate major trends or goals as much as

five or ten years into the future.

An essential ingredient in planning is decision making. Managers make many

different types of decisions in establishing their objectives, including those con-

cerned with planning, organization, motivation, and control. They, in turn, will be

influenced by decisions made by others. While their duties may, in fact, be defined

in terms of other functions such as quality control or research and development,

the ability of managers to make the proper decision is an important factor in the

success of the organization.

It is important to recognize that decision making refers not just to the final act

of choosing among alternatives. It involves the entire process leading up to and

including this choice. Indeed, decision making follows the same format as en-

gineering problem solving: One must find an occasion for making a decision (de-

fine the problem), then determine possible courses of action (synthesize solu-

tions), and finally choose among various courses of action (solution evaluation).

Just as in technical problem solving, the managerial task of decision making is

frequently complicated by a degree of ill-definition and the existence of multiple

(and sometimes conflicting) objectives.

Many aspects of managerial decision making lend themselves to quantitative

analysis. For example, one can apply the engineering methods of systems analysis

to the organization involved (which is certainly a system, albeit large and com-

plex). This organization is comprised of subsystems of a social, economic, and

technological nature. It also functions itself as a subsystem within the larger

environment that includes competitive organizations as interrelated subsystems.

A factory can be analyzed as a complex system, receiving raw material as input

and manufacturing finished products as output. It is comprised of numerous sub-

systems such as assembly lines, maintenance groups, and quality control and

inspection units. The factory itself is a subsystem of a larger corporate structure.

The discipline that deals with the analysis of such organizational systems in a

quantitative manner is known as decision theory. Mathematical methods have

been developed to assist in determining the course of action that will optimize the

system behavior (for example, minimize the costs of production). Although not all

aspects of the decision situation lend themselves to such a quantitative approach,

it is still advantageous to carry the quantitative analysis as far as possible before

adding the subjective elements.

The manager can employ various instruments to accomplish the objectives

established by planning and decision making. These include policies, rules, proce-

dures, and budgets. In a sense these instruments act as constraints that guide the
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9.1.2. Planning and Decision Making 

The most basic of management functions is planning. In this step, broad objectives 
are defined and goals set for various times into the future. In many organizations, 
detailed planning is carried out on a year-by-year basis, often to coincide with 
annual budgets. Equally important, however, is long-range planning that looks 
beyond the year ahead in an attempt to anticipate major trends or goals as much as 
five or ten years into the future. 

An essential ingredient in planning is decision making. Managers make many 
different types of decisions in establishing their objectives, including those con­
cerned with planning, organization, motivation, and control. They. in turn, will be 
influenced by decisions made by others. While their duties may, in fact. be defined 
in terms of other functions such as quality control or research and development. 
the ability of managers to make the proper decision is an important factor in the 
success of the organization. 

It is important to recognize that decision making refers not just to the final act 
of choosing among alternatives. It involves the entire process leading up to and 
including this choice. Indeed, decision making follows the same format as en­
gineering problem solving: One must find an occasion for making a decision (de­
fine the problem), then determine possible courses of action (synthesize solu­
tions), and finally choose among various courses of action (solution evaluation). 
Just as in technical problem solving, the managerial task of decision making is 
frequently complicated by a degree of ill-definition and the existence of multiple 
(and sometimes conflicting) objectives. 

Many aspects of managerial decision making lend themselves to quantitative 
analysis. For example, one can apply the engineering methods of systems analysis 
to the organization involved (which is certainly a system. albeit large and com­
plex). This organization is comprised of subsystems of a social, economic. and 
technological nature. It also functions itself as a subsystem within the larger 
environment that includes competitive organizations as interrelated subsystems. 
A factory can be analyzed as a complex system, receiving raw material as input 
and manufacturing finished products as output. It is comprised of numerous sub­
systems such as assembly lines. maintenance groups. and quality control and 
inspection units. The factory itself is a subsystem of a larger corporate structure. 

The discipline that deals with the analysis of such organizational systems in a 
quantitative manner is known as decision theory. Mathematical methods have 
been developed to assist in determining the course of action that will optimize the 
system behavior (for example. minimize the costs of production). Although not all 
aspects of the decision situation lend themselves to such a quantitative approach. 
it is still advantageous to carry the quantitative analysis as far as possible before 
adding the subjective elements. 

Di 

The manager can employ various instruments to accomplish the objectives 
established by planning and decision making. These include policies, rules. proce­
dures, and budgets. In a sense these instruments act as constraints that guide the 
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path leading to the objective. A policy usually takes the form of a general state-

ment or understanding that serves to channel activity toward the objective. A

policy is a plan, in that it establishes, in advance, some ground rules to assist in

making later decisions. In contrast, a rule is more narrow and rigid, more specific,

than a policy. Rules are designed to define in advance what alternative must be

selected or what decision must be made in various situations, /^procedure is a rule

that usually incorporates a time element and requires sequential activity. It can be

a means for implementing a policy. Finally, a budget is a projection (and a plan)

that defines the anticipated costs of attaining an objective, either in economic or

human terms. The budget may be used as a control device; however it begins as a

forecast and therefore involves planning.

This discussion of planning and decision making is highly idealized, particu-

larly since it has ignored the fact that most managers are under serious time

constraints that may prevent the detailed analysis and thought required for careful

planning. Managers may be forced to react to unanticipated and immediate prob-

lems. For example, a breakdown in a key piece of equipment or the threat of a

wildcat strike will be more pressing than reviewing a plan for next year's budget.

This element of time should be taken into account when determining planning

procedures.

SUMMARY

Planning involves determining goals and the selecting among alterna-

tives, that is, decision making. Decision making is very similar to en-

gineering problem solving. One can apply quantitative methods of sys-

tems analysis to assist in the decision process. The manager can use

policies, rules, procedures, and budgets to channel the activities toward

the desired objectives.

9.1.3 Organization

An essential aspect of management involves organizationâ€”that is, an administra-

tive structure that can accomplish an objective. Organization means assigning

both authority and responsibility together with accountability to members of a

group for the accomplishment of various tasks. In a general sense, organizing is

the process of developing the most effective and efficient relationship between

work, workplace, and people. Here we use "relationship" to include the structure

of the system used to divide up and assign tasks and the procedures that coordi-

nate the authority and responsibility for these tasks.
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path leading to the objective. A policy usually takes the form of a general state­
ment or understanding that serves to channel activity toward the objective. A 
policy is a plan, in that it establishes, in advance, some ground rules to assist in 
making later decisions. In contrast, a rule is more narrow and rigid, more specific, 
than a policy. Rules are designed to define in advance what alternative must be 
selected or what decision must be made in various situations. A procedure is a rule 
that usually incorporates a time element and requires sequential activity. It can be 
a means for implementing a policy. Finally, a budget is a projection (and a plan) 
that defines the anticipated costs of attaining an objective, either in economic or 
human terms. The budget may be used as a control device; however it begins as a 
forecast and therefore involves planning. 

This discussion of planning and decision making is highly idealized, particu­
larly since it has ignored the fact that most managers are under serious time 
constraints that may prevent the detailed analysis and thought required for careful 
planning. Managers may be forced to react to unanticipated and immediate prob­
lems. For example, a breakdown in a key piece of equipment or the threat of a 
wildcat strike will be more pressing than reviewing a plan for next year's budget. 
This element of time should be taken into account when determining planning 
procedures. 

SUMMARY 

Plannin~ in\'Oh·es determinin~ goals and the selecting among alterna­
til·es, that is, decision making. Decision makinf? is very similar to en­
gineering problem sol,·ing. One can apply quantitative methods of sys­
tems analysis to assist in the decision process. The manaf?er can use 
policies, rules, procedures, and hudf?ets to channel the activities toward 
the desired objecti\'e s. 

9.1.3 Organization 

An essential aspect of management involves organization-that is, an administra­
tive structure that can accomplish an objective. Organization means assigning 
both authority and responsibility together with accountability to members of a 
group for the accomplishment of various tasks. In a general sense, organizing is 
the process of developing the most effective and efficient relationship between 
work, workplace, and people. Here we use "relationship" to include the structure 
of the system used to divide up and assign tasks and the procedures that coordi­
nate the authority and responsibility for these tasks. 
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Organization requires careful planning. When a large amount of standardized

work is to be done, great economies can be realized by breaking the complex task

into subtasks and assigning these to groups of specialists. We need only think of

the assembly line approach to manufacturing to realize the success of subdivision

and specialization. However, as the division of work becomes finer and finer, so

does the need for coordination among the groups of specialists. Each specialized

group becomes more dependent on other groups for support or services.

Various criteria can be used to develop an organizational structure. One can

determine the division of labor based on, for example, product or process simi-

larities, technological function, and authority. Of particular importance is the

division of work into managerial and nonmanagerial activities, usually referred to

as "line" and "staff" activities. Line authority implies primary responsibility for

the conduct of a specific division of work, say design, production, or marketing.

For example, a production manager in charge of overseeing the day-to-day opera-

tion of a manufacturing facility would be a member of line management. Staff

authority implies secondary responsibility for work conduct. The supervisor of

quality control, a staff group, is only indirectly responsible for production activity.

Staff groups aid line management in discharging its responsibilities.

All management functions, planning, organizing, and leading, are performed

within the line organization. These management activities are shared vertically.

Portions of the total planning function, organization, and so on are assigned to

each manager in the vertical line. In contrast, the role of staff units are to aid line

management, to provide it with information and services.

An organizational structure should be flexible. It should be capable of re-

sponding to changes in the environment or objectives within the organization. An

excellent example is provided by a structure known as projec t management that is

frequently adopted for large scale construction or production projects such as the

development and assembly of military aircraft. Here a unit headed by a project

manager is given responsibility and authority to make key decisions in managing

the project. This authority is ad hoc, and it lasts only until the project is com-

pleted. The project manager's responsibility and authority cuts across the tradi-

tional functional organization units such as production control, quality control,

and cost control. Such an organization structure possesses the flexibility to adapt

to changing requirements of new projects.

A closely related organizational structure is known as matrix management.

Here, the traditional line or pyramid structure of authority is replaced by a grid (a

"matrix"). Two types of managers are assigned authority: program managers and

functional managers. Program managers concentrate on a given program or pro-

ject; functional managers are responsible for personnel and facilities management

(hiring, firing, and personnel and facilities development). Program managers can

negotiate across the matrix structure for manpower and resources, although it is

still the job of top level managers to resolve conflicts. Although the delegation of

authority and harnessing of talent provided by a matrix management organization

can prove quite valuable in certain activities, it does require a high degree of

cooperation and teamwork within the organization.
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Organization requires careful planning. When a large amount of standardized 
work is to be done, great economies can be realized by breaking the complex task 
into subtasks and assigning these to groups of specialists. We need only think of 
the assembly line approach to manufacturing to realize the success of subdivision 
and specialization. However, as the division of work becomes finer and finer, so 
does the need for coordination among the groups of specialists. Each specialized 
group becomes more dependent on other groups for support or services. 

Various criteria can be used to develop an organizational structure. One can 
determine the division of labor based on, for example, product or process simi­
larities, technological function, and authority. Of particular importance is the 
division of work into managerial and nonmanagerial activities, usually referred to 
as "line" and "staff" activities. Line authority implies primary responsibility for 
the conduct of a specific division of work, say design, production, or marketing. 
For example, a production manager in charge of overseeing the day-to-day opera­
tion of a manufacturing facility would be a member of line management. Staff 
authority implies secondary responsibility for work conduct. The supervisor of 
quality control, a staff group. is only indirectly responsible for production activity. 
Staff groups aid line management in discharging its responsibilities. 

All management functions, planning, organizing, and leading, are performed 
within the line organization. These management activities are shared vertically. 
Portions of the total planning function, organization, and so on are assigned to 
each manager in the vertical line. In contrast, the role of staff units are to aid line 
management, to provide it with information and services. 

An organizational structure should be flexible . It should be capable of re­
sponding to changes in the environment or objectives within the organization. An 
excellent example is provided by a structure known as project management that is 
frequently adopted for large scale construction or production projects such as the 
development and assembly of military aircraft. Here a unit headed by a project 
manager is given responsibility and authority to make key decisions in managing 
the project. This authority is ad hoc, and it lasts only until the project is com­
pleted. The project manager's responsibility and authority cuts across the tradi­
tional functional organization units such as production control, quality control. 
and cost control. Such an organization structure possesses the flexibility to adapt 
to changing requirements of new projects. 

A closely related organizational structure is known as matrix management. 
Here, the traditional line or pyramid structure of authority is replaced by a grid (a 

"matrix"). Two types of managers are assigned authority: program managers and 
functional managers. Program managers concentrate on a given program or pro­
ject; functional managers are responsible for personnel and facilities management 
(hiring, firing, and personnel and facilities development). Program managers can 
negotiate across the matrix structure for manpower and resources. although it is 
still the job of top level managers to resolve conflicts. Although the delegation of 
authority and harnessing of talent provided by a matrix management organization 
can prove quite valuable in certain activities, it does require a high degree of 
cooperation and teamwork within the organization. 
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SUMMARY 

Organization is the development of an administrative structure for ac­
complishing an objective. It means assigning authority and responsibility 
to members of an organization for 1•arious subtasks. As the subdivision of 
the tasks becomes finer, the dependence among specialized groups in­
creases. Line and staff management refer to primary and secondary re­
sponsibility for work conduct, respectil'e/y. Organization structures 
should be flexible, capable o.fresponding to changes in the organization's 
em•ironment or objectil·es. This sometimes requires alternative organiza­
tion systems such as project management or matrix management. 

9.1.4. Leadership 

The responsibility of managers extends beyond planning and organization. They 
are required to take actions to implement policy decisions reached by others 

FIGURE 9.2. Leadership is an important aspect of management. 
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482 THE CONSTRAINTS

higher up in the organization. Directives reaching them are typically broad, leav-

ing them the task of converting overall objectives and policies into operational

programs of action. A major aspect of this management activity is leadership, or

the process of influencing the behavior of others.

Leadership involves persuading others to work toward an objective. To do

this, a manager should develop the ability to view activities from the perspective

of various individuals within the organization. In the early days of management

science physiological needs were thought to provide the basic drive among em-

ployees. However industry has passed beyond the era of paternalism, during

which many leaders assumed that the key to obtaining human cooperation was to

offer security and other economic satisfactions. Managers now recognize human

motivation as a dynamic force, with multiple kinds of drives, shifting in impor-

tance as satisfaction levels change and aspirations evolve. Individuals are seen as

joining an organization to achieve personal goals. They follow orders or otherwise

contribute their effort and talent only if such activities satisfy their needs and

abilities and are compatible with their sense of propriety. They may or may not be

especially concerned with the objectives management has established for the or-

ganization. This aspect of human behavior has come to be recognized as a critical

component of successful management.

Successful managers, through their own behavior, can also provide leader-

ship by example. The influence that a dedicated and enthusiastic leader can have

in instilling the same spirit throughout an organization should not be underesti-

mated. When dealing with subordinates, managers cannot expect a sustained level

of effort that exceeds their own.

SUMMARY

Leadership involves influencing the behavior of others. An important

element of leadership is behavioral, that is, persuading or motivating

individuals to contribute their efforts toward achieving the objectives of

the organization.

9.1.5. Preparation for Management Responsibilities

Even though most engineers will eventually work as managers, the typical en-

gineering education currently does not provide much material on modern man-

agement methods. However this deficiency is being corrected as many programs

are adding formal courses in technical management to the engineering curriculum.

There has also been recent growth in specialized programs in engineering

management at both the baccalaureate and graduate level. Typically these pro-
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higher up in the organization. Directives reaching them are typically broad, leav­
ing them the task of converting overall objectives and policies into operational 
programs of action. A major aspect of this management activity is leadership, or 
the process of influencing the behavior of others. 

Leadership involves persuading others to work toward an objective. To do 
this, a manager should develop the ability to view activities from the perspective 
of various individuals within the organization. In the early days of management 
science physiological needs were thought to provide the basic drive among em­
ployees. However industry has passed beyond the era of paternalism, during 
which many leaders assumed that the key to obtaining human cooperation was to 
offer security and other economic satisfactions. Managers now recognize human 
motivation as a dynamic force, with multiple kinds of drives, shifting in impor­
tance as satisfaction levels change and aspirations evolve. Individuals are seen as 
joining an organization to achieve personal goals. They follow orders or otherwise 
contribute their effort and talent only if such activities satisfy their needs and 
abilities and are compatible with their sense of propriety. They may or may not be 
especially concerned with the objectives management has established for the or­
ganization. This aspect of human behavior has come to be recognized as a critical 
component of successful management. 

Successful managers. through their own behavior. can also provide leader­
ship by example. The influence that a dedicated and enthusiastic leader can have 
in instilling the same spirit throughout an organization should not be underesti­
mated. When dealing with subordinates, managers cannot expect a sustained level 
of effort that exceeds their own. 

SUMMARY 

Leadership in\'Oil'l'S in.fluencinR the behm·ior l~( others. An important 
element of leadership is belwl·ioral, that is, persuading or motimtinR 
indil•iduals to contribute their e.fiorts toward achiel·ing the objecti•·es of 
the organi-:.ation. 

9.1.5. Preparation for Management Responsibilities 

Even though most engineers will eventually work as managers, the typical en­
gineering education currently does not provide much material on modern man­
agement methods. However this deficiency is being corrected as many programs 
are adding formal courses in technical management to the engineering curriculum. 

There has also been recent growth in specialized programs in engineering 
management at both the baccalaureate and graduate level. Typically these pro-
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grams include quantitative courses in management theory, engineering econom-

ics, statistics, decision theory, and operations research. They also include

behavioral courses such as personnel management, psychology, and human rela-

tions. Engineering management programs differ from business administration

programs (e.g., M.B.A. programs) in that they tend to be more quantitative,

stressing aspects of technical management.

SUMMARY

There is a need in the undergraduate engineering curriculum for formal

courses in management methods. Degree programs have been introduced

in technical management at the baccalaureate and graduate level.

Exercises

Management

1. List the principal aspects of authority and responsibility for each of

the following management positions:

(a) Design group leader

(b) Manager of quality control

(c) President of a large corporation

(d) Chairman of the board of a large corporation

(e) Football coach

2. Sometimes a manager will be ineffective because of an imbalance

between authority and responsibility. Suggest three examples of

such a situation.

It was noted that the general problem solving methods used in en-

gineering can also be applied to problems in management. Demonstrate

this by briefly describing how our procedure from Chapter 2 (problem

definition, solution synthesis, verification and evaluation, presentation)

might be applied to each of the following tasks:

3. Determine how to introduce robotics into an assembly line (recog-

nizing the constraints posed by union labor contracts).

4. Determine an optimum balance between merit and cost of living

factors in determining salary increases of professional staff during a

period of high inflation.

5. Develop a marketing strategy for a new microcomputer system that

will control every electrical outlet (and thereby any applicances

plugged into it) in a typical home.
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grams include quantitative courses in management theory, engineering econom­
ics, statistics, decision theory, and operations research. They also include 
behavioral courses such as personnel management, psychology, and human rela­
tions. Engineering management programs differ from business administration 
programs (e.g., M.B.A. programs) in that they tend to be more quantitative, 
stressing aspects of technical management. 

SUMMARY 

There is a need in the underRraduatt' enRineerinR curriculum for formal 
courses in nwlwgement methods. Degree programs ha1·e heen introduced 
in technical management at the baccalaureate and graduate le1·e/. 

Exercises 

Management 

I. List the principal aspects of authority and responsibility for each of 
the following management positions: 

(a) Design group leader 
(b) Manager of quality control 
(c) President of a large corporation 
(d) Chairman of the board of a large corporation 
(e) Football coach 

2. Sometimes a manager will be ineffective because of an imbalance 
between authority and responsibility. Suggest three examples of 
such a situation. 

It was noted that the general problem solving methods used in en­
gineering can also be applied to problems in management. Demonstrate 
this by briefly describing how our procedure from Chapter 2 (problem 
definition, solution synthesis, verification and evaluation, presentation) 
might be applied to each of the following tasks: 

3. Determine how to introduce robotics into an assembly line (recog­
nizing the constraints posed by union labor contracts). 

4. Determine an optimum balance between merit and cost of living 
factors in determining salary increases of professional staff during a 
period of high inflation. 

5. Develop a marketing strategy for a new microcomputer system that 
will control every electrical outlet (and thereby any applicances 
plugged into it) in a typical home. 
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6. An assembly line worker (who also happens to be a union shop

steward) has been stopped at the plant gate and found to have sev-

eral plant tools in the trunk of his car. Determine what action should

be taken.

7. Develop an affirmative action program to increase the percentage of

women engineers in your company to 50%, recognizing that only

20% of graduating engineers are female.

Planning and Decision Making

8. Give an example of a policy, a rule, a procedure, and a budget for

each of the following situations:

(a) A power plant construction project

(b) An automotive assembly plant

(c) Your college of engineering

(d) Your personal life

9. Identify each of the following as a policy, rule, procedure, or budget:

(a) Individuals should not remain in top line management posi-

tions past the age of 65.

(b) A manual containing instructions for nuclear power plant op-

erators in the event of an accident.

(c) The Ten Commandments.

(d) New plans for bringing into balance expenditures with re-

ceipts over the next calendar year.

10. Briefly define the following terms that arise in modern technical

management:

(a) Cost benefit analysis

(b) Environmental Impact Statement

(c) PERT (Program Analysis and Review Technique)

(d) Critical path scheduling

(e) Linear programming

The computer has had a significant impact on modern management

methods. Write simple computer programs (on either microcomputer or

time-sharing mainframe computer systems) to accomplish each of the

following management tasks:

11. Salary Determination: Develop a mathematical model to assist a

manager in determining salary increases for his or her employees.

For example, you might represent the salary increment as a linear

function of various factors such as productivity, seniority, potential,

cost of living, and so on:

A$ = C,/, + cjt + . . . + cnfH
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6. An assembly line worker (who also happens to be a union shop 
steward) has been stopped at the plant gate and found to have sev­
eral plant tools in the trunk of his car. Determine what action should 
be taken. 

7. Develop an affirmative action program to increase the percentage of 
women engineers in your company to 50%, recognizing that only 
20Ck of graduating engineers are female. 

Planning and Decision Making 

8. Give an example of a policy, a rule, a procedure, and a budget for 
each of the following situations: 

(a) A power plant construction project 
(b) An automotive assembly plant 
(c) Your college of engineering 
(d) Your personal life 

9. Identify each of the following as a policy, rule. procedure, or budget: 
(a) Individuals should not remain in top line management posi­

tions past the age of 65. 
(b) A manual containing instructions for nuclear power plant op­

erators in the event of an accident. 
(c) The Ten Commandments. 
(d) New plans for bringing into balance expenditures with re­

ceipts over the next calendar year. 

10. Briefly define the following terms that arise in modem technical 
management: 

(a) Cost benefit analysis 
(b) Environmental Impact Statement 
(c) PERT (Program Analysis and Review Technique) 
(d) Critical path scheduling 
(e) Linear programming 

The computer has had a significant impact on modem management 
methods. Write simple computer programs (on either microcomputer or 
time-sharing mainframe computer systems) to accomplish each of the 
following management tasks: 

11. Salary Determination: Develop a mathematical model to assist a 
manager in determining salary increases for his or her employees. 
For example, you might represent the salary increment as a linear 
function of various factors such as productivity. seniority, potential. 
cost of living, and so on: 

b 

~$=edt + cJ2 + · · · + cJn 
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The coefficients cl, câ€ž . . â–  could then be adjusted by the manager to

stress whatever factors were felt to be of most importance in deter-

mining salaries.

12. Inventory Control: Develop a simple inventory control program.

The program should keep track of the numbers of various items

(gadgets, widgets, or wombats) as they are removed from or added

to storage. Design the program to be interactive, in the sense that it

will interrogate the user for the appropriate information.

13. Capital Cost Accounting: Develop a program that will calculate

the capital cost of a project as a function of the labor, materials, and

site costs; years to completion; interest rates; and so on. Remember

to use the present worth accounting methods described in Chapter 8.

Organization

14. Using an organization diagram, design a suitable administrative

structure for each of the following:

(a) A technical group of 10 engineers charged with the responsi-

bility for the design of an all-terrain vehicle.

(b) A corporation of moderate size (1000 employees) that man-

ufactures and markets personal computers.

(c) A college of engineering.

(d) A hamburger stand employing 20 people.

15. Identify each of the following as line or staff positions:

(a) Design group leader

(b) Director of plant security

(c) Director of plant maintenance

(d) Manager of advanced products research

16. Identify each of the engineering functions in Section 1.3 as corre-

sponding to a line or a staff activity.

Leadership

17. Identify the principal approach to leadership of each of the following

(e.g., authority, persuasion, respect, intimidation, . . .):

(a) Your class instructor

(b) A Marine drill sergeant

(c) A college dean

(d) The President of the United States

18. Factors frequently regarded as important in motivating employees

include: salary and wages, job security, job esteem or prestige, pos-

sibility for advancement, physical environment, mental challenge,

pressure, fringe benefits, and perquisites. Identify and rank the fac-

tors you feel are of most importance in each of the following occupa-

tions:
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The coefficients c1, c2 , • • • could then be adjusted by the manager to 
stress whatever factors were felt to be of most importance in deter­
mining salaries. 

12. Inventory Control: Develop a simple inventory control program. 
The program should keep track of the numbers of various items 
(gadgets, widgets, or wombats) as they are removed from or added 
to storage. Design the program to be interactive, in the sense that it 
will interrogate the user for the appropriate information. 

13. Capital Cost Accounting: Develop a program that will calculate 
the capital cost of a project as a function of the labor, materials, and 
site costs: years to completion: interest rates: and so on. Remember 
to use the present worth accounting methods described in Chapter 8. 

Organization 

14. Using an organization diagram, design a suitable administrative 
structure for each of the following: 

(a) A technical group of 10 engineers charged with the responsi­
bility for the design of an all-terrain vehicle. 

(b) A corporation of moderate size ( 1000 employees) that man­
ufactures and markets personal computers. 

(c) A college of engineering. 
(d) A hamburger stand employing 20 people. 

15. Identify each of the following as line or staff positions: 
(a) Design group leader 
(b) Director of plant security 
(c) Director of plant maintenance 
(d) Manager of advanced products research 

16. Identify each of the engineering functions in Section 1.3 as corre­
sponding to a line or a staff activity. 

Leadership 

17. Identify the principal approach to leadership of each of the following 
(e.g., authority, persuasion, respect, intimidation, ... ): 

(a) Your class instructor 
(b) A Marine drill sergeant 
(c) A college dean 
(d) The President of the United States 

18. Factors frequently regarded as important in motivating employees 
include: salary and wages, job security, job esteem or prestige, pos­
sibility for advancement, physical environment, mental challenge, 
pressure, fringe benefits, and perquisites. Identify and rank the fac­
tors you feel are of most importance in each of the following occupa­
tions: 
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(a) Design engineer

(b) Craftsman

(c) Assembly line worker

(d) College professor

19. You are a manager. Discuss how you might develop a specific plan

of implementation for each of the following broad directives.

(a) Improve productivity in an assembly line by 10%

(b) Develop an economic wind turbine generator.

(c) Develop a more effective recruiting program for new en-

gineers.

(d) Meet newly imposed limits on stack emissions for a cement

plant.

Preparation for Management:

20. Determine the courses in your college's curriculum that would most

properly prepare you for a career in engineering management.

21. What factors in your career planning do you feel are of most impor-

tance in helping you to decide between a graduate degree in en-

gineering (e.g., M.S., M.Eng., or Ph.D.) and a graduate degree in

business administration (M.B.A.)?

9.2. ENGINEERS AND THE LAW

The activities of engineers are frequently influenced by legal considerations. For

example, the preparation of contract documents such as drawings and specifica-

tions requires knowledge of contract law. Research and development engineers

should be acquainted with patent law. Consulting engineers may be asked to

testify as expert witnesses in product liability suits or license hearings. In fact, all

engineers should be aware of their legal liability in engineering activities.

It is not our intent here to present a comprehensive survey of the many ways

in which the law influences the engineering profession. Rather we shall illustrate

several aspects of this interaction to show the importance of legal constraints on

engineering practice.

9.2.1. Background

When we use the term "the law," we refer to the rules of civil conduct, of right

and wrong, under which civilized individuals and communities live and maintain

their relationships with one another. The body of law governing human activities

includes not only the rules enacted by legislative bodies, but also the refinement

and elaboration of these rules by interpretation in the courts.

To be more precise, a statute (or statute law) is a rule of conduct enacted by a
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(a) Design engineer 
(b) Craftsman 
(c) Assembly line worker 
(d) College professor 

19. You are a manager. Discuss how you might develop a specific plan 
of implementation for each of the following broad directives. 

(a) Improve productivity in an assembly line by 10% 
(b) Develop an economic wind turbine generator. 
(c) Develop a more effective recruiting program for new en­

gineers. 
(d) Meet newly imposed limits on stack emissions for a cement 

plant. 

Preparation for Management: 

20. Determine the courses in your college's curriculum that would most 
properly prepare you for a career in engineering management. 

21. What factors in your career planning do you feel are of most impor­
tance in helping you to decide between a graduate degree in en­
gineering (e.g., M.S., M.Eng., or Ph.D.) and a graduate degree in 
business administration (M.B.A.)? 

9.2. ENGINEERS AND THE LAW 

The activities of engineers are frequently influenced by legal considerations. For 
example, the preparation of contract documents such as drawings and specifica­
tions requires knowledge of contract law. Research and development engineers 
should be acquainted with patent law. Consulting engineers may be asked to 
testify as expert witnesses in product liability suits or license hearings. In fact, all 
engineers should be aware of their legal liability in engineering activities. 

It is not our intent here to present a comprehensive survey of the many ways 
in which the law influences the engineering profession. Rather we shall illustrate 
several aspects of this interaction to show the importance of legal constraints on 
engineering practice. 

9.2.1. Background 

When we use the term "the law,'· we refer to the rules of civil conduct, of right 
and wrong, under which civilized individuals and communities live and maintain 
their relationships with one another. The body of law governing human activities 
includes not only the rules enacted by legislative bodies, but also the refinement 
and elaboration of these rules by interpretation in the courts. 
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To be more precise, a statute (or statute law) is a rule of conduct enacted by a 
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legislative authority. For example, the National Environmental Policy Act is a

statute enacted in 1969 by the United States Congress; it requires (among many

other things) that an Environmental Impact Report be filed with any application

for a federal license or permit. In contrast, common law refers to doctrines that

are not founded upon statute but rather have their origin in court decisions. The

particular interpretation of the National Environmental Policy Act by the United

States Supreme Court in 1971 (in the case of the Calvert Cliffs Coordinating

Committee vs. the Atomic Energy Commission) greatly broadened and extended

the application of the Act by requiring that the Environmental Impact Report

address all aspects of environmental impact, including social and aesthetic con-

siderations.

The common law established through judicial processes is an ever-changing

body of rules, continually subject to modification and reinterpretation. As circum-

stances change and the need arises, legislative bodies may enact statutes that

result in modifying or eliminating entirely some particular aspect or rule of the

common law. For example, for many years there has been a general principle of

common law known as "caveat emptor," or "let the buyer beware." Continued

abuses in the manufacture and sale of food and drugs eventually led to the passage

of the Pure Food and Drug Act. This statute was designed to safeguard the public

health and welfare; in effect it replaced the caveat emptor principle in the food and

drug area.

The judicial courts are mechanisms for settling legal disputes. The judicial

structure in the United States consists of courts at the federal, state, and local

level. The federal courts deal with civil and criminal cases that involve federal

laws or the constitution. They also handle disputes between citizens or corpora-

tions of different states. Sitting atop the federal court system is the United States

Supreme Court. Virtually all of the Supreme Court's activities are reviews of

lower court decisions. Below the Supreme Court in the federal court hierarchy are

the Circuit Courts of Appeals. These intermediate level courts, sitting in 11 cities

across the country, hear cases appealed from the more than 100 federal district

courts that exercise broad jurisdiction over federal matters. There are also special

courts created by Congress as the need arises, such as the Court of Claims, the

Court of Customs and Patent Appeals, and the Tax Court of the United States.

Complementing the federal court system are local judicial systems such as the

state and municipal courts. These have concurrent jurisdiction with federal courts

in many instances. But they also deal with disputes not within the jurisdiction of

federal courts. For example, most state court systems have a Supreme Court that

will hear appeals from lower state courts. They may also have District Courts of

Appeals similar to the federal court system. Superior or Circuit Courts located in

each county of the state handle trials of general jurisdiction including both civil

and criminal cases, felonies, divorce, and contract disputes. At the lowest level

are Municipal or Justice Courts, with jurisdiction over misdemeanors and civil

cases.

One can distinguish among several types of law. The most familiar classifica-

tion is criminal law versus civil law. Criminal law includes rules that define and
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legislative authority. For example, the National Environmental Policy Act is a 
statute enacted in 1969 by the United States Congress; it requires (among many 
other things) that an Environmental Impact Report be filed with any application 
for a federal license or permit. In contrast, common law refers to doctrines that 
are not founded upon statute but rather have their origin in court decisions. The 
particular interpretation of the National Environmental Policy Act by the United 
States Supreme Court in 1971 (in the case of the Calvert Cliffs Coordinating 
Committee vs. the Atomic Energy Commission) greatly broadened and extended 
the application of the Act by requiring that the Environmental Impact Report 
address all aspects of environmental impact. including social and aesthetic con­
siderations. 

The common law established through judicial processes is an ever-changing 
body of rules, continually subject to modification and reinterpretation. As circum­
stances change and the need arises, legislative bodies may enact statutes that 
result in modifying or eliminating entirely some particular aspect or rule of the 
common law. For example, for many years there has been a general principle of 
common law known as "caveat emptor," or "let the buyer beware." Continued 
abuses in the manufacture and sale of food and drugs eventually led to the passage 
of the Pure Food and Drug Act. This statute was designed to safeguard the public 
health and welfare: in effect it replaced the caveat emptor principle in the food and 
drug area. 

The judicial courts are mechanisms for settling legal disputes. The judicial 
structure in the United States consists of courts at the federal, state. and local 
level. The federal courts deal with civil and criminal cases that involve federal 
laws or the constitution. They also handle disputes between citizens or corpora­
tions of different states. Sitting atop the federal court system is the United States 
Supreme Court. Virtually all of the Supreme Court's activities are reviews of 
lower court decisions. Below the Supreme Court in the federal court hierarchy are 
the Circuit Courts of Appeals. These intermediate level courts. sitting in II cities 
across the country. hear cases appealed from the more than I 00 federal district 
courts that exercise broad jurisdiction over federal matters. There are also special 
courts created by Congress as the need arises, such as the Court of Claims. the 
Court of Customs and Patent Appeals. and the Tax Court of the United States. 

Complementing the federal court system are local judicial systems such as the 
state and municipal courts. These have concurrent jurisdiction with federal courts 
in many instances. But they also deal with disputes not within the jurisdiction of 
federal courts. For example, most state court systems have a Supreme Court that 
will hear appeals from lower state courts. They may also have District Courts of 
Appeals similar to the federal court system. Superior or Circuit Courts located in 
each county of the state handle trials of general jurisdiction including both civil 
and criminal cases, felonies, divorce, and contract disputes. At the lowest level 
are Municipal or Justice Courts, with jurisdiction over misdemeanors and civil 
cases. 

One can distinguish among several types of law. The most familiar classifica­
tion is criminal law versus civil law. Criminal law includes rules that define and 
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prohibit various crimes; it also makes provision for punishment. Civil law refers to

rules governing disputes between parties (individuals or organizations). Contract

disputes, product liability, and license intervention all are examples of civil law

areas. There are still other types of law such as tax law, patent law, maritime law,

and various forms of international law.

SUMMARY

The law refers to rules of civil conduct that govern the behavior and

relationship among individuals. The body of law includes not only rules

enacted by legislative bodies (statute law), but also the refinement and

elaboration of these rules by interpretation in the courts (common law).

Courts at the federal, state, and local level interpret and apply the law.

Most aspects of engineering law such as contract disputes and product

liability can be classified as civil law.

9.2.2. Contracts

One field of law of particular importance to practicing engineers is contract law. A

civil engineer might bid successfully on a contract to survey and plat a group of

residential building lots. Or a large aerospace corporation might sign a contract

with the federal government to design and build a spacecraft for a manned mission

to Mars. Although contract law is extensive and complex, we shall illustrate

several of its more general aspects that have proven to be important in engineering

activities.

In an abstract sense, a contract is simply the result of the concurrence of

agreement and obligation. It is an understanding made between two or more

persons or organizations enforceable by law. In this action rights are acquired by

one side, requiring acts or obligations from the other. An engineering firm agrees

to provide the detailed plans for a power plant for an agreed-upon sum.

For an agreement to result in a contract several ingredients are needed. First

there must be an offer, followed by a corresponding acceptance. Furthermore the

promises that stem from the offer and acceptance must be bound by law, so as to

invest this agreement with the character of obligation.

There are many different kinds of contracts. In an express contract, the terms

are declared by the parties in words, either orally or in writing, at the time the

agreement is made. An implied contract requires inference or deduction from

facts and circumstances showing a mutual intention to contract. There are also

unilateral contracts when only one of the contracting parties makes a promise in

exchange for an act or an executed consideration, and bilateral contracts involv-
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prohibit various crimes; it also makes provision for punishment. Civil law refers to 
rules governing disputes between parties (individuals or organizations). Contract 
disputes, product liability, and license intervention all are examples of civil Jaw 
areas. There are still other types of law such as tax law, patent law, maritime law, 
and various forms of international law. 

SUMMARY 

The law refers to rules of civil conduct that govern the behal'ior and 
relationship among individuals. The body of law includes not only rules 
enacted by legislative bodies (statute law), but also the refinement and 
elaboration of these rules by interpretation in the courts (common law). 
Courts at the federal, state, and local/eve/ interpret and apply the law. 
Most aspects of engineering law such as contract disputes and product 
liability can be classified as civil law. 

9.2.2. Contracts 

One field of law of particular importance to practicing engineers is contract law. A 
civil engineer might bid successfully on a contract to survey and plat a group of 
residential building lots. Or a large aerospace corporation might sign a contract 
with the federal government to design and build a spacecraft for a manned mission 
to Mars. Although contract law is extensive and complex, we shall illustrate 
seVeral of its more general aspects that have proven to be important in engineering 
activities. 

In an abstract sense, a contract is simply the result of the concurrence of 
agreement and obligation. It is an understanding made between two or more 
persons or organizations enforceable by law. In this action rights are acquired by 
one side, requiring acts or obligations from the other. An engineering firm agrees 
to provide the detailed plans for a power plant for an agreed-upon sum. 

For an agreement to result in a contract several ingredients are needed. First 
there must be an offer, followed by a corresponding acceptance. Furthermore the 
promises that stem from the offer and acceptance must be bound by law, so as to 
invest this agreement with the character of obligation. 

There are many different kinds of contracts. In an express contract, the terms 
are declared by the parties in words, either orally or in writing, at the time the 
agreement is made. An implied contract requires inference or deduction from 
facts and circumstances showing a mutual intention to contract. There are also 
unilateral contracts when only one of the contracting parties makes a promise in 
exchange for an act or an executed consideration, and bilateral contracts involv-
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FIGURE 9.3. Engineers should become familiar with contract law. 

ing mutual promises with each contracting party playing the dual role of promisor 
and promisee. For a contract to be binding, the agreement must be entered into by 
competent parties who express a definite assent in the form required by law. 

Precisely defined terms characterize legal concepts such as contracts (much 
as the engineer utilizes mathematical symbolism to characterize technical con­
cepts). Terms of most relevance to engineering contracts include the following: an 
owner, which refers to an individual or organization for which something is to be 
built or furnished under contract; the engineer, which refers to the engineer or 
architect (or organization) who acts in behalf of the owner in the transaction ; and 
the contractor, who is the party (either individual or organization) who undertakes 
for a stated price to provide the services for the owner. The term engineering is 
used by lawyers in a broad sense to include the work of all those engaged in the 
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490 THE CONSTRAINTS

provision of engineering services, ranging from architects in construction projects

to scientists in research and development projects.

One particular form of contract quite common in engineering is the construc-

tion contract. Documents are usually prepared in support of such contracts:

design drawings, which portray the structure to be built; specifications, which

describe the qualities of materials and workmanship to be provided by the con-

tractor; and various clauses setting forth specific features that apply to the work

and obligations of the parties involved.

Contracts vary as to the manner of payment. In lump sum contracts the

contractor agrees to perform the activity for a stated sum. For this compensation

all obligations specified by the contract must be fulfilled even though their even-

tual cost may exceed the stipulated payment. A unit price contract is one in which

payment for the work is made on the basis of an agreed-upon price for units of

work actually performed or materials furnished.

When a premium is placed on construction time, the contractor may enter a

cost-plus-percentage contract to perform the work on the basis of its actual cost

plus a percentage of the cost, the owner paying all of the bills. A variation on this

theme is the cost-plus-fixed-fee contract in which the owner pays all costs of the

project plus a fixed fee as a compensation for the contractor. Some organizations

make a specialty of both designing and building a project. In other words, they

will sign a contract with an owner to make all the preliminary studies and the final

design and then go ahead and build the structures involved. This is sometimes

called a turnkey type of contract. Such a contract may be made on the basis of the

cost-plus-fixed-fee or percentage.

To illustrate more clearly the various activities involved in contract prepara-

tion, let us briefly review how a construction contract might be arranged. The first

stage involves the preparation of drawings that detail the design of the project.

These drawings are prepared by the engineer and architect (in legal language, the

design professionals). Such drawings are usually referred to as design drawings

when they are prepared for bidding purposes; after the contract is let, they be-

come known as the contract drawings. The preparation of design drawings can

become quite complex since they must accurately document all details of the

construction project. Such drawings play an important role in the contract be-

cause the contractor is required to provide and perform exactly what the drawings

specify.

The architect-engineer will also provide detailed specifications concerning

the particular items and materials to be used in the project along with specifica-

tions related to the quality of the workmanship required of the contractor. Here

workmanship is intended to denote the contractor's operations in the shop or field

rather than the materials used in the performance of the contract itself.

The complete contract drawings, specifications, and all other papers and data

are put in a form suitable to enable contractors to submit bids on the project.

Included in this material is usually the engineer's estimate of the cost of the

project. All contractors must be provided with the same proposal form require-

ments if each bid is to be entered on the same basis.
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provision of engineering services, ranging from architects in construction projects 
to scientists in research and development projects. 

One particular form of contract quite common in engineering is the construc­
tion contract. Documents are usually prepared in support of such contracts: 
design drawings, which portray the structure to be built; specifications. which 
describe the qualities of materials and workmanship to be provided by the con­
tractor: and various clauses setting forth specific features that apply to the work 
and obligations of the parties involved. 

Contracts vary as to the manner of payment. In lump sum contracts the 
contractor agrees to perform the activity for a stated sum. For this compensation 
all obligations specified by the contract must be fulfilled even though their even­
tual cost may exceed the stipulated payment. A unit price contract is one in which 
payment for the work is made on the basis of an agreed-upon price for units of 
work actually performed or materials furnished. 

When a premium is placed on construction time, the contractor may enter a 
cost-plus-percentage contract to perform the work on the basis of its actual cost 
plus a percentage of the cost, the owner paying all of the bills. A variation on this 
theme is the cost-plus-fixed-fee contract in which the owner pays all costs of the 
project plus a fixed fee as a compensation for the contractor. Some organizations 
make a specialty of both designing and building a project. In other words. they 
will sign a contract with an owner to make all the preliminary studies and the final 
design and then go ahead and build the structures involved. This is sometimes 
called a turnkey type of contract. Such a contract may be made on the basis of the 
cost-plus-fixed-fee or percentage. 

To illustrate more clearly the various activities involved in contract prepara­
tion. let us briefly review how a construction contract might be arranged. The first 
stage involves the preparation of drawings that detail the design of the project. 
These drawings are prepared by the engineer and architect (in legal language. the 
design professionals). Such drawings are usually referred to as design drawings 
when they are prepared for bidding purposes: after the contract is let. they be­
come known as the contract drawings. The preparation of design drawings can 
become quite complex since they must accurately document all details of the 
construction project. Such drawings play an important role in the contract be­
cause the contractor is required to provide and perform exactly what the drawings 
specify. 

The architect-engineer will also provide detailed specifications concerning 
the particular items and materials to be used in the project along with specifica­
tions related to the quality of the workmanship required of the contractor. Here 
workmanship is intended to denote the contractor's operations in the shop or field 
rather than the materials used in the performance of the contract itself. 

The complete contract drawings, specifications, and all other papers and data 
are put in a form suitable to enable contractors to submit bids on the project. 
Included in this material is usually the engineer's estimate of the cost of the 
project. All contractors must be provided with the same proposal form require­
ments if each bid is to be entered on the same basis. 
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INTERACTION WITH PEOPLE

The next phase involves advertising for the bids and furnishing plans and

specifications to prospective contractors. The contractors then submit proposals

or bids (normally confidential "sealed bids") in which the contractor agrees to

furnish all materials and perform all work required by the contract documents

prepared by the owner for a stated price. Furthermore, the proposal or bid is

framed to constitute an undertaking by the bidder to sign the contract if the bid is

accepted. Notice that a proper bid and its acceptance together contain the essen-

tial elements of a contract: (1) There is an agreement. (2) The agreement concerns

specific subject matter. (3) The agreement is made between competent parties.

(4) The parties promise to do certain lawful things. (5) There is proper considera-

tion.

The engineer, under supervision of the owner, receives the proposals or bids

from the contractors, compares these proposals, and determines the successful

bidder. The contract is then signed by both the owner and the contractor. The final

stage involves proceeding with construction, that is, converting the plans into

reality. A knowledge of the law of contracts and the general conduct of business is

quite important during this last phase.

SUMMARY

A contract is an agreement in which rights are acquired by one side to

acts or obligations from the other. Contracts may be unilateral or bilat-

eral, and various means of payment are possible, including lump sum,

unit price, cost-plus-percentage, and turnkey. The most common form of

contract is that used for a construction project, in which an engineer

prepares drawings and specifications, contractors then submit bids to

perform the specified work, the engineer determines the successful bid-

der, and then the engineer supervises the performance of the contract

obligations.

9.2.3. Professional Liability

The activities of an engineer can affect countless people. Therefore it is not

surprising that engineers may be held liable under law for their efforts or mistakes.

In antiquity engineers were a combination of designer and builder. They were

subject to rather severe liability. For example, the code of Hammurabi in ancient

Samaria required that "If a builder builds a house for a man and does not make its

construction firm, and the house which he has built collapses and causes the death

of the owner, then the builder shall himself be put to death." Similar liabilities

applied to lesser forms of damage or injury.
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The next phase involves advertising for the bids and furnishing plans and 
specifications to prospective contractors. The contractors then submit proposals 
or bids (normally confidential "sealed bids") in which the contractor agrees to 
furnish all materials and perform all work required by the contract documents 
prepared by the owner for a stated price. Furthermore, the proposal or bid is 
framed to constitute an undertaking by the bidder to sign the contract if the bid is 
accepted. Notice that a proper bid and its acceptance together contain the essen­
tial elements of a contract: ( l) There is an agreement. (2) The agreement concerns 
specific subject matter. (3) The agreement is made between competent parties. 
(4) The parties promise to do certain lawful things. (5) There is proper considera­
tion. 

The engineer. under supervision of the owner, receives the proposals or bids 
from the contractors, compares these proposals, and determines the successful 
bidder. The contract is then signed by both the owner and the contractor. The final 
stage involves proceeding with construction, that is, converting the plans into 
reality. A knowledge of the law of contracts and the general conduct of business is 
quite important during this last phase. 

SU!\<1MARY 

A contract is an a!(reement in which rights are acquired by one side to 
acts or obligations from the other. Contracts may be unilateral or bilat­
eral, and \'arious means of payment are possible. including lump sum, 
unit price. cost-plus-percentage. and turnkey. The most common form of 
contract is that used for a construction project, in which an engineer 
prepares drawings and specifications. contractors then submit bids to 
perform the specified work, the engineer determines the succes~ful bid­
der, and then the engineer supervises the performance of the contract 
obligations. 

9.2.3. Professional Liability 

The activities of an engineer can affect countless people. Therefore it is not 
surprising that engineers may be held liable under law for their efforts or mistakes. 
In antiquity engineers were a combination of designer and builder. They were 
subject to rather severe liability. For example, the code of Hammurabi in ancient 
Samaria required that ''If a builder builds a house for a man and does not make its 
construction firm, and the house which he has built collapses and causes the death 
of the owner, then the builder shall himself be put to death.'' Similar liabilities 
applied to lesser forms of damage or injury. 
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492 THE CONSTRAINTS

Today, although the punishment is certainly less severe, engineers bear a

strong liability for their work. By accepting the responsibility for a task, engineers

imply that they possess reasonable competence and the diligence necessary to

perform the required activity. They do not guarantee perfectionâ€”or even satisfac-

tory end results. Neither do they warrant that miscalculations will not occur.

However they are expected to use all the skills at their command and to be

acquainted with the state-of-the-art of their profession at the time. They are ex-

pected to display skill and knowledge at the "professional level," beyond that

expected of nonskilled persons.

Engineers or architects may be held liable if the plans they draw prove grossly

defective. They are also potentially responsible for damage stemming from their

failure to supervise the construction work, if their supervision is required, or for

handling their duties in a negligent manner. They may also be liable if they fraudu-

lently or carelessly underestimate the cost of a project, thereby causing additional

expense to the owner.

In most states the law requires a professional engineer or architect to obtain a

certificate of registration as a prerequisite to practicing in that state. This certifica-

tion is needed if the engineer is to carry on professional activities either in an

individual capacity or as the supervisor of an engineering project within an organi-

zation (see Section 1.5).

SUMMARY

Engineers may be held liable under law for their efforts. They are ex-

pected to possess reasonable competence and display the skill and know-

ledge characteristic of their profession. Most states require professional

engineers to obtain a certificate of registration as a prerequisite for cer-

tain types of practice.

9.2.4. Expert Witnesses

Engineers are occasionly called upon to testify in court as expert witnesses. By

definition, an expert witness is one whose background, training, and professional

experience provides a superior knowledge in a particular field of endeavor that

can serve as foundation for meaningful conclusions and opinions. Engineers may

be asked for testimony or statements of opinion in a variety of civil court matters,

including product liability suits or patent disputes. They may also be asked to

testify at commission hearings, arbitration proceedings, legislative committee

hearings, conferences pertaining to contract disputes, hearings to establish prop-

erty evaluations, rates, or services, hearings before zoning boards, and building

code matters.
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Today, although the punishment is certainly less severe, engineers bear a 
strong liability for their work. By accepting the responsibility for a task, engineers 
imply that they possess reasonable competence and the diligence necessary to 
perform the required activity. They do not guarantee perfection-or even satisfac­
tory end results. Neither do they warrant that miscalculations will not occur. 
However they are expected to use all the skills at their command and to be 
acquainted with the state-of-the-art of their profession at the time. They are ex­
pected to display skill and knowledge at the "professional level," beyond that 
expected of nonskilled persons. 

Engineers or architects may be held liable if the plans they draw prove grossly 
defective. They are also potentially responsible for damage stemming from their 
failure to supervise the construction work, if their supervision is required. or for 
handling their duties in a negligent manner. They may also be liable if they fraudu­
lently or carelessly underestimate the cost of a project, thereby causing additional 
expense to the owner. 

In most states the law requires a professional engineer or architect to obtain a 
certificate ofregistration as a prerequisite to practicing in that state. This certifica­
tion is needed if the engineer is to carry on professional activities either in an 
individual capacity or as the supervisor of an engineering project within an organi­
zation (see Section 1.5). 

SUMMARY 

Engineers may be held liable under law for their efforts. They are ex­
pected to possess reasonable competence and display the skill and know­
ledge characteristic of their profession. Most states require professional 
engineers to obtain a certificate of registration as a prerequisite for cer­
tain types of practice. 

9.2.4. Expert Witnesses 

Engineers are occasionly called upon to testify in court as expert witnesses. By 
definition, an expert witness is one whose background, training, and professional 
experience provides a superior knowledge in a particular field of endeavor that 
can serve as foundation for meaningful conclusions and opinions. Engineers may 
be asked for testimony or statements of opinion in a variety of civil court matters. 
including product liability suits or patent disputes. They may also be asked to 
testify at commission hearings, arbitration proceedings, legislative committee 
hearings, conferences pertaining to contract disputes, hearings to establish prop­
erty evaluations, rates, or services, hearings before zoning boards, and building 
code matters. 
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f iGURE 9.4. Engineers may be held liable under law for their activit ies. 

It is essential that the engineer who is to serve as an expert witness become 
familiar with the technical aspects of the case. This may involve close cooperation 
with attorneys for both sides. There should be a definite understanding about what 
the expert witnesses will be asked, what information they are in a position to 
provide , and what the limitations of their knowledge and experience may be. 
Careful preparation for such testimony is essential since an engineer's conduct in 
court may not only determine the outcome of a case. but it can also infl uence the 
engineer' s reputation and professional future. 

SUM MARY 

Engineers are occasionally called upon for testimony as expert witnesses 
in court or other legal proceedings. Careji.1l preparation for such tes­
timony is essential. 

9.2.5. Patents 

Patents play an important role in engineering. A patent is a right granted by the 
government to a person(s) for a limited period of time to exclude everyone else 
from making, selling, and using the process or device that has been invented and 
patented . In effect a patent is a contract between the inventor and the govern­
me nt. The inventor is obliged to describe the invention fully through the medium 
of the issued patent; the government undertakes to protect the right created by the 
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patent. Of course, a patent on a particular article or process will be granted only to 
the " first " inventor. 

The life of a patent in the United States is 17 years from the date of issue. The 
government gives the inventor the right to exclusive use of the patented device for 
this period. However this privilege is conditioned upon the complete disclosure of 
all details of the invention, so that, after expiration of the patent, anyone with the 
technical knowledge and financial resources will be in a position to make, sell. or 
use the device. In this sense, the word patent means to '"open· · or "disclose ... 

A patent does not necessarily mean that the inventor has the right to manufac­
ture the article involved, since other licenses or permits may be required for this. 
A patent merely grants to the holder the privilege of temporarily preventing others 
from using the process or making the article in question. It provides inventors with 
protection to encourage them to develop their inventions without concern that 
their ideas will be exploited by others. 

The preparation of an application for a patent is a complex task. An engineer 
who intends to apply for a patent should secure the services of an experienced 
agent or lawyer who is registered with the United States Patent Office. The first 
stage of the application is to determine whether the proposed invention is indeed 
novel. The Patent Office contains extensive libraries detailing all previous patents 
for the use of all who wish to learn what has been developed. (We have already 
noted in Chapter 2 that these patent descriptions provide excellent resources for 
engineering design. 

Engineers involved in research and development (and therefore invention) 
are advised to keep a careful record of their activities. Preferably, this record 
should be kept in a bound notebook so that others would find it difficult to claim 

FIGURE 9.5. Engineers should be concerned with patenting novel aspects of their work. 
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that the inventor has inserted information at a date later than is actually the case,

or that pages were deleted (as might be possible with a looseleaf notebook). It is

also desirable for inventors to date and sign each page as they record their notes.

Furthermore at intervals they might have these notes read, dated, and notarized.

After the tedious process of patent application has been successfully com-

pleted and the patent has been awarded, inventors may assign their patent or the

rights pertaining to it, or they may issue another person a grant or permit to make

use of any of the rights covered under the patent. A license may or may not be

treated as exclusive, and the agreement between parties should clarify this point.

The licensee will then provide payment to the patent holder in the form of royal-

ties.

SUMMARY

A patent is a right granted by the government to an inventor to exclude

others from using or making the invention. The inventor is obliged to

describe the invention fully in the patent; the government undertakes to

protect the right created by the patent. The application for a patent is a

complex task requiring the assistance of experts. Research and develop-

ment engineers should always keep careful records of their activities to

support possible patent applications.

Exercises

The Law

1. Give three examples of statute laws and common laws.

2. Describe the court system in your state.

3. Suggest circumstances in which an engineer might be prosecuted

under criminal statutes for improper activities related to professional

practice.

Contracts

4. Contrast the contract procedure used in public projects with that in

private projects.

5. Summarize briefly the advantages and disadvantages of

(a) Lump sum or fixed cost contracts

(b) Cost-plus-percentage contracts

(c) Cost-plus-fixed-fee contracts

(d) Turnkey contracts
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that the inventor has inserted information at a date later than is actually the case, 
or that pages were deleted (as might be possible with a looseleaf notebook). It is 
also desirable for inventors to date and sign each page as they record their notes. 
Furthermore at intervals they might have these notes read, dated, and notarized. 

After the tedious process of patent application has been successfully com­
pleted and the patent has been awarded, inventors may assign their patent or the 
rights pertaining to it, or they may issue another person a grant or permit to make 
use of any of the rights covered under the patent. A license may or may not be 
treated as exclusive, and the agreement between parties should clarify this point. 
The licensee will then provide payment to the patent holder in the form of royal­
ties. 

SUMMARY 

A patent is a right granted by the ~m·ernment to an inventor to exclude 
others from usin~ or makin~ the im·ention. The im·entor is obliged to 
describe the inl'ention jitlly in the patent: the ~o,·ernment undertakes to 
protect the ri~ht created by the patent. The application for a patent is a 
complex task requirin~ the assistance l~t' experts. Research and del'elop­
ment engineers should always keep care}itl records of their actil'ities to 
support possible patent applications. 

Exercises 

The Law 

1. Give three examples of statute laws and common laws. 

2. Describe the court system in your state. 

3. Suggest circumstances in which an engineer might be prosecuted 
under criminal statutes for improper activities related to professional 
practice. 

Contracts 

4. Contrast the contract procedure used in public projects with that in 
private projects. 

S. Summarize briefly the advantages and disadvantages of 
(a) Lump sum or fixed cost contracts 
(b) Cost-plus-percentage contracts 
(c) Cost-plus-fixed-fee contracts 
(d) Turnkey contracts 
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496 THE CONSTRAINTS

6. Write a brief contract to be used in requesting bids for each of the

following tasks:

(a) Providing a computer program to balance your checkbook.

(b) Cleaning your room (assuming that this is a possible task).

(c) Conducting a research and development program to improve

the design of the corkscrew.

(d) Developing a new automobile engine design that will be

fueled with alcohol.

7. Prepare a bid for each of the following tasks:

(a) Analyzing the energy use and recommending energy conser-

vation measures for your college.

(b) Redesigning your college's football field in SI units (including

laying out and marking the new field).

(c) Washing your instructor's car.

(d) Modifying all Interstate highway signs in your state to im-

plement the changeover to SI units.

8. Prepare a bid (cost estimate) for the following engineering task:

Develop a computer program to perform a statistical analysis and

least squares fit correlation of the data obtained in a chemistry

laboratory. The estimated effort is 100 hours. The project must be

completed in one month's time.

Be certain to include the cost of computer time, report preparation, a

contingency factor and, of course, a suitable profit margin.

9. Define the following terms frequently used in contract preparations:

(a) Boiler plate clauses

(b) RFP (Request for Proposal)

(c) Contingency factors

(d) Direct and indirect costs

(e) TPR (Technical Proposal Requirements)

Patents

10. Why does a patent grant the right to exclude others from making,

using, or selling the invention rather than the right to make, use. or

sell it?

11. As an engineer working for a company, you sign a patent agreement

assigning your rights to patents on any products developed during

your employment over to the company. During your off-hours, you

suddenly hit upon a idea that possesses a considerable potential.

Under what circumstances (if any) would you be justified in seeking

an independent patent on the idea?

12. Why are records of invention development necessary in patent ap-

plications?
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6. Write a brief contract to be used in requesting bids for each of the 
following tasks: 

(a) Providing a computer program to balance your checkbook. 
(b) Cleaning your room (assuming that this is a possible task). 
(c) Conducting a research and development program to improve 

the design of the corkscrew. 
(d) Developing a new automobile engine design that will be 

fueled with alcohol. 

7. Prepare a bid for each of the following tasks: 
(a) Analyzing the energy use and recommending energy conser­

vation measures for your college. 
(b) Redesigning your college's football field in SI units (including 

laying out and marking the new field). 
(c) Washing your instructor's car. 
(d) Modifying all Interstate highway signs in your state to im­

plement the changeover to SI units. 

8. Prepare a bid (cost estimate) for the following engineering task: 

Develop a computer program to perform a statistical analysis and 
least squares fit correlation of the data obtained in a chemistry 
laboratory. The estimated effort is 100 hours. The project must be 
completed in one month's time. 

Be certain to include the cost of computer time, report preparation, a 
contingency factor and, of course, a suitable profit margin. 

9. Define the following terms frequently used in contract preparations: 
(a) Boiler plate clauses 
(b) RFP (Request for Proposal) 
(c) Contingency factors 
(d) Direct and indirect costs 
(e) TPR (Technical Proposal Requirements) 

Patents 

10. Why does a patent grant the right to exclude others from making. 
using, or selling the invention rather than the right to make, use. or 
sell it? 

11. As an engineer working for a company, you sign a patent agreement 
assigning your rights to patents on any products developed during 
your employment over to the company. During your off-hours. you 
suddenly hit upon a idea that possesses a considerable potential. 
Under what circumstances (if any) would you be justified in seeking 
an independent patent on the idea? 

12. Why are records of invention development necessary in patent ap­
plications? 
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CHAPTER 10

Interaction with Society

Throughout history the tools, machines, structures, and processes of technology

that engineers have created have profoundly affected the course of civilization.

The impact of the invention of the printing press, steam power, and gun powder

are familiar topics in history courses. The impact of technology on society in

modern times is perhaps even more dramatic and accelerated. We need only think

of modern inventions such as the computer, telecommunications, and atomic

energy to realize the extent to which engineering and technology have affected

each of us.

Engineering has affected not only individual members of society. It has had

also a strong influence on social organizations and institutions and especially on

government. Governments, whether monarchy, democracy, or oligarchy, have

always been influential in determining the direction of technological activities and

in sponsoring these activities. Certainly the size of many engineering activities

makes this a necessityâ€”for example, the pyramids of Egypt or the aqueducts of

Rome. History has also demonstrated that engineering has been used as a tool to

realize the ambitions of rulers and governments, as an instrument of both peace

and war.

An important interaction in recent times has been between engineering and

members of society, the "public." The degree to which public attitudes toward

science and technology influence the development and implementation of en-

gineering achievements is a more recent phenomenon deserving of serious atten-

tion.

As the scale of engineering activities increases, so too does the magnitude of

their impact on society. New technologies require a careful evaluation before

implementation. No longer can we rely simply on technical feasibility as sufficient

justification for engineering accomplishment. Social desirability must also be con-

sidered. Will recombinant DNA and genetic engineering create new life forms that

cannot be controlled? Will the radioactive waste produced by our nuclear power

plants contaminate our environment for generations to come? Will the continued
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CHAPTERIO 

Interaction with Society 

Throughout history the tools. machines. structures. and processes of technology 
that engineers have created have profoundly affected the course of civilization. 
The impact of the invention of the printing press. steam power, and gun powder 
are familiar topics in history courses. The impact of technology on society in 
modern times is perhaps even more dramatic and accelerated. We need only think 
of modern inventions such as the computer. telecommunications, and atomic 
energy to realize the extent to which engineering and technology have affected 
each of us. 

Engineering has affected not only individual members of society. It has had 
also a strong influence on social organizations and institutions and especially on 
government. Governments, whether monarchy. democracy, or oligarchy, have 
always been influential in determining the direction of technological activities and 
in sponsoring these activities. Certainly the size of many engineering activities 
makes this a necessity-for example, the pyramids of Egypt or the aqueducts of 
Rome. History has also demonstrated that engineering has been used as a tool to 
realize the ambitions of rulers and governments, as an instrument of both peace 
and war. 

An important interaction in recent times has been between engineering and 
members of society, the '"public." The degree to which public attitudes toward 
science and technology influence the development and implementation of en­
gineering achievements is a more recent phenomenon deserving of serious atten­
tion. 

As the scale of engineering activities increases. so too does the magnitude of 
their impact on society. New technologies require a careful evaluation before 
implementation. No longer can we rely simply on technical feasibility as sufficient 
justification for engineering accomplishment. Social desirability must also be con­
sidered. Will recombinant DNA and genetic engineering create new life forms that 
cannot be controlled? Will the radioactive waste produced by our nuclear power 
plants contaminate our environment for generations to come? Will the continued 
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500 THE CONSTRAINTS

combustion of fossil fuels such as oil and coal disturb the carbon dioxide balance

in the atmosphere and trigger catastrophic climatic changes? The increased com-

plexity of engineering activities makes it extremely difficult to analyze the poten-

tial impact of engineering projects. We have come to recognize that technology

presents us with mixed blessings. It has an enormous potential for good; yet. if

implemented in a careless fashion, it can also cause great harm.

10.1. ENGINEERING AND GOVERNMENT

Governments have always had a significant influence as sponsors of engineering

activities. Since society's resources are limited, it is understandable that govern-

ment should feel obliged to determine priorities and make choices among various

technical options.

Recently, the role of government has broadened to include regulation of all

types of engineering activity, whether supported by public or private funds. Fed-

eral regulations now governing areas such as product safety, environmental im-

pact, and construction codes exemplify the ever-increasing regulatory role of

government.

Today, government has not only a regulatory role, but has assumed the

responsibility for determining whether certain technologies should even be de-

veloped. The public debates over the development of the supersonic transport and

the fast breeder reactor are evidence of the increased involvement of government

in technology assessment.

Assessment and regulation of technology are particularly complex tasks for

public officials. If these officials are to participate wisely in decisions concerning

technology, they must be acquainted with the scientific and technical foundations

of the engineering activities involved. The resolution of complex issues involving

energy production, pollution abatement, public transportation, and national de-

fense illustrate the difficulty in making essentially political decisions about the

implementation of future technologies.

10.1.1. Government Involvement in Technology

To cope with the increasing complexity and array of options involving the im-

plementation of technology, government has spawned numerous federal depart-

ments, commissions, boards, and administrations such as the National Aeronau-

tics and Space Administration (NASA), the Department of Energy (DOE), the

Environmental Protection Agency (EPA), and the Civil Aeronautics Board

(CAB). Each of these agencies employs hundreds (in some cases, thousands) of

engineers to assist them in identifying, developing, and regulating an array of

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

1
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

500 THE CONSTRAINTS 

combustion of fossil fuels such as oil and coal disturb the carbon dioxide balance 
in the atmosphere and trigger catastrophic climatic changes? The increased com­
plexity of engineering activities makes it extremely difficult to analyze the poten­
tial impact of engineering projects. We have come to recognize that technology 
presents us with mixed blessings. It has an enormous potential for good: yet. if 
implemented in a careless fashion, it can also cause great harm. 

10.1. ENGINEERING AND GOVERNMENT 

Governments have always had a significant influence as sponsors of engineering 
activities. Since society's resources are limited. it is understandable that govern­
ment should feel obliged to determine priorities and make choices among various 
technical options. 

Recently, the role of government has broadened to include regulation of all 
types of engineering activity. whether supported by public or private funds. Fed­
eral regulations now governing areas such as product safety. environmental im­
pact. and construction codes exemplify the ever-increasing regulatory role of 
government. 

Today. government has not only a regulatory role, but has assumed the 
responsibility for determining whether certain technologies should even be de­
veloped. The public debates over the development of the supersonic transport and 
the fast breeder reactor are evidence of the increased involvement of government 
in technology assessment. 

Assessment and regulation of technology are particularly complex tasks for 
public officials. If these officials are to participate wisely in decisions concerning 
technology. they must be acquainted with the scientific and technical foundations 
of the engineering activities involved. The resolution of complex issues involving 
energy production. pollution abatement, public transportation, and national de­
fense illustrate the difficulty in making essentially political decisions about the 
implementation of future technologies. 

10. I. I. Government Involvement in Technology 

To cope with the increasing complexity and array of options involving the im­
plementation of technology. government has spawned numerous federal depart­
ments. commissions. boards, and administrations such as the National Aeronau­
tics and Space Administration (NASA), the Department of Energy (DOE), the 
Environmental Protection Agency (EPA), and the Civil Aeronautics Board 
(CAB). Each of these agencies employs hundreds (in some cases. thousands) of 
engineers to assist them in identifying. developing, and regulating an array of 
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FIGURE 10.1. Science and engineering

have become increasingly regulated by the

federal government.

technologies. These institutions have become powerful forces in our society, both

technically and politically.

The role of elected public officials in determining policies involving technol-

ogy has also become quite complex. Not only must they understand the technical

aspects of their decisions, but in reaching policy decisions they must also deal

with powerful groups such as private industry, consumer advocate or environ-

mental groups, and government bureauracy.

Government has become increasingly involved in both the development of

new technology and the implementation of existing technology. The large re-

sources needed for the development of a new technology (research and develop-

ment) almost require government participation. Indeed, as we have mentioned,

government has come to play the dominant role in the decisions about whether a

new technology should be developed at all.

Government's role has also spread to include questions on the implementa-

tion of presently available technology. Government now largely determines where

new highways are routed or factories are built, how products such as automobiles,

airplanes, or electric toasters are designed, and even the foods we purchase at the

grocery store.

Unfortunately, the complexity of many of these decisions and the increasing

involvement of government has isolated the general public from technical decision

making. More decisions are being made by a relatively small handful of people

within key federal and state offices. We have developed a new elite of persons in

critical government positions who have acquired unusual influence as a result of

their access to technical and scientific knowledge that the general public no longer

comprehends. This new technocratic elite even tends to draw away from elected

public officials who are frequently ill-equipped to deal with questions of a highly

technical nature.
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FIGURE 10.1. Science and engineering 
have become increasingly regulated by the 
federal government. 

technologies. These institutions have become powerful forces in our society. both 
technically and politically. 

The role of elected public officials in determining policies involving technol­
ogy has also become quite complex. Not only must they understand the technical 
aspects of their decisions, but in reaching policy decisions they must also deal 
with powerful groups such as private industry, consumer advocate or environ­
mental groups, and government bureau racy. 

Government has become increasingly involved in both the development of 
new technology and the implementation of existing technology. The large re­
sources needed for the development of a new technology (research and develop­
ment) almost require government participation. Indeed, as we have mentioned, 
government has come to play the dominant role in the decisions about whether a 
new technology should be developed at all. 

Government's role has also spread to include questions on the implementa­
tion of presently available technology. Government now largely determines where 
new highways are routed or factories are built, how products such as automobiles, 
airplanes, or electric toasters are designed, and even the foods we purchase at the 
grocery store. 

Unfortunately. the complexity of many of these decisions and the increasing 
involvement of government has isolated the general public from technical decision 
making. More decisions are being made by a relatively small handful of people 
within key federal and state offices. We have developed a new elite of persons in 
critical government positions who have acquired unusual influence as a result of 
their access to technical and scientific knowledge that the general public no longer 
comprehends. This new technocratic elite even tends to draw away from elected 
public officials who are frequently ill-equipped to deal with questions of a highly 
technical nature. 
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SUMMARY

Government has spawned new agencies to cope with the increasing com-

plexity of technology. It has assumed a growing role in both the develop-

ment of new technology and the implementation of existing technology.

10.1.2. Government Regulation

Although technology has given us the means to improve our lives, it has also

provided us with new means to abuse society and the environment. The power

plant that generates needed electricity can also produce smoke that may pollute

the atmosphere and harm both public health and the environment. The automobile

has given us a new mobility, but it has also polluted the air we breathe, paved over

the environment in which we live, and threatens to exhaust our resources of

energy fuels.

Therefore it is apparent that some restraint on our use of technology is re-

quired. We cannot blindly implement new technologies. We must first evaluate

their potential impact on us and our environment and, once implemented,

technologies must be carefully controlled.

The type and degree of control, however, are controversial. The growing

awareness of the damage that we can cause to our society and our environment

through technology has stimulated public resistance. Powerful new groups such as

those in the consumer advocate and environmental movements have rejected

laisse-faire or self-restraint. They demand strong government control and regula-

tion of technology. Indeed, the general public now appears to be of the attitude

that the opportunities for abuse provided by technology are too numerous and too

tempting to rely on self-restraint. There appears to be a strong conviction in many

quarters that business interests cannot be trusted to refrain voluntarily from using

technology to exploit natural resources or the public. The feeling is that given the

opportunity, we shall exploit each other and nature. Furthermore, economic dis-

incentives (e.g., billing industry through taxes for the true environmental and

human costs of their activities) are usually considered to be impractical. Hence

the public is demanding more and more that government assume the primary

responsibility for managing, controlling, and regulating both new and existing

technology.

Of course government regulation of technology is nothing new. just as gov-

ernment regulation of all human activities has always been a part of many cul-

tures. What is different is the mounting pressure on government to legislate

against all technology. Whether it be the control of chemicals in our food, pollu-

tants in the air we breathe, the efficiency of our appliances, the location of our
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SUMMARY 

Gm·ernment has spawned new agencies to cope with the increasing com­
plexity of technology. It has assumed a growing role in both the de1·elop­
ment of new technology and the implementation of existing technology. 

10.1.2. Government Regulation 

Although technology has given us the means to improve our lives, it has also 
provided us with new means to abuse society and the environment. The power 
plant that generates needed electricity can also produce smoke that may pollute 
the atmosphere and harm both public health and the environment. The automobile 
has given us a new mobility, but it has also polluted the air we breathe. paved over 
the environment in which we live, and threatens to exhaust our resources of 
energy fuels. 

Therefore it is apparent that some restraint on our use of technology is re­
quired. We cannot blindly implement new technologies. We must first evaluate 
their potential impact on us and our environment and, once implemented. 
technologies must be carefully controlled. 

The type and degree of control, however. are controversial. The growing 
awareness of the damage that we can cause to our society and our environment 
through technology has stimulated public resistance. Powerful new groups such as 
those in the consumer advocate and environmental movements have rejected 
laisse-faire or self-restraint. They demand strong government control and regula­
tion of technology. Indeed, the general public now appears to be of the attitude 
that the opportunities for abuse provided by technology are too numerous and too 
tempting to rely on self-restraint. There appears to be a strong conviction in many 
quarters that business interests cannot be trusted to refrain voluntarily from using 
technology to exploit natural resources or the public. The feeling is that given the 
opportunity, we shall exploit each other and nature. Furthermore. economic dis­
incentives (e.g .. billing industry through taxes for the true environmental and 
human costs of their activities) are usually considered to be impractical. Hence 
the public is demanding more and more that government assume the primary 
responsibility for managing, controlling, and regulating both new and existing 
technology. 

Of course government regulation of technology is nothing new. just as gov­
ernment regulation of all human activities has always been a part of many cul­
tures. What is different is the mounting pressure on government to legislate 
against all technology. Whether it be the control of chemicals in our food. pollu­
tants in the air we breathe. the efficiency of our appliances. the location of our 
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INTERACTION WITH SOCIETY

factories, highways, or housing developments, government regulation is playing

an increasingly dominant role at all levels of government federal, state, and local.

Several examples illustrate this growing involvement of the government in the

regulation of technology. We noted earlier the passage of the National Environ-

mental Policy Act of 1969 to regulate the impact of technology on the environ-

ment. This Act led to the establishment of the Environmental Protection Agency

that formulated federal regulations on all aspects of environmental impact. It

required federal agencies and contractors to include a comprehensive environ-

mental impact statement with every recommendation or proposal for legislation or

other major federal action. Subsequent court decisions have broadened the appli-

cation of this legislation to require a thorough analysis of the environmental costs

and benefits of any project involving federal licenses, permits, or financing. Such

reports must include all significant primary and secondary environment effects,

aesthetic considerations, and a thorough evaluation of alternatives to the pro-

posed project (including the elimination of the project altogether). Other environ-

mental legislation has included the Clean Air Acts of 1967 and 1970, the Noise

Control Act of 1972, the Federal Water Pollution Control Act, the Federal Envi-

ronmental Pesticide Control Act of 1972, and so on.

Federal legislation has also had great importance in regulating safety. For

example the Occupational Safety and Health Act (OSHA) of 1970 has established

occupational health and safety regulations plus an ongoing procedure for adopting

additional regulations as the need is perceived. Other safety legislation established

the Consumer Product Safety Commission, the Nuclear Regulatory Commission,

the Pure Food and Drug Commission, among many other agencies concerned with

public safety.

Although some degree of government constraint on technology is certainly

needed, there are serious concerns about the timing and the degree of such regula-

tion. Frequently the impact of a particular technology is realized only after its

implementation, and it can be difficult at that point to develop adequate regula-

tions and standards to control these effects. The legal and legislative bureauracy

surrounding the formulation and administration of regulations can be overwhelm-

ing. For example, there is frequently a high degree of uncertainty about the form

that government regulations may take. To the extent that such regulations may be

applied retroactively, they can greatly complicate the planning for or implementa-

tion of technology. Regulation usually means additional costs for the producer. In

marginal cases, an activity may become unprofitable because of operational re-

strictions or administrative expense.

Unlimited regulation can strangle technology and prevent its implementation.

The unfortunate tendency of the public to become estranged from science and

technology, coupled with their growing suspicion of technical enterprises, can

lead to demands for stringent overregulation that effectively blocks needed tech-

nology.

Engineers too often view the constraints imposed by government regulation

with impatience and irritation. They often regard regulators as adversaries. Cer-
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factories, highways, or housing developments, government regulation is playing 
an increasingly dominant role at all levels of government federal, state, and local. 

Several examples illustrate this growing involvement of the government in the 
regulation of technology. We noted earlier the passage of the National Environ­
mental Policy Act of 1%9 to regulate the impact of technology on the environ­
ment. This Act led to the establishment of the Environmental Protection Agency 
that formulated federal regulations on all aspects of environmental impact. It 
required federal agencies and contractors to include a comprehensive environ­
mental impact statement with every recommendation or proposal for legislation or 
other major federal action. Subsequent court decisions have broadened the appli­
cation of this legislation to require a thorough analysis of the environmental costs 
and benefits of any project involving federal licenses. permits, or financing. Such 
reports must include all significant primary and secondary environment effects, 
aesthetic considerations. and a thorough evaluation of alternatives to the pro­
posed project (including the elimination of the project altogether). Other environ­
mental legislation has included the Clean Air Acts of 1967 and 1970. the Noise 
Control Act of 1972, the Federal Water Pollution Control Act. the Federal Envi­
ronmental Pesticide Control Act of 1972. and so on. 

Federal legislation has also had great importance in regulating safety. For 
example the Occupational Safety and Health Act (OSHA) of 1970 has established 
occupational health and safety regulations plus an ongoing procedure for adopting 
additional regulations as the need is perceived. Other safety legislation established 
the Consumer Product Safety Commission. the Nuclear Regulatory Commission. 
the Pure Food and Drug Commission, among many other agencies concerned with 
public safety. 

Although some degree of government constraint on technology is certainly 
needed, there are serious concerns about the timing and the degree of such regula­
tion. Frequently the impact of a particular technology is realized only after its 
implementation. and it can be difficult at that point to develop adequate regula­
tions and standards to control these effects. The legal and legislative bureauracy 
surrounding the formulation and administration of regulations can be overwhelm­
ing. For example. there is frequently a high degree of uncertainty about the form 
that government regulations may take. To the extent that such regulations may be 
applied retroactively. they can greatly complicate the planning for or implementa­
tion of technology. Regulation usually means additional costs for the producer. In 
marginal c()ses. an activity may become unprofitable because of operational re­
strictions or administrative expense. 

Unlimited regulation can strangle technology and prevent its implementation. 
The unfortunate tendency of the public to become estranged from science and 
technology, coupled with their growing suspicion of technical enterprises, can 
lead to demands for stringent overregulation that effectively blocks needed tech­
nology. 

Engineers too often view the constraints imposed by government regulation 
with impatience and irritation. They often regard regulators as adversaries. Cer-
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tainly the bureaucracy that encumbers many government agencies gives rise to

this attitude. Yet while the precise details and enforcement of a given regulation

may seem unnecessarily burdensome, frequently the motivation behind the regu-

lation is quite valid. Usually it is far more constructive for the engineer to attempt

to work with rather than against regulatory agencies in an effort to arrive at

constraints on the technology that adequately protect the public and the environ-

ment without unnecessarily impeding its implementation.

SUMMARY

Technology requires restraint. The government has assumed the primary

responsibility for managing, controlling, and regulating both new and

existing technology. The timing and degree of regulation can be very

important. Excessive regulation can strangle a technology, preventing its

implementation. Yet engineers should learn to respect regulations and

attempt to work with rather than against regulatory agencies.

10.1.3. Technology Assessment

As government becomes increasingly involved in evaluating technology, in mak-

ing decisions concerning its development and implementation, in its regulation, it

becomes increasingly important for public officials to approach technical deci-

sions in an informed and intelligent manner. In the late 1960s the United States

Congress coined the term technology assessment to refer to a mechanism that

would enable it to gain a legislative capability for policy determination in applied

science and technology and to anticipate social decisions involving technical mat-

ters. More specifically. Congress proposed the following definition:

Technology assessment is the process of taking a purposeful look at the conse-

quences of technological change. It includes the primary cost/benefit balance of

short term localized market place economics, but particularly goes beyond these

to identify affected parties and unanticipated impacts in as broad and long range

a fashion as possible. It is neutral and objective, seeking to enrich the information

for management decisions. Both "good" and "bad" side effects are investigated

since a missed opportunity for benefit may be detrimental to society just as is an

unexpected hazard.

Formal mechanisms have been established for technology assessment. Many

committees and commissions and advisory groups have been set up to perform

such assessments (including, naturally enough, Congress's own Office of Tech-
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tainly the bureaucracy that encumbers many government agencies gives rise to 
this attitude. Yet while the precise details and enforcement of a given regulation 
may seem unnecessarily burdensome, frequently tbe motivation behind the regu­
lation is quite valid. Usually it is far more constructive for the engineer to attempt 
to work with rather than against regulatory agencies in an etfort to arrive at 
constraints on the technology that adequately protect the public and the environ­
ment without unnecessarily impeding its implementation. 

SLMMARY 

Technology requires restraint. The gm·ernment has assumed the primary 
responsibility for managing, controlling, and regulating both new and 
existing technology. The timing and degree of regulation can be ,·ery 
important. Excessil•e regulation can strangle a technology, prel'enting its 
implementation. Yet engineers should learn to respect regulations and 
attempt to work with rather than against regulatory agencies. 

10.1.3. Technology Assessment 

As government becomes increasingly involved in evaluating technology. in mak­
ing decisions concerning its development and implementation, in its regulation. it 
becomes increasingly important for public officials to approach technical deci­
sions in an informed and intelligent manner. In the late 1960s the United States 
Congress coined the term technology assessment to refer to a mechanism that 
would enable it to gain a legislative capability for policy determination in applied 
science and technology and to anticipate social decisions involving technical mat­
ters. More specifically, Congress proposed the following definition: 

Technology assessment is the proass of taking a purpoufullook at the conse· 
quences of technological change. It includes the primary cost/benefit balance of 
short term localized market place economics, but particularly goes bt>yond theu 
to identify affected parties and unanticipated impacts in as broad and long range 
a fashion as possible. It is neutral and objectil'e, seeking to enrich the information 
for management decisions. Both "good" and " bad" side effects are im·estigaud 
since a missed opportunity for benefit may bt> detrimental to society just as is an 

unexpected hazard. 

Formal mechanisms have been established for technology assessment. Many 
committees and commissions and advisory groups have been set up to perform 
such assessments (including, naturally enough, Congress's own Office of Tech-

01 IZ b 
Original from 

UNI ERSITV OF ICHIG N 



INTERACTION WITH SOCIETY

nology Assessment). There have also been attempts to formalize technology as-

sessment by applying abstract methods of systems analysis (such as decision

theory).

Although there has been disagreement over the success of various ap-

proaches to technology assessment, there is general agreement that the goals are

commendable. Technology assessment aims at providing a total conceptual

framework, complete in both scope and time, for decisions about appropriate

utilization of technology for social purposes. However there have been difficulties

in its implementation. Society is ill-equipped to handle conflicting interests. It is

difficult to attach a quantitative value to goals such as a cleaner environment,

public risk, and the preservation of future choices. A quantitative approach to risk

and environmental impact assessment is still in its infancy.

Nevertheless, to the extent that technology assessment evaluates alternative

means to achieve the same end by comparing social and economic costs, it has the

potential for providing useful information for policy decisions.

SUMMARY

Government has attempted to establish formal methods for technology

assessment. Although it is still rather difficult to attach a quantitative

measure to public risk and environmental impact, such methods do have

the potential to provide useful information for policy decisions.

Exercises

Interaction with Society

Rank in order of importance 10 engineering accomplishments that

you feel have had the most significant impact on the course of civili-

zation.

Rank in order of importance (i.e., probable impact on society) five

engineering accomplishments likely to occur during the next 20

years. Give reasons for each of your choices.

Engineering and Government

List the various ways that you are affected by government agencies

(e.g., FDA, EPA, DOE) on a typical day.

Using library resources, draw a graph of the number of federal agen-

cies involved in the development and regulation of technology ver-

sus year from 1950 to the present. Also plot the total number of

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

1
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

INTERACTION WITH SOCIETY 505 

nology Assessment). There have also been attempts to formalize technology as­
sessment by applying abstract methods of systems analysis (such as decision 
theory). 

Although there has been disagreement over the success of various ap­
proaches to technology assessment, there is general agreement that the goals are 
commendable. Technology assessment aims at providing a total conceptual 
framework, complete in both scope and time, for decisions about appropriate 
utilization of technology for social purposes. However there have been difficulties 
in its implementation. Society is ill-equipped to handle conflicting interests. It is 
difficult to attach a quantitative value to goals such as a cleaner environment, 
public risk, and the preservation of future choices. A quantitative approach to risk 
and environmental impact assessment is still in its infancy. 

Nevertheless, to the extent that technology assessment evaluates alternative 
means to achieve the same end by comparing social and economic costs, it has the 
potential for providing useful information for policy decisions. 

SUMMARY 

Go1·ernment has attempted to establish formal methods for technology 
assessment. Although it is still rather difficult to attach a quantitative 
measure to public risk and environmental impact, such methods do hm•e 
the potential to provide useful information for policy decisions. 

Exercises 

Interaction with Society 

1. Rank in order of importance 10 engineering accomplishments that 
you feel have had the most significant impact on the course of civili­
zation. 

2. Rank in order of importance (i.e., probable impact on society) five 
engineering accomplishments likely to occur during the next 20 
years. Give reasons for each of your choices. 

Engineering and Government 

3. List the various ways that you are affected by government agencies 
(e.g. , FDA, EPA, DOE) on a typical day. 

4. Using library resources, draw a graph of the number offederal agen­
cies involved in the development and regulation of technology ver­
sus year from 1950 to the present. Also plot the total number of 
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employees of these agencies versus year. (Only crude estimates are

necessary.)

5. List all of the federal agencies that you can identify which are in-

volved with each of the following areas:

(a) Energy

(b) Environment

(c) Transportation

(d) Communication

6. Choose a technical issue that has come before a legislative commit-

tee during recent years and obtain the transcripts of the testimony.

Then perform a critical analysis of the degree of understanding of

technical issues exhibited by the participating legislators in their

questions and statements.

7. Would the following technologies be more appropriately developed

by government or private industry? Why?

(a) A synthetic organism to biodegrade oil spills

(b) The fast breeder reactor

(c) A process to produce synthetic fuel from coal

(d) Controlled thermonuclear fusion

8. Using a biographical source such as Who's Who or American Men

and Women of Science, attempt to determine the technical qualifica-

tions of 10 different spokespersons for technology that are fre-

quently quoted in the news media (including government officials,

elected public representatives, and advocates or lobbyists).

9. You are staff assistant to Congressman Horatio Hornblower. Pre-

pare a one-page briefing and suggested position statement on each of

the following issues:

(a) Carbon dioxide buildup in the atmosphere

(b) Plutonium reprocessing

(c) Mandatory use of automobile air bag restraints

(d) Banning general aviation aircraft from the vicinity of major

metropolitan airports

Technology Assessment

10. Perform a brief technology assessment of the benefits versus risks

(human, social, and environmental) of the following:

(a) A massive "Apollo scale" program to rebuild American in-

dustry based on automation and robotics technology

(b) The fast breeder reactor

(c) A massive synthetic fuels program, converting coal into liq-

uid and gaseous fuels

(d) Electric-powered automobiles

(e) Aquaculture (use of the oceans to grow plants and aquatic life
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Di 

employees of these agencies versus year. (Only crude estimates are 
necessary.) 

5. List all of the federal agencies that you can identify which are in-
volved with each of the following areas: 

(a) Energy 
(b) Environment 
(c) Transportation 
(d) Communication 

6. Choose a technical issue that has come before a legislative commit­
tee during recent years and obtain the transcripts of the testimony. 
Then perform a critical analysis of the degree of understanding of 
technical issues exhibited by the participating legislators in their 
questions and statements. 

7. Would the following technologies be more appropriately developed 
by government or private industry? Why? 

(a) A synthetic organism to biodegrade oil spills 
(b) The fast breeder reactor 
(c) A process to produce synthetic fuel from coal 
(d) Controlled thermonuclear fusion 

8. Using a biographical source such as Who"s Who or American Men 
and Women of Science. attempt to determine the technical qualifica­
tions of I 0 different spokespersons for technology that are fre­
quently quoted in the news media (including government officials. 
elected public representatives, and advocates or lobbyists). 

9. You are staff assistant to Congressman Horatio Hornblower. Pre­
pare a one-page briefing and suggested position statement on each of 
the following issues: 

(a) Carbon dioxide buildup in the atmosphere 
(b) Plutonium reprocessing 
(c) Mandatory use of automobile air bag restraints 
(d) Banning general aviation aircraft from the vicinity of major 

metropolitan airports 

Technology Assessment 

10. Perform a brief technology assessment of the benefits versus risks 
(human. social. and environmental) of the following: 

b 

(a) A massive .. Apollo scale" program to rebuild American in­
dustry based on automation and robotics technology 

(b) The fast breeder reactor 
(c) A massive synthetic fuels program, converting coal into liq­

uid and gaseous fuels 
(d) Electric-powered automobiles 
(e) Aquaculture (use of the oceans to grow plants and aquatic life 
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to meet a significant fraction of the world's food and fiber

needs)

(f) Production of synthetic lifeforms (recombinant DNA and

genetic engineering)

(g) A national data bank, which would contain and coordinate

the collection of data on individuals by various government

agencies

11. The assessment and comparison of various energy options can be

conveniently classified into four criteria: (1) resource base, (2) envi-

ronmental impact, (3) public risk, and (4) economics. Prepare a table

analyzing each of the following energy options in terms of these

criteria (perhaps on a scale of 1 to 10):

(a) Petroleum

(b) Natural gas

(c) Coal

(d) Hydroelectric

(e) Nuclear fission (conventional)

(f) Nuclear fission (breeder reactors)

(g) Geothermal

(h) Wind power

(i) Solar thermal

(j) Solar electric (photovoltaic cell)

(k) Biomass conversion (e.g., gasohol)

(1) Thermonuclear fusion

(m) Oil shale and tar sands

(n) Synthetic fuels from coal

(o) Conservation

(p) Indecision

12. One of the most difficult areas in technology assessment involves a

quantitative assessment of riskâ€”that is, an estimate of the probabil-

ity of human injury or fatality arising from a given technology. While

the use of such methods to estimate risk on an absolute scale is a

subject of considerable controversy, there is an increasing use of

quantitative methods to make relative risk comparisons among al-

ternative technologies. Using the resources available in your techni-

cal library, compare the relative risk of five different technologies.

10.2. ENGINEERING AND THE PUBLIC

Has the relationship between the engineer and the public changed in recent years?

Certainly the pace of technological innovation has quickened. The time lag be-

tween discovery and implementation has grown shorter. It is also true that there

have been changes in the public's attitudes toward science and technology.
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to meet a significant fraction of the world's food and fiber 
needs) 

(f) Production of synthetic lifeforms (recombinant DNA and 
genetic engineering) 

(g) A national data bank. which would contain and coordinate 
the collection of data on individuals by various government 
agencies 

11. The assessment and comparison of various energy options can be 
conveniently classified into four criteria: (I) resource base, (2) envi­
ronmental impact, (3) public risk, and (4) economics. Prepare a table 
analyzing each of the following energy options in terms of these 
criteria (perhaps on a scale of I to 10): 

(a) Petroleum 
(b) Natural gas 
(c) Coal 
(d) Hydroelectric 
(e) Nuclear fission (conventional) 
(f) Nuclear fission (breeder reactors) 
(g) Geothermal 
(h) Wind power 
( i ) Solar thermal 
(j) Solar electric (photovoltaic cell) 
(k) Biomass conversion (e.g., gasohol) 
( I ) Thermonuclear fusion 
(m) Oil shale and tar sands 
(n) Synthetic fuels from coal 
(o) Conservation 
(p) Indecision 

12. One of the most difficult areas in technology assessment involves a 
quantitative assessment of risk-that is, an estimate of the probabil­
ity of human injury or fatality arising from a given technology. While 
the use of such methods to estimate risk on an absolute scale is a 
subject of considerable controversy, there is an increasing use of 
quantitative methods to make relative risk comparisons among al­
ternative technologies. Using the resources available in your techni­
cal library, compare the relative risk of five different technologies. 

10.2. ENGINEERING AND THE PUBLIC 

Has the relationship between the engineer and the public changed in recent years? 
Certainly the pace of technological innovation has quickened. The time lag be­
tween discovery and implementation has grown shorter. It is also true that there 
have been changes in the public's attitudes toward science and technology. 
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The public's knowledge and understanding have not kept pace with the rapid

progress of science and technology. This is due in part to the quickening rate and

complexity of technological advances. The esoteric language employed by scien-

tists and engineers to describe new concepts and discoveries is also partly to

blame. The complexity of modern technology frequently requires a high degree of

specialized knowledge that cannot be easily communicated to the public (or even

to other engineers, for that matter).

Therefore it is understandable that many of us feel estranged from technol-

ogy. Although most people have enjoyed the fruits of technological innovation

such as modern transportation and telecommunication, few of us really under-

stand these technologies. There is a growing feeling among laypersons of

technological disenfranchisement, that their knowledge is insufficient to exert

control over the very technology that is affecting their live (in both positive and

negative ways). This has led to a sense of suspicion and distrust, a loss of confi-

dence in the ability of science and technology to deal with the needs and problems

faced by modern society.

This public attitude has led to several interesting reactions. Today we hear

demands for social responsibility on the part of scientists and engineers. No longer

is technology hailed and accepted as an irresistible force bringing unquestioned

technical advantages and intrinsically containing seeds of economic and social

progress. Indeed, the idea that economic growth is necessarily dependent on

technological innovation and progress is being called into question. The public

disaffection with technology has given rise to a call for a shift away from high

technology and toward technologies more appropriate for our society, more com-

patible with the understanding and control of the individual.

The most extreme reaction has been a growth in those elements of society

showing an overt hostility toward technology. Today one finds technology in-

dicted for past failures such as the Love Canal, Three Mile Island, and unsafe and

fuel-inefficient automobiles. Technology has been blamed for creating weapons of

mass destruction, with disrupting ecological and environmental equilibrium, and

with depleting our natural resources. When carried to the extreme, this attitude

views technology as essentially foreign to humanity. In this view technology has

done too much too fast, leaving us without appropriate facilities to adapt to the

change.

In a sense our society is divided into two camps: those who fear modern

technology and distrust its intrusion into their lives, and those who advocate

technology as the solution to many of society 's problems. Aspects of this division

can be traced back to our basic approach to education. We attempt to identify at

an early stage students with scientific ability and separate them out to receive

special attention in their education. Other students with stronger interests in the

humanities and arts are encouraged to pursue studies in these directions, with

little scientific content. Hence the paths begin to diverge very early in our educa-

tional system. This difference is reinforced by our present approach to teaching

topics such as literature, history, and art without any reference to the scientific

and technological factors that have influenced our culture. As a result, the liberal
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The public's knowledge and understanding have not kept pace with the rapid 
progress of science and technology. This is due in part to the quickening rate and 
complexity of technological advances. The esoteric language employed by scien­
tists and engineers to describe new concepts and discoveries is also partly to 
blame. The complexity of modern technology frequently requires a high degree of 
specialized knowledge that cannot be easily communicated to the public (or even 
to other engineers, for that matter). 

Therefore it is understandable that many of us feel estranged from technol­
ogy. Although most people have enjoyed the fruits of technological innovation 
such as modern transportation and telecommunication, few of us really under­
stand these technologies. There is a growing feeling among laypersons of 
technological disenfranchisement, that their knowledge is insufficient to exert 
control over the very technology that is affecting their live (in both positive and 
negative ways). This has led to a sense of suspicion and distrust, a loss of confi­
dence in the ability of science and technology to deal with the needs and problems 
faced by modern society. 

This public attitude has led to several interesting reactions. Today we hear 
demands for social responsibility on the part of scientists and engineers. No longer 
is technology hailed and accepted as an irresistible force bringing unquestioned 
technical advantages and intrinsically containing seeds of economic and social 
progress. Indeed, the idea that economic growth is necessarily dependent on 
technological innovation and progress is being called into question. The public 
disaffection with technology has given rise to a call for a shift away from high 
technology and toward technologies more appropriate for our society, more com­
patible with the understanding and control of the individual. 

The most extreme reaction has been a growth in those elements of society 
showing an overt hostility toward technology. Today one finds technology in­
dicted for past failures such as the Love Canal, Three Mile Island, and unsafe and 
fuel-inefficient automobiles. Technology has been blamed for creating weapons of 
mass destruction, with disrupting ecological and environmental equilibrium. and 
with depleting our natural resources. When carried to the extreme. this attitude 
views technology as essentially foreign to humanity. In this view technology has 
done too much too fast, leaving us without appropriate facilities to adapt to the 
change. 

In a sense our society is divided into two camps: those who fear modern 
technology and distrust its intrusion into their lives, and those who advocate 
technology as the solution to many of society"s problems. Aspects of this division 
can be traced back to our basic approach to education. We attempt to identify at 
an early stage students with scientific ability and separate them out to recei\·e 
special attention in their education. Other students with stronger interests in the 
humanities and arts are encouraged to pursue studies in these directions. with 
little scientific content. Hence the paths begin to diverge very early in our educa­
tional system. This difference is reinforced by our present approach to teaching 
topics such as literature, history, and art without any reference to the scientific 
and technological factors that have influenced our culture. As a result, the liberal 
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FIGURE 10.2. Many members of society face modern technology with suspicion. 
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arts student is frequently graduated into a highly technical world without any

significant acquaintance with technology. Our system of formal education has not

kept up with the technological age in which we live.

At the same time engineers are frequently allowed to pursue their technical

studies without adequate exposure to the humanities. Certainly a liberal education

is as important to a scientist or engineer as an understanding and appreciation of

science and technology is to the liberal arts major.

Until these education reforms have been achieved, many people in our soci-

ety will become ever more alienated and estranged from technology, even as they

become ever more dependent upon it. Perhaps it is this frustration, this constant

reminder of their inadequate understanding of the technology around them, that

has caused them to distrust and even reject technological innovation.

More and more we are hearing proposals that we return to "the simple life.''

that we discard high technology and return to technologies more appropriate for

our society. The path away from high, centralized technology was blazed by E. F.

Schumacher. It combines "appropriate technology" based on small-scale, decen-

tralized processes and social approaches to minimize environmental impact, pub-

lic risk, and cost. Perhaps an outstanding example of the appropriate technology

route is the "soft energy" technology that relies on decentralized processes in-

volving renewable energy sources such as solar power and biomass conversion.

The proponents of the "small is beautiful" approach do not advocate returning to

the primitive technology of bygone eras, but rather utilizing advanced, decen-

tralized, small-scale technology more in harmony with humanity and nature. In

this way perhaps we can draw society closer together by reducing the present gulf

between the technologist and the layperson, thereby allowing greater participation

in the decisions concerning a simpler technology.

Have we not already become too dependent on high technology to make the

switch? Can a world teeming with a population of 4 billion that doubles every 20

years ever return to the simple life, that is to the land? There may be a better

alternative. We should take more care in choosing which technologies we develop

and implement. We should only encourage those technologies that are manifestly

compatible with our humanity and our environment. Here again we encounter a

flaw, since history has shown us that it is exceedingly difficult to predict just

where new technologies are going to burst forth. Perhaps by curtailing research on

recombinant DNA we shall also prevent research leading to a cure for cancer: by

restricting nuclear research we might well discard the development of a limitless

source of energy. We simply may not have the wisdom or foresight to allow us to

pick and choose among developing technologies.

Of course, a third option is to continue along our present path, to allow

science and technology to develop in the haphazard fashion they have always

followed. This is also an alternative with difficulties, for while an unrestrained

technology may well proceed most rapidly to provide society with solutions to its

problems, it could also lead to a rapid exhaustion of our natural resources and

perhaps the destruction of our natural environment. Certainly as technology be-
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arts student is frequently graduated into a highly technical world without any 
significant acquaintance with technology. Our system of formal education has not 
kept up with the technological age in which we live. 

At the same time engineers are frequently allowed to pursue their technical 
studies without adequate exposure to the humanities. Certainly a liberal education 
is as important to a scientist or engineer as an understanding and appreciation of 
science and technology is to the liberal arts major. 

Until these education reforms have been achieved, many people in our soci­
ety will become ever more alienated and estranged from technology, even as they 
become ever more dependent upon it. Perhaps it is this frustration, this constant 
reminder of their inadequate understanding of the technology around them. that 
has caused them to distrust and even reject technological innovation. 

More and more we are hearing proposals that we return to "the simple life:· 
that we discard high technology and return to technologies more appropriate for 
our society. The path away from high, centralized technology was blazed by E. F. 
Schumacher. It combines "appropriate technology .. based on small-scale, decen­
tralized processes and social approaches to minimize environmental impact. pub­
lic risk, and cost. Perhaps an outstanding example of the appropriate technology 
route is the "soft energy'" technology that relies on decentralized processes in­
volving renewable energy sources such as solar power and biomass conversion. 
The proponents of the "small is beautiful'" approach do not advocate returning to 
the primitive technology of bygone eras, but rather utilizing advanced, decen­
tralized, small-scale technology more in harmony with humanity and nature. In 
this way perhaps we can draw society closer together by reducing the present gulf 
between the technologist and the layperson, thereby allowing greater participation 
in the decisions concerning a simpler technology. 

Have we not already become too dependent on high technology to make the 
switch? Can a world teeming with a population of 4 billion that doubles every 20 
years ever return to the simple life, that is to the land'? There may be a better 
alternative. We should take more care in choosing which technologies we develop 
and implement. We should only encourage those technologies that are manifestly 
compatible with our humanity and our environment. Here again we encounter a 
flaw, since history has shown us that it is exceedingly difficult to predict just 
where new technologies are going to burst forth. Perhaps by curtailing research on 
recombinant DNA we shall also prevent research leading to a cure for cancer: by 
restricting nuclear research we might well discard the development of a limitless 
source of energy. We simply may not have the wisdom or foresight to allow us to 
pick and choose among developing technologies. 

Of course, a third option is to continue along our present path. to allow 
science and technology to develop in the haphazard fashion they have always 
followed. This is also an alternative with difficulties. for while an unrestrained 
technology may well proceed most rapidly to provide society with solutions to its 
problems. it could also lead to a rapid exhaustion of our natural resources and 
perhaps the destruction of our natural environment. Certainly as technology be-
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comes more complex and as the pace of technological innovation becomes more

rapid, we must take more care to assess the potential impact of our endeavors.

We, as engineers, must accept a professional, and indeed, a moral and ethical

responsibility for the impact of our efforts. In today's world it is not sufficient to

merely pursue technology for its own sake, without regard for the individuals or

the institutions it may affect. Rather we must always keep foremost in mind our

professional obligation to serve society and to assume the responsibility for our

activities.

SUMMARY

The public's knowledge and understanding have not kept pace with the

rapid progress of science and technology. This loss of control has led to a

suspicion and distrust of technology. Today we hear proposals to redirect

our society away from high technology toward technologies more appro-

priate for humanity and nature. Perhaps we should carefully choose

among those technologies we develop and implement. Engineers have

a professional responsibility for assessing the potential impact of their

endeavors.
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comes more complex and as the pace of technological innovation becomes more 
rapid, we must take more care to assess the potential impact of our endeavors. 

We, as engineers, must accept a professional, and indeed, a moral and ethical 
responsibility for the impact of our efforts. In today's world it is not sufficient to 
merely pursue technology for its own sake, without regard for the individuals or 
the institutions it may affect. Rather we must always keep foremost in mind our 
professional obligation to serve society and to assume the responsibility for our 
activities. 

SUMMARY 

The public's knmt•h>dge and understanding lun·e not kept pace with the 
rapid progress t~f' science and technology. This loss t~f' control has led to a 
suspicion and distmst t~/'tecluwlogy. Today we hear proposal.o; to redirect 
our society away .fi·om hig/1 technology toward technologies more appro­
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APPENDIX A

Suggested Guidelines For Use

With The Fundamental Canons of Ethics*

1. Engineers shall hold paramount the safety, health, and welfare of the

public in the performance of their professional duties.

a. Engineers shall recognize that the lives, safety, health, and

welfare of the general public are dependent upon engineering

judgments, decisions, and practices incorporated into struc-

tures, machines, products, processes, and devices.

b. Engineers shall not approve nor seal plans and/or specifica-

tions that are not of a design safe to the public health and

welfare and in conformity with accepted engineering stan-

dards.

c. Should the Engineers' professional judgment be overruled

under circumstances where the safety, health, and welfare of

the public are endangered, the Engineers shall inform their

clients or employers of the possible consequences and notify

other proper authority of the situation, as may be appropriate.

(c.l) Engineers shall do whatever possible to provide pub-

lished standards, test codes, and quality control pro-

cedures that will enable the public to understand the

degree of safety or life expectancy associated with the

use of the design, products, and systems for which

they are responsible.

(c.2) Engineers will conduct reviews of the safety and re-

liability of the design, products, or systems for which

they are responsible before giving their approval to

the plans for the design.

'Source: Developed by the Ethics Committee of the Engineers' Council for Professional Development

and adopted by the American Association of Engineering Societies, 1980.
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APPENDIX A 

Suggested Guidelines For Use 
With The Fundamental Canons of Ethics* 

1. Engineers shall hold paramount the safety, health, and welfare of the 
public in the performance of their professional duties . 

a. Engineers shall recognize that the lives. safety. health, and 
welfare of the general public are dependent upon engineering 
judgments. decisions, and practices incorporated into struc­
tures, machines, products, processes, and devices. 

b. Engineers shall not approve nor seal plans and/or specifica­
tions that are not of a design safe to the public health and 
welfare and in conformity with accepted engineering stan­
dards. 

c. Should the Engineers· professional judgment be overruled 
under circumstances where the safety, health, and welfare of 
the public are endangered, the Engineers shall inform their 
clients or employers of the possible consequences and notify 
other proper authority of the situation, as may be appropriate. 

(c.l) Engineers shall do whatever possible to provide pub­
lished standards, test codes, and quality control pro­
cedures that will enable the public to understand the 
degree of safety or life expectancy associated with the 
use of the design, products, and systems for which 
they are responsible. 

(c.2) Engineers will conduct reviews of the safety and re­
liability of the design, products, or systems for which 
they are responsible before giving their approval to 
the plans for the design. 

• Source: Developed by the Ethics Committee of the Engineers· Council for Professional Development 
and adopted by the American Association of Engineering Societies, 1980. 
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(c.3) Should Engineers observe conditions which they be-

lieve will endanger public safety or health, they shall

inform the proper authority of the situation.

d. Should Engineers have knowledge or reason to believe that

another person or form may be in violation of any of the provi-

sions of these Guidelines, they shall present such information

to the proper authority in writing and shall cooperate with the

proper authority in furnishing such further information or as-

sistance as may be required.

(d.l) They shall advise proper authority if an adequate re-

view of the safety and reliability of the products or

systems has not been made or when the design im-

poses hazards to the public through its use.

(d.2) They shall withhold approval of products or systems

when changes or modifications are made which

would affect adversely its performance insofar as

safety and reliability are concerned.

e. Engineers should seek opportunities to be of constructive ser-

vice in civic affairs and work for the advancement of the

safety, health, and well-being of their communities.

f. Engineers should be committed to improving the environment

to enhance the quality of life.

Engineers shall perform services only in areas of their competence.

a. Engineers shall undertake to perform engineering assignments

only when qualified by education or experience in the specific

technical field of engineering involved.

b. Engineers may accept an assignment requiring education or

experience outside of their own fields of competence, but only

to the extent that their services are restricted to those phases

of the project in which they are qualified. All other phases of

such projects shall be performed by qualified associates, con-

sultants, or employees.

c. Engineers shall not affix their signatures and/or seals to any

engineering plan or document dealing with subject matter in

which they lack competence by virtue of education or experi-

ence, nor to any such plan or document not prepared under

their direction supervisory control.

Engineers shall issue public statements only in an objective and truth-

ful manner.

a. Engineers shall endeavor to extend public knowledge, and to

prevent misunderstandings of the achievements of engi-

neering.
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(c.3) Should Engineers observe conditions which they be­
lieve will endanger public safety or health, they shall 
inform the proper authority of the situation. 

d. Should Engineers have knowledge or reason to believe that 
another person or form may be in violation of any of the provi­
sions of these Guidelines, they shall present such information 
to the proper authority in writing and shall cooperate with the 
proper authority in furnishing such further information or as­
sistance as may be required. 

(d.l) They shall advise proper authority if an adequate re­
view of the safety and reliability of the products or 
systems has not been made or when the design im­
poses hazards to the public through its use. 

(d.2) They shall withhold approval of products or systems 
when changes or modifications are made which 
would affect adversely its performance insofar as 
safety and reliability are concerned. 

e. Engineers should seek opportunities to be of constructive ser­
vice in civic affairs and work for the advancement of the 
safety, health, and well-being of their communities. 

f. Engineers should be committed to improving the environment 
to enhance the quality of life. 

2. Engineers shall perform services only in areas of their competence. 

a. Engineers shall undertake to perform engineering assignments 
only when qualified by education or experience in the specific 
technical field of engineering involved. 

b. Engineers may accept an assignment requiring education or 
experience outside of their own fields of competence. but only 
to the extent that their services are restricted to those phases 
of the project in which they are qualified. All other phases of 
such projects shall be performed by qualified associates, con­
sultants, or employees. 

c. Engineers shall not affix their signatures and/or seals to any 
engineering plan or document dealing with subject matter in 
which they Jack competence by virtue of education or experi­
ence. nor to any such plan or document not prepared under 
their direction supervisory control. 

3. Engineers shall issue public statements only in an objective and truth­
ful manner. 

b 

a. Engineers shall endeavor to extend public knowledge, and to 
prevent misunderstandings of the achievements of engi­
neering. 
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b. Engineers shall be completely objective and truthful in all pro-

fessional reports, statements, or testimony. They shall include

all relevant and pertinent information in such reports, state-

ments, or testimony.

c. Engineers, when serving as expert or technical witnesses be-

fore any court, commission, or other tribunal, shall express an

engineering opinion only when it is founded upon adequate

knowledge of the facts in issue, upon a background of techni-

cal competence in the subject matter, and upon honest convic-

tion of the accuracy and propriety of their testimony.

d. Engineers shall issue no statements, criticisms, nor arguments

on engineering matters which are inspired or paid for by an

interested party, or parties, unless they have prefaced their

comments by explicitly identifying themselves, by disclosing

the identities of the party or parties on whose behalf they are

speaking, and by revealing the existence of any pecuniary

interest they may have in the instant matters.

e. Engineers shall be dignified and modest in explaining their

work and merit, and will avoid any act tending to promote

their own interests at the expense of the integrity, honor, and

dignity of the profession.

4. Engineers shall act in professional matters for each employer or client

as faithful agents or trustees, and shall avoid conflicts of interest.

a. Engineers shall avoid all known conflicts of interest with their

employers or clients and shall promptly inform their em-

ployers or clients of any business association, interests, or

circumstances which could influence their judgment or the

quality of their services.

b. Engineers shall not knowingly undertake any assignments

which would knowingly create a potential conflict of interest

between themselves and their clients or their employers.

c. Engineers shall not accept compensation, financial or other-

wise, from more than one party for services on the same proj-

ect, not for services pertaining to the same project, unless the

circumstances are fully disclosed to, and agreed to, by all

interested parties.

d. Engineers shall not solicit nor accept financial or other valu-

able considerations, including free engineering designs, from

material or equipment suppliers for specifying their products.

e. Engineers shall not solicit nor accept gratuities, directly or

indirectly, from contractors, their agents, or other parties deal-

ing with their clients or employers in connection with work for

which they are responsible.
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b. Engineers shall be completely objective and truthful in all pro­
fessional reports, statements, or testimony. They shall include 
all relevant and pertinent information in such reports, state­
ments, or testimony. 

c. Engineers, when serving as expert or technical witnesses be­
fore any court, commission, or other tribunal, shall express an 
engineering opinion only when it is founded upon adequate 
knowledge of the facts in issue, upon a background of techni­
cal competence in the subject matter, and upon honest convic­
tion of the accuracy and propriety of their testimony. 

d. Engineers shall issue no statements, criticisms, nor arguments 
on engineering matters which are inspired or paid for by an 
interested party. or parties. unless they have prefaced their 
comments by explicitly identifying themselves, by disclosing 
the identities of the party or parties on whose behalf they are 
speaking, and by revealing the existence of any pecuniary 
interest they may have in the instant matters. 

e. Engineers shall be dignified and modest in explaining their 
work and merit, and will avoid any act tending to promote 
their own interests at the expense of the integrity, honor, and 
dignity of the profession. 

4. Engineers shall act in professional matters for each employer or client 
as faithful agents or trustees, and shall avoid conflicts of interest. 

a. Engineers shall avoid all known conflicts of interest with their 
employers or clients and shall promptly inform their em­
ployers or clients of any business association, interests, or 
circumstances which could influence their judgment or the 
quality of their services. 

b. Engineers shall not knowingly undertake any assignments 
which would knowingly create a potential conflict of interest 
between themselves and their clients or their employers. 

c. Engineers shall not accept compensation, financial or other­
wise, from more than one party for services on the same proj­
ect, not for services pertaining to the same project, unless the 
circumstances are fully disclosed to, and agreed to, by all 
interested parties. 

d. Engineers shall not solicit nor accept financial or other valu­
able considerations, including free engineering designs, from 
material or equipment suppliers for specifying their products. 

e. Engineers shall not solicit nor accept gratuities, directly or 
indirectly, from contractors, their agents, or other parties deal­
ing with their clients or employers in connection with work for 
which they are responsible. 
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f. When in public service as members, advisors, or employees of

a governmental body or department, Engineers shall not par-

ticipate in considerations or actions with respect to services

provided by them or their organization in private or product

engineering practice.

g. Engineers shall not solicit nor accept an engineering contract

from a governmental body on which a principal officer or em-

ployee of their organization serves as a member.

h. When, as a result of their studies, Engineers believe a project

will not be successful, they shall so advise their employer or

client.

i. Engineers shall treat information coming to them in the course

of their assignments as confidential, and shall not use such

information as a means of making personal profit if such action

is adverse to the interests of their clients, their employers, or

the public.

(1.1) They will not disclose confidential information con-

cerning the business affairs or technical processes of

any present or former employer or client or bidder

under evaluation, without his consent.

(1.2) They shall not reveal confidential information nor

findings of any commission or board of which they are

members.

(1.3) When they use designs supplied to them by clients,

these designs shall not be duplicated by the Engineers

for others without express permission.

(1.4) While in the employ of others. Engineers will not

enter promotional efforts or negotiations for work or

make arrangements for other employment as princi-

pals or to practice in connection with specific projects

for which they have gained particular and specialized

knowledge without the consent of all interested par-

ties.

j. The Engineer shall act with fairness and justice to all parties

when administering a construction (or other) contract.

k. Before undertaking work for others in which Engineers may

make improvements, plans, designs, inventions, or other rec-

ords which may justify copyrights or patents, they shall enter

into a positive agreement regarding ownership.

I. Engineers shall admit and accept their own errors when prov-

en wrong and refrain from distorting or altering the facts to

justify their decisions,

m. Engineers shall not accept professional employment outside of
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f. When in public service as members, advisors, or employees of 
a governmental body or department, Engineers shall not par­
ticipate in considerations or actions with respect to services 
provided by them or their organization in private or product 
engineering practice. 

g. Engineers shall not solicit nor accept an engineering contract 
from a governmental body on which a principal officer or em­
ployee of their organization serves as a member. 

h. When, as a result of their studies, Engineers believe a project 
will not be successful, they shall so advise their employer or 
client. 

i. Engineers shall treat information coming to them in the course 
of their assignments as confidential, and shall not use such 
information as a means of making personal profit if such action 
is adverse to the interests of their clients, their employers, or 
the public. 

(i.l) They will not disclose confidential information con­
cerning the business affairs or technical processes of 
any present or former employer or client or bidder 
under evaluation, without his consent. 

(i.2) They shall not reveal confidential information nor 
findings of any commission or board of which they are 
members. 

(i.3) When they use designs supplied to them by clients. 
these designs shall not be duplicated by the Engineers 
for others without express permission. 

(i.4) While in the employ of others, Engineers will not 
enter promotional efforts or negotiations for work or 
make arrangements for other employment as princi­
pals or to practice in connection with specific projects 
for which they have gained particular and specialized 
knowledge without the consent of all interested par­
ties. 

j. The Engineer shall act with fairness and justice to all parties 
when administering a construction (or other) contract. 

k. Before undertaking work for others in which Engineers may 
make improvements. plans, designs, inventions, or other rec­
ords which may justify copyrights or patents, they shall enter 
into a positive agreement regarding ownership. 

I. Engineers shall admit and accept their own errors when prov­
en wrong and refrain from distorting or altering the facts to 
justify their decisions. 

m. Engineers shall not accept professional employment outside of 
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their regular work or interest without the knowledge of their

employers.

n. Engineers shall not attempt to attract an employee from

another employer by false or misleading representations.

o. Engineers shall not review the work of other Engineers except

with the knowledge of such Engineers, or unless the assign-

ments or contractual agreements for the work have been ter-

minated.

(o.l) Engineers in governmental, industrial, or educational

employment are entitled to review and evaluate the

work of other engineers when so required by their

duties.

(o.2) Engineers in sales or industrial employment are enti-

tled to make engineering comparisons of their prod-

ucts with products of other suppliers.

(o.3) Engineers in sales employment shall not offer nor

give engineering consultation or designs or advice

other than specifically applying to equipment, mate-

rials, or systems being sold or offered for sale by

them.

5. Engineers shall build their professional reputation on the merit of

their services and shall not compete unfairly with others.

a. Engineers shall not pay nor offer to pay, either directly or

indirectly, any commission, political contribution, or a gift, or

other consideration in order to secure work, exclusive of se-

curing salaried positions through employment agencies.

b. Engineers should negotiate contracts for professional services

fairly and only on the basis of demonstrated competence and

qualifications for the type of professional service required.

c. Engineers should negotiate a method and rate of compensation

commensurate with the agreed upon scope of services. A

meeting of the minds of the parties to the contract is essential

to mutual confidence. The public interest requires that the cost

of engineering services be fair and reasonable, but not the

controlling consideration in selection of individuals or firms to

provide these services.

(c.l) These principles shall be applied by Engineers in ob-

taining the services of other professionals.

d. Engineers shall not attempt to supplant other Engineers in a

particular employment after becoming aware that definite

steps have been taken toward the others' employment or after

they have been employed.
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their regular work or interest without the knowledge of their 
employers. 

n. Engineers shall not attempt to attract an employee from 
another employer by false or misleading representations. 

o. Engineers shall not review the work of other Engineers except 
with the knowledge of such Engineers. or unless the assign­
ments or contractual agreements for the work have been ter­
minated. 

(o.l) Engineers in governmental, industrial. or educational 
employment are entitled to review and evaluate the 
work of other engineers when so required by their 
duties. 

(o.2) Engineers in sales or industrial employment are enti­
tled to make engineering comparisons of their prod­
ucts with products of other suppliers. 

(o.3) Engineers in sales employment shall not offer nor 
give engineering consultation or designs or advice 
other than specifically applying to equipment, mate­
rials. or systems being sold or offered for sale by 
them. 

5. Engineers shall build their professional reputation on the merit of 
their services and shall not compete unfairly with others. 

a. Engineers shall not pay nor offer to pay. either directly or 
indirectly. any commission. political contribution. or a gift, or 
other consideration in order to secure work. exclusive of se­
curing salaried positions through employment agencies. 

b. Engineers should negotiate contracts for professional services 
fairly and only on the basis of demonstrated competence and 
qualifications for the type of professional service required. 

c. Engineers should negotiate a method and rate of compensation 
commensurate with the agreed upon scope of services. A 
meeting of the minds of the parties to the contract is essential 
to mutual confidence. The public interest requires that the cost 
of engineering services be fair and reasonable, but not the 
controlling consideration in selection of individuals or firms to 
provide these services. 

(c. I) These principles shall be applied by Engineers in ob­
taining the services of other professionals. 

d. Engineers shall not attempt to supplant other Engineers in a 
particular employment after becoming aware that definite 
steps have been taken toward the others' employment or after 
they have been employed. 
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(d.l) They shall not solicit employment from clients who

already have Engineers under contract for the same

work.

(d.2) They shall not accept employment from clients who

already have Engineers for the same work not yet

completed or not yet paid for unless the performance

or payment requirements in the contract are being

litigated or the contracted Engineers' services have

been terminated in writing by either party.

(d.3) In case of termination or litigation, the prospective

Engineers before accepting the assignment shall ad-

vise the Engineers being terminated or involved in

litigation.

Engineers shall not request, propose, nor accept professional

commissions on a contingent basis under circumstances under

which their professional judgments may be compromised, or

when a contingency provision is used as a device for promot-

ing or securing a professional commission.

Engineers shall not falsify nor permit misrepresentation of

their, or their associates' academic or professional qualifica-

tions. They shall not misrepresent nor exaggerate their degree

of responsibility in or for the subject matter of prior assign-

ments. Brochures or other presentations incident to the solici-

tation of employment shall not misrepresent pertinent facts

concerning employers, employees, associates, joint ventures,

or their past accomplishments with the intent and purpose of

enhancing their qualifications and work.

Engineers may advertise professional services only as a means

of identification and limited to the following:

(g.l) Professional cards and listings in recognized and dig-

nified publications, provided they are consistent in

size and are in a section of the publication regularly

devoted to such professional cards and listings. The

information displayed must be restricted to firm

name, address, telephone number, appropriate sym-

bol, names of principal participants, and the fields of

practice in which the firm is qualified.

(g.2) Signs on equipment, offices, and at the site of proj-

ects for which they render services, limited to firm

name, address, telephone number, and type of ser-

vices, as appropriate.

(g.3) Brochures, business cards, letterheads, and other

factual representations of experience, facilities, per-
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(d.l) They shall not solicit employment from clients who 
already have Engineers under contract for the same 
work. 

(d.2) They shall not accept employment from clients who 
already have Engineers for the same work not yet 
completed or not yet paid for unless the performance 
or payment requirements in the contract are being 
litigated or the contracted Engineers' services have 
been terminated in writing by either party. 

(d.3) In case of termination or litigation, the prospective 
Engineers before accepting the assignment shall ad­
vise the Engineers being terminated or involved in 
litigation. 

e. Engineers shall not request, propose. nor accept professional 
commissions on a contingent basis under circumstances under 
which their professional judgments may be compromised, or 
when a contingency provision is used as a device for promot­
ing or securing a professional commission. 

f. Engineers shall not falsify nor permit misrepresentation of 
their, or their associates' academic or professional qualifica­
tions. They shall not misrepresent nor exaggerate their degree 
of responsibility in or for the subject matter of prior assign­
ments. Brochures or other presentations incident to the solici­
tation of employment shall not misrepresent pertinent facts 
concerning employers. employees. associates, joint ventures, 
or their past accomplishments with the intent and purpose of 
enhancing their qualifications and work. 

g. Engineers may advertise professional services only as a means 
of identification and limited to the following: 

(g.l) Professional cards and listings in recognized and dig­
nified publications. provided they are consistent in 
size and are in a section of the publication regularly 
devoted to such professional cards and listings. The 
information displayed must be restricted to firm 
name, address. telephone number, appropriate sym­
bol. names of principal participants, and the fields of 
practice in which the firm is qualified. 

(g.2) Signs on equipment. offices. and at the site of proj­
ects for which they render services. limited to firm 
name, address, telephone number, and type of ser­
vices. as appropriate. 

(g.3) Brochures, business cards. letterheads. and other 
factual representations of experience, facilities. per-
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sonnel and capacity to render service, providing the

same are not misleading relative to the extent of par-

ticipation in the projects cited and are not indiscrimi-

nately distributed.

(g.4) Listings in the classified section of telephone direc-

tories, limited to name, address, telephone number

and specialties in which the firm is qualified without

resorting to special or bold type.

h. Engineers may use display advertising in recognized dignified

business and professional publications, providing it is factual,

and relates only to engineering, is free from ostentation, con-

tains no laudatory expressions or implication, is not mislead-

ing with respect to the Engineers' extent of participation in the

services or projects described.

i. Engineers may prepare articles for the lay or technical press

which are factual, dignified, and free from ostentations or

laudatory implications. Such articles shall not imply other than

their direct participation in the work described unless credit is

given to others for their share of the work.

j. Engineers may extend permission for their names to be used in

commercial advertisements, such as may be published by

manufacturers, contractors, material suppliers, etc., only by

means of a modest dignified notation acknowledging their par-

ticipation and the scope thereof in the project or product de-

scribed. Such permission shall not include public endorsement

of proprietary products.

k. Engineers may advertise for recruitment of personnel in ap-

propriate publications or by special distribution. The informa-

tion presented must be displayed in a dignified manner, re-

stricted to firm name, address, telephone number, appropriate

symbol, names of principal participants, the fields of practice

in which the firm is qualified, and factual descriptions of posi-

tions available, qualifications required, and benefits available.

I. Engineers shall not enter competitions for designs for the pur-

pose of obtaining commissions for specific projects, unless

provision is made for reasonable compensation for all designs

submitted.

m. Engineers shall not maliciously or falsely, directly or indi-

rectly, injure the professional reputation, prospects, practice,

or employment of another engineer, nor shall they indiscrimi-

nately criticize another's work.

n. Engineers shall not undertake nor agree to perform any en-

gineering service on a free basis, except professional services
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sonnel and capacity to render service, providing the 
same are not misleading relative to the extent of par­
ticipation in the projects cited and are not indiscrimi­
nately distributed. 

(g.4) Listings in the classified section of telephone direc­
tories, limited to name. address, telephone number 
and specialties in which the firm is qualified without 
resorting to special or bold type. 

h. Engineers may use display advertising in recognized dignified 
business and professional publications, providing it is factual, 
and relates only to engineering, is free from ostentation, con­
tains no laudatory expressions or implication, is not mislead­
ing with respect to the Engineers· extent of participation in the 
services or projects described. 

i. Engineers may prepare articles for the lay or technical press 
which are factual. dignified, and free from ostentations or 
laudatory implications. Such articles shall not imply other than 
their direct participation in the work described unless credit is 
given to others for their share of the work. 

j. Engineers may extend permission for their names to be used in 
commercial advertisements. such as may be published by 
manufacturers, contractors, material suppliers, etc., only by 
means of a modest dignified notation acknowledging their par­
ticipation and the scope thereof in the project or product de­
scribed. Such permission shall not include public endorsement 
of proprietary products. 

k. Engineers may advertise for recruitment of personnel in ap­
propriate publications or by special distribution. The informa­
tion presented must be displayed in a dignified manner, re­
stricted to firm name, address, telephone number. appropriate 
symbol. names of principal participants, the fields of practice 
in which the firm is qualified, and factual descriptions of posi­
tions available. qualifications required, and benefits available. 

I. Engineers shall not enter competitions for designs for the pur­
pose of obtaining commissions for specific projects, unless 
provision is made for reasonable compensation for all designs 
submitted. 

m. Engineers shall not maliciously or falsely. directly or indi­
rectly. injure the professional reputation, prospects, practice, 
or employment of another engineer, nor shall they indiscrimi­
nately criticize another's work. 

n. Engineers shall not undertake nor agree to perform any en­
gineering service on a free basis, except professional services 
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which are advisory in nature for civic, charitable, religious, or

non-profit organizations. When serving as members of such

organizations, engineers are entitled to utilize their personal

engineering knowledge in the service of these organizations.

0. Engineers shall not use equipment, supplies, laboratory nor

office facilities of their employers to carry on outside private

practice without consent.

p. In case of tax-free or tax-aided facilities, engineers should not

use student services at less than rates of other employers of

comparable competence, including fringe benefits.

Engineers shall act in such a manner as to uphold and enhance the

honor, integrity, and dignity of the profession.

a. Engineers shall not knowingly associate with nor permit the

use of their names nor firm names in business ventures by any

person or firm which they know, or have reason to believe, are

engaging in business or professional practices of a fraudulent

or dishonest nature.

b. Engineers shall not use association with non-engineers, corpo-

rations, nor partnerships as "cloaks" for unethical acts.

c. Engineers should encourage engineering employees to attend

and present papers at professional and technical society meet-

ings.

d. Engineers should support the professional and technical soci-

eties of their discipline.

e. Engineers shall give proper credit for engineering work to

those to whom credit is due, and recognize the proprietary

interests of others. Whenever possible, they shall name the

person or persons who may be responsible for designs, inven-

tions, writings, or other accomplishments.

f. Engineers shall endeavor to extend the public knowledge

of engineering, and shall not participate in the dissemination

of untrue, unfair, or exaggerated statements regarding engi-

neering.

g. Engineers shall uphold the principle of appropriate and ade-

quate compensation for those engaged in engineering work.

h. Engineers should assign professional engineers duties of a na-

ture which will utilize their full training and experience insofar

as possible, and delegate lesser functions to subprofessionals

or technicians.

1. Engineers shall provide prospective engineering employers

with complete information on working conditions and their

proposed status of employment, and after employment shall

keep them informed of any changes.
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which are advisory in nature for civic, charitable, religious, or 
non-profit organizations. When serving as members of such 
organizations, engineers are entitled to utilize their personal 
engineering knowledge in the service of these organizations. 

o. Engineers shall not use equipment, supplies, laboratory nor 
office facilities of their employers to carry on outside private 
practice without consent. 

p. In case of tax-free or tax-aided facilities, engineers should not 
use student services at less than rates of other employers of 
comparable competence, including fringe benefits. 

6. Engineers shall act in such a manner as to uphold and enhance the 
honor, integrity, and dignity of the profession. 

b 

a. Engineers shall not knowingly associate with nor permit the 
use of their names nor firm names in business ventures by any 
person or firm which they know, or have reason to believe, are 
engaging in business or professional practices of a fraudulent 
or dishonest nature. 

b. Engineers shall not use association with non-engineers. corpo­
rations, nor partnerships as "cloaks" for unethical acts. 

c. Engineers should encourage engineering employees to attend 
and present papers at professional and technical society meet­
ings. 

d. Engineers should support the professional and technical soci­
eties of their discipline. 

e. Engineers shall give proper credit for engineering work to 
those to whom credit is due, and recognize the proprietary 
interests of others. Whenever possible, they shall name the 
person or persons who may be responsible for designs, inven­
tions, writings, or other accomp!ishments. 

f. Engineers shall endeavor to extend the public knowledge 
of engineering, and shall not participate in the dissemination 
of untrue, unfair, or exaggerated statements regarding engi­
neering. 

g. Engineers shall uphold the principle of appropriate and ade­
quate compensation for those engaged in engineering work. 

h. Engineers should assign professional engineers duties of a na­
ture which will utilize their full training and experience insofar 
as possible, and delegate lesser functions to subprofessionals 
or technicians. 

i. Engineers shall provide prospective engineering employers 
with complete information on working conditions and their 
proposed status of employment, and after employment shall 
keep them informed of any changes. 

Original from 
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APPENDIX B

List of Unit Conversion Factors*

TO CONVERT FROM

TO

MULTIPLY BY

ACCELERATION

foot/second2

free fall, standard

inch/second2

meter/second2 (m/s2)

meter/second2 (m/s2)

meter/second2 (m/s2)

3.048 000*E-OI

9.806 650*E+00

2.540 000*E-02

AREA

acre

barn

meter2 (m2)

meter2 (m2)

meter2 (m2)

meter2 (m2)

meter2 (m2)

meter2 (m2)

meter2 (m2)

meter2 (m2)

meter2 (m2)

4.046 856 E+03

1.000 000* E-28

5.067 075 E-10

9.290 304*E-02

6.451 600*E-04

2.589 988 E+06

2.589 988 E+06

9.323 957 E+07

8.361 274 E-01

circular mil

foot2

inch2

mile2 (U.S. statute)

section

township

yard2

BENDING MOMENT OR TORQUE

dyne-centimeter

kilogram-force-meter

newton-meter (N . m)

newton-meter (N . m)

1.000 000*E-07

9.806 650*E+00

'Metric Practice Guide, "American Society for Testing and Materials, E 380-72 (approved by Ameri-

can National Standards Institute ANSI Z210.1-1973).

Note: Asterisks denote exact equivalence.
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APPENDIX B 

List of Unit Conversion Factors* 

TO CONVERT FROM 

foot/second 2 

free fall, standard 
inch/second2 

acre 
bam 
circular mil 
foot 2 

inch 2 

mile2 (U.S. statute) 
section 
township 
yard2 

dyne-centimeter 
kilogram-force-meter 

TO 

ACCELERATION 

meter/second 2 (m/s2 ) 

meter/second2 (m/s2) 

meter/second2 ( m/s2 ) 

AREA 

meter2 (m2) 

meter2 (m2) 

meter2 (m2) 

meter2 (m2) 

meter2 (m2) 

meter2 (m2) 

meter2 (m2) 

meter2 (m2) 

meter2 (m2) 

BENDING MOMENT OR TORQUE 

newton-meter (N · m) 
newton-meter (N · m) 

MULTIPLY BY 

3.048 OOO*E-01 
9.806 650*E+OO 
2.540 OOO*E-02 

4.046 856 E +03 
I . 000 000* E - 2 8 
5.067 075 E-10 
9.290 304*E-02 
6.451 600*E-04 
2.589 988 E+06 
2.589 988 E +06 
9.323 957 E+07 
8.361 274 E-01 

1. ooo ooo• E-01 
9.806 650*E+OO 

• Metric Practice Guide, ··American Society for Testing and Materials, E 380-72 (approved by Ameri­
can National Standards Institute ANSI Z210.1·1973). 
Note: Asterisks denote exact equivalence. 

Di b 
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Original from 
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TO CONVERT FROM

TO

MULTIPLY BY

ounce-force-inch

pound-force-inch

pound-force-foot

newton-meter (N . m)

newton-meter (N â–  m)

newton-meter (N . m)

(BENDING MOMENT OR TORQUE)/LENGTH

7.061 552 E-03

1.129 848 E-01

1.355 818 E+00

pound-force-foot/inch

pound-force-inch/inch

newton-meter (N â€¢ m/m)

newton-meter/meter (N . m/m)

5.337 866 E-01

4.448 222 E + 00

ELECTRICITY AND MAGNETISM

abampere

ampere (A)

1.000 000* E +01

abcoulomb

coulomb (C)

1.000 000* E + 01

abfarad

farad (F)

1.000 000* E +09

abhenry

henry (H)

1.000 000" E-09

abmho

Siemens (S)

1.000 000*E+09

abohm

ohm (11)

1.000 000* E-09

abvolt

volt (V)

1.000 000-E-08

ampere, international U.S. (AINT.LS)

ampere (A)

9.998 43 E-01

ampere, U.S. legal 1948 < ALS.4S)

ampere (A)

1.000 008 E + 00

ampere-hour

coulomb (C)

3.600 000*E-03

coulomb, international U.S. (C|NTUS)

coulomb (C)

9.998 43 E-01

coulomb, U.S. legal 1948 (ClS 4tt)

coulomb (C)

1.000 008 E+00

EMU of capacitance1'

farad (F)

1.000 000*E-09

EMU of current

ampere (A)

1.000 000*E-01

EMU of electric potential

volt (V)

1.000 000*E-08

EMU of inductance

henry (H)

1.000 000* E-09

EMU of resistance

ohm (CI)

1.000 OOO'E-09

ESU of capacitance

farad (F)

1.112 650 E- 12

ESU of current

ampere (A)

3.335 6 E-10

ESU of electric potential

volt (V)

2.997 9 E+02

ESU of inductance

henry (H)

8.987 554 E + ll

ESU of resistance

ohm (fi)

8.987 554 E + ll

farad, international U.S. (F,NTlS)

farad (F)

9.995 05 E-01

faraday (based on carbon-12)

coulomb (C)

9.648 70 E+04

faraday (chemical)

coulomb (C)

9.649 57 E+04

faraday (physical)

coulomb (C)

9.652 19 E+04

gamma

tesla (T)

1.000 000* E -09

gauss

tesla (T)

1.000 000*E-04

+ ESU means electrostatic cgs unit. EMU means electromagnetic cgs unit.
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TO CONVERT FROM TO 

ounce-force-inch 
pound-force-inch 
pound-force-foot 

newton-meter (N · m) 
newton-meter (N · m) 
newton-meter (N · m) 

(BENDING MOMENT OR TORQUE)/LENGTH 

pound-force- foot/inch 
pound-force-inch/inch 

newton-meter (N · m/m) 
newton-meter/meter (N · m/m) 

ELECTRICITY AND MAGNETISM 

abampere 
abcoulomb 
abfarad 
abhenry 
abmho 
abohm 
abvolt 
ampere, international U.S. (AINT-usl 

ampere, U.S. legal 1948 (Aus-~8 ) 

ampere-hour 
coulomb, international U.S. (CINT-us> 

coulomb, U.S. legal 1948 (Cvs--18) 

EMU of capacitance+ 
EMU of current 
EMU of electric potential 
EMU of inductance 
EMU of resistance 
ESU of capacitance 
ESU of current 
ESU of electric potential 
ESU of inductance 
ES U of resistance 
farad, international U.S. (F1NT-us> 

faraday (based on carbon-12) 
faraday (chemical) 
faraday (physical) 
gamma 
gauss 

ampere (A) 

coulomb (C) 

farad (F) 

henry (H) 

siemens (S) 
ohm (0) 

volt (V) 

ampere (A) 

ampere (A) 

coulomb (C) 

coulomb (C) 

coulomb (C) 

farad (F) 

ampere (A) 

volt (V) 

henry (H) 

ohm (0) 

farad (F) 

ampere (A) 

volt (V) 
henry (H) 
ohm (0) 

farad (F) 
coulomb (C) 
coulomb (C) 
coulomb (C) 
tesla (T) 

tesla <n 

tESU means electrostatic cgs unit. EMU means electromagnetic cgs unit. 

Di b 
Original from 

UNIVERSITY OF MICHIGAN 

MULTIPLY BY 

7.061 552 E-03 
1.129 848 E-01 
1.355 818 E+OO 

5.337 866 E +01 
4.448 222 E+OO 

1.000 OOO*E+OI 
1.000 000* E + 01 
1.000 OOO*E +09 
1.000 OOO*E-09 
1. ooo ooo· E + 09 
1.000 OOO*E-09 
1.000 OOO'"E-08 
9.998 43 E-01 
1.000 008 E+OO 
3.600 OOO*E+03 
9.998 43 E-01 
1.000 008 E +00 
1.000 OOO*E+09 
1.000 OOO*E+OI 
1.000 OOO"'E -08 
1.000 OOO*E-09 
I. 000 000"' E - 09 

1.112 650 E-12 
3.335 6 E-10 
2.997 9 E~oz 

8.987 554 E +II 
8.987 554 E+ll 
9.995 05 E-01 
9.648 70 E +04 
9.649 57 E+04 
9.652 19 E+04 
I. 000 000 • E -09 
1.000 OOO*E-04 
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TO CONVERT FROM

TO

MULTIPLY BY

gilbert

ampere-turn

7.957 747 E-01

henry, international U.S. (HiNT.lS)

henry (H)

1.000 495 E+00

maxwell

weber (Wb)

1.000 000*E-08

oersted

ampere/meter (A/m)

7.957 747 E+01

ohm. international U.S. (ftNT.LS)

ohm (ft)

1.000 495 E+00

ohm-centimeter

ohm-meter (ft . m)

1.000 000*E-02

statampere

ampere (A)

3.335 640 E-10

statcoulomb

coulomb (C)

3.335 640 E-10

statfarad

farad (F)

1.112 650 E-12

stathenry

henry (H)

8.987 554 E+ll

statmho

Siemens (S)

1.112 650 E- 12

statohm

ohm (ft)

8.987 554 E+ll

statvolt

volt (V)

2.997 925 E+02

unit pole

weber (Wb)

1.256 637 E-07

volt, international U.S. (V,NT.lS)

volt (V)

1.000 338 E+00

volt. U.S. legal 1948 (VL,S.48)

volt (V)

1.000 008 E+00

ENERGY (INCLUDES WORK)

British thermal unit

(International Table)

joule (J)

1.055 056 E+03

British thermal unit (mean)

joule (J)

1.055 87 E+03

British thermal unit (thermochemical)

joule (J)

1.054 350 E+03

British thermal unit (39 F)

joule (J)

1.059 67 E+03

British thermal unit (60 F)

joule (J)

1.054 68 E+03

calorie (International Table)

joule (J)

4.186 800'E+00

calorie (mean)

joule (J)

4.190 02 E+00

calorie (thermochemical)

joule (J)

4.184 000*E+00

calorie (15 C)

joule (J)

4.185 80 E+00

calorie (20 C)

joule (J)

4.18190 E+00

calorie (kg. International Table)

joule (J)

4.186 800* E+03

calorie (kg. mean)

joule (J)

4.190 02 E+03

calorie (kg. thermochemical)

joule (J)

4.184 000*E+03

electron volt

joule (J)

1.602 10 E-19

erg

joule (J)

1.000 000*E-07

foot-pound-force

joule (J)

1.355 818 E+00

foot-poundal

joule (J)

4.214 011 E-02

joule, international U.S. (Jmr-us)

joule (J)

1.000 182 E+00

joule. U.S. legal 1948 (JLs.4g)

joule (J)

1.000 017 E+00

kilocalorie (International Table)

joule (J)

4.186 800*E+03

kilocalorie (mean)

joule (J)

4.190 02 E+03

kilocalorie (thermochemical)

joule (J)

4.184 OOO'E+03

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

2
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

APPENDIX 523 

TO CONVERT FROM TO MULTIPLY BY 

gilbert ampere-turn 7.957 747 E-01 

henry. international U.S. (H,sT-rs> henry (H) 1.000 495 E+OO 

maxwell weber (Wb> 1.000 OOO*E -08 
oersted ampere/meter (A/m) 7.957 747 E+OI 

ohm. international U.S. ( O,ST·L·s> ohm(!l) 1.000 495 E +00 

ohm-centimeter ohm-meter ( n ° m) 1.000 OOO*E-02 
statampere ampere (A) 3.335 640 E-10 
statcoulomb coulomb (C) 3.335 640 E-10 
statfarad farad (F) I. 112 650 E - 12 
stathenry henry <H> 8.987 554 E+ II 
stat mho siemens (S) I. 112 650 E - 12 
statohm ohm <Hl 8.987 554 E+ II 
statvolt volt ( V> 2.997 925 E+02 
unit pole weber (Wb) 1.256 637 E -07 

volt. international U.S. ( V1sT-ts> volt (V) 1.000 338 E +00 

volt. U.S. legal 1948 (VLs-4Hl volt (V) 1.000 008 E +00 

ENERGY <INCLUDES WORK> 

British thermal unit 
(International Table) 

British thermal unit (mean) 

British thermal unit (thermochemical) 

British thermal unit (39 F> 
British thermal unit !60 Fl 
calorie (International Table) 
calorie (mean) 

calorie (thermochemical) 
calorie ( 15 CJ 

calorie (20 C) 
calorie (kg. International Table) 
calorie (kg. mean) 

calorie (kg. thermochemical> 
electron volt 

erg 
foot-pound-force 
foot-poundal 
joule, international U.S. (J,sT-L·sl 
joule, U.S. legal 1948 <JL:s-4K) 
kilocalorie (International Table) 
kilocalorie (mean) 
kilocalorie (thermochemical) 

Di b 

joule {J) 

joule (J) 

joule (J) 

joule (J) 

joule {J) 

joule (J) 

joule (J) 

joule (Jl 

joule <J> 
joule (J) 

joule (J) 

joule (J) 

joule (J) 

joule (J) 

joule (J) 

joule (J) 

joule (J) 
joule (J) 
joule (J) 

joule (J) 

joule (J) 

joule (J) 

1.055 056 E +03 
1.055 87 E +03 
1.054 350 E +03 
1.059 67 E +03 
1.054 68 E+03 
4.186 800*E+OO 
4.190 02 E+OO 
4.184 OOO*E+OO 

4.185 80 E+OO 

4.18190 E+OO 
4.186 800* E+03 
4.190 02 E +03 

4.184 ooo· E+03 
1.60210 E-19 
1.000 OOO*E-07 

1.355 818 E+OO 
4.214 011 E-02 
1.000 182 E+OO 

1.000 017 E+OO 
4.186 800*E+03 

4.190 02 E+03 
4.184 OOO*E+03 

Original from 
UNIVERSITY OF MICHIGAN 
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TO CONVERT FROM

TO

MULTIPLY BY

kilowatt-hour

joule (J)

3.600 000*E+06

kilowatt-hour, international U.S.

(kWh|NT.(jS)

joule (J)

3.600 655 E+06

kilowatt-hour, U.S. legal 1948

(kWhus.48)

joule (J)

3.600 061 E+06

ton (nuclear equivalent of TNT)

joule (J)

4.20 E+09

watt-hour

joule (J)

3.600 000'E+03

watt-second

joule (J)

1.000 000* E-00

ENERGY/AREA TIME

Btu (thermochemical)/foot2-second

Btu (thermochemical)/foot2-minute

Btu (thermochemical)/foot2-hour

Btu (thermochemical)/inch2-second

calorie (thermochemical)/

centimeter-minute

erg/centimete^-second

watt-centimeter2

watt/meter2 (W/m2)

watt/meter2 (W/m2)

watt/meter2 (W/m2)

watt/meter2 (W/m2)

watt/meter2 (W/m2)

watt/meter2 (W/m2)

watt/meter2 (W/m2)

1.134 893 E+04

1.891 489 E+02

3.152 481 E+00

1.634 246 E+06

6.973 333 E + 02

1.000 000* E-03

1.000 000*E + 04

FORCE

dyne

kilogram-force

kilopound-force

kip

ounce-force (avoirdupois)

pound-force (lbf avoirdupois)

poundal

newton (N)

newton (N)

newton (N)

newton (N)

newton (N)

newton (N)

newton (N)

2.000

9.806

9.806

4.448

2.780

4.448

1.382

000* E-05

650* E+00

650* E + 00

222 E+03

139 E-01

222 E+00

550 E-01

FORCE/LENGTH

pound-force/inch newton/meter (N/m) 1.751 268 E+02

pound-force/foot newton/meter (N/m) 1.459 390 E+01

HEAT

Btu (thermochemical) â€¢ in/s â€¢ ft2 . Â°F watt/meter-kelvin

(A, thermal conductivity) (W/m . K) 5.188 732 E+02

Btu (International Table) in/s â–  ft2 â–  watt/meter-kelvin

Â°F (k, thermal conductivity) (W/m â€¢ K) 5.192 204 E+02

Btu (thermochemical) â€¢ in/h â–  ft2 â€¢ Â°F watt/meter-kelvin

(*, thermal conductivity) (W/m â–  K) 1.441 314 E-01
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524 APPENDIX 

TO CONVERT FROM TO 

kilowatt-hour joule (J) 

kilowatt-hour, international U.S. 

(kWhiNT-us) joule (J) 

kilowatt-hour, U.S. legal 1948 

(kWhus-ts) joule (J) 

ton (nuclear equivalent of TNT) joule (J) 

watt-hour joule (J) 

watt-second joule (J) 

ENERGY/AREA TIME 

Btu ( thermochemical)ffoot2-second 
Btu (thermochemical)/foot2-minute 
Btu (thermochemical)/foot2-hour 
Btu (thermochemical)/inch2-second 
calorie (thermochemical)/ 

centimeter!-minute 
erg/ centimeter-second 
watt-centimeter 

dyne 
kilogram-force 
kilopound-fon::e 
kip 
ounce-force (avoirdupois) 
pound-force (lbf avoirdupois) 
poundal 

watt/meter! (W/m2) 

watt/meter (W/m1 ) 

watt/meter! (W/m2) 

watt/meter (W/m2) 

watt/meter (W/m2) 

watt/meter (W/m2) 

watt/meter (W/m2 ) 

FORCE 

newton (N) 
newton (N) 
newton (N) 
newton (N) 
newton (N) 
newton (N) 
newton (N) 

FORCE/LENGTH 

pound-force/inch 
pound-force/foot 

Btu (thermochemical) . in/s . ft 2 • oF 
(k. thermal conductivity) 

Btu (International Table) · in/s · ft2 • 

°F (k, thermal conductivity) 
Btu (thermochemical) · in/h . ft2 • oF 

(k. thermal conductivity) 

Di b 

newton/meter (N/m) 
newton/meter (N/m) 

HEAT 

watt/meter-kelvin 
(W/m · K) 

watt/meter-kelvin 
(W/m · K) 

watt/meter-kelvin 
(W/m · K) 

Original from 
UNIVERSITY OF MICHIGAN 

MULTIPLY BY 

3.600 OOO*E+06 

3.600 655 E +06 

3.600 061 E+06 
4.20 E+09 
3.600 OOO*E+03 
1.000 OOO*E-00 

1.134 893 E+04 
1.891 489 E+02 
3.152 481 E+OO 
1.634 246 E-+-06 

6.973 333 E+02 
1.000 OOO*E-03 
1.000 ooo· E + 04 

2.000 OOO*E-05 
9.806 650• E +00 
9.806 650*E+OO 
4.448 222 E +03 
2.780 139 E-01 
4.448 222 E +00 
1.382 550 E-01 

1.751 268 E+O::! 
1.459 390 E•OI 

5.188 732 E -t-02 

5.192 204 E+02 

1.441 314 E-01 



APPENDIX 525

TO CONVERT FROM

TO

MULTIPLY BY

Btu (International Table) â€¢ in/h â–  ft, . Â°F

{k, thermal conductivity)

Btu (International Table)/ft2

Btu (thermochemical)/ft2

Btu (International Table)/h â–  ft2 â–  Â°F

(C. thermal conductance)

Btu (thermochemical)/h . ft1 â–  Â°F

(C, thermal conductance)

Btu (International Table)/lbm

Btu (International Table)/lbm . Â°F

Btu (thermochemical)/lbm â–  Â°F

(f, heat capacity)

Btu (International Table)/s . ft2 . Â°F

Btu (thermochemical)/s â–  ft2 . Â°F

cal (thermochemical)/cm2

cal (thermochemical)/cm2 . s

cal (thermochemical)/cm . s â–  Â°C

cal (International Table)/g

cal (International Table)/g . Â°C

cal (thermochemical)/g

cal (thermochemical)/g . Â°C

clo

Â°F . h â–  ft2/Btu (thermochemical)

(R, thermal resistance)

Â°F . h . ft2/Btu (International Table)

(R. thermal resistance)

ft2/h (thermal diffusivity)

watt/meter-kelvin

(W/m . K)

joule/meter2 (J/m2)

joule/meter2 (J/m2)

watt/meter-kelvin

(W/m2 . K)

watt/meter2-kelvin

(W/m2 â–  K)

joule/kilogram (J/kg)

joule/kilogram-kelvin

(J/kg . K)

watt/meter-kelvin

(W/m2 â€¢ K)

watt/meter2-kelvin

(W/m2 . K)

joule/meter2 (J/m2)

watt/meter2 (W/m2)

watt/meter-kelvin

(W/m â–  K)

joule/kilogram (J/kg)

joule/kilogram-kelvin

(J/kg â–  K)

joule/kilogram (J/kg)

joule/kilogram-kelvin

(J/kg â€¢ K)

kelvin-meter2/watt

(K â€¢ m2/W)

kelvin-meterVwatt

(K . m2/W)

kelvin-meter2/watt

(K . m2/W)

meterVsecond (m2/s)

1.442 279 E-01

1.135 653 E+04

1.134 893 E+04

5.678 263 E+00

5.624 466 E+00

2.326 000*E+03

4.184 000 E+03

2.044 175 E+04

2.042 808 E+04

4.184 000* E+04

4.184 OOO'E+04

4.184 000* E+02

4.186 800*E+03

4.186 800*E+03

4.184 000*E+03

4.184 000*E+03

2.003 712 E-01

1.762 280 E-01

1.761 102 E-01

2.580 640*E-05

LENGTH

angstrom

astronomical unit

caliber (inch)

fathom

fermi (femtometer)

foot

meter (m)

meter (m)

meter (m)

meter (m)

meter (m)

meter (m)

1.000 000*E-10

1.495 98 E+ll

2.540 000*E-02

1.828 800*E+00

1.000 000*E-15

3.048 000*E-01
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TO CONVERT FROM 

Btu (International Table) 0 in/h 0 ft2 ° op 
(k. thermal conductivity) 

Btu (International Table)/ft2 

Btu (thermochemical)/ft2 

Btu (International Table)/h 0 ft2 o op 
(C. thermal conductance) 

Btu (thermochemical)/h · ft2 0 op 
(C. thermal conductance) 

Btu (International Table)/lbm 
Btu (International Table)/lbm 0 op 
Btu (thermochemical)/lbm 0 op 

(c. heat capacity) 
Btu (International Table)/s o ft2 

o op 

Btu (thermochemical)/s 0 ft2 0 op 

cal (thermochemical)/cm2 

cal (thermochemical)/cm2 0 s 
cal (thermochemical)/cm 0 s 0 oc 

cal (International Table)/g 
cal (International Table)/g 0 oc 

cal (thermochemical)/g 
cal (thermochemical)/g 0 oc 

clo 

op 0 h 0 ft2 /Btu (thermochemical) 
<R. thermal resistance) 

cp 0 h 0 ft2 /Btu (International Table) 
(R . thermal resistance) 

ft2 /h (thermal diffusivity) 

angstrom 
astronomical unit 
caliber (inch) 
fathom 
fenni (femtometer) 
foot 

--~ · · - .·~-

Dl IZ b 

TO 

watt/meter-kelvin 
(W/m o K) 

joule/meter (J/m2) 

joule/meter (J/m1) 

watt/meter-kelvin 
(W/m2 o K) 

watt/meter-kelvin 
(W/m2 o K) 

joule/kilogram (J/kg) 

joule/kilogram-kelvin 
(J /kg o K) 

watt/meter-kelvin 
(W/m2 o K) 

watt/meter-kelvin 
(W/m2 ° K) 

joule/meter (J/m2 ) 

watt/meter (W/m2 ) 

watt/meter-kelvin 
(W/m ° K) 

joule/kilogram (J/kg) 
joule/kilogram-kelvin 

(J /kg ° K) 

joule/kilogram (J/kg) 
joule/kilogram-kelvin 

(J /kg o K) 

kelvin-meter /watt 
(K 0 m2 /W) 

kelvin-meter I watt 
(K o m2/W) 

kelvin-meter/watt 
(K 0 m2/W) 

meter/second (m2/s) 

LENGTH 

meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 

APPENDIX 525 

MULTIPLY BY 

1.442 279 E-01 
1.135 653 E+04 
1.134 893 E+04 

5.678 263 E+OO 

50624 466 E+OO 
20326 OOO*E+03 

4ol84 000 E+03 
20044 175 E+04 

20042 808 E+04 

40184 OOO*E+04 
40184 ooo• E+04 
40184 OOO*E+02 

40186 800*E+03 
4ol86 800* E+03 

40184 OOO*E+03 
4ol84 OOO*E+03 

20003 712 E- 01 

10762 280 E- 01 

1.761 102 E-01 
20580 640* E -05 

1.000 OOO*E-10 
1.495 98 E+ II 
20540 OOO*E- 02 
1.828 800*E +OO 
1.000 OOO*E - 15 
30048 OOO*E-01 

Original from 
UNIVERSITY OF ICHIG N 



526 APPENDIX

TO CONVERT FROM

TO

MULTIPLY BY

foot (U.S. survey)*

meter (m)

3.048 006 E-01

inch

meter (m)

2.540 000'E-02

league (international nautical)

meter (m)

5.556 000*E+03

league (statute)

meter (m)

4.828 032* E+03

league (U.K. nautical)

meter (m)

5.559 552*E+03

light year

meter (m)

9.460 55 15

microinch

meter (m)

2.540 000*E-08

micron

meter (m)

1.000 000*E-06

mil

meter (m)

2.540 000*E-05

mile (international nautical)

meter (m)

1.852 000*E+03

mile (U.K. nautical)

meter (m)

1.853 184*E+03

mile (U.S. nautical)

meter (m)

1.852 000*E+03

mile (U.S. statute)

meter (m)

1.609 344* E+03

parsec

meter (m)

3.083 74 E-16

pica (printer's)

meter (m)

4.217 518 E-03

point (printer's)

meter (m)

3.514 598*E-04

rod

meter (m)

5.029 200*E+00

statute mile (U.S.)

meter (m)

1.609 344* E+03

yard

meter (m)

9.144 000* E 01

LIGHT

footcandle

lumen/meter2 (lm/m2)

1.076 391 E+01

footcandle

lux (Ix)

1.076 391 E-01

tbotlambert

candela/meter2 (cd/m2)

3.426 259 E+00

lux

lumen/meter2 (lm/m2)

1.000 000*E+00

MASS

carat (metric)

kilogram (kg)

2.000 000*E-04

grain

kilogram (kg)

6.479 891*E-05

gram

kilogram (kg)

1.000 000*E-03

hundredweight (long)

kilogram (kg)

5.080 235 E+Ol

hundredweight (short)

kilogram (kg)

4.535 924 E+01

kilogram-force-second'/meter (mass)

kilogram (kg)

9.806 650'E-OO

kilogram-mass

kilogram (kg)

1.000 000*E-OO

ounce-mass (avoirdupois)

kilogram (kg)

2.834 952 E-02

ounce-mass (troy or apothecary)

kilogram (kg)

3.110 348 E-02

pennyweight

kilogram (kg)

1.555 174 E-03

+The exact conversion factor is 1200/3937.
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526 APPENDIX 

Di 

TO CONVERT FROM 

foot (U.S. survey)t 
inch 
league (international nautical) 
league (statute) 
league (U.K. nautical) 
light year 
microinch 
micron 
mil 
mile (international nautical) 
mile (U.K. nautical) 
mile (U.S. nautical) 
mile (U.S. statute) 
parsec 
pica (printer's) 
point (printer's) 
rod 
statute mile (U.S.) 
yard 

footcandle 
footcandle 

foot lambert 
lux 

carat (metric) 
grain 
gram 
hundredweight (long) 
hundredweight (short) 
kilogram-force-second 2/ meter (mass) 
kilogram-mass 
ounce-mass (avoirdupois) 
ounce-mass (troy or apothecary) 
pennyweight 

+The exact conversion factor is 1200/3937. 

b 

TO 

meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 
meter (m) 

LIGHT 

lumen/meter Om/m2 ) 

lux (lx) 

candela/meter2 (cd/m2l 
lumen/meter2 (lm/m2 ) 

MASS 

kilogram (kg) 
kilogram (kg) 
kilogram (kg) 
kilogram (kg) 
kilogram (kg) 
kilogram (kg) 
kilogram (kg) 
kilogram (kg) 
kilogram (kg) 
kilogram (kg) 

Original from 
UNIVERSITY OF MICHIGAN 

MULTIPLY BY 

3.048 006 E-01 
2.540 OOO*E-02 
5.556 OOO*E+03 
4.828 032*E+03 
5.559 552*E+03 
9.460 55 E+l5 
2.540 OOO .. E-08 
I. 000 000 ~ E -06 

2.540 000* E -05 
1.852 OOO*E+03 
1.853 184*E+03 
1.852 ooo~ E +03 
1.609 344* E+03 
3.083 74 E+16 
4.217 518 E-03 
3.514 598*E-04 
5.029 200*E+OO 
1.609 344 * E +03 
9.144 000* E 01 

1.076 391 E+OI 
1.076391 E+Ol 

3.426 259 E +00 
I. 000 000"' E + 00 

2.000 ooo~ E -04 

6.479 891'E-05 
1.000 OOO*E-03 
5.080 235 E ...-01 
4.535 924 E +01 
9.806 650"E-'-OO 
1.000 OOO*ETOO 
2.834 952 E -0~ 
3.110 348 E-0~ 
1.555 174 E -03 



APPENDIX 527

TO CONVERT FROM

TO

MULTIPLY BY

pound-mass (lbm avoirdupois)

pound-mass (troy or apothecary)

slug

ton (assay)

ton (long, 2240 lbm)

ton (metric)

ton (short. 2000 lbm)

tonne

kilogram (kg)

kilogram (kg)

kilogram (kg)

kilogram (kg)

kilogram (kg)

kilogram (kg)

kilogram (kg)

kilogram (kg)

4.535 924 E-01

3.732 417 E-01

1.459 390 E+01

2.916 667 E-02

1.016 047 E+03

1.000 000*E+03

9.071 847 E+02

1.000 000*E+03

MASS/AREA

ounce-mass/yard2

pound-mass/foot2

kilogram/meter2 (kg/m2)

kilogram/meter2 (kg/m2)

MASS/TIME (INCLUDES FLOW)

3.390 575 E-02

4.882 428 E+00

perm (0 C)

perm (23 C)

perm-inch (0 C)

perm-inch (23 C)

pound-mass/second

pound-mass/minute

ton (short, mass)/hour

kilogram/pascal-second-

meter2 (kg/Pa . s . m2)

kilogram/pascal-second-

meter2 (kg/Pa â–  s . m2)

kilogram/pascal-second-

meter (kg/Pa â–  s . m)

kilogram/pascal-second-

meter (kg/Pa â–  s â–  m)

kilogram/second (kg/s)

kilogram/second (kg/s)

kilogram/second (kg/s)

5.721 35 E-ll

5.745 25 E-ll

1.453 22 E-12

1.459 29 E

4.535 924 E

7.559 873 E

2.519 958 E

12

01

03

01

MASS/VOLUME (INCLUDES DENSITY AND MASS CAPACITY)

grain (lbm avoirdupois/7000)/gallon

(U.S. liquid) kilogram/meter3 (kg/m3) 1.711 806 E-02

gram/centimeter' kilogram/meter' (kg/m1) 1.000 000*E+03

ounce (avoirdupois)/gallon (U.K. liquid) kilogram/meter3 (kg/m3) 6.236 027 E+00

ounce (avoirdupois)/gallon (U.S. liquid) kilogram/meter3 (kg/mi) 7.489 152 E+00

ounce (avoirdupois) (mass)/inch3 kilogram/meter3 (kg/m3) 1.729 994 E+03

pound-mass/foot3 kilogram/meter3 (kg/m3) 1.601 846 E+01

pound-mass/inch3 kilogram/meter3 (kg/m3) 2.767 990 E+04

pound-mass/gallon (U.K. liquid) kilogram/meter3 (kg/m3) 9.977 644 E+01

pound-mass/gallon (U.S. liquid) kilogram/meter3 (kg/m3) 1.198 264 E+02

slug/foot3 kilogram/meter3 (kg/m3) 5.153 788 E+02

ton (long, mass)/yard3 kilogram/meter3 (kg/m3) 1.328 939 E+03
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APPENDIX 527 

TO CONVERT FROM TO MULTIPLY BY 

pound-mass (Ibm avoirdupois) kilogram (kg) 4.535 924 E-01 
pound-mass (troy or apothecary) kilogram (kg) 3.732 417 E-01 
slug kilogram (kg) 1.459 390 E+OI 
ton (assay) kilogram (kg) 2.916 667 E-02 
ton (long. 2240 Ibm) kilogram (kg) 1.016 047 E+03 
ton (metric) kilogram (kg) 1.000 ooo·E+03 
ton (short. 2000 Ibm) kilogram (kg) 9.071 847 E+02 
tonne kilogram (kg) 1.000 ooo· E +03 

MASS/AREA 

ounce-mass/yard2 

pound-mass/foot2 

kilogram/meter2 ( kg/m2) 

kilogram/meter2 (kg/m2) 
3.390 575 E -02 
4.882 428 E+OO 

MASS/TIME (INCLUDES FLOW) 

perm 10 C) 

perm !23 C) 

perm-inch cO Cl 

perm-inch (23 CJ 

pound-mass/second 
pound-mass/minute 
ton (short. massJ/hour 

kilogram/pascal-second­
meter2 (kg/Pa · s · m2) 

kilogram/pascal-second­
meter2 (kg/Pa · s · m2) 

kilogram/pascal-second­
meter lkg/Pa · s · m) 

kilogram/ pascal-second-
meter (kg/P.cl · s · m) 

kilogram/second ( kg/s) 
kilogram/second ( kg/s) 
kilogram/second (kg/s) 

5.72135 E-ll 

5.745 25 E-ll 

1.45322 E - 12 

1.459 29 E-12 

4.535 924 E --01 
7.559 873 E - 03 
2.519 958 E - 01 

MASS/VOLUME (INCLUDES DENSITY AND MASS CAPACITY) 

grain !Ibm avoirdupois/7000)/gallon 
!U.S. liquid) 

gram/centimeter:~ 

ounce (avoirdupoisJ/gallon (U.K. liquid) 
ounce (avoirdupois)/gallon (U.S. liquid) 
ounce (avoirdupois) (massJ/inch~ 

pound-mass/foot=' 
pound-mass/inch~ 

pound-mass/gallon <U.K. liquid) 
pound-mass/gallon (U.S. liquid) 

slug/foot3 

ton (long, mass)/yard3 

Dig IZ b 

kilogram/meter=• (kg/m:1) 

kilogram/meter' (kg/m='J 
kilogram/meter3 (kg/m~J 

kilogram/meter' (kg/ma) 
kilogram/meter3 (kg/m3) 

kilogram/meter3 (kg/m3 ) 

kilogram/meter1 (kg/m3) 

kilogram/meter1 (kg/m3 ) 

kilogram/mete~ (kg/m3) 

kilogram/meter3 (kg/m3) 

kilogram/mete~ (kg/m3) 

1.711 806 E-02 
1.000 ooo·E+03 
6.236 027 E +00 
7.489 152 E+OO 
1.729 994 E+03 
1.601 846 E+OI 
2.767 990 E+04 
9.977 644 E+OI 
1.198 264 E+02 
5.153 788 E+02 

1.328 939 E+03 

Original from 
UNIVERSITY OF ICHIG N 



528 APPENDIX

TO CONVERT FROM

TO

MULTIPLY BY

POWER

Btu (International Table)/hour

watt (W)

2.930 711 E-01

Btu (thermochemical)/second

watt (W)

1.054 350 E+03

Btu (thermochemicaD/minute

watt (W)

1.757 250 E+01

Btu (thermochemical)/hour

watt (W)

2.928 751 E-01

calorie (thermochemicaD/second

watt (W)

4.184 000' E+00

calorie (thermochemicaD/minute

watt (W)

6.973 333 E-02

erg/second

watt (W)

1.000 000*E-07

foot-pound-force/hour

watt (W)

3.766 161 E-04

foot-pound-force/minute

watt (W)

2.259 697 E-02

foot-pound-force/second

watt (W)

1.355 818 E+00

horsepower (550 ft â€¢ lbf/s)

watt (W)

7.456 999 E+02

horsepower (boiler)

watt (W)

9.809 50 E+03

horsepower (electric)

watt (W)

7.460 000 E + 02

horsepower (metric)

watt (W)

7.354 99 E+02

horsepower (water)

watt (W)

7.460 43 E+02

horsepower (U.K.)

watt (W)

7.457 0 E+02

kilocalorie (thermochemicaD/minute

watt (W)

6.973 333 E + 01

kilocalorie (thermochemicaD/second

watt (W)

4.184 000* E+03

watt, international U.S. (W,NT.US)

watt (W)

1.000 182 E-00

watt, U.S. legal 1948 (WuS.48)

watt (W)

1.000 017 E+00

PRESSURE OR STRESS (FORCE/AREA)

atmosphere (normal = 760 torr)

pascal (Pa)

1.013 25 E+05

atmosphere (technical = 1 kgf/cm2)

pascal (Pa)

9.806 650 E+04

bar

pascal (Pa)

1.000 000*E+05

centimeter of mercury (0 C)

pascal (Pa)

1.333 22 E+03

centimeter of water (4 C)

pascal (Pa)

9.806 38 E+01

decibar

pascal (Pa)

1.000 000 E+04

dyne/centimeter2

pascal (Pa)

1.000 00O'E-01

foot of water (39.2 F)

pascal (Pa)

2.988 98 E+03

gram-force/centimeter2

pascal (Pa)

9.806 650*E+0I

inch of mercury (32 F)

pascal (Pa)

3.386 389 E+03

inch of mercury (60 F)

pascal (Pa)

3.376 85 E+03

inch of water (39.2 F)

pascal (Pa)

2.490 82 E+02

inch of water (60 F)

pascal (Pa)

2.488 4 E + 02

kilogram-force/centimeter2

pascal (Pa)

9.806 650* E +04

kilogram-force/meter2

pascal (Pa)

9.806 650*E+00

kilogram-force/millimeter2

pascal (Pa)

9.806 650* E+06
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528 APPENDIX 

TO CONVERT FROM 

Btu (International Table)/hour 
Btu (thermochemical)/second 
Btu (thermochemical)/minute 
Btu (thermochemical)/hour 
calorie (thermochemicai)/second 
calorie (thermochemical)/minute 
erg/second 
foot-pound-force/hour 
foot-pound-force/minute 
foot-pound-force/second 
horsepower (550 ft · lbf/s) 
horsepower (boiler) 
horsepower (electric) 
horsepower (metric) 
horsepower (water) 
horsepower (U.K.) 
kilocalorie (thermochemical)/minute 
kilocalorie (thermochemicai)/second 
watt, international U.S. (WINT-usl 

watt, U.S. legal 1948 (Wus.48 ) 

TO 

POWER 

watt(W) 
watt (W) 
watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

watt (W) 

MULTIPLY BY 

2.930 711 E-01 
1.054 350 E +03 
1.757 250 E+OI 
2.928 751 E-01 
4.184 OOO*E+OO 
6.973 333 E-02 
I. 000 000; E- 07 

3.766 161 E-04 
2.259 697 E-02 
1.355 818 E+OO 
7.456 999 E+02 
9.809 50 E +03 
1.460 ooo· E + 02 
7.35499 E+02 
7.460 43 E+02 
7.457 0 E+02 
6.973 333 E+OI 
4.184 ooo~E+03 
1.000 182 E+OO 
1.000 017 E+OO 

PRESSURE OR STRESS (FORCE/AREA) 

Di 

atmosphere (normal = 760 torr) 
atmosphere (technical = I kgf/cm2) 

bar 
centimeter of mercury (0 C) 
centimeter of water ( 4 C) 
decibar 
dyne/centimeter2 

foot of water (39.2 F) 
gram-force/centimeter2 

inch of mercury (32 F) 
inch of mercury (60 F) 
inch of water (39.2 F) 
inch of water (60 F) 
kilogram-force/centimeter2 

kilogram-force/meter2 

kilogram-force/millimeter1 

b 

pascal (Pa) 

pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 

Original from 
UNIVERSITY OF MICHIGAN 

1.013 25 E +05 
9.806 650•E+04 
1.000 ooo· E +05 
1.333 22 E +03 
9.806 38 E +01 
1.000 000'" E +04 
1.000 OOO*E-01 
2.98898 E+03 
9.806 650*E+OI 
3.386 389 E +03 
3.376 85 E+03 
2.490 82 E +02 
2.488 4 E+02 
9.806 650*E+04 
9.806 650*E+OO 
9.806 650*E+06 



APPENDIX 529

TO CONVERT FROM

TO

MULTIPLY BY

kip/inch2 (ksi)

pascal (Pa)

6.894 757 E+06

millibar

pascal (Pa)

1.000 000*E+02

millimeter of mercury (0 C)

pascal (Pa)

1.333 224 E+02

poundal/foot2

pascal (Pa)

1.488 164 E+00

pound-force/foot2

pascal (Pa)

4.788 026 E+01

pound-force/inch2 (psi)

pascal (Pa)

6.894 757 E+03

psi

pascal (Pa)

6.894 757 E+03

ton- (mm Hg, 0 C)

pascal (Pa)

1.333 22 E+02

TEMPERATURE

Â° Celsius kelvin (K) /K = ,c + 273.15

Â° Fahrenheit kelvin (K) tK = (tr + 459.67)/1.8

Rankine kelvin (K) /K = /Â«/l-8

Â° Fahrenheit Â° Celsius /c = (tF - 32)/1.8

Kelvin Â° Celsius tc = tK - 273.15

TIME

day (mean solar)

second (s)

8.640 000 E+04

day (sidereal)

second (s)

8.616 409 E + 04

hour (mean solar)

second (s)

3.600 000 E+03

hour (sidereal)

second (s)

3.590 170 E+03

minute (mean solar)

second (s)

6.000 000 E+01

minute (sidereal)

second (s)

5.983 617 E+01

month (mean calendar)

second (s)

2.628 000 E+06

second (sidereal)

second (s)

9.972 696 E-01

year (calendar)

second (s)

3.153 600 E+07

year (sidereal)

second (s)

3.155 815 E + 07

year (tropical)

second (s)

3.155 693 E+07

VELOCITY (INCLUDES SPEED)

foot/hour

foot/minute

foot/second

inch/second

kilometer/hour

knot (international)

mile/hour (U.S. statute)

mile/minute (U.S. statute)

mile/second (U.S. statute)

mile/hour (U.S. statute)

meter/second (m/s)

meter/second (m/s)

meter/second (m/s)

meter/second (m/s)

meter/second (m/s)

meter/second (m/s)

meter/second (m/s)

meter/second (m/s)

meter/second (m/s)

kilometer/hour+

8.466 667 E-05

5.080 000*E-03

3.048 000*E-01

2.540 000*E-02

2.777 778 E-01

5.144 444 E-01

4.470 400*E-01

2.682 240*E+01

1.609 344* E+03

1.609 344*E+00
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TO CONVERT FROM 

kip/inch2 (ksi) 
millibar 
millimeter of mercury (0 C) 

poundal/foot2 

pound-force/foot2 

pound-force/inch2 (psi) 
psi 
torr (mm Hg, 0 C) 

o Celsius 
o Fahrenheit 
o Rankine 
o Fahrenheit 
Kelvin 

day (mean solar) 
day (sidereal) 
hour (mean solar) 
hour (sidereal) 
minute (mean solar) 
minute (sidereal) 
month (mean calendar) 
second (sidereal) 
year (calendar) 
year (sidereal) 
year (tropical) 

foot/hour 
foot/minute 
foot/second 
inch/second 
kilometer/hour 
knot (international) 
mile/hour (U.S. statute) 
mile/minute (U.S. statute) 
mile/second (U.S. statute) 
mile/hour (U.S. statute) 

TO 

pascal (Pa) 

pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 
pascal (Pa) 

TEMPERATURE 

kelvin (K) 
kelvin (K) 
kelvin (K) 
o Celsius 
o Celsius 

TIME 

second (s) 
second (s) 
second (s) 
second (s) 
second (s) 
second (s) 
second (s) 
second (s) 
second (s) 
second {s) 
second (s) 

VELOCITY (INCLUDES SPEED) 

meter/second (m/s) 
meter/second (m/s) 
meter/second (m/s) 
meter/second (m/s) 
meter/second (m/s) 
meter/second (m/s) 
meter/second (m/s) 
meter/second (m/s) 
meter/second (m/s) 
kilometer/hourt 

01 IZ b 
~~-- - ---~ 

APPENDIX 529 

MULTIPLY BY 

6.894 757 E + 06 
1.000 OOO*E+02 
1.333 224 E+02 
1.488 164 E+OO 
4.788 026 E+OI 
6.894 757 E+03 
6.894 757 E+03 
1.333 22 E+02 

tK = fc + 273.15 
tK = (tr + 459.67)/1.8 
tK = IRI 1.8 
I c = (t1· - 32)/ 1.8 
fc = IK- 273.15 

8.640 000 E+04 
8.616 409 E +04 
3.600 000 E +03 
3.590 170 E + 03 
6.000 000 E+OI 
5.983 617 E+OI 
2.628 000 E +06 
9.972 6% E-01 
3.153 600 E+07 
3.155 815 E+07 
3.155 693 E+07 

8.466 667 E - 05 
5.080 000* E - 03 
3.048 OOO*E - 01 
2.540 OOO*E-02 
2.777 778 E-01 
5.144 444 E-01 
4.470 400*E-01 
2.682 240*E+OI 
1.609 344*E+03 
1.609 344*E+OO 

Original from 
UNIVERSITY OF MICHIG N 



530 APPENDIX

TO CONVERT FROM

TO

MULTIPLY BY

VISCOSITY

centipoise

pascal-second (Pa . s)

1.000 000'E-03

centistoke

meter2/second (m2/s)

1.000 000*E-06

foot2/second

meter2/second (m2/s)

9.290 304*E-02

poise

pascal-second (Pa . s)

1.000 000'E-01

poundal-second/foot2

pascal-second (Pa â€¢ s)

1.488 164 E+00

pound-mass/foot-second

pascal-second (Pa . s)

1.488 164 E+00

pound-force-second/foot2

pascal-second (Pa . s)

4.788 026 E+01

rhe

meter2/newton-second

1.000 000 E+01

(m2/N . s)

slug/foot-second

pascal-second (Pa . s)

4.788 026 E + 01

stoke

meter2/second (m2/s)

1.000 000 E-04

VOLUME (INCLUDES CAPACITY)

acre-foot

meter3 (m3)

1.233 482 E + 03

barrel (oil, 42 gal)

meter3 (m3)

1.589 873 E-01

board foot

meter3 (m3)

2.359 737 E-03

bushel (U.S.)

meter3 (m3)

3.523 907 E-02

cup

meter3 (m3)

2.365 882 E-04

fluid ounce (U.S.)

meter3 (m3)

2.957 353 E-05

foot3

meter3 (m3)

2.831 685 E-02

gallon (Canadian liquid)

meter3 (m3)

4.546 090 E-03

gallon (U.K. liquid)

meter3 (m3)

4.546 092 E-03

gallon (U.S. dry)

meter3 (m3)

4.404 884 E-03

gallon (U.S. liquid)

meter3 (m3)

3.785 412 E-03

gill (U.K.)

meter3 (m3)

1.420 654 E-04

gill (U.S.)

meter3 (m3)

1.182 941 E-04

inch3i:

meter3 (m3)

1.638 706 E-05

liter

meter3 (m3)

1.000 000 E-03

ounce (U.K. fluid)

meter3 (m3)

2.841 307 E-05

ounce (U.S. fluid)

meter3 (m3)

2.957 353 E-05

peck (U.S.)

meter3 (m3)

8.809 768 E-03

pint (U.S. dry)

meter3 (m3)

5.506 105 E-04

pint (U.S. liquid)

meter3 (m3)

4.731 765 E-04

quart (U.S. dry)

meter3 (m3)

1.101 221 E-03

^Although speedometers may read km/h, the correct SI unit is m/s.

+The exact conversion factor is 1.638 706 4*E-05.
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530 APPENDIX 

Di 

TO CONVERT FROM TO 

VISCOSITY 

centipoise pascal-second (Pa · s) 
centistoke meter2/second (m2/s) 
foot 2/second meter2/second (m2/s) 
poise pascal-second (Pa · s) 
poundal-second/foot2 pascal-second ( Pa · s) 
pound-mass/foot-second pascal-second (Pa · s) 
pound-force-second/foot2 pascal-second ( Pa · s) 
rhe meter2 /newton-second 

(m2/N · s) 
slug/foot-second pascal-second (Pa · s) 
stoke meter2/second (m2/s) 

VOLUME (INCLUDES CAPACITY) 

acre-foot meter' (m3 ) 

barrel (oil, 42 gal) metera (m3 ) 

board foot meter1 (m3 ) 

bushel (U.S.) meter1 (m3 ) 

cup meter1 (m:1) 

fluid ounce (U.S.) meter3 (m3 ) 

foot 3 meter (m3 ) 

gallon (Canadian liquid) meter3 (m3 ) 

gallon (U.K. liquid) meter3 (m3 ) 

gallon (U.S. dry) meter1 (m3 ) 

gallon (U.S. liquid) meter (m3 ) 

gill (U.K.J meter3 (m3 ) 

gill (U.S.) meter (m3 ) 

inch3 :1: meter (m3 ) 

liter meter1 (m3) 

ounce (U.K. fluid) meter3 (m3 ) 

ounce (U.S. fluid) meterl (m3 ) 

peck (U.S.) meterl (m3 ) 

pint (U.S. dry) meterl (m3 ) 

pint (U.S. liquid) meterl (m3 ) 

quart (U.S. dry) meterl (m3 ) 

+Although speedometers may read km/h, the correct Sl unit is m/s. 
+The exact conversion factor is 1.638 706 4•E-05. 

b 
---

Original from 
UNIVERSITY OF MICHIGAN 

MULTIPLY BY 

1.000 OO<YE-03 
1.000 ooo~E-06 
9.290 304'·E-02 
1.000 OOO'E-01 
1.488 164 E+OO 
1.488 164 E+OO 
4.788 026 E+OI 
1.000 OOO''E+OI 

4.788 026 E+OI 
1.000 ooo· E -04 

1.233 482 E + 03 
1.589 873 E-01 
2.359 737 E -03 
3.523 907 E-02 
2.365 882 E-04 
2.957 353 E-05 
2.831 685 E-02 
4.546 090 E-03 
4.546 092 E-03 
4.404 884 E- 03 
3.785 412 E-03 
1.420 654 E-04 
I. 182 941 E- 04 
1.638 706 E-05 
1.000 000 E-03 
2.841 307 E-05 
2.957 353 E-05 
8.809 768 E-03 
5.506 105 E-04 
4.731 765 E-04 
1.101 221 E-03 



APPENDIX

TO CONVERT FROM TO MULTIPLY BY

quart (U.S. liquid) meter3 (m3) 9.463 529 E-04

stere meter3 (m3) 1.000 000*E+00

tablespoon meter3 (m3) 1.478 676 E-05

teaspoon meter3 (m3) 4.928 922 E-06

ton (register) meter' (m:t) 2.831 685 E +00

yard3 meter' (m:t) 7.645 549 E-01

VOLUME TIME (INCLUDES FLOW)

foot^/minute

foot'Vsecond

inch '/minute

yard'/'minute

gallon (U.S. Iiquid)/day

gallon (U.S. liquid) minute

meter'/second (m '/s)

meter'/second (m'/s)

meter'/second (m'/s)

meter'/second (m'/s)

meter'/second (nv'/s)

meter'/second (m'/s)

4.719 474 E 04

2.831 685 E-02

2.731 177 E-07

1.274 258 E-02

4.381 264 E-08

6.309 020 E-05
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APPENDIX 531 

TO CONVERT FROM TO MULTIPLY BY 

quart (U.S. liquid) meter3 (m3 ) 9.463 529 E-04 
stere meter1 (m3l I. 000 000* E + 00 
tablespoon meter:1 (m3) 1.478 676 E-05 
teaspoon meter' tm3l 4.928 922 E- 06 
ton (register) meter:s (mal 2. 83 I 685 E + 00 
yard:' meter1 (mal 7.645 549 E-01 

VOLliME TIME (INCLUDES FLOW) 

foot=1iminute 
foot:s/second 
inch:1/minute 
yard:1/minute 

gallon IU.S. liquidl/day 
gallon (U.S. liquidl/minute 

b 

meter:'/second (m:'/sl 
meter:'/second (m:1/s) 
meter:1/second (m:'/sl 
meter"/second (m:1/s) 
meter:'/second (m:'.'sl 
meter:1/second (m:'/s) 

4.719 474 E - 04 
2.!0 I 685 E - 02 
2.731 177 E--07 
1.274 258 E-02 
4.381 264 E - 08 
6.309 020 E ·· 05 

Original from 
UNIVERSITY OF ICHIG N 



APPENDIX C

Physical Tables*

Atomic Weight and Melting Points of the Elements

ATOMIC ATOMIC MELTING BOILING

NAME

SYMBOL

NUMBER

WEIGHT

POINT, C

POINT.

Actinum

Ac

89

-227

1,050

3.200

Aluminum

Al

13

26.98

660

2.467

Americium

Am

95

-243

994

2.607

Antimony

Sb

51

121.75

630.74

1,750

Argon

Ar

18

39.94

-189.2

-185.7

Arsenic (gray)

As

33

74.92

817(28 atm)

613

Astatine

At

85

-210

302

337

Barium

Ba

56

137.33

725

1.640

Berkelium

Bk

97

-247

-

-

Beryllium

Be

4

9.01

1.278

2.970

Bismuth

Bi

83

208.98

271

1.560

Boron

B

5

10.81

2.300

2.550

Bromine

Br

35

79.90

-7.2

58.78

Cadmium

Cd

48

112.41

320.9

765

Calcium

Ca

20

40.08

839

1,484

Californium

Cf

98

251

-

-

Carbon

C

6

12.01

-3,550

4.827

Cerium

Ce

58

140.12

798

3,257

Cesium

Cs

55

132.90

28.40

678.4

Chlorine

CI

17

35.45

-100

-34.6

Chromium

Cr

24

51.99

1.857

2.672

Cobalt

Co

27

58.93

1.495

2.870

Copper

Cu

29

63.54

1.083

2.567

Curium

Cm

96

-247

1.340

Dysprosium

Dy

66

162.50

1.409

2.335

Einsteinium

Es

99

-254

-

-

'CRC Handbook of Chemistry and Physics, ed. Robert C. West (CRC Press. 1977)
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APPENDIX C 

Physical Tables* 

Atomic Weight and Melting Points of the Elements 

ATOMIC ATOMIC MELTING BOILING 

NAME SYMBOL NUMBER WEIGHT POINT, ac POINT, ac 
-----

Actinum Ac 89 -227 1,050 3.200 

Aluminum AI 13 26.98 660 2.467 

Americium Am 95 -243 994 2.607 

Antimony Sb 51 121.75 630.74 1.750 

Argon Ar 18 39.94 -189.2 -185.7 

Arsenic (gray) As 33 74.92 817<28 atm) 613 

Astatine At 85 -210 302 337 

Barium Ba 56 137.33 725 1.640 

Berkelium Bk 97 - 241 

Beryllium Be 4 9.01 1.278 2.970 

Bismuth Bi 83 208.98 271 1.560 

Boron B 5 10.81 2.300 2.550 
Bromine Br 35 79.90 -7.2 58.78 

Cadmium Cd 48 112.41 320.9 765 

Calcium Ca 20 40.08 839 1.484 

Californium Cf 98 251 

Carbon c 6 12.01 -3,550 4,827 

Cerium Ce 58 140.12 798 3.257 

Cesium Cs 55 132.90 28.40 678.4 

Chlorine Cl 17 35.45 -100 - 34.6 

Chromium Cr 24 51.99 1,857 2,672 

Cobalt Co 27 58.93 1,495 2,870 

Copper Cu 29 63.54 1,083 2.567 

Curium Cm 96 - 247 1.340 

Dysprosium Dy 66 162.50 1.409 2.335 

Einsteinium Es 99 - 254 

• CRC Handbook of Chemistry and PhyJics. ed. Robert C. West (CRC Press. 1977) 
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Atomic Weight and Melting Points of the Elements (continued)

ATOMIC ATOMIC MELTING BOILING

NAME SYMBOL NUMBER WEIGHT POINT, Â°C POINT, Â°C

Erbium

Er

68

167.26

1,522

2,510

Europium

Eu

63

151.96

822

1.597

Fermium

Fm

100

-257

-

-

Fluorine

F

9

18.99

-219

-188

Francium

Fr

87

-223

-27

-677

Gadolinium

Gd

64

157.25

1,311

3,233

Gallium

Ga

31

69.72

29.78

2,403

Germanium

Ge

32

72.59

937

2.830

Gold

Au

79

196.96

1.064

2.807

Hafnium

Hf

72

178.49

2.227

4.602

Helium

He

2

4.00

-272.2

-268

Holmium

Ho

67

164.93

1,470

2.720

Hydrogen

H

1

1.0079

-259

-252

Indium

In

49

114.82

156

2.080

Iodine

I

53

126.90

113

184

Iridium

Ir

77

192.22

2,410

4,130

Iron

Fe

26

55.84

1,535

2.750

Krypton

Kr

36

83.80

-156

-152

Lanthanum

La

57

138.90

920

3,454

Lawrencium

Lr

103

-260

-

-

Lead

Pb

82

207.2

327

1.740

Lithium

Li

3

6.94

180

1,347

Lutetium

Lu

71

174.97

1,656

3,315

Magnesium

Mg

12

24.30

648

1.090

Manganese

Mn

25

54.93

1,244

1,962

Mendelevium

Md

101

-258

-

-

Mercury

Hg

80

200.59

-38

356

Molybdenum

Mo

42

95.94

2,617

4,612

Neodymium

Nd

60

144.24

1,010

3.127

Neon

Ne

10

20.17

-248

-246

Neptunium

Np

93

237.048

640

3,902

Nickel

Ni

28

58.71

1,453

2.732

Niobium

(Columbium)

Nb

41

92.90

2.468

4,742

Nitrogen

N

7

14.00

-209

-195

Nobelium

No

102

-259

-

-

Osmium

Os

76

190.2

3,045

5.027

Oxygen

0

8

15.99

-218

-182

Palladium

Pd

46

106.4

1,552

3,140
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APPENDIX 

Atomic Weight and Melting Points of the Elements (continued) 

NAME SYMBOL 

Erbium Er 
Europium Eu 
Fermium Fm 
Fluorine F 
Francium Fr 
Gadolinium Gd 
Gallium Ga 
Germanium Ge 
Gold Au 
Hafnium Hf 
Helium He 
Holmium Ho 
Hydrogen H 
Indium In 
Iodine I 
Iridium lr 
Iron Fe 
Krypton Kr 
Lanthanum La 
Lawrencium Lr 
Lead Pb 
Lithium Li 
Lutetium Lu 
Magnesium Mg 
Manganese Mn 
Mendelevium Md 
Mercury Hg 
Molybdenum Mo 
Neodymium Nd 
Neon Ne 
Neptunium Np 
Nickel Ni 

Niobium 
(Columbium) Nb 

Nitrogen N 
Nobelium No 
Osmium Os 
Oxygen 0 
Palladium Pd 

Di b 

ATOMIC ATOMIC 
NUMBER WEIGHT 

68 167.26 
63 151.% 

100 -257 
9 18.99 

87 -223 
64 157.25 
31 69.72 
32 72.59 
79 196.96 
72 178.49 

2 4.00 
67 164.93 

I 1.0079 
49 114.82 
53 126.90 
77 192.22 
26 55.84 
36 83.80 
57 138.90 

103 -260 
82 207.2 

3 6.94 
71 174.97 
12 24.30 
25 54.93 

101 -258 
80 200.59 
42 95.94 
60 144.24 
10 20.17 
93 237.048 
28 58.71 

41 92.90 
7 14.00 

102 -259 
76 190.2 

8 15.99 
46 106.4 

MELTING BOILING 
POINT, oc POINT, oc 

1.522 2.510 
822 1.597 

-219 -188 
-27 -677 
1.311 3,233 
29.78 2,403 
937 2.830 
1.064 2.807 
2.227 4,602 
-272.2 -268 

1.470 2.720 
-259 -252 
156 2.080 
113 184 
2.410 4,130 
1,535 2.750 
-156 -152 
920 3.454 

327 1.740 
180 1,347 
1,656 3,315 
648 1.090 
1.244 1,962 

-38 356 
2,617 4,612 
1,010 3,127 
-248 -246 
640 3,902 

1.453 2.732 

2.468 4,742 
-209 -195 

3,045 5,027 
-218 -182 

1,552 3.140 

Original from 
UNIVERSITY OF MICHIGAN 
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APPENDIX

Atomic Weight and Melting Points of the Elements (continued)

ATOMIC ATOMIC MELTING BOILING

NAME

SYMBOL

NUMBER

WEIGHT

POINT, C

POINT

Phosphorus

P

15

30.97

44.1

280

Platinum

Pt

78

195.09

1,772

3,827

Plutonium

Pu

94

-244

641

3.232

Polonium

Po

84

-210

254

962

Potassium

K

19

39.09

63

774

Praeseodymium

Pr

59

140.90

931

3.212

Promethium

Pm

61

-145

-1,080

2.460

Protactinium

Pa

91

231.03

<1,600

-

Radium

Ra

88

226.02

700

1.140

Radon

Rn

86

-222

-71

-61

Rhenium

Re

75

186.2

3,180

5.627

Rhodium

Rh

45

102.90

1,966

3,727

Rubidium

Rb

37

85.46

38.89

688

Ruthenium

Ru

44

101.07

2,310

3,900

Samarium

Sm

62

150.4

1.072

1,778

Scandium

Sc

21

44.95

1.539

2.832

Selenium

Se

34

78.96

217

684.9

Silicon

Si

14

28.08

1.410

2,355

Silver

Ag

47

107.86

961

2,212

Sodium

Na

11

22.98

97

882

Strontium

Sr

38

87.62

769

1.384

Sulfur

S

16

32.06

112

444

Tantalum

Ta

73

180.94

2.996

5.425

Technetium

Tc

43

98.90

2,172

4.877

Tellurium

Te

52

127.60

449

989

Terbium

Tb

65

158.92

1.360

3,041

Thallium

II

81

204.37

303.5

1.457

Thorium

Th

90

232.03

1.750

-4,790

Thulium

Tm

69

168.93

1,545

1.727

Tin

Sn

50

118.69

231

2.270

Titanium

Ti

22

47.90

1.660

3.287

Tungsten

W

74

183.85

3.410

5.660

Uranium

U

92

238.02

1,132

3.818

Vanadium

V

23

50.94

1.890

3.380

Xenon

Xe

54

131.30

-111

-107

Ytterbium

Yb

70

173.04

824

1.193

Yttrium

Y

39

88.90

1,523

3,337

Zinc

Zn

30

65.38

419

907

Zirconium

Zr

40

91.22

1,852

4.377
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534 APPENDIX 

Atomic Weight and Melting Points of the Elements (continued) 

NAME SYMBOL 

Phosphorus p 

Platinum Pt 
Plutonium Pu 
Polonium Po 
Potassium K 
Praeseodymium Pr 
Promethium Pm 

Protactinium Pa 
Radium Ra 
Radon Rn 
Rhenium Re 
Rhodium Rh 
Rubidium Rb 
Ruthenium Ru 
Samarium Sm 
Scandium Sc 
Selenium Se 
Silicon Si 

Silver Ag 

Sodium Na 
Strontium Sr 
Sulfur s 
Tantalum Ta 
Technetium Tc 
Tellurium Te 
Terbium Tb 
Thallium Tl 
Thorium Th 
Thulium Tm 
Tin Sn 
Titanium Ti 
Tungsten w 
Uranium u 
Vanadium v 
Xenon Xe 
Ytterbium Yb 
Yttrium y 

Zinc Zn 
Zirconium Zr 

Di b 

ATOMIC ATOMIC MELTING 
NUMBER WEIGHT POINT, oc 

15 30.97 44.1 

78 195.09 1,772 
94 -244 641 
84 -210 254 
19 39.09 63 
59 140.90 931 

61 -145 -1,080 

91 231.03 <1.600 
88 226.02 700 

86 -222 -71 

75 186.2 3,180 
45 102.90 1.966 
37 85.46 38.89 
44 101.07 2,310 
62 150.4 1,072 

21 44.95 1.539 
34 78.96 217 
14 28.08 1.410 
47 107.86 961 

II 22.98 97 

38 87.62 769 

16 32.06 112 

73 180.94 2.996 
43 98.90 2.172 

52 127.60 449 
65 158.92 1.360 

81 204.37 303.5 

90 232.03 1.750 

69 168.93 1,545 

50 118.69 231 

22 47.90 1.660 
74 183.85 3.410 

92 238.02 1.132 

23 50.94 1.890 
54 131.30 -Ill 
70 173.04 824 

39 88.90 1.523 
30 65.38 419 

40 91.22 1,852 

Original from 
UNIVERSITY OF MICHIGAN 

BOILING 
POINT, "C 

280 
3,827 
3,232 
962 
774 

3.212 
2,460 

1.140 
-61 

5.627 
3,727 

688 

3.900 
1,778 

2.832 
684.9 
2.355 
2.212 
882 

1.384 
444 

5.425 
4.877 
989 
3,041 

1.457 
-4.790 

1.727 
2.270 
3.287 
5.660 
3,818 

3.380 
-107 

1.193 

3.337 
907 
4.377 



APPENDIX

Specific Gravity and Density of Common Substances

SPECIFIC AVERAGE

SUBSTANCE GRAVITY DENSITY, kg/m3

Metals, Alloys, Ores

Aluminum, cast-hammered 2.55-2.80 2,643

Brass, cast-rolled 8.4-8.7 8.553

Copper, cast-rolled 8.8-8.95 8,906

Copper ore, pyrites 4.1-4.3 4,197

Gold, cast-hammered 19.25-19.35 19,300

Iridium 21.78-22.42 22,160

Iron, cast, pig 7.2 7,207

Iron, wrought 7.6-7.9 7,658

Iron ore, limonite 3.6-4.0 3,7%

Iron ore, magnetite 4.9-5.2 5,046

Lead 11.34 11,370

Lead ore. galena 7.3-7.6 7,449

Manganese 7.42 7,608

Manganese ore 3.7-4.6 4,149

Mercury 13,546 13,570

Monel metal, rolled 8.97 8,688

Nickel 8.9 8,602

Platinum, cast-hammered 21.5 21,300

Silver, cast-hammered 10.4-10.6 10,510

Steel, tool 7.70-7.73 7,703

Tin, cast-hammered 7.2-7.5 7,352

Tin ore, cassiterite 6.4-7.0 6,695

Tungsten 19.22 18,820

Uranium 18.7 18,740

Zinc, cast-rolled 6.9-7.2 7,049

Zinc, ore, blende 3.9-4.2 4,052

Various Solids

Cereals, wheat, bulk 0.77 769

Cork 0.22-0.26 240

Cotton, flax, hemp 1.47-1.50 1,491

Fats 0.90-0.97 925

Flour, loose 0.40-0.50 448

Glass, common 2.40-2.80 2,595

Hay and straw, bales 0.32 320

Leather 0.86-1.02 945

Paper 0.70-1.15 929

Rubber goods 1.0-2.0 1,506

Salt, granulated, piled 0.77 769

Wool 1.32 1,315
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Specific Gravity and Density of Common Substances 

SUBSTANCE 

Metals, Alloys, Ores 
Aluminum, cast-hammered 
Brass. cast-rolled 
Copper, cast-rolled 

Copper ore. pyrites 
Gold, cast-hammered 
Iridium 
Iron, cast, pig 
Iron, wrought 

Iron ore. limonite 

Iron ore. magnetite 
Lead 
Lead ore, galena 
Manganese 
Manganese ore 
Mercury 

Monel metal. rolled 
Nickel 
Platinum, cast-hammered 
Silver. cast-hammered 
Steel, tool 

Tin. cast-hammered 
Tin ore, cassiterite 
Tungsten 
Uranium 
Zinc, cast-rolled 
Zinc, ore, blende 

Various Solids 

Cereals. wheat, bulk 
Cork 
Cotton, flax, hemp 

Fats 
Aour, loose 

Glass, common 
Hay and straw. bales 
Leather 
Paper 

Rubber goods 
Salt, granulated, piled 

Wool 

Dl IZ b 

SPECIFIC 
GRAVITY 

2.55-2.80 
8.4-8. 7 

8.8-8.95 

4.1-4.3 

19.2.5-19.3.5 
21.78-22.42 

7.2 
7.6-7.9 
3.6-4.0 

4.9-.5.2 
11.34 

7.3-7.6 
7.42 
3.7-4.6 

13.546 
8.97 
8.9 
21.5 
10.4-10.6 
7.70-7.73 

7.2-7 . .5 
6.4-7.0 
19.22 
18.7 
6.9-7.2 

3.9-4.2 

0.77 
0.22-0.26 
1.47-1.50 
0.90-0.97 
0.40-0 . .50 
2.40-2.80 
0.32 
0.86-1.02 
0.70-1.15 
1.0-2.0 
0.77 

1.32 

APPENDIX 535 

AVERAGE 
DENSITY, kg/m3 

2,643 
8.553 
8,906 

4,197 

19,300 
22,160 
7,207 
7,658 
3,796 

.5,046 
11,370 

7.449 
7,608 
4,149 

13,570 
8,688 

8.602 
21,300 
10,510 
7,703 

7,3.52 
6,695 

18,820 
18,740 

7,049 
4,0.52 

769 
240 

1.491 
92.5 
448 

2,595 
320 
94.5 
929 
1,.506 
769 

1.315 

Original from 
UNIVERSITY OF ICHIG N 



536 APPENDIX

SPECIFIC AVERAGE

SUBSTANCE GRAVITY DENSITY, kg/m3

Timber, Air-Dry

Cedar, white, red 0.35 352

Hickory 0.74-0.80 769

Mahogany 0.56-0.85 705

Oak 0.87 866

Pine, white 0.43 433

Redwood, California 0.42 417

Teak. African 0.99 994

Walnut, black 0.59 593

Various Liquids

Alcohol 0.789 802

Acid, nitric, 91% 1.50 1.506

Acid, sulfuric. 87% 1.80 1,795

Lye, soda, 66% 1.70 1,699

Oils, vegetable 0.91-0.94 930

Oils, mineral, lubricants 0.88-0.94 914

Turpentine 0.861-0.867 866

Various Liquids

Water, 4Â°C, max density 1.0 999.97

Water, 100Â°C 0.9584 958.10

Water, ice 0.88-0.92 897

Water, snow, fresh fallen 0.125 128

Water, seawater 1.02-1.03 1.025

Masonry

Granite, syenite, gneiss 2.4-2.7 2,549

Limestone 2.1-2.8 2,450

Marble 2.4-2.8 2,597

Sandstone 2.0-2.6 2.290

Medium brick 1.6-2.0 1,794

Cement, stone, sand 2.2-2.4 2,309

Cement, cinder, etc. 1.5-1.7 1,602

Ashes, cinders 0.64-0.72 640-721

Earth, etc.. Excavated

Clay, dry 1.0 1,009

Clay, damp, plastic 1.76 1.761

Clay and gravel, dry 1.6 1.602

Earth, dry, loose 1.2 1,217

Earth, dry, packed 1.5 1,521

Earth, moist, packed 1.6 1,538

Sand, gravel, dry, loose 1.4-1.7 1,441-1.681

Sand, gravel, wet 1.89-2.16 2,019
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536 APPENDIX 

SUBSTANCE 

Timber, Air-Dry 
Cedar. white, red 
Hickory 
Mahogany 
Oak 
Pine. white 
Redwood, California 
Teak. African 
Walnut, black 

Various Liquids 
Alcohol 
Acid. nitric, 91% 
Acid, sulfuric. 87% 
Lye, soda. 66% 
Oils, vegetable 
Oils, mineral, lubricants 
Turpentine 

Various Liquids. 
Water, 4°C, max density 
Water, 100°C 
Water. ice 
Water. snow, fresh fallen 
Water. seawater 

Masonry 

Granite, syenite, gneiss 
Limestone 
Marble 
Sandstone 
Medium brick 
Cement. stone, sand 
Cement, cinder, etc. 
Ashes, cinders 

Earth, etc., Excavated 
Clay, dry 
Clay. damp. plastic 
Clay and gravel, dry 
Earth, dry, loose 
Earth, dry, packed 
Earth, moist, packed 
Sand. gravel, dry, loose 
Sand. gravel, wet 

Dig IZ b 

SPECIFIC 
GRAVITY 

0.35 
0.74-0.80 
0.56-0.85 
0.87 
0.43 
0.42 
0.99 
0.59 

0.789 
1.50 
1.80 
1.70 
0.91-0.94 
0.88-0.94 
0.861-0.867 

1.0 
0.9584 
0.88-0.92 
0. 125 
1.02-1.03 

2.4-2.7 
2.1-2.8 
2.4-2.8 
2.0-2.6 
1.6-2.0 
2.2-2.4 
1.5-1. 7 
0.64-0.72 

1.0 
1.76 
1.6 
1.2 
1.5 
1.6 
1.4-1. 7 
1.89-2.16 

Original from 
UNIVERSITY OF ICHIG N 

AVERAGE 
DENSITY. kg/ml 

352 
769 
705 
866 
433 
417 
994 
593 

802 
1.506 
1.795 
1,699 
930 
914 
866 

999.97 
958.10 
897 
128 
1.025 

2,549 
2.450 
2.597 
2.290 
1.794 
2.309 
1,602 
640-721 

1.009 
1.761 
1,602 
1,217 
1,521 
1,538 
1,441- 1.681 
2,019 
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SPECIFIC AVERAGE

SUBSTANCE GRAVITY DENSITY, kg/m3

Minerals

Asbestos 2.1-2.8 2,451

Basalt 2.7-3.2 2,950

Bauxite 2.55 2.549

Borax 1.7-1.8 1,746

Chalk 1.8-2.8 2,291

Granite 2.6-2.7 2.644

Gypsum, alabaster 2.3-2.8 2,549

Limestone 2.1-2.86 2.484

Marble 2.6-2.86 2,725

Pumice, natural 0.37-0.90 641

Quartz, flint 2.5-2.8 2,645

Sandstone 2.0-2.6 2,291

Shale, slate 2.6-2.9 2,758

Bituminous Substances

Asphaltum 1.1-1.5 1,298

Coal, anthracite 1.4-1.8 1,554

Coal, bituminous 1.2-1.5 1,346

Coal, lignite 1.1-1.4 1,250

Coal, peat, turf, dry 0.65-0.85 753

Coal, charcoal, pine 0.28-0.44 369

Coal, charcoal, oak 0.47-0.57 481

Coal, coke 1.0-1.4 1,201

Graphite 1.64-2.7 2,163

Paraffin 0.87-0.91 898

Petroleum 0.87 856

Petroleum, refined

(kerosene) 0.78-0.82 801

Petroleum, gasoline 0.70-0.75 721

Pitch 1.07-1.15 1,105

Tar, bituminous 1.20 1,201

Coal and Coke, Piled

Coal, anthracite 0.75-0.93 753-930

Coal, bituminous, lignite 0.64-0.87 641-866

Coal, peat, turf 0.32-0.42 320-417

Coal, charcoal 0.16-0.23 160-224

Coal, coke 0.37-0.51 369-513
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SUBSTANCE 

Minerals 
Asbestos 
Basalt 
Bauxite 
Borax 
Chalk 
Granite 
Gypsum. alabaster 
Limestone 
Marble 
Pumice. natural 
Quartz. flint 
Sandstone 
Shale. slate 

Bituminous Substances 
Asphaltum 
Coal. anthracite 
Coal. bituminous 
Coal. lignite 
Coal. peat. turf. dry 
Coal. charcoal. pine 
Coal. charcoal. oak 
Coal. coke 
Graphite 
Paraffin 
Petroleum 
Petroleum. refined 

<kerosene) 
Petroleum, gasoline 
Pitch 
Tar, bituminous 

Coal and Coke, Piled 
Coal, anthracite 
Coal, bituminous, lignite 
Coal, peat, turf 
Coal, charcoal 
Coal. coke 

Di b 

SPECIFIC 
GRAVITY 

2.1-2.8 
2.7-3.2 
2.55 
I. 7-1.8 
1.8-2.8 
2.6-2.7 
2.3-2.8 
2.1-2.86 
2.6-2.86 
0.37-0.90 
2.5-2.8 
2.0-2.6 
2.6-2.9 

1.1-1.5 
1.4-1.8 
1.2-1.5 
1.1-1.4 
0.65-0.85 
0.28-0.44 
0.47-0.57 
1.0-1.4 
1.64-2.7 
0.87-0.91 
0.87 

0.78-0.82 
0.70-0.75 
1.07-1.15 
1.20 

0.75-0.93 
0.64-0.87 
0.32-0.42 
0.16-0.23 
0.37-0.51 

APPENDIX 537 

AVERAGE 
DENSITY, kg/m3 

2,451 
2,950 
2.549 
1.746 
2,291 
2.644 
2,549 
2.484 
2,725 
641 
2,645 
2.291 
2,758 

1.298 
1.554 
1.346 
1.250 
753 
369 
481 
1,201 
2,163 
898 
856 

801 
721 
1,105 
1,201 

753-930 
641-866 
320-417 
160-224 
369-513 
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APPENDIX

Selected Physical constants

Avogadro's number = 6.022 57 x 10"/mol

Density of dry air at 0Â°C, 1 atm = 1.293 kg/m3

Density of water at 3.98Â°C = 9.999 973 x 102 kg/m3

Equatorial radius of the earth = 6378.39 km

Gravitational acceleration (standard) at sea level = 9.806 65 m/s

Heat of fusion of water, 0Â°C = 3.3375 x 105 J/kg

Heat of vaporization of water, 100Â°C = 2.2591 x 106 J/kg

Mass of hydrogen atom = 1.673 39 x 10-27 kg

Molar gas constant = 8.3144 J/(mol â€¢ K)

Planck's constant = 6.625 54 x 10~34 J/Hz

Velocity of light in a vacuum = 2.9979 x 10* m/s

Velocity of sound in dry air at 0Â°C = 331.36 m/s
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538 APPENDIX 

Selected Physical constants 

Avogadro's number = 6.022 57 x 1023/mol 
Density of dry air at 0°C, I atm = 1.293 kg/m3 

Density of water at 3.98°C = 9.999 973 x 102 kg/m3 

Equatorial radius of the earth = 6378.39 km 
Gravitational acceleration (standard) at sea level = 9.806 65 m/s2 

Heat of fusion of water, ooc = 3.3375 x 105 J/kg 
Heat of vaporization of water, IOO"C = 2.2591 x )()6 J/kg 
Mass of hydrogen atom = 1.673 39 x lo- 27 kg 
Molar gas constant = 8.3144 J/(mol · K) 
Planck's constant = 6.625 54 x I0- 34 J/Hz 
Velocity of light in a vacuum = 2.9979 x lOS m/s 
Velocity of sound in dry air at OOC = 331.36 m/s 
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APPENDIX D

Selected Topics in Mathematics

D.l TRIGONOMETRY

Geometric Definition of the Trigometric Functions (see Figure D. 1)

0 45Â° 30Â° 60Â° 0Â° 90Â°

sin 0 =

cos 0

tan 0 =

cot 0 =

sec 0 =

esc 0 =

opposite side

y_

1

1

V3

hypotenuse

r

V2

2

2
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X
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hypotenuse

r

V2

2

2

opposite side

y

1

adjacent side

X

1

N/3

adjacent side

opposite side

X

1

V3

1

y

V3

hypotenuse

r

2

adjacent side

X

V2

\/3

2

hypotenuse

r

2

opposite side

y

V2

2

G
e
n
e
ra

te
d
 f

o
r 

jjd
 (

U
n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

2
-0

6
-0

4
 2

0
:5

2
 G

M
T
  

/ 
 h

tt
p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
0

0
5

0
0

6
6

3
O

p
e
n
 A

cc
e
ss

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
o
a
-g

o
o
g
le

APPENDIX D 

Selected Topics in Mathematics 

D.l TRIGONOMETRY 

Geometric Definition of the Trigometric Functions (see Figure D. I) 

(J 

sin fJ = 
opposite side y 

= hypotenuse r 

adjacent side X 
cos (J = = -

hypotenuse r 

tan (J = 
opposite side y 

= adjacent side X 

adjacent side X 
cot (J = = -

opposite side y 

hypotenuse ,. 
sec (J = = -

adjacent side X 

hypotenuse r 
esc (J = = 

opposite side y 

.Y 

Di b 

45° 300 

I 

v'2 2 

v'3 
'\/2 2 

v'3 

v'3 

2 ,/2 
v'3 

,/2 2 

FIGURE 0.1 
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600 oo 900 
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540 APPENDIX

D.2. RADIAN MEASURE

1 radian corresponds to 57.29578 degrees.

0 (radians) = 6 (degrees) x (77/180Â°)

ANGLE

RADIANS

0Â°

0.0

1Â°

0.0175

10Â°

0.1754

45Â°

w

4

= 0.7854

90Â°

IT

= 1.5708

2

180Â°

IT

= 3.1416

3

270Â°

2W

= 4.7123

360Â°

2ir

= 6.2832

FIGURE D.2

D.3. CALCULUS

A brief table of derivatives

1- ^(c) = 0

2- f(,)=l

ax

, d

3. -â€ž,,=<â€¢

* d

4. â€” U" = nx"-'

ax

5. 4- U"2) = \*~m

ax 2

6. ^-(e*) = es
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540 APPENDIX 

D.2. RADIAN MEASURE 

1 radian corresponds to 57.29578 degrees. 
6 (radians) = 6 (degrees) x (1r/ISOO) 

ANGLE RADIANS 

oo 0.0 
10 0.0175 

100 0.1754 

1T 
45° 4 = 0.7854 

1T 900 2 = 1.5708 

180° 1T = 3.1416 

270° 
3 
27T = 4.7123 

360° 27T = 6.2832 

D.3. CALCULUS 

A brief table of derivatives 

Di 

d 
I. dx (c) = 0 

d 
2. dx (x) = I 

d 
3. dx (ex) = c 

d 
4. - (x") = nx"- 1 

dx 

b 
~--

FIGURE D.2 

Original from 
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APPENDIX

7. Â£(!..,)-i

8. ^ (sin x) = cos .v

9. -r~ (cos .v) = -sin x

ax

10. -^-(tan.v) = sec2 x

ax

11. -^(sin-'x) = (1 - .v2)-"2

12. -^-(cos-'.r) = -(1 - x2)~"-

ax

13. j^(tan~' jc) = (1 + .r2)-"2

16 d^\7)--p-dx-

18.

4Â£ = (dxY'

dx \df)

A Brief Table of Integrals

1.

2.

3.

4.

5.

a dx = ax

a â–  f(x)dx = a jf(x)dx

My)dx= f^dy, where/ = J-

J y dx

(u + v) dx = ju dx + jv dx, where u and v are any functions of x

u dv = Â«jdv - jv du = uv - jv du
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7. 
d I 
-(lnx)=-
dx x 

8. d . d (SID X) = COS X 
X 

9. : (cos x) = -sin x 
X 

10. : (tan x) = sec! x 
X 

II. d • I _ x2)-•12 -(sm-x)=(l 
dx 

12. : (cos-• x) = -( 1 - x2)-w 
X 

13. 
d 

dx (tan-• x) = (I + x2)-lt2 

14. 
d df dg 
-(f+g)= -+-
dx d.r dx 

15. 
d . df . dg 

- (jg) = - g + 1 -
dx dx dx 

16. !!_ (..!_) - - J__ df 
dxf f2dx 

17_ !!_ F<f> = dF df 
dx df dx 

IS. df = (dx)-• 
dx \df 

A Brief Table of Integrals 

I. I a dx =ax 

2. I a · j(x)dx = a If(x)dx 

3. Itb< v) dx = If/>(y) dy, . y' 
dy 

wherey' =­
dx 

APPENDIX 541 

4. I<u + v)dx = Iudx + Ivdx, where u and 1-' are any functions of x 

5. I u dv = u I dv - Iv du = uv - I v du 

Di b 
Original from 
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6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

dv

ti ~rdx = uv

dx

x" dx =

n + r

except n = â€” 1

/'CO i/-v

AO

= log AO, (dflx) =f'{x)dx)

dx

log .v

f'{x)dx

2\]Ã¼)

dx =

.fix), (dfix) =fix)dx)

b"1 dx =

a log b'

In x dx = x In x - x

(b > 0)

a dx = </r. (a > 0)

</.<

- tan t -

a- + x' a a

(sin ax) dx = â€” cos ax

a

(cos ax) dx = - sin ax

a

(tan ax) dx

nil

sin2 x dx

sin: x dx = J'

- log cos ax = - log sec ax

a a

cos- x dx = â€”.

4

a

cos- x dx = â€”.

* <--"' dx = â€”,

a:2 i/.v =

r2'2 c/.v =

\J~tt

2r

x e

r2'2 dx =

x1 e-**1 dx =

J_

2r1'

\'ir

4r3'
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6. Ju dd,. dx = Ill' - J' du dx 
x dx 

7 J "d - x" + • 
. X X-~, except n = -I 

J 
.f'<x> dx = 1 1.( ·) 8. 1. ) og_ .\ . 

(.r 
<d.f<x) = .f' (x) dx) 

9. Jdx =log.r 
.r 

0 J 
f'(.\.·) d.r ·~ I . · = \,j(.r), (t~{<x) = .f' (.r) dx) 
2\- .fl.r) 

II. Je.r dx = e.l· 

12. fe".r d.r = t''u/a 

13. J h".r d.r 
h'I.T 

(h > 0) 
a log h • 

14. Jln x dx =.r In .r -.r 

15. Ja.r ad.r =ar. (a 

fa! 
dx I X 

16. 
+ .r! 

= - tan-• -
a a 

J . I 
17. ( sm ax) cl.r = - - cos ax 

a 

18. J< cos ax) cl.r = I sin ax 
a 

> 0) 

19. J< tan ax) cl.r = - I log cos ax = I log sec a.r 
a a 

J
:r/2 J"/2 

20. sin! x cl.r "' cos! .r cl.r = ~. 
(I 0 

21. J"sin! .r clx = J"cos! .r clx = ~-
n n -

22. J·,e-"·rd.r~!. 
" a 

f.. I 
23. x c-".r clx = --,. 

o a-

J% ., 

24. x! e-nr d.r = ..;. , 
n a· 

f .. 2 2 ,;;: 
25. l' r .r dx = -.,-. 

o _r 

f.. . I 
26. oX t'- r2r2 d.r = 2r2. 

f.. ,;;-
27. o .r2 ('-r2.r2 dx = 4rJ. 
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D.4. GRAPHS OF SIMPLE FUNCTIONS

Graph of v = sin .v

FIGURE D.3

Graph of >- = cos x

FIGURE D.4

II i

y | y x

1 y 1 ^

_3*

2

y71 ~â€”\ y

0 1 rr yu Sir'

12 / 2 |

Graph of y = tan x

FIGURE D.5
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FIGURE 0.4 

_3,.1 
21 

I 
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I 
I 
I 
I 

FIGURE 0.5 

Graph of y = sin x 

j Graph of y =cos :r 

Graph of y = tan x 

Dig IZ b 
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0.4. GRAPHS OF SIMPLE FUNCTIONS 

% 
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FIGURE 0.6 

D Google 
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APPENDIX E

Answers To Selected Exercises

Chapter 1

1.0- 4. Human beings, wood, animals, wind, water wheel, coal, oil, gas, geoth-

ermal, nuclear fission, solar (thermal, biomass, electric), nuclear fusion

1.1- 4. (a) scientist or engineer, (b) engineer, (c) engineering technician,

(d) craftsmen, (e) engineering technician, (f) engineer, (g) engineering

technologist, (h) scientist or engineer

1.2- 6. (a) input/output devices (keyboards, card readers, disk drives), compo-

nent heat transfer, packaging (c) site evaluation and selection, plant con-

struction, structural analysis

1.3- 4. Research, academic, development, design, test, construction and prod-

uction, operations, sales, management

1.4- 5. Electrical engineeringâ€”communication: analytic geometry, calculus and

physics, differential equations, partial differential equations, elec-

tromagnetic theory, antenna design

1.6-3. Agriculture, hunting and fishing, mining, urbanization, combustion of

fossil fuels

Chapter 3

3.1-5. 2.25 km

3.1-6. 34.7y

3.1-8. (f) If a and b are contained in a set A, then the sum of a and b is contained

in A.

3.1-12. Yes

3.1-14. (a) 1 (b) 0.5 (c) (1 - ir)~1 = -0.467 (d) undefined

3.1-16. (b) -5x-6

3.1-17. (d)lnx

3.1-19. (a) scalar (b) vector (c) vector (d) scalar (e) scalar (f) vector

3.1-27. 1 in 28,000

3.1-29. F = ma

3.1-34. x{t) = Jv{t')df
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APPENDIX E 

Answers To Selected Exercises 

Chapter 1 
1.0-4. Human beings, wood, animals, wind, water wheel, coal, oil, gas, geoth-

ermal, nuclear fission, solar (thermal, biomass, electric), nuclear fusion 
1.1-4. (a) scientist or engineer, (b) engineer, (c) engineering technician, 

(d) craftsmen, (e) engineering technician, (f) engineer, (g) engineering 
technologist, (h) scientist or engineer 

1.2-6. (a) input/output devices (keyboards, card readers, disk drives), compo­
nent heat transfer, packaging (c) site evaluation and selection, plant con­
struction, structural analysis 

1.3-4. Research, academic, development, design, test, construction and prod­
uction, operations, sales, management 

1.4-5. Electrical engineering-communication: analyti.c geometry, calculus and 
physics, differential equations, partial differential equations, elec­
tromagnetic theory, antenna design 

1.6-3. Agriculture, hunting and fishing, mining, urbanization, combustion of 
fossil fuels 

Chapter 3 
3.1-5. 2.25 km 
3.1-6. 34.7y 
3.1-8. (f) If a and b are contained in a set A, then the sum of a and b is contained 

in A. 
3.1-12. Yes 
3.1-14. (a) 1 (b) 0.5 (c) (1 - 7T)- 1 = -0.467 (d) undefined 
3.1-16. (b) - 5x-6 

3.1-17. (d) In x 
3.1-19. (a) scalar (b) vector (c) vector (d) scalar (e) scalar (f) vector 
3.1-27. I in 28,000 
3.1-29. F = rna 
3.1-34. x(t)_ = fv(t') dt' 

Di 

545 

b 
Original from 

UNIVERSITY OF MICHIGAN 



APPENDIX

3.1- 40. Big trouble in 1990!

3.2- 6. (a) 6.9 (b) 8.45 (e) 67.24

3.2-9. (a) 4.14 x 10'; 41.4 (e) 2.38 x 101; 23.8

3.2-13. 3 x 1014 watts or 300 terawatts (TW)

3.2-19. (a) 381 mm (f) 251 J (j) 105 kPa (n) 310 K

3.2- 23. 2 N

3.3- 2. 158 m

3.3-10. 27% of actual speed

3.3-13. 541 N

3.3-17. 888 N

3.3-19. 18 750 N

3.3-22. 1 373 400 J; 38.15 W

3.3-26. 37 C;310K

3.3-28. 504 kPa

3.3-34. 589 J

3.3-37. 7.6%

3.3-41. 8.3%

3.3-46. 100 A

3.3-53. H2O (based on oxygen-16) = 18.01602

3.3-59. 11.88gO2

3.3-61. 1.15 x 109 Pa

3.3-62. 0.0006

Chapter 4

4.2-1. 5512 (octal); B4A (hexidecimal)

4.2-5. (a) 10010; 24(c) 11001.01001100; 19.4C (f) 10.101101111110; 2.B7E

4.2-6. 2M-1 = 4294967295

4.2-9. About 1.8 megabytes

4.2- 15. 5 bits for 28, 7 bits for 28.25

4.3- 6. RPN: 55.78, [ENTER]. 45.36,[X]

ALG: 55.78.[a]45.36,E]

4.3-10. In 2 = 0.6931347573 compared to 0.6931471806 (exact)

Chapter 5

5.0- 2. (b) The effect of an "ether" on light propagation.

(d) The quantization of electric charge.

5.1- 9. (a) Dependent: thermal conductivity

Independent: temperature difference across material

(d) Dependent: strength

Independent: composition

5.2- 5. 10.6 Â± 0.2 urn

5.2- 10. 53 Â± 0.1 cm or Â± 0.19%

5.3- 1. R = 5.016 ft , o- = 0.195 ft

5.3-9. (b) PPM = 211

(c) 45
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3.1-40. 
3.2-6. 
3.2-9. 
3.2-13. 
3.2-19. 
3.2-23. 
3.3-2. 
3.3-10. 
3.3-13. 
3.3-17. 
3.3-19. 
3.3-22. 
3.3-26. 
3.3-28. 
3.3-34. 
3.3-37. 
3.3-41. 
3.3-46. 
3.3-53. 
3.3-59. 
3.3-61. 
3.3-62. 

Big trouble in 1990! 
(a) 6.9 (b) 8.45 (e) 67.24 
(a) 4.14 X 101; 41.4 (e) 2.38 X 101; 23.8 
3 x 1014 watts or 300 terawatts (TW) 
(a) 381 mm (f) 251 J (j) 105 kPa (n) 310 K 
2N 
158m 
27% of actual speed 
541 N 
888 N 
18 750 N 
1 373 400 J; 38.15 w 
37 C: 310 K 
504 kPa 
589 J 
7.6% 
8.3% 
100 A 
H20 (based on oxygen-16) = 18.01602 
11.88 g 02 
1.15 x 109 Pa 
0.0006 

Chapter4 
4.2-1. 5512 (octal): B4A (hexidecimal) 
4.2-5. (a) 10010: 24 (c) 11001.01001100: 19.4C (f) 10.101101111110: 2.B7E 
4.2-6. 232 -1 = 4294967295 
4.2-9. About 1.8 megabytes 
4.2-15. 5 bits for 28, 7 bits for 28.25 
4.3-6. RPN: 55.78, IENTERI. 45.36,!X] 

ALG: 55.78.~45.36.0 
4.3-10. In 2 = 0.6931347573 compared to 0.6931471806 (exact) 

Chapter 5 
5.0-2. 

5.1-9. 

5.2-5. 
5.2-10. 
5.3-1. 
5.3-9. 

Di 

(b) The effect of an "ether" on light propagation. 
(d) The quantization of electric charge. 
(a) Dependent: thermal conductivity 

Independent: temperature difference across material 
(d) Dependent: strength 

Independent: composition 
10.6 :::!: 0.2 ~-tm 
53 :::!: 0.1 em or :::!: 0.19% 
R = 5.016 n, a = 0.195 n 
(b) PPM = 211 
(c) 45 
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APPENDIX

5.3-13. Plot F vs. Mr2

5.3-16. R = 11.7(1 + 4.47 x 10~3 T)

5.3- 21. FC = -29.8 + 0.67v (m/s)

5.4- 8. 9.5% are discarded.

Chapter 8

8.1-2. $I240/month

8.3-2. $45,454

8.3-6. 10.5%

8.3- 11. 7' = (ln2)/r

8.4- 1. (a) $14,693. (b) $7866, (c) $4496

8.5- 2. $9811
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5.3-13. 
5.3-16. 
5.3-21. 
5.4-8. 

Plot F vs. I /r 2 

R = II. 7 (l + 4.47 X I0-3 T) 
FC = -29.8 + 0.67v (m/s) 
9.5% are discarded. 

Chapter 8 
8.1-2. $1240/month 
8.3-2. $45.454 
8.3-6. 10.5% 
8.3-11. T = (In 2)/r 
8.4-l. (a) $14,693. (b) $7866, (c) $4496 
8.5-2. $9811 
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Credits

Part I

Illustration by William Blake, from Europe, A Prophecy, 1794.

Chapter 1

Ken Karp.

Part II

Â© 1976 by B. Kilban.

Chapter 2

Richard Wood/Taurus Photos.

Part III

Courtesy Bell Laboratories.

Chapter 3

Ellis Herwig/Stock, Boston.

Chapter 4

Ken Karp

Chapter 5

Courtesy Bell Laboratories.

Chapter 6

Courtesy Bell Laboratories.

Chapter 7

Ellis Herwig/Stock, Boston.

Part IV

Michal Heron/Woodfin Camp.

Chapter 8

Edward C. Topple, New York Stock Exchange.

Chapter 9

Ken Karp.

Chapter 10

Stella Kupferberg.
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Chapter I 

Part II 

Chapter 2 

Part III 

Chapter 3 

Chapter 4 

ChapterS 

Chapter 6 

Chapter 7 

Part IV 

Chapter 8 

Chapter 9 

Chapter 10 

Credits 

Illustration by William Blake. from Europe. A Prophecy. 1794. 

Ken Karp. 

C0 1976 by B. Kilban. 

Richard Wood/Taurus Photos. 

Courtesy Bell Laboratories. 

Ellis Herwig/Stock. Boston. 

Ken Karp 

Courtesy Bell Laboratories. 

Courtesy Bell Laboratories. 

Ellis Herwig/Stock. Boston. 

Michal Heron/Woodfin Camp. 

Edward C. Topple, New York Stock Exchange. 

Ken Karp. 

Stella Kupferberg. 
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Index

A.A.E.S.. 48, 51

A B E T., 44

Abscissa, 143

Absolute dimension system, 166

Absolute standard, 313

Abstract, 377

Acceleration, 184

Accreditation Board for Engineering and

Technology (A.B.E.T.). 44

Accumulators, 264

Accuracy, 332

Ada, 282

ADC, 256

Aeronautical engineering, 18

Aerospace engineering, 18

Agricultural engineering. 19

Algebraic keystroke logic. 275

Algorithm, 148, 285

Alloy, 211

ALU, 264

American Association of Engineering Societies

(A.A.E.S.), 48. 51

Amu. 205

Analog computer. 233

Analog model. 106

Analog quantity, 232

Analog-to-digital converter (ADC), 256

Analytic geometry, 143

AND function. 257

Angular motion. 185

Architectural engineering, 19

Arithmetic and logic unit (ALU), 264

ASCII code. 252

A.S.E.T.. 42

Assembler, 279

Assembly diagrams. 392

Assembly language. 279

Associate degree. 42

Astronautical engineering, 18

Atmospheric engineering, 19

Atom, 179

Atomic mass number (amu), 205

Atomic number. 179

Atomic weight, 205, 532

Automatic control, 214

Automotive engineering, 20

Average, 335

Avogadro's number, 206

Baccalaureate degrees. 43

Bar chart, 387

Base unit, 169

BASIC, 282

Batch mode. 239

Benchmark. 308

Binary, 245

Binary adder. 259

Binary digit (bit). 246

Binary logic. 257

Binomial distribution, 341

Biochemical engineering. 20

Bioengineering, 20

Biomedical engineering. 20

Bit, 246

Black box, 213

Block diagram. 391

Body. 183

Body force. 186

Boolean, 252

British unit system, 173

B. S. (Engineering), 39

B.S.E.T., 43
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A.A.E.S., 48, 51 
A.B.E.T., 44 
Abscissa, 143 
Absolute dimension system, 166 
Absolute standard, 313 
Abstract, 377 
Acceleration, 184 
Accreditation Board for Engineering and 

Technology (A.B.E.T.). 44 
Accumulators, 264 
Accuracy, 332 
Ada, 282 
ADC, 256 
Aeronautical engineering, 18 
Aerospace engineering. 18 
Agricultural engineering. 19 
Algebraic keystroke logic, 275 
Algorithm. 148, 285 
Alloy, 211 
ALU, 264 
American Association of Engineering Societies 

(A.A.E.S.), 48, 51 
Amu. 205 
Analog computer. 233 
Analog model, 106 
Analog quantity, 232 
Analog-to-digital converter (A DC). 256 
Analytic geometry, 143 
AND function. 257 
Angular motion, 185 
Architectural engineering. 19 
Arithmetic and logic unit (ALU). 264 
ASCII code, 252 
A.S.E.T .. 42 
Assembler. 279 
Assembly diagrams. 392 
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Index 

Assembly language, 279 
Associate degree, 42 
Astronautical engineering. 18 
Atmospheric engineering. 19 
Atom. 179 
Atomic mass number (amu). 205 
Atomic number, 179 
Atomic weight, 205. 532 
Automatic control, 214 
Automotive engineering, 20 
Average, 335 
Avogadro's number, 206 

Baccalaureate degrees. 43 
Bar chart, 387 
Base unit , 169 
BASIC, 282 
Batch mode. 239 
Benchmark. 308 
Binary, 245 
Binary adder. 259 
Binary digit (bit), 246 
Binary logic. 257 
Binomial distribution, 341 
Biochemical engineering. 20 
Bioengineering, 20 
Biomedical engineering, 20 
Bit. 246 
Black box, 213 
Block d iagram. 391 
Body. 183 
Body force. 186 
Boolean, 252 
British unit system. 173 
B. S. (Engineering), 39 
B.S.E.T .• 43 
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552 INDEX

Buckingham Pi-theorem. 322

Budget, 479

Buffer. 274

Bug, 286

Byte, 267

CAD, 409. 413

CAD/CAM, 409

Calculus, 145. 540

CAM, 409, 419

Canons of ethics, 513

Capacitor, 200

Card catalog. 93

Cargo Cult science, 315

Cartesian coordinate system, 143

Cash flow diagram, 459

Caveat emptor, 487

Central Limit theorem, 345

Central processing unit (cpu), 263

Ceramics, 211

CGPM. 169

Character data, 252

Chemical engineering, 16

Chemical formula. 206

Chemical processes, 204

Chemical properties, 204

Chemical reaction, 206

Chemical reaction kinetics. 207

Chemical thermodynamics, 207

Chunking, 92

Civil engineering, 14

COBOL, 282

Communication, 365

graphical. 386

oral, 383

written, 369

Compilation. 282

Compiler, 280

Composites. 212

Compound, 205

Compounding period. 451

Compound interest, 451

Computer. 229

black box diagram. 231

and communication, 440

definition, 231

digital. 232. 234

hardware. 263

instructions. 278

mainframe. 234

micro. 236

mini. 234

personal. 340

program. 231. 278. 285

software. 278

Computer-aided design (CAD). 409. 413

Computer-aided engineering (CAE). 409, 412

Computer-aided manufacturing (CAM). 409. 419

Computer architecture, 279

Computer-based bibliography, 101

Computer engineering, 21

Computer graphics. 416. 425

Computer model, 107

Computer numerical control (CNC). 421

Computer program. 231. 278. 285

Computer terminal. 273

Concept drawings. 398

Conduction, 193

Conductor. 200

Conference General des Poides et Measures. 169

Confidence level, 348

Conservation of energy, 194

Conservation of mass. 195

Constraints. 66. 73, 443

Construction drawings. 397

Construction engineers. 31

Consulting engineers, 34

Continuous compounding. 454

Contract, 488

bilateral. 488

express, 488

implied. 488

turnkey, 490

unilateral, 488

Contractor. 489

Contradiction, method of. 92

Control character. 254

Control sample. 313

Control unit, 264

Control volume. 196

Convection. 193

Conversion factors. 512

Correlation. 346

Correlation coefficient, 347

Cost, 467

capital. 468

construction. 490

cost-plus, 490

fixed. 468

incremental. 469

lump sum.

variable. 468

Coulomb force. 198

CP M. 283

CPU, 263

Craftsman. 11

Cray IS computer. 291

Criteria, 66. 72

CRT (cathode ray tube). 273

Cursor. 274
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Buckingham Pi-theorem, 322 
Budget, 479 
Buffer, 274 
Bug, 286 
Byte, 267 

CAD. 409,413 
CAD/ CAM, 409 
Calculus, 145. 540 
CAM, 409, 419 
Canons of ethics, 513 
Capacitor, 200 
Card catalog, 93 
Cargo Cult science, 315 
Cartesian coordinate system, 143 
Cash flow diagram, 459 
Caveat emptor, 487 
Central Limit theorem, 345 
Central processing unit (cpu), 263 
Ceramics, 211 

CGPM, 169 
Character data, 252 
Chemical engineering, 16 
Chemical formula, 206 
Chemical processes, 204 
Chemical properties, 204 
Chemical reaction, 206 
Chemical reaction kinetics, 207 
Chemical thermodynamics, 207 
Chunking. 92 
Civil engineering, 14 
COBOL, 282 
Communication, 365 

graphical, 386 
oral, 383 
written, 369 

Compilation, 282 
Compiler. 280 
Composites. 212 
Compound, 205 
Compounding period. 451 
Compound interest, 451 
Computer, 229 

black box diagram. 231 
a nd communication, 440 
definition. 231 
digital. 232, 234 
hardware. 263 
instructions. 278 
mainframe. 234 
micro, 236 
mini. 234 
personal. 340 
program, 23 1. 278, 285 

soft ware. 278 
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Computer-aided design (CAD). 409, 413 
Computer-aided engineering (CAE). 409,412 
Computer-aided manufacturing (CAM), 409.419 
Computer architecture, 279 
Computer-based bibliography, 101 
Computer engineering, 21 

Computer graphics, 416. 425 
Computer model, 107 
Computer numerical control (CNC), 421 
Computer program, 231,278, 285 
Computer terminal. 273 
Concept drawings. 398 
Conduction, 193 
Conductor, 200 
Conference General des Poides et Measures, 169 
Confidence level, 348 
Conservation of energy. 194 
Conservation of mass, 195 
Constraints, 66, 73, 443 

Construction drawings. 397 
Construction engineers. 31 
Consulting engineers, 34 
Continuous compounding, 454 
Contract, 488 

bilateral, 488 
express, 488 
implied, 488 
turnkey. 490 
unilateral, 488 

Contractor, 489 
Contradiction. method of. 92 
Control character, 254 

Control sample. 313 
Control unit , 264 
Control volume, 196 
Convection, 193 
Conversion factors, 512 

Correlation. 346 
Correlation coefficient, 347 
Cost. 467 

capital, 468 
construction, 490 
cost-plus, 490 

fixed . 468 
incremental. 469 
lump sum. 
variable, 468 

Coulomb force, 198 
CP : M . 283 
CPU, 263 
Craftsman, II 
Cray IS computer, 291 
Criteria, 66, 72 
CRT (cathode ray tube), 273 
Cursor, 274 
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Cyber 205 computer. 291

Data, 306. 330

Data analysis. 346

Data correlation. 346

Debug. 286

Decision making, 478

Decision theory, 478

Deductive process, 114

Dependent variable. 310

Depreciation, 464

straight line, 46S

sum-of-years-digits. 466

Derivation of equations. I S3

Derivative. 145, 540

Derived dimensions. 166

Derived unit, 169

Design. 113

Design engineers, 31

Development engineers, 30

Diagrammatic model. 106

Differential equations. 146

Digital computer, 232. 234

Digital methods, 243

Digital quantity, 232

Dimension, 166, 397

derived, 166

fundamental. 166

Dimensionally homogeneous. 168

Dimension system. 166

absolute. 166

gravitational. 167

Direct numerical control (DNC), 421

Discretize. 148

Displacement, 184

Distribution function. 337

binomial. 341

Gaussian. 344

normal, 344

Poisson, 342

Drag coefficient, 323

Ductility. 210

Dynamics, 185

Economics, 445

Efficiency. 189

Einstein, 185

Einstein's theory of relativity. 185

Einstellung. 90

Elastic. 209

Elastic limit, 209

Electrical engineering, 17

Electrical processes. 198

Electric circuit, 200

active. 201

passive. 201

Electric current, 199

Electric field, 199

Electric forces, 198

Electric potential, 199

Electric voltage. 199

Electromagnetic forces, 199

Electron, 179

Element, 204

Endurance test. 360

Energy, 189

internal, 190

kinetic. 190

potential, 190

stored. 189

in transition. 189

Engine. 197

Engineer. 7. 8. 10, 489

Engineering, 8

challenges. 54

definition. 8

faculty. 35

fields. 14

roles, 29

team, 8, 13

tools, 133

Engineering curriculum, 39

Engineering design. 113

process. 113

Engineering profession, 46

Engineering program. 39

admission. 39

course requirements. 41

degrees. 43

Engineering technician, 10.42

Engineering technologist, 10, 42

Engineering technology, 42

Engineering tools, 133

Engineer-in-Training, 50

Engineer's Council for Professional Development

(E.C.P.D.). 47

EN1AC. 234

Environmental engineering. 21

Environmental impact (est, 360

Equations. 141. 152

checking. 156

derivation. 153

interpretation. 157

simplifying assumptions. 153

solution. 154

of state. 192

Equation of state. 192

Ethics. 513

Experiment, 301

background.308
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Cyber 205 computer. 291 

Data. 306. 330 
Data analysis. 346 
Data correlation. 346 
Debug, 286 
Decision making. 478 
Decision theory. 478 
Deductive process. 114 
Dependent variable, 310 
Depreciation, 464 

straight line. 465 
sum-of-years-digits, 466 

Derivation of equations. I 53 
Derivative. 145, 540 
Derived dimensions. 166 
Derived unit . 169 
Design, 113 
Design engineers, 31 
Development engineers. 30 
Diagrammatic model, 106 
Differential equations. 146 
Digital computer. 232. 234 
Digital methods, 243 
Digital quantity, 232 
Dimension, 166, 397 

derived. 166 
fundamental. 166 

Dimensionally homogeneous. 168 
Dimension system. 166 

absolute. 166 
gravitational. 16 7 

Direct numerical control ( DNC). 421 
Discretize. 148 
Displacement. 184 
Distribution function, 337 

binomial. 341 
Gaussian. 344 
normal. 344 
Poisson. 342 

Drag coefficient. 323 
Ductility, 210 
Dynamics. 185 

Economics. 445 
Efficiency. 189 
Einstein. 185 
Einstein's theory of relativity. 185 
Einstellung. 90 
Elastic. 209 
Elastic limit. 209 
Electrical engineering. 17 
Electrical processes. 198 
Electric circuit, 200 

active. 20 I 
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passive, 20 I 
Electric current, 199 
Electric field, 199 
Electric forces. 198 
Electric potential. 199 
Electric voltage. 199 
Electromagnetic forces. 199 
Electron. 179 
Element, 204 
Endurance test. 360 
Energy, 189 

internal, 190 
kinetic. 190 
potential, 190 
stored. 189 
in transition. 189 

Engine. 197 
Engineer. 7, 8, 10. 489 
Engineering. 8 

challenges. 54 
definition. 8 
faculty. 35 
fields. 14 
roles, 29 
team. 8. 13 
tools, 133 

Engineering curriculum. 39 
Engineering design. I 13 

process. 113 
Engineering profession. 46 
Engineering program. 39 

admission. 39 
course requirements. 41 
degrees. 43 

Engineering technician. 10. 42 
Engineering technologist. 10. 42 
Engineering technology, 42 
Engineering tools. 133 
Engineer-in-Training. 50 
Engineer's Council for Professional Development 

(E.C.P. D.). 47 
ENIAC. 234 
Environmental engineering. 2 I 
Environmental impact test, 360 
Equations. 141. I 52 

checking. I 56 
derivation. I 53 
interpretation. I 57 
simplifying assumptio ns. 153 
solution. I 54 
of state. 192 

Equation of state. 192 

Ethics. 513 
Experiment . 301 
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control, 308

data. 306

design, 307

Experimental data, 306, 330

statistical analysis of, 33S

Experimental variables, 309

Expert witness, 492

Exponent, 165

Extensive property, 204

Feasibility study, 120

Feedback. 215

negative, 215

positive, 215

Feedback control system. 216

Final design. 124

Finite element method. 434

Firmware card, 268

First moment, 339

Floating point, 165. 250

Floppy disks, 271

Flow charts, 286

Fluid, 183

Force. 186

body. 186

compressive. 209

dynamic, 209

electromagnetic. 199

resultant, 186

shear. 209

static. 209

surface. 186

tensile. 209

Format, 274

FORTRAN. 280

Free body diagram. 187

Friction. 188

Functions, 144

Fundamental dimensions, 166

Gas. 180

Gates. 202. 258

Gaussian distribution. 342

Glasses, 211

Graduate education. 45

Graph. 144. 387. 543

bar chart, 387

line. 388

pie chart, 387

of simple functions. 543

Graphical communication. 387

Graphical model. 106

Gravitational dimension system. 167

Greek letters. 140

Hand coding. 279

Hard copy. 274

Hardware, 263

Heat, 192

Heat engine. 195

Heat transfer, 192

conduction, 193

convection, 193

radiation. 193

Hexadecimal. 244

Higher-level programming language. 280

High school preparation. 38

Histogram. 338

Human performance test, 361

Hypothesis. 306

1C (integrated circuit). 202

Iconic model. 106

Ideal gas. 192

Ideal gas law. 192

Incubation. 92

Independent variable. 310

Indexes. 93

Induction, method of, 92

Inductive process, 114

Inductor. 200

Industrial engineering, 22

Inflation, 470

Information theory, 255

Ingenium, 7

Input/output units. 264

Installment financing. 461

Insulator. 200

Integer mode. 249

Integral. 145. 541

Integrated circuit, 202

Intensive property, 204

Interactive computing. 240

Interest, 450

compound. 451

continuously compounded. 455

effective average. 456

simple. 450

Internal energy. 190

Interpreter. 282

Invention. 115

I/O (input/output). 264

I/O buffer. 274

I/O devices. 273

Ion. 181

Ionization. 181

Iteration. 81. 110

Josephson junction. 291
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control, 308 
data, 306 
design. 307 

Experimental data. 306, 330 
statistical analysis of, 335 

Experimental variables, 309 
Expert witness. 492 
Exponent. 165 
Extensive property, 204 

Feasibility study, 120 
Feedback, 215 

negative, 215 
positive. 215 

Feedback control system. 216 
Final design, 124 
Finite element method, 434 
Firmware card, 268 
First moment, 339 
Floating point, 165. 250 
Floppy disks. 271 
Flow charts, 286 
Fluid, 183 
Force. 186 

body, 186 
compressive. 209 
dynamic, 209 
electromagnetic. 199 
resultant. 186 
shear. 209 
static. 209 
surface, 186 
tensile, 209 

Format. 274 
FORTRAN. 280 
Free body diagram. 187 
Friction. 188 
Functions. 144 
Fundamental dimensions. 166 

Gas. 180 
Gates. 202. 258 
Gaussian distribution. 342 
Glasses. 211 
Graduate education. 45 
Graph. 144. 387. 543 

bar chart. 387 
line. 388 
pie chart. 387 
of simple functions. 543 

Graphical communicat ion. 387 
Graphical model. 106 
Gravitational dimension system, 167 
Greek letters. 140 
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Hand coding, 279 
Hard copy. 274 
Hardware, 263 
Heat. 192 
Heat engine, 195 
Heat transfer, 192 

conduction, 193 
convection. 193 
radiation. 193 

Hexadecimal, 244 
Higher-level programming language. 280 
High school preparation, 38 
Histogram. 338 
Human performance test, 361 
Hypothesis, 306 

IC (integrated circuit), 202 
Iconic model. 106 
Ideal gas, 192 

Ideal gas law. 192 
Incubation. 92 
Independent variable. 310 
Indexes. 93 
Induction. method of. 92 
Inductive process. 114 
Inductor. 200 
Industrial engineering. 22 
Inflation. 470 
Information theory. 255 
lngenium. 7 
Input/ output units. 264 
Installment financing. 461 
Insulator. 200 
Integer mode. 249 
Integral. 145. 541 
Integrated circuit. 202 
Intensive property. 204 
Interactive computing. 240 
Interest. 450 

compound. 451 
continuously compounded. 455 
effective average. 456 
simple. 450 

Internal energy. 190 
Interpreter. 282 
Invention. II 5 
I I 0 (input/ output). 264 
I/ 0 buffer. 274 
1; 0 devices. 273 
Jon. 181 
Ionization. 181 
Iteration. 81. II 0 

Josephson junction. 291 

Original from 
UNIVERSITY OF ICHIG N 



INDEX 555

K (kilobyte), 267

Kinematics. 183

Kinetic energy, 190

Kirchhoffs laws, 20!

Laboratory notebook. 330, 370

Law, 486

Least squares method, 347

Letters, 372

Liability, 491

Linear motion, 185

Line authority, 480

Line chart, 388

Liquid. 180

LISP, 282

Logical data, 252

Logic unit, 257

Machine. 197

Machine-independent, 285

Machine instructions. 255

Machine language. 278

Mach number, 323

Macroscopic, 178

Magnetic bubble memories, 270

Magnetic cores, 269

Magnetic disks, 271

Magnetic force. 198

Magnetic tapes. 271

Mainframe computer, 234

Management, 34, 476

Mantissa. 165

Manual, 379

Manufacturing engineering. 22

Marine engineering, 24

Material balance, 196

Materials, 208

Materials engineering, 23

Mathematical analysis. 137

analytical, 137. 147

numerical. 137. 147

statistical. 137. 149

Mathematical equation. 152

Mathematical model. 107

Mathematical symbols. 140

Mathematics, 136

Matrix management, 480

Mean, 335

Measurement, 332

Mechanical engineering, 15

Mechanical system, 182

Mechanics. 182

Median. 339

Melting points, 532

Memorandum, 372

Memory, 265

Memory cells, 264

Memory locations, 264

Metallurgical engineering, 23

Metals. 211

M FLOPs, 291

Microcomputer, 236

Microprocessor, 202

Microscopic, 178

Military engineering, 14

Mind set, 90

Minicomputer, 234

Mining engineering. 24

M1SD. 294

Mixture, 205

Mode. 339

Model, 74, 103

analog, 106

computer, 107

diagrammatic, 106

graphical. 106

iconic, 106

mathematical. 107

Modem, 273

Modulus of elasticity, 210

Mole. 206

Molecular weight, 206

Molecule, 179

Monte Carlo method, 151

MOS transistors, 202. 269

Multiview drawings, 395

NASTRAN, 436

National Society of Professional Engineers. 50

NC (numerical controlled). 421

Neutron. 179

Newton's laws. 187

Noise. 215, 256

Normal distribution. 344

Notes, 370

NOT function, 257

Nuclear engineering. 24

Nucleus, 179

Nul measurement, 313

Number system, 163

binary, 245

decimal. 244

hexadecimal, 244

octal. 244

Numerical analysis, 147

Numerical controlled machines, 421

Nybble. 267

Object program, 282

Observation, 304
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K (kilobyte), 267 
Kinematics. 183 
Kinetic energy, 190 
Kirchhoff's laws, 20 I 

Laboratory notebook. 330. 370 

Law. 486 
Least squares method. 347 
Letters. 3 72 
Liability. 491 
Linear motion, 185 
Line authority. 480 
Line chart. 388 
Liquid. 180 
LISP, 282 
Logical data, 252 
Logic unit, 257 

Machine. 197 
Machine-independent, 285 
Machine instructions. 255 
Machine language, 278 
Mach number. 323 
Macroscopic, 178 
Magnetic bubble memories. 270 
Magnetic cores, 269 
Magnetic disks, 271 
Magnetic force. 198 
Magnetic tapes, 271 
Mainframe computer. 234 
Management. 34, 476 
Mantissa. 165 
Manual, 379 
Manufacturing engineering. 22 
Marine engineering. 24 
Material balance. 196 
Materials, 208 
Materials engineering. 23 
Mathematical analysis. 137 

analytical. 137. 147 
numerical. 137. 147 
statistical. 137. 149 

Mathematical equation. I 52 
Mathematical model. 107 
Mathematical symbols, 140 
Mathematics, 136 
Matrix management. 480 
Mean. 335 
Measurement, 332 
Mechanical engineering. 15 
Mechanical system. 182 
Mechanics. 182 
Median. 339 
Melting points, 532 
Memorandum, 372 

Di b 

Memory. 265 
Memory cells, 264 
Memory locations. 264 
Metallurgical engineering, 23 
Metals. 211 
MFLOPs. 291 
Microcomputer, 236 
Microprocessor, 202 
Microscopic, 178 
Military engineering, 14 
Mind set. 90 
Minicomputer, 234 
Mining engineering, 24 
MISD, 294 
Mixture, 205 

Mode. 339 
Model, 74, 103 

analog, 106 
computer, 107 
diagrammatic, 106 
graphical, 106 
iconic, 106 
mathematical. 107 

Modem. 273 
Modulus of elasticity, 210 

Mole. 206 
Molecular weight. 206 
Molecule, 179 
Monte Carlo method, 151 
MOS transistors, 202, 269 
Multiview drawings, 395 

NASTRAN. 436 
National Society of Professional Engineers. 50 
NC (numerical controlled), 421 
Neutron. 179 
Newton's laws, 187 
Noise. 215, 256 
Normal distribution. 344 
Notes, 370 
NOT function, 257 
Nuclear engineering, 24 
Nucleus, 179 
Nul measurement, 313 
Number system, 163 

binary. 245 
decimal. 244 
hexadecimal. 244 
octal. 244 

Numerical analysis. 147 
Numerical controlled machines. 421 
Nybble. 267 

Object program, 282 
Observation, 304 
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Oceanographic engineering, 19

Ohm's law, 199

Operating system. 283

Operations engineer. 32

Operations engineering. 22

Optimization, 109

Oral communication. 383

Ordinatcs. 143

OR function. 258

Organization. 479

Oscillations. 2IS

Outline. 372

Particle, 183

Pascal. 282

Patents. 96, 493

P.E., 50

Performance test, 359

Petroleum engineering, 26

Photographs, 397

Physical constants, 538

Physical tables. 532

Pictorial drawings. 392

Pie chart, 387

Pipelining, 294

Planning, 478

Plant engineers, 32

Plasma. 181

Plastics, 211

Pocket calculator, 275

Poisson distribution, 344

Policy, 479

Post-graduate education, 44

Potential energy, 190

Power, 189. 200

Precision, 332

Preliminary design. 122

Presentation, 82

Present worth. 458

Pressure. 188

Principal, 450

Probability, 149, 150

Probability density. 344

Problem. 66

definition, 70, 117

Problem solving, 63

methodology. 66

procedure, 63

Procedures. 286, 479

Production drawings. 397

Production engineers. 31

Profession, 46

Professional Engineer (P.E.), 50

Professional ethics. 47

Professional registration. 48

Program, 278

Programmable read-only memory (PROM), 268

Programming language, 280

Project engineers, 32

Project management, 480

PROM, 268

Proposals, 379

Public information utility, 230

Quality assurance engineers, 33

Quality assurance test, 360

Radian. 540

Radiation. 193

Random access memory (RAM). 268

Random errors. 333

Random process. 149

Rate of return, 447

average, 448

R&D, 31

Read-only memory, 268

Real-time computation, 236

Records. 370

Rectangular coordinate system, 143

References, 377

Register, 264

Registration, 48

Regulation. 502

Relativity, theory of. 185

Representation, 103

Reproducibility, 312

Research, 113

Research engineer, 29

Resistance, 200

Resource engineering. 19

Resultant, 186

Reynolds number, 323

Rigid body. 183

Robotics. 421

ROM. 268

Roundoff error. 252

RPN keystroke logic. 276

Safety test, 360

Sales engineers. 33

Sales literature. 379

Sanitary engineering. 26

Scalar. 146

Scalar computer. 294

Schematic line diagram. 391

Scientific concepts. 178

Scientific integrity. 315

Scientific method. 306

Scientific notation. 165

Scientist, 8
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Oceanographic engineering. 19 
Ohm's law, 199 
Operating system. 283 
Operations engineer. 32 
Operations engineering, 22 
Optimization. 109 
Oral communication, 383 
Ordinates. 143 
OR function. 258 
Organization, 479 
Oscillations, 215 
Outline. 372 

Particle, 183 
Pascal. 282 
Patents. 96, 493 
P.E .. 50 
Performance test, 359 
Petroleum engineering. 26 
Photographs, 397 
Physical constants, 538 
Physical tables. 532 
Pictorial drawings. 392 
Pie chart, 387 
Pipelining, 294 
Planning. 478 
Plant engineers. 32 
Plasma. 181 
Plastics, 211 
Pocket calculator. 275 
Poisson distribution. 344 
Policy, 479 
Post-graduate education, 44 
Potential energy, 190 
Power. 189. 200 
Precision. 332 
Preliminary design. 122 
Presentation, 82 
Present worth, 458 
Pressure. 188 
Principal. 450 
Probability. 149. I 50 
Probability density. 344 
Problem. 66 

definition, 70, 117 
Problem solving, 63 

methodology. 66 
procedure. 63 

Procedures. 286, 479 
Production drawings, 397 
Production engineers. 31 
Profession, 46 
Professional Engineer (P.E.). 50 
Professional ethics. 47 
Professional registration. 48 
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Program, 278 
Programmable read-only memory (PROM). 268 
Programming language, 280 
Project engineers, 32 
Project management, 480 
PROM, 268 
Proposals. 379 
Public information utility, 230 

Quality assurance engineers. 33 
Quality assurance test, 360 

Radian, 540 
Radiation, 193 
Random access memory (RAM). 268 
Random errors, 333 
Random process. 149 
Rate of return, 447 

average, 448 
R&D.31 
Read-only memory, 268 
Real-time computation, 236 
Records. 370 
Rectangular coordinate system, 143 
References. 377 
Register, 264 
Registration. 48 
Regulation. 502 
Relativity, theory of, 185 
Representation, 103 
Reproducibility, 312 
Research, II 3 
Research engineer. 29 
Resistance, 200 
Resource engineering, 19 
Resultant, 186 
Reynolds number. 323 
Rigid body, 183 
Robotics, 421 
ROM. 268 
Roundoff error, 252 
R PN keystroke logic. 276 

Safety test, 360 
Sales engineers. 33 
Sales literature. 379 
Sanitary engineering. 26 
Scalar. 146 
Scalar computer. 294 
Schematic line diagram. 391 
Scientific concepts. 178 
Scientific integrity. 315 
Scientific method, 306 
Scientific notation, 165 
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Section 2. 395

Semiconductor, 200

Semiconductor memories. 269

Significant figures. 163, 332

SIMD. 294

Similarity, 107

Simple interest, 450

Simplifying assumptions, 1S3

Simulation. 104

Sinking fund, 462

SISD, 294

SI System, 168, 169

Smart instrument, 237

Smart terminal, 241

SNOBOL, 282

Software, 278. 402

Solid. 180

Solid state electronics, 201

Solution, 66. 205

Solution constraints, 73

Solution criteria, 72

Solution evaluation, 78

Solution synthesis, 75

Solution validation, 78
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