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Nevertheless, like a-man who walks alone in the
dar'iness, I resolved to go so slowly and
circumspectly that if I did not get ahead very rapndly
1 was at least safe from fallmg

L —-Rene Descartes
in Discourse on the Metbod
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INTRODUCTION

The study of the engmeermg method is 1mportam to undarstand the

problem solunons Political a’hances and economic structures have

changed dramatically as a result of the telephone, the computer, the
atomic bomb and space exploranou—all undeniably products of the

engineering method. Look around the room in which you are now
sitting. What do you find :hat was not developed, produced ot deliv:
ered by the engineer? What could be more important than to under-
stand the strategy for change Whose results surround us now and some

tence’ -
- Yet, although we speak freely of technology, it is urahkely that we
have the vaguest notion philosophically of what it is or what is befall-

mg us as it soaks deeper into_our hves Were we asked, What is the

We mrght propose, “‘Science is. theory corrected by ¢ expenment

the other way around. With a bit more probing, we might explain the
scientific method by developmg _Popper's theory of falsification or
Kuhn's theory of paradigm shifts: But when asked, we, or anyone else
for that matter, whether lay person, scientist or specialist in the history

of science; would feel qualified to give a cogent response. Now;, as we

sit immersed in the products of the engineer’s labor, we must ask:
What is the engineering method?

_The _lack of a ready answer is not. surpnsmg _Unlike the extensive
analysrs of the scientific method, litle significant research to date has

sought the phxlosophrml foundations of engineering. Library shelves

7



2 / DEFINITION OF THE ENGINEERING METHOD

groan undet th’e Weiéiit 6f books b’i}' tiie mcsét §cii’o’ié’ri§’, miost resi)e'cted

engmeermg method consider the professions that aﬂ'ect our. dmly
lives, such as law, economiics, medncme nolitics, rehgxon and science.
For each we can easily name at least one person who is well-known to
the general public as a wise, well-read scholar—a person to whom we
can turn to put a profess:on in perspective. Now name an engineering
statesman with similar qualifications. The challenge is to name an
engineer who is wise, well-known, well-read and scholarly as an

engineer. That is to say, in the event of a serious nuclear incident; the

fallure o£ the pylom ona large alrplane, the pouunon of grovnd water

nsoianon
Unfortunately, the situation is- far worse than 1ust the lack of an
engineering spokesman. Remembering that: 1) high school smdents

do not take courses in engineering; 2) the study of technology is not

requnred for a liberal arts degree; and 3) Sociologists, psychologists;
historians and religious proponents; not engineers, write most of the
pro- and anti:technology literature—can we be sure, as the engineer
speaks of optimization, factors of safety and feedback; that the lay

person would understand an engineering spokesman if he did exist?
Not only is there little research into-the theory of ~gineering, no
recognized spokesman and no general education requirements in the

field, but engineers themselves are chronically averse to writing about
their world. That people do not understand the engineering method
and are a bit frightened by technology is not really too surprising:

*Among many, many others we find the work: of the lonian philosophers
(Thales, Anaximander and mxmlenes), where many feel the germ of the
scientific method was first planted in the 6th century B.C; of Aristotle in the
Organum; of Bacon in the Novum Organum; of Descartes in Discours de-la

Metbode; of Popper in The Logic of Scientific Discovery; and of Kuhn in the
Structure of Scientific Revolutions.

8



Introduction / 3

_This discussion seeks to redress this situation: It is in three parts; as
follows:

Pan ‘-ome Tbozngts on Engmeenng This pan descnbes the
problem situation that calls for the talents of the engineer.
__Part 11_The Principal Rule of the Engineering Method: Here the

engineering method is defined. :
Pant 111 Some Heuristics Used by the. Izngmeenng Metbod Thns

section lists techniques engineers use to implement their method.
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PART I -
SOME THOUGHTS ON ENGINEERING

_The use of the engineering method rather than the use of reason is
mankmds most equitably divided endowment. By the engineering
metbod | mean the strategy for causing the best change in a poorly
understood or_uncertain situation within_ the available resources; by
reason, 1 mean the “ability to distinguish between the true and the
false” or what Descartes has called “good sense.” Whereas reason had
to await early Greek philosophy for its developmen;——and is even now
denied in some cultures and in retreat in others—the underlying
strategy that defines the engineering method has not changed sirice
the birth of man: ,,

The first ob;ectlve of this chapter is to prepare | the way f for a consnd
eration of the strategy the engineer uses to solve problems that will be
given in Part II. Then attention shifis to the characteristics of a prob-
lem that requires the talents of this new acquaintance.

The E'ngin”e’er

thclr art. As a result they see dnversnty where they should see umty The

question, “What is an engineer?” is usually answered by such a state-
ment 3s “‘a person who makes chemicals, airplanes, bridges or roads.”
From the chemicals, the lay person infers the chemical engineer; from
the airplanes, the aeronautical engineer; and from the bridges and

10



6 / DEFINITION OF THE ENGINEERING METHOD i

roads the crvrl ‘engineer. Not only the lay person but also the ¢ engmeer
makes this mistake. Because the pairing of engineers with their com:
pleted design is so enduring and the pairing with their use of method
so fleeting, people insist they are engineers based on what they
produce; regardless of how they go about it, instead-of insisting they

are engineers based on how they go aboiit it; regardless of what they

produce But behmd each. chemlcal each road each pot hrdes the

,,,,,

we must look to legitimmize the word engineer.

Characteristics of an Eﬁgiﬁééﬁng Problem:

Let us look in detarl at the key Words change, resources, best and
uncertaml;y that have appeared in_the definition of an engineering
problem situation. Of these four, the reason for including the first two
is relatively easy to explain. The next one is less well understood and
must occupy more of our time. Throughout the discussion of the first
three key words we will sense the fourth, the Zack of information or

uncertainty that always pervades an gngjoeerrng problem; menacing

in the _wings. After the stage is set, the engineering strategy itself will
Make an appearance in Act 11.

Cban’gé

Engineers cause change. The engineer wanis io change; to modify
or convert the world represented by one state into a2 world represented
by a different one: The initial state might be San Fraricisco without the
Golden Gate Bridge; the final state, San_ Francisco with this bridge:
The initial state might be the Nile without a dam; the final one, the
Nile with a new dam in place. Or the initial state might be a Neander-
thal contemplating the death of 2 loved < one; the final one, the world
after the construction of a sepulcher. Graphically, each of these exam-
ples is represented in Figiire 1, Where time is given on the horizontal
liné or aris; and s some measure of change in the world, on the vertical.
The engineer is to cause the transition from 4 to B, To _identify a
situation requiring an engineer, seek first a situation calling for
change. = .

We lmmedlately run into three pracucal dlﬁiculnes when we con-

11



Some Thoughts on Engineering | 7

Medsure A
N iﬁé:ff __
Change
B
Tme ons P
Figure 1

snder the engmeer s chzh;gé the engmeér abesnt know where he is
going, how he is going to get there or if anvone will care when he
does. Initially, the engineer is located at point 4 in Figure 1. The exact

final state, point B, is not known at the beginning of the problem: An

example will make this point clear. The Aswan High Dam in Egypt has
increased the salinity of the Nile by 10 percent, has led to the collapse
of the sardine industry in the Delta, has caused coastal erosion and has
forced the 100,000 Nubians displaced by the reservoir to try to adapt to

life as farmers on the newly created arable land. These liabilities have
been balanced—some would say miore than offset—by other assets,
such_as the generation of enough hydroelectric power to_furnish half

of Egypt's electrical needs. Our interest, however, is not to critique
this _spectacular engineering project or to reconcile _conflicting opin-
1ons as to its net worth; but to emphasxze that before constructxon at
state 4, the engineer could not predict the exact change in salinity and
erosion_or the exact human costs to the sardine fishermen and the

Nubians. The final state always has a reality the initial state lacks.
similarly, the order to “put a2 man on the moon by the end of the
decade” lacks the specnﬁc:ty of the ladder Neil Armstrong descended

to leave his footprint on the moon. The engineer is willing to develop

12



/ DEFINITION OF THE ENGINEERING METHOD

a transition strategy but rarely is glven a épecnﬁc Well deﬁned problem

to solve: Instead he must determine for himself what the actual prob-

lem is on the basis of society’s_diffuse desire for change: At the

beginning of an engineering project, the engineer rarely knows exactly

where he is going.- R

_The next difficulty is with the change itself. Flgure 1 falsnﬁes the
ease in deciding which path to take from 4 to Bby showmg only one.
Usually a number of alternatives exist; each limited by different con-

straints. By definition, poverty could be easily eliminated in the United

States by supplementing the incomie of each _person below the poverty

line. But dedicating the entire gross national product to this effort

would be an unacceptable transition strategy. The engineer is not
responsible for lmplemennng a single gi given change, but for choosing
the most appropriate one. In other words, at state 4 he doesn’t know

how he is going to get to state B.
The final difficulty in causing change is. s that an énéineerlng goal has

an way of changing throughout a design. From the start of a project to
completion is often a long time. At present;_for example; it takes 12

years to construct a nuclear reactor in America: During the completion

of an engineering project, changes in the final _goal often occur,
requiring a reorientation of the project in midstream: in the automo-
bile industry the public's demand has flitted from.desire for a powetful
automobile, to a safe automobile, to a small; fuel-efficient one—shifts

so_rapid that a new automobile design is often obsolete before it leaves

the drawing board. With the lack of information about point B and the
desired transition path between 4 and B, combined with changes in
point B throughout the project, how can the engineer ever hope to
cause the change he desires? Change is recognized as a characteristic
of an engineering problem, but with all the attendant uncenainty, what

strategy does the engineer use to achieve it?

Resources

. Thc second charac;ensuc of a suuauon lhal requnres the servxces cf

available resources. Unfortunately, the engmeer cannot select the best
path from all conceivable transitions from the initial state to the final
one. Physical, economic and polmcal constraints always exist. (In spite

of its favorable corrosion _properties;, no consideration. was given to

building the Golden Gate Bridge of an alloy of pure gold—for obvious

13



Some ﬂ;ougbts on £ngineering / 9

reasons: ) Inthe second place, then, the engmeer always seeks the best
change within the available resources.

These resources_are_an mtegral part of the problem Statement and
botﬁ define and constrain its solution: Different resources imply differ-
ent problems. To make this point, one of my former professors would
begin each class with a simple problem to be answered in fifty seconds
by what an engineer would call a back of the envelope calculation:
Once, for example; we were asked to estimate the number of ping:
pong balls that would fit in the classroom. In addition to developing
the ability to manipulate large numbers in our heads, these problems
taught the importance of resources in_the definition of a project. In
fifty seconds we were to provide an answer—a correct_engineering
answer. Had we been given two days to respond, we would have been
expected to measure the room and calculate the. number—again, an
entirely correct engineering response. 1 suppose if we had been given

even more time; we could have filled the room with ping-pong balls

and counted them: Though obviously similar, each of these problems
was. ﬁmdamentally drfferem as evrdenced by rts need for a dllferem
engineering porm of view when both problem and time constraints
were considered together. _ .

Contrast an engineering problem to a scientific one with respect 0
each problem’s dependence on resources. Although Newton was lim-
ited in the amount of time he had to develop his theory of gravitation
and a modern cancer rescarcher is constrained by available funds, we
usually think _of each as trying to_ read the_ already-written book of
nature instead of creating a new best-seller based on the available
resources. We qurbble by extending the analogy beyond its bounds, if
we assert that nature; and by implication; science; has a correct answer
to the ping-pong ball problem and that the engineer is limited only by
available resources in approximating this number. A similar sense of
convergence to truth does not usually exist in an actual engineering
problem. For exariple, if we try to argue that nature has an absolutely
correct answer as to whether the Aswan High Dam should have been
built and that the engineer will find it with additional resources, we
quickly become inundated in profound philosophical water. Instead of
looking for the answer to a problem,; as does the scientist, the engineer
seeks an answer to a problem consistent with the resources available
to him. This distinction will become clearer when we now consider

the engineer’s notion of best.

14
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The Best

. The next chnractensuc ofa prleem sntuanon requmng the engineer
is that the solution should be the best or what is techmcally called the
opnmum soluuon From an engineering point of view not ail changes
or all final states are equally desirable: Today few would suggest
replacing the Golden Gate Bridge as a means of « crossing San Francisco

Bay with one of the woodea covered. bridges that were once .com-
monly seen in Maine. To identify a situation calling for the engineer,

we must look for one in which not just any change, but the best
change, is desired.
_ Best is an adjective applled redundantly to an exxstmg engmeermg

desngn That a specific automobile exists proves that it is some engi-
neer’s subjective_notion of the best solution to the problem he was
given to solve: Saying that a Mercedes is a better automobile than a

Mustang is incorrect if better is being used in an engineering sense.

They are both optimum solutions to different specific desngn projects.

Likewise, the complaint that “American _engineers cannot build an
automobile that will last for fifty years” can only be voiced by a person
with little understandmg of engineering. To construct such an automo-

bile is well within the ability of modern automotive engineers, but to
dosoisa different design problem from the one currently given to the

American engineer. It does make sense to prefer one design project
over the other. Ani e engineer could conceivably argue that desngmng an

automobile similar to the Mercedes is a better goal than designing one

similar to the Mustang, because it would last longer, conserve natural
resources, promote national pride, or whatever. And, of course; a
second engineer may feel that he could have produced a better final

product than the first -engineer given the same problem statement. Biit

for the e engineer who designed the Mustang, the automobile 1 you see

before you is his best solution to the problem he was given to solve.

To exist is to be some engineer’s notion of best.

- Unlike science, engineering does not seek to model reahty but
society’s perception of reality, including its myths and prejudices. If a
nation feels that a funeral pyre should be aligned in a north-south

direction to aid the dead person’s journey to heaven; the model to be

optimized will [incorporate this consideration as a design_ criterion,

regardless of the truth of the claim. Similarly; the e engineering model is

not based on an eternal or absolute value system,. but on the one

thought to represent a specific society. In a society of cannibals, the

engineer will Uy to design the most efficient kettle. As a result, the
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optimum obtained fro.n this model does not pretend to be the abso-
lute best, but only the best relative to the society to which it applies.
Contrast this with a scientific model. Speaking of Einstein's theory as
the best available analysis of time and space implies that it comes
closest to describing reality. It is better than the formulation of Newton
because it explains more accuratc.ly ot more simply our observations
of nature. Best for the scientist implies congruerice with an assumed

external nawre; best for the engineer implies congrueace with a
specific view of nature.

- The appropriate view of nature e for opnmlzanon is not 1ust an ob’ec
tive, faithful model of society's view, but includes criteria known only
to the engineer. One important consideration in lowering the cost of
an automobnle, for mstance, is its ease of manuﬁ;cture 1f standard
gssembly line instead of by hand, the cost of each unit goes down.
Ease of manufaaure isa crit;.rion seidom tbnSidéred By ii:ié pnBiié Biji

blle desngn Becai.lse of these addmonal vanables the appropnate

subjectlve consxeerauons of the englneer who makes the desngn

In general, the optimum shifts when an optimization space with a
reduced number of criteria is used. The best automobile based on the
axis system of the public and that of the engineer will therefore differ.
The person: who criticized the engineer for not providing an automo-
bile to last fifty years was making the error of not using a complete axis
system. He was almost certainly not considering the ease with which
stich an auromiobile could be manufactired. As mentioned beiore, the
design of a long-lasting automobile is. possible and would be as
exciting a challenge to the engineer as the present line of products.

But the demand for it in the United States is so low, and the cost of

producing it so high, that the cost per vehicle would be prohibitive: As
a second example of a deficient system of axes being used by some
members of the public; consider the complaint communication engi-
neers occasionally hear: “This holiday season all the phone lines
were busy and I couldn’t get. through You would thmk the people at

dlﬂ'Erent axis sys:ems belng used-——one by the lay person, one by the

engineer.
_ The engineer could easily desngn a telephone system for the busnest

period of the year; but the extra équipment that would be needed

16



12 7 DEFINITION OF THE ENGINEERING METHOD

would remain idle the rest of the year and would have to be stored and
maintained. The _engineer uses an axis along which the cost of the

extra, seldom-used equipment is traded off against the loss of service.
The public has a right (I would say: obligation) io help select the

problems for solution, the major design criteria, the return functions

and the relative weights, but since the optimum shifis When an  optimi-

zation space with a reduced number of criteria is used, it is naive to
criticize an engineer’s optimum solution based on a reduced set of
criteria without justifying the reduction. -

. Theoretically, then; et for an engmeer is the re.>ult of mampulaung
a model of society's perceived reality, mcludmg additional subjective
considerations kriown only to the engineer constructing the model: In

essence, the engineer_creates what he thinks an informed soc iety
should want based on his knowledge of What an uninformed society
thmks i wants.

evidence that. the axis system ultimately Lhosen as represenizitive of

society was deficient. The San Francisco Embarcadero freeway has

become a classic example of the practical problem of trying to evaluate

society’s optimum. It was designed. as the best way to move traffic

about the city, mcney was appropriated and construction begun. The
Embar-adero, now known as the freeway to nowhere, was abandoned
m mnd constmcuon bemuse the des:gn falled to mc1ude consnder

my view of the bay;’ “Don’t raise the 1 nplse level or densnty of people
in my neighborhood;” and “Don't lower the overall quality of life;”

were important to the citizens of San Francisco. Too e expensive to tear

down the Embarcadero now stands as a monumem to Lhe d.ﬁ”erence

retically the best desngn is determined once the «¢ opnmlzanon space is
known, practically it is hard to be sure that we have not neglected an

important axis in constructing this space: In the example mentioned,

the_optimization space of the engineer proved in practice a poor

representation of society. = . o
- A fundamental characteristic of an engmeermg soluuon is that it is

the best available from the point of view of a specific engineer. If this
engineer knew the absolute good, he would do that good. Failing that,
he calculates his best based on his subjective estimate of an informed
society’s perception of the good: With doubt about the criteria that are

important to society, with doubt about the relative importance of these

17
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criteria and with doubt as to Whether society’s best reflects the individ-

ual’s best, how can the engineer design the optimum product? What
strategv does he use?
Best, change, uncertamty and resources——although we. do not as yet

Presndent of the United States promotes a new generatlon of space
weapons to creite a defensive umbrella and then calls on the “scien-
tific community” to give us a_ way. of developing it; he is conﬁJsmg

scnence and engmeermg Relatlvely speaktng, httle néW "‘tence is

the theory of ¢ energy emission by lasers or. pamcle beams are all

-reasonably well understood by the scieatist. If such a device is to be
developed, the_ President would be better advised to call on the
engineering community. Journalists share this confusion about what
constitiites a scientific problem and what an engineering one. When
reporters seeking information about the_ above-mentioned _project

went to “scientific experts” to evaluate the “feasibility of this space-
age missile defenise system,” they went to the wrong place. Its feasibil-

ity is certainly more in doubt because of the difficulty of finding
materials able to survive the tensile stresses, radiation damage and
alien temperatures than because of something that violates the known

laws of nature lf feaSlblllty is the qixestnon youmallsts should contact

Smce confusnon evndently exists in n the mind of the non- engmeer as
to what constitutes an engineering problem, let us consider several
examples with the defining characteristics of one in mind. The state-

ment of an engineering problem might well be:

I believe that this nation should commit itself to achieving
the goal, before this decade is out, of landing a man on the
moon and returning b him saféli’tb the earth. No siﬁgle space

project in this period will be more impressive to mankind,
Or more important for the long-range exploration of space;
and none so difficult or expensive to accomplish. ... [The

cost would be) $531 million in 1962 and an estlmated $7-9
billion over the next five years.

one of America's most spectacular englrieermg adventures.

i8
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Engmeermg chgnge is not llmued to the creation of physlcal devnces

such as spaceships or highways: Other political, economic and psycho-
logical examples that require the engineer are €asy to find. Some are

almost trivial, others more complex—but all have the characteristics of

an engineering problem. Perhaps a politician wants to be reelected or
to win support in_Congress for the construction of a dam in his home
district; perhap . an economist would like to.increase the gross national
product or find a way to reduce the national debt; perhaps a psycholo-

gist would like to stop children from bmng their nails or condition a

race to create a utopian state using “behavioral engineering.” The
changes implied by these examples are usually not associated with the

englneet, but careful study of the charactensncs they share Wl[h the

for New York Gltv shows a deﬁmte pattem For each an engmeer is
needed. : R

__If you, as with all humans since the birth of man, desnre change lf
the system you want to change is complex and poorly understood; if
the change you will accept must be the. best available; and if it is
constrained by limited resources; then you are in the presence of an
engineering problem. If you cause this change using the strategy to be

given in the following pages; then you are an engineer.
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THE PRINCIPAL RULE OF THE
ENGINEERING METHOD

Cﬁess is :fl ébmpiimié& g:iriié' Alihédgii iri thééfy :i éémpiete game

moves for the whne snde then all possnble responses to each by black
then white again and so forth until every possible game appears on the
tree, in practice this procedure is impossible because of the enormous

number of different moves and the limited resources of even the
largest comptter. Chess, therefore, defies analytncal analysis.

- To learn. chess, a different strategy is usually needed to cause
desirable change in our poor understanding of the game consistent
with the available rosources. This strategy consists of giving sugges-

tions, hints and rules of thumb for sound play. For example:

1) Open thh a center pawn,

2) Move a piece only once in the opemng,

3) Develop the pieces quickly,

4) Castle on the king’s side as soon as possnble, and

5) Develop the queen late.
As we éet better, we bééiﬁ to hear:
6) Control the ¢ center, )
7) Establish outposts for the kmghxs,

8) Keep bishops on open diagonals; and
9) Increase your mobihty

Although these hmts do not guarantee that we wnll win, almough they
often offer conﬂncnng advice; although they dépend on context and

20
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Although these hints do not guarantee that we will win, although they
often offer conflicting advice, although they depend on context and
change in time; they are obviously better than trying to construct the
game tree, and we do learn to play better chess. What is the name of

this strategy? .~ .~ .. ..

One of the topics s:udled in a course in amﬁcnal mtelhgence is an
unusual way. of | programming a computer to solve problems: instead of
giving it a program with a fixed sequence of deterministic steps to
follow—an algorithm, as it is called—the computer is_given a list_of

random suggestions; hints or rules of thumb to use in seeking the

soiutmn toa problem The hints are Lalled beurzsncs the use. of thése

lytic techmque works: I[ has been used in computer cades that play
championship checkers, ldennfy hiirricanie cloud formations and con-
trol nuclear reactors. Like the computer, both the method for solving
its problem (learning to play chess) and that of the engineer in solvmg
his problemis (bunldmg bridges and so forth) depend on the same
strategy for causing change. This common strategy is the wuse of
beuristics. In the case of the engineer, it is given the name engineer-
ing design.

To analyze the lmponam relauonshlp between engineering desngn
and the heuristic, four major_objectives are set for this part of our
discussion. They are to understand the techmcal term beurtstzc to

nical term, state of the art; and ﬁnally to state the pnncnpal rule for

lmplementing the engmeermg method The heurlsuc wxll be consnd

through its synonyms Specxﬁc exémples of engmeermg heunsucs will
be. considered in Part I11. The state-of-the-art will be explained by
definition and by looknng at its evolution and transmission from one
generation of engineers to the next: Five examples proving the useful-
ness of this important engineering concept will be reviewed in this

section.
The Heuristic
A Definition
A heuristic is anything that provides a plausible aid or direction in

the solution of a problem but is in_the final analysis unjustified,
incapable of justification, and fallible. It is used to guide, to discover

21
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and to reveal Thrs statement is a first approxxmanon or as the engr
neer would say, a first cut, at defining the heuristic.
Sigridiizféé of the Heuristic

: Although drﬂiculr to deﬁne a heuristic has four sngnatures that make
it easy to recogmze

A heuristic does not guarantee a solunon,

It may contradict other heuristics;

It reduces the search time in solvxng a problem and

_e_Its acceptance depends on the immediate context instead of on an

abaolure standard

Let ds compare the presumabl; known concept ofa screntrﬁc law with
the less- well known concept of the heurrsnc with respect to these four
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sxgnatures In domg SO W mll come_to apprecnate the rationality of
using irrational methods to solve problems.

This comparison may be easier if we use the snmple mathemaucal
concept of a set. The interior of Figure 2 represents the set of all
problems that can altimately be solved: It will be given the name U, U
is not limited to ihose problems solvable on the basis of present

knowledge, bui_includes all problems that would theoretically be

solvable given perfect knowledge and an infinite amount of time, The
points labeled a, b, ¢, d, gand bare elements of Uand r represent some

of these problems. If you prefer, it is sufficient for our present put-
poses to think of U as a simple list of questions abott natiire that
humanity will sommeday be able to answer. On this. list most people
bom into the Western tradition_would include: Will -the sun rise

tomormw? Does bread nounsh? lf I release this ball; will it fall? md

should the Aswan High Dam have been built? Outside this area is

everything else—questions that humanity cannot answer, questions

that humanity cannot even ask; and pseudo questions. Many scientists
believe *hat no points, such as e and £, exist in this outside region. This

picture admittedly leaves unidentified and certainly unresolved many

important issiies.
- Figure 3 is ldenucal ) the previous orne, except the sample prob
lems are now encircled by closed curves labeled A through 7 Similar

to the dotted rectangle; the area inside each curve represents a set.

Those that have been crosshatched, 4, B, B, C, D, and I, are sets of

problems that may be solved i using a specific scientific or mathemati-

cal thcory prmc;ple or law Set A wnh problem aasa representauve

law of conservauon of mass- cnergy and set. B those requiring the
associative law of mathemaucs If the area msnde .a curve is not cross-
hatched, siich as E, £ Gand H, it represents the set of all problems that

may be attacked using a specific heuristic. This figure helps illustrate
the difference between a scientific law and a heuristic based on the
four sngnatures jiven. earher ,,,,,,,,,,

chamctensuc the sets referrmg to scnenulic laws rest. completeiy
within set U, while those referring to heuristics include the area both
inside and outside of Ui When heuristic E is applied to problem d, a
satisfactory solution results. This is not the case When the same heuris-

ticis applied to problem e. 10 a scientist, ambiguity about whether an

answer to a question has been found is a fatal Weakness. He seeks
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procedures, strategies and algorithms that give predictable results
known to be true. Unceriainty about a solution’s validity is a sure mark

of the use of a heuristic. ,

‘Unlike scientific theories, two heuristics may contradict or. give
different answers to the same question and still be useful. This blatant
disregard for. the classical law of contradiction is the second sure
signature of the heuristic. In Figure 3 the overlap of the two scientific
sets; € and D, indicates that a problem in the common area such as ¢
would require two.theories for its solution: The need for both the law
of gravitarion and the 1aw of light propagation to predict an eclipse is a
good illustration: Since combinations of two, three and often more
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sc;enuﬁc and mathemancal theories 1 must work together to solve maost
problems; Uis overlaid with a complex array of scientific sets.
_This is not true in the case of the heuristic. Here; the overlap of F

and G represents the conflicting answer given to problem f found
outside of U. Although at times two_heuristics. _might be needed to

arrive at an answer and, hence; to overlap within ¥, the most signifi-

cant characteristic of a heuristic is its rugged individualism and ten-
dency to clash with its neighbors. We have already seen, for example,

that at least three different heuristic strategies are available to arrive at
the number of ping-pong balls in a room and that each leads to a

different, but completely acceptable, engineering answer. For a math-

ematician, contradrctron is  worse than amblgurty Mathematrcnans

solution rf ...uependem conﬁrmanon exists . that the soluuon, once
found, represents the truth. A contradiction, however, is _always unac-
ceptable; for it implies a complete breakdown in the system: Logically,

from any | tvvo proposmons that eontradrct, -1y prOposmon at all ~may

ma;hemancs Unlrke screntrﬁc laws heurrsucs have never taken klndly

when they brrdle L
Some problems are so serious and the approprrate analyncal tech
nlques to solve them erther nonexistent or so time- consumlng that a

not a member of any crosshatched set, but is a member of the
heuristic set H. If gis lethal to the human Species on a time scale

shorter than screnuﬁc zheory can be developed to solve it, the on'y
ranonal course is to use the lrratronal hetiristic method. Problem 5

represents a variant of this situation. It is a member of both A and 7,

but now let us assume that the time needed to implemient the known
rigorous solution is longer than the lifetime of the problem: Again,

better first-aid in the field than a patient dead on arrival at the

hospital.
Unfortunately, THost serious problems facrng mankmd are srmllar to

g and b. Sufficient analytical theory or enough time to 1mplement
known theorv does ‘not exrst 1o solve the problems of war, energy

heurrsncs is surely avmlable——rf only we know how to use it.
Even though heuristics are_nonanalytic, often faise and someumes
contradictory, they are properly usid to solve problemis so complex

95
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be either rnadequate of 100 time- consumm{' Tlus ablllty to_solve
unsolvable problems or to reduce the search time for a satisfactory
solution is the third characteristic by which a heuristic may be recog-
anCd oL ool : R
The ﬁnal signatuse of a heuristic is that its acceptance or validity is
based on the pragmatic standard—it works or is usefu! in a specific
context—instead of on the scientific standard—it is true or consistent
with an assumed, absolute reality. For a scientific law the context or
standard of acceptance remalns valid; but the law itself may change or
become obsoléte; for a heuristic the contexts or standards of accep-

tance may change or. become obsolete, but the heuristic itself re-

Scrence is based on conﬂlct criticism of crltlcal thought on what
has been called the Greek way of thinking. A new scientific theory,
say B, replaces an old one, B, after a series of confrontations in which
it is able to show that—as an approximation to_reality—it is either

broader in scq)e or s:mpler in form 'f two screntnﬁc theorres B and

one of them must it be vérong In every scientific conflict there must be

a winner. The victor is declared the best representative of “the way
things really are”” and the vanquished discarded as an interesting, but

no longer valid, scientific relic: Ironically, the loser is often demoted
to the rank of a heuristic and still. used in cases of expediency. Thus,
Einstein's theory replaced Newton's as scientific dogma; and New-

ton’s Law of Gravntatlon is now used in the 1argon of the engnneer

the set, U, exists that it does not change in time; that it is_eternal.
Only the set of currently accepted scientific laws changes in time:

- On_the other hand; the absolute value of a heuristic_is not. ‘éstab:
lrshed by conflict but depends excluslvely on its usefulness in a
specific context. If this context changes, the. heuristic may become

uninteresting and disappear from view, awaiting, perhaps; an even-

tual changc of fortune Unhke a ‘-c1ent|ﬁc theory, a heunstrc neirer

therefore more approprrate in the case of a heurristnc

~ For the engineer the set_U represents all problems he wants the

answer to at a given moment instead of ail problems that are_ulti-

mately answerable As a result, it is not a constant but varles in time.
The engineer'’s set U ebbs as the obsolescence of the buggy has left

26
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the heuristics for buggy whip design high and dry on the shelf in the
blacksmith’s workshop, and it flows as renewed interest in self-
sufficiency has sent young people in search of the wisdom of the

pioneers. One heuristic. does not replace another by confrontation
but by doing a better job in_a given context. Both the engineer and

Michelangelo “criticize by creation, not by finding fault.”
The dependency on immediate context instead of absolute truth as
a standard of validity is the final halimark of a heuristic. It and the

other three signatures are not the only important distinictions be-

tween the scientific law and the heuristic; but they are sufficient, I
think, to indicate a clear difference between the two.

Synonyms for the Heuristic

Most engineers have never consciously thought. of the forimial con-
cept of the heuristic, but all engineers recognize the need for a word
to fit the four characteristics just given. They frequently use the
synonyms rule of thumb; intuition, technique, hint, rille of craft,

engineering judgment, working basis; or, if in France, le pif (the
nose) to describe this plausible; if fallible, basis of the engineer's
strategy for solving problems. Each of thesé terms captures the feel-
ing of doubt characteristic of the heuristic.

__This_completes consideration of the technical word beuristic
nceded for a definition of the engineering method until Part 111,
where an extensive list of examples will be given. We have analyzed
this important concept by analogy with the_hints and suggestions
given to learn chess, by definition, by looking at four signatures that
distinguish it from a scientific law and by reviewing a list of its
synorTyﬁg DIl . - o m o e : o N

I hasten to add that nejther the word beuristic nor its application to
solving particularly intractable problems is original with me. Some
historians attribute the earliest mention of the concept to Soctates
about 469 B.C., and others identify it with the mathematician, Pappus,
around 300 A.D. Principal among its later adherents have been Des.
cartes, Leibnitz, Bolzano, Mach, Hadamard, Wertheimer, James, and
Koehler. In more recent times, Polya has been responsible for its
continued development.* Without a doubt; the study of the heuristic
is very old. But as old as it is; the use of heuristics to solve difficult

* Polya; G:; How to Solve It, Prificeiofi University Press; 1945, 1973,
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probtems is older still. Heuristic methods were used to guide, tc
discover and to reveal a plausible direction for-the .construction of

Definition of the Engineering Method

What is original in our discussion is the definiition of the engineer-
ing method. as the use of engineering heuristics to cause the best
change in a poorly understood situation within the available re-
sources. This definition is not meant to imply that the engineer just
uses heuristics from time to time to aid in his work, as might be said
of the mathematician. Instead my thesis is thzt the engineering
strategy for causing desirable change in _an_ unknown. situation
within the available resources and the use of beuristics is an absolute
identity. In other words, everything the engineer does in his role as
engineer is under the control of a heuristic: Engineering has no hint
of the absoluie, the deterministic, the guaranteed, the true. Instead it
fairly reeks of the uncertain; the provisional and the doubtful. The

engineer instinctively recognizes this and calls his ad hoc method
“doing the best you can with what you've got,” “finding a seat-of-the-
pants solution,” or just ‘“‘muddling through.”*

State-of the-Art

Instead of a single heuristic used in isolation, a group of heuristics
is usually required to solve most engineering design problems. This
introduces the second important technical term state-of-the-art. Any-
one in the presence of an engineer for any length of time will have
heard him slip this term into the conversation. He will proudly
announce that his stereo has a state-of-the-art speaker system or that
the state-of-the-art of computer desigr. in his home country is more
advanced than elsewhere. Since this concept is fundamental fo the art
of engineering; attention now shifts to the definition, evolution and

transmission of the state-of-the-art, along with examples of its use.

* This definition of the engineering method was first presented in a paper

entitled; “The Teaching of the Methodology of Engineering to Large Groups
of Non-Engineering Students,” Gulf-Southwest Section, American Society for
Engineering Education, March 26, 1571.
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A Definition

State of the art, as a noun or an adjectlve always refers to a set of
heuristics. Since ‘many different_sets of heuristics are possible, many
different states-of-the-art exist, and to avoid confusion each should
carry a label to indicate which one is under discussion. Each set; like
milk in the grocery store, should also be dated with a time stamp to
indicate when it is safe for use. Too often, the neglect of the label with
its time stamp has caused mischief. With these two exceptions; no

restrictions apply to a set of heuristics for it to qualify as state- of the- -art.

In the srmplest but less famrlrar, sense, state-C

solve a specrﬁc problem ata specrﬁc ume The implicit label reminds
us of the engineer and the problem, and me stamp tells us when
the design ¥ ‘was made. For example, if an engrneer wants to design a

bookcase for an American student, he calls on the rules of thumb for
the size and " veight of the typical American textbook; on engineering

experience for the choice of constructron materrals and therr physrcal
properties, and on standard anatomica

the average American student can reach and so forth. The state- of the-
art used by this engineer to solve this problem at this moment is the
set of these heuristics. If the same engineer Were asked to desrgﬁ a
bookcase for a French student, he would use a different group of
heuristics and hence a different state-of-t rt. (Bookcase design is

not 'h” same m the Umted States and France) Now consrdet' two

sach wi l,produce srmrlar, bat
different; desrgns Since a product is necessarily consistent with the

specific set of heuristics used to produce it, and Sinice no two engi-

neers have exactly the same education and past experience; each will
have access to similar, but distinctly different, sets of -heuristics and
hence will create a different solution to the same problem. State-of:

as a noun refers to the actual set of heuristics used by each of

these engrneers o o
¢ more convent:onal sense, state of the -art

also refers to the set of heuristics judged to represent “best engineer-
ing practice.” When a person says hat his stereo has a state-of-the-art
speaker system or that he has a state-of-the-art bookcase, he -does.not

just mean that they are consistent with the heuristics used in their

L)
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desrgn That much he takes for granted lnstead he is expressing the

stronger view that a representative panel of qualified experts would

judge his speaker system or his bookcase to be consistent with the
best set of heuristics available. Once again, state-of-the-art refers to an
identifiable set of heuristics:

Because the design of a bookcase requrres only srmple unrelated

heuristics, it misrepresents the complexity of the engineering state-
of-the:art needed to solve an actual problem: More typically, the
state-of-the-art is an interrelated network of heuristics that control,

inhibit and reinforce each other. For example, the physical property
of a large organic. molecule called the enthalpy may be determmed

of carbon and hydrogen atoms the macromolecdle contams and then
applying a known formula (4 rival heuristic). In practice, the engi-

neer uses sometimes one method, sometimes the other. Obviously

he has another heuristic—perhaps something like *‘go to the labora-
tory if you need 10 percent accuracy and have $5,000"—to _guide his

selectron between the two. Bookcase desrgn and even the determma-
examples that they hardly suggest the. complexrty of a state-of-the-art.
1t is_to your imagination I must finzlly turn to visualize how much
more complicated the state-of-tne-art used in the design. of an air-
plane must be as the heuristics of heat transfer, economics; strength’
of materials and so forth inflience, control and modify each other:

Whether it is the set that was actually used in_a specific design
problem or the set that someone feels would be the best, state-of-the-
art always refers to a collection of heuristics—most often a very
complicated collection of heuristics at_that. Its imaginary label must
lei us know which engineer, which problem and which set are under
consideration..

 The state-of-the-art is a functlon of time: It changes as new
heuristics become seful and are added to it and s old ones become

obsolete and are. deleted The bookcase desrgned for a Benedrctme

not emphasrze the time stamp that must ;be assocrated wrth every
state-of-the-art. Now is the time to ~orrect this omission and consider

the evolution of a set of heuristics in detail, beginning with a well-
documented example.

Co.
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Evoiutzon

ln overall Outlrne, scholars feel that the evolutron of the | present
day cart took place in a series of stages: Since the wheel probably
evolved from the roller, it is assumed that the earliest carts had
wheels rigidly mounted to their axles, wheels and axle rotating as a

unit. This assembly has the disadvantage that one w"eel must skid in
going around a corner. As an improvement, the second stage was

probably a cart with the axle permanently fixed to the body and with

each wheel rotating independently. In this design neither the wheels
nior the axle were capable of 1 Ppivoting. It has the disadvantage that the
cart cannot go around corners unless forced into each new position.

This same difficulty still bothers parents who own the old-fashioned
baby stroller with fixed wheels.

After 20 or 30 centuries; the engineer learned how to correct thls
problem by allowing the front axle to _pivot cn a king_bolt as stage

three in the evolution of cart design. Since the front and back wheels

were large and the same size, this cart could not iurn sharply without
the front wheels scraping against its body. In the final stage; the front
wheels were reduced in size and allowed to pass under the bed of the
wagon as the front axle pivoted. This process of evolution has contin-

ued into_the present day, of course; as the cart has become the
automobile: But as we are short on time and this modern state-of-the-
art is more complicated than _you_might think, you will have to ask

your local racing enthusiast or mechanical engineer what rack-and-

pinion steering is and how it works.

Transmission
. Down through the ages the state-of-the-art has been preserved
modrﬁed | and transmitted from one individual to another in a variety

of ways. The earliest method was surely a simple apprentice system

in which artisans carefully taught rules of thumb for firing clay and
chipping flint to their assistants who would _someday replace them.
With hreroglyphrCSJ cave_paintings and, later, books, the. process

became more efficient and was no longer dependent on a direct link
between teacher and taught Finally, in more_recent times, trade

schools and colleges began to specialize in teaching engineers. In

spite of the importance of apprentice, book and school in _preserving;

modifying and transmitting accumulated engineering knowledge,
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they need not detain us longer because of their famrlrarrty
~An addmonal method is less well kriown and worth a mmutes

delay. If an engineer were asked to design a cart today, he would use

an amculated front axle and wheels [ha[ were small enough to pass

evoluuon of cart desig gn but because the carts he actually sees. around
him today are constructed this way. All traces of the state-of-the-art
that dictated axle and wheels turning as a unit have drsappeared The
engineer does not need to know the history of cart design; the cart
itself preserves a large portion of the state-of-the-art that was used in
its construction: In other words, modern deslgn does not recaprtulate

the hrstory of ancrem desrgn

objects of today, the engrneer is unusually sensitive to the physrcal
world around him and uses this kriowledge in his design. I once
asked an architectural engineer to estimate the size_ of the room in

which we had been sitting during an earlier meeting: He quickly gave
an answer by remembering that the room had three concrete col-

umns along the side wall and two zlong the front. Since he also knew
the rule of thumb for standard column spacing that applied to a room
such as we had been in; he could calculate its size quite accurately.

This awareness of the present world translates directly into. the
heuristics used to_create a fiew one. If 2 proposed room, airplane,
reactor or brrdge devrates too far from what he has come to expect,

may be unaware that he. rs,,w,earrng &lasses the engmeer ]udges

creates and sees his worid through lenses ground to the prescription
of his state-of-the-art.
To review: the state-of- the art is a specrﬁc set of heurlsncs desrg

nated by a label and time stamp. It changes in time and is passed
from engineer to_engineer either directly; by 1 the technical literature,
or in a c0mpleted desrgn 'l‘yplcally it 1ncludes heur:sncs that ard

bel‘avror in solvmg problems “The _state- e-of- the art is the context
tradition or environment (in its broadest sense) in which a heuristic
exists and based upon which a specific_heuristic is selected for use.
We might also characterize the state-of-the-art of the engineer as his
privileged point of view. .

State-of-the-art, no matter nOw it is wrmen is both a cumbersome
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and rnelegam term. Afier only a few pages of deﬁnmon we have

become tired of seeing it in print. Therefore, from now on 1 _propose
to replace it by its§ acronym sota. _Coining a2 new word by using the

first letters in an expressron s constituent words is a ramrhar proce:

ianging) and thie lem (Ainar excursion module) in large engrneermg
projects such as the manned landing on the moon, acronyms are so
frequently used that often a project description appears to the non-

engineer as written in a foreign language. At times an acronym even

takes on 2 life of its own, and we forget the words used to create i.
Few remember the original definitions of laser, scuba, zip. code and

snafu, and I wish the same fate for this new acronym sora. From now
on, sota, used both as adjecuve and noun, is to be taken as a technical

Exampie Uses of an Engzneerzng Sota

Wuhout due consideration, the concept of an engrneermg state-of-
the:ait as a collection of heuristics : appears_contrived, and its acro-
nym, gimmicky. The frequency with which the word sora will -appear
in the remainder of this discussion and the relief we will feel at not
seeing its expanded form each time will answer the second criticism.

Five specific examples showing the effectiveness of the sota as a tool
for brrngmg understandmg to important aspects of the engineering

world will answer the first: Various sets of heuristics will now be used
to:

1) Compare mdrvrdual englneers

2) Establish a rule for judging the performance of an engmeer,

3) Compare the technologrcal development int various nations,

4) Analyze several pedagogical strategies of engineering educa-
tion, and

5) Deﬁne the relanonshlp between the ¢ engmeer and socrely

ThlS last example will also. suggeat ihe. lmponance of technologrcai

literacy for the-non. engrneer and hberal llteracy for the engineer.
Although these examples will occupy a reasonable amount of ¢ our
time, they should dispel any feeling of artificiality in the notion of a
sota and suggest important areas for future research. We will then; at
last, be int a position to consider the principal rule for implementing

the engineering method.
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COMPARISON OF Eﬁéiﬁééﬁé:

The mdmdual engmeer in his roleﬁgs engmeer is deﬁned by rhe
set of heuristics he uses in his work. When his sota changes, so does
his proficiency as an engineer. This set will be represented by the area

r

The symbol represen'mg my current definition as an engmeer lS, of
course sota | Ko,,, 1985

rhe use e)f asna Wlll make rhrs pomt The sotas of three engmeers, A,
B; and N, are shown in Figure 5. They share those heuristics inside the
area mdncared by rhe small rectangle where rhey overiap, bur eaeh also

experrence of the ehgmeer it repreéehts In general if 4, B, and N are

all cml engmeers rhe over!ap of rhenr sotas is larger than lf A isa cml

Most cmi engmeers have read the same journals, attended the same
conferences and quite possibly used the same textbooks in school. Not

surprisingly, they share many engineering heuristics.
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Sota

Sotd

Figure 5
If the sotas of all modem civil engineers, instead of only the three,
were superimposed, the common overlap of all of these sets; techni-
cally called the intersection, would conuain the heuristics required to
deﬁne a person as a modem cnvnl engmeer Both socnety and the

solvmg civil e engmeer
mg problems What is now needed is research to determine the
minimum mtersecuon necessary to cemfy an engmeer asan expert in,

the heurnsucs it must contain for a person to be properly called an

3 ~e
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approprlate sotzs measures the s:mrlarrty and drssrmrlarlty of engi-
neers. It is an instructive example. of the use of the concept sofa.

No one, 1 think; would argue that engineers should noi be held
responsible for their work. The difficulty is knowing when they have

done a satrsfactory job. A discussion of the mrrect ruje for 1udgmg the

engmeer wrll be a good second exzmple of us-ng an engmeermg sota

imaginary label and a time stamp to each one This drscussron will
also point out the difficulty of implementing this Rule of Judgmerit.

RULE OF jllDGMENT

: Tlte heavy outsrde border in Frgure 5 mdrcates the set of all
hetiristics used by 4, B, and N, or sota | AN If all engineers were
included in this figure, it would delimit the sota of the engineering
profemon as a Whole or sr)ta | e,,g prof 1 The stippled area in Figure 6

No engineer will have access to all of the heurrstrcs known t0
engmeermg, but in prmctple some engmeer somewhere has aCCess

represents the subset of heuristics needed to. solve a specrﬁc prob
lem. The combined wisdom of the engineering professioii defines
the best possible engineering solution. This overall sota represents
best. engineering practice and is the most reasonable practical stan-
dard against which to judge the individual _engineer. It is a relative

standard instead of an absolute one, and like all sotas it changes in

To my knowledge, no engmeers are clairvoyant.. Handlcapped in
thrs way, it would seem unreasonable to expect them to make 2
decision at one moment based on information that will only become
available later. They can only make a decision based on the set of
heurrstlcs that bears the tlme stamp certrfymg |ts valldrty at the time

formulate the fundamental Rule of Judgment in engmeermg Evalu
ate an engineer Or an engineering desrgn against the sota that defines
best practice at the time the design was made.

This rule is logical, defensible and easy to state. Unfortunately, it is
not umversally applied owing to lgnorance, inattention and a_ genu

ine difficulty in extracting the sota that represents good engineering
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Figure 6

pracnce from the set of all engmeenng heunsncs in a spectﬁc case.
Each of the se three reasons for not observing the Rule of Judgment is
worthy of special attention.

For the lay person, the fallure Df an engmeermg product usually
means that some engineer somewhere has done a poor job of desngn
This criticism is based on ignorance of the correct basis for judging
the engineer and is indefensible for twc reasons. First, an _engineer-
ing design always,f”corporatcs finite_probability of failure. The

engineer uses a complex network of heuristics to create the new in

the area of uncertainty at the margin of solvable problems. Hence

some failures are inevitable. Had ancient engineers remained hud-
dled in the security of the cenain, they would never have ventured
forth to cr:ate the wheel or the bow. The engineer should not be
criticized by looking only at a specific failure and igrioring the
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context or.sota that represents the best engrneerrng pracuce upon
which decisions leading to that failure were based. Second, the wotld
changes around the completed engineering product. A sota tractor on

the date it was delivered is not necessarily appropriate for working
steeper terraces and pulling heavier. loads fifty years later, and it may

fail_or overturn or both: Often the correct basis for_ judging the

performance of an engrneer is  fiot used because the pubhc mcludrng

|ournalrsts repomng major technologrcal farlures does not know

what it is. )
Engrneers are also mrsludged through inattention. Since the sota is

a funcuon of time, specral anennon is needed to ensure that the

Arrpo't in Paris and evplarned that he had 1ust had a mrserable time

getting through O'Hare Airport in Chicago. He then added that he
cotild never understznd why Amierican engineers are not as good at
designing airports as are the French. His raistake was wanting a

ciairvoyant engineet. Leaving aside the factor of scale—the American
airport was at the time the busiest in the woild; de Gaulle had been

in operanon onl;r two weeks—two facts are beyond drspute each

the intima‘s exchange of technical information at rnternauonal tech:

nical meetings, the sota un which the French airport was based was
surely a direct outgrowth ¢ of the earlier one used in Chicago. Even an

engineer sometimes forgets the time stamp required on an engineer-
ing product.

The second example concerns. the aphorrsm of the Amerrcan fron-
tier that a stream renews itself every ten miles: Essentially this means
that a stre2m is a buffered ecosystem capable of neutralizing the
effects of an incursion within a short distance. Let us assume that an

enterprising pioneer built a paper mill on a stream and into it
discharged. his waste. According to the above rile of thumb, no
damage was done: Now let us add that over subsequent decades
additional mills were constructed until the buffering capacity of the
stream was exceeded and the ecosystem collapsed. Your job is to_ fix

blamie. If yov argue that later engineers wexre wrong to use a heuristic
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that was no longer valid, I might agree. Presumably the original
heuristic is applicable only to a virgin stream. If you argue that the
original plant should be modified to make it consistent with fater
practice, a process the engineer calls. retro- or back-fitting, 1 might
also agree; a’-hough 1 am curious whether you would fequire the

pioneer, later plant owners or society to pay for this often expensive
process. But if you criticize the original decision to build 4 plaiit on

the basis of today's set of heuristics, I miost certainly do not concur.

As others have said, we must judge the past by its own rule book, niot

by ours. S o
These two examples show how easy it is to forget the factor of time

in engineering design through inat=ntion. But now let us consider 4
more troublesome reason why the engirieer is oftei fiot judged on the

basis of good engineerinig practice at the time of his design. The
problem is agreeing on what sota is to be taken as represenative of
good engineering practice in a specific case. All engineers cannot be
asked for their Opinions; that is, SOta | ass, pror: CaNNOt be used 4$ a
standard. The only recourse is to rely on a “pane! of qualified expeits”
to give its opinion. But how is such a panel to be constituted? s
membership to be based on age; reputation or experierice? I deter-
mining the set of heuristics to represent a sota chemical plant; should
foreign engineets be constlied? And finally, when best enginieering
practice is used as a basis for how-safe-is-safe-eniough for a nuclear
reactor, should members of environmentalist groups be included? No
absclute answers can be given. But the engineer has never been put
off by a lack of inforination and is willing to choose the needed
experts—heduristically. Like any other sota. the set of heuristics he uses
to choose his panel will vary in time and must represent good engi-
neerir.g practice at the time he constitutes it. -
- Agreement about the sota that is to represent best engineering
design in the present is hard enough, buit agreement about the set
of heuristics appropriate fifty years ago is even harder. Many
of the designers of engineering projects still in use are no longer
living. Was the steel in the Eiffel Tower consistent with the best

engineering practice of its day? Witk no official contemporiry record
to document good engineering judgment, history easily erases the
engineering profession’s memory as to what was the appropriate sota
for use in the past. Given the recent rash of prodiict liability clairis

againstthe engineer, what isnowneeded is an archival sota | pes; aig juds:
to allow effective implementation of the Rule of Judgment.
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RELATIVE TECHNOLOGICAL DEVELOPMENT OF COUNTRIES

lems lr wrll serve as a thrrd example of rhe rmportance of the

sents best engxneerxng practrce isata deﬁmte drsadvantage Under

d veloped countrres are mderdeveloped precrsely for rhrs reason

sota result. in sxgmﬁcanrly drfferent products Gompetent nuclear
engineers have recently reported that a wide variation in testing
philosophy in the design of the so-called fast nuclear reactor is

evident among major- nuclear powers. They report that Americans do
extensive testing of design variations and actual components before

building the reactor itself; that the French do extensive testing on the
fuill:scale reactor (with the British doing significantly less); and that
the Russians prefer to build the reactor first and then see if it can be
made ro work

phrlosophres later and give a.name to 5 this heurrsnc For now it is

sufficient to recognize that different countries use different. sotas
when it comes to the testing philosophy of fast nuclear reactors; anc

that testing philosophy inevitably affects the final product. A col-
league once told me. he was. absolutely conviniced tiiat an American
engmeer Was rhe ﬁrsr to step on rhe moon because the Nauonal

quahty control of 1ndrvrdual components than drd its. compeurors

Whether this is true or only the exaggeration of yet another engineer
carried away by nationalistic zeal, the country with the most :fcctive

heuristics is clearly the most advanced technologically and the best
able to respond to new technological challenges. What is needed is
research to determine if the sota that represents bes!_engincering

practice in Arierica is consistent with the sota that represenis best
engineering practice worldwide.

As an addendum, I cannot help but wonder if someday American

engmeers who typrcally speak only Englrsh and base therr desrgns

a serious competitive disadvaniaéé with réspéét io mululmguai engi-
neers who base their designs on a sota containing heuristics encoded

in a variety of languages:

A
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ENG!NEERING EDUCATION

Let us look at the problem in engmeermg educauon caused by the
lack of a large overlap in the sotas of the average engineering student,

engineering professor and practicing engineer as a fourth example of
the use of the sota as a collecuon of heuristics. Presumabl\ the goal
of engineering education is to  produce an individual who will per-

form satisfactorily as a_practicing engineer. Operationally this goal

implies a change in the sota of incoming freshmen to one. that
overlaps the sota of the _engineer in the field. This change is difficult

to achieve for two reasons. First, the environmenit that shapes the sota

of the engineer and the one that shapes the sota of the student are

different. The cost of failure for a practicing engineer can be quite

high; the cost for a student is intentionally limited. In addition, a real

design problem may take years to complete, and it may have a large

budget; while the student is usually limited to a one-semester design

course with no budget at all. Of recessity, the engineer and student

work in dlfferent envnronments and thelr sotas Wlll evolve dlﬁer-

ently. Second, the sota of an engineering professor is not the same as

that of a practicing engineer. Often 2 professor has never solved a real
engineering problem and has little notion of how this should be
done: He is therefore reduced to teaching the theoretical formulas

used in desngn instead of engineering design itself. Not unexpect-

edly, the result of these two factors is a noticeable difference in the
sotas of the graduating senior and the | practicing engineer.

_Engineering educators have had to develop heuristics to deal wnth

these problems: The traditional approach is to encourage the practic-

ing engineer to participate in engineering education as a guest lec:

turer and to encourage the professor to take a sabbatical year or
consult in industry. Some _colleges have also developed design

courses that reqnire students to solve authentic problems generated

by industry, and others have encouraged students to aliernate their

formal study with work_ periods in a cooperative arrangement with

industry. All these remedies iave merit, but focusing attention on the

specific set of heuristics the graduaiing engineer wraps in his di-
ploma suggests another approach tc increase the intersection.
_The sota of the graduating student must contain !icuristics that

allow him to eﬂicnently increasc the intersection affer graduation.

While in school the student must learn thzt an engmeermg desngn is
defined by its resources and, once in industry, be alert to the
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engineering requires that decrsrons be made amrd uncertainty and
look for the heuristics the practicing eéngineer uses to control the risk
resulting from this lack of knowledge: Engineering education must
not lrmrt rtself to trytng to achreve an overlap in the sotas of student

to absorb qurckly those heurrstrcs that cannot be taught in school

engmeermg heurrstrcs or sota allows the engmeermg educator to
define the goals of modern education and to develop strategies to
achieve them.

THE ENGINEER AND SOCIETY:

The relationship between the engineer and society is the last, and

most extensive example we will consider of the use of various sotas. It

is also one. of the most rmportant

engrneermg sotas. ﬁs has been observed by other authors aphorrsms
which have all of the signatures of a heuristic, are society's rules of
thumb for successful living. Too many cooks do not always guarantee
that the broth will be spoiled: And what are we to make of the
conﬂrctrng advice, “Look before you leap” and “‘He who hesitates is
lost"? As with conﬂretmg heurrstrcs, other rules of thumb in the total

no free lunch " “Everythrng is connected o everythrng, and f
you're niot pait of the solution, you're part of the problem,” have
appeared. After a decade and a half, the author of “Never trust anyone
over thirty” is publicly having second thoughts about his contribution.
Aphorisms are social heuristics tha: 1capsulate human experience to
aid in the uncertain business of life. ,

. Socrety solves problems, society uses heuristics, society has 4 sota.

Some of the heuristics used by the engineer and non-engineer are the

same, but each reserves some for exclusive use. Few engineers use a
Ouija board; astrology or the 7 Ching in their ‘work, but some members
of society evidently do. On the other hand; no layperson uses the
Colburn relation to calculate heat transfer coefficients, but some engi-
neers most certarnly do. Therefore, the sotal society- and the

sota | engineer are not the same; but will have an intersection as shown in
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heuristic known to both the engineer and the non- -engineer. Figure 7
also mcludes six solid crrcles labeled 1 through 6 to mdlcme subsets of

lymg outside of the sota of society, requrres only engmeermg

9 Iéoaa;

Figure 7

heuristics; problem two requires some heuristics unique to the engi-
neer combined with some l'rom rhe overlap, and 50 on. As before borh

mdrvrduals and therefore the problems represemed by the subsets 1

through 6 will often require a team effort, possibly including both
engineer and non-engineer. Each of these problem areas will now be
considered. =

_ Problem one requrres only engineering - heUl'lS[lCS for its soluuon
since the engineer has rradmonally responded to the needs of society,
few engineering problems lie in this area:

Problems from area two are endemic on the engineer’s drafun"
board. They require information from society to define the problem
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for solutron and heuristics exclusrvely known to. the ehgmeer to solve

them. The analysis of the engineer’s notion of best given at the end of
Part I serves to indicate_the_importance of this region and the inter-
play of engineer and society. Non-engineers can never completely
understand the trade-offs necessary for the design of an automobile:
They must delegate responsibility to the engineer to act in their stead

and then trust the engmeer s 1udgment The altematlve approach of

knowledge—that is; those requrrrng no complrcated computer mod-

els, no advanced mathematics and no difficult empirical correla-
tions—would. socn grind the machinery of engineering to a “halt.

Problems such as | number two require a 1omt elfort in deﬁnmg goals

tramed engmeer for thelr soluuon
Some argue that we are Wltnessmg a shrrnkrng of thrs area as

ment over past solutrons No longer is rt snﬂicrent l'or an engrneer to

and safe. For a problem stich as number WO, confiderice to accept
the engineer's judgment outside of the area of overlap is based, in
part, on an evaluation. of the engineer’s. performance within the area

of overlap, which depends, .in turn; on society’s understanding of

the engineering miethod. A simple test is in order. Ask the next non-

engmeer you meet: What does best mean to an engineer? How is it

related to optrmrzauon theory' What is the state- of the art7 And what

either to delegate important aspects of their ltfe to- the engrneer or,
more important, to discipline the engineer. if they do not agree with

the engineer’s proposed solution: Given the large number. of prob-
lems in region two and their importance, can society afford human-

ists who do not have even a superficial knowledge of the major
ideas that permeate engineering? What is most urgently needed is
researcn to determine the minimum_overlap necessary for a non:
engineer to be technologically literate:

Problem three will not detain us long. In thr, area of complete
overlap between society and the engineer, the only dispute is over
which heuristics are best to define and solve it: those common to
both the engineer and non-engineer, those. used by the engineer

alone, or those used by one of the various subgroups of non-engi-
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neers. The polmcran economist, behavroral pswhologlst artist,

theologian and the engineer often emphasrze different aspects_of a

problem and suggest different approaches to its solution. Nothing

could be more different than the heuristics Pprayer, positive_ re-

inforcement, and Freudian _psychology when it comes to rearing a
child, or the heuristics used by the politician, economist and engi-
neer. when it - comes to reducmg hunger in the world Each of us

the heuristics needed for an acceptable SOlU[lOl’l are not found ‘within
the sota usually attributed to the engineer in his role as engineer.
Remember the San Francisco Embarcadero. Too €Xpensive to tear

down it stands as a monument to a purely engmeermg solution that
failed because the sota used by the engineers did not contain all the
heuristics that were important to society. Numerous studies show that
compared with_the populatton asa whole the Amerlcan engmeer is

more orlented to the use of numberb rather than general phllOSOphl'
cal posmons in makmg a decrsron and more goaloorlented These

important aspects of a problem and their relatlve lmportance at times

his model will not adequately represent society. The- -engineer may
feel it is obvious that there is an energy shortage and that we need
nuclear power; some members of society do not agree: The engineer
may feel it is obvious that the scientific view of the world is true;

some theologians do not agree.
_Only two ways of solving problems inarea four are possrble Elther

the engineer can delegate responsibility for certain aspects of a

design to the layp person and accept his input no matter how unreason-

able it seems; or he can increase his general sensitivity to the hopes
and dreams of the hu man specnes—that is, increase the. overlap of his

condition is the. responsrbllrry of the novelist, psychologlst artist;
sociologist and historian—in short; the humanist and the social scien-
tist. Another test is in order. Ask the next engineer you meet: What is

the central thesis of behavnortsm’ What is the difference between a
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Greek and Shakespearean tragedy? An engrneer unable to respond
satisfactorily to these simple questions is illiterate in the liberal arts
and in no position either to delegate important aspects. of his life to

the humanrst or, more lmportant, to drscrplme the humamst rf he

1arge number of problems in regron four and their 1mpormnce, how
can society afford engineers who Jack even 2 supetficial knowledge
of the major_ideas that permeate_the liberal arts? What iS most

urgently needed is research to determine the minimum overlap
necessary for an engrneer to be lrberally educated -
_Problem five requires heuristics completely outside the expemse

of the engmeer and rs beyond the scope of thrs drscusv.lon

view of engrneerrng Some peopie, mciudmg some engmeers, be-
lieve that no overlap should exist between the sotas of society and
the engineer. In this view, the duty of society is to pose the problems

ll wants so!ved and rhe dmy of the engrneer is to solve them usmg

dently exrst that cannot even be defined by ¢ socrety without knowrng
the range of the technically feasible and because solutions evidently
exist that cannot be found without knowing a society’s value system. I

therefore do not believe that many, if any, examples of problem six
exrst or rf they exrst lha[ lhey would be solvable In splte of rts

rare 4s it should be.

. Figure 7 underscores the effectiveness of the engrneer s concept of
a sota in the analysis. of the relationship between the engineer and
society. It must complete the examples intended to show the value of
a sota as a tool for bringing understanding to important aspects of the

engineering world. With the heuristic, the engineering method and
the sota defined; the discussion returns to our major goal; the rule for

implementing the engineering method:

Principal Rule of the Engineering Method
~ Defining a method does not tell how it is to be used. We now seek

a rule to implement the engineering method. Since every specific
rmplementatron of the engmeerrng method is completely deﬁned by

wrll tell the mdrvtdual engrneer what to do and when to do it.
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Rememoertng that everythrng in. engrneermg is heurrsuc no matter

how clearly and distinctly it may appear otherwise, 1 have found I
have a sufficient number of riles to implement the -engineering
miethod with only one; provided that 1 make a firm and unaiterable

resoluuon not to vrolate it even m a stngle tnstance

for use from what my pérSonal sota takes to be the sota representing
the best engineering practice at the time I am requrred to choose. .

_Careful consideration of this rule shows tl at the engineer normal-

izes his actions against his personal perception of what constittites
engineering's best world instead of  against an absolute or an eternal
or a necessary reality. The engineer does what he feels is most
appropriate measured against this norm. In addition to implementing

the. engineering method; this Rule of Engineering determines the
minimum subset of heurtsucs needed to define the engtneer Recall

in a small rectangular subset that tncluded the heunsucs they shared.
If instead of three engineers, all engineers in all cultires and all ages
are considered; the  overlap would contain those heuristics absolutely

essential to deﬁne a person as an engmeer ,,,,,,
This intersection will contain only one heuristic; and thts heuristic

is the rule just given for implementing the engineering method.

While the overlap of all modern engineers’ sotas would probably

include mathematics and. thermodynamics; the sotas of the earliest

engineers and craftsmen did not: While the sotas of some primitive
swordsmiths included the heuristic that a sword should be plunged

through the belly of a slave to complete its fabrication, the sotas of

modern manufacturers of épées do not. The Rule of Engtneenng is:
Do what _you _think represents best practice at. the time you | must

netther the engtneertng method nior its tmplementatron preludlces

what the sota of an individual must contain for him to be called an

engineer. -

- The goal of Part 1 of [hlS drscusston was to descnbe the situation
that calls for an engineer. The goal in Part 11 has been to describe
how the engineer responds when he encounters such a situation. if
you_desire change; if this change is to be the best.available; if the

situation is. complex and poorly understood and lf the solutron is

an engrneertng problem What human has not been in thrs situation?
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If you cause thlS change by uamg the heunsucs [hd[ you thlnk

represent the best avallable then you too are an engmeer What

_ The definition of the engmeer*ng method depends on the heuris-
tic; the rule of the method and the Rule of judgment are heuristics;
indihe e engineer is defined by a heuristic—all engineering is heuris-
tic:
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PART III
SOME HEURISTICS USED BY THE

“Nothing of any value can be said on method except through
example;” counsels the eminent philosopher, Bertrand Russell.
Cowed by such an aurhorrtauve rule of thumb; the frrsr ob;ecnve of
Part 111 will be to sample the smorgasbord of engineering heuristics.
Since examination of a long list quickly satiates; these heuristics have
been collected into five categories. The division is arbitrary and only
for ease of reference. A definitive taxonomy of engineering heuristics

must await another forum: Grouped together are:
1) Some simple rules of thumb and orders of magmmde,
2) Somie factors of safety,

3) Some heuristics that determine the engineer’s atmude toward
his work,

4) Some heurrsucs thar engmeers use to keep risk within accepr
able bounds, and

5) Some rules of thumb that are 1mportam in resource allocanon

The reason for thrs extensrve revrew is_to insist_on_ the broad

mieaning I intended to give the word beuristic in the assertion made
at the end of Part 11, that “all engineering is heuristic.” To this end,
several examples wzll be cited for each of the above categorres The

specrﬁc examples chosen are not important in themselves and many
others would serve as well. Their large number and wide variet!

are important, however, in establishing the scope of the engineering
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heurlsuc Bylts extent, [hlS lnst willd ungunsh my vnew&om that of re-

cent_authors_who _limit _the engineering heuristic to a routine
adaptation of its traditional role in problem solution.
The second objective of Part 111 js to examine competmg deﬁm-

tions of the engineering method. What we will find. is that none of
these alternative definitions is absolute; and each is therefore : appro-

priately includedin this section as an additional engineering heuristic.

- The third and final objective of Part 111 is to reexamine the defini-
tion of the engineering method given at the end of Part 11 in light of
the progress we have made and to put it in final, compact form.

Sample Engmeenng Heurlstlcs

i do not know Whether I ought to touch on the snmplest heunsucs

used by the engineer, for they are so specific to the problem they are

intended to solve that they are often unintelligible even to engineers
in closely related specialties and hence may not be of interest to most
people. Nevertheless, to test whether my fundamental. notions are
accurate and to whet the appetite for what is to come, I feel more or
less constrained to speak of them. In listing these simple heuristics I

do not intend to instruct in their use or even to reach an understand-

ing of what they mean, but rather to establish their existéence; their
variety, their number and their specificity.

Rules Qf Thumb and Orders of Magmtude

In engineering practice, the terms rule Q[ thiumb and order of

magnitude are closely related, often used interchangeably and usu-

ally reserved for the simplest heuristics. My colleague who estimated
the size of a room know:ng the order of magnitude for standard

column spacing was using the kind of heuristic I have in mind, as is

the. civil . engineer who quickly estimates the cost of a proposed
hnghway by . remembermg the rule of thumb that a typical highway in
America_costs one million dollars per mile. Both an order of magni-

tude and a simple rule of thumb must be considered as heuristics; of

course, because neither guarantees the correct answer-to a problem.

Highways costing more or less than one million dollars per mile

certainly exist, and _given the sotas of some avant-garde architectural

engineers, I would not be surprised to find buildings somewhere
with irregular columin spacing. Still; both are useful to the practicing
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engmeer whose work would be severely handrcapped were these
simple heuristics to become unavailable tomorrow.
These two examples demonstrate the existence and, by rmplrca-

iion, the importance of simple rules. of thumb, but they give litile

indication of their variety. The following group of heuristics; chosen
at random from the various branches of engineering, will correct any
chance mnsnmpressron The

_ Heuristic: The ylcld strcngth of a matcnzl is cquai to a 0.02

percent offset on the stress-strain curve

is used almost umversally by mechamcal engmeers 10 estimate the
point of failure of a wide varrety of materials, and the

Heuristlc Onc gram of uranium gwcs one mcgawatt day of

energy

is needed by the nuclear engineer for a qmck and drrty esnmate of

engrneer makrng heat transfer calculations often assumes the

) Heurlstfc Arr has an ambxcnt temperature ¢ of 20‘ C-.nugradc
and a composition of 80 percent nitrogen and 20 percent

oxygen.

when, in fact, the chemical plant he is designing-may be located on a
mountain Where this rule of thumb is not exact biit only an approxi-
mation. Similarly, today the

Héurlst{c A properly dcsigncd bolt should have at lcaSt one
and one-half turns in the threads

This list could g go on at length Asit stands however, it is suﬂicrem to

emphasize the wide variety of engineering orders of magnitude and to
demonstrate the hopelessness of trying to compile a complete list. of

heuristics used by any one engineer, much less the engineering
profession.
The engineer uses hundreds of these srmple heurnsncs in hns work

and the set he uses is a fingerprint that uniquely identifies him: The

mechanical engineer know's the importance of the 0.02. percent. offset

on the stress-strain curve and the number of turns on a properly
designed bolt, but probably has no idea how to estimate the energy

od.
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release in a nuclear reactor. The chemical engineer knows the num-
ber of plates in the average drsullauon tower, but does not know the

engmeer s s,l,mple riles of thumb and orders of magnuude are suﬂi

cient to identify his discipline, culture and education. They are the
ammunition each engineer uses in his own private preserve.

- These simple rules of thumb and orders of magnitude represent
the first category of engineering heuristics.

Fe dctors of Safety

One type of slmple heunsnc is 50 valuable that it is isolated here

for special consideration. I am referring to the engineering numbers
called factors of safety. When an engineer calcilates; say; the strength

of a beam; the. reliability of a motor or the capacity of a life-support

system, approximations, uncertainties and - inaccuracies inevitably
creep in. The calculated valuz is multiplied. by the factor of safety to
obtain the value used in actual construction: lf anyone aull doubts

saféty atall step,s,,ln the deslgn process should drssuade hlm from that

notion: In the factor of safety we see the heuristic in its purest form—
it does not guarantee an answer, it competes with other possible

values, it reduces the effort needed to obtain a sansfactorsr answer to a

problem and it *zpends on time and context for its choice. An
example will make this concept clear. .

The_evaluation of the wall thickness of a pressure vessel requires
many heuristics. At times these will include mathematical -equations,

handbook values, complex computer programs and laboratory re-

search. None of these gives an exact answer. To quote ofie of my
former chemizal engineering professors, ‘‘Always remember that ex-

penmentally determmed physrcal propem"s such as vnscosuy and
condmons In t‘he actual vat where the stuff is manufactured you wrll
be lucky if someone has not left behind an old tire or automiobile
jack.” Uncertainty in the calculated value is always present and no
experienced engineer would ever believe that the above-mentionec
heuristics could produce an absolutely correct valie for the wall
thickness of a pressure vess "l. To compensate for this uncertainty, he

will multiply the answer he calculates by a factor of safety. Instead of
using a calculated thickness of eight inches; he may, for example,

9§
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serious. problems due to the lnherent uncertarnty of the engrneermg
method, are never allowed to develop.

Attltude-Determzmng Heuristics

Knowledge of the mles of thumb we have |ust noted and others
lrke them drstrngursh the engmeer from the non- engmeer, but thrs is

not be lrmrted to technlcal examples to ﬁnd such a drstmctron but

behavror of an. eng'meer when heirs confronted with a problem What

does he do? How does he act? What heuristics determine the engi-
neer's attitude toward his work and establish his unique view of the
world? Our sample will include two heuristics as representative of
the category: the engineer's mandate to give an answer when asked

and his determination to work at the margin of solvable problems.
Although some of these examples have been hinted at before; they
are repeated here to_demonstrate a group. of heuristics that are not

directed specifically at seeking the solution to a problem but are still
essential and very much a part of the engineer's approach to problem

solution: . .
The w;llmgness to decrde or the wrllmgness to grve an answer to a

attttude The more orlgmal and peculrar the questron the more

populauon The student willing t to estimate the number of | plng pong

balls that could be put into the classroom was obeying the
engineering

Heuristic: Always give an answer.

Thrs heurrstrc is ofren taught e;&plrcrtly to engmeerrng students. For
example the design of distillation towers, those familiar tall towers
that dot the landscape of a chemical plant to refine petroleum prod-

ucts, mvolves the calculatron of the number of plates or stages they

concern to us now, requrres a graph called a McCabe Thiele dragram
One of my former professors once told our class in a stern voice; “If
you are ever in the board room of a large chemical company and are
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asked for the number of distillation plates needed to distill a material
with which you are unfamiliar, guess thirteen. I'm_here to tell you
that as a good rule of lhumb the average number of plates in

somethmg abont the McCabe- Thtele dragram for the substance in
question, perhaps that it has a bump here or a bulge there, Up your
estimate by ten_percent or lower it by the same amount. But if you

admit that you have bee;i in my class in distillation, for heaven's sake
don't say ‘I doii't know.”’ _ R

) Although thls isa true story, u .s oerhaps an exaggeranon Its pomt

quesnon they are asked "Of course in answermg, the engmeer as-

sumes that the person asking the question is literate in the rules of
technology and understands that the answer provided is in no sense
absolute but rather the best available based on some commonriy

acknowledged sota: = - ,
Characterizing t’ngmeermg desrgn as the ‘use of engineering

heuristics implies that the attitude of the engineer is controlled by
the: additional

Heuristic: Work at t the margin of solvable problems

Nertber problems amenable to rounne analysrs nor those beyond the
reach of the most powerful existing engineering heurlsucs are in-
cluded in what _may _properly be called engmeermg An algebra

problem requiring only known;, presumably uncontroversial, rules of
mathematics certainly would not be called an engineering design
problem. On the other hand, a problem completely beyond the reach

of even the most powerful engineering heuristics, one well outside
of the sota of the engineer, would also be disqualified. Engineering

design; as traditionally conceived, has no heuristics to answer the

quastions: What is knowledge? What is bemg7 What is life? To qualify
as design; a problem must carry the nuance of creativity, of stepping

precariously from the known into. the unknown, but without com-
pletely losmg totich with the established view of reality. This step

requires the heuristic, the rule of thumb; the best guess. If it were
possible to plot all problems on a line from the most trivial to the
most_speculative, the engineer uses_heuristics to extrapolate along

this line from the clearly solvable problems into the region where the

. I\ow some twenty years later in 1982 (the time stamp, once agam) a better
number is probably 20.
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almost or partrally solvable problems are found: He works at the
margin of solvable problems. . _

‘We have noted that the engrneer is different from other. people. His

attitude when confronted with a problem is not the same as the

average person’s: The engineer is more inclined to give an answer

when asked and © attempt to- solve problems that are marginally
solvable: These examples comptete the selection of typical heuristics

that show the engineer's attitude toward problem solution. It does
not, however; include all of those that could be consrdered or even

the most important. The engineer is. also generally optimistic, con-
vinced that a problem can be solved if no one has proved otherwise,

and willing to contribute to a small part of a large project as a team

member and receive_only anonymous glory. The_heuristics men-

tioned here are sufficient, 1 think, to indicate the presence of
heuristics in the engineer’s sota beyond those traditionally associated

thh probtem solutron Any serious eﬂ"ort tc explarn the engrneerrng

attrtude when confronted by a problem

Risk’Controllmg Heuristics

_Because the eng.neer wrll iry to grve the best answer, even in
srtuatrons that are marginally decidable, somie risk of failure is un-

avoidable. This does not mean, of course, that all levels of risk are

acceptable. As As shotuld be expected by now, what is reasonable is
determined by. additional heuristics that ‘control the size risk an

engineer is willing to take. A representative group of these risk-
controlling heuristics will. be discussed now, including: make small

changes in the so:a, always give yourself a chance to retreat, and use
feedback to si~isiiize the design process.
The first
Heuristic: Make small changes in the state-of-ihe-art,

is rmportant because it stabrlrzes the engrneerrng method and ex

plains_the ergineer's confidence in using contradictory, error-prone

heuristics in solving problems, even those involving. human life.

Sinice no way exists, in advance, to ensure that a given set of heuristics
will produce a satisfactory soliition to a given problem. prudent
practice dictates using this set only in situations that bear 4 family

resemblance to problems for which a successful solution has been
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found In other words thhm the hypotheucal set of all possxble

problems; a new problem to be solved heuristically should find itself

in or near the cloud of already-solved problems. To illustrate this

point, the sets Uand E from a previous example are reproduced in
Figure 8.

Figure 8

Let us assume. that in. the past. ;he heuristic £ has been successfully
apphed to problem @ and to other problems, marked with x’s, that

bear a marked family resemblance to 4. In effect; the engineer. has

built up engineering experience with £ The engineering heuristic

under consideration counsels the engineer to use E only When he can
apply it to a probleni located within the cloud of x's in Figure 8.

é

Q.




Some Heuristics Used by the Engineering Method | 53

Under thrs condmon the engineer is reasonaoly secure in usrng
fallible, nonanalytic_solution technrques But errors do creep in. The
exact position of the dotted boundary in Figure 8 is not known, and
occasionally the engineer will stray across it and a design will fail.
One of the most spectacular engineering failures_was the Tacoma

Narrows Brrdge in Washmgton state: By oscrllatrng wrth rncreasrng

it earned the name “Galloprng Gertie.” When accidents happen the

engineer is. quick to retreat, or as he would say, back of in the next
use of £ By failure he has explored the range of valrdrty of his
heuristics.

A small step does not rmply no step. Progress is made as the

engineer navigates from the safety of one bank to the unknown bank
on the other s:de of the strearn, Usmg heurrstrcs as hrs gurde “The

stepping stone to stepprng stone as the orrgmal theoretrcal idea
becamie the bench-top experifient, the pilot plant, the demonstration
plant and finally the full-scale plant itself. This sequence. under the

fizm control of heuristics, allowed a safe extrapolation as knowledge
gained at one step was passed to the next until the material for the

blouse or the shrrt you are now weartng could be produced As with

and circumspectly that even if he does not get ahead very rapidly, he
is at least safe from falling too often. In spite of its uncertainty, the

heurrstrc method is.an acceptable solutron technrque in part because

1 remember when I ﬁrst heard the next engrneerrng

Heuristic: Always grvc yoursclf a chance to rctrcat

who later became a commissioner. for the Atomtc Energy Commis-
sion. I don't remembes the specrﬁc example he used, but I do

remember his point: Much as the computer technician stores. the

darly operatron of hrs computer on a oack k-up tape or as a sensrble

case the chosen one proves unworkable Or, to use one of s society's
aphorisms, ‘‘Don’t put all your eggs in one basket.”

7
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_Ina prevnous sectlon, nuclear engineers were quoted as saymg that

a fundamenital difference in the testing phil_sophies of American and

Russian engineers was that the former tested many design variations

before settling on one, while the latter prefeired to decide quickly on
a reactor type, build it and then ry to_make it work: Since a reactor
has many components (the fuel;.coolant, moderator, reflector and
shield) and since many choices exist for each of these components, a

large number of different reactor types are possible. To name only a

few, engineers have designed pressurized water, boiling water, heavy

wiater, homogeneous -aqueous;_molten plutonium; molten salt and

hlgh -temperature gas-cooled reactors. Early in nuclear hlstory, Ameri-

can engineers built 2 bench- ‘top experiment,_pilot_plant and dem-

onstration plant for as many of these different types as possible.
Russian engineers, on the other hand, selected only a few reactor

types early in their nuclear program_and allocated their resources_to

them. The difference in the two programs is shown in Figure 9, with

the American system at A and the Russian at R At A, money is

allocated for a preliminary evaluation of all possible reactor types as

indicated by the lower level of the pyramid. As the evaluation _pro:

ceeds, the remaining resources are funneled to the most promnsmg

concepts m an ever-na:rowmg manneras the engmeer seeks the one

reactor type to Wthh all resources are allocated. A careful compari-

son reveals that both_heuristics have advantages and neither can be

rejected out of hand. If the desngn engineer can be reasonably certain

that his initial choice is near optimum,_or that all choices are equally

desirable; the Russian system, by requiring fewer resources to reach
the design objective, is Clearly preferable. It does not, however, offer

a chance to retreat. If the chosen reactor type proves physically unre-
alizable or economically unsound during the design_process, as indi-

cated by the X at R’ the. Russian engineer must begin at the begin-

ning as mdlcated by the dotted square. The American approach; at 4

is more extravagant with _fesources; but the extra time and money

invested in_design alternatives. can contribute in two ways: first, by
assuring that the final design is nearer to th¢ optimum choice ana
second, by aliowing retreat to a_lower level if the first choice is
blocked. A related formulation of the rule of thumb that an _engineer
should allow himself a chance to retreat recommends that design
decisions that carry a high penalty should be identified early, taken

tentatively, and made s0 as to be reversible to the extent possible: In
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a complex, unknown system, the possibility of retreat to 2 soitdified
information base will often pay dividends.
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Figare 9

_ Although the engineering tetm feedback, which is at the heart of
the
Heuristic: Use feedback to stabilize engineering design

dates from the water clock of Ktesbios in the third century B.C.; the
theoretical analysis of feedback is barely fifty years old. Recall that
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feedback _is the arrangement of any system Whether electrlcal me-
chanical or biological, in which the output affects the input.

- To see the parallel between a feedback system and engineering
deslgn, _replace the word system in Figure 10 with ‘he words _engi-

neering method. The input will now be the sota of e engineer, and
the output, the results of his efforts. Earlier; we found that the sysiem
to transform this input into this output consisted of only one rule:
choose the heuristic for use from what your sota takes to be the sota

representing best engineering practice at the time you must choose.

If this rule were all there were to _engineering, engineering would

hardly be a stable human activity—faiiure would be rampant and one

success would not breed another. Instead, the output affects the input

and a feedback loop is established. The sticcess or failure of the
engineer's effort is fed back to modify the_heuristics in the engineer’s

sota. For.me; the existence of this feedback loop will forever be
enshrined in the sardonic remark of a_ colleague to whom I had just

shown the film of the catastrophic. collapse -of the Tacoma Narrows

Bridge: As he walked away, he said with a shrug; “Well; we'll never
build one like that again.”

FEED-BACK
LOOP

Figure 10

If a bndge falls films of the fallure ire studled models of the
bridge are tested in wind tunnels and competing methods of calcula-
tion are examined to see which most accurately predicted the prob-
lem: As a result, the sota of bridge deszgn changes. Stable enginecr-
ing deslgn requires this feedback. .

Engineering is a risk-taking activity. To control these nsks the

engineer has many heuristics in his sota. For. example; he makes only

small changes in what has worked in the past; tries to arrange matters
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s0 that if he is wrong he can retreat, and feeds bark past results in

order to improve future performance. Any description of engineering

that does not acknowledge the importance of these three heuristics
and others like them in stabilizing engineering design and, in effect,
making engineering possible; is hopelessly inadequate as a definition
of the engineering method.

Resource Allocation Heuristics

Smce an. engmeermg pfoblem is deﬁned by its resources, I would

be remiss if at some point I failed to include a sample of the many
heuristics the_engineer uses to allocate and manage available re-
sources. This is our fifth category of engineering_heuristics. It will be

ré ed by the heuristics: allocate sufficient resources to the weak

link; allocate resources as long as the cost of not kniowing exceeds the

cost of finding out; and at the appropriate point in the project, freeze
the design.

The first item on lhe llsl the

Heuristlc Alloatc suﬂicrem rcsources to the wak link

ostensibly refers to the English aphorlsm “A chain is as Strong as its
weakest link.”” By extension; it implies that if a stronger chain is
desired, the correct strateqy is to strengthen this link. The same
concept exists m other dlscrplmes chemlery for one, Where the weak

combmes Wllh one atom of chlorme to produce one atom of salt the

final amount of salt in this chemnical reaction depends on which of the
original elements, the limiting reagent, is in short supply. In this, as in

all problems of chemrcal storchiometry, rf you want more product;

- Engineering desrgn is no dlﬁ‘erem Wrth the possrble excebtron of

the famous one-hoss shay built in 1755* that was reputed to have had
no weak link, every engineering project has a limiting element in its

design. Good engineering practice requires that sufficient resources
be allocated to this element. The overall design will be no better—and

due to overdesign of the less important parts of the final project; may

actually be worse—if additional resources are allocated to the less
critical components

Holmes.
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] Thrs heuristic is so rmportant that in centain lrmrted cases_ the engr
neer -has produced a theoretical formulation of it; such as in the

schedulmg,and coordination of the many individual tasks needed to

complete large engineering projects. Constriiction of a _building, air-

planie or brrdge requires that blueprints be drawn, the site prepared,
materials procured and verified; personnel hired and so on. Some of

these tasks can be performed in parallel; others must await the com-
pletron of an. earlrgr _task. The cntrmi path method and the related

engmeenng acronyms CPM and PERT analysrs) are mathematical strat-
egies for scheduling individual tasks and finding the critical sequence
of them (or as we woulc: say, the weak link) for completing a project.

The overall time to construct a bridge is not shortened if additional

resources are allocated to finish tasks not found on the critical path.

Theory predicts that if you want to decrease the time to complete the
project; attack this weak link..
The second item on the list, the

Wﬁeurictfc Allomtc resources as long as the cost of not
knowing excecds thc cost of ﬁnd'ng out,

appears frequently in the literature in a varrety of forms One author

suggests “that a project be continued when confidence is hi igh enough
to permit further allocation of resources for the next phase or should
be discontinted when confidence is relatively low.” Another asks “if
what has been learned about the project to date or the current pros

pects of yreldmg a satisfactory answer justify continuing to invest

additional resources.” A third author prefers the question, “Does what
we know now warrant continuing?”’ Each of these formulations is

essentially the same and simply acknowledges the trade-off between

knowing and not knowing. In each case, two conflicting options carry
an associated cost, and thao engineer must decide; heuristically, of
course; which cost is fower. S Lo

An mteresting ramrﬁcatron of thls rule of thumb condones the

engineer’s refusal to explore preposterous design altermatives. A subtle

distinction exists between justifying consideration of an alternative

view on the basis of the current sota; as is typical of the engineer, and

on the ba§rsiofirts approximation to truth, as is typical of the scientist.
Since truth is generally held to be an absolute 80od (and what scientist
would niot prefer a theory closer to the truth than one that was not), in

principle science must grant all points of view, no matter how bizarre;
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an audtence In sptte of the xnmal strangeness of the Theory of

had done battle agaxnst other theones to prove its. mettle agatnst truth

ago a crank device called the Dean Machtne was proposed to solve the
problems of air travel. The device was alleged to be able to hover and
fly for an_in lefinite perlod without any outside sources of energy or

any interaction with a known field. On the face of it, the Dean Machine

violates essentially every known law of scienze beginning with New-
ton and ending with the Second Law of Thermodynamtcs No working
model was provided, and the few available schematic diagrams

showed a complex _arrangement of eccentric cams that would have
required many_hours to analyze. Brandishing such_taunts as “They
laughed at Galileo™ and “They laughed at Einstein,” proponents of the
Dean Machine accused the engineering fraternity of being closed-

minded, cliquish and afraid of unconventional ideas for not sponsor-
ing résearch to prove whether the machine would work. Although
science has no rule of procedure to_dismiss any theory before the

battle for truth is ;orned englneenng does Srnce analySJs of the Dean

since it represents a very large change in the sota and since it could
hardly be called best engineering practice, even after only a cursory
glance the engineer can justify. rejecting. further study because ‘‘what

he now knows does not warrant contmumg

the absolutc best decision has been made Consrdertng ihe large

penalty associated with resources squandered on a wild goose chase, if

the available resources restrict the engineer to the well-traveled path,

he need not regret the opportunity missed on the road not taken..
.1 cannot_ cemfy from personal experience the observation of the

English engineer who writes:

ing able to develop 2 new mvenuon much more read:ly

than we do in this country. If this is true, it may well be

that one of the reasons for it is that the Americans usu-

ally veto. any improvement in design after construction
has begun. Leave_it alone and_alter the design in the

next machine or the next batch; don’t tinker with this

cne is their policy. And it is a hlghly realistic one.*

63




60 / DEFINITION OF THE ENGINEERING METH HOD

If this statement is accurate, it expresses a significant difference in the

sotas of two countries with respect to the

Heuristic: At some point in the project, frecze the design

for this heuristic is quite common in the sota of the American engi-
neer. Occasionally, it is even explicitly expressed, as in one recent

book on fast nuclear reactor theory that reminds the reader that the set
of numbsers it gives was fixed by the size of the computer code when
“the design was frozen.” This rule of thumb recognizes that 4 point is
often reached in design where the character of a project; and hence

the-appropriate allocaion of resources, changes rather brutally from

seeking alternative solutions to one of perfecting a chosen solution: As
" might be expected, this point is located heuristically by a trade-off
between the relative risk and benefit of seeking yet another alternative.
After it is reached, a major design change runs too large a risk of

introducing a fatal flaw, because insufficient resources remain to evalu:
ate all its ramifications: Once a design has been frozen (as a good rule
of thumb, about 75 percent of the way into the project); the members
of the design team take the general attitude, “Let's go with it.”
~ The three heuristics—attack the weak link; allocate resources. as

long as the cost of not knowing exceeds the cost of finding out; and at
the appropriate point, freeze the design—are not the only resource

allocation heuristics in the ariiory of the engineer. They are, however,
excellent examples of this important class and worthy of special study.
.- We_ have now. completed the first major objective of Part iii by

sampling a few simple rules of thumb, orders of magnitude and factors
of safety as appetizers; and by avoiding the tempation to spend too

much time on.the heuristics that determine an engineer's attitude
toward his work; those that control the risks he takes and those that

help him allocate the available resources. What we have found is that

the range -of engineering heuristics. is much broader than usually
recognized. With more time, we could easily extend this range even

further. Any serious attempt to define the engineering raethod must, at

the very least, account for all the heuristics we have just seen.

Alternative Definitions of Engineering

- The second objective of Part 111 is to give equal 'me 1o the opposi-
tion. We need to examine alternative definitions of the engineering
method and show why each falls short of an b+, lute deF ~ition and

64




Some Heuristics Used by the Engineering Method ] 61

should; itself; be taken as a heuristic. This Sli.idy will not take long, for
unlike the extensive efforts to define the scientific method; the need
to define the engineering method in a philosophically justifiable way
has not been critically felt until recently. Four competitors will be
examined: the definition of the engineering method as: 1) adherence
toa specrﬁedmorphology, 2) applied science, 3) trial and error, and

4) a problem-soiving; goal-directed or needs-fulfilling activity.
Engmeermg and Morphoiogy

] The mmost commion and ambmous effort to defitie the engineering
method is the attempt to associate it with a specrﬁc universal struc:

ture, the so- called morphology of englneenng desrgn, Many authors
quence of steps through Wthh the desrgn process is assumed to pass
For example, one recent effort gives the structure of design as: analy-
sis, synthesis and evaluation. That is, the engineer—and if we seek a

definition, presumably oniy the engineer—

1) Analyzes a problem,
2) Synthesizes a solution, and
3) Evaluates the results.
A more classic morphology dlrected at problem soluuon in general

but adapted frequently to engineering; is: understand, plan;, carry out
and exariine. By which is mearit, the engineer must

1) Undetstand the problem, o

2) Devise a plan to solve the problem,

3) Carry out the plan and, ﬁnally, -

4) Look back to check the solution obtalned

Perhaps the most extreme example of a morphology is that of the

author who 1nsnsts that to be called an engineer you must

1) Determine the specrﬁcanons;

2) Make a feasibility study,

3) Petform a patent search,

4) 'r)evelop alternative deslgn concepts

5) Determine the selection criteria,

6) Select the most promising deslgn concept

7) Develop 2 mathemaztical or physical model,
__8) Determine the_relationship among the baslc dlmenslons anr*

materials of the product;
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10) Evaluate the. dpumlzed design by extensive analysns on the
mathemancal model and tests ori physical models and, finally,

11) Comimunicate the design decisions to engineering adminis-

trative and manufacturing personnel.

’I‘he basnc assertion in each of these proposed deﬁnmons of the

engineering method is that we know what an _engineer is;, what he
does-and how he does it; if we can produce a list of steps in a fixed or-
der that must be followed to produce a product that is identified as the
resull of engmeermg o

and the components of each stricture oﬁen rcvgal many 1mporcant
heuristics used by engineers, structure is inadequate as a definition of

design for four reasons. First, while many of the proposed structures

vaguely resemble each other, most are the eccentric vision of their
author. Pick up any recent book on engineering design 10 see the
currently popular list: Between the two extremes just given; I found 25

variations on the theme before I stopped counting: From a practical
point of view, a rule of thumb is needed to choose from this variety.

Introducing a heuristic at this point reduces a question of dogma to
ont of style. i

Second, the more candld authors a:liii't Lhat engmeers cannot snmply
work their wav down a list of steps but st circulate freely within the
proposed plan—iierating, backtracking ziid sk: .pping stages almost at

random. Soon structiire degenerates into a set of heuristics badly in

need of other heunstlcs to tell what to do when

Third; none of the structures proposed so_far recogmzes the full
spectrum of heuristics essential o a proper defini’ of the engineet-
ing method. Where are we counseled to make =.iuil changes in the
sota? To -allocate resources to the weak link? To use simple rules of

thumb? The essence of e engineering is not captured in the commands:

analyze, synthesize and evaluate.
- Finally, to paraphrase what a scientist once sald of efforts to define
the scientific method as a sequence of steps, the fourth reason why

structure is inadequate as a definition of the engineering method is
that in actual Practice it is highly unlikely that engineers follow any
structure proposed to explain their work. Do we really believe that
Neanderthals, pri; jineers o

ve artisans, early engineers or even a team of
modern engineers proceeded by first completely understandmg their
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problem, then completely developing a plan, next completely carrying
out this plan and finally examining completely the solution obtained?

If we do not believe that they did so, are we sure that we have the right
to disfranchise them from engineering and say they are not engineers?

Therefore, from the perspective of this discussion, a morphology is a

set of heurrstrcs a specrﬁc sota. lt is useful asa heur'snc for the novice

method. As a result we are left wnth the

Heuristic: Use a morphology to solve ehgineenng problems

Engineering and Applied Science

_ Some authiors, primarily those with limited technical training, incor-
rectly assert that engineering is applied science. This is the. second
most comimon attempt to define the engineering method: Misunder-
standing the art of engineering; these authors becotiie mesmicrized by

the admmedly extensrve and producuve use made of screvce by

3 -urrsnc among many others to ldennty with engmeerr .g itself. On

careful analysis, however, the engineer recognizes both science and its
use as_heuristics, although very important ones, to be applied only

when appropriate. .
___The thesis that engmeermg is applred science farls because scien-
tific knowledge has not always been available and is not always avail-

able now, and because, even if available, it is not always appropriate
for use.

Science; using the word anywhere near its. presem connotations; is 4
relatively new human invention. Most_historians credit the Ionian
natural philsophers of the sixth century B.C. as its founders. When
Thales taught that everything was made of water and_his disciple,
Anaximander, disagreed, the human species.saw the birth of what has
variously been called thic Greek way of thinking; the comprehenmbrl
ity assumption and the scientific myth. Not surprisingly, I call it the
Greek heuristic. It is_instructive t0_ refiiernber that those cultures

derived -from ancient China and informally based on what might be
called the “Chinese way of thinking” do not ercorse this heuristic.
Other cultures; such as the French, whose once .i:rong rational tradi-
tion is now greatly weakened by modern philossphy under the influ-

ence of Martin Heidegger and; perhaps to a certain extent, Heniri
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Bergson are retreaung from it. To be sufe, Somie. h;stonans havc found
traces-of doubt and criticism before. the sixth cenmry B.C; and others

have found Asiatic anticipations and variancs of this same apptoach to

explanation in Indian and Chinese literature, but the definitive hypoth-
esis that the world is comprehensible and accessible to critical analysis

was first made by the sages of the Milesian school in Ionia. This
assumption is therefore  Greek invention—one of the pivotal inven-
tions in human history. So pervasive has this hypothesis become that
onc histarian has been led to assert that “it is an -adequate description
of scierice 1o say tha it is thinking of the world in the Greek way.”

Of course; before the beginning of- Systematic inquiry, humanity had

acquxred a jumble of ideas about the world that was_sufficient for

gathering food, constructing shelter ard managing daily affairs. But

these beliefs were characterized by Superstition;_imprecision, contra:
diction, lack of knowledge of their range or application, confused
mterrelanonshlps appeals to mystical foices and dependence on cus-

tom;. rather than truth, for their certification. In a word;_they were
heuristics. As a body they defined a sota that was crassly utilitarian and

tuned to answer the questions of the frioment. This sota Was sufficient,

after a fashion, for buxldmg bridges, irrigation canals, dams, homes—

and sepulchers: In it was_to be found nascent engxneernng,,,Eggnneer-

ing, the use of engmeermg heuristics; clearly predates science; the
assumption thiat the world j is amenable to critical analysis. With scierice
yet 1o be discovered, early engineering could hardly be defined as

applied science.
... What of the present day’ Scxemlﬁc mowledge is stxll unavaxlable for

scime perhaps most, of the decisions made by modern engineers. The
design of a system tc put a man on the moon could not have depended

exclusively on applied science, because nc one had ever been to the

moon before and could not kiow precisely what s science to apply. The
exact temperature; pressure; gravitational field and composition of the

moon were unknown. Withous stienice, How do you apply it? Yet a man
placed his foot on the moon G’ Taly 20; 1969:

__A second reason that engineering cannot apsropnately be called

applied science is that sometimmes the engineer does not use avallable

scientific knowledge that bears on his problem. Since an engineering
problem is defined by its resources, an engineer must. make his

decisions within the amount allocated. Developing; retrieving and
applying scientific knowledge always incurs cost. In some cases the

engineer is so poor that he can afford only past expériénce, intuition,
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folklore and educated guesses tv solve !ns problems, whrle in others

he is rich enough to afford scicn:e. The choice in each instance is

dictated by his sota. It is simply rot the case that the engineer uses

science when available regardless of the cost.. Whether because sci-

enice is unavailable or because it is too expensive, the thesis that
engineering is applied science must be rejected. We must admit that

modern science, as a_heuristic, has fueled the machinery of modern
engingering; but we should not assume it is the machinery itself.
In spite of the philosopher’s probiem in _determining the correct

epistemological status of science, the engineer perceives no serious
difficulty, for he requrres science only as the

Heuristic: Apply scienice whcn appropmite

curious. hrstory in engmeermg Undoubtedlv it was ﬁrst encountered

as a technique_ for solving complex problems. Even well-posed prob-
lems (in the sense that a sufficient. number_ of mdcpendent relation-
ships exists between the variables to ensure a unique answer) often
frustrate 2 mechanical solution. procedure becatise some of the neces-

sary information is available only in graphical, transcendental or tabu-
lar form. In each of these cases, guessing the final answer (a trial) and
then verifving that it is correct {not an error) is often the simplest way

to proceeu Th\s strategy is farrly COmmon in some branches of e engr

tion of embedded equanom is almmt a way oflife. .
_Engineering does not, however, reduce to a simple trial- and-e -error
procedure In engineering, a wide variety of designs is not tried

randomly, then measured against an absolute set point; after which the
failures are eliminated and the most successful retained. The problem

with_this analysis is that, if anything, the engineering prophel is too

good The ratio of engineering successes to failures is unexpectedly
high: No matter how difficult an engineering_ task appeats, somehow it
always succumbs. The engineering goals of designing a_supersonic

airplane capable. of ﬂymg faster than Mach 2, of landing a2 man on the

moon and returning him safely to earth and of building a power plant

to exploit the nuclear fission reactiun have all been established. Now
supersonic airplanes; moon landmgs and nuclear fission reactors all

69



66 / DEFINITION OF THE ENGINEERING METHOD

exist. Any explanation of the engineering method must explain this
high success rate. Of course, a few engineering projects _do fail; but
these failur=s are always greeted with surprise. By and large, engineers

are too successful at everything they try for simple; random trial and
error to be the answer. o
_ Instead, as we saw ealier, information derived from the completed
project is returned or fed back to modify the structure of the engineer-

ing sota in a fundamental way. If past designs did not affect present

designs directly and essentially, not only Gertie but the majority of her
progeny would gallop. o -

Any phrase that feigns to explain the engineering of the present day
must, at the least; be powerful enough to whisk us safely from the take-
off of a small aircraft at Kitty Hawk on December 17; 1903, 10 a fanding
in the Sea of Tsanquillity on July 20; 1969; with relatively few crashes.
Only the identification of the engineering method with the use of
engineering heusistics—where one of the includéd engineering
hie-ristics is “‘use feedback to stabilize engineering design,” ot ideti-
ficztion of the engineering method as “trial and erior”--can do &5
The

Heuristic: Engineering is trial and error
is simply inadequate as a definition of the engineering. wie:hod.
Engineering and Problem Solution

- Many other definitions of the engineerinig method exist in conven-

tional practice they are rather vaguely associated with either solving a
problem, auaining a goal or fulfilling a need. Thus we read: “‘design is

a goal-directed, problem-solving activity”; “design is a creative Jeci-
sion-making process directed toward the fulfillment of human nieeds™;

and so on: These definitions are convenient and, when speaking

informally, I have used them myself. But either becausz they raise the
troublesome _question of what is tu constitute-a problem, goal or need,
or because they commit the teleological fallacy, all such attempts at

definition are in actual fact only heuristics.. o
A problem; goal or need is a particularly human invention. While
humans, nations and culiures may speak of five-year plans to solve

their problem, nature (more accurately the complex of heuristics
humans personify as nature) does not seem to have seen the need for a

4.5 billion year plan to solve hers: Americans may feel that they have a
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problem in gemng enough energy for lhelr automobrles, but nature
sees only an uneven distribution of energy masquerading in a variety
of forms, such as kinetic, mass and potential energy, anc. appears

totally umnterested in What thrs dlstrrbliuon is at any grven mstarit

ﬂowmg to the seu or that a rock has one in fallmg To be sure; argumg

that a dog, fish or plant has a problem finding food or shelter seems
sumewhat more reasonable. On closer inspection, however, even

these examples appear suspect

but a pamcular human'’s invention. Whal passes asa problem for one

person may not for another. When watet is diverted from rivers to cool
large power plants and returned at a h igher temperature, some See a

problem of thermal pollution, others a blessing of thermal enrichment
that enhances the breeding of shrimp and fisb. Even such a seemingly
uncontroversial problem as stopping war has its detractors; since some

people will always profit from the fighting and will not work to end it:
The property owner whose land is taken by eminent domain to make
way for a highway will see only a problem when someone. else’s
problem is. solved. A problem is not a problem until someone thinks it
is; and he thinks it is based on the value heuristics in his own sota. This

ambiguity in knowing what is to constitute a problem in an absolute
sense._is the first reason why identification of engineering as problem
soluuon is at best a heurrsnc

tion of engineering as a goal-directed activity is not much help n lhls
form; engineering commits _ the teleologrcal fallacy Teleology is the

study of design in nature: That is, it is the characteristic of nature, or

natural processes, of being directed toward a specific end or purpose:

In lay terms; it is the notion _that the_ future can somehow affect the

present. The question we must now answer is, In engineering, does
the future really affect the present, or is the goal-directed aspect of
engmeermg only ¥ rllusron based on a lack of understanding of the

You want 2 brrdge, the engmeer wrll desrgn one for you You want

an automobile; that too is yours: It certainly seems that the engineer
works backwards from a goal that this goal influences the stratcgy the
engineer uses to reach it, that engineering is teleological. _ ___ = _

By themselves, these repeated successes at establishing goals and
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then achieving them might be taken as adding credence to the idea
that the future can pull the present toward it. This explanation neglects
the complexity of the engineering sota that make: a teleological
explanation unnecessary. Two examples will demonstrate this often:
forgotten complexity. , B .

- Although engineering goals are certainly desirable, they are seldom
the most desirable ones that could have been established. Why has an
airplane that would go Mach 10, « manned landing on Pluto or a power
plant using nuclear fuision not been considered? If engineering were
teleological and engineering objectives based exclusively on their

desirability, I would be surprised that these more advanced goals were
never established and, once established, achieved. N

- The heuristic needed to explain the engineer's remarkable success
rate is that he carefully avoids problems he knows he cannot solve. In
effect, the enginee: s . good prophet because he makes only self-

fulfilling prophecies. 1 other words, the engineer chooses a project
based less on iis de .bility than its feasibility. The sota of the engi-
neer not onlv << w=ins heuristics to cause change, biit also hetiristics to

show which chiaiige. he can cause. The engineer calls this heuristic the
Sfeastbility study. In a feasibility study resources are allocated; not with
the goal of solving a problem, but with the goal of finding out if a
problem is solvable. This goal of dcter ining the feasibility of an idea
is achieved whether the final answer is yes or . Even in a feasibility

study, the engineering prophet keep., i r=; ztion intact by consider:

ing only goals he knows he can aain. 4ny - sgineer z ive in 1985
would tell you that neither an aircraft i *vould go Mach 10, a
manned Janding on Pluto nor a power plant based on nuclear fusion
was feasible at the time. He would never have dared to establish these
as engineering goals or, if by chance they were established, to expect
them to be achievrd. - B o

In actual fact; the matter is far i:'ore subtle. An engineer cannot even
conceive of goals, much less establish or reach them, if they cannot be
expressed in terms of hearistic: in his .rrent sota. Before 1905, the
enginecr could not even suggest the creaticn of the atcmic bomb,
because Einstein's heuristic; E=mc?, was unknown. An engineering

problem is nothing but a shorthand symbol for a set of current
heuristics. This set does ot contain any future, presently unknown
ones. The engineering prophet is successful because he predicts only

what is immanent in the present sota of the -enginecring profession.
We now have an explanation of the engineer's unexspectedly high
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siiccess tate that does not commit the teleological fallacy, based on a
fuller understanding of the engineering sota. Since the identification

of engineering as a goal-directed activity does commit this fallacy, I
feel justified in demoting this definition of engineering to a heuristic.
The second example supporting the belief that engineering teleol-

ogy lS unwarramed once Lhe complexxty of the engmeermg sota is

lems that are Orlgmally; known to be unsolvable. When the desxgn of
an American commercial supersonic airplane was being considered,
economic heuristics dictated that it carry at least 200 passengers. The

only kr-own matenal ior ltS outer surface lhal could wuhstand the hngh

needed for its ach:evemem Actually it is not: Once agam the paradox
results from not appreciating the complexity of the engineering sota.

Recognizmg that the sota _is a functlon of time, the engmeet does

engmeers were consndermg the supersomc anrplane he'msucs were
available to predict that within the next ten years technigues would
become available to weld titanium. (I.might add that these heuiistics
were good ones, for now, one decade later, titanium is weldable.) The
fe asnbllnty of the airplane was based on current heuristics for projecting

a sota into the f utare:

usually sup;,uned lt contains heurlsu,cs, foz snlvmg problems,
heuristics for pusirg ieasible problems and, as wc¢ have just seen,
heuristics for determiaing if prohilems. will be feasibie in the future.
And.in all these cases the elenlogical fallacy is not corumitted..

_ Given the ability of an engiiiceiinig sota o doa? satisfactorily w wnh the
problem goal and needs aspects of engineering; as well as the illusion

of engineering teleology, 1 see no.alternative but to replace definitions
thar contain theSe concepts with the

Heuristic: Engineering is a problem-solving, goal-directed and
uiceds-fulfillinent activity

or some similar formulation.
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Preferred Definition of the Engineering M’éiﬁéa

All presen,t,,effor;s, LO,,d,eﬁne the engmeermg method ir in an absolute

way fail. Engineering design is not just a morphology; it is not jtst
applled science; it is not just trial and error; it is. not just problem
solution, goal attainment or need fulfillment. A more global view -/

engineering is needed: Establishing this more comprehensive vivw is
the third and last obje of this part of our discussion:

__Throughout this discussion; 1 have repeatedly expressed my prefer-

ence for the

"Heurism: The cngmccring method is the use of heuristics to

cause the best change in a poorly understood situation within

the avzilable ICSOUrces.

This does not mean,. however, that [hlS cho:ce is any less of a heurrstrc
than those rejected, but only that it is a better one.

__This preferred definition of the engineering method may be Slmpll
ﬁed and put in a more conipact form, for its elements either describe
an engineering_ problem situation_or are themselves heuristics and

hence redundant. Poorly understood and the equivalent phrases used
in this discussion actually. refer to resources; or in this case the lack of

resources. Just as with a lack of time or money, a lack of knowledge

constrains a problem'’s solution. This concept may therefore be com-
bined with the word resource. Also, the engineer’s best is not an
absolute one, but depends on a complex underpinning of heuristics
and may be struck from the definition. _Causing change and within the

auaxl‘ablé resources. were used to describe an engmeermg problem

of the engmeer As a resul; the

- }Teurlstic The cnglnecring method *« the use of enginecring
heuristics

is my candrdate for a ﬁnal compact deﬁnmon of the engmeermg

method, with the understandmg that the phrase engineering beuristics

is intended to include the specific heuristics outlined above.
- This preferred defirition of the engineering method is a super:or

heuristic for five reasons. First; it does not require the engineer at 4 in
Figure 1. (page 7) to know the exact final valie system_that will

characterize the Ritiire point; _B. Second, it does not commit the
teleological fallacy. Third, the proposed definition is a universal defi-
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nmon of the engmeermg method thal rs, it is always a good heurlsuc
engmeer is usmg a good heuristic when he establlshes a goal or
defines 2 problem based on his current sota and then sets out to solve
it. often he is not. A hlghly hypotheucal example will make this point.

Assume that a country needs more energy and has agreed on the
goal af building more nuclear power stations. Since energy is needed
to train people for reactor design, to mine the materials needed for its

construction and to fabricate the final station, it might turn out that to
develop niuclear power, the nuclear engineer ! shotld Head in the exact
opposite direction and promote the construction of conventional
power stations to ersure that enough energy is avaiiable to construct
the nuclear plant. And (to preserve the balance in_the examples)_it

mlght be necessary fora person Who is agamst mxclear power as an
ensure e that enough energy is s available to kecp a socnety stable until hlS
goal of an alternative energy supply could be realized: Unfortunately,
Eétﬁbliéhihg a g'o'al is too often taken as a mandate to head straight in
its direction: As in the two examples just given, at times this implied
mandate lS not a very good heurlsuc and to achleve our stated goal we

“establlsh a goal nd then try to accompllsh it inay on occasion be
very bad advice, but “‘use heuristics” is always a good heuristic to

follow. .
Fourth the proposed defimuon of engmeermg method mcludes the

method seeks to fmd heurlsncs to. help choose the best direction
(technically the derivative, of course) at the present moment. Identify-
ing a problem for solution or establishing a goal does just that. They

suggest a direction in which to go: They are therefore actually only two
of many possible derivative- choosmg heuristics.

And finally, the fifth reason why the definition of the engmeermg
method as the use of engineering heuristics is pre‘ferable the deriva-
tive, unlike the goal or problem; is_not static as we _move _along the
transition from A to B, but is constantly changing: The lack of informa-
tion that always piazues an engineering problem suggests that during
the transition from .4 to Bsociety's value system may well change and a
new goal such as 8 or B” may become more desirable. The derivative

75



72 / DEFINITION OF THE ENGINEERING METHOD

always represems whal is currently thought o be the best pohcs For

these five reasons; the engineering method is best defined as the use
of engineering heuristics.
Flgure 11 represean the world of the engmeer He is located at

desnrable ﬁnal state ahong all the possnble final states represented by

the large number of points (such as B, B, and B”) in this figure. Each
of these_final states is defined by a sibset of the engineer's sota
evaluated in the | present. The proposed definition of the engineering
method as the use of engineering heuristics focuses attention on point
A and the heuristics that define the best direction in which to go; as
indicated by “he arrow in the figure: The engineer's world is com:

pletely defined by the sota | enge prof znow
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Figure 11
. At long last we have concluded our survey of engmeenng heun-,tscs;

including one special heuristic that defines the engineering method.
As advertised at the beginning of this section, the list wds not intended
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as a complete feast of all heuristics used by the engineer or even of all
the categories into which engineering. hetristics may fall. My aim_was

to encourage you to see the heunsuc behmd everythmg the engmeer

snmple ones taken over from the traditional study of problem soluuon

From the initial observaticn -made in the introduction that the engi-
neer affects our world in 1snvely, through the discussion of the heuris-
tic and sota, with a pause to review a selected list of engineering
heuristics, and so on at last to the final definition of the engineering
method; our discussion has revolved around the engineer and what he

does: Engineering: the use of engineering heuristics—with this con-
catenation the engineering profession is rio longer obsessed with its
artifacts, but becomes concerned with its art. What enormous potential

is unleashed as the engineer enters his maturity and uses heuristics
tihat i is; his melhod) o study the engineering heunsncs he wnll use in

eﬂ’cctnvg aqd bepehcﬁnal;hepp’stgcis: The world, as we now know it
vindicates the sota of past engineers; the future world, if we have it,
will vindicate this new sota of the present ones.
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