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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 rapidly
1 was at least safe from falling. I
____ —Rene Descartes
in Discourse on the Method



 Introduction ] 1

INTRODUCTION

The study of the engmeermg method is 1mportant to undarstand the
world we have. The environment of man is a collage of engineering
problem solutions. Political alliances and economic structures have
changed dramatically as a result of the telephone, the computer, the
atomic bomb and space exploranou—all undemably _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

tencc’

- Yet, although we speak freely of technolo*’, it is urahkely that ‘we
have the vaguest notion philosophically of what it is or what is befall-
ing us as it soaks deeper into. our lives: Were we asked, “What is the
scientific method?”” we would undoubtedly answer without dtﬂiculty

We might propose; “‘Science is_theory corrected by experiment,” or

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? S

_The lack of a ready answer is not surpnsmg Unlike the extensive

analysts of the scientific method, litle significant research to date has
sought the phtlosophrml foundations of engineering. Library shelves

7



2 / DEFINITION OF THE ENGINEERING METHOD

groan undet tii'e W'eiéht of bdoks Bi? tii'e 'm"o’ét sch*o*iari?, most r’espe'ct'ed

engmeermg method consxder the professxons that aﬂ'ect our. dmly
lives, such as law, economics, medicine, politics, religion 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 profession 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 anrplane the polluuon of grovnd water

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

do not take courses in engineering; 2) the study of technology is not
requnred for a liberal arts degree; and 3) socnolognsts psychologists;
historians and religious proponents; not engineers, write most of the
pro- and anu technology literature—can we be sure, as the engmeer
ijéfs()n vdoi]ld understand an engmeérmg spokesman if he dnd 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 Ioman phnlosophers
(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 Descanes in Discours de la

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

8
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_This discussion seeks to redress this situation: It is in three parts; as
follows:

Pant I ‘-ome Tbozngts on Engmeenng Thls part descrlbes 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. I:ngmeermg Metbod “This

section lists techniques engineers use to implement their method.
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;nankmds most equxtably divided endowment.. By the engmeerzng
metbod 1 mean tbe strategy for causing tbe best chzmge ina poorly
reason, I mean [he ;l;lllty to dxsnngmsh 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 éngineering method has not changed since
the birth of man: ,,

The first ob;ecnve of this chapter is to prepare | the way f for a consxd
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

thexr art. Asa xesult they see. dxversxty where they should see umty The

question, “What is an engineer?” is usually answered by such a state-
ment as ‘‘a person who makes chemicals, airplanies, 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
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roads the crvrl ‘engineer. Not only the lay person but also the engmeer

makes this mmistake. 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 chemrcal each road each pot hrdes the

,,,,,

we must look to legitimize the word engineer.

Characteristics of an Engineering Probler.

_ Let us look in detail 2 at the key words change, resources, best and
uncertainty 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 engmeermg problem; menacing

in the _wings s. After the stage is set, the engineering strategy itself will

make an appearance in Act I1.
Cban’gé

Engmeers cause change. The engmeer wanis o change to modxfy
or convert the world represented by one state.into a2 world represented
by a different one: The initial state might be San Francisco 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 mrght be a Neander-
thal contemplating the death of a loved « one; the final one, the world
after the construction of a sepulcher. Graphically, each of these exam-
ples is represented in Figure 1, where time is given on the horizontal
line or aris; and some ‘measture 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 rmmedlately run ifnto lhree pracuml drﬂiculues when we con-

11
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Meadsure A
N ::é:f:::
Change
B
Tme ons P
Figure 1

s:der the engmeer s change the engmeer doesnt know where he is

does. Imually, the engmeer is located at pomt A in Fxgure 1. The exdct

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 1o adapt to

life as farmers on the newly created arable land. These liabilities have
been balariced—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-

ions as to its net worth, but to emphasize that before construction, 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 a man on the moon by the end of the
decade” lacks the spec:ﬁcxty of the ladder Neil Armstrong descended

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

12
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a transition strategy but rarely is glven a spectfic 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.-
_The next difficulty is Vu[h the ehange ttself thure 1 faISIﬁes the

ease in deciding which path 1o take from 4.to B by showing only one.
Usually a2 number of alternatives exist; each limited by different con-
straints. By definition, poverty could be easily eliminated in the United

States by supplementing the income of each _person below the poverty
line. But dedncatmg the entire gross national product to this effort

would be an unacceptable transition strategy. The engineer is not
responsible for tmplementmg a single 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 that an engmeermg goal has

a 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 Amer:ca Dunng the completlon
of an. englneermg pro;ect changes m the final goal often occur,

bile mdustry the public’s demand has ﬁltted from. desnre for a powerful
automobile, to a safe automobile, to a small; fuel-eficient 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 A 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 uncertainty, what

strategy does the engineer use to achieve it?

Resources

__The second charactenstte of a situation that requnres the services cf
an engineer is that the desired solution miust be consistent with the
available resources. Unfortunately, the engineer cannot select the best

path from all eoncetvable transitions from the inmal state to the ﬁnal

of its. favorable _€orrosion properttes no constderatlon was given to

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

13
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reasons. ) in the second place, then; the engmeer always seeks the best

both define and constrain i its solutron Btfferent resources 1mply 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 pr0v1de an answer—a correct engmeenng

expected to m measure e the room and caleulate the number—agam, 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_fundamentally different, as evidenced by its nieed for a different
solution method. The answer to each was absolutely correct from an
engineering point of view when both problem and time constraints
were considered together L

Contrast an engineering problem to a scientific one with respeet to
each problem’s dependence on resoutces. 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 example, 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 characteristic of a problem situation requiring the engineer
is that the solution should be the best or what is technically called the
optimum solution. From an engineering point of view not all 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 wooden 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. = = S

- Best is an adjective applied redundantly to an existing engineering

design. 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 design 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 understanding of engineering. To construct such an automo-

bile is well within the ability of modern automotive engineers, but to
do 50 is 2 different design problem from the one currently given to the

American engineer. It does make sense to prefer one design project
over the other. An engineer could conceivably argue that designing 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, 2

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 engineer who designed the Mustang, the automobile 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. o
- Unlike science, engineering does not seek to model reality but

soclety’s perception of reality, including its myths and prejudices. If 2
nation feels that a funeral pyre should be aligied in 4 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 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 1y to design the most efficient kettle: As a result, the



Some ﬁougbts on Engineering /11

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 accurately or more sxmply our observations
of nature. Best for the scientist implies congruerice with an assumed

extemal namre, be5t for the cngineer implies congrueace with a

- The appropriate view of nature for opnmxzanon is not ]ust 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 automobxle, for mstance, is its ease of manuﬁ;cture if standard

sub;ectxve consxderatnons of the ¢ engmeer who makes the desxgn

In general, the optimum shifts when an optimization space with a
rediiced number of criteria is used. The best automobile based on the
axis system of the pubhc and that of the engmeer wnli Lherefore dxifer

bxle t0 last ﬁfty years was makmg the error of not usmga complete axis
system. He was almost certainly not considering the ease with which
such an aufomobxle colld be. manufactured AS mentnoned betore, 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 bemg 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 1 couldn't get through. You would think the people at
the phone company could anticipate the rush.” Again we have two
different axis systems being 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 equipment that would be needed

16
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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 soluuon, the ma;or desrgn criteria the rewm funcuons
zation space with 2 reduced number of criteria i 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, bezt for an engmeer is the resu!t of mzmpulatmg
a model of society’s perceived. reality, including additional subjective
considerations known only to the engineer constructing the model. In
essence, the engineer creates what he thinks an informed soc fety
should want based on his knowledge of What an uninformed society

thmks 1 We ts.

evidence thar the axis system ulnmately ehosen as representanve 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
in mrd constructron bemuse the desrgn farled to mclude consrder-

in my nerghborhood " and “Donr 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 monument to the difference
between engineering theory and engineering practice. Although i iheo-

retically the best design is determined once the optimization 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. . . N o

- & fundamental characteristic of an en neermg solution 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 abotit the relative importance of these

[y
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Ci‘itéi‘ia aﬁd With ddijbt asto W"iéi‘."i’ei' EOEietY'S best féﬂetté the i'ridiVid’

strategv does he use?
Best, change, uncertamty and resources——although we. do not as yet

Presndent of the United States proniotes a new generatton of space
weapons to create a defensnve umbrella and then calls on the ‘scien-

scrence and engmeermg Relattvely speakmg, little new "‘tence is

developed the Prestdent 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” o evaluate the feasnbrhty of t.us space-
age mlSSlle delénse system

matertals able to survive the tensile stresses, radiation damage and
alien temperatures than because of something that violates the known

laws of nature. lf feasrbrltty is the questton 1ournaltsts should contact

Smce confuston evndently exists in n the mind of the non- engmeer as
to what corstitutes 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 safemb the earth. No smgle 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 estimated $7-9
billion over the next five years.

one of America’s most spectacular engtrieermg adventures.

18
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Engmeermg change is not. hmned to the creation of physlcal devxces

such as spaceships or highways: Other political, economic and psycho-

logical examiples 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 engmeenng " The
changes 1mphed by these examples are usually not associated with the
engmeer, but careful study of the charactensucs they share wnh the

bridge across the M1551551pp1 and bu1ld1ng an elecmcal poWér station

for New York City shows a definite pattern: For each, an engineer is
needed. : o

__If you, as with all humans since the birth of r man, ; desire change 1f
the system you want to change is complex and poorly understood; if
the charge 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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PART II ]
THE PRINCIPAL RULE OF THE

ENGINEERING METHOD

Chess is a complicated game: Although in theory a complete game
tree can be constructed by exhaustive enumeration of all the legal first
moves for the white side; then all possible 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 computer. 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 resources. This strategy consists_of giving sugges-

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

1) Open wuh 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 get better, we b’ééi’ri to hear:
6) Control the center,

7) Establish outposts for the kmghxs -
8) Keep bishops on open diagonals; and

9) Increase your mobnhty

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

20
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often_offer. conﬂlettng advice, although they depend on context and

change in time; they are obviously better than trying to construct the
gamie tree, and we do learn to play better chess. What is the name of

this strategy?

One of the topics S[Udled in 4 course in amﬁcral 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

soiuuon toa problem The hlnts are Lalled beurtstzcs the use. of théSe
lytic technrque works. It has been used in computer codes that play
championship checkers, ldentlfy hurticane 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 solvrng
his problems (burldmg bridges and so forth) depend on the same

strategy for causmg chanée Thls common strategy is the use of

and the heuristic, four ma;or oblectNes are_set_for this part of « our

discussion. They are to understand the technlcal term beurtsnc to

nical term, ,,Sta!,e,g[!he,art' and ﬁnally, o state the pnncrpal rule for

lmplementlng the englneermg method The heurlstlc wrll be consrd

be consrdered in Part lll The state- of the -ant wrll be explalned by
deﬁnltron and

sectlon

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 approxrmauon or as the engr
rieer would say, a first cut, at defining the heuristic.

Sighdiiifé.é of the Heuristic

: fdthough dlﬂicult to deﬁne a heuristic has four srgnatures that make
it easy to recognize:

& A heuristic does riot guarantee 2 soluuon

e It may contradict other heuristics; _ _

e It reduces the search time in solvmg a problem and

_®_Its acceptaince depends on the immediate context instead of on an

abaolute standard

Let as compare the presumabl; known concept of a screnuﬁc law with
the less- well known concept of the heurrstrc with respect to these four
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srgnatures In domg SO W mll core_ to apprecnate the rationality of
using irrational methods to solve problems.

This comparison may be easier if we use the snmple mathematlcal
concept of a set. The interior of Figure 2. represents the set of all
problems that can ultimately be solved: It will be given the name U, U
is not limited to those 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 b are elements of Uand 1 represent some
of these problems. If you prefer, it is sufficient for our present pur-
poses to think of U as a simple list of questions about nature that
humanity will someday be able to answer. On this.list most people
bom into the Western tradition would include: Will the sun rise

tomorrow? Does bread nourish? If I release this ball, will it fall? And,
should the Aswan_ ngh Dam have been bmlt’ Outsnde [hlS area lS

plcture 'tdmmedly leaVes un-denuﬁed and certamly unresolved many

imponant issues.
- Figure 3 is ldentlcal 10 the previous ore, except the sample prob
lems are now ericircled by closed curves labeled A through 7 Similar

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

Those that_have been crosshatched, 4, B, B}, G D, and I. are sets of
problems that may be solved using a specific scientific or mathemati-
eal thcory prmcnple or law Set A wuh problem aasa representztlve

law of conservauon of mass- cnergy and set B those requiring the
associative law of mathematics. If the area inside a curve is not Crass:

hatchied, such a5 E, 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 ,,,,,,,,,,

chamcteristlc the sets referrmg to scnentlﬁc laws rest. completeiy

within set U, while those referring to heuristics include the area both
inside and ourside of . When heuristic £ is applied to problem 4, 2

satisfactory solution results. This is not the case when the same heuris-

tic_is 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. Unicertainty abouit a solution’s validity is a sure mark
of the use of a heuristic. L

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, C 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 gravitation and the law of light propagation to predict an eclipse is 2
good illustration: Since combinations of two, three and often more
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sqenuﬁc and mathemauml rheorres must work together to solve most

problems, U is overlaid with a complex array of scientific sets.
_This is not true in the case of rhe heurrsuc 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 ro overiap wrrhrn U rhe most srgmﬁ

dency to clash wrth its. nerghbors 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 lS ~worse than amblgurty Marhematrclans

solution 1f ...uependem conﬁrmauon exists . rhat 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 & two. proposmons thal comradrct, -1y proposmon at all ~may

mathematics. Unlike scientific iaws heurrsucs have never mken krndly

to the harness of conventional lOglC systems and may be recognized

when they bridle. R

Some problems are so serious and rhe approprrate analyncal tech
niques to solve them either nonexistent or so time- consuming that a
heuristic solution is preferable to none at ali: Problem g in Figure 3 is

not 2 mémber of any crosshatched set, but is 2 member of the

heuristic set H. If g5 lethal to the human Species on a time scale

shorter than scientific theory can be developed to solve it, the only

rational course is to use the irrational heuristic method, Problem 5
represents a variant of this situation. It is a member of both A and J,
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 fie)d than a patient dead on arrival at the

hospital: -

Unfortunatelyk most serious problems facmg mankmd are srmrlar to

éand h. Suﬂicrent analyucal rheory or- enough trme to 1mplemenr

heﬁrréircs is surely avmlable——rf only we know how to use it.
Even though heuristics are_nonanalytic, often false and sometimes

contradictory, they are properly usid to solve problems so comiplex

95



The Principal Rule of the Engineering Method | 21

and poorly understood that conventional analytical techniques would

be either inadequate or too time-consuming.. This. ability 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:

nlzed - _ Z I z B I
The ﬁnal s:gnatu.j of a hedristic is that its acceptance or validity is
based on the pragmatic standard—it works or is useful 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 remains 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:

Science is based on COﬂﬂlC[ criticism of cntlcal thought on what
has been called the Greek way of thinking: A new scientific theory,
say B'; replaces an old onie, B, after a series of confrontations in which
it is able to show that—as an approximation to._reality—it is either

broader in scope or simpler in form: If two scientific theories, B and
B’ predict different answers to 2 question posed by nawure, at least

one.of them must be wrong: In every scientific conflict there mus: 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 S now used in the 1argon of the engineer

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: -
Gn the other hand the absolute value of a heurlstlc is not. estab

specnﬁc context If thls context changes, the heunstlc ‘may become

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

tual change of fortune. Unllke a ‘-c1ent|ﬁc theory, a heunstlc never

therefore more appropnate in the case of a heunstlc
- For the engineert the set U represents all problems he wants the

answer to at 2 given moment instead of all problems that are ulti-

mately answerable. As a result, it is not a constant but varies in time:
The engineer's set U ebbs as the obsolescence of the buggy | has left
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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 aniother by confrontation

but by doing a better job ini_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 hallmark of a heuristic. It and the

other three signatures are not the only important distinctions 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 foriial 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; rile of craft;

engineering judgment, working basis, or, if in France, /e pif (the
nose) to describe this plausible, if falible, basis of the engineer's

ing of doubt characteristic of the heuristic. : o
_ This_completes consideration of the technical word beuristic
neceded for a definition of the engineering method until Part 111,

strategy for solving problems. Each of thes: terms captures the feel-

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
synonyms. . . o

I hasten to add that neither 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 mathematiciai, 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 developmenit.* 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, Priniceton University Press, 1945, 1973,
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probicms is_older still. Heuristic methods were used to guide, tc
discover and to reveal a plausible direction for. the construction of
dams, bridges and irrigation canals long before the birth of Socrates.

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 to 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 2 noun or an adjectlve always refers 1o a set. of
heuristics. Sifice mar y. different sets of heuristics are possible; many
different states-of-the-art exist, and. to avoid confusion each should
carry a label to 1nd1cate wh:ch one is under dlscussron Each set, like

1nd1c2te when itis safe for use. Too often the neglect of the label Wlth
its time stamp has caused mischief. With these IwWo_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- oF the art is used asa

solve a specnﬁc problem ata spec:ﬁc time. The implicit label reminds
us of the engineer and thie problem, and the time stamp tells us when

the design was made. For example, if an engineer wants to.design a

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

experience for the choice of construction materials and their physical
properties, and on standard anatomical assumptions about how high
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 design a
bookcase for a French student, he would use a different group of
heuristics and hence a different state-of-the-art. (Bookcase design is

not the same in the United States and France) Now consrder twWo

engnneers WhO have been gnven the - same problem of desrgn:ng a

diffei erent, desrgns Since a product is necessanly consistent Wlth the
specific set of heuristics used to prodiuce it, and sifice 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-

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

these engineers. . . —
ln a complrcated but more conventtonal sense, state- of the -art

ing practice.” When a person says that. hns 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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des:gn That much he takes for granted Instead he is expressing the
stronger view that a representative panel of qualified experts would

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

_ Because the design of a bookcase requ:res only s:mple 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
ofa large organic miolecile called the enthalpy may be determined

either in the laboratory (one heuristic) or by estimating the number

of catbon and hydrogen atoms the macromolecule contains and then
applying a known formula (a rival heuristic). In practice, the engi-

neer uses sometlmes 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

selection between the two. Bookcase design and even the determina-
tion of the enthalpy of a large organic. molecule are such simple

examples that they hardly suggest the complexity of a state-of-the-art.

It 1s to your 1magmatlon I must ﬁnally turn to vnsuallze how much

plane must be as the heur:stlcs of heat transfer €conomics, strength‘
of mater:als and 50. forth lnﬂuence control and modlfy each other
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
let us know which engineer, which problem, and which set are under

consideration:.

] The state-of-the- art is a functlon of tlme It changes as new
heurtsucs become useful and are added to it and as old ones become
obsolete and are deleted: The bookease designed for a Benedictine
monk today is. different from the one designed for St. Benedict in 530
AD. When we discussed the design of a bookcase for students, I did

not emphas:ze the tlme stamp that must be assocrated wnth every

the evolutlon of a set et of heurlstlcs in deta:l beglnmng w:f‘u 4 well
documented example

Co
lom )
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Evoiutzon

ln overall outhne scholars feel that the evoluuon 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 2 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 pivoting. It has the disadvantage that the

cart cannot go around corners unless forced into each new positiori.

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 1o correct thxs
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 turn 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 evoliition 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

modnﬁed | and transmitted from one individual to another in a variety
of ways. The earliest method was surely a simple apprentice system
in whxch amsans carefully taught mles of Lhumb for ﬁnng clay and

With hxeroglyp,m,c,SJ cave. pamtmgs and later, books the process

became more efficient and was no longer depernident 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 detam us longer because of their famrlrarrty
 An additional method is less well-known and worth a minute’s

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

an artrculated front axle and wheels that were small enough to pass

evolutron of cart desrgn 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 disappeared. 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 des1gn does not recapitulate
the hrstory of ancrent desrgn

ob]ects of today, the engmeer is unusuaﬂy sensitive to the physrcal
world around him and uses this knowledge in his design. 1 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 fronr. 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 niew one. If 2 proposed room, airplane,

reactor or brrdéé devrates too far from what he has come to expect,

may be unaware that he 1s,,w,earmg &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 2 specrﬁc set of heurrstrcs desrg
nated by a label and ume stamp It changes in time and is passed

or in a completed desrgn Typrcaily it mciudes heuristics that ard
drrectly in design, those that guide the use of other heuristics, and, as
we will see later, those that determine an engineer’s attitude or
behavior in solving problems. The state-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. . , e

State-of-the-art, no matter now it is written, is both a cumbersome
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and lnelegant term. After 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 a new word by using the

first letters in an expressnon s constituent words is 2 ramnlnar proce-

pro;ects such as the manned landnng 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 it.
Few remember the original definitions of laser, scuba, zip. code and
snafu; and 1 wish the same fate for this new acronym soza. From now
on, sota, used both as adjective and fioun, is to be taken as a technical
term meaning an identifiable set of heuristics:

Exampie Uses of an Engzneerzng Sota

\Vuhout due consideration, the concept of ari englneerlng state-of-

the:ait 45 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 bnngnng understandnng to important aspects of the engineering
world will answer the first: Various sets of heuristics will now be used
to:

1) Compare 1nd1v1dual englneers

2) Establish a rule for judging the performance of an engnneer

3) Compare the technologlcal development in various nations,

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

5) Deﬁne the relauonshnp between the engmeer and socnety

lneracy for the-non- englnﬂet and liberal lneracy 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.:

33



Tbe Prinrip?d Ruie of tbe Engi’neering Metbod / 29

COMPARISGN OF ENGINEERS

The mdtvrdual engmeer in hlS role”gs engineer, is deﬁned by the

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

one needs a label to dlfr rentlate it from others and a time stamp to

The symbol represen'mg my current deﬁmtlon as an engmeer lS, of

COUTSe, SO | koen: 1985
- No two engineers are. alike.. The ﬁrst example we. wnll consnder of

the use Df as~a Wlll make thls pqmt The sotas of three engmeers, A,
B, and N, are shown: in Figure 5. They share those heuristics inside the
area indicated by the small rectangle where they overlap, but each also
enicloses additional area to account for the unique background and
experience of the engineer it represents. In general, if 4, B, and Nare
all cnvnl engmeers the over!ap of thelr sotas is larger than lf A is a cml
Most cnvni engmeers have read the,same ;ournals, attende_d 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. modern civil engineers, instead of only the three,
were superimposed, the common -overlap of all of these sets; techni-

cally called the intersection, would.contain the heuristics required to
deﬁne a person as a modern crvrl engmeer Both socrety and the

mg problems What is now needed is research to determme the
minimum intersection necessary to certify an engineer as an expert in,
say, heat transfer hydraul.cs or strength of maternals We wrli return to

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

3 ~e
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approprlate sotzs measures the smnlarnty and dlssmnlarlty 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 satisfactory job. A discussion of the ¢orrect ruie for judging the
engineer will be a good second example of using an engineering sota
and_will emphasnze once again, the unportance of attaching an
lmagmary label and a time stamti to each one 'fl is dxscussxon wnll

RULE OF JUDGMENT:
- The heavy outsnde border in Flgure 5 indicates the set of all
heuristics used by A4, B, and N, or sota | AN If all enginieers were
included in this figure; it would delimit the sota of the engineering
profet,slon as a Whole or sr)ta | e,,g Rprof - The stippled area in Figure 6
No enélneer will have access to all of the heuristics known to
engmeermg, but in prmctple Some engmeer somewhere has access
represents the. subset of heUrlSU(S needed to. solve a specnﬁc prob
lem. The combined wisdom of the engifieering 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 4 relative
standard instead of an absolute one; and like all sows it changes in
To my knowledge no engmeers are clairvoyant.. Handlcapped in
thns way, it would seem unreasonable to expect them to make 2
decision 4t one moment based on information that will only become
avallable later They can only make a decxsnon based on the set of

the demgn must. be mxde With these consnderauons in mmd we can
formulate the fundamental Rule of Judgment in engineering: Evalu-
ate an engineer Orf an engineering . desngn against the sota thai defines
best practice at the time the design was made.

This rule is logical, defensible and easy to state. Unfortunately, it is

not universally applied owing to ignorance; inauention and a genu-

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

pracuce from the set of all engmeermg heunsucs in a spemﬁc case,

Each of the se three: reasons for niot observing the Rule of Judgment is
worthy of special attention.___

For the !ay person, the failure Df an engmeermg product usually
means that some engineer somewhere has done a poor job of design.

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 incorpordtcs a finite probabhility of failure: The

engineer uses a complex network of heuristics to create the new in
the area of unceninty at the margin_of solval
some failures are inevitable. Had ancient engmeers remamed 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 igroring the
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context. Or. sota that represents the best engrneerrng practrce upon

changes around the completed engrneernng product A sota tractor on

the date 1t ‘was dellvered is not necessanly approprlate for workmg

fall or overturn or both Gften the correct basis for. 1udg1ng the

performance of an engmeer is ot used because the publrc mcludmg

|ournahsts reportmg major technologrcal farlures does not know

whatitis.
Engmeers are also mns;udged through inattention. Since the sota is

a function of time, special attention is needed to ensure that the
engrneer is evaluated. agarnct the one vahd at the t1me he made h1s

Gne of my French cngrneermg colleaéues undoubtedly carrred

Arrpo't in Paris and e'(plarned that he had 1ust had a m1serable time

getting through O’Hare Airport in Chicago. He then added that he
cotild never understznd why American engireers 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 world; de Gatlle had been

in operatron onlyr two weeks—two facts are beyond dxspute each

the intima‘s exchange of technical information at 1nternat10nal 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. o

The second example concerns. the aphonsm of the Amencan fron-
tier that a stream renews itself every ten miles. Essentially this means
that a stream is.a buﬁ‘ered ecosystem capable of neutrahzmg the
enterpr1s1ng pionieer built . _paper mill on a éifééﬁi and into it
discharged. his waste. According to the above. rule 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 were wrong to use a heuristic
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that was no longer valid, I might agree. Presumably the original
heuristic_is applicatle only to a virgin stream. If you argue that the
original plant should be modified to make it consistent with later
practice, a process the engineer calls retro- or back-firting, 1 might
also agree, a'~hough I am curious whether you would require the
pioneer, later plant ownets or society to pay for this often expensive
process. But if you criticize the original decision to build a plant on
the basis of today's set of heuristics, I most certainly do not concur.
As others have said, we must judge the past by its own rule book, niot
by ours. S R
These two examples show how easy it is to forget the factor of time

in engineering design through inaus=nzion. But.-now let us consider a
more troublesome reason why the engirnieer is oftei iiot judged on the

basis of good engineering practice at the time of his design. The
problem is agreeing on what sota is to be taken as representative of

good engineering practice in a specific case. All engineers cannot be

asked for their opinions; that is, SOta | esg, pror: €ANNOL be used 4s 2

standard. The only recourse is to rely on a “‘pane! of qualified experts”

to give its opinion. But how is such a panel to be constituted? s
membership to be based on age; reputation or experience? Iii deter-

mining the set of heuristics to represent 4 sota chemical plant; should
foreign engineers be consiilted? And finally, when best engineering
practice is used as a basis for how-safe-is-safe-eniough for a nuclear
reactor, should members of environmentalist groups be included? No
absolute ariswers can be given. But the engineer has never been piit
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 hie constitutes it. -
- Agreement about the sota that is to. represent best engifieering

of the designers of engineering projects still in use are fio 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 judgmieit, 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 product liability clairis

againstthe engineer, what is now needed is an archival sota | pe; zg juds:
to allow effective implementation of the Rule of Judgment.
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RELATIVE TECHNOLOGICAL DEVELOPMENT OF COUNTRIES

. The sota |,’ ”'m“ evaluated for a country is obvmusly a measure of
its technological development and ability to solve technological prob:

lems. It will serve as a third example of the importance of the
technical word sota. A country without access to the sota that repre-
sents best engineering practice is at a definite disadvantage. Under-
d veloped countries are Imderdeveloped precrsely for thrs reason

sota result. in sxgmﬁcamly 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
full-scale reactor (with the British doing significantly less); and that
the Russians prefer to build ihe reactor first and then see if it can be
made to work

phrlosophres later and grve 2 name to this heurrstrc 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 convinced tiiat an American

engineer was the first to step on the moon because the National

Aeronatitics and Space Administration required more attention to

quality control of individual components than did its_conipetitors.

Whether this is true or only the exaggeration of yet another engineer
carried away by nationalistic zeal, the country with the most :fective
heuristics is clearly the most advanced technologically and the best

able to respond to new techriological 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
engmeermg practice worldwide.

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

engmeers who typxcally speak only Englrsh and base therr desrgns

a serious competitive clisadvamage with respect to mululmguai engi-
neers who base their designs on a sota containing heuristics encoded

in a variety of languages:

A
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ENGiNEERING EDUCATION

Let us look at the problem in engmeermg educatron 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 collection 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 environmient that shapes the sota
of the engineer and the one that shapes the sota of the student are

differenit. 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 different environments, and their sotas will evolve differ-
ently. Second, the sota of an engineering professor is not the same as

that of a practicing engineer. Often a 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 desrgn 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. Somie _colleges. have also developed design
courses that require students to solve authentic problems generated
by industry, and others have encouraged students to alternate their

formal study with work_ periods in a cooperative arrangement with
industry. All these remedies inave 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 miust contain !curistics that

allow him to eﬂicrently dncrease the intersection affer graduation.

While in school the student must learn thzt an engineering design is
defined by its resources and, once in industry, be alert to the
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heuristics used in resource management He must also realize that
engineering requires that decisions be made amid uncertainty and
look for the heuristics the practicing engineer uses to control the risk

resulung from [hlS lack of knowledge Engineerlng educauon must

to absorb qunckly Lhose heurnsucs that cannot be taught in school

engmeermg heurnsucs 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. éiﬁiﬁiﬁlé we will consider of the use of various sotas. It

is also one. of the most lmportan[

engmeermg sotas. ﬁs has been observed by other authors aphornsms
whnch have all of the sngnatures of a heunsuc are socnetys rules of
that the broth. wxll be spmled And what are we to. make of the
conﬂnctmg advice, “Look before you leap” and “He who hesitates is
lost’"? As with conflicting heuristics, other rules of thumb in the total

context select the appropriate aphorism for use in a specific. case.
These pithy statements are also dated. Recently the sayings, “‘There’s

no free lunch;” “Everything is connected to. everything,” and “If
you're niot part 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: ,

i Socnety solves problems society uses heuristics, society has a sota.
Some of the heuristics used by the engineer and non-engineer are the

same, but each reserves some fqr exclusnve use.. Few engmeers use a
of socnety evndently do. On the other hand no layperson uses the
Colburr relation to calculate heat transfer coefficients, but some engi-
neers most certamly do. Therefore, the sotalsode,,, and the

sota |e,,gmee, are not the same;, but will have an intersection as shown in
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combmed with a crosshatched one representmg socnety A hcunsuc
earns admission to the small rectangle of intersection by being a
heuristic known to-both the engineer and the fion- engineer. Figure 7
also includes six solid circles labeled 1 through 6.to indicate subsets of
heuristics needed to solve specific kinds of problems. Problem one,
lying outside of the sota of society, requires only engineering

9 léo"ciéiy

Figure 7

heuristics; problem two requires some heuristics unique to the engi-
neer combined with some from the overlap, and so on: As before; both
SOUA |- engineering AN 5012 | sociery dre composites of overlapping sotas of
individuals, and therefore the problems represented 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. e

. Problem one requires only engineering - heurlsucs for its soluuon
Sifice the engifieer has tradmonally responded to the needs of society,
few engineering problems lie in this area: S

Problems from area two are endemic on the engmeers ¢ f”ﬁjj"

board. They require information from society to define the
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for solunon and heurrstrcs exclusrvely known to. the engrneer to. solve

Part 1 serves o indicate the rmportance of this regron and the inter-

play of engineer and society. Non-engineers can never completely
Understand the trade-offs fiecessary for the design of an automobile:
They must delegate responsibility to the engineer to act in their stead

and then trust the enngers 1udgment The altemauve approach of

els, no advanced mathematics and no difficult . empmcal correla
tions—would. soon grind the machinery_of engineering to 2 halt.

Problems such as | number two requrre a 1ornt effort in deﬁnrng goals

trained engrneer for therr solutron
Soimie argue that we are witnessing a shrrnkrng of this. area as
society disciplines the engineering professron because of disagree-

ment over past solutions: No.longer is it svfficient for an engineer to

assert that a mass transportation system or nuclear reactor is needed
and safe: For a problem such as number two; confidence 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 method. A simple test is in order. Ask the next non-

engineer you meet: What does best mean to an engineer? How is it
related to optimization theory? What is the state-of-the-art? And what
is technical feasibility? Those _unable to respond satisfactorily to

these questions are technologically illiterate. and_in no._position

either to delegate important aspects of their life to.the engineer 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: i

Problem three will not detain us long. In thr, area of complete

overlap between society and the engineer, the only dispute is over

whrch heurrstncs are best to deﬁne and solve it: those .common to

alone, or those used by one of the various subgroups of non- engr
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neers. The polltrcran economist, behaworal pswhologlst artist,

theologian and the engineer often emphasrz:= different : aspects.of a
problem and _suggest different approaches to its solution. Nothing

could be more different than the heuristics prayer, 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 reducing hunger in the world. Each of us

speaks of a. problem with the accent of his sota: Many. options are

available in area three; society’s sota must contain effective
heurIStlcs to arbttrate hetween them

the heuristics needed for an acceptable solution 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 engineering 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 engrneer is

more orrented tc the use of numbera rather than general phrlosophl-
cal posmons in maktng a decrsron and more goal orlented These

important aspects of a problem and their relative i rmportance at tlmes
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 triie:
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
desrgn tothe lay 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 human species—that is, increase the overlap of his

sota with that of society. But sensitizing you and me to the human
condition is the responsibility of the riovelist, psychologist; 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 behavrortsm’ What is the difference between a
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Greek and Shakespearean tragedy’ An engmeer unable to respond
satisfactorily to these simple questions is illiterate in the liberal arts
and in no position either to delegate importarit aspects of his life to

the humanist or, more important, to discipline the humanist if he
does not _agree. with the humanist's proposed solution. Given the
large number of problems in region four and their importance, how
can society afford engineers who Jack even a superficial 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 engineer to be liberally ediicated.

_Problem five requires heuristics completely outside_ the experuse

of the engmeer and is beyond the scope of thlS dlscusclon

view of engmeermg Some peopie, mciudlrig some engmeers be-
lieve that nio overlap should exist between the sotas of society and
the engineer. In this view, the duty of society is to pose the problems
it wants solved, and the duty of the engineer is to solve them using
the best techmquea available. This view fails because problems evi-
dently exist that cannot even be defined by society without knowing
the range of the technically feasible and because solutions evidently
exist that cannot be found without knowing a society’s value system. 1
therefore do not believe that many, if any, examples of problem six
exnst or. lf they exnst that they would be solvable In splte of |ts

glriééi"ﬁ Cbﬁcépi of
a sota in the analysxs of the relauonshlf) 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 discuission returns to our major goal, the rule for

implementing the engineering method:

Prmeipal Rule of the Engmeermg Method

Deﬁnmg a method does not tell ‘how it is to be used We now seek

a rule to implement the engineering method. Since every specific
implementation of the engineering method is completely defined by
the_heuristic it uses; this quest is reduced to finding a. heuristic that

will tell the individual engineer what to do and when to do it
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Remen‘.oermg (hat everythrng in. engrneermg is heurrsnc, 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 I make a firm and unalterable

resoluuon not to vrolate itevenina smgle instance.
- My Rule of Engineering is in every instance to choose the heurrsuc

for use > from what my personal sota takes to be the sota representirig
the best engineering practice at the time I aim requrred to choose. .
_Careful consideration of this rule shows tl at the engineer normal-

izes his actions against his personal perception of what constitutes
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 heuristics needed to define the engineer. Recall
that in Figure 5 the sotas of three engineers, 4, Band N, overlapped
in a small rectangular subset rhat mcluded rhe heurrsucs they shared

are considered; the overlap would contain those heuristics absolutely

essential to deﬁne a person as an engmeer 777777
This intersection will contain only one heuristic; and thrs hetmstrc

is the rule just given for implementing the engineering method.

While the overlap of all. modern engineers’ sotas would probably
ificlude mathermatics and thermodynamics; the sotas of the earliest
engineers and craftsmen did not: While the sotas of some primitive
swordsmiths included the heuristic that a2 sword should be plunged

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

modern manufacturers of épées do riot. The Riile of Engrneermg is:

Do what _you think represents best practice at the time you must

decide; and only this rule must be present. With that exception,
neither the engineering method rior its _implementation prejudices
what the sota of an individual must contain for him to be called an

engineer. -
- The goal of Part 1 of lhlS drscussron was to descrrbe the situation

that calls for an engineer. The goal in Part 11 has been to describe
how the engineer responds when he encounters sich a situation. if
you_desire change; if this change is to be the best.available; if the

srihaiién is. complex and poorly understood and rf the_solution is

an engrneenng problem What human has not been in thrs situation?
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If you cause this change by using the heuristics that you think
represent the best available, then you too are an engineer. What
alternative i there to that? To be human i to be an engineer.

~ The definition of the engineering method depends on the heuris-
tic; the rule of the method and the Rule of judgment are heuristics;
and the engineer is defined by a heuristic—all engineering is heuris-
Lc:



PART III
SOME HEURISTICS USED BY THE

Cowed by such an authomative rule of thumb the ﬁrst ob;ecuve of

Since exammauon ofa long list qturldy 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 amtude toward
~ his work, -
4) Some heunsncs that engmeers use to keep risk within accept-
able bounds, ard ,
5) Some rules of thumb that are 1mportant in resource allocanon

The reason for thls extenswe revnew is 1o insist on the broad
meaning 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 will be cited for each of the above ¢ categones The

specnﬁc 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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heunsuc Byltsextent thls llSt will disting gu:shfrnyyleyfr?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 is to ‘€xamine 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 I in light of

the progress we have made and to put it in final, compact form.

Sétnple Engineering Heuristics

1 do not know Whether I ought to touch on the slmplest heunstlcs
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 hernice may not be of interest to most
people. Nevertheless, to test whether my fundamental. notions are

accurate and to whet the appetlte for what is 10 come 1 feel more or

do aot lntend to mstruct in thetr use or even to reach an understand

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

Rules Qf Thumb and Orders of Magnztude

In engineering practice, the termis rule Q[ thiimb 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 2 room knc wing 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
highway by i membermg the rule of thumb that a typical highway in

America costs one million dollars per mile. Both an order of magnij-
tude and a simple rule of thumb must be considered as heuristics, of

course, because neither guarantees the correct answer-to 2 problem.

nghways cost:ng more or less than one mllllon dollars per mile

engmeers 1 would not be surpnsed to ﬁnd bulldmgs somewhere
with irregular column spacing. Still; both are useful to the practicing
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engmeer whose work would be severely handrcapped were rhese
simple heuristics to become unavailable tomorrow.

These two examples demonstrate rhe exrsrence and by rmphca-
mdkanon of rherr varrety. The fo!lowrng group of heurxstrcs, chosen
at random from the various branches of engineering, will correct any

chance mlsrmpressron The

_ Heuristic: The yrcld strcngth of matcnal is equai to a 0.02

percent offset on the stress-strain curve

is used. almost iiniiiersaii'yi by mechanical engineers to estimate the
point of failure of 2 wide varnety of materials, and the

Heuristlc Onc gram of uranium grvcs one mcgawatt day of

energy

is needed by the nuclear engrneer for a qurck and drrty estimate of

engmeer makmg heat transfer calculations ofter assumes rhe

) Heurlstfc Axr has an ambrcnt -temperature ¢ of 20‘ ’c..nugradc
and 4 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 but only an approxi-
mation. Srmrlarly today rhe

Héurlslfc A propcrly dcsigned bolt should have at lcast one

inay appear banal, but its continued use-proves its continued value.
This list could go on at length. As it stands, however, it is sufficient 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
professnon

The engineer uses hundreds of these srmple heunsucs in hrs work
and the set he uses is a fingerprint that uniquely identifies him: The
mechanical engineer knows the importance of the 0.02 perten 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
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release ina nuclear reactor. J'he chemtcal engtneer knows the num-

ber of plates in the average dnstnllatton tower but does not know the

engtneer s s,tmple rules of thumb and orders of magnttude 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.

F actors of Safety

One type of stmple heurtsttc is 5o valuable that it is isolated here

for special consideration. I am referring to the engineering numberts

called factors of safety. When an engineer calculates, say, the strength
of a beam; the reliability of a motor or the capacity of a life-support

system apprcxnmauons uncertamttes and maccuracnes tnevntably

obtam the value used in actual construction: If anyone atlll doubts

saféty atall steps in the destgn process should dtssuade htm from that

notion: In the factor of safety we see the heuristic in its purest form—
it does riot guararitee an answer, it competes with_other possible

values; it reduces the effort needed to obtzin a sattsfactory 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 thtckness of a pressure vessel requires
many heuristics. At times these will include mathematical e 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 physncal propertr‘s such as vnscos:ty and

condmons In t‘he actual vat where the stuff is manufactured you wxll
be lucky if someone has not left behind an old tire or autoiiobile
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 value_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,

5
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preserlbe one of i ten; twelve of even sixteen lnches In thls wayl rnany

serious problems, due to the inherent uncertainty of the engineering
method, are never allowed to develop.

Attztude-Determzmng Heuristics

Knowledge of the mles of thumb we have |ust noted and others

not be llml[ed to techmcal examples to ﬁnd such a dlStlnCtlon but
should also l’ocus on those heunstlcs that deﬁne the attltude or

does hie 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. . . R

The wﬂlmgness to deC|de or the Wlllmgness to glve an answer to a
questton -any question; is_an _example of the proper engineering

attitude: The more - orlgmal and pecullar the quesnon the rriore

evide
p0pulatnon The student willing t to estimate the number of | pmg pong

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

Heuristic: Always give an answer.

ThlS heuristic is often taught explncntly to engnneerlng students. For
example, the design of distillation towers, those familiar tall towers
that dot the landscape of 2 chemical plant to refine petroleuin _prod-
ucts, involves the calculation of the number of plates or stages they
should contain. The theoretical analysns whose exact nature is of o

concern to us now, requires a graph called a McCabe-Thiele diagram.

Orie 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 thumb, the average number of plates in
distillation towers in the United Statcs is thirteen.* If you_know
something abov: the McCabe-Thiele diagram 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 beesi in my class in distillation, for heaven's sake
don't say ‘I doi't know.”" I

. Although this is a true story it tis oerhaps an exaggerauon Its pomt
however, is clear. Enigineers give the best answer they can to any
question they are asked. Of course. in answering, the engineer 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 commoriy

acknowledged sota.
Characterizing_ t’ngmeermg desngn .as the “use of engmeermg

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

Heurlstic Work at thc margin of solvable problems

Neuher problems amenable 1 to routine analysns nor those beyond the
reach of the most powerful existing engineering heurlsncs 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 desngn

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 dnsqualnﬁed Engineering
design, as traditionally conceived, has no heuristics to answer the
quastions: What is kniowledge? What is bemg’ What is life? To quahfy
as design; a problem must carry the nuance of creativity, of stepping

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

requires the heuristic, the rule of thumb, the best guess. If it were
possnble lo plm all problems ona lme from the ‘most mvnal to the

this line from the clearl' 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 pamally solvable problems are found He works at the
margin of solvable problems.

We have noted that the engmeer 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 o attempt to solve problems that are marginally
solvable: These examples complete 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 considered or even

the most lmportant The engineer is also generally optimistic, con-

viniced 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

with probtem solution. Any serious effort tc explain the engineering

method must account for these hetristics that define the engineer’s

attitude when confronted by a problem.

stk Controilzng Heuristics

_Bécaluse the eng.neer wnll iry to glve the best : answer, even_in
sltuatlons that are marginally decidable, some risk- of failure is un-

avondable This does not mean, of course; that all levels of nsk are

acceptable. As As should 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~isitize the design process.

The first

Heuristic Makc small changes in the state- -of- thc-art

is tmportant because it stablllzes the éngineerlng method and ex-

plains the ergineer's confidence in using contradictory, error-prone

heuristics in solving problems, even those mvolvmg human _life.

Sifice 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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fcund In other words wrthm the hypotheucal set_of all possrble

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 U and E from a previous example are reproduced in

Figure 8.

Figure 8

Let us asstimme that in. the past. the heuristic £ has been successfully
apphed to problem d 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 erngineer to use E only when he can
apply it to a problem located within the cloud of x's in Figure 8.

é

.
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Under this condition the engineer is reasonaply secure in using
fallible, nonanalytic solution techniques. But errors do creep in. The

exact posttlon of the dotted boundary in Frgure 8 is not known and

6ne of the most spectacular englneerlng failures was the Tacoma

Narrows Brldge in Washmgton state: By oscrllatmg wnth 1ncreasmg

it earned the name “Gallopmg Gertie.” When accidents happen the
engineer is. quick to retreat, or as he would say, back of in the next
use of E. By failure he has explored the range of valldlty of his

heuristics.
A small step does not lmply 1o 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 stream, Usmg heuristrcs as hrs gmde ‘The

stepping stone to stepprng stone ac the orrgmal theoretical idea
became the bench-top experiment, the pilot plant, the demonstration
plant and finally the full-scale plant itself. This sequence. under the
ﬁ'm control of heurlstlcs allowed a safe extrapolation as knowledge

blouse or the shnrt you -are now wearmg could be produced As wnth

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

heuristic method is an acceptable solution technique in part because

of the stabrlrzmg effect of this heuristic in the typical state-of-the-art.
1 remember when I first heard the next engineering

Heuristic: Always gwc yoursclf a chance to rctrcat

explrcrtly stated. It was in a laboratory course. oﬂ'éred by a professor

who later became a commissioner for the Atomic Energy Commis-
sion. I don’t remember the. specrﬁc ‘example he used, but I do
remember his point: Much as the computer technician stores. the
darly operation of his computer on a back-up tape or as a sensible
person mentally checks where his house keys are before lockrng the

door behind him, this heuristic recommends that the engineer allo-
cate some of his resources to preparing for an alternative design in

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

7
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. Ina prevnous secuon, nuclear engineers were qu0ted as saymg that
a fundamental differenice 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 preferred 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, homogerieous -aqueous, molien plutonium; moiten salt and
high-temperature gas-cooled reactors. Early in nuclear hlstory, Ameri-

can engineers built a 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 ornly 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 4 and the Russian at R At 4, 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 in an ever-narrowing manner as the engineer seeks the one

best design: At R, the Russian plant calls for a miuch earlier choice of
reactor type to which 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 requmng fewer resoirces to reach

the design obijective, is Clearly preferable. It does not, however, offer

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

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

ning as mdncated by the dotted square. The American -approach, at 4
is more extravagant with resources, 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 the 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 charice to retreat recommends that design
decisions that carry a high penaity 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 a solidified
information base will often pay dividends.
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__ Although the engineering term 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

w!.
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feedback _is the arrangement of any system Whether elecmcal me-
chanical or biological, in which the output affects the input.

- To see the parallel between a feedback system and engineering
desngn, _replace the word system in Figure 10 with ‘he words _engi-
neering metbod. The input will niow be the sota of tiie engineer, and

the output; the results of his efforts. Earlier, we found that the sysiem

to transform this input into this output consisted of onlv 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 success 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 2. 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

Ifa bndge falls ﬁlms of the fanlure ire studned models of the
bridge are tested in wind tunnels and competing methods of caicula-
tion are examined to see which most accurately predicted the prob-
lem: As a result, the sota of bridge design changes. Stable enginecr-
ing design 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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so 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 Allocatwn Heurzsttcs

- Slnce an. engxneenng p"oblem is deﬁned by its resources, 1 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

represented by the heuristics: allocate sufficient resources to the weak
link; allocate resources as long s the cost of not knowing exceeds the
cost of finding out; and at the appropriate point in the project, freeze
the design. -

The first item on the hst the

Heuristlc Alloate suﬂicnent rcsources to the weak link

ostensibly refers to the English aphonsm “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 in other dlsc1phnes chemisury for one, where the weak

comblnes Wlth orne atom 1 of chlorine to produce one atom of salt the

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

all problems of chemical stoichiometry, if you want more product,
increase the limiting reagent; i effect, attack the weak link.

- Engineering design is no different. With the possible exceotlon 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

desxgn Good engmeenng pracuce requxres that suﬁicxent resources

due to overdesxgn of the less 1mportant pans of the final propect may
actually be worse—if additional resources are allocated to the less

critical components

Holmes.
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. Thls heuristic is 50 lmponant that in centain llmlted cases. the engl
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-
plane or bridge requires that blueprints be drawn, the site prepared,
materials procured and verified; personnel hired and so on. Some of
these tasks can be performied in parallel; others must await the com-
pletion of an earlier task. The critical path method and the related

performance evaluation and review techniques (often called by their

engineering acronyms CPM and PERT analysis) 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 tithe to construct 2 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

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

appears frequently in the literature in a vanety 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_discontinued when confidence is relatively low.” Another asks “if
what has been learned about the project to date or the current pros

pects of yneldmg 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 the engineer must decide, heuristically, of
course; which cost is lower.

An interesting ramification of this rule of thumb condones the

engineer’s refusal to explore preposterous design alternatives. 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 basis of its approximation to truth, as is typical of the scientist.
Since truth is generally held to be an absolute 8ood (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, nio matter how bizarre,
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an audlence In splte of the xnttlal strangeness of the Theory of

ago a crank device called the Dean Machlne 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 essentlally every known law of scien:e beginning with New-
ton and ending with the Second Law of Thermodynamlcs No working
model -was provided, and the few available schematic diagrams
showed a complex Aarrangement of eccentric cams that would have

required many_hours to analyze. Brandishing such_taunts as “They

laughed at Gallleo" and “They laughed at Elnsteln proponents of thc

mmded cliquish and afraid of unconventional ideas for not sponsor-
ing. fesearch to prove whether the machine would work. Although
scieiice has no rule of procedure to_dismiss any theory before the
battle for truth is ;olned englneering does Slnce analySJs of the Dean

since it represems a yery 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 continuing.”
Of course; this heuristic, as with all others, does not guarantee that
the absolute best decnsnon has been made Conslderlng the. large

the avatlable resotirces restrict the englneer to the well traveled path

he need not regret the opportunity missed on the road not taken..
_I_cannot_certify from personal experience the observation of the
English engineer who writes:

ing able to develop 2 new invention much more readily

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 Jmprovement 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

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

nghtly or wrongly, the USA. has the reputauon of be
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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, freczc 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 numbers it gives was fixed by the size of the computer code when
“the design was frozen.” This rule of thumb recognizes that @ point is
often reached in design where the character of a project, and hence
the_appropriate allocaiion 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 aniother altemative.
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 beer 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 kiiowing exceeds the cost of finding out; and at
the appropriate point, freeze the design—are not the only resource

allocation heuristics in the armory 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 111 by
sampling a few simple rules of thumb, orders of magnitude and factors
of safety as appetizers; and by avoiding the temptation 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, accounit for all the heuristics we have just seen.

Alternative Definitions of Engineering

 The second objective of Part I11 s to give equal iime to the opposi-

tion. We need to examine alternative definitions of the engineering

method and show why each falls short of an 25+ . lute deF ~ition and
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should, iiself, be taken as a heuristic. This study 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 specnﬁed morphology, 2) applied scierice, 3) trial and error, and
4) a problem-soiving; goal-directed or needs-fulfilling activity.

Engmeermg and Morphoiogy

) The miost commion and ambmous effort to defie the engineering
method is the attempt to associate it with a specnﬁc universal struc-
ture, the so-called morphology of engineering design. Many authors
have tried to define the engineering method by listing a fized se:

quence of steps through which the design process is assumed to pass.
For examiple, 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 examine. By which is meaiit, the engineer must

1) Understand the problem
2) Devise a plan to solve the problem
3) Carry out the plan and, finally,

4) Look back to check the solution obtanned :
Perhaps the most extreme example of a morphology is that of the

author who insists that to be called an engineer you must

1) Determine the specnﬁcauons;

2) Make a feasibility study,

3) Perform a patent search,

4) 'r)evelop alternative desngn concepts

5) Determine the selection criteria,

6) Select the most promising desngn concept

7) Develop 2 mathematical or physical model,
__8) Determine _the_relitionship among the basnc dnmensnons anr*

materials of the product,
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10) Evalugte the. optimlzed design by extensive analysns on the

mathematlcal model and tests on physical models and, finally, =
11) Comimunicate the design decisions to engineering adminis-

trative and manufacturing personnel.

The basnc assertion in each of these proposed deﬁmtnons 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 4 fixed of-
der that must be followed to produce a prodiict that is identified s the

result of engineering.
, Although these proposed structures are. often he.nful as hegrnsggs
and the components of each structire often reveal many important

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 to 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
onk of style. :

Second, the more candld authors a:lm it that engmeers cannot sxmply

woik their way down a list of steps but rast circulate freely within the

proposed plan—iierating, backtracking aiid sk: .pping stages almost at
random. Soon structure degenerates into a set of heuristics badly in
need of other heuristics to tell what to do when.

Third, none of the structures proposed so_far recogmzes the full

spectrum of heuristics essential to 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

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

analyze, synthesize and evaluate.
- Finally, to paraphrase what a scnenust once sald of effons 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, primitive_artisans, early engineers or even a team of

modern engineers proceeded by first completely understandmg their
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problem, then completely developing  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 engmeers’
Therefore from the perspective of this discussion, a2 morphology is 2

set of heunsucs a spec:ﬁc sota. Il is useful asa heur'suc for the novice

method. As a re:sult we are left with the

ﬂeuristic Usc a morphology to solve cngmccnng problcms

Eﬂgiﬁééﬁﬁg and Apﬁiied Science

rectly assert that engmeéririg is apphed science. Thls is the second

most common attempt to definie the engineering method. Misunder-
standing the art of engineering; these aiithors becoriie mesmicrized by

the admittedly extensive and productive use made of science by

engineers and elevate it from the status of orie valuable engineering
I zuristic among. many others to identity with_engineering itself. On
careful analysis, iowever, 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 apphed science falls because scien-
tlﬁC 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

natural phllsophers of the sucth centugy 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 tiic Greek way of thinking, the comprehensnbll

ity assumption and the scientific myth. Not surprisingly, I call it the
Greek heuristic. It is_instructive to_ remember 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 ::rong rational tradi-

tion is now greatly weakened by modern philoscphy under the influ-
ence of Martin Heidegger and, perhaps to a certain extent, Henri
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Bergson are retreaung from it. To be sure, some hxstonans have found
traces of doubt and criticism before the sixth century B:C:; and others

have found Asiatic anticipations and varianis of this same _approach 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 2 Greek invention—one of the pivotal inven-

tions in human history. So pervasive has this hypothesis become that

onc histsrian has been led to assert that “it is an _adequate description

of science to say that it is thinking of the world in the Greek way.”
Of course, before the begmmng of systematic inquiry, humanity had

2as_about the world that was_sufficient for
gathermg food _constructing shelter and managing daily affairs. But
these beliefs were characterized by superstition,_imprecision; contra:

diction, lack of knowledge of their range or application, confused

mterrelanonshnps 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 moment. This sota was sufficient,

after a fashion, for buxldmg bridges, irrigation canals, dams,- homes—
and sepulchers: In it was.to be found nascent engineering. Engineer-
ing, the use of engineering heuristics, _clearly predates science; the
assumption that the world is amenable to critical analysis. With science

yet to be discovered, early engineering could hardly be defined as

applied scierice.
__What of the ¢ present day’ Scxenuﬁc mowledge is snll unavaxlable for

some, perhaps most, of the decisions made by modern engineers: The
design of a system te 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 know precisely what s science to apply. The

€xact temperature; pressure; gravitational field and composition of the

moon were unknown. Withous sience, How do 3 you apply it? Yet a man
placed his foot on the moon G Taly 20, 1969: -

- A second reason that engineering canrot apr.)r0pnately be called

apphed science is that sometimes the e engineer does not use avmlable
scientific knowledge that bears on his problem. Since an engineering
problem is defined by its resources, an engineer must make his

decisions withini the amount allocated: Developing; retrieving and

applying scientific knowledge always incurs cost. In some cases the

engineer is 50 poor that hie can afford unly past experience, intuition,
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folklore and educated guesses tu solve his ‘probleris, while in others
he is rich enough to afford scicn:e. The choice in each instance is

dictated by his sota. It is simply not the case that the engineer uses

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

erice is unavailable or because it is 100 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

engineering, biit 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 requnres sciernce only as the

Heuristic: Apply science whcn appropmitc

curious- hnstory 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 iridependeiit relation-

ships_exists betweenthe variables to_ensure a unique answer) often
frustrate a mechanical soliition. procedure because 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 procecu Th\s strategy is fanrly common in some brancbes of engi-

tion of embedded equariom is aimmt a way oflife.
_Engineering does not, however, reduce to a snmple trial -and-error
procedurer,ln engineering, a. wide _variety of designs is not tried

randomly, then measured against an absolute set point, after which. the

failiires are eliminated and the most successful retained. The problem
with this analysis is that; if anything, the engineering prophet is too

good The ratio of engineering successes to failures is unexpectedly
high. No matter how difficult an engineering_ task appears, somehow it

always succumbs. The engineering goals of designing a_supersonic

airplane capable of flying faster than Mach 2, of landing 2 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
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exist. Any explanauon of the cngmeenng méthod must explam thls

high success rate. Of course; a few engineering projects do fail, but

these failuz=s are always greeted with s surprise. By and large, engineers
are too successful at everything they try for simple; random trial anid

error to be the answer. .. . o
Instead, as we saw eatlier; mformauon 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 dnrectly and essentially, not only Gertie but the majority of her
progeny would gatlop. = A

Any phrase that feigns to explam the engmeenng of the presem dzy*
must, at the least; be powerful enough to whisk us safely from the take-
off of a small aircraft at Kitty Hawk on Decenmber 17, 1903, to a fanding
in the Sea of Tsranquillity on July 20, 1969, with relatively few crashes.

Only the identification of the engineering method with the use of

engineering heuristics—where one of the includicd engineering

hevristics is “‘use féedback to stabilize engineering design,” ot identi-
hication of the engineering method as “trial and erfor”--—can do so
The

Heun‘stic Enginccring is trinl md error

is simply madequate as a definition of the engmev.my -ue'hod

Engzheerzng and P?Oblem .Yolutzon

Many other deﬁmuom of the engmeermg meghod exist in conven-
tional practice the; -y arc rather vaguely associated with either solving a
problem,; attaining a goal or fulfilling a need. This we read: ‘‘design is

a goal-directed, problem- -solving activity”’; "‘design is a creative Jeci-

sion- makmg process directed toward the fulfillment of human needs";

and so on: These definitions are convenient and, when speaking
mformally, I have used them myselr But either becaus«. they raise the

troublesome question of what is to constitute-a problem, .goal or need,

or because they commit the televlogical fallacy, all such auempts at
definition are in actual fact only heuristics.

A problem, goal or need is a pamcularly huiman invention. While
humans nations and culiures may speak of five-year plans to solve

their problem; nature (more accurately the. complex of heuristics

humans persoriify 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 gettmg enough energy for thenr automoblles but nature
sees only an uneven drstrrbutron of energy masqueradmg ina vartetw

totally unmterested in What thrs dlstrlbuuon is at any gtven mstant

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 particular human's invention. What 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 arid fisk. 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 domiain to make

way for a highway will see only a problem when someone else’s

problem is solved. A problem is not 2 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 2 problem in an absolute
sense is the first reason why identification of engineering as problem

solutnon rs at best a heurrstnc

tion of engineering as 4 goal-directed actrvrty is not much help n thns
form; engineering commits .the_teleological fallacy Teleology is the

study of desrgn in nature That 1s, 1t is the characternstnc of nature, or

ln 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 alféct the present, or is the goal drrected aspect of
sophlstlcauon of the engineer's sota?

You want a bridge; the engineer. will desngn 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 themiselves, 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. , o N

- 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 2 power
plant using nuclear fusion not been considered? If engineering were
teleological and engineering objectives based exclusively on their
desirability, I would be suprised that these more advanced goals were
niever established and, once established, achieved. R
.. 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: is . good prophet because he makes only self.

fulfilling prophe¢izs. Ya other words, the engineer chooses a project
based less on iis de .bility. than its feasibility. The sota of the engi-
neer not onlv << #2ins heuristics to cause change, bt also heuristics to

show which chiaiige. he can cause. The engineer calls this heuristic the
feasibility study. 1n a feasibility study resources are allocated; not with
the_goal of solving a problem, but ng out

7 jith the goal of finding out if a
problem is solvable. This goal of deterining the feasibility of an idea
is achieved whether the final answer is ves or 1nG. Even in a feasibility

study, the engineering prophet keep. .» tac

£ r%; v:tion intac by consider:
ing only goals he knows he can awain. 4ny - gineer z ive in 1985
would tell you that neither an aircraft ¢+ ‘vould go Mach 10, 2
manned landing oni Plito nor @ 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 charice they were established, to expect
them to be achievrd. - . o

In actual fact; the matter is far iz ‘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
engineer_could not even suggest the creaticn of the atcmic bomb,
because Einstein's heuristic, E=mc?, was unknown. An engineerinig

problem is. nothingbut a shorthand symba! for a set of current

heuristics. This set does not contain any future, presently unknown
ones. The engineering prophet is successful because he predicts only
what is immanent in the preserit Sota of the enginecring profession.

We now have an explanation of the engineer’s unespectedly high
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success rate that does not commit the teleological fallacy, based on a
fuller understanding of the engineering sota. Since the identification

of engmeermg as a goal du:ected acuvnty does commnt thns faiiacy I

The second éxampie suppomng the belief that ¢ engmeermg teleol

ogy is unwarranted once the complexity of the engineering sota is
taken into account is based on the ability of engineers to solve prob-
lems that are originally known to be unsolvable: When the design of
an American commiercial supersonic airplanie was being considered,
economic heuristics dictated that it carry at least 200 passengers. The

only kr-own materml ior ltS Outer surface that could wuhstand the hngh

titanium: Desngn continued, aithough at the time techmques were
unavailable for welding this material. Surely this is an example of a
goal that was set without knowing essential heuristics that would be

needed for itS achlevemem Actually it is not: Once agam the paradox

on the one. he thmks, heurlstlcally, will exist when he needs it. When

engineers were considering the supersonic airplane, heuristics were
available to predlct that within the next ten years techniques would
become available to weld titanium. (I.might add that these heuiistics
were good ones, for now, one decade later, titanium is weldable.) The
feasibility of the airplane was based on current heuristics for projecting
a sot into the f uture.

usually sup;_uaed It contains heurlstlcs foz snlvmg problems

heuristics for pusirg feasible problems and, as wc have just seen,
heuristics for determm'nt; if prohilems. will be feasibie in the future.
And in all these cases the wienlogical fallacy is not corumitted.

_ Given the ability of an engiiiceiinig sot to doa? cnusfactonly iiitiii ihe
problem goal and needs aspects of engineerin
of engineering teleology, I see no alternative but to repiace deﬁnmons

that contain these concepts with the

Heuristic: Enginecring is a problem-solving, goal-directed and
iiceds-fulfilliient activity

or some similar formulation.
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Preferred Definition of the Engineering Méiﬁéa

All present eﬂ”orts to deﬁne the engmeermg method ir in an absolute
way fail. Engineering design is not just a morphology; it is not just
applied 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 comiprehensive vicw is
the third and last objective of this part of our discussion.

_Throughout this discussion; I have repeatedly expressed my prefer-

ence for the

”ii‘eurism: The engineering 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 thlS chonce is any less of a heUl'lS[lC
than those rejected, but only that it is a better one.
This preferred definition of the engineering method may be snmpln

ﬁed and put in a more compact 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 coricept may therefore be com-

biried 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

available resources were used to_describe an engineering problem
situation and, by implication, one that requires heuristics from the sota
of the engmeer As a result; the

- }Teurlstic The engineering method *« the use of engineering
heuristics

is my caitdldate for a ﬁnal compact deﬁmtnon of the engmeermg
method, with the understandmg that the phrase engineering beuristics
is intended to include the specific heuristics outlinied above,

- This preferred defirition of the engineering method is a supenor

heuristic for five reasons. First, it does not require the engineer at 4 in

Figure 1 (page 7) to know the exact final valiie system_that will

characterize the Riture point; _B. Second, it does not commit the

teleological fallacy. Third, the proposed definition is 2 universal defi-
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nmon of the engmeermg merhod that rs, it is alwaysa good heurrsuc

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 highly hypothetlcal example will make this point.

Assume _that a country needs more  energy and has agreed on the
goal of building more nuclear power stations. Sinice 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 nuclear power, the nuclear eengineer should head in the exact

power stations to ensure that enough energy is avanable to construct
the nuclear plant. And (to preserve the balance in_the examples) it

might be necessary ‘or a person who is against nuclear power as an
ultimate energy source to endorse nuclear power in the short term to
ensure that enough energy is available to keep a society stable until his
goal of an alternative energy supply could be realized: Unfortunately,
establishing a goal is too often taken as a mandate to head straight in

its drrecnon ﬁrs in the two examples |ust grven at times thrs rmplred

may appear to move away ﬁ'om it.. Regardless of whether esrabllshmg a

goal isa good heurnstxc ina speaﬂc mstance Whether he establnshes a

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

follow._.
Founh the proposed defmmon of engmeermg method mcludes the

method seeks to find hedrrsucs o help choose the bes 5t 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-choosing 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 4 to B, but is constantly changing: The lack of informa-
uon that always pnaﬁues an engmeermg problem suggests. that durrng

new goal such as 8 or B” may become more desnrable The derivative
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always represems what is currently thought o be the best pohcy For
these five reasons; the engineering method is best defined as the use
of engineering heuristics.

Flgure,,ll,,,r,epresems the world of the engmeer He is located at

desnrable ﬁnal state ahong aII 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 siubset 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 coi:

pletely defined by the sota | eng prof mow
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Figure 11

. At Iong Iast we have concluded our survey of engmeermg heunstscs

including one special heuristic that defines the engineering method.

As advertised at the beginning of this section, thie list was not intended
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as a complete feast of ll heuristics used by the engineer or even of all
the categories into which engineering. heuristics may fall. My aim was

to encourage you to see iiie heuristic behind everything the engineer
does and to acquire a taste for engineerting heuristics beyond the
simple ones taken over from the traditional study of problem solution.

From the initial observaticn made in the introduction that the engi-
neer affects our world mcnsnvely, through the discussion of the heuris:
tic and sota, with a pause to review a selected list of engineering
heunsucs, and so on at-last to the ﬁnal deﬁmuon of the engineering
method; our discussion has revolved around the e _engineer and what he

does Engmeermg the use of engmeermg heunsucs—thh IhlS con-

artifacts, but becomes concerned wnth its art. What e enormous potenual
is unleashed as the engineer enters his maturity and uses heuristics

'd" the. enngeer'ng heunst'cs he wnll use in

(that is, hlS method) to

eﬁ‘ectnve and benehcnal heunsucs 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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