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ABSTRACT

The objective of th is  research has been to develop an understanding 

of the relationship between the problems an engineer solves while doing 

design, the knowledge the engineer has available to apply during problem

solving, and the tools which the engineer might use to organize evidence 

in support of a decision. In more general terms, the research was 

intended to add to design theory by adding to the description of how 

engineers accomplish design.

The research incorporated several d iffe ren t approaches. Experience 

of engineers, including the author, doing design has had a substantial 

impact on the conclusions drawn. The body of design theory has been 

reviewed, as well as the lite ra tu re  on problem-solving in other 

discip lines. Available tools used to support design were evaluated to 

determine how useable they are and to explore how tools can be used 

during design.

A quality  design is , in part, a design for a quality  product. A 

quality  design also incorporates manufacturability, prevention of 

fa ilu re s , and other aspects influencing the value of the designed 

product. Loss of quality  of the design can be defined as a cost -  to the 

designer, the manufacturer, the vendor, the user, or society -  when the 

product b u ilt  from the design fa ils  to meet an intended goal.
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Materials selection is an example of a design decision, 

incorporating both quantitative and q u a lita tive  reasoning methods as a 

selection is made. Materials selection is also typical because 

frequently the need to push forward to other decisions in terferes with 

reasoning completely through the selection. Manufacturability and 

fa ilu re  prevention are examined in detail in the context of materials 

selection.

The knowledge available to designers, and the forms in which 

knowledge is recorded, has a substantial impact on how e ffe c tiv e ly  design 

decisions are made. Methods for reasoning about usefulness of knowledge 

intended to support design are developed, and two measures of usefulness 

are introduced: f le x ib i l i t y  and coherence of the knowledge.

A clearer understanding on the part of design tool developers of how 

a tool w ill be used in design (that is , how engineers do design) w ill 

lead to better f i t  between the design tools and the needs of design 

decision-makers. The principal paradigm in engineering design is to 

acknowledge the complexity of the fu ll  problem, but to sim plify the 

problem in order to attack i t .
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Chapter 1 
Research Methodology

The research reported in th is  thesis is concerned with how engineers 

design, in p articu la r how knowledge is employed when solving design problems 

and how design tools are -  and might be -  employed when solving design 

problems. There is a growing in terest in design theory research, with 

substantial emphasis on descriptions of how engineers should design in some 

idealized setting , or how computers could design in certain lim ited  

circumstances. In contrast, the main thrust of th is  research is to make a 

connection to design problem-solving as i t  actually takes place in the messy, 

complicated real world.

The f i r s t  chapter is devoted to a description of how th is  research was 

carried out. Terms w ill receive defin itio ns , the working hypothesis and 

objectives of th is  research w ill be given, and the methods used in the 

research w ill be described. The second chapter, continuing development of the 

background, contains expanded defin itions of design and introduces key 

concepts underlying the design theory developed in th is  research and presented 

in th is  thesis, in p articu la r the two concepts of design q ua lity  and 

engineering productivity . In the th ird  chapter, the author reviews the 

history and current state of design theory and design research.

The fourth and f i f t h  chapters contain descriptions of two experiments 

into how engineering knowledge and design tools can be used to support design
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decision-making. The f i r s t  experiment, described in Chapter 4, deals with 

better anticipating  m anufacturability while selecting materials of 

construction. The second experiment has to do with anticipating possible 

sources of material fa ilu res  during material selection, and is  covered in 

Chapter 5. Both of these experiments address the question of catching and 

correcting potential errors early , when the cost of correction remains small.

In chapter 6, a simple method is presented fo r v isualizing  how well the

knowledge coded into a tool w ill meet the needs of an engineer making design

decisions. A theory is developed of how knowledge is used fo r design, and how 

engineering knowledge can be made more available fo r design problem-solving.

In chapter 7, th is  theory is applied in an extended discussion of computer 

aids to engineering.

The eighth chapter is devoted to a broad discussion of the philosophy 

underlying engineering design, intended as food fo r thought to one who might 

wish to pursue design theory research. The ninth and fin a l chapter contains a 

summary of conclusions and recommendations.

1.1 . Working Definitions

One of the problems encountered by design researchers is the expressions 

used to describe aspects of engineering have varying meanings. In th is  

section, the author w ill present defin itions of terms as they are used in th is  

thesis. No claim is made that the defin itions  given here are canonical, or in 

any way "more" correct than another’ s usage; the author is simply presenting

the meanings he attaches to the terms, based as much on experience and

personal preference as on any research.
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Some of the expression defined here w ill receive additional 

consideration la te r .  Chapter 2 w ill be an extended discussion of many of the 

terms related to design and problem-solving. Expressions related to 

knowledge, such as f le x ib i l i t y  and coherence of knowledge, w ill be given 

working defin itions now, and w ill be more fu lly  defined and discussed in 

Chapter 6.

Design theory is the body of engineering knowledge which attempts to 

define and explain design. Two categories can be used to c lass ify  uses of 

design theory. F irs t is to explain the methodology of design to those who 

actually  do design products, with the intent that better understanding of the 

process w ill make them better at design. Second is to explain design to those 

who produce things -  new tools or new technologies -  which are intended to be 

delivered to engineers fo r application. The f i r s t  category is how to design; 

the second is te ll in g  non-designers how design is accomplished and how to 

support the design a c tiv ity .

Design is both a verb and a noun. The verb form refers to the a c tiv ity  

of design, the noun form refers to the design as an e n tity , the resu lt of the 

design a c tiv ity . Each of these forms requires discussion and introduction of 

related expressions.

Design, the verb, is  the action of developing and describing a solution 

to a problem. Design is synonymous with product development; conceiving and 

developing a device which w ill solve a problem. An example of the kind of 

problem to be solved during design is  material selection, which w ill be 

discussed in detail la te r  in th is  chapter. Because the author’ s experience is 

in the area of mechanical design, i t  is assumed the solution w ill be b u ilt as 

hardware. However, the discussion of design, and the conclusions to be drawn
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about design too ls, are generally applicable to design within any engineering 

d isc ip line .

Each engineering decision is intended to advance the design, that is ,  

advance the description of the solution to the problem. Advancement of the 

solution can take place in two ways: the overall structure can be expanded to 

incorporate an additional feature, or the description on a feature can be 

defined in greater d e ta il. Both a broad view of the complete design, and a 

close-up view of the component currently being developed are necessary fo r  

design to succeed. Decisions (and descriptions of the design-under- 

development) which deal with the overall picture are called global in th is  

research. Decisions dealing with individual components are called lo ca l.

The design, the noun, is the description of the solution to a problem. 

Again, because of the author’ s inclination  to mechanical design, i t  is assumed 

in th is  thesis the solution takes the form of a hardware product. The 

description contains su ffic ien t information to fabricate and operate the 

product which w ill solve the problem. The design is a template from which 

hardware w ill be b u ilt ,  and errors in the template are passed on to each unit. 

An error in a single production unit may always be ins ign ifican t (a t least 

s ta t is t ic a lly ;  i t  is s ign ifican t to the customer who buys the fau lty  u n it).

An error in the design w ill  always be s ign ifican t because i t  is  reproduced in 

every production un it, and fo r that reason the engineer strives for an e rro r-  

free design.

Each design is  produced in response to some form of contract, formal or 

inform al. A contract may take the form of a formal specification-and-proposal 

document. A contract may take the form of an agreement to the amount of labor 

and material costs to be expended in search of the solution. Even fo r an
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independent development project, the engineer sets goals and expectations for 

himself. Regardless of the form ality of the contract, there is an expectation 

the solution w ill  take shape within the bounds of the engineer’ s original 

estimate of costs and schedule. Each design has a c lie n t, possibly internal 

to the organization, possibly an external customer. For projects which have 

been broken down into smaller d ivisions, the c lie n t may be another engineer 

working to coordinate the en tire  program. There is always a c lie n t whose 

expectations and requirements must be met.

There are many constraints which govern the design process. The 

contract places before the engineer some requirements which must be met. The 

problem requires exploration and must be better understood before i t  can be 

fu lly  solved. The problem situation may very well change as the design is 

developed, making i t  necessary to monitor the c lie n ts ’ needs. Compliance with 

codes and standards required by law may apply additional requirements. The 

engineer is given a budget and a schedule to meet. The technology available  

to apply to the problem is continually advancing. In short, the engineer 

faces considerable constraints, and those constraints can change with the 

passage of time.

Im p lic it in the d e fin itio n  of design given above are the concepts of 

problems and problem-solving. The problem to be solved is ty p ic a lly  a 

situation  which has undesirable aspects; some or a ll of the undesirable 

aspects are id en tifie d  and targeted by the c lie n t. The problem is  normally 

stated as a co llection  of desirable goals to be met combined with undesirable 

goals to be avoided. The problem statement provided by the c lie n t is almost 

always incomplete; sometimes because the c lie n t is w illin g  to accept a 

solution addressing only a portion of the problem, and other times because the
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c lie n t is not in a position to state the problem more fu lly .  O rd inarily  the 

overall problem is broken down into a set of subproblems to be addressed 

ind iv idually ; not because the subproblems are re a lly  iso latab le , rather 

because experience has shown the subproblems easier to solve in iso la tion , 

even though an additional burden of coordinating the interactions between 

subproblems is added. This breakdown might be carried out through several 

levels of hierarchy. Thus the problem to be addressed by the engineer may be 

the complete needs of the c lie n t, such as a new earth-mover better suited to 

clay so ils , or i t  may be a subproblem incorporated within the contract, fo r  

example the choice of material fo r a power ta k e -o ff shaft on the earthmover.

Problem-solving is a blanket term used to describe many d iffe ren t  

a c tiv it ie s . In engineering design, problem-solving means making decisions 

which advance the progress of the development of the complete design. 

Experience plays an important role in streamlining the problem-solving 

process. "Good practice" and "sound judgement" are derived from experience, 

permitting the engineer to skip past certain issues to focus on the ones which 

matter in a p a rtic u la r instance. A principal reason new and emerging 

technologies are more expensive to implement is the lack of experience, and 

resulting lack of rules defining what is good practice for that area.

When the product is  b u ilt  from the design, its  value w ill be evaluated. 

Two measures of value were considered in th is  research: performance and 

q uality . Performance refers to the product meeting the goals which were set 

fo r the design. Quality refers to the product maintaining is function over 

time; loss o f function equates to loss of qua lity  because the product is  not 

always available to perform as required. When applied to a product, these

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

expressions have a tangible meaning. To discuss engineering productivity, i t  

is necessary to consider performance and quality  of the design i ts e lf .

There are a lo t  of factors driving a heightened in terest in productivity  

of engineers. Corporate managers believe that moving the product fas ter from 

concept to market introduction enhances the organization’ s a b il i ty  to compete. 

The increasingly competitive marketplace is causing greater emphasis on 

reducing the costs of developing and producing products. Both the time and 

cost constraints are motivation to l im it  the amount of prototyping before the 

design is released fo r production.

The cost of developing a product could be evaluated in terms of 

effic iency: cost and time required to produce a new design. For the purposes

of reasoning about design th is  can be reduced to an e ffic iency measure for 

each design decision: cost and time to make each decision, which we can call

performance. But how does one evaluate the e ffec t of a design decision on 

effic iency of production and marketing? There is no obvious connection 

between effic iency of decision-making and whether those decisions have an 

impact on effic iency of fabrication  and assembly. The quality  of the design 

is determined by whether the fabrication process is as easy as i t  can be; as 

well as other considerations such as r e l ia b i l i t y  (quality ) of the product 

i t s e l f ,  or whether i t  is easy to operate by the intended user.

A design decision must be not only e ff ic ie n t ly  made, i t  must also be 

e ffe c tiv e . A second measure of engineering productivity is necessary because 

engineers are obliged not only to use resources wisely when making decisions, 

they are also required to be correct in th e ir  decisions and to be sure th e ir  

decisions allow wise use of resources during a ll  of the product’ s l i f e .
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The most obvious example of an e ffec tive  decision is found when the 

decision is not in erro r, and need not la te r  be corrected. But there are 

other e ffe c tive  decisions as w e ll. A subsystem which has been coordinated to 

f i t  well into the overall system is the resu lt of e ffec tive  decisions. A 

decision which enhances manufacturability of the product instead of hindering 

i t  is an e ffec tive  one. Decisions which minimize r is k  of an unexpected 

fa ilu re , or decisions which improve r e l ia b i l i t y  are e ffe c tive , as is a 

decision which enhances maintenance access to c r it ic a l parts.

Productivity of engineers must be measured by considering both how 

e ffic ie n t  they are at making design decisions, and how e ffec tive  those 

decisions prove to be. A balanced combination of both e ffic ie n t decision

making and e ffec tive  decision-making is important in engineering design. When 

considering productivity of engineers, i t  is important to consider both the 

effectiveness and the effic iency with which designs are produced.

E ffic ie n t decision-making implies the decision was made with economy, or 

with minimal expenditure of resources. Economy of problem-solving is driven 

by the way the engineer reasons through the problem, which is largely  

influenced by the a v a ila b ility  and form of the information required to 

understand and act on the problem. Economical problem-solving is equivalent 

to e f f ic ie n t  problem-solving.

O rd inarily , the most e f f ic ie n t  decision is the one accomplished in the 

least amount of time. Time is important during engineering design fo r two 

reasons: time is associated with labor hours, a d irect cost of development; 

and time on the clock fo r each decision sums into time on the calendar 

required to turn an idea into a marketable product. Because economical 

decision-making is important in engineering, th is  research has been focused on
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problem-solving which requires minimal reasoning. Minimal reasoning does not 

necessarily mean the reasoning, w ritten  as a syllogism or a logical proof, has 

a small number of steps, i t  only means the solution needed at the moment was 

obtained with minimal expenditure of time.

Minimal knowledge is the knowledge which supports e f f ic ie n t ,  economical 

reasoning. I t  is possible to state the knowledge about a particu la r design 

problem type in many ways. A structural problem might be solved with simple 

s ta tics , by strength of materials methods, through the theory of e la s tic ity ,  

by application of energy princip les , or by a numerical simulation such as the

f in i te  element method. Each of these methods is a restatement o f the

underlying mechanics of solids. Depending on the nature of the situation -  

fo r instance, a determinate versus indeterminate structure -  one or the other 

may be the basis fo r minimal reasoning about a structural problem.

In some cases, minimal reasoning is accomplished through the use of 

other resources, such as a computer workstation. Because the workstation is 

generally an overhead cost, or amortized over several projects, i t  is assumed 

by the author the cost of the computer i ts e l f  is not a factor in evaluating 

engineering productivity . Thus a computer can contribute to e ff ic ie n t  

decision-making, fo r instance, i f  i t  contributes to the decision being made 

more rap id ly . I t  is  also necessary to ask i f  the decision is made any more or

less e ffe c tive  when the computer is included in the process.

A design tool is any technique, method, or mechanism which is intended 

to support design decision-making. Computer-aided engineering (CAE) is the 

subset of design tools which require a computer in order to be used. Design 

tools may be b u ilt  with emphasis on improving e ffic iency of decision-making, 

or on effectiveness, or both. Design tools may be b u ilt  to deal with a
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specific , narrowly defined problem, or to provide broad support to a variety  

of type of decisions.

Design tools represent ways to encode knowledge in a way that improves 

the progress o f design decision-making. For that reason, a study of how 

design tools may be improved requires consideration o f the knowledge needed 

fo r design.

A knowledge base is the body of knowledge available to support the 

a c tiv it ie s  of a d isc ip lin e . One might imagine the knowledge available to 

support engineering design is the entire  contents o f the lib ra ry . However, 

much of what is  recorded in the lib ra ry ’ s holdings is not of d irec t use during 

design, and there is a s ign ifican t portion of knowledge fo r design which has 

not been recorded in a form suitable fo r the lib ra ry . In the la t te r  category 

are data specific  to classes of parts, information which is proprietary and 

closely controlled, general rules of good practice, as well as product 

l ite ra tu re .

Knowledge is not a single, monolithic mass of information. Knowledge 

has structures imposed on i t ,  in part by the way we choose to organize i t ,  and 

in part by the media we use to record i t .  In many cases more than one 

structure can be used, and a researcher or an author is obliged to choose a 

structure best suited to the intended audience. Typical types of knowledge 

structure include tables and charts, figures and illu s tra tio n s , and d iffe ren t  

forms of tex t descriptions. Within each of these types, there are a large 

number of variations.

The expression data structure has a more specific  meaning, normally in 

the context of computer science. A data structure is a detailed method of 

organizing data in a way that c learly  defines how i t  may be recorded,
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retrieved and read, or a ltered . Data structures have an impact on the 

discussion of knowledge structures because the use of a computer requires a 

data structure, and computers are a dominant force in modern design tools.

Knowledge has a ttribu tes  which influence how well i t  can be used for 

design. For the purposes of discussion, the author w ill now state b r ie f,  

working defin itions of two knowledge attributes: coherence and f le x ib i l i t y .

These terms w ill be developed more completely in Chapter 6 and applied to 

describe in concrete terms how knowledge should be organized fo r use in 

engineering design.

F le x ib il i ty  means the knowledge base can be adapted to a variety  of 

problem types. F lexible knowledge is capable of supporting reasoning about a 

problem at d iffe re n t points in the design process, so that the same knowledge 

base can be applied to deal with both the global and the local aspects of the 

problem. This assures that one decision is not made in isolation from the 

rest of the decisions which together create a product. The d iffe ren t ways to 

approach evaluation of a structure, discussed above, provide an example of 

f le x ib i l i t y  because d iffe re n t kinds of problem-solving methods, suitable for 

d iffe re n t kinds of problems, are a ll available. F le x ib il i ty  is achieved when 

the knowledge is spread out across a wide variety of potential applications.

I f  f le x ib i l i t y  is how widely the knowledge base is spread, coherence is 

how well-connected i t  is . Coherent knowledge has connections between 

d iffe re n t approaches to a problem type, providing clues about the connections 

between the knowledge base and potential applications. This assures that a 

global decision can be made in the context of la te r  local decision needs. The 

load and stress analysis methods already mentioned form a coherent subset of 

the knowledge base because the connections among the d iffe re n t areas are
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v is ib le , and the reasons fo r using one approach over another are re la tiv e ly  

clear. M anufacturability has been a troubling issue in recent years because 

i t  has been allowed to lose coherence, and became poorly connected to the main 

body of knowledge used by engineers fo r design.

One additional set of expressions requires d e fin itio n : material of 

construction and material selection. The material of construction is the 

material chosen by the engineer to be used fo r fabrication of the component or 

product. In some cases, toward the beginning of the development of the design 

concept, the material of construction is only vaguely defined, for instance in 

the choice between stainless steel and aluminum fo r the skin of an a irc ra ft .  

Broad choice o f material is a decision normally made early in the process of 

developing the design.

In a more detailed decision, the material could be a specific a lloy  

type, fo r instance 4340 s tee l, o il quenched and tempered to achieve a 

compromise between high strength and fatigue resistance fo r a suspension 

knuckle. In a lim ited number of cases, the material of construction is a 

driving factor in the en tire  design, such as a 9% chromium, 1% molybdenum 

steel a lloy  fo r steam generator tube platens in a power plant which had to be 

ordered years in advance.

M aterial selection is the process of advancing the choice of material of 

construction. Early in the design process, the material may be chosen in 

broad terms, such as in the generic decision to use an aluminum in a weight- 

c r it ic a l assembly or structure. As development proceeds, a specific alloy  

class w ill be chosen. Later, material selection must focus on deciding the 

p articu la r material to specify fo r fabrication on a part drawing. Material
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selection w ill be the subject of a discussion in a section la te r  in th is  

chapter.

The defin itions given in th is  section provide a basis fo r thinking about 

design. Some of the terms common to design theory are ambiguous in meaning 

and the author has made an e ffo r t  to avoid using those terms. Where the terms 

seemed unavoidable, an e x p lic it  explanation of th e ir  meaning has been given 

fo r the purposes of the discussion to follow . The concepts defined above w ill 

reappear m ultiple times in la te r  chapters. Additional terms w ill be 

introduced and explained in the course of p articu la r discussions.

1.2. Working Hypothesis and Research Objectives

The objectives of th is  research are:

• Define the concept of quality  of the design.

• Expand the concept of engineering productivity to incorporate

both effic iency and effectiveness of decision-making.

• C la rify  the nature of the knowledge used by engineers for 

design, with p articu la r emphasis on improving engineering 

productivity by changes in the way knowledge is made 

availab le .

• Draw some general conclusions about the design of design

tools, with p articu la r emphasis on computer aids to 

engineering.

• Demonstrate approaches to design which il lu s tra te  and apply

the author’ s ideas.
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• Demonstrate applications of design problem-solving which 

address global decisions, and those taking place early in the 

development of the design.

The author has several years’ experience as a practicing engineer, 

including a few years doing design, which have led to a collection of personal 

observations about design and the support provided to design by other sources. 

From these observations, the author has constructed a working hypothesis and 

set the research objectives.

The author’ s observations about design may be summarized in the form of a 

set of comments on the present condition of the engineering knowledge base.

In general, the knowledge available to engineers:

• Lacks f le x ib i l i t y  in that i t  is not adaptable to new or unusual 

situations.

• Lacks coherence in that d iffe re n t versions of the same knowledge 

are not obviously connected together.

• Supports analysis of completed designs but does not support 

predictions in the course of creating a design.

• Provides considerably less support to early, global decisions 

than to deta iled , local decisions, made very la te  in the 

development of the design.

• Does not provide adequate economy in reasoning through design 

decisions.

The author’ s observations can be restated as questions fo r research:

• How can the f le x ib i l i t y  of engineering knowledge be improved?

• How can the coherence o f engineering knowledge be improved?
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• How can the predictive value of engineering knowledge be

improved?

• Can knowledge used to support loca l, detailed decisions be

"moved forward" to be useful during early , global decisions?

• How can economy of decision-making be improved?

• Is heavy dependence on the computer necessary or desirable in 

design? What should be the role of the computer, and of other 

bases fo r design tools?

A ll of these questions deal prim arily with the question of what knowledge 

is provided to engineers, in what forms, and through what media. The answer 

to these questions is summed up in the working hypothesis of th is  research:

The principal paradigm of engineering design is to acknowledge the

complexity of the whole problem, but to work on the least complex

s im plification  of the problem for which the resulting approximate

solution s t i l l  seems valid  in the context of the whole problem.

Stated in another way, engineering design is accomplished through 

minimal reasoning. In some cases, where the design process has an ite ra tiv e  

nature, a decision may be revis ited  again and again. A structure to house 

some f ie ld  equipment w ill be evaluated roughly for strength, probably by a 

quick hand calculation based on beam theory, fo r the principal loads i t  w ill 

see. Later, a more detailed model might be used fo r the p articu la r problem of 

a jo in t  in the structure, and a number of expected load cases evaluated. As 

hand-holes and other openings in the structure are id e n tifie d , th e ir  e ffect on 

the structure w ill be assessed. Very la te  in the d e ta ilin g , the structure
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might be re-evaluated again for the special case o f l i f t in g  and handling 

during in s ta lla tio n . This was the sequence the author used when building a 

structure housing f ie ld  equipment which is currently in service. Each of the 

problems associated with developing the structure w ill be handled by minimal 

reasoning, with the context of the problem and the solution needed helping to 

define what method is appropriate for achieving the required economy.

Of particu la r in terest is the influence on design theory of the ready 

a v a ila b ility  of the computer. Many computer aids to engineering design have 

been introduced in the marketplace, and s t i l l  more have been developed in 

research settings. In the author’ s experience, the tools available to support 

design, with or without a computer, were developed on the assumption that a ll 

the information w ill be available when the problem is to be solved. The 

"machine design" textbooks o f Shigley and Mitchell (1983) or Juvinall (1983), 

focused on analysis of a design and not its  creation, are examples. The main 

focus of the research described in th is  thesis is  on methods for proceeding 

with the design in the absence of complete information.

1.3 . Approach

There is no single, universally va lid  view of what constitutes design, 

because one’ s idea about what constitutes design depends to a large extent on 

personal experience in doing design problems. The author’ s understanding of 

design has developed from five  main sources.

• Personal experience at engineering design.

• The lite ra tu re  on engineering design theory.
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• Interviews and discussions with engineers engaged in product 

development and manufacturing from a wide range of 

d isc ip linary  specia lties , working in a varie ty  of settings.

• Developing design tools fo r specific needs, and using or 

evaluating several prototype and commercially available design 

too ls.

• The general l ite ra tu re  on decision-making and problem-solving, 

taken from a wide variety  of d isc ip lines , including 

psychology, urban planning, management, and mathematics 

education.

While design theory encompasses a wide range of w ell-established  

princip les , personal experience is v ita l to understanding design. Problems 

requiring complete, "cradle-to-grave" involvement in the project are 

especially useful because the day-to-day work of developing a design is 

considered, as i t  must be, in the context of the whole problem of producing a 

product, meeting required specifications, and meeting time and budget 

constraints. Such a project was the author’ s f i r s t  experience with 

m anufacturability and assembly planning, in which not only the part drawings 

but also much o f the planning toward inexpensive fabrication  were 

resp o n s ib ilities , as was actually assembling and testing  the system. The 

engineering firm  and the project were both small enough that i t  was possible 

fo r an individual to be involved in the complete program.

In the past few years, the author has enjoyed professional practice with 

design experience related d ire c tly  to issues considered in th is  thesis . This 

experience includes material selection, drawing checking and design checking 

(considered in d e ta il in Chapter 5 ), accounting fo r m anufacturability while
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d eta ilin g  a design to be manufactured elsewhere (the subject of the fourth 

chapter), and tes t and evaluation of computer-aided engineering tools being 

considered fo r purchase, which receive commentary in Chapter 7. In addition, 

the author has led customers who were not engineers through the product 

development process, explaining the purposes of and need fo r each step being 

proposed.

I t  is useful to recognize the lim its  of experience. The author has 

dealt prim arily  with projects where single units were to be b u ilt ,  or at most 

about ten units. This has insulated him from some of the concerns found in a 

mass production industry, where designing to take advantage of economies of 

scale during manufacture has a larger ro le . However, the author’ s experience 

with "one-of-a-kind" designs has emphasized m ain ta inab ility  to an extent 

greater than many engineers in industry. This illu s tra te s  how d iffe rin g  

experience can lead to d iffe r in g  views of design.

From the author’ s viewpoint, experience of working through design 

problems is the best basis from which to approach research about design. John 

Gero (quoted in Latombe, 1978) commented that many researchers who are engaged 

in CAE development do not recognize and benefit from reasoning about the 

design problems (ty p ic a lly  software design) which are part of design tool 

development.

G e lla tly  (1986) discusses how the early development of cognitive  

psychology depended heavily on introspection, reasoning about problem-solving 

by watching oneself solve a problem. Introspection provided the bridge 

between hypotheses which could be tested by experiment and abstract notions of 

psychological processes. Design theory has a large supply of abstractions;
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introspection into the design process w ill help to connect those abstractions 

to the ways engineers re a lly  work.

Alexander’ s (1968) book was o rig in a lly  w ritten  on a th eo re tica l, 

academic basis. Alexander then spent a year in practice, attempting to apply 

his design theory fo r architecture while doing architectural design. With the 

publication of the paperback ed ition , his preface indicates his insights and 

methods were quite d iffe ren t a fte r that year. Alexander did not re trac t his 

formulation of design theory, but he did note that with experience he had 

found approaches to the same problems which could not be expressed as easily  

as the orig inal theory, but which appeared to be more successful. He also 

noted the orig ina l formulation of his design theory did not account well for  

the needs and wishes of the people who would use the buildings designed. In 

general i t  can be observed that the experience of doing design work provides 

insight and, perhaps more important, a pragmatic tes t of theory. Without that 

insight the ideas developed as theory run a greater risk  of having lim ited  

useful application.

I t  is not universally va lid , however, to say insight cannot be obtained 

from other sources as w e ll. Asimow’ s (1962) book, Nadler’ s (1981) book, and 

the recent monograph from Koen (1985) feature considerable insight into  

engineering design despite the authors’ predominantly academic backgrounds.

Comer’ s (1987) interviews with engineers in industry have been useful in 

consolidating individual experience into a co llective  conclusion. Although 

Comer’ s interviews were conducted in the context of a research problem on 

education of engineers, the discussions dealt extensively with design practice  

in industry. Reviews of Comer’ s transcripts have been supplemented by follow - 

up discussions with some of Comer’ s subjects as well as discussions with
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engineers at the author’ s current employer. The ideas expressed in th is  

thesis are well supported by the experience of engineers in industry. At 

several locations in the thesis, examples drawn from these discussions w ill 

serve to i llu s tra te  the points made. Where evidence from interviews is cited, 

no names are given because of the anonymity of the interview recordings; the 

orig in  of the quote is given by a combination of job description and type of 

industry.

Nowadays, design tools usually take the form of computer software. Begg 

(1984) notes that observing the interaction between designer and tool provides 

insight into the nature of design by allowing an external view of the 

engineer’ s internal reasoning. Further development of computer aids to 

engineering represent a m ajority of current design research. Certain types of 

problems are supported by the tools currently availab le , while others are not. 

The author has evaluated several design tools in the past few years, both as 

part of th is  research program and as part of his employment.

Some of the experimental exercises reported la te r  in th is  thesis were 

developed as design too ls . Design tool development is a useful technique for 

testing an aspect of design theory, because a CAE tool can be distributed and 

tested rather eas ily . The author is currently using in professional practice  

the tools developed fo r th is  research.

Authors in a varie ty  of other fie ld s  have made comments about problem

solving which are of in terest to engineering design. The study of decision

making originated in economics, with a good decision defined in terms of 

p ro fit  expected from the outcome. The developing f ie ld  of management has a 

heavy emphasis on problem-solving. There are several d isc ip lines , not 

normally considered d ire c tly  connected to engineering, which place a heavy
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emphasis on design, including architecture, urban planning, and industria l 

design, and there is  a body of useful commentary in the lite ra tu re  of these 

f ie ld s . During the la s t decade, mathematics educators have developed a strong 

in terest in teaching problem-solving as an underlying princ ip le , and the 

l ite ra tu re  in th is  area is worth reviewing when studying problem-solving in 

engineering.

The foundation fo r th is  research is quite broad. As illu s tra te d  in 

Figure 1, the subject areas considered form a nested set of topics, each one 

applying to engineering design. The breadth in th is  research has established 

a clearer insight into the particu lar problems of engineering design, and also 

has shown how design has many characteristics in common with problem-solving 

in other d isc ip lines .

1.4. Material Selection

In a r t i f ic ia l  in te lligence, i t  is customary to exercise a new idea 

through a "toy problem". A toy problem is one which is complex enough to 

challenge the problem-solving technique, but s t i l l  simple enough to be 

comprehensible and reasonably lim ited in scope. In much engineering research, 

i t  is also the practice to focus on a p articu la r example problem while 

developing theory and methods of broader intended application.

In th is  research, the author has focused on the problem of choosing 

materials of construction as an example design problem. Material selection is 

not a t r iv ia l  issue in design. Yet material selection is a reasonably 

constrained issue, and therefore suited to a research program. In addition, 

material selection has not received much attention in design research to date.
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study of problem-solving

engineering design

knowledge for design

design tools and decision aids

manufacturability

Figure 1

Problem Areas Addressed and Their Interactions
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Material selection is a complicated problem, re fle c tiv e  of most other 

design problems. Although one might wish an optimal choice of m ateria l, 

optimization in the formal sense is d i f f ic u lt ,  i f  not meaningless, because of 

the nature of the material selection process. Several factors contribute to 

resistance to optimization methods: the choices are discrete, rather than on

a continuum and are irregu lar in th e ir  d is tribu tion ; several material 

properties and design goals compete as selection c r ite r ia ;  i t  is usually 

necessary to compromise between conflic ting  constraints; and the objective  

function would be d if f ic u lt  to formulate and evaluate, and would require 

reformulation when addressing a new selection problem.

Material selection is a typical example of a design decision for 

precisely the reasons given above. In general, design decisions are between 

discrete options -  even the "optimal" solution of the proper thickness fo r a 

pressure vessel shell is driven by available standard plate thicknesses. 

Decisions are driven greatly by the context of the situation , rather than by 

any universal standards of what constitutes a good choice. I t  is frequently 

necessary to compromise, se ttlin g  fo r the best that can be accomplished rather 

than the exact le t te r  of the requirements. Enhancing one feature of the 

design is usually accomplished only at the expense of another feature. The 

d e fin itio n  of the "best" choice is a cloudy one, normally settled by judgement 

rather than by an objective assessment.

As an engineer designs, many ambiguous and poten tia lly  con flic ting  goals 

must be balanced. A good example of the co n flic t inherent in design is the 

set of compromises required when selecting a m aterial. There are many trade

o ffs , such as that between d u c tility  and strength in a metal or between 

obtaining superior properties, but increased cost, through alloying . In some
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cases alloys have been designed to su it particu lar applications; such as the 

recent high-strength, low-alloy (HSLA) steels and the nickel superalloys.

Even where design of p articu la r material properties to meet the needs of 

specific  design applications may become possible, such as with composite 

m aterials, the engineer s t i l l  needs a broad notion of the ranges of properties 

obtainable in order to specify the custom material design. The engineer also 

requires an understanding o f a ll the material properties, even those which 

aren’ t  amenable to tuning.

In most designs, developing a material sp e c ifica lly  fo r the application  

is not a viable a lte rn a tive . I t  is necessary to iden tify  the governing 

material properties, search available materials for candidates meeting those

c r i te r ia ,  and then check that other properties, not included in the original

search c r ite r ia ,  are acceptable. Depending on the type of problem, the search 

may concentrate on m aterials with the required mechanical properties. Yet the 

material must be modified into the geometry specified in the design, and 

material properties can have a strong influence on ease of fab rication . The 

material carries with i t  the potential fo r certain forms of mechanical 

fa ilu re , which must be prevented to preserve proper function of the part. 

M anufacturability and fa ilu re  prevention are two examples of selection  

c r i te r ia  which are often treated as secondary.

We o rd in arily  assume that some portions of the decision, such as

consideration of loading and strength, can be evaluated through analytical 

means. For strength in monotonic and uniaxial tension such an evaluation is  

possible, but fo r most loadings o f genuine interest -  such as m u ltiax ia l, 

varying-amplitude cyclic loadings -  there is no clear approach which w ill 

serve a ll  needs. The generally accepted approaches to such a stress
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calculation are detailed  and therefore expensive. Compounding the d if f ic u lty ,  

there are many considerations in material selection which are not read ily  

evaluated, including many of the less -fam ilia r fa ilu re  modes as well as much 

of m anufacturability.

Material selection can proceed in the following manner. There are 

usually one or two primary considerations governing selection. In the primary 

assessment the engineer separates the few po ten tia lly  useful candidates from 

the remaining, many materials which are obviously not suitable candidates.

In some cases selection is governed by a mechanical property:

• strength

• wear resistance

• fracture toughness

• creep resistance

Selection may be dominated by economic concerns in certain decisions:

• cost

• available forms

• manufacturabi1i ty

There are a wide range of physical and chemical properties which may be 

considered during primary selection when the working environment is unusual, 

such as:

• corrosion or oxidation resistance

• thermal and e le c tric a l properties

• tendency fo r embrittlement mechanisms

• s ta b ili ty  of the microstructure and properties under thermal, 

rad iation , or chemical effects

• effects of the material on the environment
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The purpose of the primary selection step is to reduce a large l i s t  of 

a ll  possible materials to a small l i s t  -  perhaps two to twenty -  o f materials 

which w ill  f i l l  the main functional need. At that point, the engineer could 

stop with an arb itra ry  selection (or an educated guess) of one material from 

the candidates, guided by judgement and experience. In many situations a 

choice made at th is  point is good enough, since the other concerns, not 

e x p lic it ly  considered, are of l i t t l e  enough importance that th e ir  e ffec t need 

not be considered. However, there have been cases where a concern which was 

not considered during selection led to such problems as unexpected d if f ic u lty  

in manufacturing, or an unanticipated mode of material fa ilu re  leading to poor 

r e l ia b i l i t y  of the designed component.

The next step in material selection is to proceed with a secondary 

evaluation, considering those properties which were not included in the 

primary screening. The goal in th is  secondary screening is to consider a ll 

other possible concerns. The problem is that there are many secondary 

considerations, and i t  is rare ly  feasib le to consider a ll  o f them. Thus at 

some point material selection is a decision made by judgement, based on 

availab le  evidence which is known to be incomplete.

Engineers with experience, or working in a project which has a firm  

foundation of p rio r experience with s im ilar products, have an advantage. The 

material best suited to the component has developed by evolution, through time 

and experience, and fo r that reason there is a sound basis fo r simply re-using 

a m aterial which was used in the past for a s im ilar application . I t  is s t i l l  

necessary to consider what makes the new design d iffe re n t and how that 

difference affects the material choice. In contrast, there is no such basis 

when the material being considered is a recent introduction. This illu s tra te s
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the greater degree of uncertainty, and therefore r is k , which is  present in an 

innovative solution.

The d is tin c tio n  between primary and secondary evaluation is  th a t, 

h is to r ic a lly , secondary evaluation was not considered e x p lic it ly , although in 

most cases i t  was dealt with as a portion of the experience applied to the 

decision. In some cases, the secondary concerns which were not e x p lic it ly  

addressed had an e ffect on the quality  of the component. Quality o f a 

designed item, therefore, can be improved i f  more of the secondary concerns of 

material selection can be handled. The problem is to do so without 

unnecessary additional time or e ffo rt  on the part o f the engineer.

Very l i t t l e  of material selection is driven by the particu lar deta ils  of 

the component because most of the deta ils  are not fu lly  defined when the 

material of construction must be fixed. The material should be chosen based 

on a number of c r i te r ia ,  including not only an anticipation of how i t  w ill 

perform, but also its  a v a ila b ility , its  cost, its  ease of fabrication , and its  

tendency to other fa ilu re  modes. In common practice, some but not a ll of 

these issues are considered during material selection. To be able to 

incorporate more o f these concerns into a material decision, the engineer 

needs knowledge about them to be stated in forms which f i t  the ways design 

decisions are made.

1.5. Summary

Design is  the process of developing a description of a hardware solution 

to a problem. The design process is constrained by a wide variety of 

requirements, including technical specifications to be met, budget and
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schedule to be followed, and accounting, during design, fo r the remainder of 

the product’ s life -c y c le .

The ways knowledge is structured when i t  is recorded influences how 

easily  i t  can be used fo r design. The knowledge base needs to be f le x ib le  to 

accommodate the wide variety  of decisions which must be made. The knowledge 

base must be coherent to assure each decision is made in the context of the 

en tire  development program.

Productivity of engineers must be measured by considering two aspects of 

decision-making. E ffic ie n t decisions are obtained with minimal expenditure of 

resources; the primary resource used is time. E ffective decisions are those 

which contribute to a better design as a whole.

Engineers accomplish design by minimal reasoning: sim plifying the

problem until a solution which meets the immediate needs of a decision is 

obtainable. Minimal reasoning helps effic iency by allowing the assessment 

underlying a decision to be carried out quickly. Minimal reasoning can assist 

effectiveness by supporting consideration of a broad range of issues while 

preserving economy of the decision.

Material selection is  a typical example of a design decision. There is  

a nominally large set of p o s s ib ilitie s  which can be narrowed by a fa ir ly  

simple screening operation. Properly made, the fin a l selection requires 

consideration of more constraints than are convenient to handle, and some 

judgement is required. I t  is rare when there is a single rig h t answer for the 

problem, often several options appear equally workable. Care is necessary to 

avoid overconstraining the choices to the point no options remain.

A missing element in the tools and knowledge available to support an 

engineer engaged in design is support fo r the need to proceed with decisions
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w ill be focused prim arily  on that problem.
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Chapter 2 
Design and Productivity

In th is chapter, fu rther consideration of design w ill expand on the 

working d e fin itio n  sketched out in Chapter 1. Additional d e ta il and 

discussion is necessary to c la r ify  what makes design a d i f f ic u l t  problem in 

engineering. Following that w ill be an examination of the reasoning methods 

used to solve problems in engineering design.

The discussion w ill then turn to the meaning of q u a lity . Product 

quality  is now a fa ir ly  well-understood concept, one which even has rigorous 

defin itio ns  to permit objective assessment. The concept of product qua lity  

can be extended to the design, which is the product of an engineering 

decision-making process. A design can also have good or poor quality  

associated with i t ,  and qua lity  of the design has substantial implications for 

the success of the product defined in that design.

At the end of th is  chapter, the productivity of engineers engaged in 

product development is  considered. Economical or e f f ic ie n t  problem-solving is  

important to continued prosperity in an increasingly competitive market. 

Equally important, and less well-understood, is the need fo r design decisions 

to be made e ffe c tiv e ly . The d istinction  between e ffic ie n t  and e ffec tive  

decision-making was made b r ie fly  in the defin itions of Chapter 1, and w ill 

receive a more thorough discussion in th is  chapter.
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2 .1 . On Design

In the f i r s t  chapter, design was described as the process of making 

decisions which advance the description of a solution to a problem. Overall 

the process was called product development. In th is  section, some of the 

implications of that d e fin itio n  w ill be explored. More d eta il w ill be 

developed about the requirements and constraints the design must meet. Some 

of the properties of a design project with respect to time sequence w ill be 

examined.

Design problem-solving is characterized by the search fo r a solution to 

a problem. The solution takes the form of a plan or description which 

explains how to make and operate the actual solution. A prototype may be 

b u ilt ,  but the prototype does not solve the problem, i t  only provides a 

demonstration that a c r it ic a l portion of the design is in fac t going to work.

Each decision made must advance the design, that is , i t  must advance the 

description of the solution to the problem. A ll decisions are subject to 

constraints. The constraints may be external to the design group:

• e x p lic it  requirements in the contract.

• e x p lic it  requirements of the law.

• an established budget of costs to complete the design.

• an established schedule of milestones fo r completion of s ign ifican t 

portions of the design, and a program completion date.

The constraints may be internal to the design group:

• The need to coordinate development of separate subsystems of the 

design.

• The need to coordinate the decision-making within several d iffe ren t

discip lines developing the design.
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• The need to coordinate the decision-making of several individuals, 

even within a group focused on a single aspect of the design.

• Long-term aspirations of the designing organization, such as market 

posture, market expansion, and prestige.

The constraints can be c lass ified  into two categories: technical

requirements, and management goals. In general, technical requirements w ill 

take p r io r ity . A c lie n t is  much more lik e ly  to accept and accommodate a cost 

overrun than a fa ilu re  indicating the project w ill not resu lt in a workable, 

marketable product. The discussion to follow, and in general th is  research, 

focuses on technical requirements.

Technical requirements, in turn, can be divided into two categories: 

those describing positive goals to be achieved, and those giving negative 

goals to be avoided. Positive goals to be achieved normally deal with the 

performance of the product, and are, for th is research, called performance 

requirements. Negative goals to be avoided normally deal with the quality  of 

the product and are, fo r th is  research, called quality  requirements.

Most performance requirements can be stated e x p lic it ly . Performance 

goals fo r mechanical systems might include the rate at which work is to be 

done, such as in moving f lu id  or a mechanical load; or the velocity  and 

acceleration ranges fo r a vehicle. Performance goals fo r a mechanical 

component might be a fam ily of cyclic  loadings and an intended service l i f e  

fo r an engine connecting rod, or a minimum leakage pressure fo r a valve.

Some quality  requirements can be stated e x p lic it ly , but a m ajority are 

stated im p lic it ly . Quality requirements are ty p ica lly  stated in a disjunctive  

way, stating what should not take place rather than what should be achieved.

In an example from the author’ s experience, a contract clause concerning
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r e l ia b il i t y  required no more than two service calls  per 5000 operating hours 

in a medical instrument being developed. When stated as guidance fo r the 

engineers developing the instrument, the r e l ia b i l i t y  clause re a lly  asks the 

instrument to operate without fa ilu re  fo r at least 2500 hours at a time. I t  

is le f t  to the judgement of the engineer what fa ilu res  might occur, what th e ir  

e ffec t on r e l ia b i l i t y  might be, and how th e ir  incidence could be avoided.

From these two complementary kinds of design goals, performance and 

quality  requirements, a useful lesson about the a c tiv ity  of engineering design 

can be drawn. In most cases, the c lien t leaves a large portion of the 

decisions to the designing engineer. The author has even been involved in 

projects where the f i r s t  contract paid the design organization to w rite  the 

specifications which la te r  became the basis for a second contract covering 

actual design and development.

The engineer is obliged to solve the immediate problem of the local 

d eta ils  at hand while meeting the needs of the global solution as a whole.

The engineer is obliged to coordinate information and the results of decisions 

with other engineers doing other parts of the design. The engineer is obliged 

to look for possible quality  issues within the design, which is equivalent to 

inventing problems where none are obvious, and fix in g  them.

Engineers plan fo r the allocation of scarce resources. O rd inarily  the 

resources are assumed to be those used as raw materials in engineering 

processes: water, energy, materials of construction, etc. I t  is important to 

recognize that engineering labor hours are themselves a scarce resource, and 

engineers who are busy making design decisions with scarce material resources 

are simultaneously try ing  to allocate scarce personnel resources. There are 

constraints, provided by the c lie n t, on how much time and money w ill be
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allowed to build a unit of the product being designed. There are also 

constraints, not as obvious to the outside observer but equally plain to the 

engineers involved in the project, on how the product development team spends 

i ts  time deciding how to meet the c l ie n t ’ s needs in the context of the 

remaining technical and management requirements to be met. In essence, 

engineering design is the art of making correct decisions despite an 

overconstrained problem.

Although i t  is not e n tire ly  correct to do so, i t  is convenient to break 

the design process down into successive phases. A few of the best-known 

descriptions of the sequence in design from the lite ra tu re  w ill be mentioned 

in the next chapter. The sequence given here is the author’ s version, b u ilt  

upon not only the lite ra tu re  on the subject but also on experience with 

management o f design projects.

In broad terms, the design process refers to conceiving, developing and 

d eta ilin g  the solution to the posed problem. There are in teresting aspects, 

worthy of research, in a ll three of these phases.

Conceiving the solution may also incorporate e ffo r t  to fu rther develop

the statement of the problem. At the concept stage, the solution is described

in enough deta il to show that i t  w ill meet the principal functional need i t  is

intended to address. O rdinarily th is  means the en tire  design is notional, 

although i t  is common that a portion of the design involving a c r it ic a l  

technology w ill be developed in some deta il in order to demonstrate 

fe a s ib i l i ty .

Developing the solution is the process of refin ing the concept to the 

point i t  appears to be workable, achievable, and minimize risks, a ll under the 

costs defined in the contract. Developing the solution may involve developing
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several competing solutions, then choosing one. Developing the solution 

normally includes analysis work to ve rify  the contract requirements are being 

met. At the development stage, there is only enough deta il present to permit 

the analysis to take place. Normally the analysis of the design during the 

development phase is predictive in nature: the assessment is intended to lay 

out sizes, shapes, and f i t s  based on expected loads and service l i f e .

Detailing the solution refers to moving the description from a basis for 

analysis to a basis fo r fabrication . Some of the d e ta ils  present during 

development are no longer at issue, a lo t of additional d e ta il w ill be added. 

At present, a m ajority of design fo r m anufacturability (DFM) emphasis is being 

applied to the deta iling  phase. There is substantial room fo r incorporating 

DFM into the development phase, illu s tra te d  by the exercise described in 

Chapter 4.

An old adage refers in d ire c tly  to the sequence of the design process:

" i f  you understand the problem, you’ re most of the way to the solution". The 

expression implies that a complete problem d e fin itio n  is the f i r s t  logical 

step in the product development process. The author disagrees with this  

notion. Problem d e fin itio n  is a long process, and one which cannot be 

completed before the design is begun. Part of the problem d e fin itio n  process 

cannot be accomplished without the context of the design being developed. A 

rad ica lly  d iffe re n t solution approach would lead to a d iffe re n t focus on the 

problem d e fin itio n . The adage should be reworded thus: "by the time you

understand the problem, you’ re most of the way to the solution". Problem 

d efin itio n  is d i f f ic u lt  and can be expensive; and the problem to be solved 

sometimes w ill change over time.
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A design problem from the author’ s professional experience w ill 

i l lu s tra te  the point. Recently a device was b u ilt  to co llec t oceanographic 

water samples; the author was a member of the team which carried out concept 

development, d e ta ilin g , construction, testing in the laboratory, and testing  

at sea. The e ffe c t of a wave slapping against the exterio r was a concern, but 

no data which seemed useful fo r th is  specific  application was availab le .

There were handbook values fo r the pressure exerted by a wave on the hull 

plating of a ship. An e ffo rt  was made to instrument a spar in the ocean, 

subject to waves, but the spar was near shore, in breaking waves, and data 

obtained do not represent open-ocean, non-breaking waves. Only a fte r  the 

f i r s t  tests of the orig inal design was the wave pressure problem understood 

well enough. Redesign led to a solution to the problem. Testing at sea costs 

a minimum of $25,000 per day, and i t  was decided the risk  of not succeeding at 

the f i r s t  sea t r ia ls  was worth the money to be saved. The cost of defining  

the problem is  one o f several reasons that problem d e fin itio n  was developed in 

p ara lle l with the design i ts e l f .  In th is  example, the device was b u ilt  and 

being tested before the problem d e fin itio n  could be complete.

Much of the lite ra tu re  refers to design as an ite ra tiv e  or cyclic  

process. In th is  author’ s experience, some projects can take on a cyclic  

form, while others seem to be a lin e a r process. The size of the cycle can 

also vary, with the ite ra tions  dominating the entire  development or merely 

small eddies, found in a subset of the decisions which are made.

There appear to be at least two d iffe re n t reasons fo r the appearance of 

cycles in a design pro ject. One reason is  that some decisions are made 

i te ra t iv e ly , with deliberate approximations requiring successive refinement.
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Another reason is a decision may be found to be incorrect or to have been 

invalidated by changes in the nature of the problem, and must be rev is ited .

Ite ra tio n  takes place when i t  is necessary to guess at a portion of the 

solution. I t  is quite common to face a c ircu lar situation in which a portion 

of the solution is  needed to develop other portions, and the other portions in 

turn are needed before the in i t ia l  portion can be c learly  defined. The 

engineer uses some judgement and makes some form of estimate to in it ia te  the 

process. Later, the c irc le  of reasoning returns to the in it ia t in g  value, and 

i t  can be refined based on the decisions made in the interim . But there are 

decisions which were dependant on the original decision, and when i t  is 

refined, i t  is necessary to re fine  the dependencies as w e ll. These 

dependencies in turn c irc le  back to another refinement of the in i t ia l  value.

In mathematics, an ite ra tiv e  solution is only possible when the solution 

series converges on a single point. In design, a number of judgement ca lls  

can be made to lim it  the need fo r further ite ra tio n . A common judgement to 

stop further work is recognizing the in it ia t in g  value has changed l i t t l e  

enough. The point on which the solution has converged can be considered in 

terms of the physical meaning o f the mathematical solution, allowing the 

engineer to discriminate between m ultiple possible solutions. Even when 

formal convergence isn’ t  possible, engineers can use ite ra tiv e  solutions 

e ffe c tiv e ly  when making design decisions.

I t  is also common that a decision is made, which la te r  is shown to be 

inconsistent with the design. Such a decision is not necessarily an error by 

the engineer, although errors are certa in ly  made in design, and usually 

detected and corrected. I t  is also possible the decision was made before a 

change in the requirements which made i t  no longer va lid . Assumptions are
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sometimes necessary to advance the design despite some roadblock; la te r  the 

roadblock is cleared and some of the assumptions must then be revised.

Design problem-solving is characterized by the following features:

• The solution takes the form of a plan showing how to fabricate

and operate the solution to a problem.

• Each decision must advance the development of the plan, e ither  

by adding to the global structure or by adding local d e ta il.

• There are a large number of requirements which must be met.

• Some important requirements are not stated e x p lic it ly , in

particu la r the requirement that unexpected fa ilu res  be 

avoided.

I t  might seem surprising that engineers are capable of functioning, 

given the number and nature of the constraints in a design assignment. The 

reasoning processes which permit success in th is complex environment is the 

subject of the next section.

2 .2 . Reasoning Methods in Design

I f  sim plifying the problem is the fundamental approach to design 

problem-solving, then inexact methods of reasoning form the principal approach 

to  those sim plified problems. There are many methods fo r inexact reasoning in 

engineering design. These include extrapolating from experience into an 

unproven area, relying on a model to determine properties of the design, using 

approximations which sim plify calculations, using plausible inference, and 

reasoning by analogy. These methods are recommended by w riters about methods 

fo r solving engineering problems (Alger and Hays, 1964; Middendorf, 1986; 

Bailey, 1978), from which two c r it ic a l properties of inexact reasoning methods
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emerge. F irs t, the reasoning method is c lear and simple in its  application to 

specific  problems. Second, the process of learning to use the reasoning 

method develops an understanding o f not only the technique i t s e l f ,  but also 

the lim ita tio n s  inherent in i t .

Reasoning methods which provide specific  methods fo r specific , lim ited  

situations, and guidance on those lim its , have been recognized and named.

They are called heuristics (Koen, 1985). The author agrees with Koen that a ll 

of engineering thinking is characterized by the use of heuristics. Inexact 

reasoning is synonymous with the use of heuristics.

An obvious example of inexact reasoning in engineering is the number of 

decimal places used to define the number n (P i) .  The author memorized 3.14159 

years ago, but knows of others who have memorized 3.1416. There are 

situations where 3.1 is  su ffic ie n t, and th is  value is fa ir ly  common when using 

a slide rule or calculator without the value n already supplied on i t .  When 

the author was making a tube out of f la t ,  heat-sealable m ateria l, a value of 3 

was s u ffic ie n t fo r making a quick, m ental-calculation estimate o f how much 

f la t  material would be required to form a tube of the desired diameter. In 

the case of the tube, the time required to go find a calculator was not worth 

the improved accuracy.

To better understand the two properties of inexact reasoning, consider 

the theory of e la s t ic ity ,  such as that given by Timoshenko and Goodier (1970). 

A series of underlying assumptions are made about the general behavior of 

e la s tic  m aterials, such as isotropy and a lin e a r relationship between stress 

and s tra in . On the basis of those assumptions, specific procedures and 

methods are developed to deal with specific classes of problems. To apply the 

theory based on these assumptions to a particu la r problem, i t  is necessary to
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reconsider how well the assumptions apply to the particu la r case being solved. 

Timoshenko reexamines those assumptions in more deta il in a section la te  in 

the book, dealing with more complex problems where the assumptions are no 

longer obviously va lid .

To solve specific  problems more conveniently, additional assumptions can 

be made. Examples of sim plifying assumptions are the assumptions of plane 

s tra in , at the center of a th ick section, or plane stress, a t the surface of a 

section, or throughout a th in section. From an absolute viewpoint, these 

assumptions are not va lid , but they do represent the two situations with 

su ffic ien t accuracy to allow reasoning to continue. Plane s tra in  or stress 

assumptions make calculations easier by reducing the numbers of parameters and 

elim inating several terms containing cross-products.

Not only are there specific methods of solution, and underlying 

assumptions imposing lim its  on v a lid ity , the two are intermixed and cannot be 

e n tire ly  separated. In the derivation of a method, the assumptions are stated 

at the point they are needed fo r the method to be further developed. An 

assumption is not invoked until i t  is necessary to make the method easier (or 

possible). S im ila rly , in use, the assumptions are invoked and checked for 

v a lid ity  im p lic itly ; only rare ly  is there an e x p lic it  ru le given fo r checking 

that a condition is  being met. Watching one fa m ilia r with the methodology at 

work, one might form the impression that the methods were a ll c lear and 

unambiguous. Listening to a lecture on the subject, one can easily  overlook 

the assumptions by focusing on the methods and th e ir  applications. However, 

the lim its  on v a lid ity  are always present and must be checked, at least 

q u a lita tiv e ly . (The most common qua lita tive  check on v a lid ity  is reasoning by
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analogy to s im ilar problems fo r which the method was va lid , such as solving a 

problem while following a worked example in a textbook.)

An example from the author’ s experience w ill i l lu s tra te  application of 

several inexact reasoning methods used in conjunction. The author was 

developing the design of a selector valve which would d irect one of several 

possible sample ports to the suction in le t  of a pump. I t  was necessary to 

determine a method of sealing the moving rotor, which did the selecting, to 

the valve body, which contained the sample ports. Of particu la r in terest was 

the energy required to actuate the rotor to index from one port to the next, 

and the amount of leakage past each seal.

F irs t, a geometric model was build, using a CAD system. This sim plified  

the reasoning necessary to determine appropriate dimensions of the unit and 

v e rifie d  that the concept was feasib le. The valve was sim plified for 

modelling as sketches of several fla t-p lan e  sections through the cylindrical 

valve. Second, a physical model was b u ilt ,  identical in certain key 

dimensions to the intended valve, but having fewer ports on both the valve 

body and the rotor. Seal leakage was inferred by monitoring the water level 

inside the valve body, at a location where only leakage could have an e ffe c t. 

The e ffo rt  required to index the rotor was measured with a torque wrench. A 

series of measurements were made to determine the effect of seal interference  

on leakage and torque.

Third, the data collected was graphed, seal leakage and torque plotted  

as a function of seal interference. A graph is a model based on functional 

behavior instead of physical appearance. By inspection of the graph, a design 

was selected which compromised between lim itin g  leakage and re a lis t ic  

actuating torque. I t  might have been possible to formally optimize the
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design, but such an a c tiv ity  was not considered an economical use of design 

resources.

The inexact reasoning methods which the author used to deal with the 

selector valve problem included reasoning by analogy, extensive use o f several 

types of models, and plausible inference. Each of the models used was an 

analogue of the fu ll-s iz e d  valve, but the type of model was selected at each 

point in the reasoning process to obtain the particu la r results needed. 

Plausible inference, that is , using an unproven explanation which f i t s  the 

facts , was used to determine where the optimum seal design was located. The 

physical model and the geometric representations a ll were analogs of the 

actual valve to be b u ilt .  The valve has been b u ilt  and tested and is now in 

service.

Inexact reasoning is a necessary aspect o f design because, in most 

instances, exact reasoning is impossible. An exact solution method which f i t s  

the problem to be solved must be availab le . The solution method must have a 

form appropriate to the predictive needs of the design s itu a tio n . The 

necessary data about properties unique to the design must be ava ilab le . The 

necessary resources -  time and personnel -  must be available to carry out 

whatever calculations are required, and to evaluate the meaning of the 

evidence those calculations produce. Only rare ly  do a ll these conditions come 

together.

The use of models is such a pervasive method of inexact reasoning that 

i t  deserves p articu la r attention . A ll engineering design problems are dealt 

with through models. This is especially true fo r evaluating a design to 

predict i ts  performance. A model is an analog of the fu ll-s c a le  system being 

designed. There are several important classes of modelling methods. These
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include scaled-down physical models, e ith er geometric (as in a scaled ship 

model in the towing tank) or by another system parameter (as in a chemical 

p ilo t  p lant, scaled down in production capacity); a numerical simulation, such 

as f in i te  element or f in i te  difference methods; a s ta tis t ic a l representation, 

reducing a number of separate experiences to a co llective  d is trib u tio n ; an 

analytical representation, reducing the problem to a group of equations; or a 

graphical representation as in a sketch, drawing, or nomogram. The general 

concept of modelling represents a very powerful method of inexact reasoning.

What is  c r it ic a l in a ll modeling methods is that va lid  application of a 

model depends on the judgement of the modeler. More than one approach is 

usually feas ib le , and which is chosen depends on the purposes o f the user.

Middendorf (1986) defines a model as "any representation o f the proposed 

system or device that contains enough information to be useful in making 

design decisions." He goes on to note that early models are l ik e ly  to appear 

crude and incomplete, but are refined as the situation is c la r if ie d . Economy 

plays an important role in the use of models, so Middendorf’ s d e fin itio n  might 

be modified to indicate a model contains ju s t enough information to form the 

basis of a decision. Exactly what constitutes just enough information in the 

model w ill change as the design progresses, and is changed by the engineer as 

the context changes. A change in the way a problem is to be represented may 

be reflected in the need to change the model used.

There is a connection between economy of use and how well the model 

re flec ts  r e a l ity ,  as judged by the immediate decision-making needs o f the 

engineer. At each point where modeling is necessary, some set of issues must 

be resolved before the design can proceed. Even i f  the model is  incomplete, 

or re lie s  on an "incorrect" representation of an issue, i t  may s t i l l  serve the
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need of providing evidence required to resolve the issue at hand. To achieve 

economy fo r a given decision, one chooses a model which adequately mirrors 

re a l ity ,  but without excessive d e ta il in the representation. To achieve 

economy in general, one requires an adequate selection of candidate models to 

choose from, each appropriate to d iffe ren t situations, and an understanding of 

how each can be used.

For th is  reason, there is no such thing as the "right" answer to a 

problem. In many cases the modeling conditions preclude the existence of a 

single answer. In s t il l-w a te r  model testing fo r ships to determine the power 

required fo r propulsion, fo r instance, two dimensionless numbers are important 

in scaling the model’ s f lu id  dynamics to the behavior of a fu ll-s iz e d  ship.

The Reynolds number, dealing with water fr ic t io n  over the wetted surface of 

the h u ll, is  related to the wetted area of the ship and the model. The Froude 

number, dealing with the energy dissipated as waves generated by the ship’ s 

form, is related to the length along the w aterline. These two scaling

parameters, in general, cannot be met at once (Comstock, 1967), thus i t  is

necessary to accept an approximation in the use of the model. In tests  

involving ship motions in waves, deta ils  of the shape of the hull grow in 

importance, making scaling more d i f f ic u lt  s t i l l  (Bhattacharyya, 1978). The 

engineer must judge the weight to be given to each parameter involved, and

must judge how well the results can be scaled to predict fu ll-s c a le

performance.

The value of a resu lt at some intermediate point during development of 

the design depends only on the purposes of the engineer developing the 

concept. The logical progression of a design can be compared to a 

mathematical proof in that there are, p o ten tia lly , m ultiple paths from the
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in i t ia l  conditions to the conclusion. The progress of a design development, 

ju s t as in the progress of a proof, indicates the engineer’ s style in 

approaching problems and w ill influence the cost of obtaining the conclusion, 

but has l i t t l e  bearing on the v a lid ity  of the fin a l outcome. In mathematics, 

a short proof is admired as elegant. In engineering, rapid progress to a 

valid  design is  equally elegant and deserves equivalent admiration. But 

neither mathematics nor engineering include consideration of the methods which 

could be used to achieve these economical solutions in the mainstream of th e ir  

research.

The decision about which part of a system does which tasks is known in 

decision theory as "allocation of function", the human actor being part of the 

decision-making system. Price (1985) is convinced there is no procedure for 

allocation of function, and suspects that fo r most systems there is no fixed  

allocation which is valid  for a ll situations the system must be expected to 

handle. The question of selection of a model -  or selection of a design tool 

-  is an allocation o f function problem. This is best handled by the engineer, 

in the context of the problem to be solved, the immediate decision to be dealt 

with, and the desired economy in that decision.

The use o f inexact reasoning, or heuristics, is the basis fo r much of 

the work reported in th is  thesis. Inexact reasoning is  the basis fo r a vast 

m ajority of the problem-solving accomplished by engineers.

2 .3 . Design Quality

Improving the qua lity  of manufactured goods is a topic which is 

currently receiving extensive attention . I t  is believed that improving and 

maintaining high product quality  is the key to American industries remaining
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competitive in the international marketplace. As an extension of concern fo r  

quality  of individual products, attention is also being given to the idea of 

designing fo r product q ua lity .

Improving product qua lity  is currently a major preoccupation in American 

industry. T rad itio n a lly , Quality Control has been an inspection program a fte r  

fabrication  was complete. Only recently have there been e ffo rts  to build  

q u a lity  into the product. Quality can’ t  be inspected into the product a fte r  

fabrication  is  finished (Box and Biggaard, 1987). This comment is 

corroborated by the observation (Crosby, 1979) that in some factories a large 

portion o f to ta l production -  possibly as high as 30% or 40% -  is generated by 

rebuilding products which had o rig in a lly  been rejected by Quality Control. 

Rebuilding rejects is a costly way to make the product, and getting the 

product rig h t on the f i r s t  time through production is a major emphasis in 

industria l management. There are, of course, some products with a combination 

of d i f f ic u l t  processes and high standards -  such a d ire c tio n a lly -s o lid if ie d  

superalloy turbine blades -  that high rejection rates are common. High re jec t  

rates or high costs of manufacture are not themselves to be avoided. What the 

engineer does wish to avoid is the unpleasant surprise of unexpected high 

costs in manufacture, and unexpected qua lity  problems. I f  the part tru ly  is 

going to be hard to make, then that d if f ic u lty  should be a deliberate design 

decision and not a surprise during in i t ia l  production.

As responsib ility  fo r quality  has moved back upstream, the means to 

obtain q u a lity  has undergone a major change in emphasis. Rather than 

inspection, there are now approaches based on encouraging qua lity  workmanship 

among employees, such as "zero-defects" (Crosby, 1979). In terms of 

engineering design, most of the emphasis has been on making the designed parts
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easier to inspect, although design fo r Quality Control is not the same as 

design fo r qua lity  products. The discussion of designing to achieve product 

quality  has only begun (Box and Biggaard, 1987).

A logical extension of an in terest in improving product quality  is to 

consider the design a product, and to examine quality  of the design. Design 

qua lity  as a concept would include a ll factors affecting  product qua lity , but 

can also include aspects not normally associated with the product i ts e l f .

The concepts Taguchi (1979) has developed fo r product qua lity  can be 

applied to design q u a lity . In particu lar the d e fin itio n , which follows, of 

loss of quality  in terms of costs of non-performance is  appropriate. Quality 

is d i f f ic u lt  to measure or improve d ire c tly , but loss o f quality  is measurable 

and the measures provide guidance on how to reduce losses. Loss of quality  in 

a product can be defined in terms of costs due to the unit fa ilin g  to serve 

i ts  intended purpose.

Every product has in tr in s ic  value, associated with what and how i t  

produces something fo r its  owner. A factory tool has value not only because 

i t  was a costly capital investment, but also because of the value of the 

products i t  helps to create. Should the tool fa i l  to operate, production is 

slowed or stopped u n til a correction is made, and the cost of lost production 

begins to accrue. Even i f  changes can be made to continue production, there 

are associated losses to the company. There are costs to the c lie n t who loses 

access to the product, and the suppliers who provide the materials the 

production lin e  uses to make the product. These costs, loss of value from the 

machine, represent a way of measuring loss of quality  in the machine.

S im ilarly , a car which fa ils  to s ta rt one morning generates costs fo r its  

owner, and possibly fo r others as w ell, such as the car owner’ s employer. A
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machine with ideal quality  never loses value for anyone affected by its  

operation. A machine with poor q u a lity , conversely, generates losses of 

value. Regardless of who suffers the cost, loss of value adds to the 

reduction of quality  in that product.

Product quality  can be measured in terms of the costs (to anyone) of a 

fa ilu re  of the product to perform its  function. In the usual sense, th is  

simple connection of ideas provides some specific measures of product quality . 

But the philosophy behind Taguchi’ s d e fin itio n  of quality  can be used as a 

broad basis fo r thinking about the design i ts e lf .

The design is the product of an engineering process. As a product, i t  

has users -  most notably, the product manufacturer and the person buying the 

product fo r use -  and those users can experience costs when the design breaks 

down. Obvious breakdowns are those dealing d irec tly  with product quality : 

designed-in fa ilu re s , poor access to maintenance items.

Less obvious breakdowns of the design can affect the cost of production, 

including deta ils  which have been le f t  ambiguous, making i t  necessary to stop 

and figure out what w ill be needed. Another example is in dimensioning a 

drawing; the dimensions an engineer needs to carry out an evaluation or to 

coordinate one part with another are not en tire ly  compatible with the 

dimensions the machinist needs in order to make the component, and the 

drawing’ s format can increase the likelihood of mistakes.

Taguchi (1979) has developed methods to plan fo r qua lity  production, 

which he ca lls  o f f - l in e  quality  control, which involves quantifying quality  

aspects o f in terest through figures of m erit, then conducting s ta t is t ic a l  

experiments to determine where the c r it ic a l points in production l ie .  I t  is 

natural to extend planning fo r qua lity  to the concept of design qua lity  as
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w ell. In the fourth chapter, discussing design fo r m anufacturability, the 

author w ill demonstrate figu re -o f-m erit comparisons fo r use during material 

selection. But use of purely quantitative comparisons is lim itin g . In the 

f i f t h  chapter, discussing design for product r e l ia b i l i t y ,  the author w ill 

describe predominantly q u a lita tive  methods of dealing with fa ilu re  prevention. 

The balance between quantitative and q u a lita tive  reasoning fo r a problem is  

driven mainly by the context of the problem i ts e lf .

S ta tis tic a l process control methods are based on getting feedback from 

the process to be controlled. In design, such feedback is often incomplete, 

or slow to arrive , and may be simply unavailable. Throughout th is  research 

the author has emphasized predictive, "feed-forward" approaches, relying on 

knowledge which helps the engineer anticipate issues which are important. The 

expression "proactive management" enjoys popularity currently to describe a 

management sty le  which anticipates and acts to prevent problems before they 

emerge, rather than simply reacting to problems a fte r  they are evident. By 

the same usage, proactive engineering is anticipating problems and correcting  

them during the design process, rather than when they become evident during 

manufacturing or in service.

Design qua lity  deals prim arily with interactions outside the design 

process -  manufacturing, service experience, maintenance, retirement of the 

u n it. For that reason, design quality  can only be accurately measured years 

a fte r  the product development engineer has finished work, when the evidence 

required becomes ava ilab le . Since rapid feedback for a closed-loop system is 

not ava ilab le , design is of necessity an open-loop s itu a tion . The closest 

thing to feedback is  generated by experience with other, s im ilar designs, and 

through the use of models. The engineer exercises control over the outcome by
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a conceptual, predictive understanding o f the events to be controlled, not by 

tuning based on feedback.

Design quality  is a way of describing and dealing with v ir tu a lly  every 

improvement to the design process which has been made, and which are forecast 

fo r the fu ture. While the knowledge described in the examples of the fourth 

and f i f t h  chapters has some in te res t, i t  deals with specific problems, and the 

more important product of th is research is  demonstrating general approaches to 

design q u a lity .

2 .4 . Engineering P ro d u ctiv ity

Managers in industry say that improvements in product qua lity  are 

improvements in engineering productivity (Webster, 1988; Decker, 1983). That 

happens to be a problem of current in te res t, ju s t as manufacturability is  a 

focus of a tten tion . Product quality, and manufacturability are both clear 

examples of the need to raise the quality  of our designs, and to make design 

decisions more e ffe c tiv e , not ju s t more e f f ic ie n t . When implementing 

improvement to the ways current problems are handled, i t  is important to make 

sure p rio r solutions are not adversely affected, and improvements to deal with 

subsequent problems can be accommodated w ithin the same general framework.

In terms of economy, or engineering productivity , two d iffe re n t c r ite r ia  

are available:

• E fficiency measure: are designs being generated with less use of 

resources, without reduction in the quality  of the design?

• Effectiveness measure: are higher-quality designs being generated?
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The f i r s t  concept is  generally used as the only method of predicting  

improvements in design productivity. The second, introduced by the author in 

Chapter 2, is another dimension of productivity which is important.

I t  is necessary to improve both effic iency and effectiveness of design 

decision-making in order to accomplish a substantial change in engineering 

productivity . In the chapters to follow , two very d iffe ren t methods for 

improving the qua lity  of designs w ill be considered.

Engineering productivity improvements which deal with more e ffec tive  

decisions deal with improving the qua lity  of the designs produced.

Productivity o f engineers is a primary ju s tif ic a tio n  fo r the investment in CAD 

equipment. In fa c t, much of the advertising fo r CAD warns that further 

investment in CAD equipment is the only path to improving productivity.

The usual measure of the value o f an investment in any capital equipment 

is the return on investment. The simplest version is marginal return, or the 

increase in income generated by the investment. Other investments are 

evaluated by examining tradeoffs , which account not only fo r the cost of 

equipment and the income generated d ire c tly , but also ind irect costs and 

savings caused by the change. For industria l automation equipment, cost 

savings can be explained in terms of fewer people doing the same job, or the 

same people doing more work. Productivity is usually taken as meaning the 

rate of production. By investing in automation equipment in the plant, 

management expects to have lower costs per unit produced, or a gain in 

productiv ity . Another term for such a cost reduction is effic iency; 

"effic iency experts" have had a steady business of inspecting factories and 

recommending changes.
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But e ffic iency is not the only aspect of improving productivity in 

engineering decision-making. Improving effectiveness of design decisions is 

even more important because design quality  is affected. The largest gain 

needed is to improve the favorable outcomes of decisions, that is , to make 

decisions more e ffe c tiv e . An e ffec tive  design decision is one which does not 

require correction or redesign la te r  in the process. Improvements in the 

American automobile industry have emphasized product quality  through more 

e ffec tive  design decisions. Problems with designs which are not 

manufacturable, fo r instance, re fle c t ine ffec tive  design decisions, 

irrespective of the e ffic iency with which those decisions were made. The 

effectiveness o f a decision refers to how well the results meet the design 

requirements. E fficiency in a decision refers only to how resources are used 

when making i t ,  and therefore has no relationship to whether the decision was 

e ffe c tive .

A frequent theme fo r improving productivity in some organizations is the 

need to "work smarter, not just work harder". In that idea is the same 

distinc tion  between e ffec tive  and e ffic ie n t  decision-making. One could 

describe the research being discussed in th is  thesis as exploring means to  

allow engineers to work smarter. Most developments in design tools, however, 

seem to be targeted simply on working fas te r. Rapid drawing time is  a main 

selling  point of graphics CAD systems (Chorafas, 1987). Rapid analyses, or 

more analyses or more detailed analyses in the same time span are cited as 

principal features of f in i te  element packages (Berry, 1988; Braham, 1988). 

Rapid access to a larger information store is the principal purpose of a wide 

range of databasing tools and methods for engineering (Winston, 1984; Yeomans, 

Choundry, and ten Hagen, 1985). Working faster or working harder, e ffic iency ,
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is  c learly  the main thrust of e ffo rts  to improve engineering productiv ity . A 

more detailed discussion of computer aids to engineering w ill be the subject 

of the seventh chapter.

The author’ s in i t ia l  experience with CAD is the same as with power tools 

fo r woodworking: they enabled him to make mistakes at a faster ra te . The

presence of a power tool alone does not necessarily improve the design,

although progress can usually be made at a faster ra te . In the author’ s 

experience with both computer support to drafting and computer support to word 

processing, most o f the time savings which might be realized from working 

faster is consumed in a series of corrected versions. I t  is necessary to make 

the orig inal decision more e ffe c tiv e , so the f i r s t  version is correct, in 

order to achieve a net improvement in productivity.

I t  is  instructive to examine how a design tool actually contributed to

one company’ s productivity. The firm  makes molded p lastic  parts, prim arily  

fo r the automotive industry, earning about f i f t y  m illion dollars annually in 

gross sales. A graphics CAD system was introduced a few years ago, which the 

author discussed with managers, engineers, and draftsmen. Their in i t ia l  

motivation was to sim plify d ra ftin g , and to improve the a b il ity  to revise  

drawings to adapt an existing part to new requirements. Drafting effic iency  

was improved through the use of the CAD system, but that was not the primary 

improvement, and th e ir  gains in that area were not as large as they had 

expected.

The system the company purchased was capable of handling three- 

dimensional drawings, and the drafting  department developed approaches to take 

advantage of th is  feature. Some of th e ir  parts are molded in one 

configuration, then folded on assembly, such as clips to hold several hoses or
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cables together. On paper, the drawing of the folded part ra re ly  was more 

than a sketch, and great e ffo rt  was necessary fo r the draftsman to correctly  

render the unfolded version fo r the molding process. The draftsmen discovered 

they could, on the CAD system, draw a part in its  assembled form, then unfold 

the drawing on-screen to obtain the mold pattern. This simple change has 

greatly reduced the complexity of drawing folded parts, and eliminated many 

errors. Managers at the firm  consider the a b il ity  to draw and manipulate 

three-dimensional objects to be a productivity gain, because of the increase 

in q u a lity , even though no appreciable cost reduction can be associated with 

i t .  They antic ipate th is  quality  improvement w ill lead to cost reductions in 

the fu ture, prim arily  through a decrease in time and costs o f prototype runs.

The CAD system contained the basis fo r communicating with CAM systems 

which the vendor was not yet lis t in g  as a working feature, as i t  was s t i l l  

under development. Within one year a fte r  introduction of the CAD system, the 

company was able to produce, on num erically-controlled machines, prototypes 

which had in the past been made by hand in the toolroom. The CAD system could 

redefine the drawing to show the space around the part instead o f the part 

i t s e l f ,  allowing injection-molding dies to be specified d ire c tly  from the CAD 

system as CAM instructions to th e ir  subcontractors instead of as drawings.

This change moved control over the process of producing dies closer to  the 

engineer responsible fo r the part, but has not substantially  reduced the cost 

of a d ie .

The company is pleased with th e ir  purchase. The improvements they have 

achieved are s ign ifican t gains in a highly competitive industry. But the 

gains promised by the salesmen were not rea lized . In p a rtic u la r, drafting  

time was not reduced s ig n ific a n tly , even in the case of adapting an existing
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drawing to a new purpose. The productivity gains anticipated by the company’ s 

management were not met e ith er, no large cost reductions have been obtained.

Of the two major improvements described above, the f i r s t  was discovery and 

explo itation  of a minor feature of the system, and the second was adapting and 

using a feature the system’ s vendor did not consider complete and was not 

supporting.

The major gains obtained through the use of th is  system dealt with more 

e ffe c tive  engineering, instead of more e f f ic ie n t . In other words, designs 

were produced no fas te r, but better designs were produced.

This company’ s experience illu s tra te s  two points. F irs t, the design tool 

developer is not in a position to anticipate how the system w ill create 

improvements in productivity. Only users can find features o f the system 

which are valuable and adapt them to serve th e ir  needs. This point w ill 

reappear as a major emphasis of the seventh chapter.

Second, engineering productivity is not necessarily measurable by the 

usual cost-reduction formulas. Downing (1989) makes the same point. This 

outcome is related to the way costs and benefits of the to o l’ s use are 

measured by management, not to the usefulness of the tools introduced.

Although generally unable to show the improvement in terms of tangible costs 

and benefits, engineering managers interviewed by the author and by Comer 

(1987) feel that in s ta llin g  CAD has in fact improved productivity. A primary 

reason is  that these engineers do not measure productivity through the lim ited  

means available to accountants.

The author has v is ited  several organizations which had assumed 

productivity would mean design could be handled by a smaller s ta ff .  But a fte r  

a tool fo r productivity , such as a CAD system, is in s ta lled , there is no less
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a c tiv ity  in the engineering department. In some cases the engineering s ta ff  

has expanded since the CAD system was insta lled .

The typical CAD in s ta lla tio n  is oriented toward drawing, maintaining, and 

manipulating pictures of components and assemblies, and putting that drawing 

into the rig h t data structure to communicate with other equipment. Such a 

system can reduce the time required to communicated complicated ideas which 

have, in the past, required large volumes of paper. I t  is clear there are 

many advantages to working with a computer-based drawing system. However, one 

must not assume that the e ffic iency gains offered by CAD is  the only available  

improvement to engineering productivity.

One additional aspect of engineering productivity requires 

consideration: the cost of correcting errors. Efficiency of decision-making 

can be evaluated in terms of costs by accounting fo r the labor and resources 

which go into the decision. E ffective decision-making can also be measured, 

using a d e fin itio n  much lik e  the d e fin itio n  of quality  introduced above. An 

e ffec tive  decision is one which does not lead to corrections requiring  

additional, unplanned costs in the design. An e ffec tive  decision is one which 

contributes to a qua lity  design; that is , a design without defects.

From the data in Figure 2, the author concludes that the e a r lie s t, 

global design decisions are c r i t ic a l .  The early decisions shape the whole 

project. Because of the high potential cost of correcting errors in an early  

decision (Fabrycky, 1987), i t  is v ita l that the decision be e ffe c tiv e . In 

other words, preventing errors in the earlies t decisions is a principal goal 

fo r engineering designers.

I t  would seem logical to expect the engineer’ s employer to make a 

substantial investment in support of e ffective  design decisions during
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early , global development of a product. Figure 2 shows such early decisions 

receive the least investment in support o f those decisions (Aries, 1987). The 

la te  decisions, which are localized, have considerably smaller potential cost, 

yet th is  is  the area where large investments are made to support decisions.

In a large project a portion of the design budget may even be expended in 

making calculations a fte r  the design is already under construction, to v e rify  

the design. But at th is  la te  point corrections ( i f  feasible at a l l )  would be 

very expensive.

The data showing investment in decision support in Figure 2 is taken 

from a company which sells  computer-based aids to design. I t  may be assumed 

th is  data re fle c ts  the investment in tools fo r decision support, such as 

computer aids. The author has concluded above that even the knowledge 

supplied to engineers is not w ell-su ited  to design, and therefore even the 

investment in design decision-making support associated with ordinary research 

funding emphasizes la te , details -oriented  decisions.

There is  a clear economic incentive to develop supports fo r early  

decisions. E ffective decisions save money by preventing the costs o f error 

correction la te r  in the pro ject. E ffective decisions improve competitiveness 

by reducing time to market, cost of development, and by improving the quality  

of the product through the quality  of the design. The costs of error 

correction are often a surprise, since the error is not a planned part of the 

product development process. E ffective decision-making, and an investment in 

support of improving e ffec tive  decision-making, makes projects more manageable 

by reducing unintended errors which lead to unplanned costs of correction.
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2 .5 . Summary

In th is  chapter, the author has presented some thoughts on design.

Design is  the process of developing a description of the hardware to solve a 

problem. Engineers are normally required to develop th e ir  own problem 

d e fin itio n  based on the incomplete d e fin itio n  supplied by the c lie n t.

Engineers must meet design goals which may be e x p lic it  or im p lic it . The 

author has called the e x p lic it  goals performance requirements because they 

deal with how the product w ill perform or operate. Engineers must also search 

fo r, recognize and meet im p lic it goals, o f which only a very lim ited number 

w ill be supplied by the c lie n t. These im p lic it goals have been called quality  

requirements because they deal u ltim ately  with the quality  of the product, or 

of the design.

Engineers plan fo r the a llocation o f scarce resources. During design, 

the resources allocated are not only materials and energy in the design 

i t s e l f ,  but also personnel resources to carry out the design task. Management 

of a design project requires attention to both technical progress and 

technical ta le n t. The two are not separable.

Engineers solve problems through the use of inexact reasoning. Many 

forms of models are used to reason by analogy about the design. Two features 

of reasoning methods are important. F irs t, the method is selected because i t  

provides economy; that is , the answers needed are obtained through a minimal 

investment of time and e f fo r t .  Second, the method is selected through an 

understanding of how closely i t  mirrors re a lity . Selection requires a 

compromise: a more refined, more detailed model w ill generally require more

e ffo rt  to build , operate, and understand well enough to obtain an answer.
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Design qua lity  is a way of thinking about improving individual products 

-  that is , product quality  -  and improving individual designs, and improving 

the design process. A design which is  of low quality  has higher costs to 

implement, ju s t as a product of poor quality  imposes unwanted costs on its  

producer and i t  user. Quality of a design is a convenient measure of whether 

a suggested change to the design process i t  worthwhile.

The concept of design quality  can be used to reason about engineering 

productivity. Normally, productivity invokes an image of e ffic iency , that is , 

of working fas te r. For engineering, making decisions at a fas ter rate runs 

the r is k  of making mistakes at a faster rate  as w ell. An increase in the rate  

at which a design is produced must not lower the qua lity  of the design. In

order to re a lly  advance engineering productivity i t  w ill  also be necessary to

improve the effectiveness with which decisions are made, in pace with

development of improvements in effic iency .
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Chapter 3 
Design Theory

This chapter contains a review of the lite ra tu re  of design theory.

Design theory is necessarily a wide-ranging concept. The discussion to follow  

w ill examine the ideas and contributions to be found in a wide variety  of 

discip lines which deal with design and with solving problems.

I t  is instructive to begin by examining the nature of design thinking. 

Figure 3 illu s tra te s  the general modes of thought when solving technical 

problems. The diagram shows a system, influenced by the laws of nature and by 

inputs, and producing outputs. A typical homework assignment in an 

engineering class would state a system and its  inputs, imply the laws of 

nature, and ask the students to determine the outputs. Dixon (1963) calls  

th is  type of problem analysis; i t  is also called a d irect problem.

When the problem is to find a system which produces a given output from a 

given input, Dixon (1963) refers to the problem as one of synthesis; i t  is 

also commonly called an inverse problem. This use of the words analysis and 

synthesis is not en tire ly  in keeping with Asimow’ s (1962) d e fin itio n s , but i t  

is consistent with the most common usage noted in the f i r s t  chapter.

The expression "inverse problem" implies that the thinking required to 

accomplish design is  to work backward through the method fo r a d irec t problem. 

This in terpretation  assumes that since d irect problems are usually expressed 

as equations or algorithms, then design can be expressed as resolving the
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equation fo r the unknown, or working through the algorithm backwards.

However, i t  is important to note that many equations cannot be solved in

closed form fo r a variable which is embedded in the d irec t expression. Most

algorithms make no sense whatever i f  read from ending to beginning. When 

rearranging an equation in order to accomplish design, i t  is common that there 

are several unknowns for which assumptions must be made. S t i l l  more common is  

the fact that much o f the design is not solvable via analytic expressions at 

a l l ,  and the inversion is actually a very complex tw isting of direct-problem  

concepts which the engineer must carry out mentally. For instance, the 

graphical method of analyzing hydrodynamic bearings found in a machine design 

textbook (Juv ina ll, 1983) cannot be operated in reverse to develop a design 

from a desired outcome. Instead, an ite ra tiv e  approach is necessary, which 

must be seeded by educated guesses. The itera tions required may fa i l  to 

converge on a v iable solution i f  the assumptions made along the way are not 

reasonable.

One must not be fooled into thinking that design is  simply a

mathematical mapping from d irect problems into another solution space. Design

is quite d iffe re n t from d irect problems in the nature of the problems as well 

as the nature o f the solutions.

There is  a prejudice among those who produce new engineering knowledge 

toward the d irect problem, revealed in the very use of the term. Most 

knowledge fo r engineering is recorded in forms amenable to d irect problems -  

that is , to problems involving evaluating the behavior o f a known system. 

Knowledge which can be used fo r d irect problems is not necessarily of value 

fo r inverse problems, where the system must be created to meet requirements.
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There is a need, therefore, fo r predictive design knowledge, to be extracted 

from that knowledge which is already available for analysis.

3 .1 . L ite ra tu re  and H isto ry  o f Design Theory

Design has always re lied  heavily on the individual engineer’ s experience. 

Recently there have been changes in the way engineering is undertaken. These 

changes include greater lim its  on the acquisition o f experience, greater 

emphasis on use of complex methods fo r more refined predictions, greater 

requirements to e ffe c tiv e ly  incorporate new technologies, and an emphasis on 

engineering results having a sound, c learly  definable basis. These provided 

the driving force fo r the development and study of design theory.

To a certain extent, the history o f design theory is a co llec tive  history 

of both the changes in the ways engineers approached problems, and the 

economic and social forces which brought about those changes. One can divide 

the development o f design theory, a ll o f which has developed in the la s t f i f t y

to s ix ty  years, into fiv e  main periods. Each of these periods provides some

useful insight into the nature of design. Although these periods overlap and 

in most cases have not closed, in rough chronological order they are:

• the e a rlie s t era, dealing prim arily  with experience as the basis 

fo r good design;

• the development o f structured approaches to design, concurrent with 

the advance of the concept of engineering science;

• approaches to automation of design, based on advances in computer 

technologies;

• application of decision theory developed in economics, psychology, 

and philosophy to describing engineering decisions; and
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• return to a broader concept of design, in which the theory is more 

lik e  a philosophy and less lik e  a procedure.

The la s t two aspects have developed more or less at the same time, in the past

few years. In th is  section, the author w ill review and comment on the

lite ra tu re , grouped generally by the categories given above.

T rad itio n a lly , design has been based on the individual experience of the 

engineer. This trad itio n  stems from the period, perhaps a hundred or more 

years ago, when design, engineering, and production were a ll blended together 

in technologies dominated by craftsmen. Prior to the advent of mass 

production in the factory, most engineering was carried out by masters who 

were fu lly  involved in th e ir  projects, from concept through fabrication and 

operation, and who had considerable experience with s im ilar projects. James 

Watt and Thomas Newcomen b u ilt  th e ir  own steam engines; George Washington 

Roebling took equal in terest in making the wire fo r the suspension cables and

building the stone piers of the Brooklyn Bridge. With the development of 

mechanization and mass production approaches, engineering gradually became 

specialized and moved to locations outside the production fa c i l i t ie s .

Experience remains, however, a dominant force in the development of 

engineers. In the past, experience was the most important component of an 

engineer’ s professional preparation. Even within a single project, a 

sign ifican t amount of prototyping and testing provided working experience with 

the system, which in turn was the basis for further improvement to the design. 

In addition, engineers tended to stay with a single company, or at least with 

a particu la r product type, fo r th e ir  entire  careers.

Writers on design during th is  early period concentrated on experience; in 

fa c t, experience played such a large role that most early books on design take
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the form o f memoirs. Glegg (1969) made a lim ited  number o f comments about the 

design process, and re lied  heavily on case studies to convey a sense of his 

experience in design. Teague’ s (1940) book is as much a memoir o f his 

life tim e  in industria l design as i t  is  guidance fo r designers in other fie ld s  

who wish to emulate his success. Neither the anecdotal approach nor his 

a r t is t ic ,  non-technical background in te rfe re  with his book’ s valuable 

contribution to an understanding of how design decisions are made. Teague’ s 

most s ign ifican t contribution is a discussion of the old adage, "form follows 

function", which he extended to incorporate the concept of fitness -  fitness  

to m aterials of construction and to intended users as well as fitness for 

purpose.

Sh ifts in the industria l economy a fte r  World War I I  had strong influences 

on engineers and th e ir  working liv e s . The f i r s t  was the physical m obility  

brought about by career m obility . M obility  brought about a flux  which is 

s t i l l  seen today, as corporate decisions move a company into or out of a 

market, and subsidiaries are bought and sold. Increasing m obility  in the 

American culture, driven by and driving the tendency of large companies to 

reallocate th e ir  human resources to meet changing needs, brought about 

in s ta b ility  in the process of accruing experience by providing interruptions  

and sh ifts  in focus. Second, growing organizations had growing management 

needs, and many good engineers became managers at about the time they had 

enough experience to be re a lly  e ffe c tive  at design.

A th ird  influence changed American education as well as engineering, the 

post-war (and especially post-Sputnik) emphasis on science as the foundation 

of knowledge. Engineering became dominated by engineering science, with the 

reasoning that engineering' is prim arily  applied science (A lic , 1988). By the
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1970’ s, engineering science was the dominant factor in accreditation of 

engineering curricu la , as i t  is today.

The "engineering science" approach led to the next stage in the 

development of design theory: attempts to find s c ie n tif ic  structure in 

engineering methodology. Nadler’ s (1967) work is typical of early structuring  

approaches, attempting to find an analog to the s c ie n tif ic  method in design 

methods. Jones (1963) recognized that most design decisions proceed based on 

judgment, and discussed approaches to making these judgments more precise and 

more systematic, in order to obtain more consistent success in design. In the 

same conference, however, Christopherson (1963) noted that "design is not on 

the whole an orderly process".

One of the key concepts to emerge from in it ia l  exploration of the 

structure of design is the morphology of the design process. Asimow (1962) 

provides the most widely quoted morphology, or product development time 

sequence, which incorporated fe a s ib ili ty  study, prelim inary concept 

development, detailed design, production planning, d is trib u tio n , consumption, 

and retirement of the product. He pointed out that each project is unique, 

however, and that emphasis can change as the project proceeds.

Asimow l is ts  three forms of thought in design: analysis, synthesis, and

evaluation; which represent understanding the problem, developing proposed 

solutions, and checking the v a lid ity  of those solutions. These concepts are 

often mis-stated as a sequence in time as w ell, but his intent was simply to 

indicate the modes o f thought involved. These modes of thought are d i f f ic u lt  

to separate from one another, since a ll  three are required throughout the 

product development process. French (1986), fo r instance, deals with a wide 

range of concept-generation problems through analytical means.
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With the advance of engineering science as a dominant philosophy in 

engineering, the division of engineers into more specialized, more isolated  

compartments became evident. The new specialty of systems engineering grew as 

a response to the need to deal with problems that crossed d isc ip linary  

boundaries, especially evident in design of computer and communications 

systems. Hall (1962) ty p ifie s  the early concepts of systems engineering, 

which emphasized applying Information Theory to provide fo r control of 

ind iv idual, specialized contributions to a design. Systems engineering was 

o rig in a lly  conceived as the d isc ip line  which would coordinate specia lis t 

inputs to obtain a complete system.

As a strong mathematical and s c ie n tific  basis for engineering developed,

i t  was observed that there appeared to be considerably less uncertainty in the 

design s ituation , because technological advances provided means to predict 

more e ffec ts , and in greater d e ta il, than had previously been possible. This 

observation led to the push fo r "rational" design, such as that of Week 

(1966), in which decisions would be based e n tire ly  on accurate predictions,

without the need fo r such "superstitions" as factors of safety. A factor of

safety might be called a factor of ignorance, since i t  represents a margin 

l e f t  to accommodate unknown or unanticipated events. One must appreciate that 

in a proposal fo r rational design, "rational" has a narrowly defined, rigorous 

meaning which is quite d iffe ren t from the commonsense "rational" which means 

simply the result appears to be based on sensible, sane reasoning. In 

general, while "rational" approaches to design have not been extensively  

implemented, in many codes and standards there have been changes to allow 

design with lower safety factors in the few cases where the s ituation can be 

defined quite c lea rly .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

69

Purely rational problem-solving, based on solid , logical reasoning, 

characterizes a mature science. But engineering design is always working at 

the edge of what is  known, because that is where innovation is accomplished. 

For that reason, engineering can never re ly  exclusively on rational design.

The developing science of psychology has given a s c ie n tific  basis fo r 

exploring some of the non-analytic aspects of design, especially c re a tiv ity .  

Engineers have had a fa ir ly  steady supply of books on c re a tiv ity  enhancement, 

among them Gordon (1961) and Bailey (1978), which give a variety  of methods 

fo r improved c re a tiv ity  to assist in developing potential solutions to a 

problem.

Operations Research is a f ie ld  of engineering science which developed 

rapidly and prominently a fte r  the Second World War. Two main ideas were 

adapted into engineering design, the concept of formally optimizing design 

solutions and the ideas related to the theory o f searches. Optimal design and 

optimization of both the product and the production process have become 

important to preserve economies in the large industria l corporations, and even 

in those cases where optimal solutions are not obtainable, a goal is to 

conduct an optimal search fo r solutions (N evill and Crowe, 1974). Meredith, 

et .  a l . (1985) re ly  prim arily  on graph theory and optimization methods to deal 

with the problem of designing high-rise buildings and other large structures. 

Under the influence of Operations Research terminology, engineering design 

became divided into the search for solutions and the evaluation of those 

solutions, frequently referred to as synthesis and analysis. Although 

contrary to the meanings assigned by Asimow (1962), th is  usage re flec ts  the 

meanings commonly attached to the words synthesis and analysis.
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A book advocating the s c ie n tific  basis fo r engineering is that of 

Middendorf (1986). He gives two main paradigms fo r problem-solving in 

engineering: design by synthesis (closed-form solution o f a complete 

analytical model) and design by repeated analysis ( ite ra t iv e  solution in a 

numerical model). Despite his strong inclination  to a rigorous s c ie n tific  

basis in design, Middendorf acknowledges the continuing importance of 

experience, commenting that a distinguishing mark of a s k i l l fu l  engineer is  

the a b il ity  to develop designs which are close to optimal p rio r to evaluation.

Highly deta iled , analytical assessments of the design situation w i l l ,  as 

often as not, ru le out a ll possible options. Engineering has a long history  

of cases, such as the Wright brothers’ airplane, in which the design performed 

even though i t  was possible to "prove" an a ly tica lly  that no heavier-than-air 

c ra ft could f ly .

Some fie ld s  have had poor success with the s c ie n tif ic , rational approach 

to decision-making, reflected  most notably in the l ite ra tu re  of architecture  

and urban planning. These fie ld s  have expressed disappointment with 

ra tio n a lity  and have returned to more general, less structured (and less 

re s tr ic tiv e ) approaches to design, placing more emphasis on the individual 

decision-maker understanding the problem in a way that provides fo r a creative  

solution. An excellent example of th is  change in a ttitu d e  is given in 

Alexander (1984). R it te l l  and Webber (1973) deal with many of the reasons the 

s c ie n tific  approach does not succeed in architecture.

The problems id en tifie d  in the architecture and planning lite ra tu re  are 

equally present in mechanical design. Two main problems are largely  neglected 

by those theorists who advocate highly s c ie n tific  bases fo r design. F irs t,  

design does not take place in a s ta tic  world. Compiling the data required to
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define the problem fu lly  takes time. As the problem and its  solution are 

developed, the world continues to change. Some designs have become obsolete 

before prototype testing was complete because the need has changed, most 

notably m ilita ry  strategic weapons systems since the end of the Cold War. 

Second, the engineer is not only required to allocate the resources required 

to build and operate the product, but is  also expected to economize in the 

allocation of resources during the design process. Compiling the data 

required to define the problem fu lly  is a resource-intensive a c t iv ity . The 

cost of data collection and the cost of decision-making are largely  neglected 

by present research in design, one of the reasons that results do not match 

with predictions.

Computers have grown from laboratory curios ities  to powerful tools in 

ju s t a few decades. However, reliance on a computer as a tool in engineering 

influences the ways the engineer thinks and works. In particu la r, 

applications which use a computer must create a structure fo r the task, 

allowing i t  to be programmed, and that structure must be planned in advance. 

For instance, one must create the format fo r a database before entering the 

data, although in the author’ s experience the structure appropriate to the 

database is only apparent a fte r  at least some of the data has been recorded.

In general, the structure required fo r computer use involves breaking a task 

down into isolatable subtasks.

Computer-oriented approaches led to an expansion of design theory into  

two areas: numerical models as a basis fo r problem-solving, and using the

computer to record and maintain design graphics and data. With the 

development of a r t i f ic ia l  in te lligence methods which could p o ten tia lly  be 

applied to engineering with reasonable e f fo r t ,  emphasis shifted to automation
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of the design process, in which the computer contributes to actually  

generating the design (Winston, 1984).

Furman (1970) edited an early volume dealing with how computers can and 

should be used in engineering. The main theme of the volume is th a t, by 

concentrating on evaluation in design, the design tool developer may be 

avoiding the real issues of design. Many of the prelim inary concerns 

expressed by the a rtic les  in Furman’ s book have matured into genuine problems 

with the way computers affect the design process. The most notable problem is 

that the computer and the capab ilities  developed by programmers constrain the 

ways engineers can work. Rather than computers f i t t in g  into the ways 

engineers design, design is being adapted to the most obvious ways the 

computer can be used.

Chorafas (1987) discusses both the advantages of computer aids in 

improving engineering productivity and the lim its  of those aids. Engineers 

(Knight, 1983; Freeman, 1984) continually comment that the lim its  on design 

tools currently available make those tools at best an improvement to certain  

aspects o f design. Genuine engineering design problems are too hard for 

computers to solve without supervision, although there are a number of 

applications where the computer can be used to aid an engineer.

With the prospect of rea lizab le  expansion of the computer into design, 

there came an emphasis on advancing design theory to the point i t  could be 

used as a basis for defining what portion of design can be allocated to the 

computer. However, the structured methods which were the most obvious uses of 

the computer led to an increased emphasis on structured versions of design 

theory, read ily  amenable to computerization. An early example of work toward 

more structured design theory is given by Purcell, M ailer, and Gomain (1974).
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A la te r  e f fo r t ,  re flec tin g  the broader expanse of methods now available in a 

computer-based environment, is given in Tomiyama and Yoshikawa (1987), who 

attempt to describe the product development process in terms of set theory, 

with the solution lying at the intersection o f a ll the requirements to be met. 

The structured descriptions of design serve as analogies fo r reasoning about 

the process, but they should not be misunderstood to be descriptions of a 

technique or procedure fo r accomplishing design.

Begg (1984) considers the particu lar problems of large, computer-based 

systems fo r design of integrated c irc u its . She expressed disappointment with 

the wide d isparity  between what is actually achievable in a practical working 

situation , and the apparent promise of recent research in the fie ld s  affecting  

design tools. Researchers have reported sweeping visions of improvements to 

be achieved in CAE which have yet to be realized. Michie (1977) acknowledges 

that some problems are too easy to warrant use of computers, while others are 

too hard fo r computer-based solution, which defines a somewhat restric ted  

middle ground where problems are both easy enough to solve by computer and 

hard enough to warrant the programming e ffo rt . Researchers have dealt with 

rather sim plified subproblems in many cases; mention was made in Chapter 1 of 

the "toy problem" in a r t i f ic ia l  in te lligence research, such as a chess 

endgame, which has enough complexity to be in teresting but is simple enough to 

be comprehensible.

An approach to making design problems clear enough to automate is to re ly  

on hierarchical decomposition of the components. In th is  approach, each 

component is  allowed to have only one function and components are isolated  

into a tree-structured hierarchy of functional subsystems. This type of 

structuring is the basis of Hubka’ s (1980) book on mechanical and structural
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design, Alexander’ s (1968) book on architecture and urban planning, and o f De 

Marco’ s (1979) book on software design. But even in integrated c irc u it  (Begg, 

1984) and electronic system design (Finegold, 1984), emphasis on functional 

performance alone and isolation of individual components in te rfe re  with 

success. Medland and Jones (1984) report s im ilar d if f ic u lt ie s  with 

application o f functional reasoning in mechanical and electronic designs.

There is some value, however, in the philosophy behind hierarchical 

decomposition, often called "top-down" design. Such a design approach deals 

f i r s t  with the overall functioning of the system, defining successive levels  

of greater d e ta il in the context of p rio r decisions. The upper diagram in 

Figure 4 is the top level of a hierarchical description of the top-down 

software development process. The nodes in the diagram represent co-existent 

actors in the system, while the arcs represent the functional connections 

between those actors. Top-down design is a useful technique in software 

design (De Marco, 1979), and can be a valuable approach in other d iscip lines  

as w e ll. The diagram in the lower h a lf of Figure 4 indicates that in many 

mechanical designs, however, a purely top-down approach can mix many kinds of 

function together -  energy streams and information streams, fo r example -  

while other issues of importance, such as r e l ia b il i t y  and structural in te g rity  

are neglected by the process because they are d if f ic u lt  to re la te  to the 

routine functional behavior of the system, which is what the top-down process 

deals w ith. The top-down design approach emphasizes function -  performance -  

and neglects q ua lity  issues because they are not expressed in the same terms.

The author regularly  uses top-down control over the design process, but 

i t  is important that engineers be w illin g  to v io late  a s tr ic t  top-down 

sequence when necessary. Often a few deta ils  w ill arise at c r it ic a l  points,
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and then bottom-up design is  necessary as those d e ta ils  drive several other 

decisions.

One of the e a rlie s t attempts to apply decision theory to design is the 

work of S tarr (1963), who blended structured with in tu it iv e  methods of 

solution. Love’ s (1980) description of design was notable fo r two reasons. 

F irs t, design theory was held to a pragmatic standard of whether i t  would 

serve the needs o f practicing engineers. Second, the development o f decision 

theory fo r  engineering incorporated such "outside" issues as m arketability and 

the cost o f co llecting  evidence and making a decision. In other words, Love 

emphasized the engineer considering the whole product l i f e  when making a 

design decision.

Cross (1985) ty p ifie s  the approach to decision theory fo r design, which 

deals prim arily with the form the problems take and the strategies for 

solutions. There are, Cross argues, three key aspects of design thinking: 

in tu it io n , resolution of problem situations (d is tin c t from problem-solving, 

because a problem is often resolved by avoiding i t  e n t ire ly ) , and reasoning by 

analogy through the use of models.

Cross defined approaches to problem-solving which explain why a purely 

analytic , s c ie n tific  approach to engineering can be a hindrance to design. 

Scientists tend to allow the form of the problem to lead them to solutions, 

which he ca lls  a problem-focused strategy. This strategy is characterized by 

patience and a thorough examination o f the problem, which succeeds only 

because time is a minor constraint. In contrast, engineers and architects  

proceed by proposing solutions and gradually elim inating some until a single 

solution remains, a solution-focused or product-oriented strategy. Engineers’ 

problem-solving strategies are driven by lim ited time and budgets.
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A growing branch of design theory emphasizes a philosophical basis for 

engineering, with a focus on the attempt to explore how decisions are made, 

instead o f simply what knowledge is invoked to solve problems. Gero (1974) 

provides an early example of the attempt to deal with design prim arily  on a 

philosophical basis. Recognizing that many aspects o f the whole problem of 

design were being neglected by the focus on those portions of design which 

could be structured, Gero dealt with the complete problem by invoking Gestalt 

or h o lis tic  princip les.

Product development is dominated by h o lis tic  problems, that is , by 

concerns which span the whole project and problems which require the 

in teraction of several d iffe ren t d isc ip lines . Gestalt psychology is concerned 

with the behavior of the whole person (Wertheimer, 1959), and a Gestalt 

approach to design is intended to deal with the whole problem. When 

attempting to implement whole-problem solution approaches, the engineer can 

easily  become lost in a flood of d e ta ils . The top-down approach to design 

development is an attempt to deal with the whole problem by handling important 

portions at an abstract lev e l, then deal with deta ils  in re la tiv e  isolation  

a fte r  the interactions between primary issues have been defined.

Nadler (1981, 1986) ty p ifie s  the broader approach to design theory, 

trea ting  engineering problems as complete problems having both technical and 

social im plications. In Nadler’ s more recent work, the study of design 

involves both technical issues (such as success c r ite r ia , knowledge 

representation questions, and the development of tools to aid decisions) and 

social issues (especially the psychology of decision-making, the economics 

which govern engineering solutions, the effects of tools on th e ir  users, and 

the underlying philosophy governing the industrial setting in which most
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engineers work). In Nadler’ s work, design theory is a philosophy dealing with 

the whole of the problem, rather than a set of methods fo r dealing with 

portions of design in iso la tio n . This overall philosophy does, however, 

provide the means to develop detailed guidance on particu la r issues.

Nadler’ s approach to design may be described as " lib e ra l"  in the same 

meaning as the lib e ra l arts or a lib e ra l education. Emphasis is placed on 

recognizing the complex, m ulti-faceted nature of the problem, and the 

influence of several d iffe re n t subject areas when dealing with both the whole 

problem and whole solutions. There is a growing recognition that a broad, 

a lb e it incomplete grasp on the philosophy of design may be of greater 

practical value than c learly  understanding any one aspect o f the process.

To a lim ited  extent, the philosophical basis fo r design has been present 

throughout the history of design theory. Asimow (1962) and Alexander (1968) 

combined specific  structuring ideas with a broad philosophy about design.

Their readers, however, took the structure and gave less attention to the 

philosophy. Thus Asimow is prim arily remembered fo r the terms analysis and 

synthesis, which are frequently used to make a d istinc tion  between science 

content and design content in engineering curricu la .

Winograd and Flores (1986), troubled by the strong trend to excessive 

structuring of solution methods and a narrowing, rigorous d e fin itio n  of 

ra t io n a lity , cautioned that the design tool developer’ s prejudices and 

preconceptions have a strong influence on the behavior of the tool developed. 

Their approach to the design of computer-based tools applies concepts which 

had been of in te res t prim arily  to philosophers.

Koen (1985) provides an important contribution to the philosophy of 

engineering. In his monograph, Koen refutes the concept of rational design
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with the observation that engineers work in a changing, unpredictable, non- 

rational world, while rational approaches deal exclusively with unchanging 

situations. He puts much of the attempts to structure design theory into  

perspective, demonstrating both the uses and the lim its  of particu la r  

structuring approaches. He describes engineering as dominated by the use of

heuristics, kernels of solutions whose v a lid ity  depends on the context in

which they are applied. A ll of design theory, he asserts, is heuristic .

Based on both practical design experience and consideration of design theory, 

the author agrees e n tire ly  with Koen’ s description of the design process; 

however, he has an ample supply of detractors as w ell.

Because engineering design w ill always be s lig h tly  less than perfect in

its  achievements, there w ill always be room fo r improvement. I t  is important, 

however, that a change which looks good in the local context of a particu lar  

area requiring improvement does not have an adverse e ffect in the long run on 

the practice of engineering design as a whole.

Design theory today seems to be at an in tersection . There is a path 

leading to design automation, in which increasing portions of design are 

carried out by computers under l i t t l e  or no human control. Methods based on 

both a r t i f ic ia l  in te lligence and numerical modelling techniques are being 

explored. P ara lle ling  the design automation path is one following the concept 

of structured methods of design which allow the design process to be more 

predictable. THe e ffo rt  to make design more orderly is driven prim arily  by 

the wish to have a computer accomplish design. P red ic tab ility  and control are 

appealing to managers who do not understand engineering design and are 

frustrated by the fact that prototypes don’ t  always work correctly on the day 

the c lie n t v is its .
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Another available path deals with human decision theory. A better 

understanding of how humans make decisions is slowly becoming recognized as a 

key aspect of understanding how humans do design. At present, however, the 

decision theory path is not heavily travelled .

In another d irection , a path follows the concept o f rational design. 

Rational design is appealing because i t  bears the implication that a ll design 

work can be optimized. No extra material need be added to a structure which 

requires no factor of safety. This path is taken only occasionally, ty p ic a lly  

by an individual with minimal design experience.

There are other paths as w e ll. The d if f ic u lty  is that these paths are 

being viewed by most engineers from the viewpoint o f an ant at the 

in tersection . One can make out which directions are availab le , and how large 

a crowd is following each branch, but i t  is not possible to determine where 

each path leads. A bird fly in g  overhead has a very d iffe ren t perspective of 

the same intersection . At th is  point in time, design theory needs a broad 

overview of the options. I t  is necessary to think about not only problems of 

contemporary in te res t, such as manufacturability and product q u a lity , but also 

to anticipate future problems and consider how the solutions being developed 

today w ill a ffec t future solutions. I t  is necessary to learn in general about 

improving design through the specific actions to improve design currently  

underway.

The author’ s use of the concept of quality  of the design represents a 

unifying princip le  which can serve the need of showing how a choice of path 

might a ffec t the future of design. A new idea for improving design 

methodology can be considered on its  merits: does i t  lead to h igher-quality  

designs?
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3 .2 .  Reasons to  Pursue Design Research

A valid  and important question is , why do design research? Often 

included, perhaps im p lic it ly , is the observation that a ll the good design 

problems have already been solved. The author has shown some economic reasons 

fo r improving the design situation and has shown some of the avenues available  

to pursue in that research. This section w ill give the author’ s opinion on 

why a researcher might elect to pursue design problems, rather than some other 

subject of research.

An a r t ic le  in Engineering Education (Samuel Neaman In s titu te , 1987) 

indicates design is generally perceived by academics as " in te lle c tu a lly  soft, 

in tu it iv e , informal, and cookbooky". On the other hand, an "academically 

respectable" subject is " in te lle c tu a lly  tough, ana ly tic , form alizable". In 

these two phrases one observes the contradiction which lie s  at the heart of 

the misunderstanding of design.

Analytic, formalizable problems are closed, solvable problems. The 

problems have su ffic ien t structure that i t  is clear from the outset that a 

solution exists , despite the fact that considerable work may be necessary to 

obtain a solution. A problem may require considerable mathematical or logical 

s k ill  to solve, but the very fact i t  is formalizable lim its  its  potential to 

stretch the mind. The knowns and unknowns a ll exist w ithin some definable 

subset, allowing the problem to be approached in re la tiv e  iso la tion . There 

are, however, a large number of research problems which are not d ire c tly  

form alizable, and researchers then apply substantial e ffo r t  in developing an 

appropriate structure to impose during the search fo r a solution.

Now examine a typical design problem, which is not very structured.

Design problems (and th e ir  solutions) are, in general, informal. In most
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cases there is not a clear separation between knowns and unknowns, or even 

between issues and non-issues. The information available to deal with the 

problem is the en tire  contents of the lib ra ry . In many cases the solutions 

presented in the lite ra tu re  are for d iffe re n t problems, perhaps with some 

vague s im ila r ity . Especially in new technologies, the parameters as well as 

the knowledge representations required fo r design may be obscure or simply 

nonexistent.

The problem presented to the engineer is rare ly  complete. The f i r s t  task 

is to develop a better d e fin itio n  of the problem. Once the solution steps are 

underway, i t  may be necessary to make assumptions, to re ly  on default values 

where needed values are unavailable, and to make other s im plifica tions. At 

the same time, a large number of problems must be kept in balance. A p artia l 

l i s t  of the issues facing a designer include performance of the product, 

quality  o f the product, m anufacturability, and product safety. The engineer 

is at the same time required to make e ffec tive  use of design resources, which 

includes the engineer’ s own time.

To deal with these sticky, d i f f ic u lt ,  ill-posed problems in a swamp of 

o n ly -p artia lly -so rted  information, the designer re lies  on such informal 

methods as judgement based on experience, and in tu itio n . Thus i t  is 

appropriate to describe design as in tu it iv e  and informal. But design is  by no 

means simply a "plug and chug" exercise using rules drawn from a handbook.

Yes, many sim plifications ex is t, but the s im plic ity  of the form conceals the 

depth of understanding required to arrive  at the simple method as well as the 

engineering judgement required to choose a valid  sim plification  fo r a given 

problem.
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Given a choice between a formalized, well-described, analytic problem and 

an informal, vague problem, researchers seem to prefer the former. A great 

deal of e ffo r t  may be required to solve the analytic problem, but i t  is fa ir ly  

certain from the outset that the solution is obtainable. More to the point, 

there is a single solution which can be ve rified  as correct once i t  has been 

obtained. Such a problem may be d i f f ic u lt ,  but i t  is also re la tiv e ly  free  

from r is k . In contrast, there is usually no single, correct answer to a 

design problem. Design work is fu ll  of risks.

Which problem, then, is the in te lle c tu a lly  tougher one? I t  seems obvious 

that an ill-posed design problem, with no clear answer and no clear way of 

checking the answer’ s v a lid ity  is more challenging. A researcher who wishes 

to grapple with very d i f f ic u lt  problems would choose those which are only 

vaguely statable; which incorporate uncertainty, m ultiple solutions, and no 

clear way to check the v a lid ity  of your solution; which require consideration 

of fie ld s  which may not be approachable from an analytic basis; and which 

require consideration of the interactions between m ultiple fie ld s  of study.

The author’ s in terest in design does not derive e n tire ly  from a desire to 

seek out tough problems. Design has another a ttr ib u te , which may contribute 

to its  poor reputation among academics: i t  is a great deal of fun. A design

problem is a puzzle, and lik e  a very good puzzle, the solution is obtained 

through a combination of e ffo rt  and good fortune. Design research is a meta

puzzle, in which i t  is necessary to examine the puzzle of how puzzles can be 

solved.
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Chapter 4
M ateria l Selection fo r M anufacturab ility

This chapter is a report on the author’ s exploration of a design problem 

which can be c lass ified  as decision making in the absence of clear 

information: accounting fo r manufacturability during material selection. 

Controlling the cost of manufacturing is considered a key to American 

industry’ s a b il i ty  to continue competing in the world market. Manufact

u ra b ility  of designed parts is central to controlling these costs, and as a 

resu lt design fo r m anufacturability (DFM) has been given considerable 

atten tion . However, the approach to better accounting fo r manufacturing has 

taken the form of spreading the deta ils  of manufacturing out to be accounted 

fo r during design decisions.

The concept of simultaneous engineering has begun to take the place of 

DFM. To improve communication, simultaneous engineering places side-by-side  

the desks o f the product designer and the manufacturing engineer who plans 

tooling and fabrication steps. One reason fo r simultaneous engineering is 

that the notion of DFM places responsib ility  on the designer to better 

antic ipate the manufacturing engineer’ s decisions, which can add an 

unnecessarily heavy burden to the designer’ s l i s t  of concerns. Simultaneous 

engineering brings together product experts and manufacturing experts to deal 

jo in t ly  with two interconnected aspects o f the whole problem, which is to get 

a p ro fitab le  product on the market. However, simultaneous engineering
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requires the design engineer and the manufacturing engineer to have su ffic ien t 

knowledge in common to work out th e ir  differences in the best interests of the 

design.

The question of putting a burden on the design engineer w ill be explored 

in th is  chapter. I t  is not necessarily inappropriate to expect the product 

design engineer to account fo r manufacturing in the design. What is incorrect 

is expecting the design engineer to deal with m anufacturability in the same 

way as the manufacturing engineer would. I t  is reasonable to ask the designer 

to take responsib ility  fo r manufacturing, but these concerns cannot be handled 

at the same detailed level as during the planning and tooling process.

Because the manufacturing planner deals with the particu lar deta ils  of 

fabrication , such as sequencing and allocation of shop resources and energy 

consumed during the steps, there is a substantial volume of both knowledge and 

data needed. I t  is unreasonable to expect the designer to deal with DFM at 

th is  level of d e ta il. But the designer does have a general responsibility  for 

a quality  design, and broad economizing of the cost of fabrication is part of 

the qua lity  which must be placed in the design i ts e l f .  A broadly useful but 

economical version of manufacturing knowledge is  needed to support design for 

m anufacturability.

Where the sp ec ia lis t, such as a manufacturing engineer, deals in depth 

with the deta ils  of a p articu la r issue, the designer is obliged to deal in 

breadth with the connections between many issues. For th is  reason i t  is not 

possible to expect the designer to deal with manufacturing, or any other 

single issue, at the same level as the specia list in that single issue. The 

general problem is to develop the necessary knowledge and information about 

each specia lis t area in a compact form which can be used in conjunction with
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knowledge about other issues to achieve a qua lity  design. In th is  chapter, 

development o f such knowledge is examined by the p articu la r example o f design 

fo r m anufacturability during material selection.

A s im p lified , abstracted version of the knowledge used by manufacturing 

engineers is needed fo r use by designers. One such approach is  a product 

announcement from a mechanical design tool company (Cognition, 1987): an 

expert system fo r cost of fabrication , the core issue in m anufacturability. 

This approach s t i l l  deals with the d e ta ils , and is only capable of analysis of 

an existing design. In other words, the system is capable of providing 

feedback on m anufacturability.

In th is  chapter the author w ill present manufacturability information in 

a form that allows i t  to be used d ire c tly , as a predictive, feed-forward aid 

to early  decisions. The knowledge to be developed w ill  take the form of 

general rules of broad v a lid ity . The methods discussed here support 

anticipating m anufacturability during design decisions, rather than evaluation 

a fte r  the fa c t. This enhances economy by correcting errors before they can be 

made. In general one can reduce manufacturability concerns fo r metals to four 

areas: machining, forming, welding, and casting (Lindberg, 1964). Each of 

these w ill  be considered in the context of material selection, a typical 

design decision.

A reader fa m ilia r with manufacturability issues w ill  recognize that the 

development o f manufacturing information presented in th is  chapter is merely 

an extension o f much e a r lie r  work by others; work which is largely  out of 

favor in modern manufacturing engineering because i t  lacks refinement. The 

purpose of th is  chapter is to show some structures appropriate to the design 

fo r m anufacturability problem. Recognition and development of such structures
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w ill  improve engineers’ a b il ity  to carry out design as well as advance the 

state o f design research. The bringing together of heretofore uncombined 

ideas also represents a worthwhile research endeavor. M aterial selection as a 

whole is  largely  misunderstood, and manufacturability in p articu la r is 

completely ignored during the material selection process; a finding  

corroborated by the author’ s current co-workers. For instance, an engineer in 

the author’ s department has expertise in manufacturability and design fo r  

assembly as well as in engineering polymers through her experience in a 

company which makes molded p las tic  parts. She has found that most engineers 

f a i l  to consider m achinability when selecting the metal fo r an in jection mold, 

despite the fact that mold-making is  the single largest cost in a typical run 

of a p art.

The author w ill  demonstrate, through examples in dealing with 

m anufacturability, some of the methods fo r reconstructing knowledge into forms 

which meet the designer’ s needs. The methods used w ill be mentioned where 

appropriate, and in the sixth chapter those methods w ill be discussed, drawing 

some general conclusions about the a c tiv ity  of knowledge restructuring.

4 .1 . Machining

There is  a substantial volume of machinability data available fo r the 

manufacturing planner. One company, Metcut Associates, specializes in 

producing and indexing machinability data fo r p articu lar combinations of 

metals, machining processes, geometries, and resulting surface roughness.

Large industria l corporations have departments with s im ilar resp o n s ib ilities . 

In many cases th is  information is  now available in the form of extensive 

databases.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

88
Providing designers with the detailed machining information used by 

manufacturing planners is the idea behind integrated databases fo r design. An 

extensive manufacturing database w ill not necessarily aid an engineer in 

better anticipating  m anufacturability. There is  simply too much deta il fo r  

the designer to use i t  as an additional step in material selection. The depth 

of deta il obscures the information which designers need most when selecting a 

m ateria l, which is an idea o f whether candidate materials have comparable or 

widely d iffe r in g  machining costs. Because the information is not available in 

a form appropriate fo r searching out superior a lte rnatives , i t  is not possible 

to search d ire c tly  through machinability data fo r an appropriate m ateria l. 

Juvinall (1983) expresses concern the data can be unreliable as w ell. Data 

can be refined by further tests and greater d e ta il,  but refinement leads to 

s t i l l  more d e ta il,  and does not help the design situation .

Designers are already balancing a large number of goals during material 

selection. To evaluate s t i l l  another concern, the additional knowledge 

required must be available in terms re flec ting  the amount of e ffo rt  available  

fo r that portion of the problem. An abbreviated form of knowledge is  needed, 

combining an economically small evaluation with results which match reasonably 

well to the fu ll  description.

Such a form of knowledge about machinability is ava ilab le . Datsko 

(1966) showed m achinability can be described as a function of thermal 

conductivity, hardness, and d u c ti li ty .  The relationship is given:

',60 = C H 'r l_ ^  W

where v60 represents the cutting speed;

k represents the thermal conductivity;
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H represents the B rinell hardness number;

q represents the reduction in area, expressed as a decimal fraction

rather than a percentage; and

the co e ffic ien t, C, relates to the geometry of the cutting tool

used, depth of cut, force on the too l, and other constants

affecting  the outcome, and a units conversion.

This gives the cutting speed fo r a tool l i f e  of sixty minutes, which can be 

used as a measure o f machinability. Datsko compares experimental values with 

predictions from th is  formula and finds excellent correlations fo r routine  

engineering m aterials. The only poor prediction is fo r molybdenum and its  

alloys , which is a fa ir ly  uncommon material in mechanical engineering.

One doesn’ t  estimate machinability to determine whether a material can be 

cut at a l l .  Rather, the purpose of the evaluation is to compare the costs 

involved in obtaining identical parts from two d iffe ren t m aterials. Tool 

wear, the basis fo r the Datsko’ s version of m achinability, is not the only 

consideration. Surface fin ish  and surface in te g rity  obtainable, how well 

tolerances can be met, and v a r ia b ility  in the part produced as tool condition 

varies are a ll issues which affect overall consideration o f machinability.

Cook (1975) observes that these effects are a ll in te rre la ted , and can be 

summarized through th e ir  relationship to tool wear. Thus a tool wear index is 

a reasonably valid  indicator of a ll other issues in machinability.

Other variables might be used in a general expression for m achinability. 

Ultimate strength could appear in the denominator, re flec ting  the fundamental 

fac t that the tool cuts by exceeding a fa ilu re  c rite rio n  to break away the 

removed metal. The strain-hardening exponent could be used, indicating  

d u c ti l i ty  during p las tic  deformation, taking place between yielding and chip
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breaking, is  an important influence on how the metal is cut. These two 

effects are the root causes behind most m etal-cutting phenomena. In Datsko’ s 

equation, they are reflected  in d ire c tly , with hardness representing strength 

and reduction in area representing d u c ti l i ty .  Datsko used material properties 

which were read ily  ava ilab le , rather than properties which were perhaps more 

valid  but harder to find  fo r most metals. The use of read ily -ava ilab le  

material properties is an important choice, because the resu lt is the 

calculation method developed is much more widely useful.

While Datsko’ s equation is not complicated, by noting a few basic 

features i t  can be further sim plified fo r material selection considerations. 

Datsko’ s re lationship is  intended to give an actual estimate of tool l i f e .  A 

simple rating method has no requirement fo r d irect physical meaning or un its , 

so the coe ffic ien t may be dropped. For the same reason, the square root on 

the d u c tility  term may be neglected without losing the monotonic re lationship. 

Having abandoned any sense o f units, hardness may be rated on any ascending 

scale, which includes any of the scales commonly used by engineers. Since 

elongation and reduction in area are both measures of d u c ti li ty ,  elongation 

data may be substituted as w ell. The strain-hardening exponent is also an 

indicator o f d u c t i l i ty ,  and may be used. Although assumptions such as these 

are not universally v a lid , fo r the ranges of values into which d u c tility  and 

hardness data f a l l ,  they are reasonable.

This s im plifica tion  yields a machinability index, s im ilar in form to 

equation ( i )  but sim plified in mathematical form and considerably more 

f le x ib le  in its  application.

I.,, - h(1 - D> <H>
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where k represents the thermal conductivity in any units;

H represents any hardness number such as:

• B rinell

• Rockwell (any scale)

• Vickers

D represents the d u c t i l i ty ,  measured by:

• reduction in area

• elongation

• strain-hardening exponent

The value (1 -  D), then, can be considered a measure of the lack o f d u c tility .  

The q u a lita tive  in terpretation  of equation ( i i )  is that lower-hardness 

m aterials are generally easier to machine, as are more b r i t t le  m aterials; th is  

being supported by the conventional wisdom. I t  is necessary to be consistent 

in the use of the hardness and d u c tility  measures, but only w ithin a single 

comparison exercise. The measures could be d iffe ren t fo r another comparison, 

driven by the data which is available

A higher I m>1 m achinability index indicates a material which is  easier to 

cut. This simple calculation offers a way to account fo r machinability with 

economy and reasonably va lid  ratings. I t  offers f le x ib i l i t y ,  which is 

appropriate since available data can take a wide variety of forms.

Further reductions are possible. For instance, i f  a ll the candidates 

have comparable thermal properties, that term may be dropped from equation 

( i i ) ,  leaving:
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The relationship between the two most important material parameters affecting  

m achinability, strength and d u c tility , is made more v is ib le  by th is  reduction. 

More duc tile  metals are more d i f f ic u lt  to machine because of the energy they 

absorb in p la s tic  deformation p rio r to the chip breaking away. Higher- 

strength m aterials are more d i f f ic u lt  to machine because of the greater energy 

required to exceed the breaking strength and remove metal.

I t  is w ell-established that mild steel is more machinable than the alloy  

steels . M achinability indices demonstrate the d ifference. The data involved 

in these calculations are shown in Table 1. Stainless steels are well-known 

fo r poor m achinability, and th is  is reflected in the index computed in 

Table 1. The tab le also compares the I mf1 machinability index with Datsko’ s 

v^ measure, demonstrating the desired indication of re la tiv e  m achinability is  

preserved despite the sim plifications made in the derivation of the index.

Table 1
Material Properties and Machinability for Three Steels

material hardness d u c tility  k Imi1 v^

1020 steel 143 59% 52 0.149 268
4340 steel 206 43% 38 0.105 167
304 stainless 266 62% 16 0.023 42.7

units B rinell RA% W/m°K

Another example o f the use of th is  index for design is deciding how to 

sequence machining and heat treatments. To repair a Charpy impact test 

machine, the author made new latch plates for the locking mechanism. 1045 

steel was chosen as the m ateria l, and in the machine the component was to be 

normalized. The bar stock from which the parts were to be made is  ho t-ro lled , 

and i t  appeared time could be saved by heat treating  the stock before cutting
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the fin a l part, suggesting the question of whether heat treating  before or 

a fte r  machining would be appropriate. Table 2 shows the material properties 

in question, and the index values obtained. I t  was decided that the hot- 

ro’ > d  condition was substantially  more machinable, and therefore heat 

treating  before machining was not warranted. In th is  case, the dimensional 

changes which always resu lt from heat treatments were not large enough to make 

a d ifference. Should exact dimensions be important in a component, the 

engineer can also reason about how much machining a fte r  heat treatment is 

appropriate by comparing the machinability before and a fte r  heat treatment.

Table 2
Machinability for 1045 Steel Component 

treatment hardness d u c tility  I m,2

hot-ro lled  163 40% 3.7
normalized 193 48% 2.7

units Brinell RA% xlO'3

The index discussed here correlates reasonably well in Figure 5 with 

m achinability test data under a varie ty  of conditions. The magnitudes of the 

indices being compared d if fe r  because the experimental value has been reduced 

to re la tiv e  machinability from a variety  of sources, and the predicted value 

is the index discussed above. The test data in Figure 5 includes d r i l l in g ,  

side-m illing , and lathe-turning tests , and incorporates such measures of 

m achinability as tool l i f e ,  tool breakage, force on the cutting to o l, and 

power consumption. The correlation is demonstrated by the two d iffe ren t 

measures o f machinability remaining monotonic and fa ir ly  lin e a r.
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Figure 5

Predicted and Experimental Machinability
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The m achinability index presented above is necessarily an estimate. I t  

produces values fo r comparison, but the values must be in terpreted . In 

p articu la r index values fo r the candidate materials cannot be taken simply as 

a rank ordering system. I f  the values are spaced some distance apart on the 

scale, then such ranking is  not unreasonable. But i f  the values fa l l  near one 

another, order becomes meaningless and one must simply conclude the materials 

are nearly equivalent under the parameter. In material selection, e ith er of 

these two interpretations provides useful information. I t  can be argued the 

situation  is no better when using detailed machinability data.

A more exacting approach could compile machinability data fo r classes of 

m ateria l, compressing the voluminous data books into a few pages o f 

information. But the simple formula has demonstrable value over even a 

condensation of the detailed information, because i t  re lie s  on data already 

available in the standard material references, and because the index equation 

i t s e l f  gives the designer insight into how the rankings are established and 

what properties characterize superior a lternatives . The equations given above 

constitute d ire c t, predictive knowledge on material selection for 

m achinability.

In general, the engineer is not searching for the single c lear choice 

when checking m achinability during material selection, rather a reasonable 

material is  sought which meets a number of c r ite r ia .  In some cases a ll the 

candidates are d i f f ic u l t  to machine; th is  is something the designer should 

become aware of as m aterials are considered. I t  is not always possible to 

choose a material which is easy to process through the manufacturing steps;
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but when the material is d i f f ic u lt  to process, i t  should be the resu lt of a 

conscious decision during design instead of an unpleasant discovery during 

manufacturing.

The m achinability indices discussed above, and the way they were both 

derived and applied, i l lu s tra te  three important points about figu re -o f-m erit 

calculations. F irs t , although the reasoning behind the index dealt prim arily  

with tool wear, other phenomena are equally represented (Cook, 1975). The 

data compared in Figure 5 include several other measures o f machinability 

which also correlate well with the index. The s im plic ity  of the fin a l form 

conceals considerable depth of knowledge about the phenomena involved.

Second, the index is  not a simple "cookbook" formula which can be 

applied b lind ly  to make decisions by a thoughtless ru le . Rather i t  represents 

an economical way of developing evidence fo r the basis of a decision. 

Usefulness depends on the user fu lly  understanding the basis fo r the index, 

and in fac t i t  is  quite easy to mis-use a figu re -o f-m erit comparison such as 

the index by fa il in g  to fu lly  comprehend its  use. However, the very act of 

using the index is a mnemonic aid, reminding the engineer to weigh the 

evidence care fu lly .

Third, sim plifying the equations to th e ir  barest form serves two useful 

purposes: the re lationship between the variables in the equation and the 

underlying physical e ffects  is made c learer, and the lack o f precision in the 

calculation is more prominent. Lack of precision in indices used fo r early  

design decisions is a v irtu e , deliberate ly  created, as a reminder to the 

engineer o f the inexact nature of the comparison being made.
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4 .2 .  Forming

Forming processes deal with changing the shape of the material through 

in e las tic  deformation. The mechanics of p las tic  deformation are reasonably 

well understood in general, but are also rather complicated to apply to a 

particu la r problem. A wide variety  o f mechanical components are forged, 

including engine crankshafts and connection rods, and a irc ra ft  struts and 

structural components. Pressure vessels and sheet-metal products re ly  heavily 

on cold sheet-bending.

During material selection, the engineer’ s concern is  simply to assure a 

reasonably formable metal is chosen from the l i s t  of candidates. Thus i t  is 

not necessary to evaluate the particu lars of the planned forming operation, i t  

is  only necessary to consider which o f the candidates is more easily  formed in 

a generic sense. This involves two questions: the energy (or force) required

to form and lim its  on forming. Both o f these concerns can be simply related  

to basic material properties. In the discussion to follow , form ability w ill 

re fe r to the general lim its  on forming, while fo rg eab ility  w ill re fer to the 

general lim its  on forming at hot work temperatures.

For both open and closed die forgings, the required ram force (D ieter, 

1986) is

P = C S0 A (iv )

where S0 is the flow stress;

A is the area enclosed by the parting lin e  of the dies; and

C is a correction factor which accounts prim arily fo r the geometry of

the part outside of the plane of the parting lin e  

To achieve uniform flow in the d ie , i t  is necessary to bring the entire  part

above the flow stress. For a given forging, C and A are both constant. Thus
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to compare the forces required to form two d iffe re n t candidate m aterials i t  is 

only necessary to compare y ie ld  strengths. Wick (1984) also makes the 

observation that form ability  is  generally proportional to the inverse o f the 

y ie ld  strength.

In sheet and p late , bend rad ii are usually dealt with in terms o f the 

plate thickness. The l im it  on bend radius is  prim arily associated with the 

maximum allowable stra in  on the tension side. The geometry o f plate bending 

is diagrammed in Figure 6 . A 3T bend refers to a bend radius, R, three times 

the p late  thickness, h; fo r  a 3T bend C equals 3. Therefore, fo r a given 

bend,

Datsko and Yang (1960) defined Cmin as the minimum ra tio  between bend radius, 

R, and plate thickness, h, fo r which tearing does not occur, defining the 

smallest feasib le bend radius. The ra tio  Cmin varies from metal to metal, and 

increases with p rio r cold work. Cmfn can be related to the reduction in area, 

q, fo r a simple ten s ile  tes t:

Almost a ll m aterials which are serious candidates fo r forming have values of q 

greater than 0.2 (20 per cent reduction in area) and equation ( v i i )  w ill 

apply. For these ductile  m aterials, there is  greater reduction in the tension 

side o f the plate in bending than on the compression side. Greater d u c tility  

sh ifts  the neutral axis, leading to the more complicated expression. The 

second equation is  conservative fo r lower values of reduction in area.

C = R /  h (v)

and

( v i i )

(v i)
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h

Figure 6 

Geometry of a Plate Being Bent
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These two equations i llu s tra te  an important property of heuristics.

There may be m ultip le , contradictory solutions to a given problem, as in these 

two equations. But the value of a heuristic  is not absolute, there are lim its  

on its  v a lid ity . In the example above, the lim its  are provided both 

e x p lic it ly , in the 20% d ivision between equations, and im p lic it ly , in the 

general bounds on values of reduction in area fo r metals.

There is a b ia x ia lity  e ffe c t, dealing with the s h ift  in constraint from 

plane stress to plane stra in  along the axis of the bend. For a width of 

p la te , b, along the axis of the bend, when b/h is  small there is  essentia lly  a 

plane stress s itu a tio n . As b/h increases, plane stra in  becomes the condition 

away from the edges, and a second principal stress is induced along the axis 

o f bending. This e ffe c t has some lim its , and fo r a value of b/h greater than 

10 the stra in  to cause tearing may be reduced to a minimum value of h a lf the 

plane stress value. But fo r most cases of in te re s t, b is less than one inch 

and h is greater than one foot, so b/h is always greater than ten. The 

equations above re f le c t  th is  e ffe c t. For the purposes of making a comparison 

between two metals they are va lid  regardless of the ra tio  b/h, because fo r a 

given geometry the e ffe c t is accounted fo r by a constant factor (Datsko and 

Yang, 1960).

The y ie ld  stress of a metal can be used as an indicator of the force 

required to form a component. But as the Cm!n assessment above indicates, 

most forming d if f ic u lt ie s  are associated with excessive strains, not with 

excessive stresses. The maximum allowable s tra in , in general, is the strain  

at the onset o f unstable p lastic  deformation, which is in a tension test the 

point where necking begins. An estimate of the lim itin g  stra in  can be used as 

a fig u re -o f-m erit fo r comparing form abilities  of candidate m aterials.
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An estimate of the maximum allowable stra in  during p lastic  deformation is 

needed. This is  indicated by the s tra in  at the onset of necking. Taking the 

theme developed in the preceding section, the problem is  to re la te  th is  stra in  

to the material properties which are read ily  availab le . These properties are 

y ie ld  stress, ultim ate strength, hardness, reduction in area, and elongation. 

There is a relationship between y ie ld  and ultimate strengths which can be used 

to determine strain-hardening, since s tra in  hardening accounts for the rise  in 

flow stress from in it ia l  y ielding to the onset of p lastic  in s ta b ility  at the 

ultimate strength.

Theory predicts the true p las tic  strain  at the onset of p lastic  

in s ta b ility  (the point at which necking takes place in a tensile  specimen) is 

equal to the stra in  hardening exponent, n. This provides a point of 

departure, since there is a d irect relationship between work hardening and the 

elevation o f the flow stress from yie ld ing to ultim ate strength. Starting  

with the basic relationship between stress (a) and stra in  (e ):

l /n
( v i i )

and at necking, the p lastic  component o f s tra in , cp, is approximately equal to 

the stra in  hardening exponent

eneck = f P = n ( v i i i )

The second term of equation ( v i i )  gives the expression fo r the p lastic  

component of s tra in . By substitution one can obtain

*neck -  K ( i x )
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The true stress at necking is  equivalent to the engineering ultim ate strength. 

Engineering (S) and true stresses (a) are related by the engineering stra in :

a  = S (1 + e) (x)

in general, and at necking the same relationship holds between the true stress 

at necking and the ultim ate ten s ile  strength

= ÛTS (1 + eneck)neck UTS (x i)

So from ( ix )  and (x i)  one obtains

n = ’UTS *  eneck^
1/n

( x i i )

The relationship between engineering (e) and true stra in  (e) is given by

e = In  (1 + e) ( x i i i )

Then the true stra in  at necking, approximated by the stra in  hardening 

exponent, n, can be equated to engineering strain  at necking

^neck “ I f *  ( 1  +  ®neck) a  = ^ ( x i v )

exp(n) = 1 + e ^  (xv)

eneck =  exP(n) -  1 ( X V i )

Equation (xv i) can be inserted into ( x i i ) ,  to obtain

n = SUTS (1 + exp(n) -  1) 1/n

- E
s exeXnil 
5uts k J

1/n
(x v ii)

which reduces to

-J P  exp(n) (x v i i i )
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The co e ffic ien t of the p lastic  portion o f stress, K, remains 

Using the 0 .2  per cent o ffset d e fin itio n , the p las tic  stra in  

0.002. Then

1/n
0.002 'YP

True stress at y ie ld ing is nearly equal to engineering y ie ld

0.002 = YP
1/n

1 0.002 n
K " SYP

Substituting (xx i) into (x v i i i )

nn = 0.002n exp(n)
yp

For convenience, define the work hardening ra t io , r

r  = uts

syp

then

nn = r  0.002n exp(n)

r  " [o.002nexp (l)]
1/n

r  -  (184 n)n

103

to be elim inated, 

at y ie ld ing is

(x ix ) 

stress, giving

(xx)

(xx i)

(x x ii)

(xxi i i )

(xxiv)

(xxv)

(xxvi)
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Given a strain-hardening exponent, n, i t  is possible to predict the ra tio  

between y ie ld  and ultim ate strengths. But the goal was to solve fo r n, given 

a value of r  computed from tabulated values o f ultim ate and y ie ld . Equation 

(xxvi) cannot be solved in closed form fo r n, but p lo tting  the curve o f the 

equation in Figure 7, one can see th a t, given a value of r ,  there is a single 

value of n which corresponds. Solution by ite ra tio n , fo r example, should 

converge on the correct solution.

An extension of th is  approach is to develop an approximate solution. As 

a f i r s t  pass, a simple lin e a r f i t  was attempted, using least squares. For the 

range of greatest in te re s t,

0.05 < n < 0.4 (xxv ii)

even the lin e a r correlation comes within about ten per cent of theory. The 

lin e a r relationship obtained was:

n « 0.020 + 0.077 r  (xxv ii)

Reasoning that an equation of the form xx should have a form sim ilar to 

the exponential function ex, a f i t  to th is  form was attempted. The 

exponential approximation, also developed using least squares f i t  on the 

values predicted by theory, f i t s  theory with an error less than about four per 

cent fo r the range of exponents of practical in terest fo r forming operations. 

The exponential approximation is:

n » 0.040 + 0.215 In ( r )  (xxix)

Both the lin e a r and the exponential approximations are shown in 

Figure 7. The theoretical and approximate curves are equally poor in 

comparison to the data showing experimentally-determined values, but the 

heuristics above are the best available method which o ffers any economy. The
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a lte rn a tive  is to search fo r strain-hardening exponent data, which is 

d i f f ic u l t  to find in the lite ra tu re  fo r any range o f m aterials.

This derivation illu s tra te s  a heuristic  frequently used by engineers: 

adapt th eo re tic a l, analytical information into forms which provide insight 

into the problem of in te res t.

The forming temperature is also an influence on the overall cost o f the 

part. Representative metals have reasonably identical relationships between 

flow stress and temperature, (see Figure 8) thus rank ordering by flow stress 

at room temperature (the y ie ld  stress from a tens ile  te s t) would remain valid  

fo r warm work temperatures (cold work at elevated temperatures), or hot work. 

There are temperature lim its  on hot work, since the temperature must be in the 

creep range, that is , above one-half the melting point (absolute temperature 

scale), setting a lower l im it  on temperature. The upper l im it ,  especially in 

aluminum alloys and high-carbon steels, is the eutectic temperature, since 

above that temperature a portion of the forging w ill be liq u id  metal.

Presence o f liq u id  phases during forging results in considerably less 

d u c t i l i ty ,  which is known as hot shortness. Oxidation at elevated temperature 

is also a problem for some metals, and may place an upper l im it  on forging 

temperature as w e ll. Selection of proper hot-work temperature, however, is 

not a major factor in considering fo rg e a b ility , which is fo rm ab ility  under 

hot-work conditions.

Actual variation  in the flow stress with temperature is more complex 

than the assumption made above. But from the evidence availab le , the 

assumption is a reasonable one. The fact that the data in Figure 8 deals with 

metals which are not the most common in mechanical engineering illu s tra te s  an 

important design heuris tic : i f  the "right" data isn’ t  ava ilab le , adapt the
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Variation in Flow Stress with Temperature
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"wrong" data to guide reasoning about the problem. The basis fo r the assumed 

relationship between the metals shown in Figure 8 and metals o f practical 

engineering in terest is  the fac t that temperature effects are driven more by 

the general thermodynamics of metals than they are by individual a lloy  

properties, and the metals in Figure 8 incorporate an adequate range of 

c rys ta llin e  types to cover metals of engineering in te res t.

The notable exception to the assumption of consistent high-temperature 

behavior is  the austenite transformation in f e r r i t ic  steels . In general i t  is 

necessary to raise a steel above the austenitization temperature to achieve 

hot work temperatures. I t  w ill be shown la te r  in th is  section, however, that 

the high-temperature transformation to austenite does not in te rfe re  with 

useful estimates based on room-temperature data.

Strain-hardening exponent also varies with temperature. But ju s t as the 

flow stress variation  is driven more by general properties o f m aterials than 

by the particu lars o f an a llo y , the stra in  hardening exponent’ s variation  

seems to be consistent enough that room-temperature comparisons are reasonable 

fo r predicting elevated-temperature behavior.

A comparison of predicted fo rg eab ility , using room-temperature test data 

in the exponential approximation above, with experimental fo rg eab ility  data at 

hot work temperatures from Timken (1974) is given in Figure 9. The forging 

data is  from hot tw is t tests , and the vertical axis of Figure 9 gives twists 

to fa ilu re  at the recommended forging temperature. On the horizontal axis, 

the predicted form ability  is the l in e a r - f i t  equation fo r the work-hardening 

exponent. The magnitudes of these two d iffe ren t measures o f form ability  

d if fe r ,  but the data shown in the figure indicates the author’ s estimating 

method, although not a strong method of d iffe re n tia tio n , is good enough to be
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useful fo r comparing re la tiv e  form ability  of candidate m aterials. Reasonable 

prediction o f fo rg eab ility  was obtained fo r plain carbon and a lloy  steels , and 

fo r nickel superalloys. There are m aterials fo r which the room-temperature 

approximation overpredicts fo rg e a b ility , the stainless steels , but a ll  

stainless steels fo r which data was available were comparable to one another 

and not as formable as other steels, due to the high content o f alloying  

elements. Except fo r the stainless steels, the figure indicates reasonable 

correlation between hot-tw ist fo rg eab ility  test results and the fig u re -o f-  

merit approximation of the strain-hardening exponent developed in th is  

research.

The geometry of the formed part has a strong influence on its  

fo rm ab ility . But less-formable materials generate lim its  on the geometry. As 

noted above in the discussion of sheet bending, the lim itin g  radius is 

governed by d u c t i l i ty ,  a material property. For complex shapes, i t  is 

customary to carry out a series of form ability  tests , such as those required 

to obtain a Keeler-Goodwin forming l im it  diagram (Hosford and Caddell, 1983). 

The purpose o f the discussion above is to provide enough information to the 

engineer that some prelim inary decisions can be made in the absence of such 

data. From th is  basis, one can also decide whether the experimental program 

required to obtain the forming lim it  diagram is needed and which m aterials are 

best suited as candidates.

For the purposes of evaluating form ability  during material selection, i t  

is necessary to consider two indices: the flow stress, a measure of the force 

required to form the part; and the strain-hardening exponent, a measure o f the 

lim its  on deformation. These indices are based on three tens ile  tes t 

parameters which are readily available: the y ie ld  strength, the ultim ate
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strength, and the reduction in area. For the purposes of preliminary 

decisions about m aterial choices, one can neglect temperature effects  and 

s t i l l  obtain reasonable comparisons of fo rm ab ility .

This exercise is  reasonably useful in i t s e l f ,  but i ts  primary value is  

as a demonstration of the thinking required as an engineer develops a problem, 

connecting information which is needed to data tha t is read ily  ava ilab le . In 

th is  p articu la r s itu ation , the formal structure provided by theory did not 

supply a convenient way of determining the parameter desired. The data from 

testing  shown in Figure 7 shows theory to be an approximation of re a lity ;  

other approximations represent the data equally w e ll, and are easier to 

manipulate to support design. Two ingredients were used in creating another, 

more convenient approximation. F irs t, i t  was necessary to re s tr ic t  the range 

of the approximation to a range of particu lar in te re s t. Second, i t  was useful 

to reason about the form the approximation should take, based on the form of 

the equation to be replaced. These two heuristics are examples of the 

methodology which can be used to obtain more economical representations of 

analytic  knowledge.

4 .3 . Melding

Welding is  problematic because the involved processes are complex, 

requiring application o f v ir tu a lly  every major topic in engineering, including 

heat transfer, s o lid if ic a tio n  structures, microstructural effects o f various 

heating and cooling cycles, magnetic and e le c tr ic  effects on molten metals, 

e le c tr ic  power, and in some cases combustion or plasma physics. As a resu lt 

there seem to be two classes of engineer: those who know nothing about 

welding, and those who are welding engineers. Both groups tre a t welding as a
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complex process which requires evaluation in great d e ta il. This 

generalization overstates the s ituation , but welding knowledge has yet to  

achieve wide a v a ila b ility  in a form which has usefulness in design.

For the discussion above on machining, the approach was to  summarize 

in to  a single parameter, easily  derived from available material data, the 

effects  which must be considered. In welding, i t  is necessary to account fo r  

a number of possible problems. Alloy composition is the influence on many of 

these modes, providing the means to account fo r them as the material is 

chosen. A volume of detailed information is available, but a condensed form 

can adequately account fo r many aspects important during early  design.

Three ways of reasoning about aluminum w eldability  approach the same 

information from d iffe re n t directions. W eldability of aluminum alloys can be 

anticipated very simply (Alcoa, 1960). Pure aluminum lacks the strength 

required in most applications. Two strengthening mechanisms are used in 

aluminum alloys: p recip ita tion  hardening in the 2000 and 7000 series alloys,

and work-hardening in the 1000, 5000, and 6000 series a lloys. Work hardened 

alloys, without exception, are weldable with moderate reduction in the 

strength through the weld. P recip itation hardening is achieved by careful 

control of both temperature and time through a heat treatment sequence. One 

can apply the heuristic  mentioned in the next chapter, “every heat treatment 

is present in the weld", to reason that a precipitation-hardened aluminum 

allo y  w ill be adversely affected by the heat treatments due to the weld. 

Precipitates are coarsened or redissolved in the v ic in ity  of the weld, leading 

to loss of strength and in some cases loss of d u c tility  as w ell. Some 

precipitation-hardened alloys w ill crack at the weld i f  a second solution  

heat-trea t is  attempted. In general, precipitation-hardened alloys are not
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weldable. There are a few exceptions, such as 2014, which are weldable but 

require a care fu lly  controlled, low-heat-input process which involves greater 

expense that is  normally assumed fo r welding.

W eldability d ivision by alloy number follows the chemistry of the alloys. 

Copper, z inc, and magnesium-zinc alloys of aluminum are precip ita tion  hardened 

and are not weldable. Magnesium and silicon-manganese alloys of aluminum are 

weldable. S ilicon alloys, which are used prim arily  fo r casting, have 

decreasing w eldab ility  with increasing s ilicon content. This information 

about the effects of alloying elements on w eldab ility  w ill  help an engineer to 

consider w e ld ab ility  of aluminum alloys which are not given standard wrought- 

aluminum a llo y  numbers, such as castings.

One additional method fo r in ferring  w eldab ility  re lie s  on the temper 

designations following the alloy number. Alloys with a "-T" temper 

designation (2024-T3, 7075-T6) are precip itation hardened. Work hardened 

alloys have a "-H" designation (5052-H38). Thus alloys which have a "-T" 

temper designation are not, in general, weldable; alloys with "-H" temper 

designations are weldable. By examining the a lloy number or the temper 

designation of an aluminum, the engineer can determine i f  the a lloy  is work- 

hardened or p recip ita tion  hardened, and from that information in fe r  

w eld ab ility . W eldability can also be inferred from the chemistry.

For steels , there are two basic welding problems to be considered during 

material selection: cold cracking and hot tearing. These problems can be 

dealt with by fa ir ly  simple means. Several other forms of welding problem can 

be related to the same root causes (Rogerson, 1983), including reheat cracking 

and chevron cracking. Lamellar tearing is a s ign ifican t weld problem which is 

dealt with prim arily  in the geometry of the welded jo in t ,  and fo r that reason
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is  the only s ig n ifican t source of welding problems which is not considered in 

th is  section.

Cold cracking is  an embrittlement problem (G rav ille , 1975). Although 

the problem is  related to hydrogen in the weld metal, one can simply imagine 

the weld is b r i t t le  because i t  has cooled too fa s t. This analogy has merit 

since the tendency to cold crack is strongly related to hardenability: 

greater hardenability means greater problems with cold cracking.

Hardenability in turn can be summarized by the carbon equivalent 

(Heuschkel, 1949), which is a f a ir ly  simple calculation. Each element which 

contributes to hardness can be treated as an equivalent amount of carbon, 

allowing an a llo y  steel to be reduced to a equivalent plain carbon stee l.

There are several forms of the carbon equivalent in the lite ra tu re , often 

contradicting one another in some of the deta ils ; Blodgett (1985) uses the 

most common version:

C.E.= %C + 1/6 (%Mn+%Si) + 1/5 (%Cr+%Mo+%V) + 1/15 (%Ni+%Cu) (xxx) 

There is detailed information available on the in terpretation  of th is  value in 

the context o f other variables such as plate thickness (fo r  instance, 

Heuschkel, 1949). For a carbon equivalent greater than about 0.5%, cold 

cracking w ill be a problem and should be considered as the material is 

selected.

To consider the w eldab ility  of candidate structural steels -  say, ASTM 

A-36, A-516, A-529, and A-588 -  i t  is  necessary to compute the carbon 

equivalents, which are shown in Table 3.

Just because a material is a candidate fo r cold cracking, i t  is not 

necessary to re jec t i t  as a candidate for the weldment. A number of steps can 

be taken to weld a steel with a high carbon equivalent. The designer can
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anticipate there w ill be increased welding costs in a material with a high 

equivalent. Cold cracking in a weld requires heating with rapid cooling, a 

hydrogen source, and constraint on the weld to add residual stresses.

Hydrogen may be lim ited  by cleaning and better inerting of the weld pool. 

Low-hydrogen practice involves higher quality  welding and might also involve a 

more expensive welding process. Constraint may be reduced in many cases by 

the design o f the weld jo in t .  Although the heating is unavoidable, preheating 

the weldment w ill  slow the cooling ra te , and a postweld stress r e l ie f  heat 

treatment w ill both reduce residual stresses and allow hydrogen to diffuse  

back out of the weld. These represent ways to deal with poor w eld ab ility , but 

at the point of material selection i t  is su ffic ien t to know what w eldab ility  

problems may arise . Low w eldab ility  can be anticipated and planned fo r, 

rather than an unpleasant surprise la te r , when production is  underway. The 

carbon equivalent, and other methods discussed here, i l lu s tra te  how an 

economical calculation when the material is  o rig in a lly  chosen can warn about 

the p o s s ib ility  of a manufacturing problem which may otherwise not be 

discovered u n til correction has become very expensive.

Table 3
Carbon Equivalents fo r Four Structural Steels

ASTM carbon carbon
allo y content equivalent

A-36 0.26% 0.43%
A-516 0.24% 0.45%
A-529 0.27% 0.48%
A-588 0.20% 0.60%
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In plain carbon and a lloy  steels , hot tearing is related to the presence 

of liq u id  phases o f low melting point, which wet grain boundaries. Note the 

strong s im ila r ity  to hot shortness, discussed in the e a r lie r  section on 

forming. Because the usual source o f liq u id  phases is low-melting-point 

compounds such as iron su lfide , control o f hot tearing is related to good 

control of the su lfur content. As a ru le , the manganese content should be 35 

to 45 time the su lfur content fo r typical weldable carbon steels, and in fact 

th is  is  usually provided fo r by standard steelmaking practice. This approach 

succeeds because sulfur prefers manganese, forming a higher-melting compound 

which, in the solid  state , takes a spherical forms which lim its  the e ffe c t of 

the inclusion. In greater d e ta il,  the level of manganese required depends on 

carbon -  the minimum manganese content increases with increasing carbon 

content. For the range o f carbon contents which are routinely welded, 

however, the proportion reported above -  corresponding to roughly 1 to 1.5 

percent manganese -  is a reasonable one. Manganese contributes to the carbon 

equivalent, however, so i t  is necessary to make a compromise in some cases.

In stainless steels, s tab ilized  austenite is actually a problem when 

welding. Hot tearing re flec ts  local fa ilu res  as the weld cools, due to large  

thermal strains and low strengths at very high temperatures. Fully austenitic  

steel has a strong tendency fo r th is  kind of tearing because of austenite’ s 

poor strength and poor d u c tility  at high temperature and the slow cooling rate  

due to low thermal conductivity. But a minimal level of fe r r i te  in the weld, 

about f iv e  per cent, can suppress th is  problem, although the exact reason why 

th is  is so is not c lear.

To predict the phases obtained i t  is necessary to evaluate the balance 

between elements which s ta b ilize  austenite and elements which s ta b ilize
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f e r r i t e .  The f i r s t  group is  related prim arily to nickel in the stainless 

steels , the second to chromium. Other elements can be included as equivalent

amounts in the same manner as elements affecting hardenability can be related

to the carbon equivalent:

N i.E . -  %Ni + 30 %C + 1/2 XMn (xxxi)

Cr.E. = %Cr + %Mo + 3/2 ?£Si + 1/2 %Cb (xxx ii)

One then turns to the Schaeffler Diagram (Schaeffler, 1949; the diagram can 

also be found in the annual Databook Issue of NetaTs Progress) ,  which predicts 

the phases present from these two equivalents. The best-known version of the 

diagram is shown in Figure 10. The diagram is not exact, but is  a useful 

rough estimator fo r fa s t, economical early evaluations. The Schaeffler 

diagram is no longer considered exact enough for welding engineers, who need 

more detailed information as they look at the particulars o f a problem. The 

diagram is , however, a useful estimator fo r fast, economical early  

evaluations. In essence, time-temperature transformation diagrams fo r a 

number of d iffe re n t compositions have been summarized fo r the cooling rates 

ty p ic a lly  encountered a fte r  the weld is made. Welding processes developed in 

recent years, such as laser, plasma arc, and electron beam welding, involve 

lower, more localized heat inputs. This leads to faster cooling rates and 

generally leads to improved w eld ab ility , which affects the accuracy of the 

Schaeffler diagram. A fa ir ly  straightforward welding research e ffo rt  could 

modify the diagram to account fo r newer welding practices, but welding 

researchers do not consider the Schaeffler diagram worthy o f further 

development.

Anticipating w eld ab ility  o f steels during material selection requires 

consideration of indices which are based on alloy chemical composition. The
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fa c to r "  in d ica te d  for tn e  e lem ent in  Q uestion 
a long the ates o f  the d iagram , m o rd e r to  d e te r
m ine  the c h ro m iu m  e qu iva len t and th e  n icxe i

equ iva lent. W hen these were p lo tte d , a t p o in t X . 
the c o n s titu tio n  o f  the  weld w a t ind ica ted  a t aut 
ten ite  p lus fro m  0  to  5% fe rn te ; m agnetic  analy 
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m o d ic ita n o n  Ov Eberhard Lemnos. "M echam sche 
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C h ro m  u na  N»cxel legiertem  Scn*ve»ogut." V E 8  
D e u ttch e r Verlag fu r G ru n o tto M in o u ttn e ,
Le ipz ig . 1966

Figure 10

The Schaeffler Diagram for Stainless Steel Weldments 

(Schaeffler, 1949)
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indices were the carbon, n ickel, and chromium equivalents. For stainless  

steel welding, i t  was also necessary to draw a diagram indicating the 

in teraction  between the nickel and chromium equivalents and the fa ilu re  mode 

to be avoided. Calculation of the carbon equivalent (fo r  low -alloy and plain  

carbon steels) or the nickel and chromium equivalents and Schaeffler diagram 

location (fo r  stainless steels) w ill provide useful measures fo r choosing 

weldable materials from a set of otherwise equal candidates. This does not, 

of course, guarantee that no other welding problems w ill arise. As more 

deta il is  generated, additional concerns w ill r is e . These simple figures of 

merit w i l l ,  however, put the material choice on the r ig h t footing to serve as 

the basis fo r these la te r  decisions, with two major problems lim ited  or 

elim inated.

4 .4 . Casting

Elegantly simple in concept, casting can be, i f  considered in d e ta il,  a 

complex process. The simple idea of pouring molten metal into a mold, 

obtaining a component which has nearly the net shape desired, is the basis for  

a large fraction  of the tonnage output by the world’ s heavy industries. Yet 

the problem of obtaining high-quality  castings can be quite complicated.

In terms of material selection, the casting problem is analogous to 

welding. Nearly every metal is castable, the only question is whether that 

m aterial is  prone to d if f ic u lt ie s  which raise the cost of the casting 

produced.

Two simple measures of c a s ta b ility  are the melting point and the molten 

range o f the a llo y . The melting point is the temperature at which the a lloy  

is a l l  liq u id  metal. The molten range is the temperature change required to
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go from the 1iquidus (a ll  liq u id  metal) to the solidus (a ll  solid m etal).

Cast irons tend to have carbon contents between 4% and 7% because a 

composition near the eutectic allows the lowest possible melting point and a 

narrow range of temperatures fo r s o lid if ic a tio n . Steels are more expensive to 

cast because th e ir  melting point is higher, and th e ir  s o lid ific a tio n  range is  

wide which results in d if f ic u lt ie s  with mold f i l l in g  due to inconsistent flow 

of the metal.

There are a number of specific lim its  on c a s ta b ility  of particu la r  

metals. Some, l ik e  t in ,  oxidize so read ily  that i t  is d i f f ic u lt  to maintain 

purity  in the molten metal. Other metals have unfavorable thermal properties 

in the liq u id , lim itin g  the tendency to f i l l  a mold. Exceptions lik e  these 

are important, and because they deal with particu la r d e ta ils  they are more 

amenable to treatment through a narrative, rather than an an a ly tica l, 

knowledge representation.

The most important information about casting during material selection is 

recognition that a ll metals have certain lim its  on th e ir  mechanical properties 

as a resu lt of the as-cast microstructure. In p articu la r the effects of large 

grains and d irectional grains must be considered. Large grains in general 

lead to poorer fracture resistance. D irectional grains, generated by dendrite 

growth from the mold surface inward, both reduce fracture resistance and 

contribute to anisotropy in the properties of the component obtained. Thus a 

cast component w ill  have generally poorer strength and dram atically poorer 

toughness. The f i r s t  property is reflected in tables of as-cast mechanical 

properties; the second is not necessarily obvious.

Another important issue in casting is segregation during s o lid ific a tio n . 

One may consult a phase diagram and see that while passing through the solid
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plus liq u id  region the composition o f the solid formed changes as the casting 

cools. This results in segregation. Not only are the grains formed in the 

cast structure large and usually d irec tion a l, they are also of varying 

composition. In the foundry, trace additives are used to improve grain  

fineness and lim it  segregation.

Liquid metal w ill be considerably more reactive than the so lid . For 

that reason, p artic u la rly  i f  an alloy is being considered fo r a casting, i t  is 

necessary to evaluate the re a c tiv ity  of the individual metals which comprise 

the a llo y . As an example, the author worked on a system for rapid- 

s o lid ific a tio n  processing of a silicon  a lloy  which is used as a g ra in -re fin ing  

agent in the iron casting industry. The alloy is used to improve grain 

fineness and l im it  segregation as mentioned above. To measure the cooling of 

the metal in order to determine the amount of supplemental cooling required to 

be supplied to the system, a thermocouple, sheathed in stainless s tee l, was 

employed. The sheathed thermocouple was rated fo r temperatures well above the 

range to be measured. However, the thermocouple fa iled  before data could be 

taken, not because of the temperature, but rather because the stainless steel 

is soluble in liq u id  s ilico n .

The use of casting, l ik e  any process requiring closed molds, also 

dictates certain  geometry issues. I t  is  necessary to provide a d ra ft angle in 

order to remove the part from the mold; therefore the as-cast part w ill not

have p ara lle l sides. In addition, a plane (not necessarily a f la t  one) which

defines the separation between mold sections must be id en tifie d . These 

geometric lim its  impose restric tions on the shape of the part to be cast, and

are comparable to lim its  on geometry of forged parts.
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Casting is a m anufacturability issue which is not read ily  handled 

through analytic means. In general terms casting is  not as much of a problem 

as other manufacturing processes because there are established classes of 

m aterials -  cast iron or brass, fo r instance -  which are routinely used fo r 

castings. Requirements fo r cast part are f le x ib le  enough that adjustments at 

the foundry to allow a more castable material are common. I f ,  however, 

casting o f a nontraditional material is being contemplated, the rules given 

above about melting point, s o lid ific a tio n  range, and re a c tiv ity  provide a 

basis fo r reasoning about the c a s ta b ility  of any metal.

4 ,5 . Geometry

Although the focus o f th is  chapter has been on material selection, some 

useful and general rules about geometry have emerged from th is  research. In 

reviewing the lite ra tu re  on forging, welding, and casting design, a strong 

analogy to stress concentration developed. This provides useful guidance to 

an engineer who may not be fa m ilia r with the particulars of forging or casting 

design, but anticipates one of these processes may be used to produce the part 

being designed.

A few simple rules apply to a ll  of these situations. To a large extent 

they represent engineering common sense, yet they also represent information 

that is ty p ic a lly  treated at the detailed le v e l, la te  in the design. These 

rules are equally useful during e a r lie r  stages, when the geometry is ju s t 

beginning to be developed. Using these rules may not result in an optimally  

manufacturable part, but they w ill resu lt in a part which is amenable to  

optimization with minimal changes.
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•  Use generous rad ii through shape changes. The reason th is  is  

important from a strength viewpoint is  a lower stress gradient 

results from minimizing the geometric gradient. The same analogy 

used to explain stress concentration, force flow, provides the 

explanation o f th is  e ffe c t in molding processes. Rather than force 

flowing through the m aterial, the material i t s e l f  must flow through 

the mold or die to f i l l .  Sharp corners lead to problems with 

closely spaced stress isobars; they also lead to flow line  

constrictions in the material f i l l in g  the mold. For machining, 

small-radius tools are in general more expensive than larger ra d ii.

• Avoid sudden, or sharp changes in section thickness. This is  

related to the f i r s t  ru le . Section changes lead to stress 

concentrations, unless they are quite gentle. S im ila rly , section 

changes lead to mold and die f i l l in g  problems.

• Small features are more expensive than large features of the same 

geometry. Small features involve greater wear on forging dies, on 

casting patterns, and on cutting tools.

4 .6 . Summary

To choose a material with good m anufacturability, i t  is  necessary to 

recognize the potential fo r certain  problems which can make a manufacturing 

process more expensive. In general, a ll four of the branches of 

m anufacturability discussed dealt with s im ilar considerations. Each o f the 

issues is treated , at present, as a detailed problem. The author has 

demonstrated simple, more abstract methods which provide economical 

antic ipation  o f m anufacturability during material selection. The author

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

124

concluded in the f i r s t  chapter there is a need fo r economical and predictive  

heuristics, useful fo r design. This chapter contains demonstrations of some 

of the forms these heuristics can take, and indicates methods fo r developing 

them.

Machinability may be assessed by the use of an index which can be 

calculated based on read ily -ava ilab le  mechanical properties o f the metal. 

D u c tility  and strength are the key parameters, with thermal conductivity 

playing a role as w ell. Ductile metals are more d if f ic u lt  to machine than 

b r i t t le  because of the energy absorbed dues to p las tic  deformation prior to 

the chip breaking away. Higher-strength materials are more d i f f ic u lt  to 

machine because of the greater energy required to exceed the breaking strength 

and remove metal.

For the purposes of evaluating form ability  during material selection, i t  

is necessary to consider two indices: the flow stress, an indicator o f the 

energy required to form the part; and the strain-hardening exponent, a measure 

of the lim its  on deformation. The strain-hardening exponent may be estimated 

based on three mechanical properties which are read ily  available: the yie ld  

strength, the ultim ate strength, and the reduction in area. For the purposes 

of preliminary decisions about material choices, one can neglect temperature 

effects  and s t i l l  obtain reasonable comparisons of form ability .

W eldability of aluminums can be anticipated quite simply from the 

general a lloy class or from the temper designation. Anticipating w eldability  

of steels during m aterials selection requires consideration o f indices which 

are based on a llo y  chemical composition. The indices are the carbon, nickel, 

and chromium equivalents. For stainless steel welding, i t  is also necessary 

to  draw a diagram indicating the interaction between the nickel and chromium
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equivalents and the fa ilu re  mode to be avoided. Calculation of the carbon 

equivalent (fo r  low-alloy and plain carbon steels) or the nickel and chromium 

equivalents and Schaeffler diagram location (fo r  stainless steels) w ill 

provide useful measures fo r choosing weldable materials from a set of 

otherwise equal candidates.

Two measures of c a s ta b ility  are the melting point and the molten range of 

the a llo y . However, evaluation o f c a s ta b ility  requires consideration of not 

only whether the metal w ill f i l l  the mold and take on the correct shape, but 

also what mechanical properties the cast part w ill have. Further processing, 

such as heat treatment to improve properties and fin ish  machining, must be 

considered.

The indices and figu re -o f-m erit comparisons discussed here are 

necessarily estimates. Index values may be used fo r comparison, but the 

values must be interpreted. In p articu la r, index values for the candidate 

materials cannot be taken simply as a rank ordering system. I f  the values are 

spaced some distance apart on the scale, then such ranking is not 

unreasonable. But i f  the values fa l l  near one another, order becomes 

meaningless and one must simply conclude the materials are nearly equivalent 

under the parameter. During material selection, e ither of these two 

conclusions is useful evidence.

I t  is  worth noting that manufacturability knowledge for materials 

selection, especially that fo r forming and welding, deals with anticipating  

and preventing problems more than with simply ranking of performance in the 

production process. This makes the handling of m anufacturability quite 

sim ilar in flavor to the handling of fa ilu re  prevention. That is one reason 

that both o f these problems are addressed in th is  thesis.
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For early design decisions, detailed issues are not o f general concern, 

although some d e ta ils  can be important from the beginning. Early, p re-detail 

decisions are not concerned with optimizing, because in that uncertain and 

i ll-d e fin e d  situation optimization has no real meaning. Rather, the need is 

to make decisions which account fo r major problems, and are robust to 

accommodate la te r  refinement.

I t  is important to note the mix o f knowledge representations which were 

useful in examining the question of materials selection fo r m anufacturability. 

Data and numerical evidence was not developed fo r d irect use in the materials 

selection decision, but information of th is  form did serve an important 

purpose when considering the reasonableness of the approximations made.

While major emphasis in th is  chapter was placed on analytical 

information, there were also situations where narrative information was the 

more appropriate form. In the next chapter, the author w ill explore more 

fu lly  the narrative form of knowledge representation and its  application to 

design.
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Chapter 5
M ateria l Selection fo r  F a ilu re  Prevention

This chapter is a report on the author’ s research into anticipating and 

preventing fa ilu res  during material selection. Improper selection of 

m aterials is  the root cause of a substantial fraction  of the fa ilu res  in the 

l i te ra tu re . Typ ica lly , the improper selection deals with a material 

characteris tic  which was not evaluated during material selection.

Performance, as noted in the second chapter, is  concerned with the 

system serving its  intended functional purpose. Quality is  concerned with 

preserving performance consistently throughout the service l i f e ,  thus with 

preventing unanticipated loss of function. Since a fa ilu re  is the source of 

loss of function, preventing fa ilu res  is an important ingredient to improving 

product qua lity  during design.

More e ffe c tive  design fo r fa ilu re  prevention is a subset of more 

e ffe c tive  design fo r product qua lity . This chapter is concerned with methods 

fo r detecting and elim inating possible sources of fa ilu re  in the design, early  

in the design process.

Predicting the occurrence and effects of fa ilu res  in the product is the 

primary purpose o f r e l ia b i l i t y  analysis. R e lia b ility , in turn, is one of the 

most tangible aspects of product q u a lity . But evaluating a completed design’ s 

r e l ia b i l i t y  is not the same as designing for r e l ia b i l i t y .
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An approach to fa ilu re  prevention is needed which w ill catch and prevent 

those few deta ils  which might cause problems. This approach should meet the 

requirements fo r design knowledge and design tools outlined in the f i r s t  

chapter: economy in the thinking required to apply the knowledge and tools, 

coherent connections to both knowledge already in use by design engineers and 

the information available to designers about the product design, and 

f le x ib i l i t y  in the ways they can be used.

The customary approach to detecting and correcting errors is during the 

process known as checking, that is , some time a fte r  the error has been made 

and only shortly before the design is produced. Approaches to design checking 

w ill be considered. Another approach to fa ilu re  prevention is to develop 

predictive information about fa ilu res  which can be used to anticipate and 

correct potential problems as a natural part of design decisions. A 

predictive approach, and an example of how i t  can be applied, w ill be 

presented, followed by a general discussion of how to implement design fo r  

fa ilu re  prevention methods. A ll of the approaches to design fo r fa ilu re  

prevention discussed here can be used by the unassisted engineer, and can also 

be e ffe c tive  when supported by a computer.

5 .1 . Design Checking

I t  is  generally true that designs contain errors. The errors may not be 

s ig n ifican t, and in fact may not be detected fo r a long time a fte r  the 

designers have finished, but there are usually errors present. Although 

looking back through the design, checking i t ,  is expensive, i t  is even more 

expensive to correct the design when the error is f i r s t  detected as a
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malfunctioning product. Therefore e ffo rt is put into looking fo r errors 

before the design is  committed to hardware.

Diagnosing a fa ilu re  which has taken place in a machine is a challenging 

problem. Recognizing a potential fa ilu re  in an operating machine is  at best 

inexact, relying heavily on intangibles such as experience and insight. 

Anticipating such problems in design is s t i l l  more d i f f ic u lt .  The main 

requirements o f the design can be evaluated, and these performance 

requirements generally point to a small number of fa ilu re  modes to be avoided. 

But there are a large number of other fa ilu res  of concern which have not been 

made e x p lic it  by the performance requirements, leaving to the engineer the 

problem of searching fo r potential fa ilu res  which may be hidden in the design.

Complicating the question of searching economically fo r fa ilu re  modes is  

the cost of correcting problems. The greater the time from commission to 

correction o f an e rro r, the greater the cost of correction (Halpern, 1978).

More importantly, early errors are also more costly because they tend to span

a greater portion o f the program, affecting a larger number of deta ils  and 

enlarging the scope of the correction. Early detection of problems leads to 

less costly corrections, implying a need to search fo r problems and errors as 

early as possible. Late searches may be more e ffec tive  because the greater 

wealth of d e ta il aids the search, but they also lead to more expensive 

corrections.

Id ea lly , the approach to fa ilu re  detection should enhance the engineer’ s 

a b il ity  to recognize errors as they are made, detecting and eliminating the 

ingredients o f a fa ilu re  before they are put in the design. Correcting errors

rig h t a fte r  they are made minimizes the cost of correction. Errors and other

sources of problems should be detected during the course of making a
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p articu la r decision, and corrections made before the decision is  completed. 

Immediate correction o f potential problems is predictive error prevention, 

actively  antic ipating  problems rather than passively reacting to them when 

they manifest themselves.

One can generalize the kinds of errors to be sought and corrected into  

two classes: e x p lic it  errors and im p lic it errors. An e x p lic it  error involves 

a mismatch, e ith er between two components or between a component and the 

operating environment. The most obvious example is a physical m is -f it  between 

two components, as in features not aligning or an interference between a shaft

and the hole to receive i t .  The mismatch might also deal more with function

than f i t ,  such as a mechanism member undersized or poorly balanced fo r the 

load and speed at which i t  is intended to operate. In general i t  can be said 

that e x p lic it  errors can be checked on a part-by-part basis, working from the 

d eta il drawings. E x p lic it errors l ie  in areas that are normally evaluated as 

the design is developed.

Im p lic it errors involve problems which are not necessarily considered by 

the engineer developing the design. An im p lic it physical m is fit , fo r  

instance, would be a hole and shaft which w ill assemble by the nominal

dimensions, but which can have an interference at the maximum material

conditions of the tolerances. Another im p lic it error is a material which is  

poorly suited to the service environment. In general, im p lic it errors cannot 

necessarily be trapped by checking individual drawings.

I t  is useful to think of r e l ia b i l i t y  in terms of a basic method of 

r e l ia b i l i t y  analysis, the fa u lt  tre e . I f  engineers can build complete sets of 

fa u lt  trees fo r a system, then they have completed fa ilu re  mode 

id e n tific a tio n . The question is , how does the engineer know the set of fa u lt
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trees is  complete? Finding root causes is a d i f f ic u lt  aspect of human 

problem-solving, and in psychology experiments, humans have been shown to be 

in e ffec tive  at generating the ideas required to build or complete fa u lt trees. 

Gettys, e t .  a l . (1980) asked subjects to l i s t  a l l  the possible causes fo r a 

generic problem, such as a car fa il in g  to s ta r t. Both lay persons and experts 

on the problem areas produced remarkably incomplete l is ts  of causes or courses 

of action. Even i f  incompleteness in i ts e l f  were not a problem, subjects have 

also exhibited great confidence the incomplete fa u lt tree  was complete. 

Fischhoff, Slovic, and Lichtenstein (1978) gave incomplete fa u lt  trees fo r  

sim ila r problems to th e ir  subjects, asking them to assign probab ilities  to 

each branch shown lis te d . Regardless of what was missing from an experimental 

fa u lt  tre e , which the experimenters described as going so fa r as to be 

"obviously incomplete", subjects consistently assigned low probability  to the 

branch labeled "a ll other fa u lts " . Reviews of fa ilu res  examined in the 

l i te ra tu re , such as in "Failure Prevention and Prevention" (1986) leads one to  

conclude the same e ffec t is  present in engineering: fa ilu res  are not 

generally caused by inadequately evaluating potential problems, they are 

caused most often by problems which were not considered. Designers seem to be 

confident they had considered every important branch of the system’ s fa u lt  

tre e , when at least one additional fa ilu re  was operative in the design. An 

example illu s tra tin g  th is  s ituation  w ill be discussed in deta il la te r  in th is  

chapter.

Failures occur only rare ly  as the resu lt of a factor which was not 

evaluated correctly , instead th e ir  cause usually lie s  in a problem which was 

not considered at a l l .  Put another way, fa ilu res  are caused by deta ils  that 

f a l l  through the cracks. Improved r e l ia b i l i t y  (hence improved product
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quality ) is obtained by searching a design fo r cracks and inspecting the 

deta ils  the cracks contain. Simply detecting the potential fo r a fa ilu re  

places the engineer in a position to prevent i t .

When undertaking evaluations of potential modes o f fa ilu re , there is  a 

need to consider a l i s t  of potential fa ilu re  sources which is  as complete as 

possible. But evaluating the severity of any one of these modes can be 

expensive and evaluating a ll of them is impossible under even the most 

generous budget. Thus the engineer wishes to make a minimal, economic 

evaluation o f modes of fa ilu re , and to evaluate only those few which tru ly  are 

issues. The f i r s t  step is to decide which problems require consideration. 

Almost a ll fa ilu res  are preventable, and many fa ilu res  can be prevented 

without extensive analysis. Only those fa ilu re  which cannot be eliminated 

e n tire ly  require evaluation to determine th e ir  severity.

Complementary to the two kinds of errors, e x p lic it  and im p lic it, 

checking a design fo r errors has two flavors. Drawing checking, exhaustive 

checking of notes, shapes and dimensions on each part drawing, is standard 

procedure fo r most projects. Design checking has a broader meaning, and 

addresses questions of whether the complete system w ill  meet the needs of the 

customer. Design checking is not undertaken regularly .

Drawing checking is  very e ffec tive  in dealing with e x p lic it  errors. 

Dealing as i t  does with the deta il drawings, drawing checking focuses on the 

smallest d e ta ils  of the design and considers them exhaustively, one by one. 

Exhaustive drawing checking is feasible because there are a f in i te  number of 

deta ils  to be checked. A typical engineering drawing might have f i f t y  

checkable deta ils  per sheet; a typ ica l, large-scale project could run to 1000 

sheets o f drawings. 50,000 deta ils  may seem lik e  a large number, but at only
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a few minutes per d e ta il, even a very large project can be checked completely 

fo r e x p lic it  errors in a few thousand man-hours. These estimates re fle c t the 

author’ s recent experience in a large mechanical system. Smaller projects are 

checked in proportionately less time.

Most engineering organizations have design checking systems in place, 

many of them highly structured and formalized. I t  is commonly assumed the 

best way to find errors is to be very methodical, on the assumption that 

method w il l  lead to thoroughness. The author has v is ited  companies where a 

formal design checking system is nominally in place, but most of the 

productive error trapping seems to be accomplished by showing the design to 

experienced engineers. These experienced engineers are not methodical, but 

they are thorough and e ffe c tiv e . The method seems to be simply remembering 

the rig h t d e ta il at the rig h t time.

The broader problem of checking in its  other flav o r, which the author 

ca lls  design checking, deals prim arily  with im p lic it errors. There are a 

varie ty  of reasons one cannot simply conduct an exhaustive search fo r im p lic it

errors. The most obvious one is that there are a large number of unique,

potential fa ilu res  to consider. Hundreds of material fa ilu re  modes are known, 

and some are not w ell-defined. Material fa ilu res  represent only one of 

several classes of ways the design can f a i l .  Unsafe operator decisions, 

occupational safety, and the general problem o f product l ia b i l i t y  are other 

kinds of fa ilu re  which may be dealt with in the design, not considered in th is

chapter, which should also be considered by the engineer.

Checking a design fo r fa ilu re  modes can be considered a search problem. 

There are many d iffe ren t flavors of search, thus d iffe ren t methods of search 

support are required. Winograd and Flores (1986), for example, make a
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d istinc tion  between lib ra ry  cataloging systems which allow the user to obtain 

further information fo r a known author and t i t l e  (as a lib ra r ia n  might wish 

to) and a system which supports searches based on subject areas (as a 

researcher might wish). The difference is between the questions, "how can I 

find  th is  book?" and "what is relevant as I approach th is  subject area?" But

neither o f these questions is  comparable to the problem of searching for 

unidentified problems in the design. A reasonable lib ra ry  search analogy to 

design checking is the problem of maintenance and conservation: "which o f the

books in the lib ra ry  requires attention to remain in good condition?" No 

reasonably complete solution can be obtained by searching the lib ra ry ’ s 

catalogs. Although inspection of each book seems to be the sensible solution, 

brute force search of each volume in the stacks is not a feasib le  option 

e ith e r. Rather, a m ajority of the books selected fo r conservation measures 

are simply noticed during handling by the c ircu lation  s ta f f  or by users. Some

volumes which need repair are not noticed and go back to c ircu la tion .

The search fo r potential fa ilu res  also cannot be undertaken by brute 

force alone. D irect, exhaustive search depends on evaluating every known mode 

of fa ilu re  in turn, but the purpose of the search is only to id en tify  those 

modes which may require evaluation. An exhaustive search based on evaluating 

individual fa ilu re  modes is  uneconomical, and probably in feasib le  fo r most 

designs.

Considerably less e ffo r t  is required for a search based on heuristics  

rather than on exhaustive search methods. A heuristic  is any method whose 

value is not universal, its  usefulness governed by the p articu la r problem i t  

is  applied to (Koen, 1985). Heuristic searches are useful in a number of 

situations where procedural searches may be too d i f f ic u l t ,  too time-consuming,
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or simply impossible (Newell, 1969). However, a heuristic  search, in contrast 

to a fixed procedure, does not guarantee success.

Rather than concentrate on d e ta ils , i t  can be more economical to re ly  on 

general aspects of the design -  the component types, the intended service 

environment -  and to use those clues to id en tify  situations sim ilar to the 

design where fa ilu res  did arise . From th is  id e n tific a tio n , the engineer is in 

a position to take action against fa ilu res  which may arise . Having id en tified  

a fa ilu re  mode of in te re s t, economical consideration of r e l ia b i l i t y  is  

achieved by considering whether that mode is  preventable -  or already 

prevented -  in the design. An assessment in th is  manner does not provide a 

d irec t measure of r e l ia b i l i t y ,  but i t  does provide the means fo r the engineer 

to accomplish two important tasks which enhance product r e l ia b i l i t y :

• elim inate many potential problems soon a fte r  they are introduced; 

and

• compile a l i s t  o f fa ilu re  modes which require analysis, with 

confidence the l i s t  is reasonably complete.

Accomplishing the f i r s t  task allows the design to be made more re lia b le  by 

preventing unanticipated problems and lim its  the costs of la te r  corrections to 

the design. The resu lt w ill be a higher-quality design. The second task 

provides the ju s t if ic a tio n  fo r the expense of detailed analysis where i t  is  

necessary with minimal investment in evaluations which are not needed. 

Together, these two improvements make maximal use of existing knowledge fo r  

fa ilu re  prevention with a reasonably small investment in time and cost 

required to  carry out design checking.

A very useful additional feature would be fo r the act of checking to  

improve the design judgement of the engineer, so that the accrual o f checking
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experience would produce progressively fewer errors requiring correction.

There is some concern that automation of design tasks tends to reduce the 

opportunity fo r engineers to develop th e ir  own expertise (Cooley, 1986); 

certa in ly  a design checking to o l, of a ll possible design too ls , should have 

the opposite e ffe c t, and contribute to improving the engineer’ s judgement.

The most successful methods discussed in th is  chapter also provide fo r 

improving the s k il l  o f the user. This s k il l  improvement develops an 

engineer’ s predictive knowledge about fa ilu re  prevention, reducing dependence 

on feedback from checking or component fa ilu res  and reducing the cost of error 

correction.

Searching fo r a potential fa ilu re  might seem to be related to fa ilu re  

analysis, which takes place a fte r  the fa ilu re  has occurred. While i t  is true 

that much of the useful information available fo r design checking has been 

generated through study of p rior fa ilu re  analyses, the methodology o f fa ilu re  

analysis is not well suited to design checking. There is a substantial 

difference between fa ilu re  prevention and fa ilu re  analysis. Although the two 

deal with the same body o f knowledge about modes of fa ilu re , the uses of the 

knowledge, hence the useful forms the knowledge can take, are quite d iffe ren t  

in character. In p artic u la r, a fa ilu re  analyst knows that a fa ilu re  has taken 

place, and has a c lear idea of the location of that fa ilu re . The fa ilu re  

i t s e l f  provides clues about its  origins. The fa ilu re  preventer, in contrast, 

has no d irect indications of what fa ilu res  might take place, nor of where they 

might occur.

There are a number o f examples illu s tra tin g  the relationship between 

fa ilu re  analysis and fa ilu re  prevention. The semi submersible o il r ig  

"Alexander Kielland" capsized and sank in the North Sea, caused by a fatigue
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crack orig inating at what was thought a minor structural change which had not 

been evaluated. Easterling’ s (1983) fa ilu re  analysis of the Kielland was 

based almost e n tire ly  on data, such as fracture surface photographs and 

microhardness traverses through weld cross-sections, that was not available to  

the designer; in fac t i t  would not have been available to anyone p rio r to the 

fa ilu re  without destructive testing . The fa ilu re  o f the skywalk in the Hyatt 

Regency of Kansas C ity was caused by ambiguity over who was to design a 

structural connection (Petroski, 1986); in the end i t  appears no one did 

(Marshall e t. a l . ,  1982). The clues used to determine the causes of the 

fa ilu res  were taken from the wreckage, a fte r  the fa ilu re . The clues required 

to have prevented these fa ilu res  were, arguably, available, but the fa ilu re  

analysis could not have been carried out had the location and mode o f fa ilu re  

been unknown. While in fa ilu re  analysis, the engineer must find a cause from 

the clues about a particu la r deta il of the system, in fa ilu re  prevention the 

engineer must find potential causes, from almost no clues, about every deta il 

of the system.

5 .2 . Abstract Modes of Failure for Design Checking

Every fa ilu re  has certain key ingredients which can be generalized and 

linked through logical operations. This knowledge can be used to develop 

abstract, logical models of the fa ilu re  -  a Material Failure Logic Model or 

MFLM (M arrio tt and M ille r , 1982). In th is  section MFLM’ s fo r several fa ilu re  

modes w ill be discussed, then applied to design checking.

An MFLM can be expressed as a fa u lt tre e , showing the necessary 

ingredients fo r a given type of fa ilu re . Only those ingredients which are 

observable in advance of the fa ilu re  are recorded, since evidence available
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only a fte r  the fa ilu re  has no predictive value. The MFLM can be applied to 

design checking by searching fo r the components o f the fa ilu re  in the deta ils  

of the design and fabrication process. I f  a ll of the ingredients are present, 

then the fa ilu re  is  lo g ic a lly  feasib le in the design. This information 

provides guidance on fa ilu re  prevention to the designer. Having id en tified  a 

mode of fa ilu re , the required ingredients fo r the fa ilu re  are evident, and 

prevention requires elim inating one or more of the contributing causes.

M arrio tt and M ille r  (1982) and Handrock (1984) provide a number o f MFLM’ s fo r

fa ilu res  common in the lite ra tu re  of fa ilu re  investigations.

Strain-age embrittlement provides a useful example. The constituents of 

the MFLM fo r strain-age embrittlement are summarized in Figure 11.

Susceptible metals are the rimmed steels; k ille d  steels do not exh ib it th is  

fa ilu re  mode. As the name implies, the fa ilu re  requires strain ing and aging 

to achieve the embrittlement which leads to fa ilu re . I f  the steel is strained 

more than about 4%, then i t  is  sensitized. Aging can be e ith er moderate

temperatures over a long period, as in service in a warm location in a plant,

or a higher temperature fo r a short term, as in elevated-temperature service, 

repeated steam cleaning, or perhaps a heat treatment. I t  is possible for 

post-weld heat treatments, o rd inarily  applied only to the weld i t s e l f ,  to 

provide the aging adjacent to the heat-treated region. A fter aging, the steel 

is  b r i t t le  and can be a location with s ig n ifican tly  poorer fatigue strength, 

or a fracture in it ia t io n  s ite .

To consider how well an abstraction helps in design checking, the reader 

might lik e  to use the information ju s t given on strain-age embrittlement to 

answer the following question: to what extent is strain-age embrittlement a 

concern fo r the construction of pressure vessels? All the necessary
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rimmed steel = susceptible material

+ cold work over 4% strain 

= sensitized for embrittlement

+ age: ambient (long time) or elevated (short time)

= embrittled

+ stress exceeding (unknown) limit 

= fracture

as a material fa ilu re  logic model 

(a fte r  Handrock, 1986)

embrittled

aged

aeruDuzed

excessive stress 
within ordinary 
working lirniu

as a fa u lt  tree

Figure 11 

Strain Age Embrittlement
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information, in abstract form, has been provided. The answer to th is  

question w ill be discussed in a la te r  section of th is  chapter.

I t  is not necessary to understand the microstructural mechanism for  

strain-age embrittlement to understand its  prevention. A ll that is necessary 

is to locate the contributing, macro-scale ingredients and prevent at least 

one of them which is  connected through a logical conjunction ("AND") w ithin  

the fa u lt  tre e . Thus strain-age embrittlement can be avoided through 

selection of a k ille d  s tee l, by lim itin g  p lastic  deformation during 

fabrication , or by avoiding the potential fo r aging. Another approach is to  

heat tre a t the en tire  component a fte r  cold forming, overaging and elim inating  

the em brittling e ffe c t. Failure prevention can be achieved by anticipating  

and elim inating a contributing cause of a problem in advance, or by 

recognizing an unavoidable problem and adding a correcting change to the 

design.

Untempered martensite is another embrittlement mechanism which can lead 

to fracture in the absence of an in it ia t in g  defect. Susceptible steels 

include any which can form martensite. A surprisingly large range of 

manufacturing steps can bring about the cycle of heating and rapid cooling 

necessary to form a local patch of martensite. Examples include spot 

grinding, such as is  done to remove the parting lin e  "flash" from a forging or 

the sprue from a casting; electric-discharge machining (EDM); arcing during 

electrop lating; electroetching part iden tifications; or welding i f  not planned 

and executed correc tly . Iro n ic a lly , arcing during improperly conducted 

magnetic p a rtic le  inspection has also led to the problem ("Failure Analysis 

and Prevention", 1986).
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Any e ffe c t which heats a small location of the steel above the 

temperature required to form austenite provides the potential fo r martensite 

formation on cooling. Cooling is usually rapid in a local heating situation  

because of the quench e ffe c t provided by the bulk thermal mass of the adjacent 

metal. Some of the famous Liberty Ship b r i t t le  fractures in it ia te d  at welding 

arc s trikes . The behavior of the fractures suggest untempered martensite 

could have been a contributor to the fa ilu re . Arc strikes are a common 

source, but not the only source. For instance, the cable drum on a mine shaft 

elevator fa ile d  because of b r i t t le  patches o f untempered martensite. The 

heating was provided by fr ic t io n  heating when the wire rope occasionally 

slipped, lo c a lly , on the drum; cooling provided by the metal adjacent to the 

si ip .

Preventing martensite formation is  d if f ic u lt  because the only ingredients 

involved are a susceptible material (nearly a ll  steels, to a greater or lesser 

extent) and a cycle o f heating followed by rapid cooling caused by any of a 

wide range of manufacturing steps. Bednarz (1988) found untempered martensite 

to be at the root of roughly ten percent of a sample of over 600 fa ilu re  cases 

reported in the lite ra tu re .

Untempered martensite is an example of a problem which is  not eas ily  

prevented. An approach to prevention during design is  to recognize the 

potential fo r the problem, and anticipate that additional care (thus 

additional cost) w ill be necessary during manufacturing to assure the process 

is properly controlled. A more certain (and more expensive) approach is to 

add tempering to assure that, i f  formed, martensite does not remain in its  

most b r i t t le  s tate .
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Handrock (1984) provides some useful intermediate ideas which simplify 

application o f the MFLM methods. The simplest concept, used above in the 

discussion of strain-age embrittlement, is  a susceptible m ateria l. Some 

m aterials can experience a p articu lar fa ilu re  mode, others can’ t .  For s tra in -  

age embrittlement the susceptible material concept provides a clue to the 

potential fo r a problem. At the point a rimmed or sem i-killed steel is 

selected (which can be inferred from the amounts of s ilicon  and aluminum 

specified in the chemistry) the engineer can recognize a susceptible m aterial. 

A susceptible material is one capable of exhibiting a particu la r mode of 

fa ilu re .

Sensitization is a step closer than susceptib ility  to a potential 

fa ilu re . A material is  sensitized i f  part of the fa ilu re  mode has progressed, 

but the process can be reversed without damage. A rimmed steel strained over 

four percent has been sensitized. A strained steel which has been aged is 

even more sensitized, but the b r i t t le  material condition can s t i l l  be removed 

through appropriate heat treatment. Untempered martensite due to an arc 

s trike  is a sensitized state. Sensitization indicates ingredients of the mode 

are accumulating toward completing the requirements fo r fa ilu re . The damage 

mechanism is preventable, however, i f  the potential fo r the fa ilu re  is  

detected. In a sensitized m ateria l, progress toward fa ilu re  is  fu lly  

reversib le.

Sensitization need not apply only to physical changes. The idea can be 

extended to describe the design i t s e l f .  Many components are cold-formed from 

sheet or plate stock due to the higher energy cost of hot-forming. Thus 

choice of a rimmed steel for a cold-formed component always leads to a design 

which is sensitized to strain-age embrittlement. Untempered martensite
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provides another useful example. Many steels are susceptible, so no useful 

decision can be made on that basis. But some manufacturing steps, such as 

welding, electric-discharge machining, or grinding, provide a s ign ifican t risk  

of the necessary cycle of heating and rapid cooling. Here the p o s s ib ility  is 

so great, the design can be called sensitized because of the significance of 

the combination of material and process. Sensitization toward a mode of 

fa ilu re  provides a strong warning to the designer before the design is  

committed to metal.

The stepwise progression provided by use of the concepts of susceptible 

and sensitized materials re flec ts  the f le x ib i l i t y  needed by a designer.

During material selection, the engineer requires reminders of problems to 

which the m aterials being considered may be susceptible. Later, as more 

detailed  decisions are made, cues based on sensitization can provide more 

specific  information. F in a lly , a fte r a ll the deta iling  is complete, the fu ll  

MFLM can be applied to reason about the nature o f each potential problem 

id en tifie d  during design checking. But to use only the detailed aspects of 

knowledge about material fa ilu res  is to lose most o f the value of the MFLM 

approach.

A m ajority o f the useful working experience in application of MFLMs has 

been through manual use, where i t  has been successful. A useful lesson can be 

drawn from the attempt to apply th is  method of reasoning in a computer- 

supported system, where the concept was applied in conjunction with an 

exhaustive search approach.
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5 .3 . Exhaustive Search fo r  Design Checking.

The MFLM method has been applied In FERRET, a computer-based system 

described by Lue (1986), which demonstrates some of the lim its  of exhaustive 

searches fo r design problems. The emphasis In Lue’ s work was to locate 

potential fa ilu res  without excessive id en tifica tio n  of problems which were not

a genuine concern, that is , to minimize fa lse positive resu lts . In his

application, both the software and the data store grew quite large to deal 

with a lim ited  number of fa ilu re  modes. Extending the system to handle even a 

moderate fraction  of the MFLMs available would have expanded the data store to 

an unreasonable s ize. Not only the design, but also a fu lly  planned 

manufacturing process are required as inputs fo r the program; both are 

required to be stated in considerable d e ta il. FERRET is only useful during 

the la s t stages of production planning, or fo r diagnosing problems during 

production because i t  deals with the deta ils  of both the design and the

manufacturing processes and f a c i l i t y .  In the author’ s opinion, FERRET is used

too la te  in the product development process to be considered an aid to design.

Because of the need to account so thoroughly fo r the d e ta ils , the 

developers of FERRET focused on how to represent those d e ta ils , rather than on 

the problem of identify ing problems fo r engineering review. FERRET provides 

an object lesson fo r design tool developers. I t  is  necessary to focus on the 

design problem, regardless of how hard i t  is to deal with that problem. I t  is 

easy to s lip  to back to a focus on what the computer is capable of doing, 

rather than on what engineers need to have the computer do fo r them.

The primary disadvantage of the FERRET system is that i t  imposed a single 

logical structure, the MFLM implemented to deal with the d e ta ils  of the design 

and manufacturing plan, on a ll problems. Many fa ilu res  are not necessarily
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easy to handle in th is  structure. Coombs (1986) notes that building such 

models forces re lations which had been ambiguous or im p lic it to e ith er be made 

e x p lic it  or be ignored. These relations had not been e x p lic it  any e a r lie r  

because th e ir  structure was not clear. The structure imposed by FERRET may or 

may not re f le c t the structure actually in the re la tio n . The actual structure 

depends on context, and selection in advance of a single structuring approach 

severely lim its  the use o f the tool containing that structure. FERRET could 

be used fo r those cases which f i t s  its  intended use, but i t  cannot be expanded 

to become a general-purpose tool for design checking. This lim it  is not 

necessarily a problem, except that the d istinction  between fa ilu res  which can 

be modeled e ffe c tiv e ly  and those which cannot remains unclear. I t  appears 

that only hard experience w ill allow the d is tinc tion  to be made, which does 

not seem to be a good investment of time and e f fo r t .  There is also a 

substantial amount of time and e ffo rt required to obtain and understand a 

FERRET report, and incomplete results do not seem worth the investment.

The heavy dependence on details  -  both on the deta ils  of the design and 

on the d e ta ils  o f the fa ilu re  modes -  is a l im it  on the usefulness of the 

FERRET system. Design checking by exhaustive search is time-consuming: 

putting a description of the design and the intended manufacturing steps into  

the rig h t format, maintaining descriptions in d e ta il of the manufacturing 

processes, and maintaining descriptions of the physical and functional 

connections between the individual process locations in the plants. I t  is  

important to  note, however, that th is l im it  is a fa u lt of the implementation, 

not of the MFLM concept, which does have some value as discussed in the 

previous section.
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I t  was noted e a r lie r  in th is  chapter that drawing checking by exhaustive 

search is possible, in fact is a standard way of doing business. Drawing 

checking by exhaustive search is feasib le because the number of deta ils  to be 

checked are f in i t e ,  even i f  large in number, and because the kinds of errors 

to be trapped -  mainly, errors leading to mismatched geometry -  are few. Thus 

e x p lic it  errors can be managed through the use of exhaustive search, and 

contemporary experience implies i t  is the preferred method.

There are an in f in ite  number of de ta ils  and th e ir  combinations in a given 

design. I t  is  not economical to s ta rt with the design’ s particulars and 

search each possible permutation of them for the ingredients of a problem.

The resu lt of an unsuccessful attempt to develop an approach on a detailed  

basis -  FERRET -  has been described in th is  section. There are a f in i te  

number of fa ilu re  modes, but there are enough of them that they are v ir tu a lly  

in f in i te ,  because evaluating every one is p roh ib itive ly  expensive. Design 

checking fo r im p lic it errors is not as conveniently handled through exhaustive 

search, as indicated by the experiment with the FERRET checking system. There 

are more kinds of errors, and the method fo r locating them is not necessarily 

as clear as the methods for trapping e x p lic it  errors. However, there are 

approaches to design checking fo r im p lic it errors which can be reasonably 

successful which w ill be discussed below.

5 .4 . A F a ilu re  Case Study

In 1973, a horizontal pressure vessel at a f e r t i l i z e r  plant in 

Potchefstroom, South A frica , was being f i l le d  with anhydrous ammonia from a 

ra ilroad  tank car. With the contents at about 0.6 MPa (90 psig) pressure and 

about 5 degrees Celsius temperature, a large section of one of the ends fa iled
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by b r i t t le  fracture and was projected a short distance away. The ammonia 

s p ill resulted In 22 deaths, most of whom were residents of houses nearby.

The description which follows of the events is largely  derived from the 

account given by Campbell (1979).

The design conditions specified to the builder in 1967 were 1.8 MPa (250 

psig) pressure and 50 degrees C temperature. The vessel had been b u ilt  of 

sem i-killed carbon s tee l. The end had been cold-dished to  form the main 

radius, then hot-formed on a smaller radius to meet the cy lindrica l body, a 

common practice in the pressure vessel industry. Two plates had been welded 

together p rio r to  forming the end, since a single plate was not wide enough 

fo r the diameter required.

In 1971, when a hydrostatic tes t was required by law, the owner applied 

fo r and was granted postponement of that te s t, since i t  would in te rfe re  with 

production. Instead, extensive ultrasound inspection of the vessel was 

undertaken, which revealed large areas o f delamination in the dished end. The 

inspection also indicated some lack of fusion in the weld used to jo in  the two 

plates which formed the end.

Despite the fact that the lack-of-fusion defects were products of the 

orig inal manufacture and had not caused any problems, they were prohibited by 

B ritish  Standard 1515, the code governing th is  particu la r vessel. The defects 

were ground out and repair welded on-s ite . One repair weld fa ile d  to pass 

inspection, and was ground out and repaired again. The reweld had hydrogen 

embrittlement problems and cracked, making necessary a th ird  repair weld.

The code did not require postweld s tre s s -re lie f  heat treatment for 

vessels o f th is  s ize , since the wall thickness was below one-half inch. 

Accordingly, no heat treatments were applied.
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A fter repairs , the vessel was hydrostatically  tested at 2.4 MPa (360 

psig) in la te  1971. A fter repairs to a valve in 1973, the vessel was 

pressurized again at 2.4 MPa (360 psig) to tes t the valves. This took place 

six weeks before the fa ilu re . Both tests were at ambient temperature.

A fter the fa ilu re , there was considerable in terest in th is  vessel since 

at the time there was some uncertainty about the propensity of ammonia fo r  

causing stress-corrosion cracking in steels . Despite considerable 

investigation o f the stress-corrosion cracking question, no positive evidence 

of stress-corrosion cracking was found.

No in it ia t in g  defect was ever id en tified  in the fa ilu re . The fracture  

surface and measurements made a fte r  the fa ilu re  indicated the metal was so 

b r i t t le  that any defect, no matter how small, could have been the in it ia to r .  

Although no single in it ia t io n  s ite  fo r the fracture was located, a ll of the 

most l ik e ly  candidates sites were adjacent to the weld seam on the dished end, 

in the heat-affected zone. I t  appears the fa ilu re  was due prim arily to 

embrittlement o f the steel through strain-aging. Part of the strains were 

caused by cold forming the dished end, and part appear to have been 

contributed by the residual stresses in the weld heat-affected zone. Because 

the cracks f e l l  along the heat-affected zone, i t  can be inferred the heat 

input from the repeated repair welds contributed to the aging process.

This case has a remarkably wide range of potential uses in design. The 

most obvious application deals with the warning about strain-age 

embrittlement. Cold forming dished ends on vessels is common, as is use of 

sem i-killed steels , which cost less than k ille d  steels . At low levels of 

silicon  and aluminum in the chemistry (the elements used to deoxidize or k i l l  

the s te e l) , a sem i-killed steel can exh ib it the properties of a rimmed s tee l.
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As the name implies, sem i-killed steels are a compromise between the lower 

cost of a rimmed steel and the superior properties, p rin c ip a lly  fin e  grain 

size, of a k ille d  stee l. Strain-age embrittlement is found in rimmed steels 

which have been cold worked beyond about four per cent s tra in . A fter th a t, 

only aging -  tens of hours at 100 degrees C or hundreds of hours at s lig h tly  

above ambient -  is required to obtain the b r i t t le  condition. Figure 11 

summarizes the required ingredients fo r th is  fa ilu re .

Despite the fact that stress-corrosion cracking does not appear to have 

been the cause of th is  fa ilu re , the case does remind the engineer of that 

issue. There are some cases where ammonia can lead to such problems.

An important lesson is the effects of the defects o rig in a lly  located by 

ultrasonic inspection. The lam ellar tears, which appeared to have been caused 

by the cold forming operation, had no influence on the fin a l fa ilu re . The 

lack of fusion weld defects did not appear to have impaired successful 

operation fo r several years p rior to the repairs. One would not expect these 

plate discontinuities to have affected fitness for purpose because of the 

absence of s ign ifican t cyclic  loadings. However, the repairs led to series of 

additional problems. There is l i t t l e  doubt that the repair welds contributed 

both additional strains and the elevated temperature required to age the 

material to a b r i t t le  s ta te . The cold cracks (ind icative of hydrogen 

embrittlement) generated by the repair welds were considerably more dangerous 

than the orig inal lam ellar tears. Lack of fusion in a factory weld, which led 

to the repairs, is also instructive as i t  is generally assumed factory welds 

w ill be defect-free .

The case leads one to question what influence an overpressure "proof 

test" may have on continuing structural in te g rity . There have been components
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which fa ile d  in proof testing , so a single tes t on delivery may at times be 

useful. One wonders, however, whether the proof tes t is  va lid  when conducted 

under other than operating temperature and f i l l in g  conditions. The author has 

witnessed proof tests o f several pressure vessels, ty p ic a lly  a ir  receivers, 

and a l l  were treated in a fa ir ly  casual manner by plant personnel, despite the 

fact the vessel is taken to roughly twice its  normal pressure. There have 

been cases where damage generated by a proof test led to fa ilu res  in service.

Comments on repair welds and proof tests are mentioned to demonstrate 

that there are useful avenues of digression available away from the main point 

of a case study.

The design specifications provide a p artic u la rly  useful lesson. The 

conditions specified to the fabricator were only the maxima -  maximum pressure 

and temperature -  on the assumption these constituted the worst loading 

conditions. The highest service temperature is important in a design lim ited  

by its  ductile  strength. But fo r b r i t t le  fracture considerations, the lowest 

service temperature is fa r  more important. The trans ition  temperature for 

most steels fa l ls  between the design temperature specified by the c lie n t for 

th is  vessel and the service temperature fo r liquefied-gas service. Rather 

than assuming design loads can be defined by a single point in the service 

conditions, i t  is  more appropriate fo r the c lie n t to  ask fo r the vessel to  

su it a range of conditions, leaving the designer to define the envelope of 

lim its  on the design. In the case of a pressure vessel, the designer is 

obliged to ask about th is  point. Had the vessel been specified for liq u e fied - 

gas service, implying low temperatures, i t  probably would have been made from 

a fu lly  k ille d  s tee l, elim inating en tire ly  the potential fo r the fa ilu re  which 

took place. I t  is not always recognized that anhydrous ammonia is a material
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subject to cryogenic conditions. This case provides a good example of the 

value of f le x ib i l i t y ,  rather than form ality , in the information provided to  

the designer.

In an e a r lie r  section of th is  chapter, an abstract description of s tra in -  

age embrittlement was given, along with a question about its  prevalence in 

pressure vessels. The abstraction alone did not provide a good basis from 

which to answer the question. This case, however, provides clues which allow  

the reader to express an opinion on locations in a typical vessel where 

strain-age embrittlement might be found, types of service where i t  is 

especially of concern, and how i t  might be exacerbated during the service 

l i f e .  The case study is easier to follow , comprehend, and remember, making i t  

a richer source of information.

The Potchefstroom case is  by no means unique in its  a b il ity  to  convey a 

wide range of useful messages. Most cases, f i l le d  with deta ils  and plot 

twists l ik e  a detective story, can provide insight into a wide range of 

problems, depending on the reader’ s viewpoint and goals at the time. A case 

study achieves f le x ib i l i t y  and economy in knowledge representation because the 

narrative is  capable to encompassing a wide range of potential problems, and 

d iffe re n t searches with d iffe re n t intents may each y ie ld  something useful from 

a given case.

5 .5 . Case Studies fo r  Design Checking

M aterial fa ilu re s  may be described through examples as well as through 

the physical and chemical principles which define th e ir  origins and behavior.

A simple method of searching fo r fa ilu re s , then, is searching the design and a
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descriptions o f cases where fa ilu res  occurred, comparing them fo r s im ilar  

features.

There is  substantial evidence in favor of case studies as a useful 

learning method as well as fo r engineering evaluation. St. Denis (1989) 

observes, "empiricism, which is the conclusions drawn from a study o f past 

fa ilu re s , has the golden qua lity  that i t  guides one away from making gross 

blunders." Turkstra (1986) mentions e ffective  use of case studies in  

management and law as he argues fo r greater use of case studies in engineering 

education. Peters and Waterman (1984) re ly  extensively on case studies to 

make a book on e ffec tive  management comprehensible to almost anyone. Students 

in psychology and medicine routinely review cases as part of th e ir  education. 

Hunter (1989) discusses several fa ilu res  to draw lessons in general about 

preventable fa ilu re s .

Dreyfus and Dreyfus (1986) argue expert knowledge takes the form of case 

studies. A standard approach to interviewing experts fo r expert system 

development is to use the context of specific problems to obtain inference 

rules fo r the knowledge base. Frequently, when an expert discusses a problem 

with a c lie n t, the evaluation and solution w ill be couched in terms of 

"another situation  ju s t l ik e  th is " . Although the s im ila r ity  may not be 

v is ib le  to the c lie n t, the solution obtained through reasoning by analogy to 

past experience generally is e ffec tive  in solving the problem. A popular 

expression at the author’ s present employer puts i t  th is  way: "good judgement

comes from experience, and experience comes from bad judgement."

Petroski (1985) makes an important point about case studies in 

engineering. A fa ilu re  case is always useful, because there is always at 

least one specific  point about the fa ilu re  from which a lesson can be learned.
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A successful design, however, always carries with i t  the uncertainty that a 

more economical solution might have been obtained by less conservative 

decisions. For avoiding fa ilu re s , i t  is clear that more information is  

available from a fa ilu re  case than from a success.

There have been fa ilu res  -  the space shuttle  Challenger (Rogers 

Commission, 1986) and the DC-10 cargo door (Eddy, Potter, and Page, 1976) -  

where the potential fo r fa ilu re  was known, but not dealt with due to 

management intervention to meet cost and time lim its . The disadvantage the 

engineers in these cases faced is th e ir  evidence was not convincing to 

managers. Clear id en tifica tio n  of a sim ilar fa ilu re  in a related design, and 

i ts  consequences, provides a basis which managers -  technical or nontechnical 

-  need in order to be able to consider the magnitude o f the problem. Because 

fa ilu re  mode id en tific a tio n  can be undertaken early and economically, budget 

and schedule fo r evaluation can be better anticipated, lim itin g  la te  problems 

which can lead to adverse management intervention.

Using a case study is a reasoning process which Hofstadter (1979) calls  

prototyping. The specific example of a single case provides a prototype of an 

en tire  class of s im ilar cases. Psychologists re fe r to the representativeness 

heuristic  (Kahneman and Tversky, 1972), through which properties of a 

population are inferred from a single sample. This heuristic  is  one of 

several methods which are used to sim plifying reasoning about complex 

problems. People relying on th is  heuristic can err by attending to irre levant 

features, or by disregarding relevant features of the problem. Error is 

minimized in the application of case studies to design discussed here because 

relevance is the primary focus of the engineer referring  to the case.
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In its  simplest form, a design tool based on case study review could be

any of the published case history collections. A half-step superior to that

would be individual companies with specific  problems maintaining a "corporate 

experience" f i l e  which would survive independent of personnel changes. There 

is  also the obvious step of relying on a computer to assist in storage and 

review.

The case study approach can be applied at any point in the design 

process. Case studies provide for f le x ib i l i t y  in the design approach by 

allowing the individual engineer to choose the time to use the method. Use of 

case studies fo r early feedback lim its  early commitments by helping the 

engineer avoid potential problems without the need to pin down deta ils  of the 

situation . Because the matching between case and design is made on a

q u a lita tive  basis, through broad s im ila r it ie s , i t  is not lim ited to use at

only the end of the design process. The review of case studies provides the 

design engineer with concrete examples on which to base reasoning about both 

the nature of the problem and its  severity. The engineer can also become 

better at locating and preventing fa ilu re  modes on his own, based on insight 

gained during review of cases.

The case study approach achieves the goals of economy, f le x ib i l i t y ,  and 

coherence. A fu l l  analysis of a fa ilu re  mode is not required fo r the engineer 

to become aware o f the need to give a possible problem area more thought. As 

mentioned above, fa ilu res  rarely  resu lt from a problem which has been 

incorrectly evaluated a fte r being id e n tifie d . A logical model of a fa ilu re ,  

such as the MFLM already considered, allows the engineer to move d ire c tly  from 

identifying a problem through a case study to reasoning about prevention.

Thus simply identify ing  a potential fa ilu re  mode, which can be achieved
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through the use of case study comparisons, is  a substantial step toward 

prevention.

A case study can be applied to iden tify  potential problems at any point 

during the design process. The time invested in the search can be dictated by 

the time available at that point in the project. The resu lts , which take the 

form of cases id en tifie d  as having some re lation  to the project, can form the 

basis o f quick and e ffe c tive  decisions on how to proceed. The relevance of a 

p artic u la r case can be determined a fte r  a quick review. Some problems can be 

corrected without much evaluation beyond noticing the potential problem. 

Evaluations which do become necessary can be p rio ritize d  based on the fu ll  

l i s t  o f potential problems and the time and budget available at that point in 

the design process. I f  evaluation exceeding available budget is required, the 

project manager can be provided with evidence on which to base the decision 

fo r additional investment.

Design checking by reference to case studies of past fa ilu res  succeeds 

because most errors are repeated. Wearne (1979) noted that, of a dozen major 

disasters (coal mine f ire s , offshore platform capsizes), not a single accident 

was caused by unknown phenomena; a ll could have been prevented by use of 

existing information. The problem is locating the information which applies 

to the situation  the engineer faces and presenting i t  in a manner which leads 

to economic and e ffec tive  action by the designer.

Design checking by reference to case studies re lie s  on the in te lligence  

of the engineer, rather than attempting to provide in te lligence in the design 

to o l. The method supports the engineer in locating potential fa ilu re  modes, 

an area where support to enhance human s k ills  is appropriate. Deciding on 

what to do with these modes, once id en tifie d , is an a c tiv ity  at which
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engineers are generally quite e ffe c tive . Supporting fa ilu re  prediction in 

design, such as by search of case studies, is therefore an area in which 

development of tools to support design is appropriate and needed.

Case studies as a basis for design checking offers substantial aid in 

fa ilu re  mode id e n tific a tio n , and does so in an economical manner. No e ffo rt  

is wasted on evaluation until the engineer has made decisions regarding which 

of the id en tified  fa ilu re  modes are of the greatest concern. In the preceding 

section, the amount of useful information which can be found in a single case 

study was demonstrated.

5 .6 . P red ic tive  F a ilu re  Prevention

The well-established methodology of r e l ia b i l i t y  analysis (see, fo r 

example, Henley and Kumamoto, 1981) is best suited to the question of 

evaluating the potential r e l ia b i l i t y  of a completed design, applying such 

methods as fa u lt trees and various s ta tis t ic a l measures to the evaluation. In

some cases, such as in electronics design, i t  is possible to learn about 

design improvements from the r e l ia b i l i t y  assessment. Designs which can be 

read ily  handled through tra d itio n a l, s ta tis tic a l r e l ia b i l i t y  are large 

networks made up from lim ited  component types. In the case of electronics, 

the components are semiconductors, resistors, conductors, and capacitors; in 

process plants they are valves, pipes, f it t in g s , and vessels. In these large- 

network situations i t  is possible to learn from past experience and cost- 

e ffe c tive  component tests , relying on s ta tis tic a l evidence which applies 

because of the large numbers of ind iv idual, readily characterized, components 

involved. But when the components grow in size or are uncommon, there is  a 

decreasing amount o f va lid  evidence on r e l ia b i l i t y ,  and consequently an
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increasing uncertainty about what the overall r e l ia b i l i t y  of the system might 

be. Uncertainty over systems with larger or unusual components applies 

equally to e lec trica l and mechanical systems.

In evaluating the r e l ia b i l i t y  of an electronic c irc u it ,  the focus is  on 

the probability  one of the large number of components w ill  f a i l  and lead to 

loss of function in the system. Individual component fa ilu re  s ta tis tic s  and 

the interactions between components are well-characterized because the logic  

of a fa i lu r e ’ s effects can be mapped d ire c tly  from the c irc u it  diagram. Thus 

s ta tis t ic a l methods are appropriate fo r predicting the aggregate behavior of a 

sizable population of s im ilar individuals which make up the system.

Individual components which have the greatest influence on u n re lia b ility  may 

be id en tifie d  and replaced in the design with more re lia b le  ones.

I t  is more d i f f ic u lt  to characterize mechanical system fa ilu res  because 

the modes of fa ilu re  are so varied, because the interactions between 

components are not as c lear, and because a mechanical system is generally made 

of a smaller number of components, drawn from a much wider varie ty  of types. 

The d e ta ils  of the service environment, mode of loading, and manufacturing and 

service h istories for a material a ll must be considered in order to predict 

the likelihood of a fa ilu re . For only a few, lim ited classes of component, 

such as rolling-elem ent bearings, s ta tis t ic a l characterization is possible due 

to the clearly-defined manufacture and service (Juv ina ll, 1983). Even in 

these cases, some aspects -  loss of lubrication , dust or water damage, 

overloads or shock loads -  can lead to component behavior s ig n ifican tly  

d iffe re n t from the p robab ilis tic  prediction. Bearing manufacturers classify  

severe loadings as outside intended service conditions, although most o ffe r  

guidance on down-rating to su it loading conditions outside the norm. There
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are designs fo r which "improper" use o f a bearing is unavoidable. As a 

resu lt, designing fo r mechanical r e l ia b i l i t y  must focus on modes of fa ilu re ,  

that is the origins o f component fa ilu re s , rather than the effects of 

fa ilu re s . In industry, r e l ia b i l i t y  assessments of mechanical systems deals 

prim arily  with estimating, a fte r the fa c t, what the r e l ia b i l i t y  o f the system 

might be.

I t  is not necessary to consider r e l ia b i l i t y  improvement from the basis of 

finding a numerical measure of the probability  o f a successful system. A ll 

that is necessary to improve r e l ia b il i t y  is  recognition and prevention of 

potential fa ilu re s . In general the knowledge needed to prevent a fa ilu re  is  

considerably more compact than that fo r evaluating i t .  To improve a 

component’ s low-cycle fatigue performance, an engineer must address improving 

material properties and reducing the effects of component geometry and the 

load h istory. Despite the value of the damage accumulation theories and what 

is  known about fatigue microcrack formation in predicting the fatigue l i f e  for 

a given component, an a b il ity  to perform fatigue analyses contributes only 

subtly to understanding how fatigue performance could be improved. Failure  

mode id e n tif ic a tio n , in addition to being required to accomplish a r e l ia b i l i t y  

assessment, leads the engineer d ire c tly  to think about fa ilu re  mode 

prevention. Recognizing the potential fo r a problem is a substantial portion 

of the cure.

The foundation of r e l ia b i l i t y  evaluation is  fa ilu re  mode id e n tific a tio n . 

Building a fa u lt tree  to describe the origin and consequences of a single 

fa ilu re  is  a tractab le  problem, and given a l i s t  of potential problems there 

are tools and techniques which can assist in constructing the fa u lt  tree and 

producing the relevant analysis. But without correctly anticipating a ll
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potential problems, fa u lt  trees w ill not be complete, leaving p o ten tia lly  

important modes of fa ilu re  out of the r e l ia b i l i t y  evaluation. More 

importantly, fa il in g  to id en tify  a fa ilu re  which has potential in the design 

means the engineer w il l  not consider i ts  prevention. Support is  not read ily  

ava ilab le , in the form of e ith er methods or d irect tools, fo r assistance 

during fa ilu re  mode id en tific a tio n  during design.

In the past, mechanical designs have been b u ilt  relying on a series of 

prototype tests to provide the feedback. Economics, both time and budgetary 

l im its , now d ictate  that these tests "in iron" be minimized. Comer (1987) 

interviewed an engine designer at a heavy equipment company, who explained 

that his group has a goal of building only one prototype, as proof of concept, 

immediately prior to beginning production and sales. The group is 

disappointed i f  a prototype tes t does not produce results closely matching 

analytical and numerical predictions. Without feedback from physical tests  

there is a much greater need fo r thorough assessment of potential fa ilu res  in 

the design. Engineers no longer have the luxury of fix ing  the design a fte r  

fix in g  the prototype. The strategy fo r finding problems can easily  become an 

exhaustive search which, of necessity, remains incomplete. Within a 

constrained problem area, such as engine design, experience is important fo r  

keeping design decisions e ffe c tive  and fo r recognizing and elim inating  

potential problems. The discussion w ill return shortly to the role of 

experience.

There is  a serious economic lim it  on the process of fa ilu re  mode 

id e n tif ic a tio n . Because fa ilu res  seem to arise from the interactions between 

isolated d e ta ils , i t  is nearly impossible to id en tify  every possible fa ilu re .  

Knoll (1986) points out design checking is often lim ited  by the cost of erro r-
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hunting rather than by a ru le  defining the stopping point of the search based 

on the p o s s ib ility  of remaining, unidentified problems. Since exhaustive 

search is not re a lly  feas ib le , the choice o f stop ru le is  a major factor in 

the successful detection o f potential fa ilu res  in the design. A goal fo r  

developing suitable methods fo r searching is to id en tify  as many potential 

problems as possible with minimal investment. Achieving th is  goal allows a 

m ajority of time and of the analysis budget to be expended on the possible 

fa ilu res  of greatest importance.

In the past, judgement based on experience has played a major role in 

locating fa ilu re s . Judgement about fa ilu re  prevention was simply one o f the 

c re a tiv ity  problems le f t  to the engineer, relying on what Knoll (1986) ca lls  

"a rather fuzzy consensus of a number of experienced people". This approach 

was reasonably e ffec tive  because engineers had extensive experience with 

design, were involved in the production process, and had worked fo r years with 

p articu la r types of problem.

Experience is the best basis on which to check designs and correct 

potential problems. This conclusion was unanimous among the engineers with 

whom the author discussed design checking. The most e ffec tive  approach to 

improving judgement is through experience. Yet, because experience is 

"fuzzy", i t  has not been possible u n til recently to explain the reasons for 

i ts  importance. With the advent of expert systems, there has been renewed 

in terest in the psychological principles of e lic it in g  an expert’ s experience, 

and a clearer explanation of the value of experience has been developed.

Effective engineering experience is not lim ited  to analytical or 

technical matters. An ind iv idu al’ s entire  experience of a prior event comes 

into play in the memory -  not only the evaluation of i t ,  but also what was
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seen and what emotions were f e l t  in reaction. Evanson (1988) points out that 

when an expert is  interviewed about a problem, a great deal of the useful 

information is prefaced by expressions l ik e  " I see", or "I have a fee ling".

He warns th is  subjective, observational knowledge is probably even more 

important than the d irect analytical information.

I f  experience is  the best basis fo r fa ilu re  mode id e n tific a tio n , then the 

most useful supplement to human experience is the one which most resembles a 

real experience. An abstract description of a fa ilu re  mode is only a portion 

of the complete experience of a component fa ilu re . Being abstract, an 

analytical evaluation lacks many of the tie s  -  visual and emotional, for 

instance -  which helps them become lasting  memories fo r use in future  

problems. In other words, by evaluating a particu lar fa ilu re  mode only 

through use of abstractions, such as mathematics or s ta tis tic s  or even the 

logic of an MFLM, the engineer develops s k il l  in making the manipulations 

required to carry out the evaluation but develops l i t t l e  s k ills  in recognizing 

and preventing such a fa ilu re  in future assignments. Further, the use of 

abstractions presupposes a structure fo r what is known, and the user is forced 

to spend time meeting that structural requirement before the technique can be 

used.

A narrative case study encompasses a broader view, coming closer to an 

approximation of genuine experience. Since the goal is simply to id en tify  

modes of fa ilu re  which may require evaluation, reviewing experiences with 

sim ilar components, s im ilar m aterials, or sim ilar manufacturing processes can 

help the user to locate l ik e ly  problems. Since two contexts are provided, the 

case study and the design being reviewed, and since the narrative provides 

some lim ited  visual and emotional content as w ell, the user can learn by using
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the case study, and may be able to avoid a problem in the next design through 

antic ipation , rather than reacting a fte r  the fa c t.

A review of case studies as a design checking method does have one 

drawback: i t  is s t i l l  reactive in the sense that the engineer makes a series

of decisions, and then goes back to review them. An additional step to make 

erro r-free  design more achievable would help the engineer to consider case 

studies and other fa ilu re  information while decisions are being made. This 

requires the engineer to be knowledgeable about fa ilu res  and th e ir  prevention, 

which comes mostly from experience. I t  is possible to help the engineer 

accumulate experience fas te r, using mnemonic techniques which make the 

information easier to re c a ll.

5 .7 . Mnemonics to  Aid in  P red ic tive  F a ilu re  Prevention

In many situations a fa ilu re  may be prevented by having a single piece of 

information availab le . I f  th is  is true for every possible fa ilu re , then there 

are a reasonable number of these pieces which, i f  remembered when needed, can 

be used by the designer to anticipate and correct problems during design, 

instead of afterwards during design checking (or even la te r ,  such as in 

service).

In some cases, a single cue can remind the experienced engineer of a 

large volume of warnings. Simple statements which provide warnings about 

potential problems are important gems of wisdom which require capture. In 

th is  research, such statements are called one-liners, re flec tin g  th e ir  

compactness.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

163

The contrast between th is  compact, "one-liner" form and the ways 

technical knowledge is  usually conveyed is dramatic. A recent, w e ll-  

publicized problem provides a useful example.

Creep is a mode o f fa ilu re  which occurs in a ll metals, in fac t in almost 

a ll m aterials, dependent prim arily  on temperature. In metals, creep w ill take 

place when the service temperature exceeds about h a lf the melting point.

(Creep being a phenomenon driven by the thermodynamics of the solid , 

temperatures must be considered on an absolute scale. This is also a useful 

o n e -lin e r.) One might assume that creep is found only in elevated-temperature 

service, and therefore the need to consider creep in design would be obvious.

A problem with a fixed disk drive fo r personal computers (W ille t, 1988), 

however, indicates there are cases where creep is a problem at room 

temperatures. A flag  indicating the location of the zero sector on the disk 

p la tte r , essential fo r continuing correct operation, was attached to the disk 

shaft through an interference f i t ,  achieved by use of a screw which applied 

circum ferential stresses to the c o lla r holding the fla g . This design would 

have been an adequate solution, except fo r the fact that in production the 

c o lla r  was die-cast from a zinc a llo y . Zinc’ s melting point is low enough 

that i t  can creep at room temperature. Substitution of the zinc die-casting  

in production fo r the aluminum sand casting in the prototype led to the 

problem. The cost reduction associated with that substitution was dwarfed by 

the warranty claims and loss of sales generated by the problem.

Avoiding th is  problem required recognition of the potential fo r room 

temperature creep in the selected m ateria l. In narrative form, one only needs 

the observation that zinc creeps at room temperature. This one-liner could 

have prevented a very expensive problem. A more general, and therefore more
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f le x ib le , one-liner is  the observation that a ll metals creep when raised above 

roughly h a lf th e ir  melting point on an absolute scale. In the more abstract 

version, the engineer must s t i l l  stop to evaluate the melting point o f the 

metal in question with respect to room temperature.

The disk drive example illu s tra te s  the princip le of economy in knowledge 

representation. A single sentence would have been su ffic ien t to prevent a 

severe loss of qua lity  on the disk drive, reducing costs to the supplier, the 

vendor, and computer owners. The Zinc In s titu te  (cited in W ille t, 1988) does 

in fact warn creep can take place, but the warning is spread through several 

paragraphs in th e ir  information brochure. Succinct presentation o f the facts 

involved is v ita l to fa ilu re  mode iden tifica tio n  and fa ilu re  prevention.

The pressure vessel case reviewed above indicates another useful one- 

l in e r:  Repair welds can generate as many problems as they solve. There are

any number of experienced engineers, including the author, who have been 

forced to learn th is  from a series of repairs.

One-liners are most e ffe c tive  when they serve as a point of entry to 

reca ll of larger h istory. A case study dealing with unstable austenite 

i llu s tra te s  the point. The conveyor in a heat treating  furnace fo r steel 

parts is heated above the austenite transformation temperature, thus 

ord in arily  steels are not appropriate conveyor parts. Two typical solutions, 

both expensive, are to use nickel a lloy parts or to keep the conveyor parts 

cooled, such as with a water spray. One conveyor was designed to reduce these 

costs by using a Hadfield steel fo r the conveyor chain. Hadfield steels are 

made austenitic  at room temperature through the addition o f a large amount of 

manganese. The designer’ s reasoning was that an austenitic steel would not be 

affected by heating because the austenite transformation is avoided. A fter a
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series o f heating-cooling cycles as the conveyor ran, however, the chain links  

fa ile d  because the manganese had precipitated as carbides, allowing the steel 

to become f e r r i t ic  at room temperature and b r i t t le  because of the 

prec ip ita tes . In th is  example, the designer re lied  on "stable" austenite to  

solve a problem, when in the service environment the austenite wasn’ t  stable.

The mnemonic derived from the Hadfield steel case points out the 

importance of a context: stable austenite isn ’ t  necessarily stable. In

absolute terms, s tab ilized  austenite simply transforms back to fe r r i te  so 

slowly that we ord inarily  can assume i t  is stable. There are a number of 

mechanisms which can cause problems, and loss of assumed austenitic  

properties. These include formation of carbides or a lte rn ative  phases 

(through any of several mechanisms), embrittlement, stress-corrosion cracking, 

as well as p lastic  deformation. The one-liner provides the engineer with ju s t  

enough pessimism to use austenitic steels thoughtfully, but the connection 

between the one-liner and the greater supply of knowledge about austenite and 

i ts  in s ta b ilit ie s  must be fam ilia r i f  the engineer is to have any real 

benefit. One-liners do not represent a complete statement of fa ilu re  

prevention knowledge, rather they provide compact, mnemonic entry points into  

more complete descriptions o f potential problems.

One-liners are economical because they provide only the pointer to a 

potential problem. They are fle x ib le  and easy to use because they are simple 

in format. They are reasonably mnemonic, so the engineer has a better chance 

of using these concepts during design decisions, rather than to make 

corrections a fte r  the design decision has been made.

One might imagine there are an unreasonably large number of one-liners  

which might apply to a given project. The primary function of the one-liner
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is to improve access to what engineers already have in th e ir  experience. I t  

was argued e a r lie r  in th is  chapter that complete experiences, not sim plified  

abstractions, form the memories which are recallab le  fo r application to solve 

new problems. The complete memory of a case may not, however, be easily  

reca lled . The one-liner provides the memory cue to help reca ll of more 

complete information about a problem. Engineers cannot be expected to simply 

memorize a large number of one-liners out of context. The appropriate 

technique is  fo r one-liners to be presented as an adjunct to a case study or 

other fa ilure-prevention knowledge; and fo r engineers to develop th e ir  own 

one-liners about th e ir  own experiences.

5 .8 . Design Applications

The success of a design checking tool can be measured by its  a b il ity  to 

prevent errors which had, in the past, been prevalent. This section w ill 

review the success of some failure-prevention methods, then outline the form 

and uses of a somewhat more general tool which could be b u ilt  on the ideas 

developed in th is  chapter.

Organizing a book of cases fo r the purpose of providing an e rro r- 

prevention resource could require extensive indexing and cross-referencing.

The organization of such a volume becomes fixed at publication, while 

engineering needs continue to change. A computer-based approach can be 

arranged to make each search without an index by looking through the text of 

the cases fo r matches with keywords. Rather than continually updating an 

index, the computer can search rapidly enough with no index at a l l .  I t  is  

also important, however, to recognize that an exclusively computer-based
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system has lim its . Some o f these lim its  w ill be considered in the discussion 

of two experiments with th is  kind of design to o l.

N itta  e t .  a l . (1980) discussed an information system, called HIRIS-DR, 

which was intended to share fa ilu re  experience among the 20 divisions of 

H itach i, L td ., in Japan. The system operates by retriev ing  microfiche copies 

of fa ilu re  reports and design checklists. Selection from the fiche supply is  

automatic, based on keywords supplied by the user. Use of the system 

generated an immediate improvement in productivity. A fter three years, 

fa ilu re s  in one d ivision were reduced by about 85%, and design reviews were 

carried out in one-third or one-quarter of the time required prio r to 

introduction of th is  system. The particu lar feature of systems lik e  HIRIS-DR 

is they record and c ircu la te  corporate experience. Two divisions which are 

otherwise isolated from each other can share useful information.

In a project connected to the research reported here, Bednarz (1988) used 

commercially available tex t re triev a l software on a personal computer to 

assemble a simple system to search fo r relevant cases. I t  became almost 

ins tan tly  useful to engineers who were asked to tes t i t .  Although no data on 

industria l experience has been collected, an experiment was conducted with 

mechanical engineering undergraduates taking a materials course. For a power 

plant b o ile r tube, an unfam iliar component, students were able to id en tify  and 

begin reasoning about preventing, on average, about h a lf o f the potential 

fa ilu re s  of in te re s t. Some students did considerably b e tte r. For a gear, 

with which students were generally more fam ilia r, they were more e ffe c tive , 

iden tify ing  about three-quarters of the potential fa ilu re  modes o f in terest. 

From these experiments with inexperienced students, i t  is  possible to imagine 

how e ffe c tiv e ly  i t  might be used by experienced engineers. Even
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undergraduates could anticipate and move toward preventing h a lf of the 

potential fa ilu re s .

Students id en tifie d  fa ilu res  which were not related to the assignment, 

which Bednarz called "misses". A miss is simply a potential problem obtained 

during a search which is  not related to the design being reviewed. The 

engineer conducting the review is interested in relevance and severity of 

potential problems, and a reasonable number o f misses should be acceptable.

In part, misses are the fa u lt of the keywords used to conduct the 

search. Bednarz reported that searches in his system were lim ited by the 

(re la t iv e ly ) small number of keywords in the text o f each case. Other words 

could be used to name the same concept -  such as the synonymous terms cold 

cracking, hydrogen assisted cracking, and hydrogen embrittlement -  so recall 

was lim ited  not only by a v a ila b ility  of a concept within the case studies, but 

also by the user and case study sharing the same term for that concept. He 

supplied lim ited  sets o f synonyms to help the user find more productive 

keywords, which did help somewhat. An improvement would be a system which 

carried a large set of associations to synonymous keywords, allowing a wider- 

ranging search fo r associated cases, bringing with i t  the r is k  of a larger 

number of misses.

A more fundamental aspect of misses is  characteris tic  of text re trieva l 

problems, the relationship between reca ll and precision (B la ir  and Maron, 

1985). Recall refers to the number of relevant references obtained in the 

search, as a fraction  of the number of relevant cases actually availab le . 

Precision is  the number of relevant references as a fraction  of the to ta l 

references retrieved . The misses obtained by the undergraduates in Bednarz’ 

work are examples of precision less than unity. Precision and recall have a
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relationship much l ik e  strength and d u c tility  in metals; to make improvements 

in one i t  is  usually necessary to sacrifice  part o f the other.

The lim itin g  relationship between reca ll and precision does not pose a 

problem fo r a design review application. Recall is  improved by the fact that 

d iffe re n t cases have features in common, generating redundant supplies of 

information. The most common fa ilu re  modes are also the most represented in a 

collection  o f fa ilu re  case studies. Misses are not a problem since skipping 

over a case study o f no interest requires l i t t l e  e ffo r t .  Reviewing a case 

study summary which is of no interest also requires l i t t l e  e f fo r t .  Misses are 

not expensive, and therefore lower precision -  more misses -  can be tolerated  

in order to achieve greater re c a ll.

Notable in both Bednarz’ and N itta ’ s demonstrations is the absence of 

complicated assumptions about the user’ s needs. The systems are fast and 

e ffe c tive  in delivering to the engineer descriptions of situations that should 

be avoided. The engineer must then decide what further action on a given mode 

may be appropriate.

The effectiveness of the basic concept of narrative design checking 

systems have been shown by N itta  e t .  a l .  (1980) and by Bednarz (1988). An 

e a r lie r  section, discussing the FERRET application provides a contrast, a more 

exhaustive approach which was not as successful. In particu lar the difference  

in computing resources required is of in terest: the less successful method 

required a ll  o f the resources of a Unix-based engineering workstation; the 

more successful method was demonstrated by Bednarz on an ordinary personal 

computer.

The search fo r possible problems can be conducted from several 

directions. Some problems are associated prim arily with certain m aterials,
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others with particu la r fabrication processes or component types or service 

conditions. Some fa ilu res  require combinations of these. As each o f these 

new conditions is  developed through design decisions, the search fo r fa ilu re  

modes can be repeated fo r more detailed development o f the problem.

Component names and types are logical entry points into the lin k  of 

associations which re trieve  cases fo r error trapping in mechanical design. 

Because of s im ila r it ie s  in loading, geometry, service environment, and other 

features, components o f sim ilar type experience sim ilar fa ilu re  modes. 

Associations to s im ilar case studies may be used to advantage as a simple 

feature of CAE work packages currently being marketed fo r mechanical, concept 

development design, such as the ConceptStation (Aries, 1987) the Mechanical 

Advantage (Cognition, 1987), or I-DEAS (System Dynamics Research Corporation, 

1990).

The addition of a warning re triev a l subsystem to any CAE system could 

operate in the same manner. The engineer supplies pertinent information on a 

query screen to the design checking module. Information given fo r an early  

search could be as vague as component name or type, intended m ateria l, service 

environment, and manner of loading. In some cases, the search would have to 

be selected as the primary process. On more advanced systems, the pattern- 

matching process could run as a time-share in the background while the 

engineer works on the drawing and calculations. When the search is complete, 

the module would indicate that cases and related information are available for 

review.

There is some potential fo r incorporating the MFLM concept into a design 

checking system. The MFLM can be used as the basis fo r reasoning about 

prevention once a fa ilu re  mode has been found relevant to the design. At
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early stages, with l i t t l e  deta il yet defined, the search on a broad basis 

would y ie ld  cases from p rio r experience, warnings about material 

s u s c e p tib ilitie s , or perhaps sensitization . A principal application the 

author sees fo r the MFLM is  in fa ilu re  elim ination a fte r  detection by other 

means. Having id en tifie d  a fa ilu re  which may be a problem in the design, the 

engineer can use the MFLM to reason about a lternatives fo r prevention. The 

MFLM does provide economical and fle x ib le  knowledge about elim inating the 

potential problem.

I t  is  not assumed that a ll potential problems can be id en tified  at an 

early point, nor that a ll the problems id en tifie d  w ill  require correction. I t  

is up to the engineer to make these decisions. The purpose o f a design review 

subsystem is  to provide early  cues, reminding the engineer of possible 

problems. Evaluation of a potential problem may or may not involve 

calculations; in many cases the logic of the fa ilu re  ingredients are more 

d ire c tly  applicable to preventing incidence of the fa ilu re . Further searching 

on more detailed  information can be supported in the same manner, e ith er from 

keywords provided by the engineer or by automatic action based on information 

accumulating in the design f i l e  as further d e ta ils  are developed. Having 

id en tifie d  a fa ilu re  mode which is of concern, the engineer can use the design 

checking tool to  obtain information about corrective action and prevention. 

Other tools can be used to carry out whatever analysis is  required, at the 

direction o f the engineer.

Most CAE packages fo r mechanical engineering store a complete problem 

context in the design f i l e .  The results of searches fo r problems should be 

incorporated into the long-term memory about that component. When a s im ilar 

component is to be designed at a la te r  date, e ffic iency indicates the e a r lie r
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design f i l e  w ill  be modified as necessary to develop the new design.

Experience can be recalled as well as the part drawing. There is  a strong 

in terest in using corporate memory available through computer-aided design 

f i le s  to avoid "reinventing the wheel" by storing drawings fo r la te r  

adaptation to new uses (Gaertner, Nieva, and Argoff, 1986). Retaining a 

connected description of what problems were considered helps to avoid 

reinventing the square wheel -  that is , la te r  engineers know not only what 

workable solution was obtained in the end, they also have available a l i s t  of 

some of the p it fa l ls  which had previously been avoided so the engineer 

adapting the design can avoid bringing problems back into the design.

A simple extension o f the design checking subsystem described could 

include a " te ll  me about" digression feature. During the search process, upon 

reading a case study which seems to indicate a potential problem, the engineer 

can turn away from the review of cases to find more information about that 

specific problem. At that point the MFLM for the fa ilu re  can be presented, 

along with examples and references. This is , in essence, what engineers want 

when they turn to a reference book to read about a fa ilu re  mode.

This " te ll  me about" diversion is the basic operating idea o f some 

re la tiv e ly  new software products based on the hypertext concept (Conklin, 

1987). A useful model of hypertext software is  a set of index cards connected 

by threads, which represent cross-references. The orig inal idea was to allow 

researchers to accumulate notes about th e ir  work without constraining them to 

the lin e a r , sequential organization forced by notebooks and conventional 

documents. At present, hypertext does not seem w ell-su ited  to a fle x ib le  case 

study re trie v a l system because the links themselves are a primary aspect of 

the data structure. Typ ica lly , these links must be created when a new note-
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card is  added to the data store, whereas in the hypothetical design checking 

tool discussed above such links should be created by the act o f searching 

(Frisse, 1988). S t i l l ,  the basic idea may be a useful one i f  a suitable  

reorganization of p r io r it ie s  can be achieved.

The computer-based tools being used to support design have not, until 

recently, provided a basis of support fo r evaluations other than those 

quantitative and numeric in nature. Current developments lead in the 

direction  of tools which can support q u a lita tive  reasoning as well -  such as 

review of related fa ilu re  case studies -  p articu la rly  when the users do a lo t  

of the reasoning fo r themselves. Further development in the same d irection , 

however, w ill be necessary before the hypothetical tool described in this  

section can be realized.

5 .9 . Summary

This chapter contained a report on a few experiments in tools to aid the 

engineer in handling a d i f f ic u lt  problem: fa ilu re  prevention. A successful 

approach to design fo r fa ilu re  prevention is review of fa ilu re  cases in 

related designs. The re la tio n  might be sim ilar m aterials, sim ilar function 

required of the component, s im ilar manufacturing steps, or s im ilar service 

environment and conditions, among others as well as combinations.

Three approaches to design checking have been discussed and contrasted. 

The f i r s t ,  the FERRET system, was quite structured in its  approach, and 

exhaustive in its  executions, and for those reasons more res tric ted  in its  

usefulness. The MFLM approach used as a basis for FERRET is not at fa u lt; the 

basic approach has been used successfully in other implementations and has 

been shown above to have useful applications. The structuring imposed by the
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architecture of the FERRET system lim ited  the system’ s usefulness. The system 

i t s e l f  was designed to make decisions, lim itin g  the system’ s a b il ity  to 

support design except in specific , narrow situations.

The second system considered was re la tiv e ly  free of structuring  

assumptions on the part of the developer, and provides simple information 

about fa ilu res  in s im ilar designs to the engineer, to be the basis of 

decisions about fa ilu re  modes which require consideration. Several d iffe ren t  

methods may be used to implement a case study review system, including 

computer-supported systems as well as less complex techniques. Having less 

structure, a case study system is more f le x ib le , allowing the system to be 

adapted to a wider range of applications. Coherence is  achieved by the 

context carried with the case study narrative . Decision-making is  le f t  to the 

user, so the decision can be influenced by the fu ll  context of the problem 

under review, allowing simplifying assumptions to be made, and permitting 

adaptive interpretations of the resu lts .

Tools based on case study reviews are re la tiv e ly  simple to use, allowing 

the engineer to remain in control of the process of deciding what to do about 

the problem a fte r  i t  has been located. In fa c t, the engineer is required to  

make decisions about fa ilu re  modes, enhancing s k ill  development and reducing 

long-term dependence on the too l. The case study method discussed in th is  

chapter has the cap ab ility  to provide support exactly where i t  is needed, in 

the problem of recognizing subtle patterns which may indicate a problem.

Case studies may be used for both general and specific aspects of 

corporate memory. Cases may be reviewed indiscrim inately in a search for 

related problems which may guide thinking in other designs. A complete design 

f i l e  can include cross-references to cases which were helpful during the
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engineering process, allowing a la te r  engineer, adapting a design to new uses, 

to avoid problems which had o r ig in a lly  been dealt w ith.

The lesson from the comparison o f the FERRET system with case study 

approaches is th a t, by selecting a p articu la r detailed structure as the basis 

fo r solving a p articu la r problem, the creator of a design tool necessarily 

imposes lim its  on the ways the tool can be used, lim itin g  f le x ib i l i t y .  This 

is a general conclusion with v a lid ity  in a wide variety  of s ituations, and 

provides an important guidance point fo r design of design tools.

One-liners are a technique which engineers could use to improve th e ir  

a b il ity  to recognize possible flaws as they are f i r s t  introduced. One-liners 

in te rn a lize  mnemonics which serve as compact cues to larger, more complex 

information which need not be retained in memory at a l l .  One-liners create a 

situation  conducive to predictive fa ilu re  prevention at the e a r lie s t possible 

moment, instead of during design checking.

Designing fo r fa ilu re  prevention sh ifts  emphasis from finding and 

correcting errors and problems, to anticipating problems and making the 

orig inal design e rro r-fre e . E ffective recognition o f potential problems is  

the key issue in both feedback, design checking methods and feed-forward, 

predictive design fo r fa ilu re  prevention. To achieve the forward-looking 

approach to e rro r-fre e  design, the tools and methods used fo r design checking 

must provide an avenue moving away from the more common feedback approach.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

176

Chapter 6 
Knowledge Engineering fo r  Design

In the two previous chapters, examples o f the knowledge necessary for 

engineering design have been presented. Borrowing the concept of "knowledge 

engineering" from expert systems developers, the author w ill in th is  chapter 

develop from those examples some conclusions about the knowledge which 

engineers use fo r design, how i t  is  represented, and how i t  is structured.

The concepts o f f le x ib i l i t y  and coherence w ill receive a more detailed  

d e fin itio n , and a method w ill  be presented fo r evaluating how well a knowledge 

structure f i t s  the needs o f a design engineer.

6 .1 . Knowledge Representation fo r Design

The issues o f m anufacturability and fa ilu re  prevention, discussed in the 

fourth and f i f t h  chapters, i l lu s tra te  the variety  inherent in the knowledge 

necessary for e ffe c tive  design decisions. In th is  section an organization of 

the useful forms knowledge can take w ill be presented, defining them in the 

context of th e ir  level of deta il and the form of reasoning necessary to apply 

that knowledge in design. Based on the organization described in th is  

section, the section to follow contains expanded defin itions of f le x ib i l i t y  

and coherence, and describes means fo r achieving those desirable properties 

when recording knowledge fo r design use.
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I t  is  f i r s t  necessary to discuss the concept of knowledge representation. 

Like design, knowledge representation can be a verb as well as a noun. A 

knowledge representation may be an object, the structure in which knowledge is 

recorded. Knowledge representation is  also the act of creating and using such 

a structure. Because of the constraints on computer-based reasoning, 

knowledge representation in a r t i f ic ia l  in te lligence research refers to 

p articu la r structures fo r recording knowledge in a form amenable to 

manipulation by a computer. Perhaps the most well-known knowledge structure  

in a r t i f ic ia l  in te lligence is the production rule (Hayes-Roth, Waterman, and 

Lenat, 1983), which imposes the format of predicate logic on the knowledge i t  

records. Rather than discuss particu la r knowledge representation schemes, 

th is  chapter w ill focus on determining how well a representation meets the 

needs of a designer.

Within the d efin itio n  of knowledge representation for computer purposes 

there lie s  a root d e fin itio n  which can be applied regardless of the intended 

user of the knowledge. Knowledge representation is the collection of 

structures which put the knowledge into a form convenient fo r the intended 

user to solve problems. Two features of th is  defin itio n  are important: the 

required form is  driven by the needs o f the user, and the knowledge is  being 

collected because i t  w ill be used as a basis fo r problem-solving.

No product can succeed i f  i t  was developed without considering how i t  

w ill be applied by its  users. The same is  true fo r new ideas in engineering. 

The intended product of engineering research is  new ideas to be applied, 

during design, to development of new products. Therefore ideas which are 

intended to be applied by design engineers must be presented in a way suitable  

fo r use during design. Since most research products are not of a suitable
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form, i t  is necessary to add an additional step, a fte r  the generation of new 

information, to restructure the information fo r use. Nadler (1981) ca lls  th is  

step reduction to practice. However, the use of the word "reduction" implies 

there is some lessening of value in that step, one not worthy of a 

researcher’ s e ffo rts . The author prefers to apply the concept of fitness for  

purpose to new information. Researchers must ask themselves whether the 

information they have generated is  f i t  for the purpose of supporting new 

product development.

The reason fo r conducting engineering research is to advance the product 

development process. Therefore the reason fo r spreading information produced 

by research is to expand the design engineer’ s resources. The main support 

required of engineering research is  improved methods fo r solving problems.

The a ttr ib u te  which characterizes a knowledge base is  the degree to which 

the information i t  contains is interconnected. Two separate knowledge bases 

cannot simply be combined to form a single knowledge base because they have no 

connections between them; even when combined, the two knowledge bases w ill 

remain prim arily  independent. This lim it appears to be the underlying reason 

why two separate expert systems cannot be combined to solve s t i l l - la r g e r  

problems. However, more than one knowledge structure can be incorporated 

w ithin a single knowledge base. To improve connections between separate 

knowledge bases, two changes are required: use of a larger variety of 

knowledge structures w ithin each knowledge base, and development of a 

foundation o f connections between knowledge bases.

Expressing a ll  of engineering within a single knowledge base is a 

desirable goal which may, eventually, be reached. At present, knowledge for 

engineering design is splintered. Each d iscip line w ithin engineering has its
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own researchers, and there is  very l i t t l e  work being done to deal with the 

interactions between d iscip linary areas. Since the author contends that 

design deals prim arily  with the interactions between areas, the previous 

sentence can be restated by saying that very l i t t l e  of contemporary 

engineering research supports the design function, not because the targets of 

research are selected improperly, but because the form in which the results  

are distributed are not suitably f i t  fo r the purpose of solving design 

problems because they are insular in nature and lack the necessary connections 

to the rest of engineering.

Expert system development involves long and intense e ffo rts  by domain 

experts, as well as the knowledge engineer. Winograd and Flores (1986) 

observe that in most cases the collection and structuring of knowledge created 

by expert system development is as s ign ifican t a research contribution as the 

expert system i t s e l f .  This is  an indicator th a t, in addition to knowledge- 

producing research in engineering, there is also a need for research, such as 

the research reported in th is  thesis, into organizing and representing 

knowledge fo r design use.

There is  a substantial g u lf to be spanned between the ways engineering 

information is  generated and the ways i t  is used. While th is research has not 

produced a universal method fo r making the connection, concepts which can 

serve as guidance fo r thinking about the problem have been introduced. The 

concepts are the attributes which knowledge fo r design must have: f le x ib i l i t y  

and coherence. These two concepts were introduced and informally defined in 

the f i r s t  chapter; the section following w ill expand on the defin itions and 

demonstrate how they can be applied in thinking about structuring knowledge 

fo r engineering design.
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6 .2 . D e fin itio n s  o f F le x ib i l i t y  and Coherence

The primary need o f an engineering designer is  the support required for 

economical problem-solving. Two working principles were introduced in the 

f i r s t  chapter: f le x ib i l i t y  and coherence in the supports fo r problem-solving. 

This section contains more complete and e x p lic it  defin itio ns  o f these two 

terms. Before those defin itions are presented, i t  w ill  be useful to consider 

the relationships between the d iffe ren t knowledge forms presented in the 

fourth and f i f t h  chapters.

Figure 12 indicates two axes which can be used together to c la r ify  the 

re lations between d iffe re n t knowledge forms used in engineering design: the 

nature of the information, and the level of deta il involved. Information can 

be used fo r reasoning which varies in form from quantitative to q u a lita tive . 

Quantitative reasoning deals with things which can be stated an a ly tica lly  or 

numerically, such as equations or data. Q ualitative reasoning handles more 

descriptive information, such as a narrative description of a process, or 

phrase descriptions such as the individual elements o f a Material Failure  

Logic Model.

The level o f deta il can vary from the p articu lar to the general.

Examples of p articu la r expressions are data, such as the machinability data 

used in the fourth chapter, or descriptions of single events or processes. 

General information is  more abstract, for example an equation or a Material 

Failure Logic Model.

Although the two axes shown in Figure 12 are continua, i t  is  a convenient 

approximation to id e n tify  entries along an axis by the axis endpoint. This 

divides the knowledge representation map into four quadrants, which are also 

shown in Figure 12. The examples discussed above in the defin itio ns  of the
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axes appear in the appropriate quadrant on the map. The sim plified , quadrant 

version of the knowledge representation map is useful because i t  eliminates 

the need to make a quantitative judgement o f a location on an axis.

The view of the knowledge representation map shown in Figure 12 is  the 

view the author w ill use most in the discussions to follow . However, there 

are other dimensions to the knowledge representation map. The th ird  axis, not 

shown in the two-dimensional view of Figure 12, is an axis which shows the 

continuum of knowledge. In practice, th is can be an axis labeled with the 

names of the various discip lines w ithin engineering. Another view of the 

knowledge representation map, which appears la te r  in th is  chapter, w ill make 

use of the th ird  axis.

The knowledge representation map is used in th is  chapter to reason about 

the knowledge used by engineers fo r problem-solving during design. I t  was 

created by the author as a tool to support an assessment of the state of the 

engineering knowledge base. There are other potential uses of the knowledge 

representation map which are not indicated in th is  chapter, such as to 

evaluate tools intended to support design decision-making.

The knowledge representation map can be used to re fine  the defin itions  

of f le x ib i l i t y  and coherence. By refin ing the defin itions at th is  point, i t  

is possible to c la r ify  the needs of knowledge representation fo r design.

Because the fundamental problem being addressed is allowing the engineer 

to include more, unfam iliar information as a basis fo r expanded design 

decision-making, the discussion in th is  section deals equally with an 

established knowledge base and the attempt to add to that knowledge base by 

adding new information produced by research. The examples discussed in 

Chapters 4 and 5 both illu s tra te  the problem of incorporating new information
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into a p artic u la r decision, and those examples w ill reappear in th is  section 

to i l lu s tra te  the d efin itio ns  being discussed.

F le x ib il i ty  is achieved when, on a knowledge representation map, the 

knowledge recorded spans a large area on the map. In Figure 12, the region 

labeled "C" has low f le x ib i l i t y  because i t  has only a lim ited extent in e ith er 

level of d e ta il or nature of information. The regions labeled "A" and "B" 

have high f le x ib i l i t y .  As in the working d e fin itio n  given in Chapter 1, 

f le x ib i l i t y  refers to f le x ib i l i t y  in usage for design.

Two common modes of improving f le x ib i l i t y  in knowledge are illu s tra te d  in

Figure 12. One mode is to expand the knowledge in a way that increases its  

span by relying on connected information, as in the region labeled "A".

Another is to re ly  on im p lic it connections between two separate areas, as in

the region labeled "B".

Examples of these two flexures appeared in the previous two chapters. A 

case study contains narrative references to a wide variety  of d e ta ils  and 

abstractions. A case study makes reference to a varie ty  of academic 

d isc ip lines . A case study contains both quantitative and q u a lita tive  

information about the situation being discussed. Figure 13 illu s tra te s  how a 

case study can be used to achieve f le x ib i l i t y  by connecting together 

information about fa ilu re s , such as the mechanism of the fa ilu re  and the data 

used to diagnose the fa ilu re  by reference to the d eta ils  of a particu la r  

fa ilu re . The case study illu s tra te d  in Figure 13 is the strain-age  

embrittlement case reviewed in the previous chapter; also diagrammed are some 

of the d isc ip linary  areas which make contributions to the case.

The development of m anufacturability data illu s tra te s  f le x ib i l i t y  by 

relying on im p lic it connections between two regions in the knowledge
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representation map. Figure 14 illu s tra te s  how machinability data is  connected 

only im p lic it ly  to the more abstract machinability index discussed in the 

fourth chapter. For the machinability index, there are at least two links  

between the two areas, a quantitative lin k  dealing with the empirical equation 

provided by Datsko (1966), and a q u a lita tive  lin k  in the author’ s description  

of the physical processes involved in metal removal.

While f le x ib i l i t y  refers to the extent or span of a region on the 

knowledge representation map, coherence refers to how strongly connected the 

region is . Thus region "C" of Figure 12, although of low f le x ib i l i t y ,  is of 

high coherence. Region "A" is also o f high coherence, while region "B" is of 

low coherence.

In Figure 13, the high coherence o f a case study is illu s tra te d . In 

contrast, the m achinability information diagramed in Figure 14 is  of low 

coherence, revealing a location where further knowledge development can 

improve the general usefulness of knowledge about manufacturing.

F le x ib il i ty  in knowledge is achieved by relying on knowledge with a broad 

span on a knowledge representation map. Coherence is achieved by assuring 

that the d iffe re n t aspects of the knowledge are connected together through 

e x p lic it  concepts which can be shown on a knowledge representation map; the 

highest coherence is  a region which does not re ly  on links between separate 

areas.

A very common method of achieving coherence is suggested by region "C" 

in Figure 12: to remain in a narrow area on the knowledge representation map, 

sacrific in g  a ll  f le x ib i l i t y .  I t  is the author’ s opinion that the narrow, 

in fle x ib le  approach characterizes much engineering research today. S im ilarly ,
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one of the easiest ways to achieve f le x ib i l i t y  is at the expense of coherence. 

I t  is necessary, then, to balance the two goals in order to achieve 

improvements in knowledge representation.

One can use the quadrant s im plification  of the knowledge representation 

map to sim plify the defin itions of f le x ib i l i t y  and coherence. On a quadrant 

map, f le x ib i l i t y  means simply the knowledge spans across more than one 

quadrant. Coherence means the crossing between quadrants is the result o f 

strong connections within the knowledge being represented (region "A" in 

Figure 12), not on thready external connections (region "B").

On the basis of these refined defin itions of f le x ib i l i t y  and coherence, 

the remainder of the chapter contain discussions of some specific  applications 

to improving knowledge representation fo r design.

6 .3 . Integration o f the Design and Integration o f the Design Process

Integrating computer-aided engineering systems is the subject of 

considerable research in te rest at present. At present, the goal of 

integration developers seems to be automating the process of moving a design 

from a CAD system to a computer-controlled manufacturing environment -  that 

is , automating the process of communicating the design to the manufacturing 

f a c i l i t y .

Integration in engineering means communication. Peters (1987) considers 

the whole of computer aids to manufacturing as a problem of communication 

between human beings. Chorafas (1987) describes the primary function of CAE 

tools as enhancing communication between d iffe ren t people working on a 

project. Two key aspects are important: the emphasis on communications, and
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the fac t that communications among human participants in the process (rather 

than the computers) is the paramount concern.

For the most part, integration in manufacturing is being pursued from the 

basis o f large databases fo r improving access to information at a very 

detailed  level (Yeomans, Choundry, and ten Hagen, 1985). By visualizing  a 

knowledge representation map, one can see a large, detailed  database has good 

coherence but has l i t t l e  f le x ib i l i t y .  F le x ib il i ty ,  achieved by including more 

than numerical data in the information to be shared, improves integration by 

increasing the potential uses of the information fo r a given user, and as a 

resu lt by increasing the number of potential users. Coherence must be 

preserved by developing conceptual links between the data and other forms of 

the same information. Coherence improves integration by supporting 

development of a context as a basis fo r reasoning about new problems.

Integration can be considered by use o f a d iffe re n t view o f the knowledge 

representation map, illu s tra te d  in Figure 15 and sharing a vertica l axis with 

the map o f Figure 12. The horizontal axis is  orthogonal to the view shown in 

Figure 12. This map contains discrete lis tin g s  of the d iscip lines involved in 

the knowledge base.

Integration can be considered in terms of which axis defines the 

principal d irection of the interconnections w ithin a knowledge base.

Horizontal integration is dominated by connections between d iffe re n t subject 

areas. Vertical integration is  dominated by interconnections between 

d iffe re n t levels o f d e ta il w ithin a subject area. Integration o f knowledge 

fo r the design a c tiv ity  is the same as developing improved coherence w ithin  

the knowledge base.
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Horizontal in tegration , illu s tra te d  by region "A" in Figure 15, deals 

with connections between d iffe ren t subject areas which are important to the 

project. Region "B" is  also an example of horizontal integration, although i t  

is  at a more general level of d e ta il. The connection from material selection  

to  the m anufacturability indices developed in the fourth chapter could be 

represented by region "B", while the intended connection to material selection  

from the machinability data being used in databases fo r computer-integrated 

manufacturing is better represented by region "A".

Vertical integration deals prim arily  with connections between d iffe ren t  

levels o f d e ta il w ithin a given subject area. Region "C" in Figure 15 

illu s tra te s  vertica l in tegration. The connection between a Material Failure  

Logic Model and the more detailed information about a fa ilu re  mode is an 

example of ve rtic a l integration.

Both ve rtic a l and horizontal integration are important to achieve the 

communication improvements which w ill produce the gains in design productivity  

being sought. At present, development of integration approaches seem to focus 

on detailed , horizontal integration, illu s tra te d  in Figure 15 as region "A".

In the author’ s opinion, improved vertica l integration is the primary need in 

order to achieve economical, e ffec tive  decision-making. Horizontal 

integration at the detailed le v e l, illu s tra te d  by design fo r manufacturability  

as discussed in the fourth chapter and by region "A" in Figure 15, is  

expensive and painful to achieve and then loads down the designer with 

additional d e ta ils . Horizontal integration at a more general leve l, as 

illu s tra te d  by region "D", is  less d i f f ic u lt  at the general level because the 

connections between d iscip lines is  based on general principles of broad 

v a lid ity , not on the specifics of each area.
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Contemporary work toward integration o f design to manufacturing planning 

is  focused on creating more access to the detailed manufacturing information 

(Yeomans, Choundry, and ten Hagen, 1985). This is  an attempt to achieve 

horizontal in tegration, but a very restric ted  integration w ill  re s u lt. I t  has 

been recognized that poor m anufacturability in a design re fle c ts  poor 

connectivity between manufacturing knowledge and design. Research work in 

design fo r manufacturability is  attempting to .create more connections. 

Coherence can be improved through the creation of these connections, but at 

the expense o f reduced f le x ib i l i t y  because a ll of the new connections are 

being handled as deta ils  -  in one quadrant of the knowledge representation 

map.

Coherence can also be improved through integration based on 

generalizations. Vertical integration can create a coherent and fle x ib le  

knowledge base within each d iscip linary  area by making connections between 

detailed results o f research and broader generalizations about the subject. 

Between subject areas, connections at a more general level improve f le x ib i l i t y  

and preserve coherence; doing so using knowledge that is economical to apply 

during design decision-making.

Horizontal integration, currently existing prim arily at the detailed  

le v e l, is appropriate at other levels as w e ll. The design-for- 

m anufacturability approach described in the fourth chapter supports horizontal 

integration at a less detailed , more abstract level of reasoning by connecting 

manufacturing concerns to material selection. Just as horizontal integration  

at more general levels is needed, vertica l integration is needed through a 

varie ty  of major emphases. The resu lt is  a network of horizontal and vertica l 

connections within the knowledge base needed to carry out design. The network
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provides fo r increased f le x ib i l i t y  and coherence in the engineering knowledge 

base.

The most important point to recognize is that horizontal integration  

between d iscip linary  areas is  easier to accomplish, more economical, and 

generally more fle x ib le  at a generalized le v e l. Therefore there is a need for  

two kinds o f knowledge development fo r design: development of v e r t ic a lly -  

integrated knowledge w ithin single d isc ip linary  areas, and development of 

generalized, horizontal connections between areas to make the engineering 

knowledge base more coherent.

Improved connectivity within the knowledge base does not require a great 

deal of additional knowledge; fo r the most part the knowledge necessary to 

achieve better integration is already availab le . But available knowledge must 

be reorganized to su it the needs of the overall network, rather than just 

f i t t in g  into the particu lars of a local issue. Specialized domains of 

knowledge tend to emphasize th e ir  own node in the network, often at the 

expense of the connections to the remainder of the network which makes that 

domain useful for design. In the worst cases, researchers operate as though 

there were no other nodes on the network at a l l ,  resulting in coherence 

lo c a lly  but extremely lim ited  f le x ib i l i t y .  In Chapter 5, the large amount of 

availab le  fa ilu re  analysis information was contrasted with the considerably 

smaller supply of fa ilu re  prevention information. This contrast is an example 

of knowledge which is  extensive and coherent w ithin its  own localized area, 

but has not been connected well to other subject areas, and fo r that reason 

lacks the f le x ib i l i t y  necessary fo r design. In the case o f fa ilu re  

prevention, the resu lt of poor connection to the general engineering knowledge
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base is persistent recurrence o f preventable fa ilu re s . In the case of 

manufacturing, the resu lt is designs of poor manufacturability.

In addition to improving connections between knowledge domains, i t  is  

also necessary to restructure knowledge fo r application at d iffe re n t levels  of 

abstraction, achieving vertica l in tegration. The d iscip linary  knowledge 

needed is generally availab le, although an understanding of how i t  may be 

restructured requires further development. The restructuring must be guided 

by the needs o f application in product development. The manufacturability  

knowledge developed in the fourth chapter is an example of such restructuring  

from knowledge which is already available.

Improvements in integration deal with making improvements in the 

f le x ib i l i t y  and coherence of the engineering knowledge base. Integration is a 

convenient unifying concept, because i t  can be used as an omnibus which 

conveys much o f the substance of current issues in design.

6 .4 . Communicating the Design

Integration of engineering, viewed as a whole, is the problem of 

improving the design as a device fo r communication. O rd inarily , i t  is assumed 

the design is the detailed part and assembly drawings, intended for 

communication between the deta iling  designer and the fabricato r. This is but 

one, lim ited view of the range of communications required in the design. One 

should not imagine the design is recorded en tire ly  in the drawing.

Another purpose of the design is to convey to users how the system is to 

function. Users do not generally require th is  guidance when the system 

operates correctly , so the design must incorporate information to support 

trouble-shooting and repairs. Often a technical manual is prepared to
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supplement the drawings; th is  manual contains prim arily information generated 

by the designer.

A very important use of the design is to maintain corporate history.

Some component types are used repeatedly, and for that reason the drawing of 

an existing , proven component can be adapted to new uses with considerably 

less expense than developing an all-new component. This is commonly referred  

to as the need to avoid reinventing the wheel. In the past, adapting existing  

designs to new uses re lie d  on an individual engineer’ s experience with a 

component type, rather than on recording the experience in a f i l e  belonging to  

the organization.

As noted in the f i f t h  chapter, major selling  point for CAD systems is 

that they help the organization avoid reinventing the wheel (Gaertner, Nieva, 

and Argoff, 1986). I t  is true that a drawing on the CAD system is  readily  

available for adaptation to new purposes. The U.S. Navy (Webber, 1986) is now 

providing magnetic media copies of CAD drawings to its  offerors as part of the 

technical information in bid packages fo r design and construction of its  ships 

because the drawings can be adapted by a bidder for cost estimating, for 

evaluation, or for proposing modifications.

Cognition (1987), and s im ilar tools recently introduced to the market, 

deal in part with avoiding prio r problems. The design the Mechanical 

Advantage workstation records is not ju s t the drawing, i t  also includes the 

formulas and calculations used to obtain that drawing. The Mechanical 

Advantage system provides p a rtia l vertica l integration, because a sketch 

developed on that system can be transferred, through an industry-standard data 

structure, to a CAD system more capable of recording the deta ils  as they are
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f i l le d  in . The CAD system might in turn be used to communicate the geometry 

to a CAM system.

An e ffe c tiv e , integrated design tool must provide the means to record not 

only the finished part and assembly drawings, but also the designer’ s intent 

and concerns as part of the design f i l e .  Reinventing "square wheels" can be 

reduced i f  notations about the problems which were considered and avoided can 

be recorded in a reasonably compact form. Compactness is important fo r two 

reasons: there is  a l im it  on how much more information can be stored in the 

design f i l e ,  and there is a l im it  on how much more information can be handled 

by the engineer who wishes to adapt the design to a new use.

Another aspect of horizontal integration is d is tribu tion  of information 

to the many actors involved in the d iffe ren t aspects o f product development 

(Yeomans, Choundry, and ten Hagen, 1985). Data and knowledge important to the 

design exist in a variety  of forms and in a variety o f locations. Vertical 

integration of the knowledge base provides the avenue for economic 

communications between the members of a design team. In developing vertica l 

integration i t  is necessary to consider how the knowledge at one level may be 

translated to another le v e l. An example of th is exercise is  the 

m anufacturability approaches developed in the fourth chapter, where the goal 

was to take detailed  information and translate its  v ita l elements into a 

broader context.

I t  is also necessary to coordinate applicable data about the design and 

about the manufacturing situation fo r use at other leve ls . One approach to 

th is  can be based on the case studies applications discussed in the f i f t h  

chapter. The purpose of the case study systems was to take experience with 

in-service and manufacturing fa ilu res  and make them useful during e a r lie r
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decision-making. The orig inal in tent is to  provide guidance fo r design 

checking, but an important secondary goal is  to give enough feedback (from 

prior experience, other persons on other projects) to engineers that they can 

learn to avoid such problems during design rather than correct them a fte r  

commission.

6 .5 . Context fo r  Design Decisions

The context created by a case study is  a primary reason fo r the success 

of the case study basis fo r design review, which was discussed in Chapter 5. 

For the purposes of engineering design, context can be defined simply as the 

information which allows a generalization to be correctly interpreted and 

applied to a specific  problem, which indicates how coherence and f le x ib i l i t y  

are both necessary to support a context. In other words, the engineer’ s view 

of the problem must be broad enough to understand the how new information 

relates to the problem. In a sense, context refers to the connection between 

what the engineer needs to know about the specific  design problem and what he 

already knows about other, related problems and about methods of problem

solving. In th is  section, two applications of context w ill be discussed: the

design checking ideas which were examined in the f i f t h  chapter and the problem 

of introducing new technologies to a designer.

The connection between a problem to be solved and the knowledge base 

available to solve i t  is influenced by f le x ib i l i t y  and coherence in the 

knowledge to be used. Limits on these two properties l im it  an engineer’ s 

a b il ity  to apply the knowledge because the connections needed to obtain a 

context may be incomplete, missing, or too d i f f ic u lt  to create.
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Many modes o f fa ilu re  are not fam ilia r to designers, and to locate and 

elim inate a potential fa ilu re  which is  not fa m ilia r, the engineer requires a 

connection between the unfam iliar, new information and the knowledge already 

availab le . The case study review, discussed in Chapter 5, provides an example 

of a context-setting method.

An e ffec tive  way to create a context is to provide an example. In the 

case study reviews, the example is the narrative of a p articu la r fa ilu re  case. 

The case study description contains not only the example, i t  also makes 

reference to the mechanism of the fa ilu re , giving the root causes and examples 

of them, and to the usual progress o f the fa ilu re . This provides the abstract 

information about an unfam iliar fa ilu re  mode in the context o f a concrete, 

recognizable example, providing a path by which unfam iliar information can 

become usable.

Many new technologies and new ideas are developed with the intent that 

they w ill improve products. Efficiency in a power plant is  improved prim arily  

by increasing the difference between the coldest and the hottest locations in 

the p lant, making development of high-temperature m aterials desirable. 

Improvements in both aerospace and ground vehicle applications re ly  heavily on 

increasing the load-carrying capacity of a vehicle without increasing the 

weight, leading to development of high-strength and h igh-stiffness materials 

such as f ib e r  composites. However, these new materials have properties 

d iffe ren t from others which are more fam ilia r to engineers, making i t  

d if f ic u lt  to use them e ffe c tiv e ly .

Fiber composites provide a useful example of the problem of introducing 

new information. The author’ s reading of a sampling o f the lite ra tu re  on 

composites, such as Agarwal and Broutman (1980), indicates that researchers
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seem to concentrate on why composites are d iffe re n t from metals In th e ir  

mechanical behavior. Differences might be Important when considering the 

deta ils  of an application, but when try ing to decide I f  a composite w ill serve 

where the engineer might have put metal, the ways In which a composite behaves 

l ik e  the metal i t  might replace are important. The s im ila r it ie s  between a 

composite and a metal are the context, which allow the engineer to reason 

about candidate materials on a basis of equivalence. Even i f  the differences 

are important, s im ila r it ie s  create the connection to what the engineer already 

knows, allowing the exceptions to be treated properly.

Without a context, the engineer is constrained to making a decision based 

on incomplete evidence. This has in the past led to problems. The bankruptcy 

and reorganization of Rolls-Royce in the early 1970’ s can be attributed  

largely  to a decision to use composite blades in the compressor section of a 

je t  engine being b u ilt  fo r large a ir lin e rs  (Eddy, Potter, and Page, 1976).

The new directors o f the reorganized company made an equally underinformed 

decision to elim inate composites, and replaced in metal some p las tic  and 

composite parts which were unrelated to the problem blades.

In the author’ s experience with tens ile  tests on glass-polyester 

composite specimens, there are many important s im ila r it ie s  between composites 

and the more common isotropic m aterials. For example, a random-fiber 

composite exhibits lin e a r , e las tic  behavior up to a lim itin g  stress, when a 

decrease in the slope of the stress-stra in  lin e  is observed. Beyond that 

point, there is a non-recoverable component of damage as well as a recoverable 

e la s tic  component. Even though the mechanisms are e n tire ly  d iffe re n t, the 

author finds a useful analogy to the tens ile  behavior of a work-hardening 

metal.
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A directional composite, loaded in the direction of the fib e rs , w ill 

exh ib it lin e a r e la s tic  behavior rig h t up to fa ilu re  o f the specimen. I t  seems 

reasonable to c lass ify  such a material as high-strength, but b r i t t le .

Even the compromise between strength and d u c tility  in  metals has an 

analogy. A d irec ted -fib er specimen has higher strength, but is b r i t t le  when 

i t  f a i ls .  A random-fiber specimen, identical in fib e r and matrix constituents 

and volume fraction  of fib e rs , has considerably less strength but exhibits the 

a b il ity  to accumulate damage prior to fa ilu re , which one might ca ll d u c tility .  

The same relationship is true in metals, fo r instance when comparing annealed 

steel with quenched stee l. Annealed steel is  of lower strength, but greater 

d u c t i l i ty .  The steel can be quenched to increase the strength, at the cost of 

reduced d u c tility .

A current project of the author’ s is  the design of a remote-controlled 

vehicle. The chassis design is c r it ic a l because of weight lim its  on the 

vehicle, therefore fiberglass construction is  being considered. I t  has been 

very important to account fo r the fact that the strongest g lass-fiber  

composite is also the most b r i t t le .  The tra d e -o ff between high strength and 

robust, "ductile" performance has been the subject of great deliberation.

This example illu s tra te s  the uses of context. An engineer who has no 

fa m ilia r ity  with composite materials can begin thinking about a possible 

application based on reasoning by analogy to metal properties. The engineers 

working on the remote vehicle have no extensive experience with composites, 

yet they are making decisions which advance the design. Later in the process, 

with the context c la r if ie d  by the particulars being developed in the design, 

the engineer is in a position to examine more detailed information about how 

that composite is best applied. For the remote vehicle, i t  is planned that
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the structural d e ta ilin g  w ill be carried out in consultation with a 

subcontractor who w ill be laying up the fiberglass chassis.

Any new technology, to be usefully applied, must be presented in a 

context which gives connections to the existing knowledge base. This is  

necessary to allow the engineer to reason about how the new technology can 

take the place of an older idea, as discussed above. Connections to existing  

ideas are also necessary because the new technology must be used in connection 

with a large number of other technologies when i t  is applied in a design.

In general,"one may assume the design engineer reading a report of recent 

research is prepared to understand the information being presented. The 

engineer has the prerequisite foundation of knowledge. The d if f ic u lty  lie s  in 

the assumptions that are made about how that knowledge w ill be used.

Engineers are not necessarily able to begin using new information as soon as 

i t  becomes ava ilab le , and th is  is not a weakness on the part of designers.

The main improvement needed in knowledge representation fo r engineering design 

is  to consider, e x p lic it ly , how that knowledge relates to the decisions which 

must be made. In other words, work at improving coherence and f le x ib i l i t y  is  

needed.

In recent years, engineering lite ra tu re  has begun to re fle c t a growing 

d issatis faction  with the way knowledge is  provided to engineers. Nadler 

(1981) c r it ic iz e s  researchers fo r making the assumptions that producing new 

information is an end in i ts e l f ,  and that engineers w ill be able to apply new 

knowledge in design as soon as i t  becomes ava ilab le , regardless of its  form. 

B arrett (1981) makes the point that research results are usually reported in a 

form not immediately usable by designers.
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Seireg (1987) expresses the opinion that America’ s engineers are good at 

developing new technologies but not at following through to applications.

This d if f ic u lty  , Seireg says, is often expressed by researchers as one of 

engineers in design positions fa ilin g  to cap ita lize  on new technologies. The 

author's opinion, largely  supported by discussions with engineers in industry 

as well as much of the commentary in the lite ra tu re , is  that the main problem 

l ie s  with research results being presented in ways that l im it  the design uses 

of the knowledge. Engineers are not necessarily able to begin using new

information as soon as i t  becomes available, and th is  is  not a weakness on the

part o f designers. Engineers are unable to cap ita lize  on new technologies 

because they are provided only with a few incomplete glimpses into a new idea, 

not because they are incapable of applying an idea once i t  is c la r if ie d . The 

d istinc tion  between fa ilu re  analysis and the knowledge needed fo r fa ilu re  

prevention in design, discussed in the f i f t h  chapter, provides an example of a

research approach in which the reports of results do not match designers’

needs. The mismatch is because the fa ilu re  phenomena are studied in ways that 

emphasize how they behave once they occur and how to create them so they can 

be studied, while designers need to recognize potential fo r fa ilu res  and 

prevent th e ir  occurrence.

Experienced engineers can s t i l l  have problems with the knowledge they 

apply. A manifestation of these problems are recurrence of recognizable, 

preventable errors in the design. Continuing development of the engineering 

knowledge base is necessary to improve the e ffec tive  use of knowledge even 

a fte r  a technology has become fam ilia r.

I t  can at times be d i f f ic u lt  to distinguish between data, information, 

and knowledge. The discussion in th is  chapter helps to c la r ify  the
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d is tin c tio n . Data always fa lls  in the lower le f t  quadrant of the knowledge 

representation map o f Figure 12 -  always deta iled , always quantitative. 

Information tends to fa l l  in only one quadrant, therefore data is a form of 

information. In contemporary usage, information ty p ica lly  means detailed , but 

non-quantitative m ateria l. Knowledge, in the author’ s opinion, is d is tin c t  

from information because i t  fa l ls  across more than one quadrant. Therefore 

the properties which characterize knowledge o f general value (as opposed to 

information which has value only in p a rtic u la r, constrained settings) are 

f le x ib i l i t y  and coherence. Unfortunately, by th is  d e fin itio n , most o f the 

results of knowledge-producing research is stated in the form of information, 

not as useful knowledge.

6 .6 . Conclusions and Recommendations 

At th is  point i t  is  possible to summarize four conclusions from the 

research. These deal prim arily with the question of knowledge fo r design use, 

but also have an important influence on how engineers develop and use design 

tools, which w ill be examined in more deta il in the next chapter.

1. Researchers, who are knowledge producers, must consider 

when they record i t  how th e ir  product w ill be used. Just as the 

developer of a machine must consider its  users, developers of

knowledge must consider users’ needs as w ell.

Perhaps the best phrase fo r describing the improvement needed 

in research reporting is fitness fo r purpose. Knowledge must be

stated in forms which make i t  useful fo r design purposes. The dual

goals of f le x ib i l i t y  and coherence provide guidance on improving 

the design value of knowledge.
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2. In addition to knowledge-producing research, there is  a 

need fo r engineering research into knowledge representations fo r  

design. This type o f research can enhance the fitness-for-purpose  

goal. In the near-term, such research w ill reduce already-existing  

information to manageable levels , and reformat i t  into  

representations which are better suited to design purposes. In the 

longer term, engineering knowledge research w ill c la r ify  the 

relationship between knowledge, s k il l  in applying knowledge, and 

design decision-making, and in particu lar w ill instruct knowledge- 

production researchers on improving fitness-for-purpose in th e ir  

products. Another important, and frequently neglected, area fo r  

research is the set o f connections between the individual 

discip lines , and how these interactions a ffect application of the 

knowledge areas during design.

3. Knowledge fo r engineers, and knowledge in general, cannot 

be stated only in abstract terms, nor s tr ic t ly  as d e ta ils . A 

context, defining the nature of the problem addressed, aids 

comprehension and makes i t  possible to reason about how well the 

knowledge in the research report w ill serve a design s ituation . 

Context is also necessary to assure knowledge about a new 

technology can be connected to the existing core of engineering 

knowledge, which is necessary to be able to use the new technology 

e ffe c tiv e ly . Context fo r a generalization is achieved by 

preserving coherence as f le x ib i l i t y  is improved.

4. Integration of the design process can be described simply 

as improving the communication connections between d iffe re n t issues
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w ithin  the design process. Although current e ffo rts  at integration  

are worthwhile, they are lim ited  to horizontal integration between 

a lim ited  number of d iscip lines , and at a detailed le v e l.

Horizontal integration at more general levels o f deta il are also 

important and w ill  probably be more e ffe c tiv e . Vertical 

in tegration is an important means of improving both f le x ib i l i t y  and 

coherence in knowledge fo r design.

This chapter has drawn some general conclusions about improving the 

management o f knowledge provided to the design process. In addition to 

fu rther knowledge-generation research, there is a strong need fo r research 

carrying out knowledge structuring. The next chapter w ill apply these ideas 

to the p a rtic u la r problem of building tools to assist in design decision

making.
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Chapter 7 
Computer Aids to  Engineering

In the previous chapter, the author developed some general ideas about 

the forms of knowledge required in support of design decisions. In th is  

chapter those ideas are applied to the problem o f building tools to carry out 

decision support.

F irs t, a discussion o f the design tools currently available is 

necessary. This provides a baseline o f what decision supports are already 

availab le . These tools are in general lim ited to computer-based systems, and 

include the graphics CAD systems, advanced numerical analysis too ls, such as 

the f in i te  element method, integrated databases, and expert systems.

An examination of id e n tifia b le  niches where further development of tools 

would be appropriate w ill follow  the review of design tools. The discussion 

w ill focus on those problems fo r which support tools appear to be feasib le . 

Some recent introductions to the CAE market which reach toward meeting those 

needs w ill be considered.

While localized design and subsequent detailed evaluation are reasonably 

well-supported, the discussion of th is  chapter w ill  show that global design is 

the area receiving least support. In the second chapter i t  was shown major 

commitments are made during early , global design which w ill influence the 

success or fa ilu re  of the project. There are, however, approaches which can
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be used to Improve support fo r decisions which must be made early in the 

project.

7 .1 . State o f the Art in  Computer-Aided Engineering 

Nearly every e ffo rt  to improve engineering productivity grows into an 

acronym beginning with the le t te r  "C", for "computer". In th is  section the 

author w ill  examine the established tools, a ll of which incorporate use of the 

computer. This includes graphics and drafting  systems, databases, detailed  

numerical analysis methods, and expert systems.

The beginning o f computer aids to engineering was the graphics system, 

now called a computer-aided design (CAD) system. Although o rig in a lly  

conceived as computerized drafting  tables, expansions have added cap ab ilities  

in several d irections. The primary value o f these systems is the a b il ity  to 

modify, and manipulate drawings with minimal e ffo rt  by the draftsman. These 

a b il it ie s  lead to many of the features for which modern CAD systems are 

appreciated: assembly and interaction drawings, sim plic ity  of corrections and 

modifications, recall o f old drawings for adaptation, and communication with 

automated manufacturing systems.

CAD represents a substantial contribution to the portion of the design 

process which is  concerned with deta iling  the geometry of the components and 

communicating that geometry fo r a number of d iffe ren t purposes. But as Foar 

(1984) observed, "the new-found power in the drawing o ffice  has enabled 

drawing practices to be automated but the job of fundamental engineering 

design is  s t i l l  the same as i t  was." A sim ilar comment was made by Knight 

(1983). The support provided to th is  single aspect of design should not be 

confused with support to a ll of design.
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There is  a growing emphasis on the use of video images which o ffe r a 

three-dimensional view of the design. Witwer (1989), fo r instance, claims 

substantial reductions in design time by the use o f S ilicon Graphics 

workstations which permitted design in three dimensions. A ll o f the examples 

cited in his a r t ic le ,  however, dealt with very detailed decision-making, 

taking place la te  in the design process: pipe routing in a power plant, 

assembly and f i t  of automotive doors, and a irc ra ft  cockpit control panel 

layouts. I t  is  important to rea lize  the workstations where these three- 

dimensional images were manipulated fo r design are s t i l l  expensive enough that 

a lim ited  number of them w ill be used fo r engineering.

In early  decisions, exact geometry is not important. What is important 

is quick and simple depictions o f the geometry. In fact one technique fo r  

enhancing c re a tiv ity  among engineers is called "rapid v isualization" (McKim, 

1967), which re lie s  on quick sketches of the ideas being developed. Tomiyama 

and Yoshikawa (1985) observe that the a b il ity  to handle quick, rough sketches 

is quite lim ited  in most CAD software. C hristie  (1985) explains that detailed  

pictures may seem a ttrac tive  and may convey more feeling or atmosphere, but 

schematic or cartoonized images have been shown to convey more useful and more 

memorable information in many cases. However, early design does not 

necessarily mean inexact geometry; the point where the drawing becomes more 

exact is determined by the problem context.

The drawing is only one of several important aspects of the design. 

P articu la rly  in the early  stages, the notes and comments in several d iffe ren t 

pencil colors on the face o f the drawing are as important as the sketch 

i t s e l f .  The combination of words and picture together convey fa r  more than 

the picture alone. The cumulative commentary obtained on a drawing as the
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orig inal idea is reviewed -  a question is noted, i ts  answer provided, which 

leads to another question -  is  a valuable tool during design. These comments 

provide v ita l information, and are without question part of the design which 

needs to be recorded. For th is  reason, a Vice President fo r advanced projects 

at a large aerospace firm  (Kuzela, 1989), complains that the p ro life ra tio n  of 

CAD systems has reduced c re a tiv ity  among the engineers he has dea lt with.

Another issue in early  design is also not supported by conventional CAD 

systems. This is  the question of whether the idea is feas ib le , which Asimow 

(1962) ca lls  physical r e a l iz a b il i ty .  This evaluation does not deal with 

geometry alone. The discussions in Chapters 4 and 5 covered issues of great 

importance to physical r e a l iz a b il i ty  while ignoring geometry.

Another acronym enjoying popularity at present is "CIM", which stands for 

Computer Integrated Manufacturing. A major thrust of CIM is making sure 

everything that needs to be known is available through s im ilar means, in 

p artic u la r through a large database containing information about the product 

being developed and the manufacturing processes available fo r use to make 

components of the product. The second type of tool to be discussed involves 

making available to the designer the material properties and tool capacity and 

allocation  databases used by manufacturing planners. This is referred to as 

an integrated database.

The m achinability information available from a typical database deals 

with specific alloys and heat treatments connected to p a rtic u la r metalcutting 

processes (Machining Data Handbook, 1972). Such a database fo r a large 

manufacturer might f i l l  several printed volumes. While antic ipation  of 

m achinability is important, the detailed database approach involves a greater 

degree of e ffo rt fo r the engineer. The approach discussed in the fourth
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chapter, in contrast, provides a more economical approach especially fo r early  

decisions, based on minimal knowledge and minimal additional e ffo r t  to make a 

suitable comparison.

The integrated database approach to design fo r manufacturability 

concentrates on horizontal integration at a detailed le v e l. When fin a liz in g  

the d e ta ils  of a product design i t  is indeed appropriate to make decisions 

based on detailed information about how i t  w ill be fabricated. A la te , 

localized decision can be made on a detailed level because most options have 

been ruled out by p rio r decisions, lim itin g  the amount o f searching required

to obtain the necessary information in the database. But providing the

engineer with a large supply of additional information during the en tire  

design process leads to losses, not gains, in engineering productivity. In

the discussion of integration in the previous chapter, i t  was shown that

deta iled , horizontal integration is less economical fo r global decisions than 

an approach emphasizing vertica l integration with the horizontal connections 

achieved at a more general le ve l.

A database can be a useful tool fo r design, provided the information the 

engineer seeks can be accessed quickly, in a form appropriate to the needs of 

the design decision. A flood of detailed information requires extra time to 

s i f t  through, adding to  the engineer’ s burden. A database appropriate to  

design would have f le x ib i l i t y ,  incorporating several levels of d e ta il.  The 

database must include several successive levels o f abstraction above, the 

specific , detailed data; each level providing a broader, less specific view of 

the information stored there. Depending on where in the design process the 

decision is  being made, at least one of the levels  should mesh with the needs 

of the engineer.
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The th ird  class of tools to be considered are detailed numerical 

simulation methods, which are often called analysis methods. Of these, 

perhaps the most prominent is  the f in i te  element method, but there are other 

examples as w ell.

An important recent c ritic ism  of numerical tools fo r analysis was given 

by Smith (1986). He has worked fo r several decades in turbomachinery design, 

and has partic ipated in the entire  history o f computer-based design tool 

development in that area. As computers became more capable and tools grew in 

size, scope, and complexity, in terpretation of the results grew increasingly  

d i f f ic u lt .  This leads to the problem of "garbage in, gospel out" (Roszak, 

1986, credits th is  expression to Ashley Montague). Checking the results is  

increasing in importance, but at the same time increasingly d i f f ic u lt .

An analyst fo r a heavy equipment manufacturer explained that he w ill not 

begin modeling u n til he has carried out simple hand calculations. In his 

view, the f in i t e  element method has value in comparing a lte rnatives , but the 

model must be thoroughly tuned based on experimental evidence before i t  can be 

used fo r absolute predictions. For that reason, the advance calculation by 

hand, however crude, is necessary to allow him to determine whether the model 

results are va lid .

F in ite  element models can be used fo r absolute prediction, provided the 

v a lid ity  of the model is care fu lly  defined. A fter an extensive physical test 

program which required years, an engine manufacturer re lie s  on the f in i te  

element method fo r absolute predictions in engine flywheels, and no other 

parts. This component was the f i r s t  target fo r d e fin itiv e  numerical 

simulation because flywheels are physically tested to destruction, and the 

shrapnel from a flywheel fa ilin g  makes fo r an expensive tes t f a c i l i t y .  Other
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common components, such as engine connecting rods and steering mechanism 

lin k s , are planned fo r s im ilar testing  and model corre lation , which w ill 

require many more years of work to assure the numerical model is an accurate 

depiction o f physical re a lity .

Detailed analyses provide only lim ited  feedback to the designer. In the 

beginning o f Chapter 3, the author made a d istinction  between d irect problems 

and inverse problems, observing that carrying out design is not accomplished 

simply by inverting an analysis method. The lim its  on stress analysis methods 

provides an example. The model can show predicted values (o f stress, fo r  

instance) to the designer, but i f  the evaluation indicates the design requires 

a change, neither the modeling method nor the output from that method is of 

much use in determining what changes are appropriate (Cross, 1942).

Numerical simulation methods, such as the f in i te  element method, 

supports a fin a l evaluation of a fin a l geometry, but predictive feedback on 

improving the geometry is not readily availab le. The orig inal geometry must 

be completely defined to provide the necessary input. The simulation methods 

require a fu lly  defined geometry in order to operate and are therefore used 

prim arily  to compare a lim ited  number of detailed a lte rn atives . Like a 

detailed database, most numerical modeling methods generate a flood of 

detailed  data, some of which may be useful. A burden is  placed upon the 

engineer to seek a valid  in terpretation  of th is  volume of numbers.

Numerical simulations have th e ir  uses and w ill remain important to 

engineers. But lik e  the other tools being discussed they have lim ited  value 

as design tools in th e ir  present forms, prim arily due to the emphasis on 

d e ta ils . Numerical simulation methods do not o rd inarily  provide information
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of predictive value, they are only capable of generating feedback on complete 

designs.

The fourth type o f tool which requires consideration is the expert 

system. On th e ir  introduction into engineering several years ago, expert 

systems experienced a rapid expansion of popularity. Now, in terest in expert 

systems is more cautious. While there are some successful demonstrations of 

expert systems and there appear to be some areas of useful application, i t  is  

not obvious that expert systems w ill make a large contribution to engineering 

design.

Some of the concerns about expert systems deal with the question of 

in it ia t iv e  in the system. Although an individual engineer may be w illin g  to 

have certain decisions made fo r him, we are not in general w illin g  to accept 

decisions which are made without an engineer’ s oversight. Gero (1974) made 

the observation that society w ill always want an individual available to take 

the blame. Yet expert systems take the in it ia t iv e  from the user, with the 

data required and the questions to be answered driven by a strategy fixed in 

the system’ s software. These question-and-answer sessions may seem to the 

user laborious, r ig id , irre levan t, unnatural, and in e ffic ie n t (Kidd, 1984). A 

system which leaves the in it ia t iv e  with the user would allow him to volunteer 

the information which seems pertinent easily and rap id ly , with the system 

carrying out most o f i ts  reasoning based on th is  information.

There are many applications of expert systems in engineering. These may 

be characterized by problems which are well-understood and narrow in scope, 

and solved by w ell-established solution methods. For instance, an expert 

system in use at Du Pont fo r quality  control of te x t ile  f ib e r  production
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(Horn, 1989) interprets the trends on process charts and advises on the 

necessary actions to keep the process w ithin parameters.

But Horn (1989) also notes, "an expert system is not a substitute fo r a 

human expert. Many expert system projects have fa ile d  precisely because the 

complex problems they were intended to solve were not fu lly  understood. That 

understanding can only come from humans." Of a ll engineering a c t iv it ie s ,  

design is  the least well understood because i t  requires intangible aspects of 

cognition, such as c re a tiv ity  and in tu it io n , as well as the more definable  

aspects such as analysis and e x p lic it  ru les. Even i f  the methods used to  

solve design problems were known, the design problem i t s e l f  is ra re ly  narrow 

in scope, and never w ell-defined. The author is not convinced design methods 

are knowable at a ll under the current state of thinking about design theory 

and expert systems. Expert systems to solve design problems are not suited by 

a ll  three of the c r ite r ia  cited above: design problems are not well 

understood, have wide and largely  unpredictable scopes, and re ly  on poorly 

understood solution methods.

Expert systems are suited to diagnosis tasks, where the data required by 

the expert system is generally obtainable. There are many applications fo r  

which a diagnosis seems worth the e ffo rt  o f feeding information to the system. 

But expert systems are inherently single-issue specia lis ts . Just as human 

experts in a single area have only lim ited value in a design s ituation , expert 

systems are also lim ited because in design the breadth of connections between 

issues is  as important as the individual issues themselves and more important 

than any one isolated issue. No plausible solution has been found to the 

l im it  which prevents construction of larger knowledge bases, to accommodate 

more than one realm of expertise at once (Buchanan, 1982). Even i f  there were
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no l im it  to the size of an expert system, i t  has yet to be shown that the 

connections between separate issues can be handled in the same way as the 

knowledge fo r an issue alone (Winograd and Flores, 1986). Woods (1986) 

cautions that performance of a decision-making system in coordination with 

other systems cannot be predicted from its  operation in iso la tion , indicating  

an important reason expert systems fo r design must be treated with caution.

There is a more fundamental objection to the long-term value of expert 

systems in engineering problem-solving. The context set by the problem to be 

solved is the primary consideration in choosing a solution method in design. 

Yet construction of an expert system is  predicated on the assumption that a 

structured collection of rules, which contain context-independent knowledge, 

may be used to solve problems (Hayes-Roth, Waterman, and Lenat, 1983). 

Therefore the basic assumption of context-independence behind expert systems 

seems i l l -s u ite d  to the context-dependent knowledge and problem-solving 

approaches of design. In the previous chapter, the author described the 

importance of f le x ib i l i t y  in the structure placed on the knowledge, since the 

structure used constrains the ways in which the knowledge can be applied; 

Expert systems have l i t t l e  f le x ib i l i t y .  Stromboni (1986) and Hillman (1985) 

express sim ilar concerns about expert systems.

Koen (1985) believes that a m ajority of engineering decisions are based 

on methods that have no global v a lid ity , and are therefore used only in 

appropriate problem contexts. In the sixth chapter the importance of context 

in learning and applying new knowledge was discussed. Winograd and Flores 

(1986) agree that context is important, as do Olsen and Anderson (1986). 

Dreyfus and Dreyfus (1986) object to the expert system postulate of context- 

independence, arguing that the context in which the knowledge was o rig in a lly
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learned by an expert, and the context o f the problem to be solved, are as 

Important as the abstract version of the knowledge which is the ordinary focus 

of expert systems research.

The most successful design applications o f expert systems, such as the 

packaging design system of Brown and Breau (1986), deals with standardizable, 

well-constrained problems only. More importantly, the sub-problems assigned 

to the automated design system must be c learly  isolated from the remainder of 

the product. Brown and Breau’ s shipping container fo r computer components 

could be designed in complete isolation from and a fte r  the design o f a 

component. Routine, isolatable problems are the only area of design in which 

i t  is c lear that expert systems can succeed at automating the design process. 

This is  not to say that routine, standardizable design problems are 

necessarily easy to solve. As discussed in the f i r s t  chapter, the nonroutine, 

i ll-d e fin e d  aspects of design are the ones where greatest support is needed. 

Expert systems may have th e ir  place, but they, lik e  the other tools discussed 

in th is  section, are lim ited to fa ir ly  routine, well-defined areas of design 

and lim ited  to la te , details -oriented decisions.

One can consider global and localized phases of design, which were 

discussed in the second chapter, as concerned with p re-details  and d e ta ils , 

respectively. In the second chapter the author discussed the d istinction  

between performance and quality  concerns in the design. The design tools 

discussed above concentrate predominantly on performance and d e ta ils , with 

considerably less support to the performance, p re-deta ils  combination or to 

any q ua lity  issues. This is illu s tra te d  in Figure 16, which is the author’ s 

assessment of the state of computer-aided engineering.
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7 .2 . Design Automation

Design automation is currently a subject of considerable in te re s t. In 

general, the term is  taken to mean that some portion o f the design can be 

produced by a computer, without human intervention (Winston, 1984).

O rig in a lly , the intent was production of programs which were as in te llig e n t as 

a designer fo r selected problems (Brown and Breau, 1986). As the predicted 

time to achieve such a tool continued to increase, that ideal was set aside, 

to be followed by the argument that considerably less in te llig e n t approaches 

could succeed because of the computational power available in modern computers 

(Hatvany, 1985).

Like the "islands of automation" in the factory, which re fle c t the 

locations where manufacturing automation was easiest to implement, there are 

island of orderliness in design where design automation may succeed, lo c a lly , 

but in re la tiv e  isolation from the remainder of the product development 

process.

This section contains an examination of the ways tools can assist an 

engineering designer, and a look at how the tools discussed in the preceding 

section f i t  into these uses. I t  has been observed in p rio r chapters that 

tools available today emphasize a lim ited  subset of the types of problems 

which engineers face as they undertake design. Three major problems with the 

idea o f design automation w ill  be discussed in th is  section. F irs t, not much 

of design overlaps with the computer technologies available to automate 

decision-making. Much of the advances made in design tool development are 

engineers adapting technologies which may serve a need; very l i t t l e  of design 

tool development is based on a d irect understanding of what designers need. 

Second, there is a d is tinc tion  between a decision and the resu lt o f an
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evaluation. I t  is  not clear whether computers are capable of making true  

decisions in the ways humans make decisions. The th ird  problem relates to the 

second, dealing with the question o f how the computer’ s work can be checked 

(and whether i t  is  checkable at a l l ) .  These issues are reflected in the 

e a r lie r  discussion on the design tools currently in use.

The f i r s t  objection to design automation to be discussed is  the poor 

overlap between the needs of engineering designers and the capab ilities  of 

contemporary computer-based tools. Weiner (1985) comments the ready 

a v a ila b ili ty  o f new computers and new software concepts has brought about a 

troubling new concept, which he describes as " le t ’ s ju s t add one more 

computer." Although Weiner’ s comment deals with automation in a irc ra ft  

cockpits, i t  applies to engineering as w e ll. A design group manager in the 

heavy equipment industry comments that many managers -  even those with p rio r  

technical experience -  are beginning to expect "push-button engineering", with 

rapid and e rro r-fre e  designs coming from the computer, rather than from the 

engineer. This was anticipated by Holland (1978), who voiced caution about 

the long-term value of many of the innovations introduced through the 

a v a ila b ili ty  of the computer. Although several flashy new tricks  are 

possible, these tricks  do not necessarily constitute an improvement of 

substance to  design, and in some cases they d is trac t from design.

There is a d is tinc tion  between software and knowledge, and between a ll 

the knowledge needed fo r design and the knowledge which can be coded in terms 

suitable fo r computer use. As an example, consider the problem of interface  

design fo r a software too l. One might assume that the on-screen display and 

how i t  is manipulated represents a m ajority of the interface design problem. 

But the in terface is  a communication problem, and communication lie s  not so
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much in the particu lars of the interface presented to the user as i t  does on a 

shared understanding of the ideas to be conveyed -  a context. In the sixth  

chapter, i t  was shown that integration and communication re ly  prim arily on a 

coherent knowledge base which allows new concepts to be conveyed in the 

context of established ideas. Successful use of a computer program for 

fracture evaluation re lie s  more on a grasp on the principles of fracture  

mechanics than on the a b il ity  to manipulate on-screen menus. Begg (1984) 

observes that automation of physical processes was d i f f ic u lt  un til the 

physical s k ills  necessary to carry out those steps were analyzed and c learly

statab le. A s im ilar c la r if ic a tio n  of the mental s k ills  required fo r design is

necessary i f  design is  to be automated, but is a problem orders o f magnitude 

more d i f f ic u lt  than evaluation of physical s k ills  (Price, 1985).

Foar (1984) observed there are many problems which cannot be solved by 

computational power alone. Design is one of those problems. I f  ordinary

application of a routine procedure can resolve the s ituation , i t  hardly

represents a problem (Kantowski, 1981), yet computer-based methods are best 

suited to routine problems (Brown and Breau, 1986). Christie  (1985) believes 

that engineering problems are necessarily the nonroutine ones. Design is an 

example of a class of problems solved more e ffe c tive ly  by finesse than by 

brute force. There are few design problems which are amenable to automated 

solution through the ways computers are now being used. In part th is  problem 

is driven by the fact that engineers are s t i l l  working with what tools  

software developers provide, instead of specifying the needs that new software 

must meet.

Knight (1983), in a survey of design tools, concluded that very few of 

the design systems available actually contributed to creation of the design.
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This is not necessarily an undesirable s itu a tion . The concluding section of 

th is  chapter w ill  outline approaches to design tools which re ly  on them as 

tools -  extensions o f particu la r human a b i l i t ie s ,  controlled and coordinated 

by the human engineer.

The second objection to design automation, in the terms of Winograd and 

Flores (1986), deals with the nature of commitment in human communications and 

decisions. They argue that a human conversation cannot be replicated by a 

sim ilar dialogue between computers, even i f  the wording of the transcripts is 

id e n tic a l, because at the root of the human conversation there are commitments 

being made -  that such an idea w ill solve the problem, that th is  person w ill  

carry out certa in  actions. The real communication in a conversation is 

commitments to action. However " in te llig e n t"  a computer is programmed to 

behave, i t  cannot make commitments to action because i t  probably lacks the 

means to carry out that action, and because a commitment is made as much on an 

ethical as a logical basis.

The same argument can be applied to a design evaluation. Price (1985) 

believes " i t  is important to recognize that design decisions are inventive 

actions rather than simply products of analysis." The output from a f in i te  

element analysis is not a conclusion, i t  is  evidence used to obtain a 

conclusion. A stress calculation is not an end goal fo r the engineer, i t  is  

an intermediate step required to reach the goal of evaluating the adequacy of 

a load-bearing component. The same is true fo r any other analysis. While a 

computer can produce numerical results, can i t  in terp re t them? Where the 

fa ilu re  mode can be evaluated numerically or lo g ic a lly , the computer may even 

be capable o f making the comparison against a given c r ite r io n . The computer 

is not, however, capable o f reasoning about which fa ilu re  modes require
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evaluation. Computers can generate evidence, computers can manipulate 

evidence to a lte r  its  form, but computers cannot use a mix of kinds of 

evidence as the basis fo r a decision.

For example, assume a computer has been programmed with the American 

Society of Mechanical Engineers Pressure Vessel and Piping code standards for 

welding, as well as the American Welding Society structural welding code, and 

the welding recommendations of the American In s titu te  of Steel Construction. 

(Even i f  such a computer is  hypothetically possible using current technology, 

i t  is not feasib le because of the practical working lim its  on expert systems.) 

One might assume th a t, with a ll that welding information availab le , the 

computer could easily  design and evaluate welded structural jo in ts . But even 

w ithin a single code, there are variations and exceptions; there are 

variations and contradictions in some cases between d iffe re n t codes. Which 

code should apply depends heavily on the problem context -  how and where the 

weldment is to be used. A fter a l l  the welding information has been 

programmed, considerably more work w ill be required to program the reasoning 

required to decide which evaluation standard to apply, and how to apply i t .

One may argue that the lim its  on computer cap ab ilities  are solvable 

problems, but th e ir  solution depends heavily on understanding how design 

decisions are made. As mentioned e a r lie r , th is  understanding w ill require  

more work before i t  is  achieved. The discussion in the section to follow w ill 

emphasize the use of design tools as evidence-management systems to support 

design decisions, not as decision-making devices.

The th ird  objection to design automation is the additional engineering 

workload generated by automation. I f  we e lect to allow a computer to generate 

a design, or a portion of the design, can we trust the result? Campbell
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(1984) thinks we cannot, even a fte r the software has been tested and tuned. 

Gero (1974) expressed a s im ilar concern. This is related to Winograd and 

Flores (1986) argument about commitment: when human engineers says the design 

w ill work, they are making a commitment that they have made every necessary 

evaluation and judgement. An engineer’ s commitment incorporates some degree 

of personal and professional r is k , and engineers must be prepared to face the 

consequences i f  they are wrong. When a computer says the design w ill work, i t  

is indicating only that the design meets those c r ite r ia  which i t  has 

evaluated, and i t  cannot make a commitment. The d istinc tion  is subtle but 

important. Although a computer is capable of mimicking some forms of human 

reasoning, i t  is  not capable of reasoning lik e  a human engineer would. We 

tend to doubt the opinions of an engineer with l i t t l e  design experience; we 

w ill not tru s t the results of computer-generated design decisions even more 

because experience is  an important factor in understanding a problem. A 

computer may be capable o f carrying out evaluation of success c r ite r ia  for a 

design, but i t  is not capable of reasoning about what c r ite r ia  are appropriate 

in the context of a given design problem. Proponents o f a r t i f ic ia l  

in te lligence claim the s ituation  can be changed but have brought forth no 

convincing evidence to support the assertion. The very fact that a r t i f ic ia l  

in te lligence is  a r t i f ic ia l  eliminates the influence of commitments and 

personal r is k .

7 .3 . Design Tool Leverage

The question of computer aids to engineering design can be viewed from a 

d iffe re n t perspective by considering the nature of a to o l. In th is  thesis,
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care has been taken to emphasize use of the expression "design to o l" , 

re flec tin g  the idea that a tool supporting design decisions need not reside in 

a computer to be useful. Conversely, use of a computer does not of i t s e l f  

assure the design tool w ill  be an improvement.

The purpose of a tool is to provide an extension of a b il ity  where the 

human is  lim ited . Thus a wrench provides grip and leverage as an extension of 

the hand. A design to o l, then, should provide a sim ilar extension o f mental 

a b il it ie s  to help the engineer be more e ffec tive  at design.

Rather than automation of design, tool is a more appropriate expression 

re flec tin g  the defin itio n  of a tool as an extension, not a replacement, of 

human a b il i t ie s .  The author prefers a goal of building design tools which 

extend the decision-making a b il it ie s  of human engineers, rather than replacing 

engineers with machine decision-making. For such a to o l, three design goals 

can be id en tifie d : in tegration, checkable results, and in it ia t iv e  le f t  to the

user.

F irs t, the system must cooperate with integration of the design task. 

S p ec ifica lly , those aspects which require a large e ffo rt  to establish, such as 

the geometry of a drawing, should not require re-entry in a d iffe re n t form to 

access a d iffe ren t kind o f to o l. Vertical integration of the process of 

dealing with geometry suggests a system which, fo r early decisions, supports 

sketches, but allows that same sketch to be modified into a formal drawing at 

the point when a more formal, structured approach is appropriate. This same 

geometry should be transferable to the calculation methods used to ve rify  the 

v a lid ity  o f the design.

As discussed in the sixth chapter, vertica l integration is a greater 

need, and a greater challenge. As an example of vertica l integration,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

224

consider m anufacturability in material selection. For prelim inary decisions, 

the approach given in the fourth chapter may be workable, but that broad 

approach is  not as suitable la te r , when the problem must be reconsidered in 

greater d e ta il.  There are geometric considerations in m anufacturability not 

considered at a ll in the fourth chapter (although they may be amenable to 

sim ilar genera liza tion ). Knowledge must be integrated v e r t ic a lly  -  many 

versions interconnected to incorporate additional d e ta il as the project 

proceeds to a more detailed description of the design. The level of knowledge 

required fo r design decisions w ill change as the level of the design moves 

further into d e ta ils . One approach is to define several levels o f deta il in 

re la tiv e ly  separate layers and to record information accordingly. To preserve 

coherence, i t  would be necessary to build extensive connections between the 

contents o f the various layers. *

Another approach is to build a database access system which deals with a 

store of detailed information, but which is capable abstracting that 

information to the levels required by the progress of the design project. In 

the la t te r  approach, what "intelligence" may be in the software is  oriented 

toward providing the designer with information in a form to support decision

making, rather than on trying to make a decision.

Design tools must integrate with the user and with each other. A design 

assistance system is  not necessarily a single to o l, and need not, in fa c t, be 

resident in a single kind of system. Rather the designer needs a collection  

of tools, each tool suitable to particu lar types o f problems. The designer’ s 

tool box is  an analog of the mechanic’ s or carpenter’ s tool boxes. Each tool 

has uses which must be clear to the user, allowing ready adaptation to the 

particu la r problem context. Each tool must be workable in concert with other
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too ls , since they w ill in teract as they are used. However, i t  is not 

necessary that these tools a l l  operate w ithin the same, computer-based 

environment. In most cases the engineer can act the part of an in te llig e n t  

in terface to connect together the services provided by d iffe re n t kinds of 

to o l. This requires, however, that each component of the design system is 

eas ily  integrated with the human user.

Not every aspect of the problem w ill require the same treatment. This 

includes both the type and depth of treatment. No one tool may be a 

prerequisite to others working correctly . In essence, th is  restates the 

knowledge a ttr ib u te  of f le x ib i l i t y  in terms of design tools. Since the point 

of entry in to , and path through, a design is  unknown, no entry point may be 

selected in advance by a design tool developer.

Second, the operation o f each tool should be understandable and 

checkable. In some cases, such as the program for verify ing flywheel designs 

discussed e a r lie r  in th is  chapter, the checking is done in advance through 

extensive testing . Such a tool may be thought of as having been c e rtif ie d  by 

i ts  authors. An important caveat of such c e rtif ic a tio n  is a statement of the 

l im its ; one must not unknowingly allow such a tool to extrapolate beyond its  

validating  tests . The company tested and correlated flywheels bracketing a ll 

the concerns expected to be reasonable fo r design applications, to assure the 

tool would remain reasonable in use. Even so, there are some types of design 

feature which were excluded, and when these features are used, additional 

physical testing is necessary.

For more general-purpose tools, c e rtif ic a tio n  in advance is not 

feas ib le . In th is  case, each application must be checkable, by comparison to 

another evaluation method or by monitoring the operation of the tool i t s e l f .
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The simplest form is fo r the engineer to have completed an analytical 

evaluation by hand, to  obtain a working solution prio r to using the more 

complex to o l. This is a necessary practice, p artic u la rly  fo r the complex 

software used fo r many analyses. Another potential form of solution is sample 

problems which incorporate the features of the system to be exercised into 

examples which resemble intended applications. In most cases an infeasibly  

large number of tes t cases would be necessary. Another approach is  to slowly 

escalate the analysis, adding greater deta il in geometry and loading in small 

steps, a fte r  the p rior steps have been v e rifie d . The top-down, cumulative 

approach is also often a minimum-commitment approach. Checkability may be 

thought of as the knowledge a ttrib u te  coherence. A simple solution to the 

problem, which the engineer can understand and v e r ify , must be connected to  

the more detailed solution produced by the tool used fo r analysis.

Third, the system must leave the in it ia t iv e  with the user. Tools are 

intended to serve the user’ s needs, not the reverse. Price (1985) observes 

when the computer takes control in an automation setting , the human operator 

is  unable to monitor what’ s going on: "automation can starve cognition." The

question of in it ia t iv e  extends to how the situation is structured. An 

evaluation technique must be organized in a way that allows its  use in many 

d iffe re n t kinds of s ituation . A design tool must be organized in a way that 

permits the user to d irect its  operations.

The discussion of knowledge structure in the sixth chapter incorporates 

an important aspect of in it ia t iv e .  The structure associated with a solution 

approach must be imposed by the engineer in the context of the particu lar  

problem to be solved. Therefore tools to be used to assist in solving 

problems most not impose a pre-selected structure. As an extension, i f
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structure seems unavoidable in a solution method, the developer must s trive  to  

have that structure match reasonably with the structures an engineer might 

impose during design.

Compare the versions of fracture mechanics knowledge given by Liebowitz 

(1969) and M arrio tt (1988). The authors compiled by Liebowitz have imposed a 

structure of mathematical rigor which lim its  the broad applications of the 

information in th e ir  a rtic le s . This is indicated, for instance, in the 

geometries o f the cracks and structures considered. The solution methods are 

constrained by the standardized mathematical approach, and only certain  

lim ited , regular geometries are amenable to convenient solution. These 

geometries are adaptable to a variety  of practical engineering problems, but 

how well they match the needs of a design situation is le f t  e n tire ly  to the 

judgement of the individual engineer and is  not addressed by the authors of 

the a r t ic le s . In contrast, M arrio tt’ s development is driven from problems of 

engineering in te re s t, rather than from methods of solution. M arriott 

e x p lic it ly  addresses the breadth of v a lid ity  of his methods, supporting the 

engineer in making a judgement o f whether the solution w ill be v a lid . The 

comparison between the approaches of Liebowitz and M arriott illu s tra te s  how 

both researchers and design tool developers can lim it  the engineer’ s 

in it ia t iv e  in design. The way knowledge is  organized and presented is a major 

influence on its  usefulness in design.

The discussion of expert systems, e a r lie r  in th is  chapter, indicates 

the most obvious mode by which in it ia t iv e  can be taken from the user, when the 

system forces the decision. But other tools also lim it  f le x ib i l i t y ,  and 

thereby l im it  in it ia t iv e .  Detailed numerical analyses, fo r instance, enforce 

a complex, deta ils -oriented  view of the design, to the detriment of the broad
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overview required to coordinate the effects of many d isc ip lines . Use of 

simple, easily-implemented hand calculations, which was discussed by several 

engineers interviewed by Comer (1987), are important aspects o f engineering 

practice which are large ly  neglected by research.

As an example, consider the use of the large, commercially available  

f in i te  element analysis systems. The software provides so many features that 

e ffec tive  use o f the tool requires a dedicated expert. Several of the 

engineers interviewed by Comer (1987) were employed fu ll- t im e  at operating 

these programs and interpreting  the resu lts . F in ite  element programs have 

been b u ilt  in a way that emphasizes the modeling technique, the behavior of 

the to o l, over the problem to be solved. A design goal fo r decision support 

is to assure the tool allows the user to concentrate on the problem, rather 

than on the solution method.

Design proceeds by a connected series of reasoned judgments on the part 

of the engineer. I f  the in it ia t iv e  is given to a machine in th is  process, the 

chain of judgement is in terfered w ith, which lim its  the effectiveness of the 

decisions instead of enhancing them. This point is also made by Cooley 

(1986), who discussed loss of s k il l  and design judgement among engineers and 

architects in a design environment heavily dominated by use of computer aids, 

in analogy to loss of s k i l l  among manufacturing workers due to factory  

automation. Cooley feels that designers working in a computer-dominated 

environment lose s k il l  because they are prevented from dealing with complete 

problems. F le x ib il i ty  in application is needed to leave the in it ia t iv e  with 

the user.

The author has reviewed above the lim its  of design tools and recommends 

some standards fo r judging improvements to them. These standards are:
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tools must deal with knowledge fo r design in the context 

of the problem being solved, which means the knowledge 

being manipulated must be coherent and capable of being 

integrated into the problem;

the results produced by tools must be checkable; and 

the tools must leave in it ia t iv e  in decision-making to the 

engineer.

7 .4 . Decision Support

The previous two sections argued against automation of design tasks. How 

then is a tool to be used to help an engineer make design decisions? The 

author w ill answer that question in th is  section by examining what humans and 

computers are good a t, and the forms of help an engineer uses currently . The 

key is  to think of tools in terms of leverage, supplementing rather than 

supplanting engineering s k i l l .  Much of what is  known about interaction  

between human and computer in decision making deals with process control, such 

as in chemical plants, power plants, and other production processes. The 

lessons learned in the study of process control are largely  adaptable to the 

study of design decisions.

There are demonstrable lim its  to  human a b il i t ie s .  For instance, Moray 

(1986) l is ts  th ir ty -fo u r  lim its  on e ffec tive  human decisions. Weiner (1985) 

c la s s ifie s  these lim its  in two areas: manual control and mental calculation. 

His view, which emphasizes keeping the operator "in the loop", is to "unburden 

operators from deta ils -o rien ted , routine, re p e titiv e , instantaneous control, 

and emphasize the human as big-p icture s tra te g is t."  This thinking is  

reflected  in e ffo rts  in some design areas to construct and use high-level
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design languages, such as fo r  integrated c ircu its  (Begg, 1984). An approach 

based on h igh -leve l, top-down design re lies  on the assumption the problem area 

can be decomposed h ierarch ica lly , that is , each unit can be treated in 

re la tiv e  iso lation  from others at the same level of d e ta il.  Software design, 

fo r instance, is approached in many cases with the in tent of deliberately  

creating such iso lation  as a means to preserve r e l ia b i l i t y  and m ainta inability  

and prevent unintended effec ts  (De Marco, 1979).

There are many design problems, however, which are not amenable to 

treatment in iso la tio n . The fa ilu re  prevention issues discussed in the f i f t h  

chapter are heavily influenced by interactions between separate aspects of the 

design. One reason that m anufacturability is now a problem is  the past 

practice of making a high-level separation between design and manufacturing 

planning, commonly referred to as "over-the-wall" design. Typically in 

mechanical design problems, the engineer cannot simply specify functions and 

have a supporting design system provide the d e ta ils . The engineer needs to 

remain in control o f the design process, from the in i t i a l ,  global decisions 

down to the detailed le v e l. S im ilar vertica l integration of control for

process operators is  argued by Moray (1986).

Winograd and Flores (1986) argue that a decision is  not a decision 

without commitment to action. A person has not made a decision unless they 

have the means to take action and implement i t ,  nor would one take seriously a 

decision from a person who did not appear able to follow through on that 

commitment. By th is  d e fin itio n , computers are incapable of making any but the 

most t r iv ia l  decisions. Computers are capable, however, of enabling access to

information through storage and communication f a c i l i t ie s .  Engineers in design

do not want tools which make decisions because they don’ t  want decisions
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imposed on them. Engineers do want tools which make decision-making easier 

and more e ffe c tive  by making access to appropriate information easier and more 

e ffe c tiv e . But unlimited access to a vast store of detailed information, i t  

has already been observed, is a step in the wrong d irection . The data made 

available must be integrated v e rt ic a lly , allowing access not only to 

information on the problem, but also to information at the level of 

abstraction appropriate the engineer’ s current needs.

Woods (1986) points out two d iffe rin g  views of the consultant. One may 

think of a consultant as someone who is called in to take over and solve the 

problem, on the assumption the original people involved couldn’ t  deal with the 

problem and are w illin g  to abdicate th e ir  authority. In contrast, one may 

view the consultant as a data source, providing an information management 

service fo r the decision-maker. In the second view lie s  the basic philosophy 

fo r the development of decision support systems.

A consultant who enters the scene in the middle of a problem and 

supplies a single decision is undesirable for a number of reasons. Woods 

(1986) points out that decision-makers (humans or systems) which are good at 

particu la r subproblems are not necessarily e ffective  in the context of a 

complete problem. This points again to the importance of problem context.

More importantly, the designers cannot allow a portion of the design to remain 

outside of th e ir  realm of control and understanding. Reasons fo r th is  

requirement include the context of the design, how the specia lis t solution 

connects with or influences the remainder of the designed system. The 

engineer is also concerned about professional ethics and professional 

l i a b i l i t y  and w ill take the attitude that " I ’m responsible fo r th is  system, 

the expert can ju s t walk away i f  something goes wrong." Moray (1986) sets two
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design axioms fo r process control systems: the actor with ultim ate authority  

and responsib ility  fo r the decisions must have complete control over the 

process, and must have complete access to relevant information. These axioms 

provide important guidance to design tool developers as w e ll.

Coombs and A lty  (1984) describe three roles which human experts play: 

solution-generators, tu tors, and consultants. The f i r s t  two are most eas ily  

automated, yet are the least useful. The expert system as consulting 

information source and manager, which they ca ll a "knowledge broker", is  both 

the most sought-after to o l, and the most d i f f ic u lt  to build . I t  is  not yet 

clear how other tools might be b u ilt  to serve the same function. There does 

seem to be a large area in which tools could be b u ilt  to enhance the human 

engineer’ s a b il ity  to broker knowledge fo r himself.

The tools developed and discussed in the fourth and f i f t h  chapters 

indicated some portions o f the information management function can be served 

by tools based on technology which is already available. In the fourth  

chapter, the necessary manipulation o f manufacturing knowledge was done prior  

to construction of the to o l. I t  could be argued that the resulting compact 

knowledge obtained was i t s e l f  a tool fo r design, and required no additional 

organization. No computer support is  necessary fo r e ffec tive  consideration of 

m anufacturability using the methods of Chapter 4, although the author b u ilt  a 

simple database o f metals which made i t  easier to apply the m anufacturability  

princip les in the context of other, equally important material selection  

issues. In the f i f t h  chapter, several approaches to sim plifying access to a 

large and disorganized collection of information about material fa ilu res  were 

explored. The design checking methods give an example of the goal of leaving 

a ll  the decision-making to the engineer. The case studies re trie v a l system,
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and the use of "one-liners" do nothing but provide the designer with cues 

about potential problems. Even the decision to consider the problem at a l l  is  

l e f t  to the engineer.

A v e rtic a lly -in te g ra te d , f le x ib le  and coherent design database can be 

implemented in larger systems. Schank (1984) describes a program which was 

o rig in a lly  b u ilt  as a natural-language processor, but which grew into a 

general-purpose data query system with a lim ited vocabulary. The system is  

capable not only of obtaining information from several d iffe re n t data stores, 

but also can answer some questions about that data, such as high and low 

values, trends, bounds, and connections between entries . Notably, the system 

is  capable of generating abstractions from the data retrieved . This provides 

an example of a system b u ilt  with the use of a r t i f ic ia l  in te lligence  

technology, but which leaves the in te llig e n t decision-making to the human 

user.

Woods (1986) makes reference to goal-directed knowledge representations. 

F ittin g  engineering knowledge to its  intended user, the engineering designer, 

has emerged in th is  thesis as an area where f ru it fu l  engineering research 

could be undertaken. Instead of a rb itra ry  collections of information, tools 

must be b u ilt  and knowledge collected with an appreciation of how they w ill be 

used by the human decision-maker. In the sixth chapter a " fitn e s s -fo r-  

purpose" c rite rio n  was described which could be applied to both knowledge for 

design and design tools.

7 .5 . Design o f Design Tools

The preceding discussion has given two kinds of guidance about design 

too ls . F irs t, two types of design requirements have been id en tifie d  fo r which
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the support of design tools are not generally available: pre-detail 

requirements, and qua lity  concerns. Second, three design requirements for 

design tools have been stated: in tegration, checkability, and user

in it ia t iv e .  In th is  section the author w ill  discuss a re la tiv e ly  new type of 

CAE system, which has been developed especially fo r use early in mechanical 

design problems. Following that w ill be a more general discussion of further 

improvements which could be obtained in tools to be developed.

The requirements fo r design tools may be explored by considering the 

working environment provided by spreadsheet software. A ll spreadsheets 

provide such fa c i l i t ie s  as sorting, searching, algebraic and logical formulas, 

and cross-references to other c e lls , allowing a spreadsheet to act as a 

general-purpose basis fo r numerical databases, tabular calculations, and 

calculations to support graphs. Many are capable of keeping tex t as well as 

numerical data in a c e l l ,  providing column and row headings; a few are capable 

of manipulating text in much the same way as numbers are handled. This 

provides most of the cap ab ilities  required to support engineering 

calculations.

The principal advantages a spreadsheet type of environment offers are 

ease of use and the way i t  leaves in it ia t iv e  with the user. User-friendliness  

in a spreadsheet does not extend to leading the user through the problem. On 

the contrary, the system i t s e l f  is en tire ly  unconcerned with the subject 

matter of the model. Selecting a suitable model and implementing i t  is le f t  

e n tire ly  to the user; the system makes the job of modeling less d i f f ic u lt  but 

w ill do an equal job in a ll  respects whether the model i ts e l f  is good or bad.

A spreadsheet environment leaves the in it ia t iv e  with the user. The 

model is checkable fo r two reasons: users must build the model themselves
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since the spreadsheet does not supply the model, and the intermediate values 

of the solution are also stored in spreadsheet c e lls , where they can be 

inspected.

A spreadsheet environment can support integration because the model is  

independent of the software i ts e lf .  In fa c t, several d iffe ren t models can be 

b u ilt ,  using d iffe ren t regions within the spreadsheet. This allows the user 

to build a connected collection of models. Vertical integration can also be 

obtained by using the common feature o f links between spreadsheet f i le s ,  which 

allow values from one f i l e  to be extracted fo r use in a second. Thus a f i l e  

of detailed material properties may include maxima, minima, and mean values 

fo r that m ateria l; another, higher-level spreadsheet would extract those 

overview values from several spreadsheets, allowing a summary of the 

properties of many material classes to be brought together.

As an example of vertica l integration, consider the design and 

manufacture of a molded p las tic  part. The engineer working on the design 

o rig in a lly  develops a rough idea of the class of material to be used, based on 

such questions as the properties to be obtained in the fin a l part, cost, and 

fo rm ab ility . The engineer could use a spreadsheet which contains summary 

information about classes of p lastic  m aterials. This system is linked to 

other spreadsheets which contain more detailed information. In the top-level 

database, information summarizing these issues fo r each general class of 

plastic  provides a reasonably compact point of entry into the selection of a 

m ateria l. One level further into the d e ta ils , the same information fo r each 

of the varie ties  of a single class of p las tic  is provided in a second, 

connected database. The engineer refers to data at th is level when a class 

meeting the needs of the design is being considered in more d e ta il.  This
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database, in turn, re lie s  on summaries drawn from detailed spreadsheets giving 

properties for specific resins w ithin a single p las tic  type. This, lowest 

level version o f the database is entered to f in a liz e  the d e ta ils  of the 

material and its  processing. Adding a new resin at the lowest level and 

recompiling makes that res in ’ s unique properties available throughout a ll of 

the levels of the system. This hierarchical database concept was developed 

with the author’ s partic ipation  fo r a plastics molding firm ; a s im ilar 

database was constructed by the author fo r personal use for s tee l, aluminum, 

and copper alloys.

Applying the hierarchical approach to material selection fo r molded 

p lastic  parts provides some measure o f economy and minimum commitment in the 

material selection process. I t  also leaves much of the decision to the user. 

For instance, form ability  in molded plastics is a complex issue, dealing not 

only with flow temperatures and pressures fo r the m ateria l, but also with die 

l i f e ,  molding cycle times, and other aspects of the manufacturing steps. To 

be able to compare d iffe re n t plastics for fo rm ability , users must determine 

appropriate figu re -o f-m erit formulas which indicate th e ir  own needs and 

p r io r it ie s  in the context of each project.

While a spreadsheet environment is  capable of supporting a wide range of 

performance and quality  evaluations, i t  is  lim ited  to those issues which can 

be expressed numerically. There are tasks fo r which the spreadsheet is not 

w ell-su ited , both numerical and q u a lita tiv e . Thus a spreadsheet is not the 

only tool which an engineer needs. I t  does, however, provide a useful 

i l lu s tra tio n  of the kind of environment needed fo r the tool to provide 

engineers leverage in design.
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CAE systems have been introduced to the market, each sp e c ifica lly  

marketed to address early  design by mechanical engineers. They use the notion 

of variational geometry, in which the dimensions of the picture being 

presented is dependent on the outcome of calculations being performed. They 

include the ConceptStation (Aries, 1990), I-DEAS (Systems Dynamics Research 

Corporation, 1990), and Mechanical Advantage (Cognition, 1987) workstation 

software packages as well as less expensive software based on the variational 

geometry approach, such as Cedar (MCAE Technology, 1990), Analytix (S a ltire  

Software, 1990,) Mechanical Engineers Workbench (Algor, 1990), and Design View 

(Computervision, 1991). These systems seem to o ffe r an improvement in 

computer aids to engineering design, and o ffe r examples of implementation of 

some of the design goals given above. Mechanical Advantage comes closer to 

these goals, and w ill be the main subject of the discussion.

The Aries system uses solid modeling as the basic graphic form, on the 

assumption that engineers developing a design w ill reason about the part in 

i ts  true, three dimensional form. The main analysis method re lies  on f in i te  

element modeling. The pre-processor to the f in i t e  element program has some 

d is tin c tiv e  features which represent improvements over most approaches. For 

example, boundary conditions (loadings and constraints) are applied by the 

engineer d ire c tly  to the solid body. The mesh generator subdivides boundary 

conditions as necessary to su it the individual elements, without the need for 

the user’ s intervention. This approach allows the engineer to concentrate 

more on the loads and stresses in the solid , less on the modeling technique 

i t s e l f .

The author has approached solid modeling as a design method with 

suspicion. The author has experimented with the solid modeling cap ab ilities
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of the Aries software. The sales argument is that engineers think about 

individual objects as three-dimensional e n titie s . When developing a concept 

of a layout, the engineer w riting  th is  thesis doesn’ t  think in terms of 

individual objects, rather he thinks in terms of assemblies, visualized in 

terms of one to three principal sections through the assembly. A two- 

dimensional v isualization  method -  whether that is on paper or on a video 

screen -  can be appropriate.

Solid modeling has a number of uses, however. The author has found 

solid modeling to be very useful for putting together an assembly which does 

not then act as a moving mechanism, fo r instance an electronics package. In 

fa c t, f i t t in g  a number of objects into a defined space is  one application  

where solid  modeling seems to be quite e ffe c tiv e . In addition, solid modeling 

is very e ffec tive  fo r developing and presenting to a prospective c lie n t a 

concept of a new system.

The Mechanical Advantage (Cognition, 1987) re lies  on two-dimensional 

representations, and in many ways the operation of the design system resembles 

a spreadsheet. The user sets up formulas describing the solution, linking  

certain  variables to the dimensions on the drawing, others to related  

considerations such as the properties of the material chosen. Some of the 

variables may be fixed , others w ill  then be determined by evaluation of the 

formulas. This provides horizontal integration between the picture o f the 

design and the relevant calculations.

These CAE systems represents an improvement in the partnership between 

engineer and computer. The human is better at deciding what evaluation method 

to apply, therefore the user puts the formulas in place and sets parameters. 

The computer is better at running through the mathematics and maintaining the
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graphics presentation, and those jobs are le f t  to the computer under the 

directions set by the user.

The computer’ s modeling a b il ity  does not deal with the judgments 

required in developing a design. The computer’ s function is  to structure data 

in a way that makes human judgments easier. I f  the user elects to use a poor 

evaluation approach, the computer, acting simply as a to o l, carries out that 

evaluation. In it ia t iv e  in use and responsibility  fo r results is le f t  e n tire ly  

with the user. The Cognition sales representative explained, "The Mechanical 

Advantage can make a good engineer better at design, but i t  can’ t  make a bad 

engineer a good one." A sales representative for a solid modeling package 

commented, "graphics lik e  th is can make even a bad engineer look good -  fo r a 

w hile." These comment are true fo r a ll design tools.

The system is checkable because the formulas solved by the system are 

expressed in a p la in , mathematics format which allows the engineer to v e rify  

them rap id ly . Once a set of formulas has been given to the computer, i f  

checking is required a tes t problem can be easily constructed.

Software o f the type ju s t discussed improves the connection between pre

deta il and d e ta il issues. Most systems can transfer the fin a l sketch to an 

ordinary CAD system for fu rther, detailed development. As fa r  as they go, 

th is  kind of workstation represents a d e fin ite  improvement in computer aids to 

design. However, these systems are s t i l l  concerned prim arily  with geometry 

and performance considerations. This leaves quality goals, and many pre

d eta il concerns, s t i l l  unsupported.

In the f i f t h  chapter, an extension to a system lik e  the ones discussed 

above was discussed, which allows better consideration of basic quality  

concerns. Such an improvement would allow some fa ilu re  prevention to be
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considered during early design checking, giving at least one concrete 

improvement which would make these tools s t i l l  be tte r.

The spreadsheet environment provides a useful analogy, defining by 

example design goals fo r design tools. Although the spreadsheet i t s e l f  may 

not be a component of a design to o l, the passive behavior o f the tool is  

important.

Winston (1984) gives four goals fo r engineering workstations of the 

fu ture . I t  is useful to close th is  section by considering Winston’ s four 

goals in the lig h t  of the ideas developed in th is  chapter.

F irs t, Winston says "we must be able to ta lk  to the machine in our own 

language". This should not be mistaken as the need fo r a natural language 

capacity in the system. An engineer is  necessarily m u ltilingua l, being fluent 

in one or more human languages (spoken and w ritte n ), in an extended technical 

vocabulary, in graphics and drawing symbols (which are another technical 

language), in mathematics, and most l ik e ly  in computer operating systems and 

programming languages as w ell. The engineer is w illin g  to ta lk  to the machine 

in any combination o f these. The Mechanical Advantage system, discussed 

above, provides an example o f ta lk ing  to the machine in a convenient language, 

which is a blend of graphics, mathematics, and programming language.

Second, Winston feels engineers must be allowed to work the way they 

want to , not controlled by the lim ita tions of the machine. Surely any design 

assistance system w ill have lim its ; the tr ic k  is to assure those lim its  do not 

unduly constrain the way the tool is used. Two such constraints are the 

question of in it ia t iv e ,  which has been discussed above, and access to an 

integrated knowledge base, which was considered in the sixth chapter and 

e a r lie r  in th is  one. To be sure the machine’ s lim its  do not in te rfe re  with
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the user, three things are necessary. The system must give the user 

in it ia t iv e  and respo ns ib ility , as already discussed in th is  chapter. The 

system must provide adequate f le x ib i l i t y  in its  structures, to assure those 

structures w ill be reasonably adaptable to the problem. F le x ib il i ty  was 

discussed in the sixth chapter, and applied in examples in the fourth and 

f i f t h .  The system’ s structures must be reasonably fam ilia r  to the user to 

assure access ib ility , an echo of Winston’ s f i r s t  requirement.

Third, Winston wishes the computer to constitute a complete environment, 

with access to a ll  too ls , records, and references through the workstation.

This is not a necessary constraint, nor is i t  a desirable design goal. In the 

author’ s own experience, there are advantages to using information from a 

mixture of media, such as reference books, calculator or s lide ru le , f i l e  

folders of data and sketches from the current problem, and design f i le s  

showing prio r solutions, as well as the computer workstation. Limiting access 

to a ll reference sources through a single workstation can become a juggling  

problem, trying to keep a ll  the information which must be correlated together 

on the terminal screen.

Integration of design tools into a working environment should be 

concerned less with the tools dealing with each other and more with the user’ s 

a b il ity  to use tools in concert. Therefore there is  no particu la r need fo r  

the tools to a ll re ly  on the same workstation. Some tools are best provided 

in the context o f a computer system, others are equally w ell-suited to other 

formats. There are many situations where the most e ffec tive  solution to 

coordinating the work of several tools is to re ly  on the human engineer, who 

is a fte r  a ll  the only tru ly  in te llig e n t interface availab le .
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Fourth, Winston requires that "the hardware must be muscular and the 

graphics excellent". Certainly the user does not wish to be unduly delayed by 

a slow-acting computer, but the author has made the point that there are 

problems which sheer computational power cannot solve. This is  true even when 

the computational power deals with manipulating symbols instead of numbers.

An engineer does not deal exclusively with the workstation, and the cost of 

the system is a consideration.

Although excellent graphics are desirable, one must be careful to give 

proper meaning to that expression. As discussed e a r lie r  in th is  chapter, 

there is no particu la r value to highly detailed graphics in many design 

situations, in fact there can be disadvantages. However, the Mechanical 

Advantage workstation gives another version of excellent graphics, with the 

display of a sketch linked to a set of calculations in a w ell-in tegrated  

environment.

Winston’ s assessment leaves out the question of checkability , which is 

v ita l i f  the engineer is to remain responsible fo r the action o f the too l. He 

addresses integration only in d ire c tly . Winston is a computer sc ien tis t 

building models of users’ needs based prim arily on available technology and on 

how he would lik e  to see computer technology advanced, rather than on the 

users themselves and how they work. For further development of design tools  

to be e ffe c tiv e , that development must be based on a re a lis t ic  understanding 

of how engineers actually do design, and what forms of support they need.

7 .6 . Conclusions and Recommendations

In th is  chapter the author draws four conclusions about how design tools 

may be better designed in the future.
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1. Design tool development seems to be driven by what can be 

achieved by availab le computer technology. There are at least two 

reasons th is  is  not appropriate. F irs t, i t  is not correct to 

assume the computer is a requ is ite  part of methods fo r improving 

design productivity. Second, although technology can lim it  tool 

development, tools must be developed prim arily based on the needs 

of the tool user, rather than on what a particu la r technology has 

made ava ilab le . There is a need fo r research which conveys to tool 

developers what needs must be met.

2. Systems to support design must take the form of tools to 

support the management of evidence fo r human decision-making. This 

provides the engineer with the necessary leverage to further 

improve the effectiveness of decisions. Automation of individual 

design subtasks w ill not, in the long term, improve engineering 

productivity because i t  w ill add even more isolation to subproblems 

which most be solved in re lation  to one another.

3. Design tool development has h is to ric a lly  emphasized 

deta ils -o rien ted , performance-oriented analyses. There is an equal 

need fo r tools which support evaluation of design qua lity  issues, 

including m anufacturability and fa ilu re  prevention. There is an 

equal need fo r tools which support evaluation of issues prior to 

fu ll  d e fin itio n  of the design d e ta ils .

4. Three design requirements can be stated as goals for 

design tool developers:

in tegration, 

checkability, and
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These a l l  contribute to a single rule o f guidance fo r design tool developers:

The developer must not presume to d ictate  how the tool 

w ill be used in design.

This single ru le incorporates the need fo r f le x ib i l i t y  and coherence, for 

in tegration , fo r checkability , and for the user to reta in  the in it ia t iv e  in 

operation. I t  provides guidance to both developers and purchasers of design 

too ls. Both Aries and Cognition have claimed to have a m ajority of mechanical 

engineers in th e ir  development s ta ffs . Even assuming those s ta ffs  have design 

experience, which is doubtful, th is  qua lificatio n  does not allow them to 

antic ipate the attribu tes o f other design projects. Without design 

experience, developers must be doubly careful not to unintentionally constrain 

the uses of the to o l.
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Chapter 8 
Design Philosophy

Like a ll  human a c t iv it ie s , engineering design has an underlying 

philosophy. The philosophy behind an approach to  design helps to define how 

to approach problems, and expectations about the form the solutions may take. 

There are many flavors o f the philosophy about engineering, and therefore many 

kinds of assumptions used as starting  points for design problem-solving.

There is no clear rig h t or wrong approach to design. However, the 

author’ s practical experience as well as research on the subject indicates 

there are more and less productive avenues o f thought. In th is  chapter the 

author discusses a few aspects of design philosophy, some of them productive 

and some of them counterproductive. The author finds the occasional ca lls  for 

"rational design" (that is , design based on rigorous solutions methods) very 

troubling , and the concept w ill be discussed in the f i r s t  section.

Engineering education and research are influenced by, and influence, 

engineering design. In the second section areas of design research 

appropriate fo r consideration in the future w ill be discussed. In the th ird  

section, the author considers the relationship between design and engineering 

education. There is a strong connection between design research and design 

education, not only because engineering students w ill la te r  become engineers 

doing design, but also because engineering educators are also researchers who 

produce information which engineers are expected to apply.
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8 .1 . Rational Design

Psychologists and philosophers have rediscovered the debate about human 

ra tio n a lity  in the past several years. The question, o rig in a lly  asked by the

philosophers o f ancient Greece, is whether a human w ill  act in a ra tio n a l,

predictable manner, or whether human actions are essentia lly  unpredictable.

Rather than deal with the debate in great d e ta il, the author w ill examine 

the meaning of ra t io n a lity  in the context of the development of tools and 

methods to assist in engineering design. Rather than attempting to decide i f  

man is ra tio n a l, i t  is only necessary here to consider the influence of 

p articu la r views of ra tio n a lity  on how engineers make decisions. In 

p artic u la r, the meaning attached to the word "rational" must be care fu lly  

considered.

I t  must be assumed that an engineer w ill act ra tio n a lly . To assume

otherwise is  to embrace a whole range of ir ra t io n a l, even mystical and

metaphysical approaches to design which are d if f ic u lt  to defend and would 

probably not be as successful. But especially in design there is a 

d istinc tion  between a rational act and one derivable e n tire ly  from s tr ic t  

logic and rigorous mathematics.

Winograd and Flores (1986) make a d is tinc tion  between human ra tio n a lity  

and the constrained version they ca ll "the ra tio n a lis t ic  tra d itio n " , which 

might also be called the narrow view of ra t io n a lity . The ra tio n a lis t ic  

tra d itio n  reduces things to fixed procedures, require problems to be solved in 

the rig h t order with each step properly completed before proceeding, and 

intermediate values taking the correct form. This focus on only certain  

narrow aspects o f human ra tio n a lity  often leads to attitudes and acts which 

are not re a lly  rational at a l l ,  when viewed on a broader perspective. A
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procedural, sequential approach to problem-solving, fo r instance, ignores any 

possible lim its  on time, or on the capacity of the engineer to understand the 

intermediate values. Narrow rationalism  leads to in e ffec tive  use of 

engineering resources by focusing only on one aspect of the problem.

The narrow view is  also a problem in mathematics. Van Dormolen (1986) 

comments that a form alist considers only formal mathematics to constitute  

mathematics. Polya (1957), a great informal mathematician, f e l t  the r ig id , 

formal, Euclidean proof in mathematics has lim ited value fo r at least two 

reasons. A proof may demonstrate, through log ic , the v a lid ity  of the 

assertion but i t  does not reveal the methods used to discover the princip le . 

Polya considered a Euclidean proof to be one of the least e ffec tive  ways to 

help students understand a concept because the proof does not necessarily 

convey how the princip le  was discovered, what i t  means, nor how i t  can be 

applied. He f e l t  the means by which a concept was discovered was important 

information, often deliberate ly  ignored because those aspects o f the process 

lacked rig or.

The philosophical question of ra tio n a lity  has d irect influence on 

engineering. The las t few decades have seen a series of authors proposing to 

put ra tio n a lity  into design. Week (1966) proposed putting the codes and 

standards governing the design of weldments on a more rational basis. I t  is  

now possible to evaluate the stresses and material properties through a weld 

of any geometry, he argued, rather than re ly  on simple rules of thumb and 

safety factors. Week would have had each individual weld evaluated on its  own 

merits through detailed calculations. There are several flaws with th is  type 

of approach. I t  ignores the economic re a lit ie s  associated with allocating
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engineering resources to design of a system which incorporates perhaps 

thousands o f welds.

Week seems to assume from the simple structure of the rules o f thumb 

that th e ir  origins are simple, ignoring the wide scope of both practical and 

theoretical work necessary before such a ru le  is considered valid  fo r use. By 

re jecting  factors o f safety, Week assumes that i t  is  possible to account for 

every conceivable event, which is c learly  unreasonable. The a b il i ty  to 

calculate stress d istributions in great d e ta il has no d irec t relationship to 

the a b il i ty  to evaluate the adequacy of a structure under a load; in other 

words, the rules o f thumb would simply have been moved to another location in 

the reasoning process. Week’ s "improvement" to the design of weldments, had 

i t  been implemented, would have represented a large step backward fo r  

engineering by adding to both cost of design and confusion during design.

This example illu s tra te s  how an improvement which appears, in the narrow view, 

to be ra tio n a l, can be irra tio n a l when viewed from a broader perspective.

The ra t io n a lis t ic  tra d itio n  is predicated on the assumption the world is  

orderly, and imposes orderliness on engineering acts intended to deal with 

that world. But the world is not orderly. R it te l l  and Webber (1972) use the 

word "wicked" to describe design problems in architecture and urban planning. 

The world is not s ta t ic , i t  is  constantly changing. Attempts to impose order 

are counterproductive because they are attempts to make the world stop 

changing. Exact calculations have value in some situations, but e ffe c tive  use 

of engineering resources requires developing other, less precise calculations  

fo r design.

Every calcu lation , even an "exact" one, is  inexact. Mathematical rigor 

is defined by a rb itra ry , global lim its  on what kinds of assumptions w ill be
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allowed. But assumptions are only ju s t if ia b le  by verify ing  reasonableness 

lo c a lly , in the context o f a particu la r problem. An irra tio n a l (a rb itra ry )  

set o f rules are the basis fo r "rational" design.

Engineers have long recognized that logic and mathematics are useful 

too ls , but as tools they cannot d ictate  the conditions fo r th e ir  own use. 

Alexander (1968) observes that the choice of a particu la r log ic is a rb itra ry , 

and "logical methods, at best, rearrange the way in which personal bias is to 

be introduced into a problem."

One o rd in arily  assumes that s c ie n tific  and engineering research are 

passionless, fu lly  rational a c t iv it ie s . A counterexample was related by St. 

Denis (1989), who published in 1950 the f i r s t  paper which an a ly tica lly  

evaluated seakeeping, the motions o f ships under the influence o f ocean waves.

At that time, and fo r a few years afterward, St. Denis was repeatedly to ld  by

naval architects and naval o fficers  that seakeeping was not a subject worthy 

of research. But in 1955, four o f the nine papers presented at the annual 

meeting of the Society o f Naval Architects and Marine Engineers were on the 

subject of seakeeping. S t. Denis was pleased to note that the attention had 

shifted from critic ism  of the need fo r his research to c r it ic a l evaluation of 

his work’ s content. This episode illu s tra te s  that fashion and personal 

opinion, not ju s t rational reasoning, are important factors influencing  

research.

There is no such thing as the "right" answer to a design problem, there

is  only a d istinction  between one solution better by some measure than

another. Even a re la tiv e  d e fin itio n  depends on what aspects are chosen for 

emphasis in the decision ju s t as the outcome of an optimization exercise 

depends on the choice of an objective function.
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8 .2 . Design Theory and Design Research

In th is  section, the author w ill examine the form design theory might 

take, and consider the potential of mathematical knowledge as a model which 

design theory might fo llow . Following th a t, the discussion w ill turn to what 

areas should be considered in a research program which is intended to add to 

design theory or support the design a c tiv ity .

Over the la s t f i f t y  years, engineering has progressively been moved to 

emphasis on science. More sp ec ifica lly  engineering has moved to reliance on 

mathematical expression of s c ie n tific  princip les. I t  is believed that 

mathematics and science provide the only principles upon which engineering 

proceeds through its  work (Gregory and Turner, 1972). Rather than debate the 

issue, th is  section examines the nature of the concepts that are the basis o f 

mathematical thought and applies them to engineering design.

Design theory must not be lim ited  to analogs of mathematical theorems, 

which are simply descriptions and proofs in d e ta il o f certain notable 

relationships. Mathematics can also be considered in terms of how 

mathematical problems are approached and solved. Polya (1957) dealt 

sp e c ifica lly  with problem-solving. Recently, mathematics educators have 

readdressed the question of problem-solving (see, fo r instance, Ballem, 1983; 

D orfler and McLowe, 1986; or Kantowski, 1981); th e ir  experience provides some 

useful guidance fo r development of a comprehensive design theory.

Van Dormolen (1986) id en tifie s  several important aspects of mathematics, 

a ll of which work together to define how problem-solving can proceed on a 

mathematical basis. These include:

• Theorems: formalized and prescriptive, and dealing with those

lim ited  particu lars  which are formalizable;
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• Algorithms: simple procedures describing how to accomplish the

solution to certain classes o f well-defined problem;

• Logic: defining allowed and disallowed methods of making 

judgments;

• Methodology: strategies and heuristics dealing with approaches to

problems; and

• Communications conventions: standardized methods fo r conveying

information about problems and solutions.

These can be adopted outright as a description of the key aspects we 

should seek to develop fo r design theory. Nadler (1981) gives three general 

classes of knowledge required fo r use during design:

• Knowledge about design, concepts guiding problem-solving;

• Knowledge in design, organizing principles for dealing with a

problem; and

• Knowledge for design, problem-specific information which is called  

upon as the problem-solver recognizes deals with specific aspects 

of a solution.

Knowledge for design may be likened to theorems in mathematics. Knowledge for 

design appears to be the only focus of research in engineering at present. 

Knowledge in design deals with log ic , algorithms, and communications. The 

author has emphasized the importance of communication for design. Knowledge 

about design deals with methodology. Note that methodology is not 

constrained, specific algorithms or recipes fo r action, but rather is broad 

approaches to problem-solving.

A complete theory of design, encompassing a ll these areas, would be a 

large and complex work. I t  is possible, in fact desirable, to develop
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independent portions of th is  theory, provided a developed segment has within  

in  a context showing how i t  f i t s  the whole of design theory. Design theory, 

l ik e  design tools, need not ex ist e n tire ly  within a single system. A series 

of separate theories, each lim ited  to certain situations, is an e n tire ly  

appropriate interim  solution. In fa c t, m ultiple approaches to a problem are 

desirable and useful (Olsen and Anderson, 1986). Asimow (1962) mentions that 

a rt and architecture have always had a variety  of schools or approaches to 

design at a time, and wonders why engineering has not. I t  is  up to the 

engineer to choose that portion o f theory which w ill serve to guide reasoning 

through a problem, ju s t as the engineer must choose the appropriate tool from 

a set o f tools.

Tomiyama and Yoshikawa (1987) are working on a single, unifying, w e ll- 

defined and structured theory of design. Design is ,  however, concerned with 

ill-s tru c tu re d  problems (R it te l l  and Webber, 1973; Newell, 1969; Simon, 1973), 

and fo r th is reason the author is unsure an approach predicated on finding  

structure in design can succeed. Much of design is not understood in an 

e x p lic it  way, lim itin g  the scope of such a theory. The cognitive psychology 

of decision-making, fo r instance, is c learly  important to an e x p lic it  

understanding of how an engineer designs, yet theory in that area is s t i l l  

developing. This thesis is the f i r s t  work the author is  aware of which 

attempts to connect the more general psychology of problem solving with the 

specific  problem-solving issues in engineering design.

Engineering design, lik e  a ll forms of design, is f i r s t  and foremost a 

pragmatic, practical a c tiv ity , aimed at producing descriptions of objects of 

practical value. Asimow (1962) recognizes that the only va lid  tes t fo r design 

theory is whether i t  works in practice. Alexander (1984) observes that theory
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is a fin e  thing to consider at le isure , but when confronted with a problem 

requiring solution, engineers are thrown back onto what they know and what 

they can do with th e ir  knowledge to solve the problem. I t  is inappropriate to 

th ink of design theory in absolute terms. Rather i t  is necessary to re ly  on 

theory as an underlying structure o f organizing concepts, some of which w ill 

be useful in a given problem, and some which w ill not. I t  is d i f f ic u lt  to 

antic ipate how a tool w ill  be used, what features i t  w ill need, or how its  

behavior should be structured, un til the tool has had extensive operating 

experience. Design theory, as a tool to serve the needs of both engineers 

doing design and researchers supporting engineering design, has the same 

l im it ,  requiring extensive experience of use to become established.

While a theory providing prescriptive norms fo r design decision-making 

may be useful to guide design research, i t  is necessary to cred it engineering 

designers with considerable capability  at decision-making. Although design 

research is  concerned with improving engineering performance, i t  must be noted 

that engineers are already quite good at design, but even marginal 

improvements are important in a competitive market. I t  is  not clear that 

engineers w ill benefit from instruction in how they should change th e ir  

problem-solving methods; the author believes there has been a net disbenefit 

from attempts at th is  kind of instruction in the past. Design researchers, 

however, w ill benefit from a c learer understanding o f how design is  actually  

accomplished. To use the terminology of cognitive psychology, design theory 

at the current stage in its  development must be descriptive, rather than 

normative. I t  is not appropriate to t e l l  an engineer how he must th ink. I t  

is  appropriate to t e l l  researchers and design tool developers how engineers 

th ink, with the goal of improving the support the design process receives.
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Researchers should be reluctant to suggest potential improvements in design 

th inking, doing so only when the researchers themselves have substantial 

design experience. Researchers should be eager to develop th e ir  co llective  

understanding o f design as i t  is practiced d a ily  by engineers.

I t  can even be argued, by analogy to mathematical knowledge, that design 

theory can never be a single, monolithic e n tity . Russel and Whitehead’ s 

ambitious P rin c ip ia  Mathematics was intended as a complete statement o f a ll  

that was known about mathematics. Hofstadter (1979) discusses the assumption 

that such a complete statement of mathematical knowledge was possible, and 

concludes that P r in c ip ia ,  although an important work, was never destined to 

achieve i ts  author’ s goals because the goal was not achievable.

The author’ s opinion is that design theory must necessarily remain a 

collection  of loosely-connected princip les. This is based on application of 

Godel’ s Theorem of Incompleteness, o rig in a lly  developed for number theory but 

explored in its  general implications by Hofstadter (1979). Put simply, any 

closed, formal, logical system is  in su ffic ien t fo r a ll reasoning because i t  is 

incomplete. This incompleteness can take two forms. F irs t, the closed system 

incorporates concepts which cannot be proven by relying solely on the other 

concepts contained w ithin the system. For instance, Euclidean geometry must 

re ly  on a foundation o f postulates which are assumed to be tru e . Second, 

concepts w ithin the system can be combined in ways dealing prim arily  with 

things not contained in the system.

Applied to engineering design, Godel’ s Theorem can be stated th is  way:

Innovation cannot be obtained from procedures and precedent.
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Design necessarily takes place at the edge of what is  known, usually applying 

what is  not fu lly  understood.

Our focus on mathematics tends to be restric ted  to theorems, making 

incompleteness of the closed logical system d i f f ic u lt  to perceive casually.

But technique, that is , heuristics and strategies fo r manipulating theorems 

are equally important, both in mathematics (Polya, 1957) and in engineering 

(Nadler, 1981). When one includes such methods in the system, the 

incompleteness of even a formal mathematical system becomes more obvious at 

the in tu it iv e  le v e l.

The development of design theory can follow mathematical methods, within  

l im its . Four concerns have been discussed above. F irs t, design theory must 

encompass not only what knowledge is used by engineers, but also how, why, and 

in what forms that knowledge is used. Second, design theorists need not 

s triv e  fo r a single unifying conceptual system, since formulations of design 

theory which reach toward that goal w ill be unwieldy and i t  is lik e ly  that 

such a system is unattainable. Third, fragmentary theory of design is 

acceptable and useful in the short term, and may even be the most appropriate 

approach fo r the long term. Fourth and most important, design theory should 

not be developed with the intent i t  w ill be used to change the ways engineers 

approach problem-solving now.

Not only design research, but engineering research in general influences 

engineering productivity during design. Research is information-producing, 

and design is a knowledge-using a c tiv ity . The needs of design must drive the 

ways knowledge is structured fo r use. Barrett (1981) observes that research 

results are not in general useful to designers. Figure 3 illu s tra te d  the 

conceptual d istinction  between a d irect and an inverse problem. Most research
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products are developed in the context of, and fo r that reason best suited to 

deal w ith, d irect problems. There is a need fo r researchers to develop 

knowledge into a form more amenable to design problems. A senior member of 

the research division of an aluminum company observed that the a b il ity  to deal 

with inverse problems is a sign of maturity in an area of knowledge. W ell- 

established areas of engineering, such as kinematics, address the inverse 

problem e x p lic it ly . Such maturity is a useful goal fo r research in new 

f ie ld s , and researchers must begin to measure th e ir  success by the a b il ity  of 

engineers to use the knowledge in design situations.

A term used in the past for th is  issue is reduction to practice (Furman, 

1970). The reduction may be done by the researchers producing knowledge, by 

others who would be the lin k  between research and design, or by designers 

themselves (as seems to be the case at present). Knowledge structuring  

research is growing in importance as the flood o f new information rises s t i l l  

fu rth e r. Id ea lly , structuring to su it design application would take place as 

new information is  produced. Approaches to developing the form of knowledge 

to su it design needs have been discussed in the preceding chapters. Further 

development of design-oriented knowledge engineering is going to be an 

important area of engineering research in the fu ture .

Knowledge structuring is  one aspect o f a complete program in design 

research. The primary d istinction  between design research and other 

engineering research a c tiv it ie s  is the emphasis on method rather than on 

information about a single problem.

A complete design research program would incorporate work at several 

levels:
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• Design, actually  working on design problems and learning about 

design by doing i t ;

• Knowledge engineering, working on knowledge-structuring issues;

• Philosophy, thinking about broad methodological issues in design; 

and

• Applications, such as developing design tools.

These aspects of a design research program are interconnected. A 

research program dealing prim arily  with one aspect of design is then missing 

some v ita l context. Lack of a complete context is a contributing reason, fo r  

instance, fo r design tools that do not meet the expectations of th e ir  users 

(Freeman, 1984).

The research reported here is an example of such an intersection of 

subproblems. The author has been employed as a design engineer, working with 

structural and mechanism problems. Two knowledge-structuring issues have been 

explored in th is  research: fa ilu re  prevention and design for

m anufacturability. Methods and tools to deal with these two areas were 

developed and tested. In the context of th is  experience, an underlying 

philosophy -  an a ttitu d e  toward both design research and design problem

solving -  has been developed and described. Any beneficial e ffe c t on design 

theory as a resu lt of th is  research has been due to the cross-products of 

these d iffe re n t categories much more than the individual portions of the work 

done.

Several authors comment that the primary block to improvements in 

development of design tools is  a fa ilu re  to fu lly  understand design (fo r  

example, Gero e t .  a7 ., 1985; Tomiyama and Yoshikawa, 1985; Winograd and 

Flores, 1986, and Begg, 1984). The additional input needed to permit an
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Flores, 1986, and Begg, 1984). The additional input needed to permit an 

advance beyond the status quo of design research is insight into how an 

understanding o f design is  applied in supporting design through tools and 

methods. Ernest Warman (quoted in Gero, 1985) makes a very useful d istinction  

between "know-that", facts about a subject, and "know-how", knowledge about 

actions one might take. Although facts and information are being produced at 

a rapid rate by research, know-how is in danger of atrophy from lack of 

attention .

8 .3 . Design Education

Engineering is  design. The author holds th is  opinion, and Petroski 

(1985) agrees. Design is  the methodology and the a ttitu d e  toward problem

solving, that makes the engineer d is tin c t from a physicist working on sim ilar 

problems. Therefore engineering education is design education. Since design 

is  the essence of engineering, i t  should not be set aside in separate courses. 

To improve design education i t  is  not necessary to have more courses in 

design, rather more design content in a ll the courses is  required.

The d is tin c tio n  between d irec t problems and inverse problems in 

engineering (Dixon, 1966) was discussed in the th ird  chapter, indicating that 

when a fixed , fu lly  defined system requires evaluation, that is  called a 

d irec t problem. An inverse problem refers to the need to define a system 

which meets certa in  desired parameters. At present, education emphasizes 

d irec t problems; design requires the a b il ity  to deal with inverse problems. 

This section w il l  ou tline  an approach to introducing greater emphasis on 

inverse problems.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

259

Two observations form the basis o f the author’ s opinion about design 

education. F irs t is  the need fo r the engineer to select the correct tool fo r  

the problem. Second is the fact that there is  no single correct solution fo r  

most problems in engineering. These lead the author to recommendations about 

improvements in the way engineering education is  undertaken.

A great deal o f emphasis in the undergraduate curriculum is  on developing 

knowledge about individual areas. The curriculum usually takes the form of a 

series of separate approaches to separate subproblems. In the course of 

developing students’ knowledge i t  is  also necessary to examine and teach the 

s k il l  of choosing an approach, a too l, or a model which is appropriate to the 

situ ation .

Managers in  industry comment that new graduates can make calculations, 

but cannot make judgments (Comer, 1987). This relates to the problem of tool 

selection. When in each academic exercise i t  is necessary only to manipulate 

a single model or method, the resu lt obtained from that model is the goal and 

the student learns only to make calculations. By expanding the student’ s view 

to include making a judgement about a problem, the student is shifted to the 

position o f selecting a suitable solution method, operating that method 

correc tly , and drawing a conclusion from the resu lt. The conclusion, and not 

the outcome of the calculation, must be the goal of the student’ s assignment.

A s h ift  in emphasis from calculation to reasoned conclusion reduces the 

motivation to get "the rig h t answer". With emphasis on drawing a valid  

conclusion, rather than making the calcu lation , students are free to approach 

the calculation -  both the model to be applied and the particulars of i ts  

manipulation -  in a manner suited to th e ir  own tastes and ta len ts . The method 

of solution then becomes subordinate to reasoning about the s ituation .
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Described another way, education can be improved by emphasizing products 

rather than procedures. The product is the engineer’ s purpose in industry, 

and can serve as a useful vehicle fo r a wide range o f exercises. Naturally, 

i t  is necessary to learn about available procedures, but of equal importance 

is the need to learn about choosing a procedure to f i t  the s ituation .

Students w ill learn economy in problem-solving through experience. 

Students may have to choose between a clear path to the solution which 

involves considerable work and a new or more risky avenue which seems to 

involve less e ffo r t .  The student learns to consider the cost of the 

evaluation when selecting a solution method.

An obvious objection to an approach based on individual reasoning is the 

d if f ic u lty  of grading such a variety  o f solutions. I t  is not necessary to 

grade the problem-solving procedure in deta il unless the conclusion seems i l l -  

reasoned or incorrect. I t  is fa ir ly  easy to decide i f  a conclusion is  w e ll- 

supported by the evidence presented, and to quickly assess the v a lid ity  of 

that evidence. Some aspects, such as economy of the solution, need not be 

graded at a ll since economy is  its  own reward. The author has used th is  

approach when teaching a course on machine design, and grading e ffo r t  did not 

seem s ig n ifican tly  d iffe ren t from a more trad itio n a l approach to homework 

assignments.

There is a another, related area which Comer (1987) id en tifie d  as needing 

improvement: the a b il ity  to communicate. Design-oriented assignments, which 

are evaluated on the student’ s entire  reasoning approach, instead o f the 

a b il ity  to manipulate a calculation method, require students to express 

evidence, evaluation and conclusion in te llig e n tly . Students who are better at
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communicating th e ir  ideas and thought processes w ill  receive better grades for 

th e ir  work.

Van Dormolen (1986) comments that two levels o f preparation are necessary 

fo r learning: not only learning the particu la r knowledge and its

prerequisites but also learning about the conceptual structures of the 

knowledge, and approaches to its  use. Stepping out of the evaluation and 

thinking about the process i ts e lf  is equivalent to the a r t i f ic ia l  in te lligence  

concept of metaknowledge, knowledge about the knowledge i t s e l f .  Metaknowledge 

about engineering is engineering methodology and philosophy -  attitudes and 

approaches to problem-solving. S ignificant improvements in engineering 

education can be achieved by addressing approaches to problem-solving in 

addition to specific  methods. Design-oriented education enhances the 

student’ s grasp of methodology and philosophy which they w ill need fo r a 

career in engineering.
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Chapter 9 
Summary and Conclusion

The knowledge which Is available to engineering designers, the forms used 

to record knowledge, and the modes o f thought those forms allow have a strong 

influence on what engineers can accomplish in terms of developing and applying 

new ideas. In th is  thesis, research into the knowledge needed fo r design and 

the forms i t  should take has been used to develop an understanding o f how 

tools can be b u ilt  to better support design decision-making by an engineer.

In addition, the nature o f design and the thinking required o f an engineer 

doing design have been c la r if ie d .

Engineers design by making decisions. Each decision requires evidence 

to support i t ,  and to be most useful the form of the evidence must be 

appropriate to the form of the decision. Engineering productivity can be 

improved by improving access to evidence for engineers. Access to evidence 

can be improved by studying engineers doing design work and developing a 

better understanding of th e ir  needs, and by building design tools which 

sp e c ific a lly  address the problem of finding and manipulating evidence to 

support engineering decisions.

9 .1 . Engineering Productivity

Improvements in manufacturing productivity have created a basis fo r hope 

that countries with expensive labor can s t i l l  compete with countries where
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labor is  less expensive. There is  also a need, however, to deal with 

productivity during design -  both improving the productivity o f engineers and 

designing products fo r better productivity during manufacturing.

I t  is  customary to think of productivity in terms of e ffic ien cy , that is , 

in terms of reducing the resources consumed. A great deal of current design 

research, such as design automation development, is based on a model of design 

productivity which emphasizes e ffic ie n t decision-making. There is also, 

however, a need fo r development of more e ffec tive  decisions, which may be 

thought of as improving the r e l ia b i l i t y  of decisions: making fewer errors, 

anticipating errors instead of correcting them, and making decisions which 

have broadly favorable effects instead of lo ca lly  favorable and globally  

unsatisfactory e ffects .

Consider, fo r example, the problem of economic fabrication of a design. 

The past history of extensive redesigns necessary to improve manufacturing 

effic iency show how product development decisions have been in e ffec tive . 

Locally important e ffec ts , such as strength, have been allowed to dominate 

over other issues, such as manufacturability and m ain ta inab ility , resulting in 

globally unsatisfactory designs.

Engineering productivity, and in particu lar design productivity , depends 

more on improving effectiveness than effic iency in decision-making. In the 

American automotive industry, competitiveness and productivity has been 

improved more by e ffo rts  to raise product quality  (e ffec tive  manufacturing) 

than by e ffo rts  to use fewer resources (e ff ic ie n t manufacturing).

Engineering productivity improvements in the future w ill re ly  prim arily  

on making gains in assuring engineers are producing qua lity  designs. Design 

quality  incorporates product qua lity , but also includes issues one might not
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o rd in arily  re la te  to the end product, such as m anufacturability. When 

decisions are made with attention to the quality  of the design, those 

decisions w ill  be e ffe c tiv e , and w ill have global v a lid ity  w ithin the design.

The single improvement required to add to the engineer’ s a b i l i ty  to make 

globally e ffe c tive  decisions may be described as integration. By integrating  

the decisions to be made, and integrating the knowledge to support decision

making, the engineer can become capable of including a broader range of issues 

in decisions.

Integration cannot be achieved on the basis of d e ta ils , however. During 

early product development decisions, which lay out the overall form of the 

product, the engineer is concerned with creating structure which serves as a 

basis fo r a qua lity  design. Decisions at that time must focus on meeting a 

large number of l im its , not only performance, but also r e l ia b i l i t y ,  

m anufacturability, and other concerns. Integration is necessary, but i t  is  

necessary to re ly  on rather general modes of knowledge to integrate between a 

large number of issues. Detailed information in terferes with the concept 

development process by d istracting  from the broad issues which must be handled 

f i r s t .

Later, as the d eta ils  are developed in design, a fu lly  integrated  

knowledge base supports the engineer’ s focus on f i t t in g  particu lars into the 

broad form already established. To assure that those d eta ils  which w ill be 

problematic are suitably anticipated, i t  is necessary to have connections 

between the general and the p articu lar forms of knowledge about an issue. To 

assure that d e ta ils  are created in keeping with the intent of the general form 

already developed, i t  is necessary to have connections between the particu la r
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and the general forms of knowledge about an issue. These connections within  

knowledge about a single d isc ip line  constitute vertica l in tegration .

Vertical integration provides a basis fo r anticipating  that certain  

deta ils  have s u ffic ie n t importance that they must be considered e a r lie r  than 

would o rd in arily  seem appropriate. In contrast, current e ffo rts  at 

integration deal e n tire ly  with d e ta ils , making no d is tinc tion  between v ita l 

issues and deferrable decisions, nor between useful data and t r iv ia .

Horizontal integration is the connections between d isc ip linary  areas. 

These connections are most needed early in design, when emphasis in the 

d efin itio n  of the product is to develop a complete structure o f the product.

I t  is necessary to recognize the cross-disciplinary issues and deal with them 

early in the product development process. Horizontal integration at the 

detailed level is possible, w ithin some lim its . Horizontal integration at a 

more general level w ill allow a broader set of connections to be accumulated. 

Horizontal integration at a more general level w ill improve the economy with 

which the connections between d iscip linary  areas may be handled.

A fu lly  integrated knowledge base supports three a c tiv it ie s  during 

design. F irs t , the interactions between d iffe ren t d iscip lines are 

accommodated. Second, reasoning at a high level of abstraction is supported 

to allow early decisions to be made without the hindrance of unnecessary 

d e ta il.  Third, detailed reasoning is supported and connected to the more 

abstract thinking which preceded detailed design.

Continuing improvement in engineering productivity depends heavily on 

developing means to improve the quality  of the designs produced. Design 

quality  in turn requires improving the effectiveness of design decisions.
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E ffective  design decisions re ly  on a properly integrated knowledge base, and 

properly integrated support from the tools b u ilt  to assist in design.

9 .2 . Minimal Knowledge fo r  Design

The purpose of a single design decision is to advance the project by 

adding to the d e fin itio n  of the product. Design proceeds by a connected 

series of decisions, each one dependent on its  predecessors. Each decision 

fixes a portion of the product’ s form, constraining subsequent decisions to  

those options which f i t  that form. Each decision makes a commitment which is 

expensive to re tra c t or correct; the cost of correction is  related to the time 

elapsed since the decision was f i r s t  made.

I t  is to the engineer’ s advantage to avoid making unnecessary commitments 

during the design process, leaving d e ta ils  free to f lo a t u n til necessity pins 

them down. This is  the strategy of minimum commitment.

How and when d eta ils  are handled is an important aspect of a minimum- 

commitment approach to design. A d eta il fixes in place not only i t s e l f ,  but 

also i ts  connections to the remainder of the product, and the e ffec t of one 

d e ta il commitment can be surprisingly extensive. A strategy for lim itin g  

d eta il commitments and th e ir  effects is to approach the problem from the top, 

with broad and general decisions f i r s t ,  then down into successively more 

detailed  levels o f decision. This is  called "top-down design", and has been 

used successfully in many d iffe re n t d isc ip lines , most notably software design. 

Each detailed decision is postponed u n til i t  absolutely must be made, 

achieving minimum commitment.

For a top-down, minimum-commitment approach to succeed, knowledge to 

support a succession of related decisions must be availab le . Early, general
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decisions deal with the same issues as la te r , detailed decisions, but within a 

broader and more abstract context. Therefore knowledge fo r dealing with the 

issues at several d iffe re n t levels of detail is necessary.

The knowledge required fo r a decision at a general level is more abstract 

than that fo r a detailed decision fo r at least three reasons. F irs t, breadth 

of knowledge takes the place o f depth, so early decisions can better deal with 

the scope of the product and the interactions within the systems which 

comprise the product. Second, i f  only detailed knowledge is available fo r a 

general decision, the engineer is required to abstract a solution at the level 

desired out of the volume of detailed information. This takes time and adds 

unnecessarily to the cost of decision-making. Third, excessive deta il to 

support a decision is  less economical, requiring greater thought on the part 

of the engineer, greater resources to maintain the supply of both knowledge 

and data, forcing decisions which make greater-than-minimum commitments, and 

requiring data which is usually expensive to obtain as a complete set.

To support minimum-commitment design decisions, minimal knowledge is 

required. Although i t  is not yet possible to prescribe a method fo r producing 

minimal knowledge, four attribu tes have been id en tified  which can be used to 

evaluate how well a given knowledge representation meets the goal of minimal 

knowledge fo r design. These a ttribu tes  are:

• f le x ib i l i t y ,

• coherence,

• predictive value, and

• economy of use.

F le x ib il i ty  in the knowledge base is achieved by recording the same 

knowledge through many d iffe re n t means, including q u a lita tive , an a ly tica l, and
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quantitative types, and ranging in deta il from the general to the p a rtic u la r. 

An e ffe c tive  mix incorporates narrative descriptions o f processes and events, 

abstractions of general processes, numerical data, and analytic expressions 

which show the relationships between the data and potential applications.

From th is  varie ty  o f forms, engineers can choose a version (which can include 

varying combinations o f the available forms) meeting the immediate need. A 

number of d iffe r in g  versions provide knowledge with broad value in design 

settings.

Coherence is achieved by assuring that the d iffe ren t versions and forms 

which are combined in the knowledge base have adequate interconnections. Two 

forms o f connection are important. The f i r s t  form of connection is 

integration w ithin the knowledge base, and is necessary to provide the means 

fo r knowledge about a design issue to be useful at several levels of deta il as 

the design is developed. Engineers must be provided a v is ib le  relationship  

between the knowledge they are using for the current decision, the knowledge 

which was used at a more general le v e l, and the knowledge which w ill be used 

in more detailed decisions to follow .

The second form of useful connection is that between the knowledge and 

the problems the engineer faces in design. The design problem sets a context, 

with constraints and problem types determined by the problem and the approach 

to the solution. To assure useful knowledge w ill be recognized and used in 

design, the knowledge which can be used to solve the problem must be 

recognizably connected to the context of the problem.

Prediction is  the primary mode of reasoning during design. When the 

solution to a problem is  incomplete and under development, i t  is not possible 

to engage in diagnosis or analysis. Not only the solutions to known problems,
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but also problems which might s t i l l  arise must be predicted. I f  a knowledge 

representation is  to be useful in design, i t  must provide a basis fo r  

predictions about the design. Predictions are necessary fo r both early , 

general decisions and la te r  decisions dealing with local d e ta ils .

Engineering is  concerned with allocation o f scarce resources. Engineers’ 

time and engineers’ cognitive capacity are scarce resources. The engineer in 

a design setting is equally concerned with developing an economical product, 

and with economically developing the product. Even i f  knowledge meets the 

other c r ite r ia  given here, i f  i t  is not economical in use i t  w ill not be used. 

Economy is determined by the local context of the problem to be solved. For a 

general decision, excessive deta il in the knowledge adds the expense of 

sorting and generalizing before the decision can be made. F le x ib il i ty ,  

coherence, and predictive value are necessary fo r achieving a generally 

economical knowledge base.

9 .3 . Design Tools

The notion o f design automation is  a misleading one. There are both 

pragmatic and philosophical reasons i t  is not acceptable fo r human engineers 

to automate, and thereby relinquish control over, any aspect of the design 

process. Pragmatically, development o f systems which generate designs have 

only been successful fo r applications in extremely well-defined and w e ll-  

constrained settings, and operating in re la tiv e  isolation from the remainder 

of product development. Methods to make an e ffec tive  connection between the 

small subsets of potential solutions obtained from automation and the 

remaining, human-controlled design have yet to be demonstrated. The 

technology is  not yet available to support any s ign ifican t automation of
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design tasks, lim ited  by both the cap ab ilities  of computers and the ergonomics 

of human-computer in teraction .

Philosophically, i t  is  not clear human engineers should ever be w illin g  

to relinquish authority or responsib ility  fo r product development. The 

engineer is responsible fo r  the product, and a decision-maker with such 

responsib ility  must also have the authority to control the decision process. 

Engineers have no reason to allow portions of the design decisions to be made 

fo r them. Although there are aspects of th is  argument which deal with the 

ethics o f human action, the most te llin g  aspect deals with product l ia b i l i t y .  

Regardless of the degree to which the design process is outside th e ir  control, 

individual engineers must decide whether they believe the product w ill be 

safe. Engineers, not a software product, w ill  be held accountable i f  the 

product proves unsafe or otherwise unsatisfactory, indicating that both the 

engineer and society at large wish to reta in  human control o f product 

development. The social climate is not yet available to support any 

sig n ifican t automation of design tasks. There is no indication the social 

climate w ill change to favor design automation, nor is  there any strong 

argument in favor of such a change.

Design tools are not, and should not be, used to make decisions fo r the 

engineer. Rather they are to assist the human engineer in making e ffec tive  

decisions. Design decisions require an extensive and complex supply of 

evidence. Design tools are used to organize, store, re c a ll, manipulate and in 

some cases generate that evidence. Because the nature of the evidence to be 

used, and the organization to be imposed, varies from one decision to the 

next, the design tool must be f le x ib le  in the ways i t  can be used and 

responsive to the needs of the user.
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The main purpose of a design tool is to help the engineer be more 

productive. One approach, reflected in the idea of design automation and 

re flec ting  an e ffic iency d e fin itio n  of productivity, is to improve 

productivity by automating portions of the design process, intending to reduce 

the human resources required to design a product. This is an analogy to the 

physical automation which has improved manufacturing productivity. Rather 

than systems which carry out design in isolation from human influence, and 

must therefore be checked, i t  is more appropriate to focus on systems and 

methods which extend human a b il it ie s , expanding the engineer’ s scope of action 

by providing leverage. Such an approach is based on a effectiveness 

d efin itio n  of productivity, that is , improving productivity of engineers by 

supporting more e ffec tive  decision-making.

Three design goals may be set for design tool developers. Like many 

design requirements, these goals can be stated in concrete terms, but the 

means to achieving them is not as c lear. These goals are:

• in tegration,

• checkable results , and

• in it ia t iv e  le f t  to the user

I t  seems customary among contemporary design tool researchers to create 

systems fo r p a rtic u la r, narrowly defined applications. What e ffo r t  is  

underway at integrating aspects of product development, such as integrating  

CAD and CAM, focuses on the very detailed particulars of the issues to be 

integrated. A details -oriented  integration strategy cannot succeed in the 

long term, as s t i l l  further integration brings the need to deal with an 

unmanageable amount of information at the detailed le v e l. Rather, integration  

which emphasizes vertica l connections from the p articu lar to the general
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w ithin knowledge about an issue achieves the necessary economy when coupled 

with horizontal integration between issues at the general le v e l. Some d e ta ils  

are important enough that they must be dealt with on a detailed basis, but the 

few which are important are obscured when every issue is handled in the same 

way.

When human engineers use a to o l, i t  must act as an extension of th e ir  own 

a b il it ie s .  Use of the design tool must provide adequate feedback, allowing 

the engineer to ve rify  the actions of the tool are in accordance with the 

needs of the current design decision. The simplest form of feedback is  that 

the results of the to o l’ s action may be verified  independently. For instance, 

the results of a complex numerical model may be checked by using a less 

detailed (but more economical) analytic expression or from experimental data. 

Tools which produce evidence which is not easy to check are of dubious value; 

experienced engineers usually devise means to check the tools they use.

Since the tool is  b u ilt  to serve the engineer, i t  cannot be allowed to 

dominate the user. The human engineer is the only irreplaceable part of a 

design system; no tool or tool co llection should be b u ilt  with the in tent that 

the engineer’ s needs can be bent to meet the lim its  of the to o l. Human 

in it ia t iv e  cannot be supplanted by the lim its  of other systems.

One maxim can be used to summarize the proper attitude fo r a design tool 

developer: The developer can never anticipate how a tool w ill  be used, and 

must never d ictate  how i t  should be used. Rather, the developer’ s assignment 

is  to anticipate that many applications cannot be planned or predicted, and to 

build the tool with the properties required to assure i t  w ill  continue to 

serve engineering needs through a wide variety  of applications.
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9 .4 . Inexpensive Tricks

In recent times there has been a tendency among some individuals to 

dismiss sim plified approaches, such as those advocated in th is  thesis, as 

"cheap tr ic k s " . The author has heard these comments firs t-h an d . The author 

has two responses to th is  comment. F irs t, i t  is necessary to make a 

d istinc tion  between cheap tricks  and inexpensive tr ic k s . Not a ll  inexpensive 

things are cheap; not a ll  cheap things are inexpensive. Second, dismissing 

inexpensive tricks  simply because they are inexpensive is a judgement, based 

e n tire ly  on fashion and aesthetics, which forces commitment to the use of only 

expensive tr ic k s . Since managing the allocation of scarce resources is the 

main a c tiv ity  of engineering, i t  does not seem sensible to deliberate ly  choose 

reasoning approaches which involve greater consumption of engineering time, 

one of the scarce resources to be managed.

Inexpensive tric k s  are important to engineers because economical 

problem-solving is v ita l to successful design. There are many design 

situations which can be solved through the use of simple, reasonably valid  

evaluations, avoiding the expense of a more complicated calculation or 

experiment. Known inaccuracies may be acceptable in the context of the 

immediate decision to be made. Inexpensive tricks  are required for the 

engineer to be able to check the results obtained from tools and methods which 

deal with the problem on a more complicated scale. Inexpensive tricks  allow  

the engineer to carry out some mental context-setting in order to more 

e ffe c tiv e ly  in terp re t and apply the results obtained from more complex tools.

Inexpensive tr ic k s  are also important to the organizations which employ 

engineers. I t  is necessary fo r organizations losing th e ir  competitive edge to
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regain a foothold in the international marketplace. This cannot be 

accomplished by manufacturing improvements alone; in the author’ s experience a 

better product w ill  outsell a cheaper product. Therefore better engineering 

is the primary aspect o f winning back the a b il ity  to compete. Inexpensive 

tricks  support better engineering by allowing the engineer to make e ffec tive  

decisions and to make design decisions in a minimum-commitment mode.

Frequently the apparent s im plic ity  of an inexpensive tr ic k  in its  fin a l 

form conceals the complex and d i f f ic u lt  process of developing that t r ic k .

This observation explains, in part, the confusion between cheap tricks  and

inexpensive tr ic k s . A feature of an inexpensive t r ic k  is that much of the

foundational, preparatory thinking has been done in advance. This, 

unfortunately, helps to preserve the illu s io n  that the reasoning required is  

simply to b lind ly follow the "cookbook" formula. Inexpensive tricks  are 

considerably more useful when the user understands the background; the tr ic k  

relieves the user from resorting to f irs t-p rin c ip le s  reasoning with every 

problem. Judgement about the v a lid ity  of an inexpensive tr ic k  is necessary 

every time i t  is  used.

The word "cheap" is normally a pejorative, carrying with i t  the 

implication of poor qua lity  or value. The author has seen offered as "design 

tools" a f a ir  number of techniques and tools which, although expensive to  

obtain or to operate, were of low value in the context of most design

situations. Not a l l  cheap things are inexpensive.

Conversely, not a ll  inexpensive things are cheap. One might assume a 

simple reasoning method has l i t t l e  value; frequently the opposite relationship  

holds and s im plic ity  is a valuable feature. In th is  thesis a number of 

illu s tra tio n s  have been provided of situations where economical, sim plified
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reasoning methods are of value during design. Which methods, which level of 

sim p lifica tio n , w ill be appropriate fo r a given design situation cannot be 

judged in advance by any standard, and an aesthetic standard o f rig o r is  

probably the worst standard which might be applied. The value of a particu la r  

method of solving a problem can only be evaluated in the context of an 

engineer try ing to use i t  to solve a problem.

One must exercise caution, of course, to avoid inundating engineers with 

inexpensive techniques, ju s t as they have been oversupplied with detailed and 

complex methods in the recent past. To assure the value o f a technique is 

recognizable, its  producer must set a context fo r its  use: the lim itin g  

assumptions which apply, the validation which has been accomplished, and the 

problems to which i t  has been successfully applied.

In th is  thesis, one major theme has predominated: economy of problem 

solving by engineering designers. Three issues associated with economy have 

been examined: dealing with deta ils  in the context of a broader understanding 

of the problem and solution; providing reasoning and problem-solving 

techniques and tools which can be adapted to su it the needs of engineers 

making design decisions at a variety  o f levels of d e ta il;  and providing the 

means to make decisions which have a favorable e ffec t on the overall qua lity  

of the design. A ll of these ideas are important to the broad goal of 

improving the productivity of engineering designers by making th e ir  decisions 

more e ffe c tiv e . A ll of them require further development of inexpensive 

tr ic k s .
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9 .5 . Conclusion

A design cannot be moved forward to rea liza tion  as a product without 

engineers taking the ris k  of using inexact solution methods, rules of thumb, 

even guessing. There are many methods of approximate reasoning which 

engineers use routinely . In th is  research, a small selection of reasoning 

methods fo r design have been explored. From th is  exploration, conclusions and 

recommendations may be drawn. These conclusions are answers to the research 

questions posed in the f i r s t  chapter.

The f le x ib i l i t y  of the engineering knowledge base can be improved by 

acknowledging the importance o f reasoning and problem-solving methods.

Methods in engineering are worthy of a research emphasis equal to that placed 

on developing new information. Simply developing new information is no longer 

enough: research results must be expressed in ways conducive to use as the

basis fo r designs which include the new technology. Specific issues which 

much be addressed to improve the f le x ib i l i t y  of the engineering knowledge base 

are:

• making knowledge more accessible by developing a broader, more

generalized view of engineering knowledge,

• recognizing the value of approximate reasoning methods and making

an e x p lic it  e f fo r t  to  develop estimating methods and rules of thumb

for new information as i t  is generated, and

• generalizing detailed information in an e ffo rt  to develop more

concise forms of knowledge which can serve as a gateway to areas 

previously unfam iliar to the engineer

The coherence of the engineering knowledge base can be improved by 

recognizing the need fo r a context of p rior knowledge to help the engineer
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understand and apply new knowledge in design. Specific issues which must be 

addressed to enhance the coherence of the engineering knowledge base are:

• making knowledge more accessible by developing the links between

discip lines of research which are generally treated as discrete  

areas,

• focusing on "fitness fo r purpose" during research, recognizing that

engineering research in intended to be applied during design 

shortly a fte r the research is  fin ished, and

• generalizing detailed information in an e ffo rt to have a broad base

of concise knowledge which can be the foundation of the context- 

setting required to introduce new knowledge

The predictive value of engineering knowledge can be improved by 

recognizing that "inverse problems" are the standard mode of thought during 

design. There is  a long-standing prejudice towards analysis of existing  

devices and systems. Most of the information learned during a baccalaureate 

program is suitable fo r feedback about a complete design, illu s tra te d  by the 

types of problems posed by the authors of most textbooks fo r undergraduate 

courses. This prejudice must be reversed. Knowledge presented to engineers

must emphasize feed-forward, predictive methods of reasoning. Changing 

textbooks and the teaching methods using the textbooks takes time. Making the 

conversion to a design focus in every course offered w ill be worth the e ffo r t ,  

because every student w ill develop a clearer understanding of design, and the 

risk-in tensive  methods necessary to accomplish design.

The problem with a feed-back, reactive design approach is that the f i r s t  

proposed solution is necessarily a dummy, an in i t ia l  point from which to s ta rt  

ite ra tin g  or searching. The itera tions are reactions to the previous
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analysis. Good judgement based on experience is necessary to establish a 

f i r s t  guess near the f in a l solution. A feed-forward, pro-active design 

approach can elim inate some ite ra tio n  altogether. When ite ra tio n  is 

unavoidable, even the f i r s t  point w ill be better selected. Each decision the 

engineer makes is based on a prediction o f the fu ture . Therefore predictive  

value is a very important property of design information.

The detailed knowledge currently available can be generalized to support 

e a r lie r , more global decisions. In many cases, the e ffo r t  required to 

generalize knowledge is not large. For example, the generalization of 

manufacturability information discussed in the fourth chapter followed a 

simple and straightforward reasoning path. The value of the exercise in 

Chapter 4 is more in the demonstration of a goal and a means to that goal, and 

much less so in the generalized knowledge obtained.

Economy o f decision-making can be improved by providing engineers with 

the knowledge and tools necessary to make advances in both effic iency and 

effectiveness during design thinking. Efficiency is the main focus of the 

computer aids to engineering currently being sold; a m ajority of advertising  

claims deal with solving problems fas te r. I t  is not certain that engineering 

productivity can be greatly  improved by relying solely on making faster  

decisions.

In some cases, problems are not being solved fas te r. Instead, problems 

are being solved in the same amount of time a fte r  considering more evidence 

than before. By examining evidence which incorporates a more complete picture  

of he s itu ation , decisions can be made more e ffe c tiv e . That is , decisions can 

be made with a greater likelihood of success. However, the tendency has been 

to provide engineers with increasing volumes o f evidence without
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discrim inating between high and low value. Simply accumulating more evidence 

before making a decision w ill reduce the e ffic iency with which decisions are 

made.

Two methods can improve effectiveness by allowing engineers to re ly  on 

more evidence to support th e ir  decisions: evaluating the s e n s itiv ity  of the 

evidence, and improved management and manipulation of the evidence. Some 

evidence w ill  have a substantial e ffe c t on a decision, other information w ill 

have only a mild influence. When making a decision, the engineer w ill give 

more weight to the evidence which is more important. A system or tool helping 

the engineer decide how to weight evidence would be very useful. The weight 

given to evidence is s im ilar to , but not the same as, a formal sen s itiv ity  

analysis. In both cases the goal is to determine the impact of a parameter’ s 

v a r ia b ili ty .  But fo r evidence, the process is considerably more q u a lita tive  

in fla v o r. Evidence may take the form of discrete points, making the 

d iffe re n tia l associated with s e n s itiv ity  analysis meaningless.

The tools currently on the market fo r computer aided engineering seem to 

be focused on generating more evidence but lack the a b il ity  to help the 

engineer discriminate between more and less important information. For th is  

reason, judgement based on experience is a key component o f e ffective  design 

engineers. Development o f general methods and specific tools to aid in 

managing, manipulating, and correlating evidence is needed.

Although the computer has c learly  helped engineers, the computer has 

been mis-used as w e ll, at the cost of reducing engineering productivity. 

Software tools which require large inputs of data and generate large outputs 

impede decision-making by requiring a slow search fo r s ign ifican t evidence 

w ithin the mass of results produced.
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Engineers have ample support from tools b u ilt  with the intent of 

improving productivity by increasing the pace at which decisions can be made. 

Most CAE tools are intended to be used to generate evidence. There is  a 

strong need fo r tools which help the engineer to organize, s i f t ,  and correlate  

evidence in support of decision-making. As a coro llary , a l l  tools must 

deliver the evidence they generate in a form suitable fo r use as one of many 

inputs into each decision.

The computer as a basis fo r design tools is only beginning to be 

understood. The most important goal fo r developers o f CAE is to have the 

computer support the engineer making decisions. The computer should not (and, 

th is  author believes, can not) make design decisions. The behavior o f the 

computer and the software should not dominate the user’ s cognitive capacity. 

Tools to support engineering design must act as an extension of the engineer’ s 

in tent and c a p a b ilitie s .

The clearest path towards improving engineering productivity is to 

improve the quality  of the designs being produced without sacrific ing  (and 

hopefully improving) the effic iency with which decisions are made. In th is  

research, some experiments were conducted dealing with new ways to think about 

design problem-solving. The most important conclusion made is  simply to note 

that design engineers, every day, make decisions based on p artia l information 

to advance the design towards completion.

Engineering research has l i t t l e  value i f  i ts  results cannot be used to 

design a better product. In the past, a long period of se ttlin g  and 

"reduction to practice" has been permitted as the trans ition  between research 

and application. With increasing emphasis on shorter product development 

cycles, and the need to take advantage of every advance in technology, such a
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casual lin k  between research and design can no longer be to lera ted . There 

w ill be an increasing pressure on designers to use new technology, and there 

should be an equivalent pressure on researchers to make new technology useful.

In addition to the need to better focus the products of research in the 

fu ture , there are many years of research already complete which need an 

equivalent focusing treatment. Most research is best understood by the 

researchers who performed the work. Engineering researchers need to review 

th e ir  past work and develop the information generated into forms which make i t  

more useful during design. Peer-reviewed, academic journal a rtic le s  receive 

emphasis among university scholars at present. I t  may be appropriate to give 

equal emphasis to a rtic les  appearing in trade publications, fo r instance 

Machine Design, which explain the design value o f research resu lts .

There is a tra d itio n  of relying on evolution to introduce new 

technologies. Research is completed, results published, and the sponsors of 

the research may achieve some tangible benefit in a product. Later, the 

understanding seeps slowly out to the general population of engineers. 

Typically , i t  takes years before a research resu lt is commonly understood and 

applied in design.

Random processes are no longer an adequate means of moving information 

from researchers to design engineers. Researchers must shoulder the burden of 

making th e ir  results more meaningful. However, researchers cannot make a 

substantial move toward improving design emphasis unless the standards by 

which th e ir  performance is evaluated are also changed. Sponsors and managers 

of researchers must acknowledge the importance of improved communications from 

research results to design applications, and make changes which encourage the 

necessary changes.
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The single most important change necessary is to develop design tools  

and conduct engineering research with the intent that the results w ill  provide 

support to engineering decision-making. Design tool developers must focus on 

what techniques and methods f i t  the ways engineers work. Researchers must 

present th e ir  results in ways that allow the new information to f i t  well in 

with the existing base of knowledge already availab le . Researchers must take 

the time to better understand how engineering decisions are made.
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