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ABSTRACT

An investigation into the application of multi-attribute utility analysis
to the problem of materials selection was undertaken. This investigation
was predicated upon the hypothesis that materials selection is based on the
performance characteristics of a fabricated, assembled product, rather than
upon any instrinsic worth of a material. While this hypothesis is commonly
accepted, none of the available materials selection techniques currently
employed adequately take this perception of the problem into account, lim-
iting the reliability and utility of their results.

The application of multi-attribute utility analysis affords a disciplined
approach to the analysis of materials selection problems. At the expense
of increased effort, utility analysis yields a normative, quantitative
measure of a decision maker's preferences for incommensurable character-
istics and places them on a commensurate scale. The resulting utility
function captures the decision-maker's preferences for competing material
selection objectives and enables the estimation not only of the relative
ranking of material alternatives, but also of the ways in which the charac-
teristics of the alternatives are balanced against each other.

Two materials selection problems in the automobile industry were treated:
deck lids and bumpers. In each case, the engineering, cost, and utility
analyses employed to rank material alternatives are outlined. Additionally,
the application of utility curves in identifying the degree to which one
alternative surpasses or lags the others is described.

The results of this work suggest that treating the multiple objective mate-
rials selection problem through a combination of engineering, cost, and
utility analysis can yield insights into the problem unavailable with other
techniques. While this technique requires somewhat more effort than tradi-
tional ones, it not only enables the analyst to rank material alternatives,
but also makes it possible to identify the degree to which a material's
characteristics contribute to or detract from its desirability for a par-
ticular application.

Thesis Supervisor: Dr. Joel P. Clark
Title: Associate Professor of Materials Systems
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-INTRODUCTION

This thesis addresses the topic of materials selection from among many al-
ternatives. This topic is one of growing importance today. From its be-
ginnings at the start of this century, the field of materials science has
shepherded rapid growth in the number and types of engineering materials

available. 7This growth continues apace.

With this materials explosion, a new class of problems have arisen. The
methods used by designers to select appropriate materials for applications
are inadequate to the task of balancing the myriad of materials available
today. Additionally, systematic analyses of the properties of these mate-
rials, with a view towards expanding their applicability, have been una-

vailable.

For example, today's automobile engineer, by and large, makes his product
out of the same class of materials that have been used since the inception
of the industry, steel. The selection of steel was based upon a variety of
properties, notably the strength of the material, the ease with which it

could be formed, and its low price.

In the past, there were no materials which could offer this combination of
properties. Today, however, the situation has changed. Steel now finds
competition for most applications from & variety of souces, most notably
plastics. Furthermore, new and different materials are being developed al-

most daily.



Given the rapidly expanding universe of material alternatives, how can an
engineer assess the applicability and desirability of new materials in the
components that he designs? There has been a notable lack of systematic
techniques which adequately address the full scope of the materials selection
problem. In particular, most materials selection decisions have been based
on the strategy of supplying adequate performance at a minimum of cost. This
approach assumes that the non-cost performance characteristics are valuable
only insofar ac they effect the cost of the component. Several character-
istics of engineering design lead tc the conclusion that is view is too

narrow to completely describe the materials selection decision.

In this thesis, an approach to the problem of materials selection which takes
this objection into account is developed. This technique employs
multi-attribute utility analysis to assess the value of a material in an
application on the basis of both its performance and its cost. Furthermore,
this technique enables the analyst to assess the relative importance of
performance characteristics andvto estimate the value of improved perform-

ance.

This thesis is composed of 7 chapters. In chapter 2, the problem of mate-
rials selection is presented and the complexities of the problem are out-
lined. Chapter 3 summarizes the techniques available to treat the materials
problem and describes how these techniques have been applied in the field
to treat materials selection. The advantages and disadvantages of these
techniques are outlined and multiple attribute utility analysis is intro-
duced. Chapter 4 describes in detail the application of multi-attribute

utility analysis, in conjunction with engineering cost models and design



analysis, to the problem of materials selection. Chapter 5 then presents
the results of the analysis of materials selection for two automobile com-
ponents, the automobile deck 1lid and the automobile bumper. In Chapter 6,
the results obtained in the bumper case are compared with those which could
be obtained using the conventional materials selection techniques and the
advantages of the multi-attribute utility technique are described. The re-
sults of the present work is then summarized in Chapter 7, which also out-

lines areas for further development of the technique.

- 10 -



THE MATERIALS SELECTION PROBLEM

The selection of a material for an engineering application is one of the
central issues of the engineering design process. No engineering design is
complete without a material specification, and the success or failure of an
engineering concept can hinge upon the material chosen by the designer to
implement his design. The material selected for production may ultimately
determine both the success and the profitability of an engineering product.
The development of some products (such as steam turbines and jet engines)
has been largely determined by advances in materials technology while the
advent of readily and inexpensively processed materials (such as plastics)

has led to the development of economical consumer goods. [131]

Because of the influence of the constituent material upon the performance
of an engineering application, materials selection is a critical part of the
design process. A material selection must reflect the designer's knowledge
not only of the material, but also cf the performance required of the ap-
plication being designed. As such, engineering design is frequently a
synergistic process, as designs evolve according to the advantages and

shortcomings of the materials under consideration.

The influence of material on the design of an application is a function of
the properties of the material. While many of these are intrinsic to the
material, a significant fraction of material properties are also affected
by the processes employed in the production of the material and the manu-

facture of the application. For example, the strength cf a steel component

- 11 -



is a function of the steel alloy composition, the process by which the steel

was produced, and the process by which the steel component was made.

In the past the procedures employed in engineering materials selection were
predicated upon the assumption that the designer was familiar with the
properties and capabilities of the candidate materials [33,36,109]. Because
the set of engineering materials was limited, the problem of materials se-
lection could be readily reduced to a problem in engineering analysis. The
limited materials set enabled designers to concentrate on a small number of
materials without sacrificing flexibility. In most cases, materials se-
lection (if consciously treated at all) was performed as an engineering
satisficing problem, hoping to minimize cost. However, for many applica-
tions, there was really only one material available which could meet the

requirements set by the designer.

Under these conditions, materials selection reduced to the problem of finding
2 material which was feasible in a particular application. Engineers were
able to develop a feel for the capabilities of all the materials available
to them, and were able to select materials based on their own experience.
Furthermore, manufacturing firms were able to establish standard procedurés
for materials selection, based upon past experience [e.g., the auto indus-
try]. As long as there we-e only a few new materials introduced, it was
fairly straightforvard o include them in this sort of materials selection

procedure.

However, the rate of growth in the number of materials available for manu-

facturing has undergone a dramatic change in the past half-century

- 12 -



[32,64,102,138]). With this growth of the field of materials science and
engineering has come a concomitaut growth in the number of materials avail-
able for applications, as well as new manufacturing and materials processing
techniques. While as little as forty years ago an engineer had at most
twenty candidate materials for an application, today's engineers frequently

must choose from among many times that numbef [12,123,132].

While the growth in the set of available materials has made better materials
available for engineering applications, the size of the materials set
available has introduced its own problems. It has become more and more
difficult for engineers to keep up with the volume of developments in the
materials fields. This difficulty is compounded by the fact that the ob-
jectives of engineering design have grown to include ecomomic and regulatory
considerations [54,109,144]. Furthermore, materials science has increased
the amount of information available to characterize a material, and thus,
the number of enginecring constraints which must be met [59]. As a result,
many engineers have 5een forced to restrict the scope of their materials
knowledge, focusing on a limited set of materials and assuming that this
reduced materials set will provide satisfactory solutions to their materials

problems [59,109].

However, few (if any) engineers look upon this narrowing of scope as a sat-
isfactory solution to this problem. Missed material opportunities can be
extremely costly and and engineering firms failing to capitalize upon the
potential of new materials will likely lose their competitive position [109].
Rather than restrict the scope of the materials selection problem, new ways

to treat the materials selection problem must be developed and implemented.

- 13 -



In response to this situations, materials engineers have proposed and de-
veloped a number of systematic approaches to the problem of materials se-
lection. Twenty years ago, these materials screening techniques were
proposed as ways to enable the materials designer to perform materials se-
lection on his own [33]. Recently, these techniques have been cited as ap-
propriate algorithms for computerized materials selection [36,41,53,57,59].
In either incarnation, these techniques suffer from limitations which re-

strict their application to to a limited number of problems.

Before turning to a discussion of these techniques in the next chapter, it
is instructive to express formally the materials selection problem in its
two most commonly stated forms. The most common form of the materials se-

lection problem is:

Given a set of materials X, each possessing properties x, select the
material Xi which, when used in application Y gives the minimum cost

and satisfies a set of required physical characteristics Z

This statement, which can be found in most of the literature of materials
selection, can be simply paraphrased as 'choose the cheapest material which
meets the minimum performance requirements of the application.' This phi-
losophy of materials selection finds its most complete expression (where
variations in design are also considered) in the area of engineering analysis

known as value engineering [33,120].

This approach is also at the root cf a number of cost versus performance

index techniques [5,33], which also seek to achieve the minimum cost solution

- 14 -



to the materials selection problem by reducing the performance requirements
to a single requirement and then determining the least cost material which

supplies the requisite properties.

However, the cost minimizing approach to materials selection is a partic-
ularly limiting way of looking at the materials selection problem. In par-
ticular, the cost minimizing approach requires that the limiting performance
constraints be specified at the outset of the materials selection process.
These constraints must be satisfied; there is no way in which an improved
level of performance in one area could compensate for a reduced level in
another area. In order to consider an alternative design, the constraints
must be completely respecified and the sole basis for material/design se-

lection is the cost of the final solution.

This limitation is a consequence of the limited size, particularly in the
past, of the materials set available to the designer.. Because the designer
already had a gocd idea of the material he wanted, his design was suffi-
ciently specific to enable the setting of these performance constraints, and
the materials selection techniques were employed to select, from a very re-
stricted set, the cheapest material for the application. Because of the
relationship between material and design, the designer was compelled to make
a general materials selection before the materials selection problem could

-

be ccmpletely expressed.
With the increase in the size of the materials set, as well as an increase
in the number of performance criteria brought to bear on materials selection

[54,124,144], another formulation of the materials selection problem is
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frequently considered. Because of the scope of the alternatives, the deci-
sion maker cannot necessarily specify the necessary levels of design per-

formance in advance of the selection of the appropriate material. Depending
upon the material selected, the design of the application may be completely
different, and the required performance of the material will critically de-

pend upon that design.

The basic elements of this formulation of the problem of selecting a material

for a particular application can be stated as follows:

Given a set of materials X, each possessing properties x, select the

material Xi which, when used in application Y, gives the best set of

*
characteristics 2 (x)

This formulation of the materials selection problem is a considerably more
comprehensive approach to the problem. In this formulation, the problem is
constrained by the properties of the available materials and the necessary
function of the application being examined. The solution to the problem when
formulated this way is no longer limited to a particular design, only to a
particular type of functionality. However, this added flexibility comes at

the expense of a new kind of problem to solve.

In particular, the materials selection problem now divides into two segments.
The first segment treates the problem of relating the materiql properties x
to the performance characteristics of the application Z(x). This portion
of the problem is the basic engineering problém which had to be solved for

the first problem before it could be framed. Here it is included in the

- 16 -



objective. Furthermore, cost, which above was the sole objective, is now

one of many performance criteria.

The second segment of the problem, concerned with identifying the best set
of characteristics, Z*(g), takes the problem of materials selection outside
the scope of basic engineering science, because there is no objective way
in which the best set of characteristics can be established. It has become
necessary for materials engineers to treat materials selection as a problem
in determining how performance characteristics are traded-off against both

each other and the objectives of the decision maker.

A few techniques have beep applied to this sort of problem in the materials
area. These techniques will be discussed in the following chapter. They
are limited in their ability to answer important questions about the ways
in which varying levels of performance are balanced against the engineering
objectives of the materials decision maker. This thesis presents a new
technique for selecting a material from a large set of alternatives and

demonstrates its use in two cases.

- 17 -



TECHNIQUES FOR ASSESSING MATERIAL ALTERNATIVES

In this chapter, the analytical techniques which are may be used to select
between material alternatives will be discussed. This chapter will focus
on the techniques available to solve the second formulation of the materials

selection problem presented in the preceding chapter.

For each technique, the basic characteristics of the technique will be out-
lined and the advantages and disadvantages of each technique will be dis-
cussed. Where possible, references will be made to discussions and
applications of each technique in the materials engineering literature.
Finally, these techniques will be compared with the technique developed in
the course of this work and the advantages of multi-attribute utility anal-

ysis in this area will be described.
THE MULTIPLE OBJECTIVE MATERIALS SELECTION PROBLEM

As stated in the preceding chapter, one of the common formulations of the

materials selection problem is:
Given a set of materials X, each possessing properties x, select the
material xi which, when used in application Y, gives the application

*
the best set of characteristics Z (x).

In spite of the ease with which this problem can be stated, its solution

cannot be computed so simply. The problem naturally divides into two seg-
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ments. The first segment treates the problem of relating the material
properties x to the performance characteristics of the application Z(x).
This portion of the problem may be treated through a variety of engineering
and economic analyses. While it may presently nct be possible to charac-
terize every performance characteristic of an application in terms of its
constituent material, it is safe to state that, in general, this portion of
the problem may be satisfactorily addressed through the application of en-

gineering science.

The second segment of the problem, however, cannot be addressed so easily.
While engineering science is a remarkably complete tool for estimating the
performance of an application as a function of its component material prop-
erties, it is ill-equipped to treat the major aspect of the second segment

*
of the problem, the determination of the best set of characteristics Z (x).

This problem can be grouped with a large class of decision analysis problems
called 'multi-objective problems'. These problems are characterized by the
requirement that several objectives (or criteria) must be attained through
a single course of action. In the case of the material selection problem,
the selection of material X must lead to a best set of component performance

characteristics, satisfying a potentially wide range of objectives.

The critical feature of this problem (and multi-objective problems in gen-
eral) is that explicit consideration of the values of the decision maker must
be incorporated into the decision calculus. Only under extremely peculiar

(and somewhat uninteresting) situations can the 'best' selection be made in
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the absence of an explicit treatment of the preference structure of the de-

cision maker.

The importance of considering the preferences of the decision maker can best
be demonstrated by example. Suppose that there are three alternative mate-
rials which may be employed to make an automobile body panel. A panel made
of material A would cost $10 to make and would weigh 5 pounds. A panel made
of material B would cost $8 to make and would weigh 8 pounds. A panel made
of material C would cost $9 and would weigh 8 pounds. If the objective of

materials selection is to reduce cost and weight, which panel material should

be used?

A careful examination of the alternatives reveals, first, that material C
should never be used. Assuming that it is always better to reduce cost and
weight, any panel made of material C could be made for less cost and at the
same weight using material B. In the language of multi-objective problems,
material C is said to represent a 'dominated solution' to the problem; i.e.,

there are solutions to the problem which are unqualifiedly better.

However, the remaining two alternatives cannot be so easily treated. Mate-
rial A offers low weight at high cost, while material B offers low cost at
high weight. These alternatives are said to constitute the set of
'non-dominated solutions' to the decision problem, which is defined to in-
clude all solutions to the decision problem such that there exists no sol-
ution to the decision problem which, when compared to a member of the
non-dominated set, possesses characteristics at least as good and, further,

possesses at least one characteristic which is better.
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To select from the members of the non-dominated set, it is no longer suffi-
cient to consider the characteristics of the alternatives alone. A strategy
for selection must be employed, since there is no objective way to distin-

guish a 'better' solution from a 'worse' one.

While a variety of frivolous techniques (such as flipping a coin) can be
employed, the most common approach is to devise a selection strategy which
takes explicit consideration of the preference structure of the decision
maker. If cost is more important than weight, material B may offer the best
set of performance characteristics. Alternatively, for other preference
structures, material A may supply the best set of performance character-
istics. Or, the decision maker may be indifferent between the alternatives.
Regardless of the outcome, it is compelling to consider that the selection
of the best alternative can only be made on the basis of the decision maker's

attitudes toward varying levels cf performance.

In addition tc the specification of the ‘best' material alternative, the

solution of the materials selection problem may afford a number of attractive
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features. Note that the determination of the best alternative is based upon
the performance of the application, itself a function of the physical prop-
erties of the material selection. Therefore, a solution to the problem
should allow the analyst to characterize the value of material properties
to a material decisionmaker. In order to solve the problem, it is necessary
to trade-off one characteristic for another, based upon the preference
structure of the decision maker. The nature and form of these trade-offs

could also be a valuable product of the analysis.

A number of techniques have been developed to treat the multi-objective de-
cision problem. However, each is marked by critical deficiencies when ap-
plied to materials selection problems. In the following sections, these

techniques will be described and their limitations outlined.

Thg techniques available for analyzing material alternatives may be grouped
into 4 basic classes. These are:

e Sorting

b Optimization

¢ Regression

® Decision Analysis
SORTING TE.CHNIQUES
Sorting techniques rely upon the ability of the decision maker to rank the

characteristic consequences of a decision on the basis of their importance.

These techniques are also able to treat constraints imposed on the level of
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each of these characteristics. The three major classes of sorting techniques

are.

¢ Exclusionary Screening,
e Conjunctive Sorting, and

e Lexicographic Sorting.

EXCLUSIONARY SCREENING

The simplest sorting technique is exclusionary screening. This technique
requires the decision msker to specify minimum acceptable performance
standards for each performance characteristic being considered.
Non-dominated solutions failing to meet these criteria are then eliminated

from consideration.

For example, consider the following table which describes six alternative

combinations of cost and weight.

Table 1. Example Alternatives

System cost weight

- 23 -



If exclusionary criteria as set such that cost must be no more than 37 and
weight must be no more than 7, the set of alternatives is reduced as shown

in the following table.

Table 2. Alternatives After Exclusionary Screening

System cost weight
A 30 6
c 32 5
D 35 6

While the simplicity of this technique is attractive, it is severely limited.
First, this technique implicitly assumes that all non-dominated solutions
meeting the minimum performance criteria are equally acceptable. Therefore,
if a sufficiently large number of solutions survive this screening, the de-
cision maker is still confronted with a large set of alternatives which must
be further limited. For example, in the above case, three alternatives
survive the exclusionary screening, A, C and D. Of these, A dominates D,
leaving A and C as the set of non-dominated alternatives. Clearly, the

screening has not resolved the question of which alternative is the best.

Second, while exclusionary screening can establish the preferred level of
performance, it fails to reveal the structure of the preferences or the de-
gree to which one characteristic can be sacrificed to improve another.
Third, while this technique can be reasonably applied when the number of
alternatives and characteristics is small, it becomes increasingly difficult

to apply consistently as the size and scope of the problem expands.
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Exclusionary Screening Example
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CONJUNCTIVE SORTING

A conjunctive sorting of the alternatives goes exclusionary screening one
better. Employed following an exclusionary screening, a conjunctive sort
requires that the decision maker define one of the performance character-
istics as the most important. Using this characteristic as a guide, the
remaining non-dominated solutions are ordered according to the level of

performance displayed for the selected characteristic.

Again, consider the six cases presented above. In the following table, the

alternatives are sorted according to cost or weight, assuming that the least

cost or least weight alternative is the most preferable.

Table 3. Conjunctive Sorting of Alternatives

Sorted by Cost Sorted by Weight
System cost weight System cost weight
A 30 6 c 32 5
B 32 8 F 38 5
c 32 5 D 35 6
D 35 6 A 30 6
E 36 8 E 36 8
F 38 5 B 32 8

This technique is an improvement over the exclusionary screening process in
that it does choose a best alternative from the remaining alternatives.
However, the technique reduces the decision process to a single dimension,
seeking only to maximize the level of performance in a single area. The

importance of other characteristics in the decision process is ignored.
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LEXICOGRAPHIC SORTING

A lexicographic sort attempts to overcome the limitations of conjunctive
sorting by asking the decision maker to rank the performance characteristics
of the alternatives on the basis of their importance. Using this ranking,
the alternatives are sorted in a fashion directly analagous to alphabetizing.
Alternatives are sorted according to the most important characteristic.
Within each level of the most important characteristic, alternatives are then
sorted according to the second ranked characteristic. This sequence is re-
peated until all characteristics have been treated, resulting in a

lexicographically sorted list of the alternatives.

Again, the following tables show the results of two lexicographic sortings
of the six cases treated in the above sections. In the first table, the
alternatives are sorted assuming that low cost is more important than low

weight; in the second, low weight is assumed more important than low cost.

Table 4. Lexicographic Sorting of Alternatives

Sorted by Cost,Weight Sorted by Weight,Cost
System cost weight System cost weight
A 30 6 C 32 S
c 32 5 F 38 5
B 32 8 A 30 6
D 35 6 D 35 6
E 36 8 B 32 8
F 38 5 E 36 8

Again, this technique results in the naming of 2 best or a small set of best

alternative solutions. Further, it considers all of the characteristics when
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ordering the alternatives according to the decision maker's ranking of their
importance. However, this ranking of the characteristics results in a par-
ticularly rigid structure for decision making. In particular, there is no
way that extremely good performance in a low ranking characteristic can
compensate for poor performance in a high ranking characteristic. This rigid
decision structure is uncharacteristic of materials selection situations,
where very good performance in one area can compensate for reduced perform-

ance in other areas.
APPLICATIONS OF SORTING TECHNIQUES

There are a number of features of sorting techniques that are common to all
of its incarnations. The most important of these is that they are best
suited to the treatment of problems for which there is a discrete set of
alfernatives. In addition, the performance of each of these alternatives
must also be completely determined. Finally, none of these techniques ex-
plicitly treat the way in which the level of performance in one area is
traded-off against other characteristics. In sorting techniques, no
trade-off is possible; alternatives are solely ranked according to their

performance levels.

In spite of these limitations, sorting techniques are the most comuonly used
method of materials selection. The literature of materials selection is

- dominated by this technique. In particular, most materials selection guides
are nothing more than a complete listing of each of the exclusionary criteria

which must be considered for an engineering application, followed by a
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listing of materials which meet these criteria. Typical examples can be

found in [79,83,118,130]}.

The materials selection literature also contains numerous examples of the
conjunctive sorting technique. In most cases, the characteristic used to
order the alternatives is the cost of the application, reducing the multiple
~objective materials selection problem to a cost minimizing formulation. As
noted in the preceding chapter, the engineering technique known as value
analysis explicitly states its objectives in these terms. In particular
"value engineering or value analysis is an organized method of finding the
least expensive way toc make a product without compromising quality or reli-
ability" {33]. 1In value engineering, the set of material alternatives is
first subjected to an exclusionary screening, to select those materials which
provide the necessary level of performance. Following this step, the re-
maining alternatives are ranked according to their cost, with the least cost

alternative being the solution to the problem [120].

Another form of conjunctive sorting is the use of cost versus performance
indices or engineering performance indices. [33,99] In both cases, the al-
ternatives which fail to meet the limiting criteria are removed from the set
of alternatives and the remaining alternatives are ranked according to the
appropriate index. This approach has received considerable attention in the
past and the indices employed are known by a variety of names, including
specific names such as strength to weight ratios, strength to density ratios,
and cost per unit strength, and general names such as materials selection

factors or figures of merit [99].
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These techniques are the most prevalent primarily because of the simplicity
of the concept, not because they are simple to apply. The choice of char-
acteristics to be considered, the weightings to be placed on these charac-
teristics, and the relevance of these characteristics to the final design
complicate the application of these techniques. Recognizing that capturing
all of this information in a single figure is perhaps asking too much, en-
gineers often use more than one such measure, thereby reintroducing the

multiple objective problem which they were attempting to circumvent.

These techniques are most effective when the number of material alternatives
has already been extensively limited, usually to a single material class
[33]. Under those conditions, it is legitimate to ignore many selection
criteria, because the remaining materials are practically identical in all

but a few areas.

OPTIMIZATION TECHNIQUES

Optimization techniques revolve around the maximization (or minimization)
of an individual or a set of objective functions, subject to a number of
constraints. These techniques may be linked with interviews or consultations
with decision makers to further refine the selection process. Several of

these techniques will be described below.

LINEAR PROGRAMMING

Perhaps the most generally established of these techniques is linear pro-

gramming. Under this method, a single linear objective is optimized subject:
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to a set of linear constraints. This technique yields not only an optimized
value of the objective function, but also the effect of a change in the

constraints on the optimum value.

This technique is applied to multi-objective problems in three ways. Most
commonly, linear programming is used to jdertify, from among & large number
of alternatives, the set of non-dominated solutions to a multiple objective
problem. By identifying the solution or set of solutions which optimize each
of the objectives singly, the set of non-dominated solutions can be quickly
identified, narrowing the multiple objective problem to a selection from
among a considerably narrowed set. However, this application, by definition,

cannot identify the 'best' solution to the multi-objective problem.

In another application of this technique, the multiobjective problem must
be reduced to a satisficing problem for all but one objective. The objec-
tives to be satisficed are then expressed as constraiats upon the objective
to be optimized. Because the technique can reveal the effects of changes
in these constraints upon the optimal solution (called the 'shadow price’
of the constraint), the technique does yield insight into the value of a
characteristic, in terms of another. However, it relies upon the assumption

that the problem can be reduced to a single objective problem.

In the third, the objective function is constructed as a linear combination
of one or more objectives, thereby averaging the objectives according to a
fixed weighting. In this case, the value of the characteristics (the

weights) must be assessed in advance of the optimization process.
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The application of this technique to materials selection problems is limited,
however. First, the functional form of the constraints and the objective
is restricted to linear forms (although quadratic forms can also be treated).
This severely limits the scope of the analysis, since only a limited number
;f engineering performance characteristics can be expressed as linear func-
tions of a single physical parameter. Second, the shadow prices of the
constraints are defined only within the vicinity of the optimal solution.
Outside of these ranges, their values can only be approximated. Third,
linear programming, like many optimization techniques, exhibits what is
called 'flip-flop' behavior (103]. That is, for very slight changes in the
objective function or the constraints, the optimal solution can change dra-
matically. Because of this behavior, this technique is not well-suited to
identifying the second-best solution without re-solving the problem with the
optimal solution removed. Further, even though the second-best (or third,
or fourth, etc.) solution can be found, the technique cannot identify the
reason for this ranking. However, for problems which fall within these re-

quirements, linear programming is a very powerful tool for analysis.
REFINEMENTS OF LINEAR PROGRAMMING

The most obvious limitation of linear programming technigues is the re-
striction that the constraints and the objective must be expressed as linear
functions of the decision variables. A variety of nonlinear programming

techniques do exist and have seen considerable application [101,110,111].

However, this improvement does not address the limitations of the solutions

derived when the problem must be reduced to optimizing a single objective
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subject to satisficing the other objectives. While there are techniques
which may solve a multiple objective linear problem, these techniques can
only specify the set of non-dominated solutions; they cannot reveal the

'best' solution without treating the decision maker's attitudes.

GOAL PROGRAMMING

Given the limitations of linear and nonlinear programming techniques, an
alternative technique, called goal programming, may be applied. Goal pro-
gramming taskes many forms and relies to varying degrees upon the degree of

consultation with the decision maker.

The basic assumption of goal programming is that a decision maker can state
his desired levels of performance for each objective being pursued. Given
these goals, a non-linear optimization process can reveal the solution to
the problem which minimizes the difference between available alternatives

and the decision maker's goals.

There are a wide range of goal programming techniques. Each represents a
way to avoid the major limitation of the technique; given a too restrictive
set of goals, the technique may select a dominated solution. Most of these
techniques rely upon & number of interactions with the decision maker fol-
lowing each optimization step. Based§rpon the solution provided, the deci-
sion maker is inviﬁed to revise his goals. When the decision maker is

satisfied with the result, the optimal solution has been determined [59,60].
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Goal programming is of limited applicability in materials selection situ-
ations. The potential for selecting dominated solutions in the absence of
interaction with the decision maker severely limits the applicability of the
technique to treat situations when materials are added to the set of alter-
natives. Further, the setting of goals, while removing the computational
limitations of other optimization techniques, fails to characterize the
relative importance of these goals. The importance of each goal relative
to another is fixed at the outset of the problem, similar to the situation
described above when a linear programming objective function is expressed
as a weighted average of the objectives. The technique fails to capture the
degree to which the relative importance of each goal may change as a goal

is achieved.

SEQUENTIAL OPTIMIZATION TECHNIQUES

Given the limiting structure of the objective function used in goal pro-
gramming, other optimization technique have been developed. These include
the step method (STEM), the method of Geoffrion, the sequential multiobjec-
tive problems solving method (SEMOPS), and others. While each of these
techinques structure the objective and the constraints differently, each

relies upon a similar algorithm, which may be summarized as follows:

1. Identify the cbjectives of the prcblem.
2. Construct these objectives into a set of objective functions.
3. Combine the objective functions into a single objective or construct

a multiple objective linear program.
1/ Determine a non-dominated solution from the solution set.

5. Ask the decision maker if the solution is satisfactory.
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6. If the solution is satisfactory, terminate the procedure.

7. If the solution is not satisfactory, determine, based upon the comments
of the decision maker, how the objective function should be changed.

8. Compute a new solution based upon the decision maker's comments and
the objective(s).

9. Go to step 5.

How each of these techniques accomplish these steps is beyond the scope of
this review. Interested readers are referred to several texts on

multi-objective programming [51,69].

Again, these techniques suffer from many of the same limitations of the
preceding optimization techniques. First, they are critially dependent upon
access to the decision maker. Without the progressive articulation of his
preferences (steps 5 and 7), these techniques cannot be applied. Further-
more, the solution to the problem can yield only local information about the
decision maker's trade-offs between properties. The addition of new alter-
natives to the decision set would require a complete reassessment of the

problem.
APPLICATION OF OPTIMIZATION TECHNIQUES

Those systematic techniques applied to materials selection problems in the
materials engineering literature which are not screening techniques can be
grouped into optimization techniques, although very few actually make use

of the mathematical formalisms described above.
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While optimization techniques are not often described or completely applied
to materials selection problems, several of basic features of the optimiza-
tion problem can be found. In particular, the formulation of the objective
function is usually the orly aspect of the technique presented. The most
commonly used objective function is an weighted average of the character-
istics of interest. In this technique (known as the weighted characteristics
[5] or the geometric approach [59)), each characteristic is normalized by
dividing its value by the highest value found from among the alternatives.
The normalized values then are weighed according to their relative importance
and averaged. The material yielding the highest average value is the optimal

material.

This technique enables the materials decisionmaker to set the relative im-
portance.of the alternatives and can be sequentially modified to allow the
decision maker to refine these weightings. This technique has many propo-
nents, particularly among those researchers and designers developing com-

puterized materials selection techniques.

However, the reliability of this technique relies heavily upon the selection
of the normalizing factor. If an outlying solution with a particularly high
value for a characteristic is used as a normalizing factor, the technique
can yield misleading results.

For example, the following figure describes five alternative combinations
of cost and weight. Of these five, the fifth (Alternative F) has far and
away the highest cost of all the alternatives. This alternative would cer-

tainly never be chosen, but if it is included in the weighted average tech-
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nique, the technique will yield an ordering of alternatives different from

that which would result if the alternative were not included.

The results of the weighted average technique are presented in the following
table. The weightings assumed for the characteristics are (1 * weight index)
+ (3 * cost index). Notice that the order of the alternatives changes be-
tween the two sets of results. This change in ordering is a direct result
of the inclusion or exclusion of Alternative F, a so-called 'irrelevant al-
ternative'. It is this sensitivity to such alternatives that critically

limits this technique.

Table 5. Weighted Index Ranking Including Irrelevant Alternatives

Normalized Normalized Weighted

Alternative Cost Weight Cost Weight Average
A 5 6 0.25 1.00 0.44
B 3 6 0.15 1.00 0.36
c 5 5 0.25 0.83 0.40
D 6 4 0.30 0.67 0.39
F 20 6 1.00 1.00 1.00

Resulting ordering (B,D,C,A,F)

Table 6. Weighted Index Ranking Without Irrelevant Alternatives

Normalized Normalized

Alternative Cost Weight Cost Weight Average
A 5 6 0.83 1.00 0.88
B 3 6 0.50 1.00 0.63
c 5 5 0.83 0.83 0.83
D 6 4 1.00 0.67 0.92

Resulting ordering (B,C,A,D)
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Goal programming techniques have also been used to treat materials selection

problems. Known as the algebraic approach, the objective function is:

| ;- ¥ |
Minimize the sum of a; |memeecenna- | for all i
I A
where:
xi = the ith characteristic of a material
Yi = the targeted level of the ith characteristic
a, = the weighting placed on the ith characteristic

Frequently, this analysis is presented in graphical form, in which the tar-
geted levels of each characteristic are used to form rays, which are con-
nected to form a complex polygon [59]. The attributes of each candidate
material are also used to form a pclygon, and the polygon most similar to
the target polygon is then the optimal materigl for the application. The
graphical presentation and the ability to rapidly apprise the user of the
influences of changes in the goals set by the decisionmaker makes this
technique particularly attractive to proponents of computerized materials

selection systems.

Another form of goal-oriented programming has been employed in the selection
of material fabrication processes and is readily applicable to materials
selection problems [92]. In this technique, a target achievement level for
each characteristic of interest is set, and a number of points is assigned
to that level of achievement. This point assignment corresponds tc the de-
gree of importance of that performance to the decision maker. Similarly, a

number of points is assigned to each candidate process, based upon perform-
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ance in each of the areas of interest. The points for each target are then
combined with the points for each candidate, resulting in a single index

measuring the suitability of the candidate against the targeted performance.
REGRESSION TECHNIQUES

The regression techniques most applicable to the treatment of a materials
selection problem have been developed by economists studying price indexing
[38,55,127] and by market analysts [84,112,118]. In both cases, these groups
have developed the theory of 'hedonic pricing', a direct outgrowth of the
work of Kelvin Lancaster [85]. While these regression techniques have not
been directly applied to materials selection preblems, the problems to which

they have been applied are analagous to the materials selection problem.

In hedonic price analyses, commodities are viewed as being valued on the

basis of their performance characteristics. Given this assumption, it fol-
lows that the market price of & commodity must be a direct function of these
characteristics and that, further, the value of each of these characteristics

(the hedonic price) can be estimated from market information.

To compute the hedonic price of the characteristics of a commodity, the price
of the commocdity is regressed against the levels of its characteristic per-
formance. The resulting regression coefficients express the value of a unit

of the characteristic in terms of the price of the commodity.

While most of the analyses have treated the rélationship between the char-

acteristics and the price as a linear one (i.e., p=a + 2bixi), recent work
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has explored the implications of non-linear relationships. Using a re-
lationship of this form allows the analyst to estimate not only the hedonic
price of the characteristic, but also a market demand curve for the charac-

teristic [119].

Because the hedonic technique focuses on the market value of a commodity,
its application to the mraterials selection problem is very limited. Very
few commodities can be considered to be a single materials application; most
are combinations of such applications. As such, it is impossible to estimate

the price of any one application.

The hedonic technique is also limited by the use of regression to estimate
the parameters of the price equation. Regression techniques are limited to
the treatment of historical data and therefore can only illuminate past be-
havior. This limitation is particularly acute when considering issues of

prospective behavior, such as the attractiveness of a new material.

Hedonic techniques, in effect, treat the entire market as the decision maker.
Successful producers are those which recognize the preferences of the market
and respond accordingly. While such a view is very compelling, it is dif-
ficult to accept that market preferences are sufficiently developed to re-
solve the performance trade-offs inherent in a materials decision. In
particular, it is extremely unlikely that consumers have enough information
to assess the materials selection decision adequately. This view can be
supported by examining the performance criteria which are used in practice

to treat these problems.
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For example, typical hedonic analyses of automotive demand [4,55,127]

parameterize the automobile according to its such characteristics as

* Horsepower (engine displacement),
¢ Interior space,

® Passing speed,

® Volume of luggage space,

° Size (wheel base),

* Weight, and

® A variety of features (V-8 engine, hardtop, number of doors)

While these characteristics may be sufficient to estimate the attractiveness
of an automobile car line, few of these characteristics could be considered

as meaningful indicators of the preferability of one material over another.
DECISION ANALYSIS TECHNIQUES

The finai class of techniques to be discussed are decision analysis tech-
niques, most notably, multi-attribute utility analysis. MAUA is based upon
the assumption that it is possible to assign an ordered metric to various
combinations of characteristics which reflect the desireability of each set
of characteristics. This metric is called 'utility' and the relationship
between the value of a set of characteristics and the utility of that set
is called the 'utility function.' By estimating a decisionmaker's utility
function, an analyst can gain new insights into the criteria employed by the
decisionmaker and caﬁ make predictions regarding the decisionmaker's actions

under certain cenditions.

- 42 -



Utility analysis is based upon the assumption that there exits a function
(the utility function) such that;
] for every A which the decision maker prefers to B, U(A) > U(B),

. for every A which the decision maker is indifferent to B, U(A) = U(B),
and

° if A is preferred to B, then the difference between U(A) and U(B) indi-
cates the degree to which A is preferred to B.

This utility function describes the decision maker's preferences and ex-
presses the level of preference in terms of a commensurable metric. The
function is analytic and may be used as the objective function of an opti-
mization technique. However, the form of the function itself also has sig-
nificence and can be used to estimate the value of trade-offs between

competing objectives or characteristics.
Six axioms of individual behavior lie at the heart of utility analysis. It
is these axioms which enable the analyst to estimate and construct an indi-

vidual utility function. Each of these axioms are briefly summarized below:

1. Complete Preorder - For each possible pair of consequences, an indi-

vidual will either prefer one to the other or will find them to be
equally preferable. This axiom basically states that individuals can

make choices between alternatives, which reveal their preferences.

S 2. Transitivity - If an individual nrefers A to B and also prefers B to

C, then he prefers A to C. This axiom is reasonable for individuals,

but may not hold for groups with different sets of preferences.
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3. Monotonicity - Individuals always prefer more of a good thing to less

of 'a good thing. Again, this assumption is reasonable in many cases,
although there are situations in which it is not true.

v .

4. . Existence of Probabilities =~ In uncertain situations, where the re-

snlting consequences are uncertain, the probability of each possible
consequence exists and can be quantified. While the quantification
of such probabilities can be quite difficult, the proposition that such

quantification is possible is reasonable.

5. Monotonicity of Probability - Individuals prefer a greater chance of

achieving a good outcome than a lesser chance. This axiom is similar
to the above monotonicity axiom, again stating the usually reasonable

assumption that more is better.

6. Substitution - This axiom basically implies that individuals have

linear preferences with respect to probability. For example, if an
individual prefers A to B, then a 50:50 chance between A and some other

alternative C is preferred to a 50:50 chance between B and C.

The consequence of these axioms is that utility can be treated as a cardinal
scaling functiocn for levels of characteristics and its value can be treated
analytically. Furthermore, individual preferences can be assessed using

probability to measure an individual's intensity of preference for varying

levels of a characteristic.
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There are a wide range of techniques for estimating the utility function of
a decision maker. The most commonly employed technique is the Keeney-Raiffa
interview technique. This technique revolves around the administration of

a questionnaire to the decision maker. In this questionnaire, the decision
maker's preferences are revealed b;sed upon his preferences between certain

and uncertain outcomes. The questionnaire is designed to represent decision

situations similar to the problem being studied.

One of the great advantages of MAUA is that it transforms incommeasurable
characteristics (like dollars and pounds per square inch) into a
commensurable metric (utility), thus allowing the analyst, in effect, to
compare apples and oranges. For materials selection problems, this advantage
is particularly attractive. Since the utility function is designed to cap-
ture the decision maker's preferences in an analytic form, the function it-
self can be examined to reveal the rate at which one characteristic may be
traded-off against another. Additionally, since the function is estimated
without explicit treatment of the set of alternatives, new alternatives may

be treated without requiring a re-estimation of the function.

The technique does have some disadvantages. The Keeney-Raiffa estimation
technique can be time-consuming and requires that the analyst be
wellfacquainted with the decision process being modeled. However, while the
interview process is potentially lengthy, the number of questions necessary
can be reduced through a number of structural assumptions. Under these
conditions, an interview of only an hour's duration is needed to estimate a

six-dimensional utility function.
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Recent experiments [93,94] have suggested an explanation for some features
of the Keeney-Raiffa estimation technique (as well as any other techniques
based upon certainty equivalence) which have been presented in the past,
including the so-called Allais Paradox. In particular, recent investi-
gations indicate that the utility function of the interviewee is a function
of the probabilities employed to probe the subject's preferences. The effect
is particularly noticeable when the probability of one of the uncertain
outcomes presented in the questionnaire is close to one. This dependence
is traceable to the use of certainty equivalents to measure utility func-
tions. A new technique, using probability equivalents instead of certainty

equivalents, has been proposed and currently is under development.

While utility analysis has been the subject of a certain amount of contro-
versy, it has been successfully employed to treat a wide range of
multi-objective problems, including airport siting [105], power plant siting
[78], building code selection [104], and water management problems [76].
Because the technique focuses on characteristics and the preference struc-
ture of individuals making choices on the basis of these characteristics,
this technique is particularly suited to a treatment of materials selection
on the basis of materials perforrance. However, it has not been applied to

this problem in the past.

SUMMARY

The following table summarizes the major features of the materials selection

techniques reviewed in this section. As the table indicates, none of these

techniques adequately addresses the problem of materials selection.
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The sorting, optimization, and regression approaches to this multiple ob-
jective problem each bears critical limitations when applied to the problem
of materials selection. The sorting techniques, while simple to apply, de-
pend critically upon the availability of a materials decision maker to guide
the setting of the sorting parameters. While this feature makes sorting
techniques attractive for computer-aided materials selection, analyses of
materials selection by individuals not actively involved in the materials

selection cannot be performed with this technique.

The optimization techniques are limited by the need to state an appropriate,
analytical objective function for the materials selection problem. Again,
the construction of such an objective function depends heavily upon access
to a materials decisionmaker. Furthermore, these techniques also rely upon
the decisionmaker to guide the optimization process by passing or rejecting
solutions generated by the optimization algorithm employed. Finally, the
addition of new materials to the set under consideration can require a com-
plete reconsideration of the problem, owing to the sensitivity of optimiza-

tion algorithms to small changes in parameters and variables.

The hedonic regression techniques are limited by both the analytical tech-
nique employed and the assumptions underlying the application of the tech-
nique. Regression techniques are limited by the fact that they rely upon
historical data. Because the technique employs historical data, it can only
reliably be applied to treat past situations. Prospective application of
this technique to, say, the introduction of a new material would be fraught
with uncertainty because of the inherent assumption of regression models that

the future will be similar to the past. The hedonic technique is limited
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also by its assumption that a direct assessment of market behavior can lead
to estimates of the value of a characteristic. While such assumptions are
suitable for marketing analyses, the marketplace cannot be relied upon to
yield meaningful information on the advisability of applying a material in
an engineering application. Such a perspective overestimates the amount of
information which can be captured in a single number, the price of a com-

modity.

Beyond these specific limitations, none of these techniques enables the an-
alyst to capture the structure of the materials selection problem. The
techniques each attempt to report upon the consequences of this decision
structure, but none of them systematically captures the 'why?' and the 'why

not?' of a particular selection process.

However, multi-attribute utility analysis does offer the analyst a tool for
capturing precisely this sort of information, while also providing a tech-
nique for actually selecting a material for an application. By expressing
the preference structure of a materials decision maker in an analytical form,
utility analysis enables the analyst to explore the differences between al-
ternatives in a quantitative fashion and to assess the pros and cons of se-

veral altermatives.

While this technique has been applied to a wide range of decision problems,
it has never been employed to treat the problem of materials selection. The
application of this technique to that problem is the subject of the remainder

of this paper.
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Table 7. Summary of Alternative Techniques
r T T T !
| Technique | Assumptions | Advantages Disadvantages |
1 : | Il
I | -1
|Exclusionary | - All alternatives | - Conceptually | - Limited to
| Screening |  known | simple known
| - All objectives | | alternatives|
|  known | - Can only
I | refine non-
| | dominated
| I set
| j
Conjunctive | - All alternatives | - Conceptually | - Limited to
Sorting |  known | simple known
| - All objectives | - Selects a alternatives
|  known | ‘'best' - Selection
| - One objective alternative based on a
| is most single
! important property
)
| Lexicographic | - All alternatives | - Conceptually | - Limited to |
| Sorting |  known simple |  known |
| | - All objectives - Selects a | alternatives]|
| |  known [ 'best’ | ~ No tradeoffs|
| | - All objectives alternative | between |
| | can be ranked - Uses all | properties |
| | by importance properties | |
| | to rank |
| alternatives |
- i
| Linear - Objective can be | - Routine - Reduces
| Programming stated as linear solution problem to
| function algorithm single
- Constraints on - Yields objective
objective can be relative - Flip-flop
stated as linear values of behavior
|  function constraints |
| |
1 {
Non-Linear - Objective can be | - Can be - Difficult
Programming stated in a computerized to obtain
functional - Avoids solution
form linearity - Functional
- Constraints on requirement forms are
objective can be | still |
stated in a limited
functional form - May still
reduce
problem to
single
| objective
J
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I ! | ]
| Technique | Assumptions | Advantages [ﬁDisadvantages
[ | |
I ] I |
|Goal | - Target levels of | - Explicitly - Will select
|Programming | achievement | treats dominated
| |  known weighting of | solution if |
| - Weighting for objectives too-
objectives known | - Treats restrictive
| multiple | goals set
objectives - Assumes
static
| | weighting of
| | objectives
+ Ju
Sequential - All alternatives | - Involves | = Requires
Optimization known decisionmaker access to
- All objectives in process decision-
known - Can rapidly maker for
| - Decisionmaker work to each |
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METHODOLOGY

The application of multi-attribute utility analysis to materials selection
will be described in this chapter. The process can be broken down into three
major steps: performance evaluation, utility estimation, and utility analy-

sis.

PERFORMANCE EVALUATION

The objectives of the performance evaluation step are to identify the set
of characteristics to be assessed in the utility assessment and to describe
the set of performance criteria which must be met by an alternative appli-

cation.

The first step of performance evaluation is a definition of the material
application under analysis. Because the objective of this analysis is to
assess the applicability of alternative materials, this description must
focus on the function of the application, rather than physical character-
istics of the application. For example, an automobile bumper should not be
treated as "a chrome-plated steel box beam, weighing 35 pounds, attached to
the car with two energy absorption units". Rather, a bumper is "an element
at the front and rear of an automobile serving a variety of structural and

" Such a functional description eliminates

styling functions including ....
material-specific requirements while implicitly specifying design and mate-
rial guidelines. Thus, a wide range of potential designs and materials may

be included in the analysis. Furthermore, performance need not be limited
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to engineering performance; other measures of performance (such as cost) may

also be included in the description of the application.

Once the application has been functionally described, the next step is to
identify which of these performance characteristics must be included in the
analysis. This screening of characteristics can be done based on several

criteria.

. Binary characteristics - Certain of the characteristics will be binary,

that is, a particular level of performance must be met, regardless of
any other performance exhibited by the alternative. Futher,
over-performance is completely irrelevant to the attractiveness of the
alternative. For example, regulated performance requirements frequently

fall into thiS category.

® Non-material-based performance - Even if the universe of material/design

alternatives is not limited, those performance characteristics which are
not a function of the material employed will not enter into the materials

selection process, and may be removed from the characteristic set.

¢ Irrelevant characteristics - Finally, preliminary estimates of the im-

portance of various characteristics can be made besed upon the engi-
neering literature of the application and on preliminary discussions
with decisionmakers in the field. Such preliminary screening can help
to identify which of the characteristics are of particular importance

as well. There are a set of decision analysis tools available which
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enable the analyst to analytically test the relevance or irrelevance of

characteristics under consideration [25,26].

This screening process satisfies the objectives of this step in the analysis.
On one hand, the identification of particular classes of performance criteria
helps to structure a partial sorting of the material/design alternatives.
In particular, those alternatives which fail to meet the requirements of the
binary characteristics can be eliminated from further consideration. Simi-
larly, as alternatives are eliminated from the set of alternatives, the di-
versity of the remaining alternatives may be reduced, which may lead to
further reductions in the number of characteristics necessary to distinguish

the alternatives.

On the other hand, by limiting the number of characteristics, the size of
the utility assessment problem is reduced. The administration of a
Keeney-Raiffa type questionnaire is extremely time-consuming, and, at best,
six characteristics can be treated in the space of an hour. This t:me period
is probably the maximum feasible amount of time for two reasons. First, it
is unlikely that the interviewer can expect to be given more than one hour
of a decisionmaker's time. Second, it is equally unlikely that the
decisionmaker would be able to concentrate fully on the questionnaire for

more than one hour.

QUESTIONNAIRE DESIGN

The primary tcol of multi-attribute utility analysis is the questionnaire,

which is the heart of the process whereby the preferences of decisionmakers



are discerned. The interview questionnaire is a combination of engineering
analysis and psychometric testing. On one hand, it incorporates questions
regarding the attitudes of the interviewee towards the critical performance
requirements of the application being analysed. On the other, it employs
well-established psychometric techniques (bracketing) to help the
interviewee to express his attitudes as consistently and correctly as pos-

sible.

Once the list of performance characteristics is reduced to a manageable size,
the next step is to develop the framework of the questionnaire. This
framework must serve two competing objectives. On one hand, it must confront
the decisionmaker with situations that closely resemble actual situations
that he has faced in the past. On the other, the situations must be presented
with sufficient novelty to force the decisionmaker to perform the decision
based upon the question, rather than to parrot past behavior. In keeping
with the nature of the problem, questionnaires oriented around materials
acceptance problems were found to be particularly applicable to this class

of problems.

The object of this framework is to allow the interviewer to estimate the
decisionmaker's multi-attribute utility function for the application; as
gauged by the values of the performance characteristics selected in the
preceding steps. Thus, the questions must be couched in such a fashion as
'to allow the interviewer to estimate the single-attribute utility functions
and the weighting factors for each characteristic, and to perform tests of

the independence assumptions and of consistency.

- 54 =



The questionnaire must treat the following areas.

° characteristic verification
® characteristic ranging

. introduction to the process
e single attribute assessment
® utility combination scaling
* consistency checking

* independence checking

Each of these sections are briefly described below.

Characteristic Verification - In this section, the questionnaire should ask

the interviewee to verify whether or not the characteristics specified in
the text are important considerations in materials selection. Additionally,
the interviewee should be encouraged to note any additional characteristics
which may be of interest to him in materials selection the application in
question. This latter part is of particular importance in the interview.
It helps to establish that the interviewer is interested in the attitudes
of the interviewee rather than to validate some already established conclu-
sion of the interviewer. The interviewer is, in effect, asking to be led
almost from the very first step, helping to establish a good working re-

lationship with the interviewer.

Characteristic Ranging - In this section, the questibnnaire should ask the
interviewee to establish the maximum, minimium, and mean values of the

characteristics being studied, as well as the units of measure. This helps
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to establish the range of interest in the application being studied, as well

as furthering the interviewee's confidence in answering questions.

Introduction to the Process - In this section, the questionnaire should

briefly introduce the structure of the remaining questions. It is unlikely
that the interviewee would be familiar with the process and he should be
introduced to the process carefully. Following this introduction, a simple
game (typically involving the toss of a coin and varing stakes) should be
presented to acquaint the interviewee with the mechanics of the process.
These simple questions not only introduce the process to the interviewee,
but they also help to legitimate the objectives of the interviewer by es-

tablishing to the interviewee that nonlinearity of preference is common.

Single Attribute Assessment - In this section, a series of questions should

examine the attitude of the interviewee to the performance characteristics
being studied. For example, these questions can revolve around a materials
acceptance question, where a new material is proposed which may offer an
improvement in a characteristic, but may also result in a deterioration in
performance. By asking the interviewee just how much of a chance he is
willing to take to get an improvement in performance, the single attribute

utility function of the interviewee can be estmated.

Utility Combination Scaling - The next section of the questionnaire is aimed
at determining the ki interdimensional scaling value for each character-
istic. These questions must be predicated on an assumption regarding the

form of the utility function. The number and type of questions to be asked
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in this section depend upon the assumed functional form of the

multi-attribute utility function.

Consistency Checking - The next section should consist of a few questions

with slight variations from the preceding ones, which allow the analyst to
assess the consistency of the interviewee's response. The preceding
questions have produced enough information to allow the analyst to compute

the answer that should be expected, if the interviewee is consistent.

Independence Checking - The final section consists of a simple set of

questions which test whether the independence assumption made in the formu-
lation of the questionnaire and the utility function is valid. The critical
element here is not to force the result. Thus, these questions should be

somewhat circumspect and, if anything, should tend to imply that independence

should not hold.

The next step is the interview itself. While the questionnaire is the cen-
tral focus of the interview, a great deal of insight can be gained by paying
close attention to the interviewee's comments during the interview. The

interviewer should be alert to particular features.

® First, the interviewer should watch for any sign from the interviewee
that»the questionnaire makes no sense to him. In such cases, the
interviewer should draw out the subject, focusing on identifying the
source of the problem. While in some cases the problem may be with the
questionnaire, in other cases the interviewer may find that the subject

is having trouble because the problems being presented are problems that
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he has never faced. It is possible that the subject is not the sort of

decisionmaker that was required.

* Many interviewees find that 'thinking out loud' helps them to make their
decisions and the interviewer should pay careful attention to what is
discussed. "Rules of thumb" and other bases for decisions should be

noted and discussed as time permits.

UTILITY ANALYSIS

The product of an interview is a completed questionnaire, containing suffi-
cient information to allow the analyst to construct the interviewee's utility
function. With the constr ction of this function, a number of analyses may

be performed.

First, the alternative material/design systems can be ranked according to
preference. By so doing, the 'best' material for an application can be se-
lected, which was the original objective of the analysis. Furthermore, this
utility function can be used to treat material/design systems which may not
have been explicitly considered at the outset, provided the system falls
within the scope of the utility function estimated. This implies that new
or currently unconsidered materials systems can be easily treated against

the materials currently available for an application.

-Beyond the ranking of alternatives, the utility function also enables the

treatment of the marginal behavior of the decision maker's preferences. In
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particular, the ratio between partial derivatives of utility with respect
to different characteristics can be computed to determine the rate at which
the decision maker trades-off one characteristic for another. Alterna-
tively, iso-utility curves can be plotted to show how the rate at which
characteristics are traded-off can vary according to the level of perform-

ance.

In addition to this analytical information, the analyst frequently comes away
from the interview with a greater understanding of the type of decisions made
by the subject and the scope of his decision making. Because the interview
is explicitly concerned with performance, it is possible to determine which
characteristics are important and this list can be compared and contrasted

with similiar lists, both within and without the organization. Differences
in these lists can lend insight inte the decision processes of various or-

ganizations or the individuals within the organization.

Another important result of the interview process is that the shape of the
entire materials selection process within an industry can frequently be
discerned, particularly following a number of interviews. By recognizing
how performance guidelines are set and assessed, it is possible to determine
where these critical decisions are made and which individuals or groups of
individuals make them. Furthermore, the range of discretion exercised by
various groups can identify where organizations compete and where successful

materials intrcduction should take place.
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SUMMARY

The materials selection technique described above is a proposed alternative
to the multiple objective selection techniques described in the preceding
chapter. This technique employs a combination of engineering analysis,
exclusionary screening, and utility analysis to Aetermine the best material

for an application.

The technique relies upon the assumption that materials and material appli-
cations are valued in terms of their performance, rather than upon any in-
trinsic value the material employed might posess. The technique is composed
of three steps. In the first step, performance analysis, the application
under consideration is characterized in terms of its performance character-
istics. Engineering analyses are employed to determine the level of per-
formance for each material alternative as a function of the physical

properties of the material as well as the proposed design.

The number of relevant performance criteria are then limited to a manageable
number, usually no more than six. The performance criteria are screened on
the basis of their ability to resolve the distinctions between the material
alternatives and the degree to which different levels of performance are
acceptable for the application. In the course of limiting the character-
istics, the materials set can be subjected to exclusionary screening based

upon the level of performance reqﬁired.

In the second step, utility assessment, the remaining characteristics are

incorporated into a Keeney-Raiffa type interview questionnaire. This ques-
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tionnaire is then administered to materials decision makers in the relevant

field and its results analyzed.

In the final step, the utility function derived from the interviews is used
to rank the remaining material alternatives in terms of the decision maker's
preferences. This utility function may also be used to determine the rate

at which the decision maker trades-off properties and which characteristics

are of most importance to him.

This technique offers cbnsiderable advantages over the techniques described
in the preceding chapter. First,.it provides the analyst with an analytical
function describing the decision maker's preferences. Unlike techniques
which use the decision maker's preferences to guide the search for a sol-
ution, this technique results in a description of the decision maker's
preference structure which can be applied to different material sets without
requiring a new round of interviews and assessments. This flexibility allows
the analyst to treat the structure of the decision maker's preferences as
well as the consequences of them. Thus, it allows the analyst to conduct a
variety of sensitivity analyses, studying the impact of changes in material

performance upon the relative attractiveness of alternatives.

Second, the technique gives the analyst a tool for examining the structure

of materials decision making within an organization. Through the interview
technique, decision makers are encouraged to reveal the ways in which mate-
rials decision are made within an organization and how the structure of these

decisions effects the preferences of the decision makers.
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Finally, the technique explicitly treats the performance of an application,
rather than the material employed in the application. This approach enables
the analyst to avoid the pitfalls of material biases which can cloud mate-

rials selection issues.
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APPLICATION OF THE METHODOLOGY

The methodology described in the preceding chapter has been applied to the
analysis of materials selection in the automobile industry. In particular,
two automotive components were treated; the outer panel of a deck lid and
the front bumper. Automobile components were chosen for this analysis be-
cause of the wide range of material alternatives available to automobile
makers and because of the wide range of performance requirements these com-
ponents must meet. Additionally, a number of materials manufacturers were
interested in improved methods for automaker's attitudes towards materials

selection.

The deck 1lid analysis was the first application of this methodology. Using
the results of this analysis, the technique was refined and then applied to
bumper system analysis. The following sections describe the application of

the methodology to these two cases.
DECK LID OUTER

The automobile deck lid (or trunk lid) is a familiar component to any auto-
mobile user. The trunk lid consists of two main components; the inner and
the outer deck lid. The inner deck 1lid is a structurai member. It provides
stiffness and rigidity to the deck lid and attaches to the rest of the car
with a pair of hinged supports. The outer deck lid is a flat panel with a
high grade finish which must resist not only the elements, but also repeated

impacts from the user of the trunk.
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The deck lid outer of a GM-X car was selected as the basis of this analysis.
The outer alone was selected because of the difficulty associated with at-
tempting to redesign an entire deck lid for each candidate material. The
outer, as a panel member, represented a far less challenging engineering
problem. Additionally, a considerable amount of work treating material al-
ternatives for deck lids was available to validate the engineering and eco-

nomic bases for the multi-attribute utility analysis. [142]
ALTERNATIVE HMATERIALS

Three materials were considered for this application. These were steel
sheet, aluminum sheet, and sheet molding compound (SMC). These three broad
classes represent the three historical competitors for automobile panel ap-
plications. Steel sheet has been the preferred material for the last seventy
years of automobile manufacture. Aluminum has been used in the past to meet
weight performance requirements. SMC has only recently been applied in

autmobile panels, most notably the Pontiac Fiero.

Because the treatement of the deck lid was the first application of this
methodology, there was a minimum of emphasis on the actual material alter-
natives to be treated. This limited set of alternatives was chosen to dem-
onstrate the scope of the analysis by treating three distinct; competitive
material systems rather than attempting to encompass explicitly the entire
scope of the material alternatives available. While the utility function
derived from this analysis would be applicable to many other material sys-
tems, little benefit would be gained from treating every material system

available.
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PERFORMANCE EVALUATION

The steel deck 1lid outer of the 1982 Chevrolet Cavalier was chosen as the
base line design. This component weighs 17 pounds and is made of steel sheet

with a 0.033 inch gauge.

In order to determine the gauge of the aluminum and the SMC systems, 4 au-
tomotive panel design relations were used. According to Chang and Justusson

[29], the critical design criterie are

1. 0il canning resistance - & function of modulus and gecmetry

2. Buckling resistance - a function of modulus, Poisson's ratio, and ge-
ometry.

3. Dent resistance - a function of yield strength, modulus, and geometry

4, Vibration resistance - a function of modulus, density, and geometry

In order to compute the geometry and weight of the SMC and aluminum systems,
a two assumptions were made. First, the only difference in the geometries
of the three alternative systems would be in the gauge of the panel. Second,
the SMCvand aluminum systems must exhibit the same or better dent resistance,
oil canning resistance, and buckling resistance as the steel panel. Based
upon these assumptions and the design equations for panels, the following

weights and gauges were computed.
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Table 8. Computed Gauges for Deck Lid Materials

Material Weight Thickness
Mild Steel 17 1bs. 0.033 in.
Al1-6009-T4 9.9 lbs. 0.055 in.
SMC-37% Glass 12 1bs. 0.104 in.

This analysis revealed five performance features of the deck 1lid outer. To

recap, these are

1. Weight,

2. Dent Resistance,

3. 0il Canning Resistance,
4. Buckling Resistance, and
5. Vibration Resistance.

A sixth characteristic, the cost of the panel, was added to this list. This
cost included the costs of the material, the costs of fabricating and fin-
ishing the panel, and the costs of installing the panel. The costs used in
this analysis were estimated using engineering cost models for aluminum and
steel stamping, SMC molding [24], and automotive finishing and assembly.
Please see Appendix B for further descriptions of these models and Appendix

C for the output used in this case.

The results of these cost models can be summarized as follows:
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Table 9. Cost Model Results ~ Deck Lids

Primary Secondary ' Total
Mild Steel  $10.41 - s17.20 527.61
Al1-6009-T4 $20.76 $19.32 $40.08
SMC $17.75 $13.41 $31.16

QUESTIONNAIRE DESIGN

Once the performance criteria were established, the next step was the design
of the questionnaire. After conversations with automobile engineers, the
question of material acceptance or rejection on the basis of performance was

seélected as the basis for the questionnaire.

Following a set of questions designed to determine the applicability of the
six criteria and the observed range in their values, the utility questions
confronted the decision maker with a number of material acceptance problems.
In each case, a new material was presented which performed adequately in five
of the six areas, with an uncertain performance in a sixth. The decision
maker was asked to state how likely improved performance in the sixth area
had to be before he would use the new material. These questions were used
to determine the single attribute utility functions for each of the sixth

characteristics.

The next set of questions again confronted the decision maker with a mate-

rials acceptance problem, but this time all six characteristics were in-



volved. Again, he was asked to state how certain he had to be of improved

performance before he would select an uncertain outcome to a certain one.

The text of this questionnaire can be found in Appendix A. It is important
to note that this questionnaire only treats a range of plus or minus ten

t ' . .
percent of the ‘average performance; in this case, steel. During preliminary

interviews with MIT faculty in the materials field, interviewees gave con-
flicting opinions on what would be a reascnable range of values to be
treated. Because of this uncertainty, it was decided to start with a narrow
range and assess the automaker's responses. As a result, this narrow range
was selected in spite of the wide range of the weight and cost character-

istics noted above.

INTERVIEWS

Interviews were conducted in Detroit during the week of the 1984 SAE Con-
gress. Three materials/design engineers (one from each of the Big Three)
and one purchasing engineer were interviewed. Each of the design engineers
responded positively to the questionnaire, although each was hesitant at
first. The three design engineers pointed out that, while the questionnaire
was somewhat more structured than they were used to, the problems presented
were similar to problems that they faced on a regular basis. All three
pointed out that surface finish was an important characteristic which had
been left out of the questionnaire. However, they all agreed that surface
finish was a binary-type characteristic, i.e., nothing could make up for

inadequate performance in this area. Another characteristic mentioned was

corrosion life, which they felt was an important criterion. Finally, they
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pointed out that vibration resistance was not something that they worried

about much.

The interview with the purchasing engineer was also informative, although

for a different reason. In all cases, he was unwilling to consider taking
any risk in performance. Rather than completing the questionnaire, the na-
ture of his decision making problems were discussed. He pointed out that

purchasing engineers were given a set of material specifications which had
to be met. While there were incentives to purchase such material at a min-
imum of cost, under no circumstance, regardless of cost benefit, was he to

purchase material not up to specification.
UTILITY ANALYSIS

The responses of the material/design engineers were used to construct their
multi-attribute utility functions. The multilinear form was used and the
functions were scaled to range between 0 and 1. These functions were used
to compute the utilities of the three alternative material systems. The data
employed and the results of the calculations are presented below.

Table 10. Deck Lid Responses - Subject 1

Attribute Utility of Midpoint k scaling factor

Dent Resistance 0.8
Cost 0.6
Weight 0.5
0il Canning Resistance 0.6
Vibration 0.8
Buckling Resistance 0.9
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Table 11. Deck Lid Responses - Subject 2

Attribute Utility of Midpoint k scaling factor
Dent Resistance 0.9 0.8

Cost 0.9 0.8

Weight 0.9 0.8

0il Canning Resistance 0.99 0.7
Vibration 0.99 0.75
Buckling Resistance 0.7 0.7

Table 12. Deck Lid Responses - Subject 3

Attribute Utility of Midpoint k scaling factor
Dent Resistance 0.99 0.4

Cost 0.7 0.95
Weight 0.9 0.95

0il Canning Resistance 0.9 0.5
Vibration 0.9 0.5
Buckling Resistance 0.9 0.5

Table 13. Material Utilities for SUBJECTI1

Mild Steel 0.75
Al-6009-T& 0.67
SMC-37% Glass 0.67

Table 14. Materiel Utilities for SUBJECT2 & SUBJECT3

Mild Steel 0.99
Al-6009-T4 0.99
SMC-37% Glass 0.99

These results point out the major limitation of this analysis. The narrow
range (+/- 10%) of characteristics treated resulted in a autility function

unable to capture the full differences betwecen the aluminum and the SMC case.
In particular, although there were differences in the performance of aluminum
and SMC is several areas, these levels of performance were outside the range
of the assessment, requiring that they both be assigned utility values of 1

or 0.
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In spite of this limitation, the utility functions correctly capture the fact
that steel is the preferred material for this application. For all subjects,
the utilities of aluminum and SMC were equal and the utility of steel was

greater than that of the alternatives.

SUMMARY AND CONCLUSIONS

The results of this case study were very encouraging. The most important
result was that the methodology proved usable in this situation and yielded
results consistent with observed behavior. The idea of the questionnaire,
while new to the interviewees, was found to be an appropriate mechanism for
discussing their preferences for characteristics. The questionnaire was
also a useful basis for examining the range of decision making power of in-
dividuals and could be used to identify the range of a decision maker's

discretion.

The case ;tudy aiso pointed out particular deficiencies in the method used.
In particular, the range of plus or minus 10% of the average value was found
to be too restrictive for analysis. Interviewees indicated that such a range
was almost too small to consider, except when dealing with costs. All other

characteristics typically had ranges of plus 100% and minus 50%.
Nevertheless, this first case application of the methodology successfully

demonstrated the feasibility of its application to the problem of materials

selection.
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BUMPER SYSTEMS

Following the completion of the deck 1id analysis, a case study of materials
selection for bumper systems was undertaken. Bumper systems are an area of
active materials change. Less than twenty years ago, all bumpers were chrome
plated, stamped steel beams whose primary function was for show. Since that
time, a combination of Federal regulations, energy crises, and overseas
competition has led to many changes in automobile bumpers, including the

introduction of plastic components.

The scope of this case analysis was limited to the treatment of bumper sys-
tems for which plastic systems could be feasibly substituted. This scope
limited the case to the treatment of the so-called aerodynamic bumper system.
These systems are noted for the way in which their lines seem to flow di-

1
rectly from the car, as opposed to older 'hang-on systems. The bumper system

of the Ford Tempo was used as the baseline design for the analysis.

ALTERNATIVE MATERIALS

The basis of the case study was to compare the utility of two proposed
plastic systems with two currently employed bumper systems. The object of
the study was to determine if the proposed systems would be more attractive
to automakers than the current systems. The four systems are briefly de-

scribed below.
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¢ System 1 - A stamped steel beam, mounted to the automobile on hydraulic
strokers for energy management, and covered with a reaction injection
molded (RIM) polyurethane fascia.

® System 2 - A stamped steel back plate directly mounted to the car. The
plate is faced with an EVA honeycomb and covered with a RIM fascia.

¢ System 3 - A plastic beam, covered with a RIM fascia.

® System &4 - A one-piece, structural plastic fascia, mounted to the car

with hydraulic strokers.

PERFORMANCE EVALUATION

The evaluation of bumper performance is based upon a wide range of charac-
teristics. Furthermore, the selection of a bumper material is critically
dependent upon styling decisions. For this case study, the selection of the
class of systems under consideration had a major influence upon the per-

formance characteristics used.

Cost and weight were included in the analysis, based upon the automobile
industry's current concern with economy. Also included was the Federal Motor
Vehicle Safety Standard (FMVSS) for automobile bumper impact. At the time
of the case, the Federal government had recently reduced this standard from
a 5 mile per hour impact test to a 2.5 mile per hour impact test and the value

of improved performance in this area was of interest.

The three other characteristics considered for this analysis were the out-

growth of numerous discussions with automobile design engineers and material
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suppliers to the automobile industry. Two of these characteristics were
chosen to reflect Detroit's concern for the longevity of the automobile and
its appearance. The appearance of a bumper system suffers either from en-
vironmental exposure (such as corrosion or solvent attack) or from impacts.
Service life was selected as a characteristic in order to treat environmental

degradation and dent resistance was selected to treat impact resistance.

The sixth characteristic was chosen following discussion with bumper design
engineers. They pointed out that the most important part of bumper styling
and design was related to the distance between the bumper and the rest of

the car. This distance is necessary to give the bumper room to deflect and
absorb collision energy, instead of transmitting it to the vehicle. There-

fore, deflection distance was included in the set of characteristics.

A number of important performance criteria were not included in the analysis,
primarily because these characteristics were binary in nature. These in-
clpded surface finish, paintability, and impact strength at low temper-
atures. Under no circumstance would other characteristics be able to
compensate for inadequate performance in these areas, so they were not in-

cluded.

QUESTIONNAIRE DESIGN

The questionnaire employed in the bumper case was very similar to the one
used in the deck lid case. The situations presented were the same as those
presented in the deck lid case, excépt the range of interest was expanded.

For cost, weight, dent resistance, deflection distance, and service life,
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the range was changed to a 100% improvement over average and a 50% degrada-
tion over average. For the FMVSS characteristic, the range was between a

2.5 mph standard and a 7.5 mph standard.

Additionally, the name of the 'new' material was changed from AlloX to
Meta-Last, to try to avoid the implication that the test material was a

metal.
The text the bumper questionnaire can be found in Appendix E.
INTERVIEWS

A total of five interviews were conducted in Detroit during the months of
July and August of 1984. Of these, three were administered to engineers in
advanced bumper design or advaﬁce engineering, one to an engineer in pro-
duction engineeri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>