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Physical programming (PP) is an emerging multiobjective and design optimizationmethod that has been applied
successfully in diverse areas of engineering and operations research. The application of PP calls for the designer
to express preferences by defining ranges of differing degrees of desirability for each design metric. Although this
approach works well in practice, it has never been shown that the resulting optimal solution is not unduly sensitive
to these numerical range definitions. PP is shown to be numerically well conditioned, and its sensitivity to designer
input (with respect to optimal solution) is compared with that of other popular methods. The important proof is
provided that all solutions obtained through PP are Pareto optimal and the notion of Pareto optimality is extended
to one of pragmaticimplication. The important notion of P dominance that extends the concept of Pareto optimality
beyond the cases minimize and maximize is introduced. P dominance is shown to lead to the important concept of
generalized Pareto optimality. Numerical results are provided that illustrate the favorable numerical properties of

physical programming.

I. Introduction

ULTICRITERIA optimizationis a useful and challengingac-

tivity with application to numerous disciplines. It provides
decisionmakers with the tools for making good decisionsand, hope-
fully, saving time in the decisionmaking process. Most multicriteria
optimization strategies require a complete and detailed formulation
of the problem; that is, the aggregate objective function, the con-
straints, and the bounds on the decision variable constraints need
to be clearly defined in mathematical terms. This task can be time
consuming and a potential source of serious errors. Moreover, this
formulation process can be beyond the expertise of many decision
makers because they do not usually think in terms of such mathe-
matical models. We believe that this situation severely reduces the
potential popularity of optimization. Because decision making is an
activity that pervades most of professionallife, a more user-friendly
form of optimizationcould have truly broad appeal. This new formal
quantitative optimization-baseddecision making process would re-
place more conventional trial and error methods based on tentative
judgement, intuition, and experience.

For optimization models to be appealing, it must also be possible
to construct a formulation that faithfully reflects the actual situa-
tion, in terms of both the behavior of the physical system and the
decisionmaker’s preference. The optimization problem formulation
often fails to include important constraints; most multicriteria opti-
mization approaches are implemented in a black box environment
in terms of the physical meaning of the designer-set parameters.
Understanding how to set a weight parameter in an optimization
model is generally a difficult trial-and-error process. It is not clear
how to set these user-defined parameters effectively. More critically,
we do not generally know how sensitive the final solution is to these
user parameters. The ability to effectively exploit available physical
information is usually weak, and the ability to exploit information
generatedduring previousoptimizationrunsis similarly notinherent
to the models.
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In additionto these concernsare importantand fundamentalques-
tions:

1) Is the optimal solution generated by a given method always
Pareto optimal?

2) Given a Pareto point, can it always be captured by a given
method?

3) Is the ratio of changes in optimal solution to changes of model
input parameters a reasonably small and finite number?

The second question is addressed in Ref. 1 within the context
of generic objective functions. Ongoing research is examining this
question within the context of physical programming. Physical
programming’ is a method that requests physically motivated in-
formation from the designer and produces a problem statement that
reflects the realistic texture of the designer’s preferences. It defines
a lexicon that significantly impacts the computational burden by
entirely eliminating the uncertain, time consuming, and often frus-
trating process of weight tweaking. This paper examines questions
oneand three in the case of physical programming and provides pos-
itive answers to both. This examinationis conducted in conjunction
with other popular methods. The issues are thoroughly discussed in
Refs. 1-14.

The remainder of this paper is organized as follows. Section II
presentsabrief outline of physicalprogramming.In Sec. II1, the defi-
nitionof Pareto optimality with respectto the physicalprogramming
classification of preferencesis introduced, and the proof that physi-
cal programmingsolutionsare Pareto optimalis given. In the process
of this development, we introduce the important pragmatic concepts
of P dominance and generalized Pareto optimality. Section IV pro-
vides mathematical and physicalinsightinto the numerical stability
of several popular methods regarding the sensitivity of optimal so-
lutions to user input parameters. The role of the curvature of the
aggregate objective function hypersurface is examined within the
context of numerical examples. In Sec. V, the issues of Sec. IV are
again addressed, this time in the case of physical programming. In
the latter case the movement of optimal solutions on the Pareto fron-
tier, caused by changesin user-defined preferenceinput parameters,
is examined. Concluding remarks are presented in Sec. VI.

II. Physical Programming Synopsis
This section provides a synopsis of the physical programming
(PP) method. For a comprehensive presentation, see Ref. 2. PP is
intended to be a simple and user-friendly optimization method that
required negligible knowledge of optimization. The application of
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Fig.1 Class function ranges for ith generic design metric.

PP employs a flexible and more natural problem formulation frame-
work. In PP, the designer does not need to specify optimization
weights in the problem formulation phase; rather, the designer
specifies ranges of different degrees of desirability for each design
objective.

PP also addresses the inherent multiobjective nature of design
problems, where multiple conflicting objectives govern the search
for the best solution. PP provides a flexible and more deterministic
approachto obtaining a solution that satisfies the typically complex
texture of a designer’s preferences. PP is implemented in the soft-
ware package entitled PhysPro,'S which is MATLAB® based. Some
of the important concepts used in the PP method are described as
follows.

Design Metrics

The problem formulation involves identifying the characteris-
tics of the system, or design, that allow the designer to judge
the effectiveness of the outcome. Those characteristics, or design
metrics, are denoted by u;, which are components of the vector
= (g, ..., MLy). Theelements u; representbehavior. Design met-
rics may be quantities that the designer wishes to minimize, maxi-
mize, take on a certain value (goal), fall within a particular range,
or to be less than, greater than, or equal to particular values. The
designer defines preference with respect to each design metric by
providing certain numerical values. The design metric may become
partofan aggregateobjectivefunctionthat will be minimized or may

instead be treated as inequality or equality constraints that subjugate
the aggregate objective function.

Classification of Objectives and Class Functions

Within the PP procedure, the engineer expresses objectives with
respectto each design metric using four differentclasses. Each class
comprises two cases, hard and soft, referring to the sharpness of the
preference. All soft class functions will become constituentcompo-
nents of the aggregate objective function. Figure 1 shows the qual-
itative meaning of each soft class. The value of the design metric
under consideration, i;, is on the horizontal axis, and the function
that will be minimized for that objective, P;(u;), called the class
function, is on the vertical axis.

The desired behavior of a generic design metric is described by
one of eight subclasses, four soft and four hard. These classes are
characterizedas follows. Soft consists of class 1S, smaller is better,
thatis, minimization;class 2S, larger is better, that is, maximization;
class 3S, value is better; and class 4S, range is better. Hard consists
of class 1H, must be smaller, that is, it; < ; max; class 2H, must be
larger, thatis, (; > [4; min; class 3H, mustbe equal, thatis, u; = (4 vai;
and class 4H, must be in range, that is, (; min < i < Ui max-

For each of these classes, we form a class function (Fig. 1). The
class functions provide the means for a designerto express the spec-
trum of preferences for a given design metric. The class functions
provide information that is deliberately imprecise. By design, the
utopian value of the class functions is zero. Next, we explain how
quantitative specifications are associated with each design metric.
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PP Lexicon

PP defines a lexicon that provides the means to express prefer-
ence in a flexible way. This lexicon comprises terms that charac-
terize the degree of desirability of 6 ranges for each generic design
metric for classes 1S and 28, 10 ranges for class 3S, and 11 for
class 4S. To illustrate, consider the case of class 1S. The ranges
are defined as follows, in order of decreasing preference: highly de-
sirable range (u; <v;;), desirable range (v;; < u; <v;,), tolerable
range (v;, < u; <v;3), undesirablerange (v;3 < u; <v;4), highly un-
desirablerange (v;y < u; < v;s), and unacceptablerange (u; > v;s).

The parameters v;;-v;s are physically meaningful constants that
are specified by the designer to quantify the preference associated
with the ith design metric. These parameters delineate the ranges
for each design metric.

The class functions map design metrics into nondimensional,
strictly positive real numbers. This mapping, in effect, transforms
design metrics with disparate units and physical meaning onto a
dimensionless scale through a unimodal function. Figure 1 shows
the mathematical nature of the class functions and shows how they
allow a designer to express the ranges of differing goodness, or
preferences, for a given design metric. Consider the first curve of
Fig. 1, the class function for class 1S design metrics. Six ranges are
defined. The parameters v;; ;s are specified by the designer. When
the value of the objective y; is less than v;; (highly desirablerange),
the value of the class function is small. This calls for little further
minimization of the class function. When, on the other hand, the
value of the objective u; is between v;4 and v;s (highly undesirable
range), the value of the class function s large. This calls for signif-
icant minimization of the class function. The behavior of the other
class functions is indicated in Fig. 1. Preferences regarding each
design metric are treated independently, which allows the inherent
multiobjectivenature of the problem to be preserved. The preceding
discussion describes the basic process of PP: The value of the class
function for each design metric governs the optimization path in
objective space.

In the next section, after defining the concept of Pareto optimal-
ity and its generalized extension for application in PP and other
methods, the Pareto optimality of solutions obtained using PP is
established.

III. PP Pareto Optimality, P Dominance, Generalized
Pareto Optimality, and Fundamental Theorem

This section begins by examining the generic definition of Pareto
optimality within the context of a general multiobjective problem
statement, that is, one where the design metrics will not simply
be minimized and maximized. This development then leads us to
the definition and proof of the fundamental theorem addressing the
Pareto optimality of PP optimal solutions.

We begin with the multiobjective problem statement and associ-
ated definitions. Various problems in practical applications of con-
ventional optimization, particularly in engineering design, can be
recast in the form of a nonlinear multiobjective problem.

Problem P:

1 (x)

H2(x)
min p(x) = . (1)
xeD :

Mo ()

where D={xeR" |h(x)=0, gx) <0, Xpn <X <Xnu), With
h:R"— R, g:R"— R", xpg,€(RU{—o0})", and x. €
(R U {400})"; m is the number of objectives, m > 2; n, and n; are
the numbers of equality and inequality constraints,respectively;and
p; is at least twice differentiable for i € {1, ..., m}. For any deci-
sion vector x = (xy, ..., X,), a criterion vector pt = (ty, ..., tm)
is defined according to the function p: R" — R™. Let Z={z¢€
R™|z=p(x),x € D} be the set of images of all points in D, where
D is the feasible region in the decision space and Z the feasible re-
gion in the objective space; 141 (x), . .., i (x)] are the coordinates
of the image of x in the objective space.

It is highly improbable that a single x* € P will minimize all
w; simultaneously; therefore, we seek Pareto optimal solutions.!6
A solution to a multiobjective programming problem is said to be
Pareto optimal (noninferior, nondominated) if there exists no other
feasiblesolutionthat will yieldan improvementin one design metric
without causing a degradation in at least one other design metric.
Thus, x € D is Pareto optimal if there does not existy € D, whose
design metric vector, ¢ = p(y), dominates the design metric vector
of x, p = p(x); thatis, ¢ < p (componentwise) with p # ¢. In other
words, there does not exist y € D satisfying u; (y) < u;(x) for all
ie{l,...,m}and u;(y) < p;(x)forsome j €{l,..., m}. A point
x € D is said to be locally Pareto optimal if there is a neighborhood
of that pointin D where it is Pareto optimal. Thus, a point, which is
Pareto optimal, that is, globally, is also locally Pareto optimal. The
definition of Pareto optimality is extendedto design metric vectorsas
well. Therefore, in the preceding definition, p € Z is Pareto optimal
(respectively, locally Pareto optimal) in the objective space.

In conventional mathematical formalism, all soft design metrics
are generally minimized or maximized. For minimization,a smaller
value of the objective is always preferred to a larger value thereof,
and for maximization, the contrary applies. As stated, PP recog-
nizes the limitations of such a problem formulation framework by
employing a new expansive and flexible lexicon. As we recall, in
classes 3 and 4, we define the optimization of a design metric in
terms of reaching a given value or a given range. Note that in the
cases of classes 3 and 4, which are very common in practice, the
preceding definition of Pareto optimality practically fails. In these
important cases, it is not possible to tell whether a smaller or a
larger value of the design metric is better or worse, thereby strik-
ing at the heart of the conventional definition of Pareto optimality.
Therefore, it is helpful to extend the definition of Pareto optimality
in a way that accounts for these cases. Next, we define the concept
of Pareto optimality with respect to the PP classification of pref-
erences (and other methods). We assume that the design metrics
are (b (X), ..., Ung, (X), ..., iy (x), where ny is the number of soft
design metrics. The PP? problem model takes the form referred to
here as problem (P1). Specifically, we have the following.

Problem (P1):

1sc

1
min P (1) = — ; P (%)) )
subject to

mi(x) < vs (2a)

for class 1S metrics,
mi(x) = v;s (2b)

for class 2S metrics,
Visp < Wi (X) < visg (2¢c)

for class 3S metrics,
Vis < (i (X) < visg (2d)

for class 4S metrics,
i (X) =< Vi max (2e)

for class 1H metrics,
i (X) = Vi min (2f)

for class 2H metrics,
i (X) =V va (2g)

for class 3H metrics,
Vimin < Ui (X) < Vi max (2h)

for class 4H metrics,
Ximin = Xi = X max (21)



888 MESSAC, SUKAM, AND MELACHRINOUDIS

for decisionvariableconstraints, where v; min, Vi.max, Vi.vals Xi min» and
X; max representprescribed values. The aggregate objective function
comprises class functions associated with soft design metrics. The
hard design metrics are treated as constraints. The set of decision
vectors satisfying Eq. (2a-2i) define the feasible region D.

To extend the concept of Pareto optimality to the common case of
classes 3 and4, we beginby introducingpertinentterminology.Con-
sider the design parameter vectorsx, y € D, and a soft design metric
wii €{1, ..., ng}. The vectorx is said to be P dominated by y with
respectto u; if P;[u; (y)] < P;[1t; (x)]. We emphasize here an impor-
tant distinction. The notion of P dominance with respectto a partic-
ular design metric is distinct from the conventional notion of dom-
inance in the context of several design metrics. The similarities and
distinctions of these two definitions are discussed in the following.

The preceding definition implies that w;(y) < u;(x) for pu; be-
longing to class 1S (minimization), and u;(x) < w;(y) for u; be-
longing to class 2S (maximization). In the case of classes 3S and
48, we are not able to predict the relationship between u; (x) and
i (y) even when we know that one is preferred over the other (see
Fig. 1, classes 3S and 4S). To see this, consider the following situa-
tion. Let u, (x) belongto the left desirableregion(class4, Fig. 1). Let
it be known that the designer prefers w;(y) over u;(x). Therefore,
we know that P;[u; (y)] < P;[1; (x)]. However, we have no way to
tell which is the smaller of u; (y) and p; (x) because p,; (y) may be
on the right or left of ; (y) in one of the, for example, tolerable re-
gions. For example, viop < w; (y) <v;ip and {vi3, < u; (x) < v or
Viog < ;i (@) < v;3r}. Therefore, we see that any definition of Pareto
optimality that relies on the relative size of the design metrics will
encounter difficulties in the common case of classes 3 and 4.

We now address the notion of P dominance in the important con-
text of m design metrics. The design parameter x is said to be P
dominated by y (or equivalently,y P dominates x) if there exists
at least one k € {1, ..., ny} such that x is P dominated by y with
respectto uy; foreach j € {1, ..., ny}, j #k,yis not dominated by
x with respect to w;. This means that P [, (y)] < Pc[ui(x)] and
Pl (0] = Pyl (o)) for j {1, ... nich j#k.

We observethatthe definitionof Pdominanceis the natural exten-
sion of the definition of dominance in the parlance of conventional
optimization. Thus, x is a P-nondominated vector if any further im-
provement in any one of the design metric values u (x) requires
a worsening of at least one other design metric value. The earlier
definition leads us to the important concept of generalized Pareto
optimality, which is defined as follows. A pointx € D is said to be
generalized Pareto optimal (GPO) if there does not exist a point y
that P dominates x. In addition, a point x € D is said to be locally
GPO if thereis a neighborhoodof the pointx in D, where x is GPO.

These definitions formally extend the well-known concepts of
Pareto optimality and dominance. We note, first, that although the
preceding discussion took place in the context of classes 3 and 4
of PP-defined preferences, the definitions are directly applicable
and helpful in the context of any other multiobjective optimiza-
tion approach. In fact, these definitions allow these approaches to
seemlessly extend their applications from minimization (class 1S)
and maximization (class 2S) to the important and common cases
of classes 3 and 4. We note, second, that the discussion of these
new conceptsis in no way limited to the way the class functions are
defined. That is, we could very well have defined a higher value of
the preference function to be preferred over a lower value thereof
(see Fig. 1).

We concludethe discussionof these extendedconceptsby making
some insightful and useful observations. As discussed in the pre-
ceding section, one property commonly considered necessary for
any candidate solution of a multiobjective optimization problem is
that the solution be Pareto optimal. Pareto optimality allows the de-
signer to restrict attention to a single solution or a very small subset
of solutions among the much larger set of feasible solutions. Pareto
optimality is always defined within the context of designer pref-
erence, for example, minimize the design metrics. Unfortunately,
conventional definitions of Pareto optimality are generally formu-
lated in terms of the relative values of these design metrics.

As we see from the preceding discussion, in the case of classes
3 and 4, these definitions degenerate. These definitions are defined

in design metric space. In light of this realization, we see that a
more appropriate space for the definition of Pareto optimality is
the preference space. In other words, in Fig. 1, instead of using
the design metrics (horizontal axes) to define Pareto optimality,
we should use the preference measures (vertical axes). In prefer-
ence space, the traditional definition of Pareto optimality applies,
where the word design metric is replaced by preference measure (in
the PP case, the vertical axes in Fig. 1). This realization naturally
leads to the notion of P dominance, P for preference (or PP, as a
special case). This concept of P dominance naturally leads to that
of GPO.

We now have the requisite tools to directly address the chief
topic of this section, namely, the proof that all optimal solutions
generated using PP are Pareto optimal, or, more specifically, GPO.
This development follows, in the form of a theorem and proof.

PP GPO

Theorem: Let a € D; if a is the optimal vector in problem (P1),
then a is GPO.

Proof: Suppose thata is not GPO; then, there exists a pointc € D
such that @ is P dominated by c¢; thus, there exists at least one in-
dex k, with k€ {1, ..., ny}, such that P [u(c)] < P [ (@)] and
Pi[p; (@] < Pj[u;(a)] forall je{l,...,ns}, j #k. Becausea is
the optimal vector in problem (P1), then P[p(a)] = min, P[p(x)].
We have

1 RNsc 1 Nsc
Plu(e)] = Plp@] = — > Plui(©)] = — ) Plu(@]

i=1 =1

1 Nsc
= — ) (Plu©] - Alu@]) 3)

sc .
i=1

It follows from Eq. (3) that P[(u(c)] — P[u(a)] is negative;
therefore, P[u(c)] < P[p(a)]. This contradicts that Plu(a)]=
min, P[p(x)]. Thus, a is not P dominated by ¢. Hence, a is GPO.

From a pragmatic perspective, we now make some comments that
relate theory to practice. The most common computationalcodes for
nonlinear optimization are gradient based and can at best guarantee
local Pareto optimality of the obtained solution. Consequently, if
the code used for the implementation of the PP problem (P1) gives
only local minima, then the solutionto problem (P1) is locally GPO.
Therefore, to guarantee (global) generalized Pareto optimality, we
simply need to use a global optimizationcode as the PP optimization
engine. With the completion of the developments of P dominance,
generalized Pareto optimality, and proof of the generalized Pareto
optimality of PP’s solutions, we address the next topic, namely, the
sensitivity of PP’s solution to changes in user parameter preference
input.

IV. Sensitivity of Optimal Solutions to Changes
in User Parameters: Other Methods

All practical multiobjective optimization/design methodsinvolve
the participation of the designer in several ways. One of the most
important aspects of this participationinvolves the designer’s speci-
fication of input parameters that guide the eventual optimal solution.
As the designer changes these input parameters, the optimal solu-
tion location moves on the Pareto frontier. Some forms of these
input parameters are commonly called weights. Others, such as the
exponentof a design metric, are not generally referred to as weights
because they are not primary tools used for navigatingin the objec-
tive space. These parameters primarily affect the curvature of the
aggregate objective function. The PP method, as mentioned earlier,
uses instead physically meaningful preference parameters, which
play in essence the same role as weights in other methods. Some
methods explicitly seek to generate a comprehensiverepresentation
of the Pareto frontier. When the simplicity of the problem allows,
a closed form of the Pareto frontier is derived.'” More recently, at-
tempts have been made to approximate the entire frontier.*>-14.18:19
Our pervasive use of input parameters to guide our eventual solution
gives rise to some important and fundamental questions.
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1) Does the designer have reliable guidance regarding how to
change these input parameters to converge to the desired optimal
solution?

2) What is the impact of the changes in input parameters on
the shape of the aggregate objective function hypersurface? More
important, can these shape changes result in the arbitrary ability to
capture all Pareto points?

3) Do the aggregate objective function shape changesresultin the
arbitrary ability to obtain all Pareto points? More important, does a
small change in input parameters yield to a correspondingly small
change in the optimal solution?

First Question: Guidance in Changing Input Parameters

These questionsdeserve our careful examination. The firstis thor-
oughly examinedin Ref. 2, which concludesthat the typical weight-
tweaking process is a problematic area of multiobjective optimiza-
tion and proposes the PP method as an effective alternative. The
second and third questions are examined in the following, within
the context of PP and other methods.

Second Question: Hypersurface Changes

The answer to the second question has profound implications. In
Ref. 1, it is shown that the very ability of an aggregate objective
function (AOF) to yield expected Pareto solutions depends on the
curvature of the hypersurface of the AOF at the optimum point,
that is, at the point where the AOF supports the Pareto frontier.
Therefore, we should expect these input parameters to give us the
arbitrary ability to change the curvature of the AOF. In fact, such
ability is a prerequisite if we wish to be able to generate any and
all Pareto points. We should have the ability to obtain a vanishing
radius of curvature of the AOF as we appropriately alter the input
parameters.

To furtherexaminethis questionand gaininsightinto the behavior
of different generic AOF structures, we study the behavior of three
common AOFs namely, the weighted sum method, the weighted-
square-sum method, and the compromise programming method.
The case of PP is examined later in more depth.

Weighted sum (WS):

J=wip + wapy (4a)

or
J = +w o, w, = wa/w (4b)

Weighted square sum (WSS):

J = winl + wap; 5
Compromise programming (CP):

J = wipy + wapy ©)

For each of these cases, we study the behavior of the shapes of
the AOFs. The first column of Fig. 2 shows pertinent graphs. To
represent the changes in input parameters, we let the weights w;
and w, change according to the information provided in Table 1.
When the weights are varied according to Table 1, we see that the
change in AOF’s hypersurfaceis, in fact, very favorablebecause this
change pattern of the weights makes it possible to cover the whole
spectrum of possibilities. In this way, we are taking a conservative

Table1 Inputparameter variation

Case wi, Y1 w2, Y2 wy
1 0 1 00
2 0.1 0.9 9
3 0.2 0.8 4
4 0.3 0.7 2.3
5 0.4 0.6 1.5
6 0.5 0.5 1
7 0.6 0.4 0.6
8 0.7 0.3 0.42
9 0.8 0.2 0.25
10 0.9 0.1 0.11
11 1 0 0

approach in our eventual conclusions. In reality, we usually change
weights more in line with Eq. (4b), for which the equivalent weight
w, would be highly uneven. If we implement an even rate of change
in w,, we will only cover a small portion of the intended spectrum
of weights. These unsettling observations provide useful insights
into some of the sources of deficiencies of weight-based methods.
In Table 1, from case 2 to case 1, w, jumps from 9 to co.

First, we consider the case of the WS, the simplest and most
popular method used in practice and arguably the most deficient.!
We note that the WS method represents a hyperplane whose slope
changes as the input parameters (weights) vary. Whereas this slope
change allows for the WS AOF to yield a series of Pareto points
along the Pareto frontier, the structure of the WS method fatally
fails to permit any change in AOF curvature. As a result, the WS
method cannot yield any desired Pareto solution located on concave
Pareto frontiers. In Fig. 2a, we represent the effect of the weight
changes [Eq. (4a)] by plotting the correspondingslopes of the AOF.
We note that the slopes change evenly, but the slope change that
would result from an even change of w, would not be at all even.

Second, we consider the case of the WSS, shown in Eq. (5). As
explainedin Ref. 1, this AOF structureis significantly more flexible
than that of the WS. Figure 2c shows the contour lines of the AOF
for J =1, for different values of the weights according to Table 1.
We note that the shape of the AOF changes as the weights change
and so does its curvature. These are desirable properties. However,
the weights alone are not able to arbitrarily alter the curvature. To
do so, we can use the CP method, discussed next.

The CP AOF is representedin Eq. (6). Figure 2e shows the impact
of changing the power s in Eq. (6). These contour lines (for J =1)
were developed for case 2 (Table 1); and for s =2, 3, 4, 5, and
12. Note that by increasing the power s we are able to arbitrarily
increasecurvature. This ability makes the CP method able to capture,
in theory, all Pareto points.

We have establishedthe respectiveabilitiesof three popular AOFs
to change the shape of their hypersurface as their input parameters
are varied. Next, we examine the influence of these changesin input
parameters on the optimal solutions obtained.

Third Question: Hypersurface Shape Changes,
Numerical Conditioning

We are interested in two important related questions. First, do
these changesin AOF (resulting from weights’ changes) provide the
arbitrary ability to obtain all Pareto points? Second, does a small
changein input parametersresultin a correspondinglysmall change
in the solution?

To answer the first question, the developmentsof Ref. 1 are help-
ful. Here, we only examine this question within the context of the
following five optimization examples:

min g = |:Mli| (7a)
2%
subjectto
O0<pu =1 (7b)
0<p, =<1 (7¢)
and for example 1 only,
(i —D'+u—D*<1 ®)
for example 2 only,
(1 =1+ 2= 1> <1 9
for example 3 only,
myr+ s >1 (10)
for example 4 only,
wi+ ;=1 (11)

and for example 5 only,

witus =1 (12)
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Fig. 2 Sensitivity of optimal results to input parameter variation.

Theseexamples were designedto providerelativelyextreme cases
of AOF curvature: negative, zero, and positive.

For the WS AOF, the results of the optimization examples are
reported in Fig. 2b. As we see, for example 1 (the leftmost curve)
the optimal solutionsreflecting the weights of Table 1 are fairly well
distributed except near the endpoints where the distance between
solutions is significantly larger. For example 2, the distribution of
the solutionsis improved, as the Pareto frontieris more benign. In the
cases of examples 3-5, however, the deficiencies of the WS method
exhibit themselves. For example 3, the situation is degenerate, and
we can only reliably generate the endpoints. For examples 4 and

5, only the endpoints can be generated at all. The WS cannot yield
solutions on concave Pareto frontiers.

We now consider the WSS AOF, whose optimization results are
presented in Fig. 2d. In this case, the distribution of the solutions is
not favorable for examples 1 and 2, but fairly even for example 3.
However, for examples 4 and 5, no solution could be obtained,
exceptfor the endpoints. The WSS AOF couldnot yield the required
curvature (see Ref. 1).

The CP AOF resulted in a mixed assessment (see Fig. 2f). On the
positiveside, it could capture solutionsin all regions of all examples.
On the negative side, however, the distribution of the solutions was
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not particularly even. That is, for an even distribution of changes in
inputparameters, we did not obtain an even distributionof solutions.
To capture the points in example 5, we used the exponent s =6 in
Eq. (6) (s =2 would be equivalentto the WSS).

In summary, the WS AOF yielded a good distributionof solutions,
but did so only for convex Pareto frontiers. The distribution was
better for more benign Pareto frontiers (ones with relatively even
curvatures). The WSS AOF worked well in the case of a straight
line Pareto frontier but displayed a poorer solution distribution and
did not work for Pareto frontiers of high curvatures. The CP AOF
is the most flexible, but may also display the worst distribution
of solutions. Therefore, this strong flexibility in the CP method to
capture Pareto points is not easily exploitable. We cannot rely on
hope that even changesin input parameters will allow us to navigate
in the objective space in an even/predictable way. We now examine
the issues addressed in the case of PP. This latter case is sufficiently
different from the former to warrant its own section.

V. Sensitivity of Optimal Solutions to Changes
in User Parameters: PP

In this section, we examine the behavior of the optimal solution,
that is, its movement on the Pareto frontier, when the user input pa-
rameters are varied. We parenthetically note that the issues at hand
are different from those of sensitivity of performance to design pa-
rameter uncertainties 2° The preceding section addressed this issue
for three popular methods: WS, WSS, and CP. This examination is
significantly different in the case of PP. Whereas in the preceding
cases the user parameters were physicallymeaninglessbutrelatively
few, the number of PP user input parameters is larger. Fortunately,
the PP user inputs are physically meaningful preference parameters
pertinent to each design metric. To study the sensitivity issues, we
need to devise a way to examine the effects of these preference pa-
rameter changes. In addition, we need this way to be an analog of
how we changed the weights in Sec. IV, thatis, Table 1. To perform
the examination of this section, we proceed as follows. 1) We de-
cide how to change the user preference inputs. 2) We examine the
consequence of these changes within the context of the examples
defined in Sec. IV.

Preference-Change Method

To representa designer’s preference of one design metric relative
to another design metric (let us considerclass 1S for simplicity), we
shift the preferences leftward or rightward uniformly. That is, we
are keeping the lengths of same ranges in Fig. 1 equal. For example,
all of the desirable ranges have equal length; the same applies to
tolerable, undesirable, and highly undesirable ranges (for classes
1 and 2, the highly desirable range has infinite length). When we
shift the preferencesto the right, we place increased importance on
minimizing the respective design metric; the converse applies to a
shift to the left. In this way, we can simulate an analog of the weight
changes of Table 1 by similarly shifting the preferences. We will
then observe the corresponding changes in the optimal solutions.
Let us examine what happens to the AOF hypersurface when we
change the preferencesin this fashion.

AOF Shape Change with Respect to Preference Changes
We have decided to change the preferences such that the lengths
of the ranges are constant. Furthermore, according to Ref. 2, the
class function values at the regions’ intersections are also constant.
Specifically (see Fig. 1), we have
Pi(vy) = 2" Viok=1,...,5 (13)
for the ith design metric. Therefore, the change that takes place as
one travels across the kth region is also constant and given by

=gt k=23 4,5, Z=z'=01 (14)

We have
FARD Y L r>1, k=2,3,4,5 (15)

where ng. is the number of soft design metrics. Equation (15) re-
minds us (see Ref. 2) that the vertical excursions across any same

regions are equal. Similarly, by assumption, we have taken the re-
gion lengths to be constant (in fact, equal). That is,

Vik = Vik — Vitk—1) Elli/4, k=2,3,4,5 (16)

At this point, we are ready to state that the AOF hypersurface will

not change its shape when we alter the preferences in the manner

discussed. This is because the surface shape only depends on v,
and z* (see Ref. 2 for details).

Determining the Shifting Vector

Note here that some detailed aspects of the strategy for generating
the PP solutions are not germane to the topic of the paper and are,
therefore, presented concisely. A complete presentation of the gen-
eration of evenly spaced Pareto solutions using PP is presented in
Ref. 21. The interested reader is advised to refer to that publication.
The first step in the procedure is to determine the extrema of each
design metric. The design metrics are minimized individually, and
the minimum value of the ith design metric, Fpy,;, and the corre-
sponding values of the other objectivesare used to form arow vector
R; of ny. elements. This vector correspondsto a pointin the efficient
set where the value of the ith design metric is a minimum. Similarly,
the vector R; of all of the n soft design metrics are calculated, and
the matrix F is formed. The structure of F is as follows:

Fmin.l F1.2 . Fl.nsc
F = F2.1 Fmin.2 . F2.nsc (17)
Fﬂsc-l F’lsc.z : Fmin.nsc

The minimum values of the design metrics form the diagonal
elements of F'. We see that the maximum value the i th design metric
can take in the efficient set is the maximum value of the ith column
of the F' matrix, given by F,,,, ;. We define the preference vectors as
follows. Define the quantity that will representthe translationacross
the feasible space for the ith design metric as

Slt :yiFmin.iJ’_(l_yi)Fmax.i» OS% =< 1 (18)
In our case, we let y; take the valuesin Table 1, fori = 1 and 2. Next
we define the three vectors

S? = —(n, — 1)(a;/4) (19)

forn,=1,2,3,4,0r5,

S/ = ad;, “1<a =1 (20)
p=fo t 13 e ey
where
a; =d;/ny, d; = Fuaxi — Fuin,i (22)
We note that it is useful to have
S/ + 57| <di/2 (23)

which leads to the requirement

—%+(n,,—1)/4nd§al <%+(n,,—1)/4nd (24)

for the preference to impact the solution effectively. With the pre-
ceding development, we obtain the preference vector for the ith
generic design metric as (see Fig. 1, class 1S)

Vi1

Viz

={Si+S8/ +S'|E+P (25)

where E={1,1,1, 1, 1}.
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Fig.3 Stability of PP solutions with respect to input preference parameter changes.

With the particular value n, =2, we can ensure that we cover all
of the Pareto hypersurface.As stated,Ref. 21 providesa comprehen-
sive presentation and set of applications of the use of the approach
to generate evenly spaced Pareto points for different optimization
approaches. Only the minimum required information is presented
here for the sake of brevity. We now proceed with the numerical
examples.

In line with the preceding development, we let n, =2.5 and
d; = 1. For the sake of variety, we let n, =3 for examples 1-3,
and n, =1 for examples 4 and 5. We also let o; =a, =0. We note
that the value of n, has some impact on the distribution of the
solutions.

Figure 3 shows the solutions obtained using PP. We immedi-
ately observe that the distribution of solutions is highly favorable.
In Fig. 3a, we see the generic shape of the PP hypersurface, which
offers virtually arbitrary flexibility in terms of curvature. This prop-
erty affords it the ability to capture all Pareto points. Figure 3b

shows how this hypersurface translates across the feasible space to
capture an evenly distributed set of Pareto points. Finally, in Fig. 3¢
we observe that, indeed, the points are very well distributed for all
of the examples, for both convex flat and concave Pareto frontiers.
The practical meaning of this observationis the knowledge that the
PP method behaves well with respect to designer input preference
parameters. A small change in input will generally yield a corre-
spondingly small change in optimal solution.

VI. Conclusions

This paper presented a theoretical examination of the Pareto op-
timality of solutions obtained using PP, the result of which is that
all solutions obtained using PP are indeed Pareto optimal. In the
process, the important concept of P dominance was presented and
developed within the context of multiobjective optimization meth-
ods. This notion of P dominance led to the associated concept of
generalized Pareto optimality, which must be invoked any time we
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areinterestedin doing more than minimizingand maximizingdesign
metrics (actually,a common occurrence). Next, this paper examined
the important issue of stability of optimal solutions with respect to
user input parameters to express preferences. This question was
examined within the context of PP and other popular methods, cul-
minating a useful comparison of these methods. The conclusion
is that PP compares favorably to the other methods and yields an
evenly distributed set of solutions for an evenly distributed set of
preference input parameters. Work in this area is ongoing and will
hopefully allow for more comprehensive conclusions.
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