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Abstract Based on the concept of general domination structures, this paper presents an
approach to model variable preferences for multicriteria optimization and decision making
problems. The preference assumptions for using a constant convex cone are given, and, in
remedy of some immanent model limitations, a new set of assumptions is presented. The
underlying preference model is derived as a variable domination structure that is defined
by a collection of ideal-symmetric convex cones. Necessary and sufficient conditions for
nondominance are established, and the problem of finding corresponding nondominated
solutions is addressed and solved on examples.
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1 Introduction

In both theory and practical applications of multicriteria optimization and decision making,
the subjective nature of making decisions necessitates the formulation of some simplified yet
realistic preference model. The notion and modeling of preferences also play an important
role in many other fields such as economy, sociology, psychology, or mathematical pro-
gramming, and is extensively researched during the past century (for a comprehensive recent
survey, see Oztiirk et al. 2005).

First described in the economic literature, the probably still most commonly used
preference model in multicriteria optimization and decision making is based on the Edge-
worth-Pareto Principle (Edgeworth 1881; Pareto 1896), also known as the concept of Pareto
dominance. One of its main characteristics is that, in contrast to problems with only one
criterion, in general there does not exist a unique optimal solution as best overall outcome,
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but a solution set of Pareto nondominated points. Using the concept of cones, this Pareto
concept can be generalized to other domination cones (Yu 1973, 1974), domination struc-
tures (Yu and Leitmann 1974; Yu 1975; Bergstresser et al. 1976; Yu 1985) and domination sets
(Weidner 1985, 2003). Other authors compare these new concepts with Pareto dominance
(Lin 1976), extend the notions of proper efficiency from traditional multiobjective program-
ming (Kuhn and Tucker 1951; Geoffrion 1968) to cone extreme points (Borwein 1977;
Benson 1979, 1983; Coladas Uria 1981; Henig 1982, 1990), and propose generalizations of
domination structures for more abstract spaces (Chew 1979). Primarily focusing on closed
and convex domination cones, several other properties of the nondominated set are investi-
gated, including existence (Corley 1980), connectedness (Naccache 1978), stability (Tanino
and Sawaragi 1978, 1980), duality (Tanino and Sawaragi 1979; Corley 1981; Hsia and Lee
1988), and optimality conditions for polyhedral cones (Tamura and Miura 1979; Corley 1985;
Fujita 1996).

Although some early papers also anticipate the use of domination structures in multicrite-
ria games (Bergstresser and Yu 1977) and decision making (Takeda and Nishida 1980; Tanino
et al. 1980), Ramesh et al. (1988, 1989) finally draw the attention to preference modeling
using domination structures and develop a methodology for representing a decision-maker’s
preferences using convex and polyhedral cones. In the following decade, however, the main
focus switches from using domination to rough and fuzzy sets (Stowinski 1998, Fodor et al.
2000), before Hunt and Wiecek (2003) and Hunt (2004) follow Noghin (1997) and again pro-
pose polyhedral cones to model preferences of the decision maker. Most recently, Wu (2004)
combines the two approaches of fuzzy sets and domination cones, and Yun et al. (2004) sug-
gest a generalized model that incorporates various preference structures of decision makers
in the context of data envelopment analysis.

In all reviewed papers that use the concept of domination structures for preference mod-
eling, the chosen model is described by a constant domination set, most often by a constant
convex cone. The only current papers explicitly addressing variable domination structures
are found in the context of nonlinear scalarization for multicriteria decision making prob-
lems and variational inequalities (Chen and Yang 2002; Chen et al. 2005), but do not discuss
their possible roles in preference modeling. Therefore, the objective of this paper is first to
highlight some shortcomings of the current models and second to propose a new preference
model in remedy of the recognized limitations.

The remaining paper is organized as follows. In Sect. 2, some common terminology and
basic definitions are introduced. Section 3 formulates a set of preference assumptions, that
are subsequently used to derive the corresponding preference models, and introduces the
concept of ideal-symmetric convex cones to define the variable domination structure studied
in this paper. The nondominated set with respect to this new model is characterized in Sect. 4,
necessary and sufficient conditions for nondominance are derived, and the problem of finding
corresponding nondominated solutions is addressed. In Sect. 5, selected results are illustrated
on several examples, and Sect. 6 summarizes and finally concludes the paper.

2 Terminology and definitions

Let R™ be a Euclidean space equipped with the Euclidean norm, and let the nonnegative
orthant of R be denoted by R” = {y € R™ : y > 0}. A nonempty set C C R" is
called a cone if c € C = Ac € C for all A > 0, and it may or may not contain the
origin 0 € R™. A cone C C R is said to be convex if ¢!, c*> € C = ¢! +¢? € C,
and pointed if Zf;l ¢t =0=c¢ =0foralli = 1,...,k, where the ¢! € C are any
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k elements of C. If C is convex, then C is pointed if and only if C N —C C {0}. The
dual cone of C is defined by CT™ = {n € R™ : (n,c) > Oforallc € C} with interior
intC*t ={neR": (n,c)> 0forall c € C\{0}}, where (n, c) = > nici,and Ciscalled
self-dualif C = C™T.Finally,aset S C R™ is said to be C-compactif (s—C)NS is compact for
alls € S.Itis C-convexif S+C isaconvex set,sos!, s2 € S+C = Asl+(1—1)s?2 € S+C
forall 0 < A < 1, and C-concave if it is —C-convex, or if S — C is convex.

Remark 1 The set R’g is a convex, pointed, and self-dual cone that contains the origin.

Now let Y C R” be a nonempty set of outcomes subject to minimization. For two points
y!, y* € R™, the notation y! < y?is used to denote that y! is preferred to y2, or equivalently,
that y! dominates yZ. Accordingly, y! # y?2 is used to denote that y! is not preferred to, or
equivalently, that y? is not dominated by y!.

Definition 1 Let Y C R™ be nonempty. The multicriteria optimization (MCO) and the
multicriteria decision making (MCDM) problems are defined as

MCO: Find y° € Y suchthaty £ y° forally € Y \ {y°}
MCDM: Find y* € Y such that y* < y forall y € ¥ \ {y*}

If an outcome y° € Y is a solution to MCO, then there does not exist another outcome that is
preferred to, or dominates y°. Therefore, y° is also called a nondominated outcome for MCO.
If an outcome y* € Y is a solution to MCDM, then y* is preferred to all other outcomes.
Therefore, y* is also called the preferred outcome for MCDM.

Remark 2 1t follows immediately that the preferred outcome y*eY for MCDM is also
nondominated for MCO, but not vice versa.

Definition 2 Lety € Y C R™ and y’ € R™. If y' < y, then the vectord =y —y’ € R™ is
called a dominated direction at y, and the set of all dominated directions at y is denoted by
D(y)={d=y—y eR":y <y}.

Equivalently, a direction d € R is dominated at y € Y if and only if deviation d from y
is preferred to the original y, or y —d < y. Although d = 0, in principle, is not a direction
and, in particular, y 4 y, due to technical reasons d = 0 € D(y) is permissible as special
case.

Remark 3 1f D(y) = D forally € Y,andif y +d € Y, then D(y) = D(y + d) and, in
particular, y — d < y is equivalent to y < y + d, which coincides with the notion of dom-
inance adopted by Yu (1974). In general, however, if D(y) # D(y + d), then it is possible
thaty —d < y,but y £ y +d, in which case the two notions are different.

If the sets of dominated directions vary for different outcomes, then the collection D =
{D(y) : y € Y} is also called a variable domination structure for Y. If D(y) = D for all
y € Y, then D = D is written instead of D = {D}, and the domination structure is said to be
constant.

Definition 3 Let Y C R” be nonempty, and D = {D(y) : y € Y} be a domination structure
for Y. An outcome y° € Y is said to be nondominated with respect to D if there does not
exist a dominated direction d € D(y°) such that y° —d € Y \ {y°}, and the set of all
nondominated outcomes of Y with respect to D is denoted by

N, D)={y°eY:(°=DGNNY C Y
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If d € D(y) is a dominated direction, then the vector ¢ = —d is also called a preferred
direction, and the set of all preferred directions at y is denoted by C(y) = —D(y).

Remark 4 1t follows that, equivalent to Definition 3, an outcome y° € Y is nondominated
with respect to D if there does not exist a preferred direction ¢ € C(y) such that y° + ¢ €
Y \ {¥°}. From Definition 1, then y° € Y is, in particular, a solution for MCO.

Based on Remark 2, however, this does not imply that the solution y° for MCO is also
the preferred outcome for MCDM, because the domination structure D, in general, does not
capture all the preferences by the decision maker that are needed to obtain a unique nondom-
inated solution for MCO. Only in the ideal case, the nondominated set for MCO reduces to
a singleton and then also characterizes the preferred outcome for MCDM.

Definition 4 LetY C R™ be nonempty. The pointz = (z1, ..., zm) € R™ withz; = inf{y; :
y e Y}foralli =1,...,mis called the ideal point of Y. An outcome y € Y with y; = z;
for some index i is also called partially ideal.

The ideal point as defined in Definition 4 may, in general, be finite or infinite. In this paper,
however, it is assumed that the ideal point is finite.

Remark 5 If Y C R™ is RZ-compact, then the infimum in Definition 4 can be replaced by

the minimum and z € R™ is, in particular, finite.

Clearly, if z € Y, then N(Y, D) = {z} and z is both a unique nondominated outcome for
MCO and, thus, also preferred for MCDM. Since, in this case, both MCO and MCDM reduce
to the computation of z, in this paper it is assumed that z ¢ Y.

Notation 1 Throughout the remaining paper, the notation y = y — z is used to denote the
direction from the ideal point z € R” toany y € Y.

Since the set Y is subject to minimization, it will be assumed that all outcomes are dom-
inated by the ideal point z, so y = y — z € D(y) forall y € Y. In particular, Definition 4
implies that y > O forall y € Y, and y > 0 if y is not partially ideal. The special case in
which exactly the nonnegative directions d > 0 belong to the set of dominated directions
defines the classical concept of Pareto dominance (Pareto 1896).

Definition 5 Let ¥ C R™ be nonempty. An outcome y € N(¥,RZ) is called a Pareto
outcome, and N(Y, RZ) is called the Pareto set of Y. The cone RZ is also called the
m-dimensional Pareto cone.

3 Preference and model assumptions

This section first presents two preference assumptions for a constant preference structure
D CR™.

Assumption 1 (Global Preferences) Let y', y2, y3, y* € R™ and A > 0.

(i) Multiplicativity: If y! < y2, then Ay! < Ay2.
(i) Additivity: If y! < y3 and y2 < y*, then y! + y2 < y3 + y*.

Remark 6 In particular, if y' = y2_and y3 = y*, then Assumption 1 (ii) reduces to Assump-
tion 1 (i) with A = 2. Moreover,if y' € R" fori = 1,...,2kandy/ < y/tkforj=1,... k,
then Assumption 1 (ii) implies that also Z];:] y/ < 21;21 yitk,
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In Assumption 1, multiplicativity can be assumed based on the argument that preferences
should not depend on criterion scaling, while additivity holds under the assumption that
separate preferences remain valid upon simultaneous consideration and combination.

Assumption 2 (Monotonicity) Let y € R™ and ¢/ € R” be the ith unit vector. Then
y—é < y.

The following two results derive that the set of dominated directions for a preference
model satisfying Assumptions 1 and 2 is described by a constant convex cone that contains
the Pareto cone.

Proposition 1 Assumption 1 implies that the set of dominated directions D = {d = y>—y' €
R™ : y1 < y2} is a convex cone.

Proof To show that the set D is a cone, letd € D and A > 0. Then there exist y', y> € R”
sothat d = y?> — y! and y! < y?, and Assumption 1 (i) implies that also Ay! < Ay? and,
thus, Ay? — Ay! = A(y> — y!) = Ad € D, showing that D is a cone.

To show that the cone D is convex, let d!, d2 € D. Then there exist yl, yz, y3, y4 e R™
sothatd! = y3—y!,d?> = y*—yZand y' < y3, y2 < y*, and Assumption 1 (ii) implies that
also y'+y? < y¥+y*and, thus, y* +y* = (¢! +y?) = P =y +(y*—y?) = d'+d? € D,
showing that the cone D is convex. O

The second result uses that, if D C R™ is a convex cone, then D U {0} is also a convex
cone.

Proposition 2 Together with Assumption 1, Assumption 2 implies that the convex cone D =
{d=y>—y' e R": y! < y?} U{0} contains the Pareto cone, RZY C D.

Proof To show that the convex cone D contains the Pareto cone, let d € R’Z", sod =
Z;":ld[ei =(di,...,dn) > 0. From Assumption 2, y—e! < yand, thus,d = y—(y—e') =
e € D.If d; = 0, then d;¢' = 0 € D, otherwise d; > 0 and d;¢' € D also, because D is
a cone. Convexity of D then implies thatd = > i*_, d;e' € D, showing that D contains the
Pareto cone, RY C D. O

Although most preference models that define nondominated solutions using the concept of
a domination structure are described by a constant convex cone, there exist some immanent
model limitations and shortcomings.

Example 1 LetY = {y € RZ . yi+y2>1,y1 >0,y2 >0},and D C R? be a constant
convex cone that contains the Pareto cone, Ri C D. Note that the ideal pointz = (0,0) ¢ Y,
and that all outcomes y = (y1, y2) € ¥ with y; > L and y; =0, 0r y; = 0 and y, > 1, are
partially ideal. In particular, denote z' = (1,0), z> = (0, 1), and letd! = 22 —z! = (=1, 1)
andd?> =z' —z2 = (1,-1).

(i) Ifd',d* e D or, equivalently, D = {y € R? : y; + y; > 0}, then N(Y, D) = ¢J.
(i) Ifd'e Dandd? ¢ D,ord! ¢ D andd? € D, then N(Y, D) = {z'} or N(¥, D) =
{22}, respectively.
(i) Ifd',d* ¢ D or, equivalently, D C int{y € R* : y; +y, > 0}, then N(Y, D) = {y €
Yiyi+y=1}L

Hence, using a constant convex cone D that contains the Pareto cone, the nondominated set of
Y is either (i) empty, (ii) a singleton, or (iii) the complete line segment {y € R? : y; +y; = 1,
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y1 > 0, y» > 0}. In particular, it is not possible to define a preference model that excludes the
two extreme points z!, z> while maintaining a set of nondominated outcomes in the middle
region of the Pareto set, # # N(Y, D) C {y € R? : yj+y2 = 1, y; > 0, y > 0}, for further
consideration by a decision maker.

To remove the model limitation illustrated by Example 1, the global preference assump-
tions in Assumption 1 need to be modified to eventually allow for the definition of a variable
domination structure D = {D(y) : y € Y}, based on a set of corresponding local preferences.

Assumption 3 (Local Preferences) Let Y C R™ be nonempty, y € Y, d, d I d% ¢ R™, and
A > 0.

(i) Multiplicativity: If y —d < y,then y — Ad < y.
(ii) Additivity: If y —d' < yandy —d? < y, theny — (d' +d?) < y.

Proposition 3 Let Y C R™ be nonempty, y € Y, and D(y) ={d e R" : y —d < y} U {0}
Assumption 3 implies that D(y) is a convex cone and, together with Assumption 2, that D(y)
contains the Pareto cone, ]R’; C D(y).

Proof To show that the set D(y) is a cone, let d € D(y) and A > 0. If d = 0, then
rd = 0 € D(y), otherwise y — d < y and Assumption 3 (i) implies that also y — Ad < y
and, thus, Ad € D(y), showing that D(y) is a cone.

To show that the cone D(y) is convex, let d', d* e D(y). If d' = 0 ord? = 0, then
d' +d? € D(y), otherwise y —d' <y, y —d* < y and Assumption 3 (ii) implies that also
y— d!' +d*) < y and, thus d' +d* e D(y), showing that the cone D(y) is convex.

To show that D(y) contains the Pareto cone, repeat the proof of Proposition 2. O

Proposition 3 shows that the domination structure for a preference model that satisfies
Assumptions 2 and 3 is described by a collection of convex cones that contain the Pareto
cone. The final assumption is motivated by another example that also prepares the subsequent
notion of ideal-symmetric cones.

Example 2 Let Y C R? and y!, y2, 3, y* € Y with y! + y* = y? + y3 be as depicted in
Fig. 1. Restricting consideration to these four outcomes, yl, y2, and y3 are nondominated
with respect to the Pareto cone, while y* is dominated by y!. In particular, y* is neither dom-
inated by nor preferred to y% and y3. Although arguable, in principle, it seems reasonable
that in a practical decision making context, y! would be preferred to y> and y? and, thus,
be the overall best outcome. Hence, the underlying preference model should give that y! is
preferred to all the three other outcomes, but it should not introduce any additional prefer-
ence relationships between y2, y3 and y*. Using a constant convex cone D C R?, however,
y!' < y?and y! < y3 are equivalent with y> — y! and y3 — y! € D and, thus, also imply that
yt—y2 =y —yland y* —y3 =y2 —y' € D,or y> < y*and y3 < y*, respectively. In
particular, it is not possible to define a preference model that allows to individually specify
one or both of the preference relationships y' < y? and y' < y3 between y', y2, and y3,
without affecting the preference relationships y> £ y* and y3 £ y* between y2, y> and y*.

To remove the model limitations illustrated by Examples 1 and 2, this paper suggests to
define a new model that allows for variable preferences and, thus, can be described by a
variable domination structure D = {D(y) : y € Y}. Variability of D is introduced by the
assumption that the set of preferred directions at any y € Y is symmetric with respect to the
direction leading to the ideal point z € R?, and Fig. 1 provides insight into how this assump-
tion is capable to model preference relationships similar to the ones discussed in Example 2.
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Fig. 1 Illustration of Example 2 (on the left) and Assumption 4 (on the right)

Equivalently, then D(y) is symmetric with respectto y = y — z > 0, and the corresponding
notion of ideal-symmetry is introduced in the following assumption.

Assumption 4 (Ideal-symmetry) LetY C R™ be nonempty, y € ¥, anddenote y = y —z. If
d,d € R" with (d, y) = (d’, y) and ||d|| = ||d'||, then y —d < yifandonlyif y —d’ < y.

Remark 7 Inparticular, if d # 0, (d, ¥) = (d', y), and ||d|| = ||d’||, then (d, y)||d||~"||7]| "
=y la’|I~! ||y||—1. For the bicriteria or tricriteria case, m = 2 or m = 3, results from
analytical geometry give that cos £(d, y) = cos £(d’, ), or £(d, y) = £(d’, ¥), as depicted
in Fig. 1. For m > 3, Assumption 4 gives the natural generalization.

Based on the notion of ideal-symmetry in Assumption 4, the following lemma calls a cone
C C R" symmetric withrespecttos € R, s # 0,if c € C impliesthatc’ € C forall¢’ € R™
with (¢, s) = (¢/, s) and ||c|| = ||¢||. For further convenience, although ambivalent to Fig. 1,
now the parameter y is used to denote the cosine of any corresponding angle y1, y», 3.

Lemmal Lety € R, s € RZ, 5 # 0, and define

(c,s)
llcllsl

Then Cy, s is a cone that is symmetric with respect to s.

Cy,s=[C€Rm\{0}: Z)/]U{O}

(i) Ify =0, then Cy 5 is convex.
(it) Ify > O, then Cy, s is convex and pointed.
(iii) Ify < min; {si}Is|I=Y, then C, s contains the Pareto cone.

Proof To show that C,, s is a cone, letc € C,yand A > 0.If ¢ = 0, thenAc =0 € C), ,
otherwise

(rc, s) M, s) (c, s)

Acllist— Alleltlist lelllisit =

and, thus, Ac € C, s, showing that C,, ; is a cone. To show that the cone C,, ; is symmetric
with respect to s, let ¢ € Cp, ; and ¢’ € R™ with (¢, s) = (¢/,s) and |[c|| = ||c|. If ¢ = 0,
then ¢’ = 0 € C, 4, otherwise

(c.s) _ (es)
e Ist Hlelllist =

and, thus, ¢’ € C v,s» showing the the cone C,, ; is symmetric with respect to s.
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(i) Lety > 0. To show that the cone C, ; is convex, let cl, et e Cys. If cl=¢2 =0,
thenc! +c2=0¢ C, s, otherwise
(e +cts) () +icts) v+l _ y
e + 2 NlIsl = e+ e Dlst = et + e (D

and, thus, ¢! + ¢ € Cy s, showing that the cone C, ; is convex.
(i) Lety > 0, then y > 0 and the cone C, ; is convex. To show that the convex cone
C, s is pointed, let c € C), s \ {0}, then
—c, s c, s
(o) e
I—=clllls]] llel sl
and, thus, —c ¢ Cy 5, c ¢ —C, 5, 0or C, s N —C,, ; C {0}, showing that the convex
cone C ; is pointed.
(iii) Let y < min;{s;}|ls||~!. To show that the cone C, s contains the Pareto cone, let

c=21cie =(c1,...,cm) = 0.If ¢ =0, then ¢ € C 4, otherwise
o) _ (Siaels) | Fliales) | e | minls)
lellish 120y cietlllisl = 2oy cillet sl 2ty cillsll = sl —
and, thus, ¢ € C) , showing that the cone C), s contains the Pareto cone. O

Remark 8 For y > 0, the cone C, ; defined in Lemma 1 belongs to the general class of
pointed convex cones known as Bishop-Phelps cones, that also have many other applications
in nonlinear analysis and multicriteria optimization (Hyers et al. 1997).

Notation 2 Throughout the remaining paper, the notation ypi;, = min;{y;} is used to denote
the minimal componentof y =y —zforany y € Y.

From Definition 4, it then follows that yn;, > 0 if and only if y is not partially ideal. The
concluding result now follows immediately from Lemma 1 and Proposition 3.

Proposition 4 Let Y C R™ be nonempty. Assumptions 2, 3 and 4 imply that the domination
structure of Y is variable and can be described by a collection of ideal-symmetric convex
cones that contain the Pareto cone. Moreover, for any outcome y € Y, the corresponding
domination cone can be modeled by

Dy(y) ={d € R" : (d.y) = yl|d| ymin}

where y =y — z, ymin = min;{y;}, and 0 < y < 1. In particular, the cone D, (y) is pointed
if and only if y is not partially ideal and y > 0.

For the definition of D,, (y) in Proposition 4, y replaces s in Lemma 1, and the parameter
y is chosen to replace the term y||s|| with 0 < y < sminlls| ™' by ¥ + $min With 0 <y < 1.

Remark 9 A specific y € [0, 1] for D, (y) can be chosen arbitrarily and, in general, may
also vary for different outcomes y € Y. Furthermore, it is easy to show that y; > y» implies
that Dy, (y) C Dy, (y).

Although the domination structure D = {D) (y) : y € Y} is fully determined once the
parameters y are fixed, the possible choices of y provide an additional means of varying the
individual domination cones D, (y) and, thus, the overall domination and preference model
imposed for solving MCO.
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4 Characterization of the nondominated set

A great variety of multiobjective programming methods exist for generating nondominated
outcomes for MCO when the domination structure is induced by a constant convex cone
or, more often, the Pareto cone (Ehrgott and Wiecek 2005). This section discusses possible
extensions of some of these methods for the characterization of the nondominated set with
respect to a variable domination structure and, at the same time, derives some more specific
results for the domination structure derived in Proposition 4. To begin, consider the single
criterion optimization problem

SCO1: Minimize (n, y) subjecttoy € ¥

which corresponds to the weighted sum generating method from multiobjective program-
ming (Gass and Saaty 1955; Zadeh 1963; Geoffrion 1968) with weighting vector n € R™.
The following result is an immediate generalization of a similar statement for a constant
convex cone D C R™ (see Sawaragi et al. 1985, among others), while its proof does not
require the assumption of convexity.

Proposition 5 Let Y C R™ be nonempty, and D = {D(y) : y € Y} be a domination
structure.

() If y° € Y is a unique optimal solution to SCOI and n € D(y°)™, then y° € N(Y, D).
(ii) If y° € Y is an optimal solution to SCOI and n € int D(y°)¥, then y° € N(Y, D).

Proof Let y° € Y be an optimal solution to SCO1, so (n, y°) < (n,y) forall y € Y, and,
by contradiction, assume that y° ¢ N(Y, D). Then there exists y € (y° — D(y°))NY \ {y°},
or equivalently, y° —y =d € D(y°) \ {0}.

(i) If y° is unique and n € D(y°)*, then (n,y°) < (n,y) forall y € Y \ {y°} and
(n,d) > 0foralld € D(y°).In particular, it follows that 0 < (n,d) = (n, y° —y) <0
a contradiction, so y° € N(Y, D).

(i) If n € int D(y°)™, then (n,d) > O for all d € D(y°) \ {0} and, thus, 0 < (n,d) =
(n, y° — y) <0 acontradiction, so y° € N(Y, D). O

When using problem SCO1 to find nondominated outcomes for MCO, it is clear that the
weighting vector n € R™ must be chosen before a corresponding solution y° € Y can be
obtained. Hence, while it is always possible to choose n € int D fora constant cone D C R”
to guarantee that solutions to SCOI1 are also nondominated for MCO, in general, this is not
possible for a variable domination structure for which the conditions n € int D(y°)* or
n € D(y°)T can only be checked a posteriori.

Remark 10 One particular approach to verify if the conditions n € int D(y°)™ or n €
D(y°)* are satisfied is to solve the single criterion mathematical cone program (for details,
see Alizadeh and Goldfarb 2003)

Minimize(n, d) subjecttod € D(y°) \ {0}

so that n € int D(y°)* orn € D(y°)™ if and only if the optimal objective function value is
positive or nonnegative, respectively.

For the domination structure defined in Proposition 4, the following corollary to Proposi-
tion 5 is possible.
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Corollary 1 Let Y C R™ be nonempty, D = {D, (y) : y € Y} be defined by D, (y) = {d €
R™ :{d,y) = ylld|[ymin} with y =y — z, Yymin = min;{y;}, and 0 <y < 1jforally €Y,
and y° = y° — z € R™ be the weighting vector for problem SCOI.

(1) Ify° € Y is a unique optimal solution to SCOI, then y° € N(Y, D).
(ii) Ify° €Y is an optimal solution to SCOI and not partially ideal, then y° € N(Y, D).

Proof Let y° € R™ be the weighting vector and y° € Y be an optimal solution to SCOI.
Since, by definition, (d, y°) > y|d|ly,;, = 0 foralld € D, (y°), this shows that y° €
D, (y°)T. Moreover, if y° is not partially ideal, then Voin > 0and, thus, (d, y°) > ¥ ld|Iyg;,
> Oforalld € D, (y°) \ {0}, showing that y° € int D,, (y°)™. The proof now follows from
Proposition 5. O

Hence, to verify if an outcome y° € Y is nondominated with respect to D as given in
Proposition 4 and Corollary 1, SCO1 can be solved with weighting vector n = y° and, if
y° is a unique optimal solution, or if y° is an optimal solution and not partially ideal, then
y° € N(Y, D). In general, however, these conditions are only sufficient, but not necessary. In
particular, it is well known that problem SCOI1 can only generate nondominated outcomes
that occur in convex regions of the nondominated frontier. By the slight modification of intro-
ducing an additional reference point » € Y (Wendell and Lee 1977; Corley 1980; Guddat
et al. 1985), however, the formulation

SCO2: Minimize (n, y) subjecttor —y € D(y°)andy € Y

provides both sufficient and necessary conditions for a nondominated solution y° € ¥ with
respect to a general variable domination structure.

Proposition 6 Let Y C R" be nonempty, and D = {D(y) : y € Y} be a domination
structure where each D(y) C R™ is a convex cone.

(i) Ify° €Y is a unique optimal solution to SCO2 and n € D(y°)™, then y° € N(Y, D).
(ii) Ify° €Y is an optimal solution to SCO2 and n € int D(y°)™, then y° € N(Y, D).
(iii) Ify° € N(Y, D), then y° € Y is a unique optimal solution to SCO2 withr = y°.

Proof For (i) and (ii), the proof follows as in Proposition 5, where the contradicting solution
y € Y is feasible for SCO2 because r —y = r — y° +d € D(y°) by feasibility of y° for
SCO?2 and convexity of the cone D(y°). For (iii), let y° € N(Y, D) also be the reference
point for SCO2, then there does not exist y € ¥ \ {y°} such that y° — y € D(y°) and, thus,
y° is the unique solution to SCO?2. O

Since the necessary condition in Proposition 6 (iii) is independent of the chosen weighting
vector n € R™, the following corollary follows analogously to Corollary 1.

Corollary 2 Let Y C R™ be nonempty, D = {D, (y) : y € Y} be defined by D, (y) = {d €
R™ :(d, y) = ylld||ymin} with y = y — 2, ymin = mini{y;}, and 0 <y < 1 forall y € Y,
and y° = y° — z € R™ be the weighting vector for problem SCO2.

(1) Ify° €Y is a unique optimal solution to SCO2, then y° € N(Y, D).
(ii) If y° €Y is an optimal solution to SCO2 and not partially ideal, then y° € N(Y, D).
(iii) In addition, let r = y° be the reference point for SCO2. Then y° € N(Y, D) if and
only if y° is a unique optimal solution to SCO?2.

@ Springer



J Glob Optim (2008) 42:295-311 305

Hence, problem SCO2 can be used to verify if any outcome y € Y is nondominated with
respect to the variable domination structure D as given in Proposition 4 and Corollary 2. To
restrict the initial set of points that would actually need to be checked, the next results show
that all these nondominated outcomes can be found within the Pareto set.

Proposition 7 Let Y C R™ be nonempty, and D' = {D'(y) : y € Y} and D> = {D*(y) :
y € Y} be two domination structures with Dz(y) c D! (y) forall y € Y. Then N(Y, DY ¢
N(Y, D?).

The proof of Proposition 7 is immediate (Sawaragi et al. 1985). In particular, since R C
D, (y) forall y € Y by Proposition 4, the following corollary also applies to D = {D,,(y) :
yeY}

Corollary 3 Let Y C R™ be nonempty, and D = {D(y) : y € Y} be a domination structure
where RY C D(y) forall y € Y. Then N(Y, D) C N(Y, RY).

Hence, to solve the multicriteria optimization problem MCO under a preference model
given by Assumptions 2, 3 and 4, the previous discussion suggests to first find the Pareto
set and then check which Pareto points remain nondominated with respect to the variable
domination structure D introduced in Proposition 4. While the latter, in principle, can be
accomplished using condition (iii) in Corollary 2, alternative optimality conditions can be
derived for the special cases of convex or concave bicriteria problems using arguments from
analytic geometry. The firstis based on the following application of the supporting hyperplane
theorem (Rockafellar 1970).

Lemma2 Let Y C R™ be RZ-convex and y° € N(Y, RY). Then there exists a supporting
hyperplane of Y at y° with normal vector n € R™, n # 0, so that (n,y — y°) > 0 for all
yeY.

Theorem 1 Ler Y C R? be nonempty, and D = {Dy(y) : y € Y} be defined by D, (y) =
{d € R* : (d,3) = y|d||Jmin} with § = y = 2, Jmin = mini{yi;}, and 0 < y < 1 for all
y € Y. Assume that N(Y, RZZ) is Rzz-convex, let y° € N(Y, ]RZZ), andn € R™, n # 0, be the
normal vector of a supporting hyperplane at y° with (n,y — y°) >0 forally € Y.

(i) If (0. 3°)2 + y2UInl>552, > Inll* 1% then y° € N(Y, D).

Furthermore, let n satisfy that (n, y — y°) > Oforall y € Y\{y°}.

(ii) If (n, 5°)% + y2 10?555, = InlZ15°1%, then y° € N(Y, D).

Proof Let N(Y,R2) be R2-convex, and let y° € N(¥, R2). As shown in Fig. 2, let n =
£(n, y°) be the positive angle between n and y°, so

(n, y°)

I=liliyel —
and 0 < sinn < 1. Let § = max{4£(d, y°) : d € D, (y°)\{0}} be the maximal positive angle
between any d € D, (y°)\{0} and y°, so

(d,y°) . - YUl Yain ¥ Vmi
e 1 {d, %) Z vl Ygin. d # 01 = o = oo =1
iyl i 1yl Iyell
and 0 < siné < I.Finally,let u = max {£(n,d) : d € D, (y°)\{0}} be the maximal positive
angle between n and any d € D, (y°)\{0} at y, so u = n + 6 and

[y .
COs (4 = min [ il d e Dy,(y )\{0}]

0 <cosnp=cosL(n,y°) =

050056:min[
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Fig. 2 Tllustration of Theorem 1 (convex case, on the left) and Theorem 2 (concave case, on the right)

(i) Since the assumption (7, y°>2 + )/2||n||2 02

¥°2 > |In||?[|3°]1? is equivalent to
S0y2 2502
n,
: 2y—z 3 Y ymlzn cos® 4 cos? 8 > 1
Inf=lyel Iyl

it follows that cos? 5 > 1 —cos? 8 = sin? § and cos? 8 > 1 —cos? = sin? 7. In particu-
lar, this implies that cos > sin § and cos § > sin 1 and, thus, cos ncos § —sinnsin§ =
cos(n 4+ 8) = cos u > 0. Equivalence follows from repeating the same argument with
< instead of >. Then, by definition of 1, it is shown that (n, 3°)* + y?||n|?5%2 >

[ RIERED equivalent to

(n,d)
Il

or equivalently, (n,d)|n]~1d]~" > 0 and, thus, (n,d) > Oforalld € D, (y°)\{0}.
Since, by assumption, (n, y — y°) > 0forall y € Y, or (n, y° — y) < 0, it follows that
y° —y ¢ D) (y°)\{0}, showing that y° € N(Y¥, D).

(i) Furthermore, if (n,y — y°) > Oforall y € Y\{y°}, or (n, y° —y) <O, the same con-
clusion already follows for (n, d) > O forall d € D, (y°), or (n, y° 2+ y 2|In|? ymln >
I l215°12. o

cos i = mi [ .deD,(y >\{0}]

Remark 11 The proof of Theorem 1 readily extends to the tricriteria case, as the interpreta-
tion of angles remains valid and, in particular, preserves the same geometric meaning as in
the bicriteria case. For m > 3, however, the proof loses its geometric character and, thus, the
theorem might not hold anymore.

A similar result can be established in the concave bicriteria case for the particular choice
D, (y) = Di(y) and under the additional assumption that Y is Ri—compact. In particular,
by Remark 5, then the ideal point z = {z, 22} € R? can be defined using the minimum,
zi=min{y; : y e Y}fori =1, 2.

Theorem 2 Let Y C R? be nonempty, and D = {D(y) : y € Y} be defined by D(y) = {d €
2., V) > ||d|| Ymin} With y = y — z and Ymin = min;{y;} for all y € Y. Assume that Y
is Rzz—compact and N(Y, ]Rzz) is ]Rzz—concave, let y° € N(Y, ]Rzz), and j € {1,2} be so that

o

)_zj = Ymin- Denote = (z}, 20) and 72 = (1, z%), where z} =min{y; : yp =22,y € Y},
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z% =min{y; : y1 = 71,y € Y},‘ and z = (z1,22) € R? is the ideal point of Y. Then
y° e N(Y, D) ifand only if y° — z/ ¢ D(y°).

Proof Let Y be R2-compact. Since z! and z2 are the two optimal lexicographic solutions
to the bicriteria prablem N(Y, R2), it follows that z!, z2 € N(¥, R%), and z! #~ z% as the
ideal point z ¢ Y. Moreover, z! = (z} — 21, 0) > 0 implies that D(;l) ={d =(d,dr) €
R2 : d; > 0} and, thus, z2 € (z! — D(z!)) N Y\{z'}. This shows that z! ¢ N(¥, D) and, by
repeating the analogous argument for z2, that z> ¢ N(Y, D). Now let N(Y, RZZ) be Rzz -con-
cave and y° € N(¥, R2)\{z!, z?}, so, in particular, z; < ¥y < z} and 7, < y;5 < z%. By
R2 -concavity, then there does not exist y € Y that falls below the two line segments from
y° to z! and z2, as indicated in Fig. 2. In particular, if y° — z!, y° — z2 ¢ D(y°), then there
does not exist y € (y° — D(¥°)) N Y\{y°}, showing that y° € N(Y, D). Without loss of
generality, let yo. = Y] < y;, then, by assumption, y° — z! ¢ D(y°), and it only remains
to show that y° — z2 ¢ D(y°). But this follows, because

(° =22, 5°) = lly° = 22115} = 372 + (05 — 2235 — IIy° — 22115}
< (S-S5 —22) <0

fromz; < y; < z%. The reverse direction is clear and follows because z!, 72 € Y. O

The point (z} , z%) € R? in Theorem 2 is also called the nadir point. More general, for a
set Y C R, the nadir point is defined by z"%? = {z'l“‘d, .., 24Y where zf’“d = sup{y; :
v € N(Y,RI)).

Remark 12 The proof of Theorem 2 only holds for the bicriteria case m = 2, based on the
exploited characterization of the nadir point using the two optimal lexicographic solutions
for N(Y, Ri). For m > 2, however, the nadir point must be found through optimization over
the Pareto set and, therefore, in general is not readily available (Yamamoto 2002; Ehrgott
and Tenfelde-Podehl 2003).

5 Examples

The two theorems in Sect. 4 are illustrated for the three sets depicted in Fig. 3. Each set
Y C R? has the ideal point z = (0,0) € R? at the origin, so y = y forall y € Y. In
particular, to apply both Theorem 1 and 2, the domination structure D = {D(y) : y € Y} be
defined by D(y) = {d € R? : (d, y) > ||d||ymin} forall y € Y.

Example 3 Let Y = {y € R2:(1-— y1)2 + (1 — y2)2 < 1}. Then N(Y, ]Rzz) ={y €
Yy . (- yl)2 + (1 — y2)2 =1,y1 < 1l,yy < 1}is Ri—convex, and Theorem 1 can

be used to find N(¥, D). Hence, let y € N(¥,R2), so (I — y)> + (I — y»)> = 1 and

0 < y1,y2 < 1 (%), and, without loss of generality, assume that yymin = y1 < y2, SO

Y2 n Yo Y2

0,

N(Y, D) n
Y1 Y1

Fig. 3 Illustration of Example 3 (convex case), Example 4 (concave case) and Example 5 (linear case)
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0<y<1- %ﬁ orl—y > % 2 > 0. Since the supporting hyperplane at y has the
normal vector n = (1 — yy, 1 — y») € R? that satisfies ||n]|> = 1 and (n, y — ') > 0 for all
y" € Y\{y}, the condition in Theorem 1 becomes

(n, )2 + )Py — In 21yl = [(1— yDy1 + (1= y)yl? + 37 — O0F +33) = 0

and using () to solve this inequality yields that é <yp<ym< % and, by symmetry of Y in
y1 and y»,

wiro

NY.D) ={yeY:(Il-y)*+1-m)?=L1<y.m=<

}

If the set Y is Rzz -concave instead of Rzz -convex, Theorem 2 has to be used instead of
Theorem 1.

Example4 LetY = {y € R* : y? + y7 > 1,y; > 0,y2 > 0}. Then N(¥,R2) = {y €
Y : yl2 + y% = 1}1is Ré-concave, and Theorem 2 can be used to find N(Y, D). Hence, let
y € N(, RZZ), SO yl2 + y22 =1land 0 < y;, y2 < 1 (}), and, without loss of generality,
assume that ypin = y1 < 2,500 < y; < %«/E orl —y >1-— %ﬁ Since z! = (1,0)
and z2 = (0, 1), the condition in Theorem 2 becomes

=2y =lly =2y =01 =Dy +y = /o1 = D2+ -3 >0

and using () to solve this inequality yields % <y1<m< %\/5 and, by symmetry of Y in
yi and y2,

N(Y,D):{er:ylz+y§=1,%<yl,y2<%ﬁ}

The concluding Example 5 considers the same set previously defined in Example 1 and
shows how the new variable preference model resolves the limitations highlighted in the
earlier discussion.

Example 5 LetY = {y € R? : yi+y2 > 1, y; > 0, y» > 0}. Then N(Y,R%) = {y €
Y : y1 + y» = 1} is both Rzz-convex and Rzz-concave, and both Theorems 1 and 2 can be

used to find N(Y, D). Hence, let y € N(Y, Rzz), soy;+y2=1and0 < y1, y» < 1 (%), and,

without loss of generality, assume that ypin = y1 < y2, 80 0 < ypin = y1 < % < y,. Since

the supporting hyperplane at y has the normal vector n = (1, 1) that satisfies (n, y — y’) > 0
for all y’ € Y, the condition in Theorem 1 becomes

(n, )2+ InlPy2m — InIP1y 12 = 01 + )2 + 297 =207 +y) =1-2y3 > 0

and using () to solve this inequality yields 1 — %\/E <y <wm< % 2 and, by symmetry
of Y in y; and y»,

N(Y,D):{yeY:y]+y2:1,1_%ﬁ<yl’y2<%ﬁ}

Alternatively, with 7l = (1,0) and 72 = (0, 1), the condition in Theorem 2 becomes

=z ) =y =2y = 1 = Dyt + 93 = /1 = D2+ 3 - 31 > 0,

and solving this inequality yields the same set as Theorem 1.
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In particular, the new variable preference model excludes parts of the Pareto frontier
while maintaining a set of nondominated outcomes in the middle region for presentation to
and further consideration by a decision maker. Furthermore, by adjusting the parameter y
in the definition of D) (y) in Proposition 4 to values less than 1, Remark 9 together with
Proposition 7 implies that the nondominated set can be further reduced to also take more spe-
cific preferences of the decision maker into account. Investigation of this and other related
aspects are planned as future research and, together with some final remarks, outlined in the
following concluding section.

6 Conclusion

This paper presents an approach to variable preference modeling for multicriteria optimiza-
tion and decision making problems, based on the concept of general domination structures.
The relevant literature indicates that the majority of such preference models is described by
constant convex or polyhedral cones, and it is first shown how these models are valid under
the assumptions of global multiplicativity and additivity and subsume Pareto dominance as a
special case. Two examples then illustrate some undesirable restrictions of preference models
that are described by constant convex cones and, in remedy of the recognized model limi-
tations, motivate the formulation of a new set of preference assumptions. In particular, the
previous assumption of global preferences is replaced by its local counterpart, and the new
assumption of ideal-symmetry is introduced to steer variability of the associated domination
structure.

To characterize the nondominated set with respect to this variable domination structure,
two associated single criterion optimization problems are formulated and used to derive both
necessary and sufficient conditions for the corresponding nondominated solutions of a gen-
eral and, more specifically, the particular preference model developed in this paper. Using
results from analytic geometry and relying on the geometrical character of the ideal-symmetry
assumption, two further conditions are established for the bicriteria case and subsequently
used to illustrate the new preference model on three examples. In particular, it is thereby
shown how the new variable cone model resolves the previously recognized shortcomings
of constant cones and, in general, finds a subset of Pareto outcomes that are located in the
middle region of the original Pareto frontier.

Several further research questions are motivated by this paper. First, other conditions for
nondominance can be derived in generalization of the results for the convex and concave
bicriteria case established in this paper, preferably independent of a restricting geometrical
character. Second, the assumption of ideal-symmetry gives the possibility to describe the
variable domination structure by different collections of ideal-symmetric convex cones, and
the characterization of the corresponding nondominated sets, especially in comparison to the
results obtained here, can be further examined. Third, different sets of preference assump-
tions can be proposed to obtain variable domination structures other than the one derived in
this paper, eventually producing a variety of new approaches to variable preference modeling
in multicriteria optimization and decision making.

Acknowledgments The author would like to thank his doctoral adviser Margaret M. Wiecek and two anon-
ymous referees for their valuable comments and suggestions on earlier versions of this manuscript.

@ Springer



310 J Glob Optim (2008) 42:295-311

References

Alizadeh, F., Goldfarb, D.: Second-order cone programming. Math. Programming. 95(1, Ser. B), 3-51. ISMP
2000, Part 3 (Atlanta, GA) (2003)

Benson, H.P.: An improved definition of proper efficiency for vector maximization with respect to cones. J.
Math. Anal. Appl. 71(1), 232-241 (1979)

Benson, H.P.: Efficiency and proper efficiency in vector maximization with respect to cones. J. Math. Anal.
Appl. 93(1), 273-289 (1983)

Bergstresser, K., Charnes, A., Yu, P.-L.: Generalization of domination structures and nondominated solutions
in multicriteria decision making. J. Optim. Theory Appl. 18(1), 3-13 (1976)

Bergstresser, K., Yu, P-L.: Domination structures and multicriteria problems in N-person games. Theory
Decis. 8(1), 5-48 (1977)

Borwein, J.: Proper efficient points for maximizations with respect to cones. SIAM J. Control Optim. 15(1), 57—
63 (1977)

Chen, G.Y., Yang, X.Q.: Characterizations of variable domination structures via nonlinear scalarization. J.
Optim. Theory Appl. 112(1), 97-110 (2002)

Chen, G.Y., Yang, X.Q., Yu, H.: A nonlinear scalarization function and generalized quasi-vector equilibrium
problems. J. Global Optim. 32(4), 451-466 (2005)

Chew, K.L.: Domination structures in abstract spaces. In: Proceedings of the First Franco-Southeast Asian
Mathematical Conference (Singapore, 1979), vol. II, Special Issue b, pp. 190-204 (1979)

Coladas Urfa, L.: Nondominated solutions in multiobjective problems. Trabajos Estadist. Investigacién
Oper. 32(1), 3-12 (1981)

Corley, H.W.: A new scalar equivalence for Pareto optimization. IEEE Trans. Automat. Control 25(4), 829—
830 (1980)

Corley, H.W.: Duality theory for maximizations with respect to cones. J. Math. Anal. Appl 84(2), 560—
568 (1981)

Corley, H.W.: On optimality conditions for maximizations with respect to cones. J. Optim. Theory
Appl. 46(1), 67-78 (1985)

Edgeworth, F.Y.: Mathematical Psychics: An Essay on the Application of Mathematics to the Moral Sci-
ences. P. Keagan, London (1881)

Ehrgott, M., Tenfelde-Podehl, D.: Computation of ideal and Nadir values and implications for their use in
MCDM methods. European J. Oper. Res. 151(1), 119-139 (2003)

Ehrgott, M., Wiecek, M.M.: Multiobjective programming. In: Figueira, J., Greco, S., Ehrgott, M. (eds) Multiple
Criteria Decision Analysis: State of the Art Surveys, vol. 78, pp. 667—722. International Series in Oper-
ations Research & Management Science. Springer, New York (2005)

Fodor, J., De Baets, B., Perny, P. (eds.): Preferences and Decisions under Incomplete Knowledge, volume 51
of Studies in Fuzziness and Soft Computing. Physica-Verlag, Heidelberg (2000)

Fujita, T.: Characterization of the solutions of multiobjective linear programming with a general dominated
cone. Bull. Inform. Cybernet. 28(1), 23-29 (1996)

Gass, S., Saaty, T.: The computational algorithm for the parametric objective function. Naval Res. Logist.
Quart. 2, 39-45 (1955)

Geoffrion, A.M.: Proper efficiency and the theory of vector maximization. J. Math. Anal. Appl. 22, 618—
630 (1968)

Guddat, J., Guerra Vasquez, F., Tammer, K., Wendler, K.: Multiobjective and Stochastic Optimization Based
on Parametric Optimization. Mathematical Research, 26. Akademie-Verlag, Berlin (1985)

Henig, M.L.: Proper efficiency with respect to cones. J. Optim. Theory Appl. 36(3), 387-407 (1982)

Henig, M.I.: Value functions, domination cones and proper efficiency in multicriteria optimization. Math.
Programming, 46(2, (Ser. A)), 205-217 (1990)

Hsia, W.-S., Lee, T.Y.: Lagrangian function and duality theory in multiobjective programming with set func-
tions. J. Optim. Theory Appl. 57(2), 239-251 (1988)

Hunt, B.J.: Multiobjective Programming with Convex Cones: Methodology and Applications. PhD thesis,
Clemson University, Clemson, South Carolina, USA. Margaret M. Wiecek, advisor. (2004)

Hunt, B.J., Wiecek, M.M.: Cones to aid decision making in multicriteria programming. In: Tanino, T., Tanaka,
T., Inuiguchi, M. (eds.) Multi-Objective Programming and Goal Programming, pp. 153-158. Springer-
Verlag, Berlin (2003)

Hyers, D.H., Isac, G., Rassias, T.M.: Topics in Nonlinear Analysis & Applications. World Scientific Publishing
Co. Inc., River Edge (1997)

Kuhn, H.-W., Tucker, A.W.: Nonlinear programming. In: Proceedings of the Second Berkeley Symposium on
Mathematical Statistics and Probability,1950, pp. 481-492, University of California Press, Berkeley and
Los Angeles (1951)

@ Springer



J Glob Optim (2008) 42:295-311 311

Lin, S.A.Y.: A comparison of Pareto optimality and domination structure. Metroeconomica 28(1-3), 62—
74 (1976)

Naccache, P.H.: Connectedness of the set of nondominated outcomes in multicriteria optimization. J. Optim.
Theory Appl. 25(3), 459-467 (1978)

Noghin, V.D.: Relative importance of criteria: a quantitative approach. J. Multi-Criteria Decision Analy-
sis 6, 355-363 (1997)

Oztiirk, M., Tsoukias, A., Vincke, P.: Preference modelling. In Multiple criteria decision analysis. State of
the art surveys, volume 78 of International Series in Operations Research & Management Science, pp.
29-71. Springer, Berlin (2005)

Pareto, V.: Cours d’Economie Politique. Rouge, Lausanne (1896)

Ramesh, R., Karwan, M.H., Zionts, S.: Theory of convex cones in multicriteria decision making. Ann. Oper.
Res. 16(1-4), 131-147 (1988)

Ramesh, R., Karwan, M.H., Zionts, S.: Preference structure representation using convex cones in multicriteria
integer programming. Management Sci. 35(9), 1092—1105 (1989)

Rockafellar, R.T.: Convex analysis. Princeton Mathematical Series, No. 28. Princeton University Press, Prince-
ton (1970)

Sawaragi, Y., Nakayama, H., Tanino, T.: Theory of Multiobjective Optimization, volume 176 of Mathematics
in Science and Engineering. Academic Press Inc., Orlando (1985)

Stowinski, R. (ed.): Fuzzy Sets in Decision Analysis, Operations Research and Statistics, volume 1 of The
Handbooks of Fuzzy Sets Series. Kluwer Academic Publishers, Boston (1998)

Takeda, E., Nishida, T.: Multiple criteria decision problems with fuzzy domination structures. Fuzzy Sets
Systems 3(2), 123-136 (1980)

Tamura, K., Miura, S.: Necessary and sufficient conditions for local and global nondominated solutions in
decision problems with multi-objectives. J. Optim. Theory Appl. 28(4), 501-523 (1979)

Tanino, T., Nakayama, H., Sawaragi, Y.: Domination structures and their parametrization in group decision
making. Syst. Control 24(12), 807-815 (1980)

Tanino, T., Sawaragi, Y.: Stability of the solution set in problems of finding cone extreme points. Syst. Con-
trol 22(11), 693-700 (1978)

Tanino, T., Sawaragi, Y.: Duality theory in multiobjective programming. J. Optim. Theory Appl. 27(4), 509—
529 (1979)

Tanino, T., Sawaragi, Y.: Stability of nondominated solutions in multicriteria decision-making. J. Optim.
Theory Appl. 30(2), 229-253 (1980)

Weidner, P.: Domination sets and optimality conditions in vector optimization theory. Wissenschaftliche
Zeitschrift der Technischen Hochschule Ilmenau 31(2), 133-146. (in German) (1985)

Weidner, P.: Tradeoff directions and dominance sets. In: Multi-objective programming and goal programming,
Adv. Soft Comput., pp. 275-280. Springer, Berlin (2003)

Wendell, R.E., Lee, D.N.: Efficiency in multiple objective optimization problems. Math. Program-
ming 12(3), 406414 (1977)

Wu, H.C.: A solution concept for fuzzy multiobjective programming problems based on convex cones. J.
Optim. Theory Appl. 121(2), 397-417 (2004)

Yamamoto, Y.: Optimization over the efficient set: overview. J. Global Optim. 22(1-4), 285-317 (2002)

Yu, P.-L.: Introduction to domination structures in multicriteria decision problems. In: Cochrane, J.L., Zeleny,
M. (eds.) Multiple Criteria Decision Making, pp. 249-261. University of South Carolina Press, Colum-
bia (1973)

Yu, P.-L.: Cone convexity, cone extreme points, and nondominated solutions in decision problems with mul-
tiobjectives. J. Optim. Theory Appl. 14, 319-377 (1974)

Yu, P-L.: Domination structures and nondominated solutions. In: Multicriteria Decision Making, pp. 227-280.
Internat. Centre for Mech Sci (CISM) Courses and Lectures, No. 211. Springer, Vienna (1975)

Yu, P.-L.: Multiple-criteria Decision Making. Concepts, Techniques and Extensions Mathematical Concepts
and Methods in Science and Engineering, 30. Plenum Press, New York-London (1985)

Yu, P-L., Leitmann, G.: Compromise solutions, domination structures, and Salukvadze’s solution. J. Optim.
Theory Appl. 13, 362-378 (1974)

Yun, Y.B., Nakayama, H., Tanino, T.: A generalized model for data envelopment analysis. European J. Oper.
Res. 157(1), 87-105 (2004)

Zadeh, L.: Optimality and nonscalar-valued performance criteria. IEEE Trans Auto. Cont., AC-8:1 (1963)

@ Springer



	Variable preference modeling with ideal-symmetric convex cones
	Abstract
	1 Introduction
	2 Terminology and definitions
	3 Preference and model assumptions
	4 Characterization of the nondominated set
	5 Examples
	6 Conclusion
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


