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Preface

The continuous and increasing interest concerning vector optimization percep-
tible in the research community, where contributions dealing with the theory
of duality abound lately, constitutes the main motivation that led to writing
this book. Decisive was also the research experience of the authors in this
field, materialized in a number of works published within the last decade. The
need for a book on duality in vector optimization comes from the fact that
despite the large amount of papers in journals and proceedings volumes, no
book mainly concentrated on this topic was available so far in the scientific
landscape. There is a considerable presence of books, not all recent releases,
on vector optimization in the literature. We mention here the ones due to
Chen, Huang and Yang (cf. [49]), Ehrgott and Gandibleux (cf. [65]), Eichfelder
(cf. [66]), Goh and Yang (cf. [77]), Gopfert and Nehse (cf. [80]), Gopfert, Ri-
ahi, Tammer and Zalinescu (cf. [81]), Jahn (cf. [104]), Kaliszewski (cf. [108]),
Luc (cf. [125]), Miettinen (cf. [130]), Mishra, Wang and Lai (cf. [131,132])
and Sawaragi, Nakayama and Tanino (cf. [163]), where vector duality is at
most tangentially treated. We hope that from our efforts will benefit not only
researchers interested in vector optimization, but also graduate and under-
graduate students.

The framework we consider is taken as general as possible, namely we
work in (locally convex) topological vector spaces, going to the usual finite di-
mensional setting when this brings additional insights or relevant connections
to the existing literature. We tried to add a certain order in the not always
correct or rigorous results one can meet in the different segments of the vast
literature addressed here. The investigations we perform in the book are al-
ways accompanied by the well-developed apparatus of conjugate duality for
scalar convex optimization problems. Actually, a whole chapter is dedicated to
classical results, but also to new achievements in this field. An additional mo-
tivation for this, as well as for displaying a consistent preliminary chapter on
convex analysis and vector optimization, was our intention to keep the book
as self-contained as possible. Four chapters remained for the vector duality it-
self, two of them directly extending the conjugate duality from the scalar case,



VIII  Preface

another one focusing on the Wolfe and Mond-Weir duality concepts, while the
last one deals with the broader class of set-valued optimization problems.

S.-M. Grad and G. Wanka are grateful to R. I. Bot for the improvements
he brought during the correction process. The authors want to express their
sincere thanks to Erné Robert Csetnek for reading a preliminary version of
this book and for providing useful comments and suggestions that enhanced
its quality. Thanks are also due to André Heinrich, Ioan Bogdan Hodrea and
Catrin Schonyan for typewriting parts of the manuscript. We would like to
thank our families for their unconditioned support and patience during writing
this book. Without this background the authors would not have found the time
and energy to bring this work to an end.

For updates and errata we refer the reader to

http://www.tu-chemnitz.de/mathematik/approximation/dvo

Chemnitz, Germany, Radu Ioan Bot
April 2009 Sorin-Mihai Grad
Gert Wanka
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1

Introduction

The conception of this book had a twofold motivation. The lack of a book
or monograph intensively dedicated to duality in vector optimization, differ-
ent to the scalar case where the theory is widely treated and well-founded,
and, on the other hand, the continuously increasing number of publications
dealing with this topic from different points of view. With this monograph
we provide an overview of the major duality concepts in vector optimization,
concomitantly emphasizing the achievements we brought to this field during
the last decade. Working in a general framework, we encompass the majority
of the contributions to this topic in the literature. We mainly work in (locally
convex) topological vector spaces, resorting to the usual finite dimensional
setting especially when we relate to situations met in the literature. Addition-
ally, we followed the aim of bringing a certain order in the diversity of results
not always having the necessary rigor. Nevertheless, we did not go through all
the branches and ramifications of the main classes of vector duality results,
leaving the general setting only for pointing out the ones with major impact
on the development of the field. Thus the list of references is far from be-
ing complete, containing mainly some representative works connected to this
area, only a few vis-d-vis the large number of publications touching this topic,
though.

Given a vector (minimum) optimization problem, by wector duality we
understand attaching dual vector (maximum) optimization problems to it and
investigating the existence of weak, strong and, sometimes, converse duality.
When the values attained by the objective function of the dual problem over
its feasible set do not surpass the ones of the primal objective function, we say
that we have weak duality. Starting from a solution to the primal problem,
when a solution to the dual problem is discovered, such that the two objective
functions coincide, we are in the situation called strong duality. Converse
duality means that the existence of a solution to the dual problem allows to
prove that the primal problem has a solution such that both of the objective
values coincide. A variety of types of solutions can be considered to a vector
optimization problem, each of them giving rise to different vector duals to the

R.I. Bot et al., Duality in Vector Optimization, Vector Optimization, 1
DOI 10.1007/978-3-642-02886-1_1,
© Springer-Verlag Berlin Heidelberg 2009



2 1 Introduction

primal. When the vector problem is specialized to the scalar case, the vector
dual turns out to be a corresponding known scalar dual.

Three major directions in vector duality are brought into attention in
this book. The first one has its roots in the conjugate duality for scalar op-
timization problems. It is characterized by the fact that in the structure of
the vector dual problems the formulation of a conjugate dual problem to the
scalarized problem one can attach to the primal vector optimization problem
can always be recognized. Studying vector duality is strongly based on the
well-developed duality in scalar optimization. In this context are included the
classical duality concepts due to Jahn (cf. [101,104]) for Lagrange duality,
Breckner and Kolumbdan (cf. [42,43]) for Fenchel duality, as well as the one
due to Nakayama (cf. [142, 144]) which is based on geometric duality. The
celebrated linear vector duals from the pioneering works due to Gale, Kuhn
and Tucker (cf. [70]), Kornbluth (cf. [118]), Schoénefeld (cf. [167]), Rodder
(cf. [161]) and Isermann (cf. [96,97]) belong here, too. The second vector
duality concept considered here gravitates around Wolfe (cf. [166,202]) and
Mond-Weir duality (cf. [138,195,197]). The formulation of the vector duals
is again based on scalar duality, but this time the optimality conditions for
the scalarized primal-dual pair appear explicitly. A characteristic of this vec-
tor duality principle is the possibility to employ different types of generalized
convexity concepts for the functions involved. This direction currently enjoys
a blossoming development, nevertheless we restrict ourselves to the classical
setting, working under hypotheses of convexity, pseudoconvexity or quasicon-
vexity, respectively. Inverity assumptions are considered here, too, but we
do not go beyond, as the techniques used when working with its many and
sometimes quite artificial and too complicated generalizations are the same.
The third direction concerns set-valued optimization problems, which actually
are extensions of the vector optimization ones. The duality considered here
meets the philosophy from the scalar case, too, being based on the notion of
vector conjugacy. By employing two different minimality notions, correspond-
ing set-valued conjugate theories are developed, in each of them set-valued
duality being introduced and investigated. The first one is based on works
due to Tanino and Sawaragi (cf. [180]) and Sawaragi, Nakayama and Tanino
(cf. [163]), while the second one has its roots in contributions due to Tanino
(cf. [177,178]), Kawasaki (cf. [114]) and Song (cf. [168-170]).

Besides this introductive one, the book contains six chapters, whose de-
scriptions are given in the following.

Chapter 2. Basic notions and results in convex analysis, as well as min-
imality concepts for sets are introduced here. The first section deals with
preliminaries on convex sets, for which algebraical as well as topological prop-
erties are displayed. The concepts of partial ordering and cone are intensively
investigated. Different generalized interiority notions for convex sets are in-
troduced, as they play important roles in formulating regularity conditions.
Some basic separation theorems are recalled, since their usage is propagated
through the whole book. A section on convex functions follows, where basic
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algebraic and topological properties in Hausdorff locally convex spaces are
presented. For vector functions notions which extend the scalar convexity and
lower semicontinuity are discussed. Conjugate functions constitute the core
of the third section. Their basic properties are presented and the proof of
the classical Fenchel-Moreau theorem is given. Subdifferentiability of convex
functions is considered, too, and its connections to the conjugate functions are
outlined. In the fourth section of this chapter we introduce several classes of
minimality notions for a subset of a vector space partially ordered by a convex
cone. We mention here the classical Pareto minimality, the weak minimality,
as well as the proper minimality notions in the sense of Geoffrion, Hurwicz,
Borwein, Benson, Henig and Lampe and linear scalarization, respectively. The
relations between them are stressed, and sufficient conditions which guaran-
tee their coincidence are provided. The situations when one can characterize
these minimality notions via linear scalarization are taken into discussion. The
last section concerns the formulation of a general vector minimization prob-
lem and different efficiency notions for it, in connection to the minimality
concepts treated previously.

Chapter 3. The aim of this chapter is to describe the conjugate dual-
ity theory for scalar optimization problems, a cornerstone for the later vector
duality investigations. We begin with a section in which we describe the gen-
eral perturbation approach for constructing a dual problem, employed to two
different classes of problems, namely the unconstrained one having a com-
position with a linear continuous mapping as objective function and the one
with geometric and cone constraints. For the first one we consider the classical
Fenchel dual problem, while for the latter we deal with three different dual
problems, the Lagrange dual, the Fenchel dual and the Fenchel-Lagrange dual.
The next section is dedicated to formulating regularity conditions for achiev-
ing strong duality, namely the situation when the optimal objective values of
the primal and dual problem coincide and the latter has an optimal solution.
First we deal with the general optimization problem, for which two kinds of
such conditions are given, namely interiority type ones and closedness type
ones. The latter arose mainly from the research carried out by the authors
in the last years. Each of these regularity conditions is particularized to the
two classes of problems mentioned above. Necessary and sufficient optimality
conditions expressed via conjugate functions, as well as subdifferentials, and
saddle point assertions are delivered in the third section, first for the general
scalar optimization problem, afterwards for its particular instances consid-
ered throughout this chapter. The next section is dedicated to duality for the
composed convex optimization problem, to which we assign two different con-
jugate dual problems. We also provide in each case corresponding regularity
conditions, strong duality statements, optimality conditions and saddle point
assertions. For all these classes of scalar problems, including the general one,
we give in the last section of this chapter stable strong duality results and cor-
responding subdifferential formulae. By stable strong duality we understand
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the situation when the strong duality is not violated when adding any linear
continuous functional to the objective function of the primal problem.

Chapter 4. This is the first chapter where we deal with duality for vec-
tor optimization problems, considered in a very general framework where the
image space is an arbitrary partially ordered Hausdorff locally convex space.
Throughout the whole chapter we parallelly deal with vector duals constructed
by means of linear scalarization with respect to properly and weakly efficient
solutions, respectively. We begin with Fenchel type vector duality for the op-
timization problem having as objective function the sum of a vector func-
tion with the composition of another vector function with a linear continuous
mapping. For the primal-dual pair considered here we give weak, strong and
converse duality assertions. We also put the dual in relation to the classical
one in [42,43]. In the second section we consider the problem with geometric
and cone constraints and the duality developed here extends the geometric
approach from [142,144], new results with respect to it being achieved. In
analogy to the scalar case, in the third section we introduce a vector duality
scheme based on a general perturbation approach, particularizing it to the
vector minimization problem with geometric and cone constraints. To the lat-
ter we assign different vector dual problems and we investigate the relations
between them. Among these we rediscover the celebrated vector dual problem
from [101,104]. In the general scheme we provide, the vector geometric dual
from the previous section is also incorporated. The fourth section deals with
vector duality via a general scalarization. The vector duals are constructed
by using different scalarization functions, where the investigations from the
previous chapter made for composed convex problems play an important role.
Besides linear scalarization, as special cases we consider here the mazimum/(-
linear) scalarization, the set scalarization and the (semi)norm scalarization.
We close the chapter by dealing with a linear vector optimization problem in-
troduced in general spaces, by means of the duality schemes developed in the
previous sections. We discuss the situation when the sets of maximal elements
attached to all these duals become equal.

Chapter 5. The investigations on vector duality from the previous chap-
ter are completed here by considering new Fenchel type and Fenchel-Lagrange
type vector duals for the case when the image space of the objective functions
is finite dimensional, culminating in a review on linear vector duality. The
initial section introduces two new Fenchel type vector duals to the problem of
minimizing the sum of a vector function with a composition of another vector
function with a linear continuous mapping, one with respect to properly ef-
ficient solution, the other concerning weakly efficient solutions. Comparisons
of the new duals with the ones considered in the previous chapter to the
same primal are also given. In the second section we extend the family of
Fenchel-Lagrange vector dual problems to the problem of minimizing a vec-
tor function with respect to both geometric and cone constraints introduced
in [24, 36, 184] concerning properly efficient solutions for the situation when
the functions involved are defined on Hausdorff locally convex spaces, giving
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moreover corresponding Fenchel-Lagrange vector duals with respect to weakly
efficient solutions. We also show that in the case when the cone constraints
are linear equalities each of the two families of vector duals we introduced
consists of a single dual. We compare the vector duals given in the previous
section with the ones from the previous chapter and with some new vector
duals we introduce here for the same primal in the third section, stressing that
under certain regularity conditions the sets of maximal, respectively weakly
maximal, solutions of these vector duals coincide. In the fourth section we
investigate what happens to the vector duals introduced in the previous two
sections when the primal problem has a linear vector objective function and
geometric and linear constraints. In the last section we consider all the spaces
to be finite dimensional, treating the so-called classical linear vector duality.
The vector duals considered for vector problems with constraints concern-
ing efficient solutions in this chapter and in the previous one are written in
this particular framework, being compared among them and also with the
linear vector duals considered in [84,96]. A general scheme regarding their
sets of maximal elements is also provided. Moreover, we recall the classical
linear vector duals in [70,118]. When working with weakly efficient elements
we compare the vector duals introduced so far, giving again a general scheme
regarding their weakly maximal elements.

Chapter 6. An overview on the most important aspects regarding Wolfe
duality and Mond-Weir duality is brought in this chapter. The first section is
dedicated to scalar Wolfe and Mond-Weir duality. We start by working with
convex optimization problems in Hausdorff locally convex spaces, then when
particularizing the framework to finite dimensional spaces, we rediscover the
dual in [166]. Taking the functions involved to be moreover differentiable, the
classical duals in [138,202] are recalled. Replacing in the differentiable case
the convexity hypotheses by pseudoconvexity, quasiconverity and inverity as-
sumptions for the functions involved, respectively, weak and strong duality
statements are also proven. In the second section we deal with vector Wolfe
duality and Mond-Weir duality. We cover first the nondifferentiable case, when
convexity plays a key role, then we take the functions involved to be differ-
entiable, replacing afterwards the convexity assumptions by the mentioned
generalized convexity hypotheses on the functions involved. We work paral-
lelly with vector duals concerning both properly and weakly efficient solutions,
delivering weak and strong duality statements. In this way we cover the most
important results published so far in the field, see [62, 191,192, 197], cor-
recting moreover some inaccuracies intermingled in the literature. Two kinds
of special Wolfe duality type and Mond-Weir duality type investigations are
presented in the third section. Following papers like [14, 140, 196] we present
other Wolfe and Mond-Weir type dual problems for which strong duality holds
without assuming any reqularity condition, both in the nondifferentiable and
differentiable case. We treat similarly the vector case, starting from [63,198].
Symmetric Wolfe type duality and Mond-Weir type duality can be found in
this book, too, and here the primal problems have a special formulation, the
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functions involved being taken twice differentiable. We begin with the scalar
case, via [136,138], turning then to the vector case where we recall results
based on [115,171]. Wolfe and Mond-Weir fractional duality are taken into
consideration in the fourth section, following the two main directions in the
literature, introduced in [100, 164] and [13], respectively, in the scalar case,
and [193,194] in the vector case. In the last section, turning again to convex
functions defined on general spaces, we generalize the Wolfe and Mond-Weir
duality concepts, introducing for the first time in the literature a perturbation
approach in connection to them. Thus one can treat via generalized Wolfe
duality and Mond-Weir duality both classes of optimization problems consid-
ered in the scalar case. The duals obtained via the Lagrange perturbation turn
out to be, in the finite dimensional case, the classical Wolfe and Mond-Weir
duals from the literature, respectively. We also deliver a Wolfe type and a
Mond-Weir type duality scheme for general vector optimization problems.
Chapter 7. The last chapter of the book entails investigations on set-
valued optimization problems, by involving the so-called wvector comjugacy,
considered here with respect to two different minimality notions. In the first
section we begin by introducing the conjugate, biconjugate and subdifferential
of a set-valued map, following the approach from [163,180]. The minimality
notions are extended to sets in topological vector spaces to which infinite
elements are attached. Some basic properties of these notions are discussed
by outlining a certain analogy to their scalar correspondents. A perturbation
approach for introducing a set-valued dual to a general set-valued optimiza-
tion problem is employed and sufficient conditions for stability and strong
duality are provided. By means of the same minimality notions a second ap-
proach, based on the so-called vector k-conjugacy, is considered, while similar
issues are addressed. In the second section, by dealing in parallel with the
two vector conjugacy approaches mentioned above, Lagrange, Fenchel and
Fenchel-Lagrange set-valued duals are introduced for the set-valued optimiza-
tion problem with constraints. For all these duals corresponding stability cri-
teria, strong duality statements and necessary and sufficient optimality con-
ditions are delivered. The set-valued problem having a composition with a
linear continuous mapping as objective map and its Fenchel set-valued dual
are the object of similar investigations in the next section. An application to
constructing set-valued gap maps for vector variational inequalities closes the
section. A further set-valued duality scheme, this time based on weak mini-
mality in the same sense as in [168-170,178] is presented in the next section.
Its advantages opposite to the approach from the previous sections as concerns
the conjugate calculus are outlined. Also here, a general set-valued dual via
the perturbation approach is introduced to a general set-valued optimization
problem, stability and strong duality statements being provided. As a partic-
ular instance of the general duality scheme, we deal first with the set-valued
optimization problem with constraints to which we attach the same three
types of set-valued duals as in the second section. Regularity conditions for
strong duality and necessary and sufficient optimality conditions are stressed.
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From the same point of view, investigations on the set-valued optimization
problem having a composition with a linear continuous mapping as objective
map, regarding its Fenchel dual, are performed. Their implementation in the
construction of set-valued gap maps for set-valued equilibrium problems closes
this last section.



2

Preliminaries on convex analysis and vector
optimization

In this chapter we introduce some basic notions and results in convex anal-
ysis and vector optimization in order to make the book as self-contained as
possible. The reader is supposed to have basic notions of functional analysis.

2.1 Convex sets

This section is dedicated mainly to the presentation of convex sets and their
properties. With some exceptions the results we present in this section are
given without proofs, as these can be found in the books and monographs on
this topic mentioned in the bibliographical notes at the end of the chapter.
All around this book we denote by R"™ the n-dimensional real vector space,
while by R = {x = (21,...,2,)T €R" : 2; > 0 forall i = 1,...7n} we
denote its nonnegative orthant. By N = {1,2,...} we denote the set of natural
numbers, while () is the empty set. All the vectors are considered as column
vectors. An upper index 7 transposes a column vector to a row one and vice
versa. By R™*"™ we denote the space of the m x n matrices with real entries.
When we have a matrix A € R™*™ by A;, i = 1,...,m, we denote its rows
and, naturally, by AT its transpose. By e € R™ we denote the i-th unit vector
of R", while by e := Y7 | e’ € R" we understand the vector having all entries
equal to 1. If a function f takes everywhere the value a € R we write f = a.

2.1.1 Algebraic properties of convex sets

Let X be a real nontrivial vector space. A linear subspace of X is a nonempty
subset of it which is invariant with respect to the addition and the scalar
multiplication on X. Note that an intersection of linear subspaces is itself a
linear subspace. The algebraic dual space of X is defined as the set of all
linear functionals on X and it is denoted by X#. Given any linear functional
x# € X7, we denote its value at x € X by (27, ).

R.I. Bot et al., Duality in Vector Optimization, Vector Optimization, 9
DOI 10.1007/978-3-642-02886-1_2,
© Springer-Verlag Berlin Heidelberg 2009
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For 2# € X#\{0} and X\ € R the set H := {z € X : (z# z) = A} is called
hyperplane. The sets {z € X : (27, x) < A} and {z € X : (27, ) > A} are the
closed halfspaces determined by the hyperplane H, while {z € X : (27, x) <
A} and {z € X : (z¥,z) > A} are the open halfspaces determined by H. In
order to simplify the presentation, the origins of all spaces will be denoted by
0, since the space where this notation is used always arises from the context.
By Axm we denote the set {(x,...,x) € X™ : © € X}, which is a linear
subspace of X" := X x ... x X ={(z1,...,2m) 2, € X,;i=1,...,m}.

If U and V are two subsets of X, their Minkowski sum is defined as U +
Vi={u+v:ueU veV} For UC X wedefinealsox +U =U +x :=
U+ {x} when z € X, \U :={Au:u € U} when A € R and AU := Uy AU
when A C R. According to these definitions one has that U +0 =0+ U =
and A\ = () whenever U C X and A € R. Moreover, if U CV C X and U # V
we write U & V.

Some important classes of subsets of a real vector space X follow. Let be

UCX.If [-1,1]JU C U, then U is said to be a balanced set. When U = —U
we say that U is symmetric, while U is called absorbing if for all z € X there
is some A > 0 such that one has x € \U.
Affine and convex sets. Before introducing the notions of affine and convex
sets, some necessary prerequisites follow. Taking some z; € X and \; € R,
i = 1,...,n, the sum Y., \;z; is said to be a linear combination of the
vectors {z; : i = 1,...,n}. The vectors z; € X, i = 1,...,n, are called
linearly independent if from " | Ajz; = 0 follows A; =0 for all i = 1,...,n.
The linear hull of a set U C X,

lin(U) := {Zmi: neN,z; €U\ €R, z:ln}

i=1

is the intersection of all linear subspaces containing U, being the smallest
linear subspace having U as a subset.

The set U C X is called affine if Az + (1 — \)y € U whenever X\ € R. The
intersection of arbitrarily many affine sets is affine, too. The smallest affine
set containing U or, equivalently, the intersection of all affine sets having U
as a subset is the affine hull of U,

aff(U) := {Z)\ixi: neN,z; €U\ €R, izl,...,n,Z)\izl}.
i=1

i=1
A set U C X is called convez if
Az +(1—=Ny:A€0,1]} CU for all z,y € U.

Obviously, @ and the whole space X are convex sets, as well as the hyperplanes,
linear subspaces, affine sets and any set containing a single element. An ex-
ample of a convex set in R™ is the standard (n — 1)-simplex which is the set
Ay ={z=(21,...,2,)T €R} : >0 x; =1}. Given z; € X, i =1,...,n,
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and (\1,...,\)T € A, the sum Z?Zl \ix; is said to be a convex combination
of the elements z;, i = 1,...,n. The intersection of arbitrarily many convex
sets is convex, while in general the union of convex sets is not convex. Note
also that when U and V are convex subsets of X, for all o, 3 € R the set
aU + BV is convex, too.

If X;,¢=1,...,m, are nontrivial real vector spaces, then U; C X;, i =
1,...,m, are convex sets if and only if [}, U; is a convex set in [, X;.
When X and Y are nontrivial real vector spaces and U C X xY', the projection
of U on X is the set Prx(U) := {x € X : Jy € Y such that (z,y) e U}. If U
is convex then Prx (U) is convex, too.

When U is a subset of the real vector space X, the intersection of all
convex sets containing U is the convex hull of U,

co(U) := {Z)\imi: neNz;, €U, i:1,...,V”L,()\l,...,)\n)TEAn}7
i=1

which is the smallest convex set with U as a subset. If U and V' are subsets
of X, for all a, 3 € R one gets co(aU + V) = aco(U) + Sco(V).

A special case of convex sets are the polyhedral sets which are finite in-
tersections of closed halfspaces. If U and V' are polyhedral sets, then for all
A, p € R the set AU + pV is polyhedral, too.

Consider another nontrivial real vector space Y and let T': X — Y be
a given mapping. The image of a set U C X through T is the set T(U) :=
{T'(u) : w € U}, while the counter image of a set W C Y through T is
T-Y (W) :={x € X : T(x) € W}. The mapping A is called linear if A(z+y) =
Az + Ay and A(\z) = Mz for all z,y € X and all A € R or, equivalently, if

A(azx + By) = aAzx + fAy Yo,y € X Va, [ € R.

If A: X — Y is a linear mapping and U C X is a linear subspace, then A(U)
is a linear subspace, too. On the other hand, if W C Y is a linear subspace,
then A=1(W) is a linear subspace, too. A special linear mapping is the identity
function on X, idx : X — X defined by idx(z) =« for all x € X.

The mapping 7' : X — Y is said to be affine if

Tz + (1 —-Ny)=AT(z)+ (1 —-NT(y) Yo,y € X VA e R.

If T:X — Y is an affine mapping and the set U C X is affine (or convex),
then T'(U) is affine (or convex), too. Moreover, if W C Y is affine (or convex),
then T~ (W) is affine (or convex), too.
Cones. A nonempty set K C X which satisfies the condition AK C K for
all A > 0 is said to be a cone. Throughout this book we assume, as follows
by the definition, that the considered cones always contain the origin. The
intersection of a family of cones is a cone, too.

A convex cone is a cone which is a convex set. One can prove that a cone
K is convex if and only if K+ K C K. If K is a convex cone, then its linearity
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space [(K) = KN (—K) is a linear subspace. A cone K is said to be pointed if
I(K) = {0}. The cones K = {0} and K = X are called trivial cones. Typical
examples of nontrivial cones which occur in optimization are, when X = R"™,
the nonnegative orthant R’ and the lexicographic cone

R, ={0tU{z e R": 2y > 0}U
{r € R": 3k € {2,...,n} such that z; =0 Vi € {1,...,k—1} and 2} > 0},

while for X = R"*™ the cone of symmetric positive semidefinite matrices
St i={AeR"": A= AT (z,Az) > 0 Yz € R"}. Note that in R one can
find only four cones: {0}, Ry, —R,; and R.

The conical hull of a set U C X, denoted by cone(U), is the intersection of
all the cones which contain U, being the smallest cone in X that contains U.
One can show that cone(U) = Ux>o AU. When U is convex, then lin(U —x) =
cone(U — x) and, consequently, aff(U) = x + cone(U — U), whenever z € U.

The convex conical hull of a set U C X,

coneco(U) := {Z)\ixi: neNz, eUN>0,i= 1,...,71}7

i=1

is the intersection of all the convex cones that contain U, being the smallest
convex cone having U as a subset. One has coneco(U) = cone(co(U)) =
co(cone(U)). Due to the Minkowski- Weyl theorem, a set U C R™ is polyhedral
if and only if there are two finite sets VW C R™ such that U = co(V) +
coneco(W).

If K is a nontrivial convex cone, then U C K is called a base of the cone K
if each # € K\{0} has an unique representation of the form z = Au for some
A > 0 and v € U. Each nontrivial convex cone with a base in a nontrivial real
vector space is pointed.

If K C X is a given cone, its algebraic dual cone is K# = {z% € X7 :
(z#,z) > 0 forallz € K}. The set K7 is a convex cone. If C' and K are cones
in X, one has (C+ K)# = C*NK# = (CUK)# and C# + K# C (CNK)#.
If the two cones satisfy C' C K, then C# O K7.

Given a set U C X and x € U we consider the normal cone to U at x,

NU,z) = {z# € X* . (a% y —x) <0 Vy € U},

which is a convex cone.

Partial orderings. Very important, not only in convex analysis, is to consider
certain orderings on the spaces one works with. Let the nonempty set R C
X x X be a so-called binary relation on X. The elements z,y € X are said
in this case to be in relation R if (xz,y) € R and we write also zRy. A binary
relation R is said to be a partial ordering on the vector space X if it satisfies
the following axioms

(i) reflezivity: for all x € X it holds zRx;
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(ii) transitiity: for all z,y,z € X from xRy and yRz follows zRz;

(iil) compatibility with the linear structure:
- for all z,y,z,w € X from xRy and zRw follows (z + 2)R(y + w);
- for all x,y € X and A € Ry from xRy follows (Ax)R(\y).

In such a situation it is common to use the symbol “<” and to write x < y for
zRy. The partial ordering “<” is called antisymmetric if for x,y € X fulfilling
x <y and y < x there is x = y. A real vector space equipped with a partial
ordering is called a partially ordered vector space.

If there is a partial ordering “<” on X, then the set {xr € X : 0 <z} isa
convex cone. If the partial ordering “<” is moreover antisymmetric, this cone
is also pointed. Vice versa, having a convex cone K C X, it induces on X a
partial ordering relation “<g” defined as follows

Ski={(z,y) eXxX:y—zeK}.

If K is pointed, then “<g” is antisymmetric. To write z <y y, also the
notation y 2k x is used, while x %K y means y — z ¢ K. We denote also
v <gyifx <k yand z # y, while x £, yis used when z <x y is not fulfilled.
A convex cone which induces a partial ordering on X is called ordering cone.
For the natural partial ordering on R"™, which is introduced by R, we use
“<” instead of “émi” and also “<” for “<gn”.

By R we denote the extended real space which consists of R U {#00}. The
operations on R are the usual ones on R to which we add the following natural
ones: A+ (+00) = (+00)+ A\ 1= 400 VYA € (—00, +00], A+ (—00) = (—00)+ A :=
—00 VA € [—00,+0), A+ (+00) := 400 VA € (0,400], A+ (+00) := —c0 VA €
[-00,0), A+ (—00) := —00 VA € (0,400] and A - (—00) := 400 VA € [—00,0).
We also assume by convention that

(+00) + (—00) = (—00) + (4+00) := +00,0(+00) := +00 and 0(—oc0) := 0.

In analogy to the extended real space we attach to X a greatest and a small-
est element with respect to “<g”, denoted by +oox and —ocog, respectively,
which do not belong to X and let X := X U{+oox}. Then for € X it holds
—oog Sk x Sk +oog. Similarly, we assume that —ocoy <y x <y +oox for
any € X. On X we consider the following operations, in analogy to the ones
stated above for the extended real space: z + (+0ok) = (+00f )+ 1= +00K
Ve € X U{+ook}, 2+ (—ook) = (—ook) + o := —ocog Vo € X U{—oc0k},
A (+OOK) = 4oog VA € (0,+OO], A (+OOK) = —oog VA € [—OO,O)7
A (—oog) := —oog VA € (0,400] and A+ (—oog) := +oog VA € [—00,0). We
consider also the following conventions

(+ook) + (—ooK) = (—ook) + (+00k) == +00k,

0(4+o00k) := 4ok and 0(—ocok ) := 0. (2.1)

Moreover, if 2% € K# we let (z%, +00x) := +00.
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Algebraic interiority notions. Even without assuming a topological structure
on X, different algebraic interiority notions can be considered for its subsets,
as follows. The algebraic interior, also called core, of a set U C X is

core(U):={z € X: for every y € X35 > 0 such that = + Ay € UVA € [0,4]}.

It is clear that core(U) C U. The algebraic interior with respect to the affine
hull of U is called the intrinsic core of U, being the set

icr(U):={z € X: for every y € aff(U)3§ > 0 such that z+Xy € UVA € [0,4]}.

There is core(U) C icr(U). If x € U and U is convex, then x € core(U) if and
only if cone(U — z) = X and, on the other hand, x € icr(U) if and only if
cone(U — z) is a linear subspace, or, equivalently, cone(U —x) = cone(U — U).

Taking two subsets U and V' of X we have U + core(V') C core(U + V),
with equality if V' = core(V'). The equality holds also in case U and V are
convex and core(V) # (), as proved in [176]. Note also that a set U C X is
absorbing if and only if 0 € core(U). If K is a cone in X with core(K) # 0,
then K — K = X and, consequently, K7 is pointed. When K is a convex cone
then core(K) U {0} is a convex cone, too, and core(K) = core(K) + K. If K
is a convex cone with nonempty algebraic interior, then one has core(K) =
{z € X : (a#,z) > 0Va# € K¥\{0}}.

2.1.2 Topological properties of convex sets

Further we consider X being a real topological vector space, i.e. a real vector
space endowed with a topology 7 which renders continuous the following
functions

(z,y)—x+y, v,y € X and (\,z) — \z, z € X, A €R.

Throughout the book, if we speak about (topological) vector spaces, we al-
ways mean real nontrivial (topological) vector spaces, this means not equal
to {0}. Moreover we agree to omit further the word “real” in such contexts.
A topological space for which any two different elements have disjoint neigh-
borhoods is said to be Hausdorff. A topological vector space X is said to be
metrizable if it can be endowed with a metric which is compatible with its
topology. Every metrizable vector space is Hausdorff.

For a set U C X we denote by int(U) the interior of U and by cl(U) its
closure. Then bd(U) = cl(U)\ int(U) is called the boundary of U.

If Y is a topological vector space and T : X — Y is a linear mapping,
then there is T'(cl(U)) C cl(T(U)) for every U C X. If U is a convex subset
of X, z € int(U) and y € cl(U), then {Az + (1 — Ny : XA € (0,1]} C int(U).
For U C X there is int(U) C core(U). If U is convex and one of the following
conditions is fulfilled: int(U) # @; X is a Banach space and U is closed; X
is finite dimensional, then int(U) = core(U). If U is convex and int(U) # 0,
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then it holds int(U) = int(cl(U)) and cl(int(U)) = cl(U). The interior and the
closure of a convex set in a topological vector space are convex, too. If U is
a subset of X, then the intersection of all closed convex sets containing U is
the closed convexr hull of U, denoted by ¢o(U), and it is the smallest closed
convex set containing U. It is also the closure of the convex hull of U.

When K C X is a convex cone with core(K) # () we denote K := core(K)U
{0} and, for x,y € X which satisfy y — a € core(K) we write z <x y. When
int(K) # 0, + <x y means y — z € int(K). Concerning the elements +oox
and —oog introduced in the previous subsection we assume that for all z € X
one has —oog <g * <g +Xk.

In R™ we work with the Fuclidean topology induced by the Fuclidean norm.
The open ball centered in & € R™ and with radius € > 0 is denoted by B(z,¢),
while the closed ball centered in x € R™ and with radius € > 0 is denoted by
B(z,e).

Dual spaces. The set of all linear continuous mappings defined on X and
taking values in the topological vector space Y is denoted by £(X,Y).

The topological vector space L£(X,R) is said to be the topological dual
space of X, being denoted by X™*. Further, we refer with “dual” to topological
duals, not to algebraical ones, unless otherwise specified. Analogously to vector
spaces, by (z*, z) we denote the value taken at © € X by the linear continuous
functional z* € X*. The hyperplane H = {z € X : (2%,z) = A} with
2% € X7 and X € R is closed if and only if 27 is continuous.

For a mapping A € L(X,Y) we consider its adjoint mapping A* €
L(Y*,X*) defined by (A*y*,z) := (y*, Az) for all z € X and y* € Y™
When X = R" and Y = R™, A can be identified with an m x n matrix and
A* coincides with A”.

For every z* € X* let the seminorm p,+ : X — R defined by p,-(x) :=
[(x*, x)|. The coarsest topology on X which makes all the seminorms p,,
for z* € X*, continuous is called the weak topology on X induced by X*,
being denoted w(X, X*). Every weakly closed set in X, i.e. closed in the
weak topology, is closed also in the original topology on X, while the reverse
assertion does not always hold.

Considering for all z € X the seminorms p, : X* — R, p,(z*) = [(z*, )|,
one defines analogously a topology on X*, called the weak* topology, denoted
w(X*, X). When one works with X* endowed with the topology w(X*, X),
the bidual space X** of X, defined as the topological dual of X™*, can be
identified with X.

Locally convex spaces. By a local base B of the topological vector space X
endowed with the topology 7 we understand a collection of neighborhoods of
zero from 7 such that every neighborhood of zero contains an element of 5.
Then a set belongs to 7 if and only if it can be written as a union of translates
of members of B. A topological vector space is called locally convex if it has
a local base whose members are convex sets. In a Hausdorff locally convex
space the weakly closed convex sets are identical with the closed convex sets.
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A locally convex space is called Fréchet if it is complete and metrizable by a
metric which is invariant to translations.

If X is a Hausdorff locally convex space, to a nonempty subset U of it one
can introduce the Bouligand tangent cone at x € cl(U), which is

TU,x):= {y € X : 3(x;);>1 € U and (N\;);>1 > 0 such that

lim z; =z and lm N(x;—z)= y}
l—+oc0 l—+4oc0

Whenever U # () and x € cl(U), T(U,z) is a cone and T(U, x) C cl(cone(U —
x)). For a convex set U C X there is cone(U — z) C T'(U, x), which yields in
this case that cl(T'(U, z)) = cl(cone(U — x)). If X is metrizable, then T'(U, z)
is closed and, thus, if U is convex one has T'(U,x) = cl(cone(U — z)) for all
xz € cl(U).

Topological dual cones. Analogously to the algebraic dual cone used when
working in vector spaces, one can consider a dual cone in topological vector
spaces, too. When K is a cone in X, its topological dual cone, further called
simply dual cone, is

K*:={2" e X*:(z",2) >0 forallz € K}.

The cone K* is always convex and weak™ closed. If K is a convex cone with
nonempty interior, then there is int(K) = {z € X : (z%,2) > 0 Va* €
K*\{0}}. If C and K are convex closed cones in X, then (C'N K)* =
cly(x+,x)(C* + K*) and the closure can be removed, for instance, when
C Nint(K) # 0.

The bidual cone of a cone K C X is

K™ :={xeX:(z"z) >0 forall z* € K*}.

Note that K** =¢o(K). When X* is endowed with the weak* topology then
K** is nothing but the dual cone of K*.
Topological interiority notions. Let, unless otherwise specified, X be a Haus-
dorff locally convex space and X* its topological dual space endowed with the
weak™* topology. Besides the already introduced interiority notions, which are
defined only by algebraical means, we deal in this book also with topological
notions of generalized interiors for a set.
The quasi relative interior of U C X is

qri(U) := {z € U : cl(cone(U — z)) is a linear subspace}.

If U is convex, then z € qri(U) if and only if x € U and N(U,x) is a linear
subspace of X* (cf. [21]). The quasi interior of a set U C X is the set

qi(U) := {& € U : cl(cone(U — z)) = X }.

Note that qi(U) is a subset of qri(U). When U is convex one has x € qi(U) if
and only if x € U and N(U,z) = {0} (cf. [26,27]) and also that if qi(U) # 0
then qi(U) = qri(U). The next result provides a characterization for the quasi
interior of the dual cone of a convex closed cone.
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Proposition 2.1.1. If K C X is a convex closed cone, then
qi(K*)={z* € K*: (z*,x) >0 for allx € K\{0}}. (2.2)

Proof. Assume first that there is some z* € qi(K*) not belonging to set in the
right-hand side of (2.2). Then there is some = € K\{0} such that (z*,z) = 0.
As (y*,x) > 0 for all y* € K*, we obtain (y* —z*, —z) <0 for all y* € K*, i.e.
—x € N(K*,z*) = {0}. As this cannot take place because = # 0, it follows
that qi( K*) C {z* € K*: (z*,z) > 0Vx € K\{0}}. Assume now the existence
of some z* € K*\ qi(K*) which fulfills (z*, 2) > 0 whenever # € K\{0}. Then
there is some y € X\{0} such that (y* —a*,y) <0 for all y* € K*. This yields
(y*,y) < (z*,y) for all y* € K*. Taking into consideration that K* is a cone,
this implies (y*,y) < 0 whenever y* € K*, i.e. y € —K**. As K is convex
and closed we get y € —K\{0}, thus (z*,y) < 0, which if false. Consequently,
(2.2) holds. O

Whenever K C X is a convex cone, even if not necessarily closed, the
above proposition motivates the use of the name quasi interior of the dual
cone of K for the set

K0 .= {z* € K*: (z*,2) > 0 forall z € K\{0}}.

In case X is a separable normed space and K is a pointed convex closed
cone, the Krein-Rutman theorem guarantees the nonemptiness of K*0 (see
(104, Theorem 3.38]). Considering X = [ and K = [2, it can be noted that
(12)* is nonempty, different to int((/3)*) = int(/2) which is an empty set.
If K*0 # () then K is pointed. If K is closed and int,, x- x)(K*) # 0, then
intw(X*,X)(K*) = K*0,

The strong quasi relative interior of a set U C X is

sqri(U) := {z € U : cone(U — z) is a closed linear subspace}.

It is known that core(U) C sqri(U) Cicr(U). If U is convex, then u € sqri(U)
if and only if u € icr(U) and aff (U — u) is a closed linear subspace. Assuming
additionally that X = R™ and U C R", there is qi(U) = int(U) and icr(U) =
sqri(U) = qri(U) = ri(U), where

ri(U) := {« € aff(U) : 3¢ > 0 such that B(z,e) Naff(U) C U}

is the relative interior of the set U.

Separation theorems. Separation statements are very important in convex
analysis and optimization, being crucial in the proofs of some of the basic
results. In the following we present the ones which we need later in this book.
We begin with a classical result in topological vector spaces followed by its
version for real vector spaces and a consequence.
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Theorem 2.1.2. (Eidelheit) Let U and V' be nonempty convex subsets of the
topological vector space X with int(U) # 0. Then int(U) NV = 0 if and only
if there are some x* € X*\{0} and A € R such that

sup(z*,z) < A < inf (z*,x)
zeU zeV

and (x*,z) < X for all x € int(U).

Theorem 2.1.3. Let U and V' be nonempty convex subsets of a vector space
X with core(U) # 0. Then core(U) NV = 0 if and only if there are some
% € X#\{0} and X\ € R such that

sup(z¥,2) < X < inf (a7, z)
xelU zeV

and (x#,z) < X for all z € core(U).

Corollary 2.1.4. Let U and V' be nonempty convex subsets of the topological
vector space X such that int(U — V) # 0. Then 0 ¢ int(U — V) if and only if
there exists an x* € X*\{0} such that

sup(z*,z) < inf (z*, x).

f

zeU zeV

When working in locally convex spaces one has the following separation
result.

Theorem 2.1.5. (Tuckey) Let U and V' be nonempty convexr subsets of the
locally convex space X, one compact and the other closed. Then UNV =0 if
and only if there exists an x* € X*\{0} such that

igg(z ,x) < Iugv@: ,x)
Corollary 2.1.6. Let U and V' be nonempty convex subsets of the locally con-
vex space X. Then 0 ¢ cl(U — V) if and only if there exists an x* € X*\{0}
such that

sup(z*,z) < inf (z*, z).

f

zeU zeV

In finite dimensional spaces, i.e. when X = R", we also have the following
separation statement involving relative interiors.

Theorem 2.1.7. Let U and V' be nonempty convex sets in R™. Then ri(U) N
ri(V) = 0 if and only if there exists an x* € X*\{0} such that

21615@: ,z) < inf (2%, x)
and

inf (z*,z) < ).
Inf (27, ) igg@c,x)
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2.2 Convex functions

In this section X and Y are considered, unless otherwise specified, Hausdorff
locally convex spaces and X* and Y™ their topological dual spaces, respec-
tively. We list some well-known basic results on convex functions, but, as in
the previous section, without proofs concerning the most of them. They can
be found in different textbooks and monographs devoted to convex analysis,
functional analysis, optimization theory, etc. (cf. [67,90,104,157,207]).

2.2.1 Algebraic properties of convex functions

We begin with some basic definitions and results.

Definition 2.2.1. A function f : X — R is called convez if for all x,y € X
and all A € [0,1] one has

FOz+ (1= Ny) <Af(z) + (1 =N f(y) (2.3)
A function f: X — R is said to be concave if (—f) is convez.

Remark 2.2.1. Given a convex set U C X we say that a function f: U — R is
convez on U if (2.3) holds for all z,y € U and every A € [0, 1]. The function
f is said to be concave on U if (—f) is convex on U. The extension of the
function f to the whole space is the function

B _ flz),ifx e,
[ X =R, f(x):= {+oo otherwise.

It is a simple verification to prove that f is convex if and only if U is a convex
set and f is convex on U. Thus the theory built for functions defined on
the whole space X and having values in R can be employed for real-valued
functions defined on subsets of X, too.

In case X = R the following convexity criterion can be useful.

Remark 2.2.2. Consider (a,b) C R and the twice differentiable function f :
(a,b) — R. Then f is convex (concave) on (a,b) if and only if f”(x) > (<)0
for all z € (a,b).

Definition 2.2.2. A function f : X — R is called strictly convex if for all
r,y € X with x # y and all X € (0,1) one has (2.3) fulfilled as a strict
inequality. A function f : X — R is called strictly concave if (—f) is strictly
CONVEL.

Ezample 2.2.1. (a) The indicator function

0, ifzel,

oy X — R 6U( ) {+oo otherwise,
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of aset U C X is convex if and only if U is convex.

(b) Let A be a n x n positive semidefinite matrix with real entries. Then
the function f : R® — R, f(x) = 2T Az, is convex. If A is positive definite,
then f is strictly convex.

(¢) If || - || denotes a norm on a vector space X, then x — ||x|| is a convex
function.

One can easily prove that a function f : X — R is convex if and only if
for any n € N, z; € X and \; € Ry, i = 1,...,n, such that > ., A\; = 1,
Jensen’s inequality is satisfied, namely

f<zz Am) < éAif(xi).

For a function f : X — R we consider the (effective) domain dom f :=
{z € X : f(z) < 400} and the epigraph epi f := {(z,r7) € X xR : f(z) <r}.
The strict epigraph of f is epiy f := {(x,r) € X x R: f(x) < r}. A function
f: X — Ris called proper if f(x) > —oo for all x € X and dom f # 0.
Otherwise f is said to be improper.

A characterization of the convexity of a function through the convexity of
its epigraph is given in the next result.

Proposition 2.2.1. Let the function f : X — R. The following assertions
are equivalent:

(i) f is convex;
(i) epi [ is convex;
(i) epi, [ is convez.

Remark 2.2.3. For f : X — R we have Pry(epif) = dom f. Thus, if f is
convex, then its domain is a convex set.

If f: X >Rand XA € R, we call {x € X : f(z) < A} the level set of f at
Aand {x € X : f(z) < A} is said to be the strict level set of f at A\. If f is
convex, then the level sets and the strict level sets of f at A\ are convex, for
all A € R. The opposite assertion is not true in general.

Definition 2.2.3. A function f: X — R is called

(a) subadditive if for all x,y € X one has f(z+y) < f(z)+ f(y);
(b) positively homogenous if f(0) = 0 and for all x € X and all X > 0 one
has f(Ax) = Af(x);

(¢) sublinear if it is subadditive and positively homogenous.

Lzample 2.2.2. Given a nonempty set U C X, its support function oy : X* —
R defined by oy (2*) := sup{{z*,z) : « € U} is sublinear.



2.2 Convex functions 21

Notice that a convex function f : X — R is sublinear if and only if it is
also positively homogenous.

Let be given the convex functions f,g: X — R. Then f+g¢g and Af, A > 0,
are convex. One should notice that, due to the way the operations on the
extended real space are defined, there is 0f = dgom f-

Proposition 2.2.2. Given a family of functions f; : X — R, i € I, where I is
an arbitrary index set, one has epi(sup;c; fi) = Nicrepi f;. Consequently, the

pointwise supremum f : X — R of a family of convex functions f; : X — R,
i €1, defined by f(x) = sup,c; fi(z) is a convex function, too.

Consider the Hausdorff locally convex spaces X;, i = 1,...,m, and take
X = I[i%, X;. Given the convex functions f; : X; — R,i=1,...,m, the
function f : X — R defined by f(z!,...,2™) = 3" fi(z?) is convex, too.
Obviously, dom f = [~ dom f;.

Consider U C X x R a given set. To U we associate the so-called lower
bound function ¢y : X — R defined as

ou(zr) :=inf{t e R: (x,t) € U}.

For an arbitrary function f : X — R it holds f(z) = ¢epi (z) for all z € X. If
U is a convex set, then ¢ is a convex function. By means of the lower bound
function we introduce in the following the convez hull of a function.

Definition 2.2.4. Consider a function f: X — R. The function co f : X —
R, defined by

co f(x) := Goo(epi () = inf{t € R : (x,t) € co(epi f)},
18 called the convex hull of f.

It is clear from the construction that the convex hull of a function f :
X — R is convex and it is the greatest convex function less than or equal to
f. Consequently,

cof =sup{g: X - R:g(x) < f(z) for all z € X and g is convex}.

Thus, f is convex if and only if f = co f. Regarding the convex hull of f we
have also the following result.

Proposition 2.2.3. Let the function f : X — R be given. Then the con-
vex hull of its domain coincides with the domain of ilts convex hull, namely
co(dom f) = dom(co f). Moreover, there is epi (co f) C co(epi f) = epi(co f).

Next we consider some notions which extend the classical monotonicity to
functions defined on partially ordered spaces.

Definition 2.2.5. Let be the vector space V' partially ordered by the convex
cone K, a nonempty set W CV and g : V — R a given function.
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(a) If () < g(y) for all x,y € W such that x S y, the function g is called
K-increasing on W.

(b) If g(x) < g(y) for all x,y € W such that x <f y, the function g is called
strongly K -increasing on W.

(c) If g is K-increasing on W, core(K) # 0 and for all z,y € W fulfilling
x < y follows g(x) < g(y), the function g is called strictly K-increasing
on W.

(d) When W =V we call these classes of functions K-increasing, strongly
K-increasing and strictly K-increasing, respectively.

Remark 2.2.4. When X = R, the R, -increasing functions are actually the in-
creasing functions, while the strongly and the strictly R -increasing functions
are actually the strictly increasing functions.

Remark 2.2.5. For a cone K C V with core(K) # 0, we defined K :=
core(K) U {0}. Then the definition of the strictly K-increasing functions on
a set W C V coincide with the strongly K -increasing functions on W. When
int(K) # 0 one has int(K) = core(K), thus the core of the cone K can be
replaced in Definition 2.2.5 by the interior of K.

Example 2.2.3. Consider a vector space V and a linear functional v# € V#.
If v#* € K#, then the definition of the algebraic dual cone secures that for
all vy,v3 € V such that v; <g vs we have (v¥ vy — vy) > 0. Therefore
(v# v1) < (v# vy) and this means that the elements of K# are actually
K-increasing linear functions on the vector space V.

If v# € K#0 .= {a# € K# : (2% ,2) > 0 for all z € K\{0}}, which can be
seen as the analogous of K*? in vector spaces, then for all vi, vo € V such that
v1 <k v9 it holds (v#, vy — 1) > 0. According to the previous definition this
means that the elements of K#0 are strongly K-increasing linear functions on
V.

On the other hand, if core(K) # (), then, according to the representation
core(K) = {v € V : (v#,v) > 0 Vo# € K#\{0}}, every v# € K#\{0} is
strictly K-increasing on V.

There are notions given for functions with extended real values that can
be formulated also for functions mapping from X into vector spaces. Let V
be Hausdorff locally convex space partially ordered by the convex cone K and
V =Vu {iOOK}

The domain of a vector function h : X — V is the set domh := {z €
X : h(z) # 400k }. When h(z) # —ocok for all z € X and domh # 0 we
call h proper. The K-epigraph of a vector function h : X — V is the set
epig h = {(z,v) € X xV : h(z) <k v}.

Definition 2.2.6. A vector function h : X — V is said to be K-convex if
epig h is a convex set.
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One can easily prove that a function h: X — V U {+ocok} is K-convex if
and only if

h(Az + (1= N)y) <k Ah(z) + (1 — Nh(y) Yo,y € X VA € [0,1].

For a convex set U C X we say that the function h : U — V is K-convex on
Uif h(Az+(1—=N)y) <g Ahr(z)+ (1 —A)h(y) for all z,y € U and all A € [0, 1].
Considering the function

- . o h(x), if z € U,
h:X =V, h(z):= {+OOK, otherwise,

note that h is K-convex if and only if U is convex and h is K-convex on U.
Having a set U C X, its vector indicator function is

V. T sV )0, ifz el
5U X — V? 5U (ZC) T { 400K, otherwise.

Then (55 is K-convex if and only if U is convex.

Remark 2.2.6.Let h : X — V be a given vector function. For v* € K™ we
shall use the notation (v*h) : X — R for the function defined by (v*h)(z) :=
(v*, h(z)) and one can easily notice that dom(v*h) = dom h.

The proof of the following result is straightforward.

Theorem 2.2.4. Let be the conver and K-increasing function f : V U
{+oox} — R defined with the convention f(+o0ok) = +00 and consider the
proper K -convex function h : X — V. Then the function foh : X — R is
CONVEL.

Corollary 2.2.5. Let be the convex function f:V — R and the affine map-
ping T : X — V. Then the function foT : X — R is convex.

Proof. For K = {0}, the mapping T is K-convex and the result follows by
Theorem 2.2.4. O

Another important function attached to a given function @ : X x Y — R
is the so-called infimal value function to it, defined as follows

h:Y — R, h(y) = inf{®(x,y) :x € X}.

Theorem 2.2.6. Given a convex function & : X x Y — R, its infimal value
function is convex, too.

Proof. One can prove that epi, h = Pry xr(epi, @). As the projection preserves
the convexity and epi, @ is convex, it follows that epi, h is convex, too. By
Proposition 2.2.1, h is convex. 0O
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Remark 2.2.7. It can also be proven that
Pry xr(epi®) C epih C cl(Pry «xr(epi ®)).
As a special case of Theorem 2.2.6 we obtain the following result.

Theorem 2.2.7. Let be the conver function f: X — R and T € L(X,V).
Then the infimal function of f through T,

Tf:V =R (Tf)(y) = nf{f(x) : Te = y}
18 convezx, too.

For an arbitrary function f : X — Rand T € £(X, V) it holds dom(T'f) =
T(dom f).

The following notion can also be introduced as a particular instance of
the infimal function of a given function through a suitable linear continuous
mapping, as can be seen below. Though, we introduce it directly because of
its importance in convex analysis and optimization.

Definition 2.2.7. The infimal convolution of the functions f; : X — R, i =
1,...,m, is the function

AO0...Of, : X - R, (f1D...Dfm)(x)::inf{§: fi(z"):2" € X,zm:xi = x}
i=1 i=1

When for x € X the infimum within is attained we say that the infimal con-
volution is exact at x. When the infimal convolution is exact everywhere we
call it simply exact.

For fi : X — R, i =1,...,m, given functions, f : X™ — R defined by
flatoa™) =" fi(z) and A € L(X™, X), A(z!,...,2™) =3 2t it
holds Af = fi00...0fy,. Thus dom(f10...0fy,) = >, dom f;. By Theo-

rem 2.2.7 it follows that if f; : X — R, ¢=1,...,m, are convex, as stated in
the following theorem, their infimal convolution is convex, too.

Theorem 2.2.8. Given the conver functions f; : X — R,i=1,...,m, then
their infimal convolution f10O...0fy, : X — R is conver, too.

The notion we introduce next is a generalization of the K-convexity (see
Definition 2.2.6).

Definition 2.2.8. A wvector function h : X — V U {+ook} is called K-
convexlike if for all x,y € X and all X € [0,1] there is some z € X such
that h(z) <g Mh(z) + (1 — Nh(y).
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It is easy to see that h : X — V U {400k} is K-convexlike if and only if
h(domh) + K is a convex set.

For U C X a given nonempty set we call h : U — V' K-convezlike on U
if for all z,y € U and all A € [0,1] there is some z € U such that h(z) <k
A(z) 4+ (1 —N)h(y). Note that h is K-convexlike on U if and only if h(U) + K

is a convex set.

Remark 2.2.8. Every K-convex function h : X — VU{+4ook } is K-convexlike,
but not all K-convexlike functions are K-convex. Consider, for instance, R?
partially ordered by the cone R%. Take the function & : R — R? U {+00pz }
defined by h(z) = (z,sinz) if x € [—m, 7] and h(x) = +oogz otherwise. It can
be proven that h is Ri—convexlike, but not Ri—convex.

2.2.2 Topological properties of convex functions

In this section we deal with topological notions for functions, which alongside
the convexity endow them with special properties.

Definition 2.2.9. A function f : X — R is called lower semicontinuous at
z € X ifliminf, .z f(x) > f(Z). A funclion f is said to be upper semicontin-
uwous at T if (—f) is lower semicontinuous at T. When a function f is lower
(upper) semicontinuous at all x € X we call it lower (upper) semicontinuous.

Obviously, f : X — R is continuous at € X if and only if f is lower and
upper semicontinuous at * € X.

In the following we give some equivalent characterizations of the lower
semicontinuity of a function.

Theorem 2.2.9. Let be the function f : X — R. The following statements
are equivalent:

(i) f is lower semicontinuous;
(ii) epi f is closed;
(i) the level set {x € X : f(x) < A} is closed for all X € R.

Example 2.2.4. Given a set U C X, its indicator function dy is lower semi-
continuous if and only if U is closed, while the support function oy is always
weak™ lower semicontinuous.

Proposition 2.2.10. The pointwise supremum of a family of lower semicon-

tinuous functions f; :+ X — R, i € I, where I is an arbitrary index set,
f: X — R defined by f(x) = sup,c; fi(z) is lower semicontinuous, too.

Proposition 2.2.11. If f,g : X — R are lower semicontinuous at x € X and
A € (0,+400), then f+ g and Af are lower semicontinuous at x, too.

Via the lower bound function one can introduce the lower semicontinuous
hull of a function as follows.
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Definition 2.2.10. Consider a function f : X — R. The function f : X — R,
defined by

f(@) := berepi ) (x) = nf{t = (1) € cl(epi f)}

is called the lower semicontinuous hull of f.
Example 2.2.5.1f f :R - R, f = d(—o0,0), then obviously f= O(—00,0]-

Theorem 2.2.12. Let be the function f : X — R. Then the following state-
ments are true

(a) epi f = cl(epi f);
(b) dom f C dom f C cl(dom f);
(c) f(z) = liminf,_, f(y) for allz € X.

Remark 2.2.9. For a given function f : X — R f is the greatest lower semi-
continuous function less than or equal to f. Consequently,

f=sup{g: X - R:g(x) < f(x) Vo € X and g is lower semicontinuous}.

In the following we deal with functions that are both convex and lower
semicontinuous and show some of the properties this class of functions is
endowed with.

Theorem 2.2.13. Let be f : X — R a convex function . Then f is lower
semicontinuous if and only if it is weakly lower semicontinuous.

Proposition 2.2.14. If f : X — R is convex and lower semicontinuous, but
not proper, then f cannot take finite values, i.e. f is everywhere equal to 400
or [ takes the value —oo everywhere on its domain.

Proposition 2.2.14 has as consequence the fact that if f : X — R is convex
and lower semicontinuous and finite somewhere, then f(r) > —oo for all
2 € X. By Proposition 2.2.1 and Theorem 2.2.12 follows that if f: X — R
is convex then f is convex, too. Further, by Proposition 2.2.14 one has that
if there is some Z € X such that f(Z) = —oo, then f(z) = —oo for all
x € dom f D dom f.

We come now to a fundamental result linking a convex and lower semicon-
tinuous function with the set of its affine minorants. A function g : X — R
is said to be affine if there are some z* € X* and ¢ € R such that
g(z) = (z*,x) +cforall € X. If f: X — R is a given function, then
any affine function g : X — R which fulfills g(z) < f(x) for all z € X is said
to be an affine minorant of f.

Theorem 2.2.15. Let be the given function f : X — R. Then f is convex
and lower semicontinuous and takes nowhere the value —oo if and only if its
set of affine minorants is nonempty and f is the pointwise supremum of this
set.
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Proof. The sufficiency is obvious, as a pointwise supremum of a family of
affine functions is convex, by Proposition 2.2.2, and lower semicontinuous, via
Proposition 2.2.10, noting that a function having an affine minorant cannot
take the value —oo.

To verify the necessity we first prove that the set

M :={(z*,0) € X* xR: (z*,2) + a < f(z) Vo € X}

is nonempty. If f = +o0 then for all z* € X* and o € R we have (z*,2) + o <
f(z) for all z € X, ie. (2%, ) € M.

Otherwise, there must be at least an element y € X such that f(y) € R.
Then epi f # (0 and (y, f(y) — 1) ¢ epi f. As the hypotheses guarantee that
epi f is convex and closed, applying Theorem 2.1.5 follows the existence of
some z* € X* and a € R, (z*,a) # (0,0), such that

(2% y) +a(fly) = 1) < (2", 2) + ar V(z,r) € epi f.

As (y, f(y)) € epi f, it follows a > 0 and (1/a){z*,y — z) + f(y) — 1 < r for
all (x,r) € epi f. Taking into consideration that whenever x € dom f there is
(z, f(x)) € epi f, the last inequality yields (1/a){z*,y —z) + f(y) — 1 < f(z)
for all x € dom f, and one can easily note that this inequality is valid actually
for all z € X. Consequently, the function z — ((—1/a)z*, z) + (1/a)(z*,y) +
f(y) — 1 is an affine minorant of f, thus M # () in this case, too.

For all x € X one has

f(@) >sup{(z*,z) + o : (2%,0) € X* xR, (z",2) +a < f(z) Vz € X}

and next we prove that this inequality is always fulfilled as equality. Assume
that there are some € X and 7 € R such that

f(@)>7F>sup{(z*,Z) + a: (z",a) € X* xR, (#",2) +a < f(2) Vz € X }.

(2.4)
Then (z,7) ¢ epi f. Applying again Theorem 2.1.5 we obtain some z* € X*
and @ € R, (z*,&) # (0,0), and an € > 0 such that

(T, x) +ar > (T*,z) + ar +¢e Y(x,r) € epi f. (2.5)

For (z,s) € epi f we get (z,s +t) € epi f for all ¢ > 0, thus @ > 0. Assume
that f(Z) € R. Then we obtain a(f(Z) — 7) > e, which yields @ > 0. Thus for
all x € dom f one has f(z) > (1/a)(z*,z —x) + T+ (1/a)e > (1/a)(z*, & —
z) + 7. As the function z — ((—=1/a)z*,z) + ((1/a)z*,z) + 7 is an affine
minorant of f taking at © = Z the value 7, we obtain a contradiction to (2.4).
Consequently, f(Z) = +oo. Assuming @ > 0 we reach again a contradiction,
thus @ = 0. Consider then the function z — —(Z*,2 — ) + . By (2.5)
one gets —(z*,x — x) + ¢ < 0 for all x € domf. As M # 0, there are
some y* € X* and 8 € R such that (y*,z) + 8 < f(z) whenever z € X.
Denote v := (T — (y*,z) — () /e. It is clear that v > 0 and that the function



28 2 Preliminaries on convex analysis and vector optimization

x — (y* — vz x) + (v&*,T) + 0 + e is affine. For all x € dom f there
is (y* — 92", x) + (VT*,2) + B+ e = (¥, 2) + B+v((-7",2 —F) +¢) <
(y*, 2y + B8 < f(x), thus & — (y* — yZ*, x) + (YT*,T) + S + e is an affine
minorant of f and for x = T one gets (y* — yZ*,Z) + (yZ*,Z) + B +ve = T,
which contradicts (2.4). Thus f is the pointwise supremum of the set of its
affine minorants. 0O

The lower bound function can be also used to introduce the lower semi-
continuous convex hull of a function.

Definition 2.2.11. Consider a function f: X — R. The functioncof : X —
R, defined by

Cof () := des(epi f)(x) = inf{t : (x,1) € Co(epi f)}
18 called the lower semicontinuous convex hull of f.
Some properties this notion is endowed with follow.

Theorem 2.2.16. Let f : X — R be a given function. Then the following
statements are true

(a) epi(cof) = co(epi f);
(b) dom(co f) = co(dom f) C dom(cof) C cl(dom(co f)) = co(dom f).

Remark 2.2.10. 1t is clear from the construction that the lower semicontinuous
convex hull of a function f : X — R is convex and lower semicontinuous and
it is the greatest convex lower semicontinuous function less than or equal to
f. Consequently,

cof =sup{g: X = R:g(z) < f(z) for all z € X and

g is convex and lower semicontinuous}.
Now we turn our attention to continuity properties of convex functions.

Theorem 2.2.17. Let be f : X — R a convex function. The following state-
ments are equivalent:

(i) there is a nonempty open subset of X on which [ is bounded from above
by a finite constant and is not everywhere equal to —oo;

(ii) f is proper and continuous on the interior of its effective domain, which
18 nonempty.

As a consequence of Theorem 2.2.17 it follows that a convex function
f: X — R is continuous on int(dom f) if and only if int(epi f) # 0. If we
take X = R™, every proper and convex function f : R” — R is continuous on
ri(dom f). Consequently, every convex function f : R™ — R is continuous.

Besides associating new functions to a given function, the lower bound
function can be used to define the notion of a gauge of a given set. For U C X,
consider the set cone(U x {1}) = {(Az,\) : A € Ry,xz € U}. If U is convex

and closed, then cone(U x {1}) is convex and closed, too.
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Definition 2.2.12. Given a convez absorbing subset U of a vector space X,
the gauge (or Minkowski function) associated to it is the function vy : X — R
defined by

’YU(:L') = ¢c0ne(U><{1})(x) = lnf{/\ >0:x€ )\U}
In this situation, U is called the unit ball of the gauge vy .

Proposition 2.2.18. (a) If X is a vector space and U C X is absorbing and
convez, then vy is sublinear and core(U) = {z € X : yy(x) < 1}. If U is
moreover symmetric, then yy is a seminorm.

(b) If X is a topological vector space and U C X is a convex neighborhood
of 0, then vy is continuous, int(U) = {z € X : yy(x) < 1} and cl(U) =
{reX () <1}

There are several extensions of the notion of lower semicontinuity for vector
functions based on the properties of the lower semicontinuous functions. We
recall here three of them, which are mostly used in convex optimization. Like
before, V' is a Hausdorff locally convex space partially ordered by the convex
cone K.

Definition 2.2.13. A function h: X — V U {+ook} is called

(a) K-lower semicontinuous at © € X if for any neighborhood W of zero in
V' and for any b € V satisfying b S h(x), there exists a neighborhood U
of x in X such that h(U) Cb+ W 4+ K U{+ocok};

(b) star K-lower semicontinuous at x € X if (k*h) is lower semicontinuous
at x for all k* € K*.

Remark 2.2.11. The K-lower semicontinuity of a function h : X — V U
{+o0k} was introduced by Penot ant Théra in [150], being later refined
in [50]. For all x € domh the definition of the K-lower semicontinuity of
h at x amounts to asking for any neighborhood W of zero in V the existence
of a neighborhood U of z in X such that h(U) C h(xz) + W + K U {+ocok }.
The notion of star K-lower semicontinuity was first considered in [106].

Definition 2.2.14. A function h: X — V U {+ocok} is called

(a) K -lower semicontinuous if it is K-lower semicontinuous at every x € X;

(b) star K-lower semicontinuous if it is star K -lower semicontinuous at every
zeX;

(c) K-epi closed if epig h is closed.

Proposition 2.2.19. Let be the function h : X — V U {400k }.

(a) If h is K-lower semicontinuous at x € X, then it is also star K-lower
semicontinuous at x.
(b) If h is star K-lower semicontinuous, then it is also K -epi closed.
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The following example shows that there are K-epi closed functions which
are not star K-lower semicontinuous.

FEzample 2.2.6. Consider the function

(i,x), if x>0,

. 2 =
h:R—R-U {+OORi}a h(z) = { JrooRi, otherwise.

It can be verified that h is Ri—convex and ]Ri—epi-closed7 but not star Ri—
lower semicontinuous. For instance, for k* = (0,1)7 € (R%)* = R one has

((0,1)Th)(x) = {x if 2 >0,

400, otherwise,
which is not lower semicontinuous.

Remark 2.2.12. When V = R and K = R, the notions of K-lower semicon-
tinuity, star K-lower semicontinuity and K-epi closedness collapse into the
classical notion of lower semicontinuity.

2.3 Conjugate functions and subdifferentiability

Throughout this entire section we consider X to be a Hausdorff locally convex
space with its topological dual space X* endowed with the weak™ topology.

2.3.1 Conjugate functions

Let f : X — R be a given function. In the following we deal with the notion of
conjugate function of f, a basic one in the theory of convex analysis and very
important for establishing a general duality theory for convex optimization
problems (see chapter 3 for more on this topic).

Definition 2.3.1. The function

[P XT =R, ()= 5161;@({@*,@ — f(=)}

is said to be the (Fenchel) conjugate function of f.

Note that for all z* € X™ it holds f*(z*) = sup,cqom {(z", x) — f(2)}.
Some of the investigations we make in this book will employ the conjugate
function of f with respect to the nonempty set S C X, defined by

fs: X° =R f3() 1= (F +09)° (@) = sup{ (e, a) — F(x).

Lemma 2.3.1. (a) If the function f is proper, then f*(xz*) > —oo for all
r* e X*.
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(b) The function f* is proper if and only if dom f # O and f has an affine

minorant.

Proof. (a) If the function f is proper, then by definition there exists some
Z € X such that f(z) € R. Then for all z* € X* it holds f*(z*) =
sub,ex ({2, ) — (2)} > (2%, 3) — f(&) > —oc.

(b) Suppose first that the function f* is proper. By definition there exists
z* € X* such that that f*(z*) € R. Since f*(z*) = sup,cx {(z*,2) — f(2)} >
(@*,x) — f(z) for all z € X, x — (T*,x) — f*(Z*) is an affine minorant of the
function f. Assuming that dom f = ) or, equivalently, f = +oc0, one would
have that f* = —oo, which would contradict the assumption that f* is proper.
Thus dom f must be a nonempty set.

Assume now that dom f # () and that there exist z* € X* and ¢ € R such
that f(z) > (z*,x)+cfor all z € X. Obviously, the function f is proper and by
(a) we get f* > —oo on X*. Moreover, f*(Z*) = sup,c x{(z*,z)— f(2)} < —¢,
whence f* is proper. 0O

It is straightforward to verify that in case f is not proper one either has

* = —o0 (if f = 400) or f* = +oo (if there exists an x € X with f(z) =

—o0). In case dom f # () and f has an affine minorant =z — (z* z) + ¢,

with z* € X* and ¢ € R it holds, as we have seen, —c¢ > f*(z*). Under

these circumstances, —f*(z*) represents the largest value ¢ € R for which
x +— (x*,x) + c is an affine minorant of f.

Remark 2.3.1. 1t is a direct consequence of Definition 2.3.1 that f* is the
pointwise supremum of the family of affine functions g, : X* — R, g,(z*) =
(x*,z) — f(x), € dom f. Therefore f* turns out to be a convex and lower
semicontinuous function.

Next we collect some elementary properties of conjugate functions.

Proposition 2.3.2. Let f, g, f; : X — R, i € I, be given functions, where I
18 an arbitrary index set. Then the following statements hold

(a) f(x) + f*(x*) > (z*,2) Ve € X Vo* € X* (Young-Fenchel inequality);

(b) infrex f(SC) = —f*(()),

(c) f < g onX implies f* > g* on X*;

(d) (sup;e; fi)* < infier [ and (infier f3)" = sup;e; f7;

(e) (NF)*(x*) = Af*((1/N)a*) Va* € X* VA > 0;

(1) (F+6) =" - BYFeR;

(g) for fio(x) = f(x — x0), when xo € X, there is (fu,)*(x*) = f*(z*) +
(x*, o) Va* € X*;

(h) for fex(x) = f(x) + (x5, 2), when x5 € X*, there is (fox)*(v*) = f* (2" —
x§) Vo* € X*;

(i) for Y a Hausdorff locally convex space and A : Y — X a linear continuous
invertible mapping there is (f o A)* = f* o (A71)*;

@) (F+9)" (@™ +y") < fr(@") + 97 (y7) Va,y" € X7
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(k) (Af + (1= A)g)*(z7) < Af*(z") + (1 = A)g* (") V2~ € X* VA € (0,1);

(D) for f: X1 x...x Xpp = R, f(x1,...,2) = 2_:111 fi(x;), where X; is
a Hausdorff locally convex space and f; : X; — R, i =1,...,m, there is
Fras, o ah) =200 fra) Y(ag, .. ak,) € XTox o x X

Proof. The verification of the above assertions is an obvious consequence of
Definition 2.3.1. Therefore we confine ourselves only to point out the proof of
the statements (d) and (7).

(d) For all j € I and z* € X* we have (suplel fi)*(x*) = supyex {(z*, x) —
sup;er fi(z)} < sup,ex{(z*,z) — fj(x)} = f7(z*). Taking the infimum over
j € I at the right-hand side of this mequahty ylelds the wanted result.

In the second part of the statement, for all z* € X* we have (inf;c; f;)*(2*)
7 EUP)JCEX{<73*7$> — infies fi(x)} = sup;epsupyex{(z*, z) — fi(z)} = sup;e;

().
(1) Let 2* € X* be arbitrarily taken. It holds (foA)*(x ) = sup,cx{(z*, x)
—f =
“(

(Ax)} = sup, ey {(z*, A7 y) — f(y)} = sup,ey {((A71) 2%, y) — fly )
(A=) 2*) = (f* o (A71)*)(2*) and the desired relation is proved. O

Remark 2.3.2. The convention (400) + (—00) = (—00) 4 (4+00) = 400 ensures
that the Young-Fenchel inequality applies also to improper functions.

For a function defined on the dual space X™* one can introduce its conjugate
function analogously. More precisely, if we consider g : X* — R, then

g :X—R, g'x)= sup {(z",2) — g(")}
rreX*

is the conjugate function of ¢. In particular, to the function f : X — R we
can attach the so-called biconjugate function of f, which is defined as the
conjugate function of the conjugate f*, i.e.

FX SR ) = () @) = sup {(@”2) - (@),

TrEX*
The next lemma is a direct consequence of the Young-Fenchel inequality.
Lemma 2.3.3. For all x € X it holds f**(z) < f(x).
Next the conjugates of some convex functions needed later are provided.

Ezample 2.3.1. Let X =R and f: R — R.
(a) If f(z) = (1/2)22, © € R, then f*(x*) = (1/2)(x*)? for z* € R.
(b) If f(z) =¢€", z € R, then

z*(Inz* — 1), if 2* > 0,
") =<0, if 2* =0,
00, if * < 0.
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z(Inz — 1), if 2 > 0,
flx)=<0, ifx=0,
400, if x <0,

then f*(z*) =e* for z* € R.

Ezample 2.3.2. Letbe f : X = R, f(z) = (y*, z)+¢, with y* € X* and ¢ € R.
Then

* *\ * . —C, lfJC*:y*,

FHa7) =0y (@7) —e = {Jroo, otherwise.

Ezample 2.53.3. Let be U C X. Then for all £* € X* there is

o (a*) = sup{(z*, z) — dy(z)} = sup(z*, x) = oy (a¥).
zeX zeU
Ezample 2.3.4. (a) Given a convex absorbing subset U of X, the conjugate of
its gauge 7u : X — R at some z* € X* is

() (z*) = jgg {(z*, ) —inf{A > 0: 2 € AU}}

= sup ¢ (z*,z) + sup {—A} = sup{ — A+ sup(x”, Ay}}
zeX A>0, A>0 yeu
zeEANU

_ * _ 0, if O-U(x*) <1,
= ilg()) {A(;gg(ﬂf Y) 1) } - { +00, otherwise.

(b) Let (X, || - ||) be a normed vector space and (X*,| - ||.) its topological
dual space. The conjugate of the norm function can be deduced from the one
of the gauge corresponding to the set U = {z € X : ||z|| < 1}, since yp = || - ||
and oy = || - ||«. Therefore for * € X* one has

wr o O, if 2]l <1,
(I 1h™(27) = {—i—oo, otherwise.
Ezample 2.3.5. Let X be a normed space and [ : X — R, f(z) = (1/p)]|=||?,
1 < p<oo. Then f*(z*) = (1/q)||z*||? for * € X*, where (1/p) + (1/q) = 1.

The results we prove next are necessary for deriving further statements,
in particular concerning duality.

Proposition 2.3.4. The following relations are always fulfilled

(a) f* = (f)* = (@f)" on X*;
(b) [ <cof < f<fonX.

Proof. (a) Taking a careful look at the way the functions cof and f are
defined, it is not hard to see that on X the inequalities cof < f < f are
always fulfilled (see also Theorem 2.2.12(a)). Applying Proposition 2.3.2(c)
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we get (¢of)* > f* > f* on X*. In order to get the desired conclusion, we
prove that (¢of)* < f*. Let * € X* be arbitrarily taken. We treat further
three cases.

If f*(a*) = o0 we get (@0f)*(2*) = (F)*(a*) = f*(*) = +oc.

If f*(z*) = —o0, then f** = 400 and, by Lemma 2.3.3, one has f = +oc.
This implies further f = @f = f = +oco and, consequently, (¢of)*(z*) =
(P (%) = f*(a%) = —o0.

It remains to consider the case f*(z*) € R. Consider the function g :
X = R, g(x) = (z*,2) — f*(«*). According to the Young-Fenchel inequality
for all x € X we have g(x) < f(x), which is equivalent to epig D epif.
Since ¢ is an affine function, epig is a convex and closed set and it holds
epig 2O @o(epif). By Theorem 2.2.16(a) we get epig 2O epi(cof), and from
here we deduce that g(z) = (z*,z) — f*(2*) < cof(x) for all z € X. This
implies (Cof)*(2*) = sup,ex{(z*,2) —Cof(z)} < f*(2*) and in this way the
statement (a) has been verified.

(b) We only have to justify f** <<of on X. As the equality f* = (¢of)* is
secured by (a), it holds f** = (cof)** < ©of on X, where the last inequality
follows by Lemma 2.3.3. O

Because of the inequality f** < f on X, arises in a natural way the
question when does the coincidence of f and f** occur. The next statement
gives an answer.

Theorem 2.3.5. If f : X — R is proper, convex and lower semicontinuous,
then f* is proper and f = f**.

Proof. We prove first that f* is proper. As f is proper, dom f # () and, by
Theorem 2.2.15, f has an affine minorant. Thus Lemma 2.3.1(b) guarantees
the properness of f*. We prove next that f = f**. For all x € X we have

[T (x) = sup {(z"2) — f*(a")} = sup  {(z7,x) +c} =
rrEX* r*eX” ceR,
fr(@")<—c

sup{{(z*,z) +c:a* € X", ce R, (z",2) + ¢ < f(2) Vz € X}
and this is equal, again by Theorem 2.2.15, to f(z). O

The well-known Fenchel-Moreau theorem follows as a direct consequence
of Theorem 2.3.5. Because of its fame and historical importance we cite it
here as a separate statement.

Theorem 2.3.6. (Fenchel-Moreau) Let f : X — R be a proper function.
Then f = f** if and only if f is convex and lower semicontinuous.

Corollary 2.3.7. Let f : X — R. Ifcof > —oo, then f** =cof.

Proof. If &6 f is proper, then the conclusion follows by Proposition 2.3.4(a)
and Theorem 2.3.5. If @6 f = +o00, then cof = f** = 400 and the result holds
also in this case. O



2.3 Conjugate functions and subdifferentiability 35

Remark 2.53.3. It is an _immediate conclusion of Theorem 2.3.5 that for a con-
vex function f: X — R its conjugate function f* is proper if and only if f is
proper.

Remark 2.3.4. Until now we have attached to a function f : X — R the
conjugate function f* and the biconjugate function f**. It is natural to ask if
it makes sense to consider the conjugate of the latter, namely f***: X* — R
defined by f*** = (f**)*. Since we always have f* = f***  this is not the case.
In order to prove this we treat two cases.

Let us assume first that the function f* is proper. Since f* is also convex
and lower semicontinuous, Theorem 2.3.5 secures the equality f*** = (f*)** =
f*. Assume now that the function f* is not proper. If f* = 400 then f** =

—oo and this implies f*** = 4o00. If there is an z* such that f*(z*) = —o0,
then f** = 400, which yields f*** = —oo. Moreover, by Lemma 2.3.3 it is
obvious that f = 400 and so f* = —oc.

In convex analysis it is very natural and often also very useful to refor-
mulate results employing functions in the language of their epigraphs. This
applies also to conjugacy properties and the corresponding operations.

Let Y be another Hausdorff locally convex space whose topological dual
space Y* is endowed with the weak* topology. For f : X — R a given function
and A € L(X,Y) we calculate in the following the conjugate of the infimal
function of f through A and derive from it the formula for the conjugate of the
infimal convolution of a finite family of functions f; : X = R, i=1,...,m.

Proposition 2.3.8. (a) Let f : X — R be a given function and A € L(X,Y).
Then it holds (Af)* = f* o A*.

(b) Let f; : X =R, i=1,...,m, be given functions. Then (f10...0f,)* =
i 7

Proof. (a) By definition there holds for any y* € Y*

(Af)(y") = sup{(y",y) — (Af) (W)} =sup{(y",y) — inf f(2)}=

yey yeYy zeX,Az=y
sup {(y*, Az) — f(2)} = sup{{A"y", z) — f(2)} = (/" 0 A")(y").
zeX rzeX

(b) Taking f : X™ — R, f(z!,...,2™) =37 fi(2*) and A € L(X™, X),
A(zt, ... 2™) = Y o', we have seen that Af = f10...0f,,. Applying
the result from (a) we get (f10...0f,)" = f* o A*. The conclusion follows
by using Proposition 2.3.2(1) and the fact that A*z* = (z*,...,2*) for all
e X*. O

Of course, it is also of interest, to give a formula for the conjugate of
the sum of a finite number of functions. A first calculation shows that for
™ € X*, i=1,...,m, there is
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(Zfl) @ ):2;;{2 iﬁm}

< 252}3{(%”,@ — fi(2)} = Z; @),

Consequently, for z* € X*,

(Zﬁ) <1nf{Zf :éxi*:x*}:(fl*D...Df;)(x*).

(2.6)
In a natural way the question of the coincidence of both sides of (2.6) arises.
We can give first an equivalent characterization of this situation (see [38]).

Proposition 2.3.9. Let f; : X — R, i = 1,...,m, be proper functions such
that N, dom f; # (0. Then the following statements are equivalent:

(i) epi (3212, fi) =it epifi;
(ir) (0, fz)* = ff0O...0f% and the infimal convolution is exact.

Proof. (i) = (ii) Let * € X* be arbitrarily taken. Then (37, f;)" (z*) >
—oo. If (X0, f;)"(z*) = +oo then (i) is automatically fulfilled, thus we
consider further that (300, fi) (2*) < 400, ie. (2%, (0, fi) (x%) €
epi (Zl 1 fl) y (i) there exist (z**,7;) € epiff, i = 1,...,m, such that
zto= Y at and (Xm, f)*(x*) = > . This implies ff(z™) <,
i = 1,...,m, followed by 1", fr(z*) < (X0, fz)*(m*) Consequently,
(ff0...0f5) (@) < (X0, f;) (z*), which, combined with (2.6), yields (ii).

(1) = (¢) Let the pairs (z",r;) € epif*, i = 1,...,m, be given. Then
(X fi)* (i 2™) <0 fi(@™) < 300 iy he (002 27, 3000 i) €
epi (0, f;)7. Therefore epi (X1, fi)" 2 3.7 epi fi and this inclusion is
always valid. Taking now some arbitrary pair (z*,r) € epi (Y /", fi)*, we
get (0, fz)*(m*) < r. By (ii) there exist some z'* € X*, i = 1,...,m,
such that Y ", ™ = z* and Y /", f#(«™) < r. This yields the existence of
some r; € R, ¢ = 1,...,m, with >.", 7, = r, such that f}(z™*) < r; for
all i = 1,...,m. Then (z*,r*) = (X", ™, 3" ;) € S0, epi ff and the
proof is complete. O

In order to give a sufficient condition for the equality in (2.6) note first that
for any proper functions f; : X — R, ¢ = 1,...,m, fulfilling N, dom f; # 0,
there is

cl (Zepiﬂ) Depi(f10...0fm) 2 Zepifi,
i=1 i=1

which has as consequence that
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cl(epi(f10...0Ofn)) = epi fild... Ofp = cl <Zepi f> (2.7)

i=1

The following two results characterize the epigraph of the conjugate of the
sum of finitely many functions.

Theorem 2.3.10. Let be f; : X — R, i=1,...,m, proper, convex and lower
semicontinuous functions fulfilling NI™, dom f; # 0. Then one has

(Zﬁ) _FO.OF
=1

and, consequently,

epi(Zﬁ) epiffD...Df;;Cl(Zepifi*).
i=1 i=1
Proof. By Theorem 2.2.12(b) we get

> dom f; = dom(f;0...0f;,) € dom 0. Of;,.
i=1

Since Theorem 2.3.5 ensures that f/, ¢« = 1,...,m, are proper functions, it
holds Y7 | dom f} # 0, consequently, dom f;O...Of;, # 0. Assuming that
there is some z* € X* such that ff0...Of (z%) = —oo, we get > i, f* =
it fi = 400, which contradicts the hypothesis N, dom f; # 0. Therefore
fO...0f; is a proper function. We can apply now Theorem 2.3.5, which
yields ff0...0Of;, = (ff0...0f;,) " . Using Proposition 2.3.4(a) and Propo-
sition 2.3.8(b), it follows ffO...0Of; = (f0...0f)7 = (X208, £)"
Then the first formula follows via Theorem 2.3.5 and, together with (2.7), it
yields the second one, too. 0O

Remark 2.5.5. For two proper, convex and lower semicontinuous functions
f,9: X — R fulfilling dom f Ndom g # ), Theorem 2.3.10 yields the classical
Moreau-Rockafellar formula, namely

(f +9)" = fOg*.
Turning to epigraphs, we get
epi(f +g)" = epi f*Ug* = cl(epi f* + epig”).

Remark 2.3.6. As seen in Theorem 2.3.10 and Proposition 2.3.9, a sufficient
condition to have equality in (2.6) for the proper functions f; : X — R,
i =1,...,m, when N, dom f; # 0 and all these functions are convex and
lower semicontinuous, is Y .-, epi f/ closed. For other sufficient conditions

that guarantee the equality in (2.6) we refer to section 3.5.
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We close this subsection by characterizing the conjugate of a K-increasing
function, which will be useful in chapter 3 when dealing with composed convex
optimization problems. Let V' be a Hausdorfl locally convex space, partially
ordered by a convex cone K C V.

Proposition 2.3.11. If g : V — R is a K-increasing function with dom g #
0, then g*(v*) = +oo for all v* ¢ K*, i.e. domg* C K*.

Proof. If K = {0} the conclusion follows automatically. Assume that K # {0}
and take an arbitrary v* ¢ K*. By definition there exists © € K such that
(v*,0) < 0. Since for some arbitrary ¢ € domg and for all « > 0 we have
g(v — av) < ¢g(0), it is straightforward to see that

9" (") = sup{(v*,v) — g(v)} > sup{ (v", & — ) — g(& — @)}
veV a>0

> ili%{@*’ U —av) —g(0)} = (v*,0) — g(v) + Zli%{—a<v*7 v)} = +o0,

and the proof is complete. O

2.3.2 Subdifferentiability

In nondifferentiable convex optimization the classical (Gateauz) differentia-
bility may be replaced by the so-called subdifferentiability. To have a differen-
tiability notion is extremely beneficial in analysis and optimization not only
from the theoretical, but also from the numerical point of view. It allows, for
instance, to formulate functional equations to describe mathematical objects
and models for practical problems or to give optimality conditions in different
fields of mathematical programming, variational calculus, for optimal control
problems etc.

In this book we consider in the most situations scalar and multiobjective
programming problems which involve convex sets and convex functions, with-
out making use of the classical differentiability which is included as a special
case of the general setting.

Definition 2.3.2. Let f : X — R be a given function and take an arbitrary
x € X such that f(x) € R. The set

Of (@) :={a" € X" : f(y) — f(x) = (z",y —x) Vy € X}

is said to be the (conver) subdifferential of f at x. Its elements are called
subgradients of f at x. We say that the function f is subdifferentiable at x if

of (x) # 0.
If f(x) ¢ R we consider by convention Of(z) := (.

Example 2.3.6. For U C X and f = 6y : X — R, one can easily show that for
all z € U there is 90y () = N(U, x).
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If f: X — R is subdifferentiable at x with f(x) € R and 2* € df(x), then
the function h: X — R, h(y) = (*,y) + f(z) — (z*,z) is an affine minorant
of f. Moreover, this affine minorant coincides at x with f. In the following
statement we give a characterization of the elements z* € df(x) according to
the fact that for z* and = the Fenchel-Young inequality is fulfilled as equality.

Theorem 2.3.12. Let the function f : X — R be given and x € X. Then
x* € Of(x) if and only if f(z) + f*(z*) = (x*, ).

Proof. Let z* € Of(x). Then f(z) € R and f*(z*) = sup{{(z*,y) — f(y) :
y € X} < (z*,x) — f(x). Since the opposite inequality is always true, f(x) +
f*(z*) = (z*, z) follows.

Vice versa, let x € X and z* € X* be such that f(z) + f*(2*) = (", ).
Then f(z) € R and (%,2) — f(z) = f*(z%) = sup,ex{(a*9) — F(n)} >
(x*,y) — f(y) for all y € X, and hence * € 9f(x). O

For f : X — R a given function one has that x € X with f(z) € R is
a solution of the optimization problem inf,cx f(x) if and only if 0 € df(x).
In general one can express necessary and sufficient optimality conditions for
optimization problems by means of subdifferentials as we shall see in section
3.3.

Proposition 2.3.13. (a) For a given function f : X — R, one has O(f +
(x*,))(x) = 0f () +a* for allz* € X* and all x € X.

(b) For f: X1 x ...x X, = R, f(z',...;2™) = 3" fi(z?), where X; is
a Hausdorff locally convex space and f; : X; — R, i =1,...,m, there is
of (@, ...,a™) =TI~ 0fi(z?) for all (z*,...,2™) € Xt x ... x X™.

Theorem 2.3.14. Let f : X — R and x € X. The subdifferential Of (x) is a
(possibly empty) convex and closed set in X*.

Proof. If f(xz) = *oo there is nothing to prove. Let be f(z) € R. By the
Young-Fenchel inequality and Theorem 2.3.12 it follows that * € df () if and
only if f(x) 4+ f*(x*) < (2*,z). Therefore one can rewrite the subdifferential
of the function f at x as the level set of the convex and lower semicontinuous
function z* — —(z*, z) + f*(2*) at —f(x), i.e. Of(x) = {z* € X* : —(z*, x) +
f*(x*) < —f(x)}. This guarantees the convexity and, via Theorem 2.2.9, the
closedness of 0f(x). O

The aim of the next theorem is to present some connections between the
subdifferentials of the functions f, f and cof.

Theorem 2.3.15. Let be f : X — R and x € X be such that Of(x) # 0.
Then it holds

(a)cof(z) = f(x) = f(x) and the functions f, f and ©of are proper and f is
lower semicontinuous at x;

(b) 0(cof)(x) = Of (x) = Of (x);
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(c) f = oof.

Proof. (a) Let 2* € Of(x) be arbitrarily taken and consider the function
h:X — R, h(y) = («*,y) + f(x) — (z*,2), which is an affine minorant of f.
Note that f(x) € R. Since h is also convex and lower semicontinuous it holds
h < @@f < f < f. Taking into consideration that f(z) = h(z) we deduce
that f(x) = h(z) < @ f(x) < f(x) < f(z) and the desired equalities follow.
This also implies that the function f is lower semicontinuous at = and the
properness of f, f and @of follows easily.

(b) If z* € Jf(x) then, by definition, f(y) > f(z) + (z*,y — ) for all
y € X. Asy — (z*,y —x) + f(x) is a convex and lower semicontinuous
function which is everywhere less than or equal to f, using (a) we get co f(y) >
cof(x) + (z*,y — z) for all y € X. Thus z* € 9(cof)(x) and the inclusion
df(z) C d(cof)(x) follows. Assume now that z* € 9(cof)(x). Because of (a),
for all y € X we have f(y) — f(z) > ¢of(y) —cof(x) > (z*,y — ), i.e. z* €
Of (z). Therefore (cof)(x) C df () and we actually have df(z) = d(Tof)(x).
Following the same idea one can also prove that df(z) = df(x).

(¢) The assertion follows from (a) and Corollary 2.3.7. O

Theorem 2.3.16. Let be f: X — R and v € X.

(a) If Of (x) # 0, then f(z) = f**(x).
(0) If f(x) = f*(x), then Of (x) = Of** ().

Proof. (a) The statement follows directly from Theorem 2.3.15(a), (¢).

(b) If f(z) = f**(z) = =oo, then by convention we have Jf(x) =
Af**(x) = 0. Otherwise, Theorem 2.3.12 and Remark 2.3.4 allow to con-
clude that z* € 9f(z) & f*(z*) = —f(z) + (z*,z) & [**(2*) = —f(x) +
(x*,z) & x* € 0f**(x). O

Our next aim is to point out that the calculation rules which are available
for the classical differential can be applied in general only partially to the
subdifferential. Using Definition 2.3.2 it is easy to prove that for a given
function f: X — R and = € X it holds

OAf)(x) = A0f(x) for all A > 0.

Coming now to the sum, for some given arbitrary proper functions f; : X — R,
i =1,...,m, one can only prove in general that for x € X it holds

i@fi(x) Qﬁ(iﬁ) (z). (2.8)

We refer the reader to section 3.5 for sufficient conditions which guarantee,
when the functions f;, ¢ = 1,...,m, are convex, equality in (2.8).

The next result displays some connections between the subdifferential of
a given function f and the one of its conjugate.
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Theorem 2.3.17. Letbe f : X - R and z € X.

(a) If x* € Of (x), then x € Of*(x*).
(b) If f(x) = f**(z), then x* € Of(x) if and only if x € Of*(z*).
(¢) If f is proper, convex and lower semicontinuous, then x* € df(x) if and

only if x € Of*(z*).

Proof. (a) Since z* € 9f(x), according to Theorem 2.3.12 we have f(z) +
fH(x*) = (z*,2). But f**(x) < f(z), by Lemma 2.3.3, and thus f**(x) +
f*(x*) < (z*,z). As the reverse inequality is always fulfilled, using once more
Theorem 2.3.12, we get x € df*(x*).

(b) Because of (a) only the sufficiency must be proven. For any z €
Of*(x*), again by Theorem 2.3.12, it holds (z*,z) = f*(z*) + f**(z) =
f*(x*) + f(z) and therefore z* € df(z).

(¢) Theorem 2.3.5 yields f = f** and the equivalence follows from (b). O

A classical assertion on the existence of a subgradient is given in the fol-
lowing statement (cf. [67]).

Theorem 2.3.18. Let the convex function f : X — R be finite and continuous
at some point x € X. Then Of(x) # 0, i.e. f is subdifferentiable at x.

Theorem 2.3.18 follows easily as a consequence of the Fenchel duality state-
ment Theorem 3.2.6, which we give in the next chapter. For further results
concerning subdifferential calculus we refer to section 3.5 and the book [207].

We conclude this subsection by resuming the relations between the sub-
differentiability and the rather classical notion of Gateaux differentiability
accompanied by some further properties of the Gateaux differential.

Definition 2.3.3. Let f : X — R be a proper function and x € dom f. If the

limit
o S @+ ty) = [ (@)
t10 t

exists we call it the directional derivative of f at x in the direction y € X and
we denote it by f'(x;y). If there exists an x* € X* such that f'(z;y) = (x*,y)
for all y € X, then f is said to be Gateauz differentiable at x, x* is called
the Gdteaux differential of f at x and it is denoted by V f(z), i.e. f'(x;y) =
(Vf(x),y) forally e X.

We need to note that if f is proper and convex and = € dom f then f'(z;y)
exists for all y € X (cf. [207, Theorem 2.1.12]). If, additionally, f is continuous
at © € dom f then for all y € X there is f/'(z;y) = max{(z*,y) : 2* € 0f(x)}.
For convex functions the Gateaux differentiability and the uniqueness of the
subgradient are closely related, as stated below.

Proposition 2.3.19. Let f : X — R be a proper and convex function and
z € dom f.
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(a) If x € core(dom f) and [ is Gdteauz differentiable at x, then f is subdif-
ferentiable at x and Of (x) = {V f(x)}.

(b) If f is continuous at x and its subdifferential Of(x) is a singleton, then f
is Gateauz differentiable at x and 0f(x) = {V f(x)}.

In the next results the convexity of a Gateaux differentiable function is
characterized.

Proposition 2.3.20. Let U C X be a nonempty, open and conver set and
f U — R a Gateauz differentiable function on U. Then the function f is
convex on U if and only if f(y) > f(x) +(Vf(zx),y —x) for all z,y € U. This
is further equivalent to (V f(y) — Vf(z),y —x) >0 for all z,y € U.

2.4 Minimal and maximal elements of sets

It is characteristic for wvector optimization problems that, different to scalar
programming problems, more than one conflicting objectives have to be taken
into consideration. Thus, the objective values may be considered as vectors
in a finite or even infinite dimensional vector space. As an example let us
mention the Markowitz portfolio optimization problem which aims at finding
an optimal portfolio of several risky securities, e.g. stocks and shares of com-
panies. There are two reasonable objectives, the expected return which has to
be maximized, and the risk (measured via the variance of the expected return
or any other risk measure) that has to be minimized. These both objectives
are conflicting because in general the risk grows if the expected return is in-
creasing. This conflict must be reflected by a corresponding partial ordering
relation in the two dimensional objective space. Such an ordering relation al-
lows to compare different vector objective values in, at least, a partial sense.
Based on the considered partial ordering one can define distinct types of solu-
tions in connection to a vector optimization problem. Partial orderings in the
sense considered in this book are defined by convex cones as we have already
done in section 2.1. The basic terminology for such solutions is that of effi-
ciency, i.e. we consider different types of so-called efficient solutions. For the
first time efficient solutions have been considered by Edgeworth in [60] and
Pareto in [148].

In this section we present different notions of minimality (maximality)
for sets in vector spaces. In the next section these notions will be employed
when introducing different efficiency solution concepts for vector optimization
problems.

2.4.1 Minimality

Unless otherwise mentioned, in the following we consider V' to be a vector
space partially ordered by a convex cone K C V.



2.4 Minimal and maximal elements of sets 43

First of all let us define the usual notion of minimality for a nonempty set
M C V with respect to the partial ordering “<g” induced by K. Initially,
we confine ourselves to the case where the ordering cone K is pointed, i.e.
I(K) = {0}, in which case “Sg” is antisymmetric, since this is the situation
mostly encountered within this book and also in the majority of practical
applications of vector optimization.

Definition 2.4.1. An element v € M 1is said to be a minimal element of M
(regarding the partial ordering induced by K ) if there is no v € M satisfying
v <g v. The set of all minimal elements of M is denoted by Min(M, K) and
it is called the minimal set of M (regarding the partial ordering defined by K ).

Remark 2.4.1. There are several obviously equivalent formulations for an el-
ement ¥ € M to be a minimal element of M. We list some of them in the
following:

(i) there is no v € M such that v — v € K\{0};
(ii) from v <k v, v € M, follows v = v;
(iil) from v <k v, v € M, follows v 2k ¥;
(iv) (0 K) M = (3);
(v) (M —v) N (=K) = {0};

(vi) for all v € M there is v £x 0.

We would like to underline that for the equivalence (i7) < (i4i) the pointedness
of K is indispensable.

Example 2.4.1. An important case which occurs in practice is when V = R

and K = R% . Let M C R*. Then v = (01,...,9x)" € M is a minimal element
of M if there is no v = (vq,...,vx)T € M such that v # ¥ and v; < v; for
alli =1,...,k, i.e. there is no v = (vy,...,v;)T € M fulfilling v; < v; for all

i=1,...,k and v; < v, for at least one j € {1,...,k}.

In an analogous way one can define the notion of mazimal element of a
set M.

Definition 2.4.2. An element v € M is said to be a maximal element of M
(regarding the partial ordering induced by K ) if there is no v € M satisfying
v >k 0. The set of all mazimal elements of M is denoted by Max(M, K) and
it is called the mazimal set of M (regarding the partial ordering defined by
K).

Remark 2.4.2. As in Remark 2.4.1 one can give the following equivalent for-
mulations for the maximality of an element v € M in M:

(i) there is no v € M such that v — 7 € K\{0};
(ii) from v 2k v, v € M, follows v = ©;
(iii) from v 2k v, v € M, follows v < U;
(iv) 9+ K)NM = {v};
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(v) (M —v) N K = {0};
(vi) for all v € M there is v # i 0.

Remark 2.4.3. The problem of finding the maximal elements of the set M re-
garding the cone K may be reformulated as the problem of finding the minimal
elements of the set (—M) regarding K or, equivalently, as the problem of find-
ing the minimal elements of the set M regarding the partial ordering induced
by the cone (—K). It holds Max(M, K) = Min(M, —K) = — Min(—M, K).

Although we mostly confine ourselves within this book to the most impor-
tant framework of partial orderings induced by pointed convex cones, for the
sake of completeness we present also the definition of minimality regarding
a partial ordering induced by a convex but not pointed cone K. As noted
in subsection 2.1.1, in this situation [(K) = K N (—K) is a linear subspace
of V not equal to {0}. If this situation occurs, then Definition 2.4.1 is not
always suitable for defining minimal elements, and this because it may hap-
pen to have a v € M, v # v, such that v < v <k v. More precisely, if
v—v € l(K) C K then v -7 € [(K) C K, too, and now it is clear that
Definition 2.4.1 cannot be used if the ordering cone K is not pointed. This
situation can be avoided if instead of Definition 2.4.1 one uses the following
definition due to Borwein [19] (see also Remark 2.4.1(i:7)).

Definition 2.4.3. Let K C V be an arbitrary ordering cone. An element
v € M s said to be a minimal element of M (regarding the partial ordering
induced by K), if from v Sk v, v € M, follows v Zf .

From this definition immediately follows that if © € M is a minimal ele-
ment of M then any © € M such that v <y v is also a minimal element of M.
To see this take an arbitrary v € M such that v i 0. Since v € Min(M, K),
it holds v 2k ¥ 2k © and so v € Min(M, K).

We observe further that v being minimal means that for all v € M fulfilling
v Sk © it is binding to have v — v € I(K). If K is a pointed cone then
I(K) = {0} and in this case we have © = v. Therefore Definition 2.4.3 applies
to pointed cones K, too, while Definition 2.4.1 can be seen as a particular
case of it.

Next we give some equivalent formulations to the notion of minimality in
case the cone K is not assumed to be pointed. More precisely, v € M is a
minimal element of M if and only if one of the following conditions is fulfilled:

(i) there is no v € M such that v —v € K\I(K);
(i) v-K)NM Cov+ K;
(iii) (-K)N(M —7) C K.

The maximal elements of the set M (in case the cone K is not assumed
pointed) can be defined following the same idea as in Definition 2.4.3. Analo-
gously to Remark 2.4.3 one has Max(M, K)=Min(M, —K)=— Min(—M, K).

The next result describes the relation between the minimal elements of
the sets M and M + K.
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Lemma 2.4.1. (a) It holds Min(M, K) C Min(M + K, K).
(b) If K is pointed, then Min(M, K) = Min(M + K, K).

Proof. (a) Take an arbitrary v € Min(M, K). By definition v € M C M + K.
Let us prove now that for v € M + K such that v <k © the relation v <y v
holds, too. Since v € M + K we have v =0 + k for some v € M and k € K.
Obviously o = v —k <k v — k <k 0. But the minimality of v secures v <y ©
and, since 0 = v — k < v, the desired conclusion follows.

(b) Assuming now K pointed, let v € Min(M + K, K). We have v € M + K
and we show that actually v € M. Assuming the contrary implies v = 0 + k
with © € M and k € K\{0}. This yields o <y @ and as o € M + K, one would
get a contradiction to the minimality of v in M + K. Following a similar
reasoning one can prove that in fact © € Min(M, K). Now (a) yields the
desired conclusion. 0O

The next minimality notion we introduce is the so-called strong minimality.
We work in the same setting, with V' a vector space partially ordered by the
(not necessarily pointed) convex cone K and M a nonempty subset of V.

Definition 2.4.4. An element v € M is said to be a strongly minimal element
of M (regarding the partial ordering induced by K ) if v <k v for allv € M,
.e. M Cov+ K.

For vector optimization this definition is of secondary importance be-
cause in the most practical cases strongly minimal elements do not exist.
If we consider the classical situation when V = RF and K = R’L then
the strong minimality of o € M C R* means v; < v;, i = 1,...,k, for all
v = (v,...,v;)T € M. Thus, in case of a multiobjective optimization prob-
lem, this must imply that all the k£ components of its objective function attain
their minima at the same point, i.e. the objectives are not conflicting as it is
typical for vector optimization.

Obviously, every strongly minimal element is minimal. A strongly mazimal
element v € M is defined in analogous manner, namely one must have v =y v
forall v e M.

2.4.2 Weak minimality

Although from the practical point of view not so important as the minimal el-
ements, the so-called weakly minimal elements of a given set are of theoretical
interest, one of the arguments sustaining this assertion being that they allow
a complete characterization by linear scalarization in the convex case, which
is not always possible with minimal elements. We consider in this subsection
V' to be a vector space partially ordered by the convex cone K C V fulfilling
core(K) # () and M C V being a nonempty set.
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Definition 2.4.5. An element v € M is said to be a weakly minimal element
of M (regarding the partial ordering induced by K ) if (0 — core(K))NM = {).
The set of all weakly minimal elements of M is denoted by WMin(M, K) and
it is called the weakly minimal set of M (regarding the partial ordering induced
by K ).

The relation (v — core(K)) N M = ) in Definition 2.4.5 is obviously equiv-
alent to (M —v) N (— core(K)) = ). From here follows that WMin(M, V) = 0.
Whenever the cone K is nontrivial one may also notice that if we consider
as ordering cone K = core(K)U{0}, then v € WMin(M, K) if and only if
(o — K)N M = {0}, or, equivalently, & € Min(M, K) (sec Remark 2.4.1(iv)).
Of course, if K = K , then the minimal and weakly minimal elements of M
regarding the partial ordering induced by K coincide. This, however, is not
the case in general.

If K # V, any minimal element of M is also weakly minimal, since (v —
K)NM C v+ K implies (v — core(K)) N M = 0. Indeed, notice that (v —
core(K))N (v + K) = 0, as in this situation — core(K) N K = (). This result is
summarized in the following statement.

Proposition 2.4.2. If K # V, then Min(M, K) C WMin(M, K).

Next we provide a result, similar to Lemma 2.4.1, for the weakly minimal
elements of a set M C V', the proof of which being relinquished to the reader
(see, for instance, [104, Lemma 4.13]).

Lemma 2.4.3. It holds

(a) WMin(M, K) C WMin(M + K, K);
(b) WMin(M + K, K) 0 M C WMin(M, K).

Remark 2.4.4. When V is taken to be a topological vector space, in the above
assertions the algebraic interior core(K) can be replaced with the topological
interior int(K) when the latter is nonempty.

Weakly mazximal elements may be defined analogously, namely an element
v € M is called a weakly maximal element of M (regarding the partial ordering
induced by K) if (v+core(K))NM = . The set of all weakly maximal elements
of M is denoted by WMax(M, K) and it is called the weakly maximal set of
M. Also here it holds WMax(M, K) = WMin(M, —K) = — WMin(—M, K).

Consequently, one can formulate obvious variants of Lemma 2.4.1, Propo-
sition 2.4.2 and Lemma 2.4.3 for maximal and weakly maximal elements of
the set M, respectively.

2.4.3 Proper minimality

There is another very important notion of minimality subsumed under the
category of properly minimal elements. Properly minimal elements turn out
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to be minimal elements with additional properties. There are a lot of different
kinds of properly minimal elements. In the following we present an overview
of their distinct definitions and establish some relations between them. The
majority of these notions have been introduced in connection to some vector
optimization problems under the name proper efficiency. We introduce them
in this subsection as proper minimality notions for a given set by extending
to this general situation the corresponding notions for vector optimization
problems. To this end one has only to take in this situation M to be the
image set of the feasible set through the objective function. Let us mention
also that here we work only with properly minimal elements, for considering
properly maximal elements one needs only replace the cone K by —K.

The first notion we present concerns a nonempty set M C RF when the
space RF is partially ordered by the cone K = Rﬁ, being inspired by Geof-
frion’s paper [71].

Definition 2.4.6. An element v = (vy,...,0;)T € M is said to be a properly
minimal element of M in the sense of Geoffrion if © € Min(M, Ri) and if

there exists a real number N > 0 such that for every i € {1,...,k} and every
v=(vi,...,05)T € M satisfyingv; < v; there exists at least one j € {1,...,k}
such that v; < v; and

Lo,

'Uj — Uj

The set of all properly minimal elements of M in the sense of Geoffrion is
denoted by PMing.(M,R%).

The definition above can be interpreted as follows: a decrease in one com-
ponent relative to v entails an increase in at least another component such
that the ratio of the absolute values of those differences is bounded. In mul-
tiobjective optimization this means that the trade-offs among the different
components of the vector objective function are bounded. In economics un-
bounded trade-offs are mostly undesirable. However, not only with respect to
the practical applications but also from the theoretical point of view, properly
minimal (or maximal) elements have nice and beneficial properties as we will
see in the next subsection.

One can establish an analogous lemma to Lemma 2.4.1 and Lemma 2.4.3
by replacing M with M + Ri.

Lemma 2.4.4. There is PMing.(M + R | RY ) = PMing.(M,R%).

Proof. Take an arbitrary © € PMing.(M + R, RY). By definition v €
Min(M + R%,R%) and, by Lemma 2.4.1, it holds o € Min(M,R¥ ). This
implies, in particular, that v € M. Because M C M + Rﬁ, Definition 2.4.6
applies to any v € M, i.e. ¥ € PMing. (M, R%).

Now let © € PMing, (M, Ri) and N > 0 be the positive constant provided
by Definition 2.4.6. Clearly v € M + Rﬁ_ and by Lemma 2.4.1, we get v €
Min(M,R%) = Min(M + R% | R%). Take an arbitrary v = 0+ h € M + R
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where v € M and h € ]R’j_ and i € {1,...,k} such that v; = 0; + h; < v;.
Obviously 9; < 9; and, according to Definition 2.4.6, there exists at least one
j €{1,...,k} such that v; < v; and

vj =
But this implies v; < 9; + h; = v; and

Ui — v v; — U — hy < V; — U; <N

vj_@j @j—i_hj_@j_f)j_@j
Consequently, we get v € PMing.(M + Ri,Ri). a

Already ten years earlier Hurwicz [93] has introduced a notion of proper
efficiency for vector optimization problems which has been generalized in [83]
to sets in partially ordered topological vector spaces.

Further we assume that V' is a topological vector space partially ordered
by the pointed convex cone K and M C V is an arbitrary nonempty set.

Definition 2.4.7. An element v € M is said to be a properly minimal element
of M in the sense of Hurwicz if cl(coneco((M —v)UK)) N (—K) = {0}. The
set of all properly minimal elements of M in the sense of Hurwicz is denoted
by PMing, (M, K).

This definition seems to be in a certain manner natural if it is compared
with the definition of minimality of ¥ € M in the equivalent formulation given
in Remark 2.4.1(v) which states that (M —0)N(—K) = {0}. Because M — C
cl(coneco((M — v) UK)) it is clear that PMing,, (M, K) C Min(M, K).

Lemma 2.4.5. There is PMing,, (M + K, K) = PMing, (M, K).

Proof. Noting that coneco((M — v)UK) = coneco((M + K — 0)UK), we
obtain the conclusion. 0O

Geoffrion’s definition of proper efficiency is very illustrative concerning
economical and geometrical aspects. But its drawback is the restriction to
the ordering cone K = Rﬁ_. To overcome this disadvantage Borwein proposed
in [17] a notion of proper efficiency for vector maximization problems given in
Hausdorff locally convex spaces partially ordered by a pointed convex closed
cone which generalizes Geoffrion’s definition. We employ Borwein’s definition
to sets and use the notion proper minimality instead of proper efficiency in
accordance with our general context.

For the remaining part of this subsection we take V' to be a Hausdorff
locally convex space partially ordered by the pointed convex cone K and
M C V an arbitrary nonempty set.
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Definition 2.4.8. An element v € M is said to be a properly minimal element
of M in the sense of Borwein if cl(T'(M + K,v)) N (—K) = {0}. The set of
all properly minimal elements of M in the sense of Borwein is denoted by
PMing, (M, K).

Remark 2.4.5. The proper minimality in the sense of Borwein can be equiva-
lently written as 0 € Min(cl(T'(M + K, 7)), K). Observing that T'(M + K, v) =
T(M + K — ©,0) one can see the affinity of this kind of proper minimality to
the notion of minimality, via Remark 2.4.1(v) and Lemma 2.4.1. The element
v € M is minimal if and only if (M + K — ) N (—K) = {v}. Thus Borwein’s
definition of proper minimality is nothing else than additionally demanding
c(T(M + K —9,0)) N (—K) = {0}. Moreover, if V is metrizable, then the
tangent cone is closed and in this situation one may omit the closure operation
within Definition 2.4.8.

Remark 2.4.6. (a) Let us mention here that in the original definition in [17] the
ordering cone was not explicitly assumed to be pointed. But this has to be as-
sumed, otherwise PMing, (M, K) is the empty set. Indeed, if K is not pointed,
then let v € K N (—K), v # 0, be arbitrarily chosen and v € PMing,(M, K).
Setting vy = v+ (1/l)v € M + K for I > 1, we get lim;_, ;o v; = ¥ and
lim; o I(v; — ©) = v. But this means nothing else than v € T(M + K, 7).
Therefore cl(T'(M + K,0)) N (—K) # {0} and this means that in this situa-
tion PMing,(M, K) = 0.

(b) A second observation in this context is that in the original definition for
a vector maximization problem a properly efficient solution is, additionally, as-
sumed to be an efficient solution. This would mean to require in our definition
that o € Min(M, K). But this hypothesis is superfluous and turns out to be a
consequence of the condition cl(T(M + K, v))N(—K) = {0}. The conclusion is
obvious if K = {0}. Assume that K # {0} and that for a © € PMing,(M, K)
it holds ¥ ¢ Min(M, K). Then there exists v € M such that 7 — v € K\{0}.
We show that v—o € T(M + K, 9). Setting v; = v+ (1/1)(v—1), 1 > 1, we can
easily see that vy = v+ ((I = 1)/1)(v —v) € M + K for | > 1. Even more, as
lim; 1 oo vy = 0 and limy_, 4 o [(v; — 0) = v —1, it follows v—v € T(M + K, 0).
Finally, since 0 # v — 0 € T(M + K,v) N (—K) C c(T(M + K,v)) N (—K),
the equality cl(T(M + K,v)) N (—K) = {0} fails, and this contradicts the
assumption o € PMing,(M, K).

Since by the convexity of K it holds (M + K)+ K = M + K, the following
result follows easily via Lemma 2.4.1 and Remark 2.4.6(b).

Lemma 2.4.6. There is PMing,(M + K, K) = PMing,(M, K).

Regarding the proper minimality in the sense of Geoffrion and in the sense
of Borwein in case V = R¥ and K = R’j, we have that for a nonempty set
M C R it holds PMing.(M,R%) C PMing,(M,R%), which can be proven
similarly as in [17, Proposition 1]. The following result, giving a sufficient
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condition for the coincidence of both notions, can also be proven similarly as
for a corresponding assertion in [17] regarding a vector maximization problem
under convexity assumptions.

Proposition 2.4.7. If M C RF is nonempty and M + Ri is converx, then
PMing. (M, Ri) = PMing,(M, Ri)

The next proper minimality notion we consider here originates from Ben-
son’s paper [15] and it was introduced in order to extend Geoffrion’s proper
minimality.

Definition 2.4.9. An element v € M is said to be a properly minimal element
of M in the sense of Benson if cl(cone(M + K —v)) N (—K) = {0}. The set
of all properly minimal elements of M in the sense of Benson is denoted by
PMing. (M, K).

Remark 2.4.7. In [15] the notion introduced above was given as proper effi-
ciency for vector maximum problems in finite dimensional spaces, with the
efficiency of the elements in discussion additionally assumed. This means in
our situation to supplementary impose the condition v € Min(M, K'). But this
is superfluous since M — v C cl(cone(M + K — v)) implies v € Min(M, K) if
cl(cone(M + K —9)) N (=K) = {0}, i.e. (M —9)N(=K) = {0}, too.

The next result is a consequence of the convexity of K along with Lemma
2.4.1 and Remark 2.4.7.

Lemma 2.4.8. There is PMing.(M + K, K) = PMing.(M, K).

As mentioned above, for V = RF and K = ]R’j_, when M C RF is an ar-
bitrary nonempty set, it holds (cf. [15]) PMing.(M,R¥) = PMing. (M, R% ).
By taking into consideration the way Borwein’s and Benson’s proper mini-
malities are defined, one has that PMing.(M, K) C PMing,(M, K) is always
fulfilled. Further, let us notice that for © € M it holds cone(M + K — v) C
coneco((M — v) U K), the two sets being equal if M + K is convex. Thus we
have in general that PMing, (M, K) C PMing.(M, K), while when M + K is
convex it follows that PMing, (M, K) = PMing.(M, K) = PMing,(M, K).

In the following we introduce another proper minimality concept due to
Borwein (cf. [18]), which is similar to Definition 2.4.9.

Definition 2.4.10. An element v € M is said to be a properly minimal ele-
ment of M in the global sense of Borwein if cl(cone(M — o)) N (—K) = {0}.
The set of all properly minimal elements of M in the global sense of Borwein
is denoted by PMingp,(M, K).

If for o € M Definition 2.4.10 is satisfied, then also (M —7)N(—K) = {0}
and, due to Remark 2.4.1(v), we have ¢ € Min(M, K). Furthermore, it is
always true that PMing. (M, K) = PMingp,(M + K, K).

The next result relates PMingp,(M + K, K) to PMingp,(M, K).
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Proposition 2.4.9. There is PMingp,(M + K, K) C PMingp.(M, K).

Proof. Take an arbitrary v € PMingg,(M + K,K). Thus v € M and
cl(cone(M + K — v)) N (=K) = {0}. Since M — 9 C M + K — ¢ it fol-

lows that cl(cone(M — 7)) N (—K) C cl(cone(M + K —7))N(—K) = {0} and,
consequently, cl(cone(M — v)) N (—K) = {0}, which completes the proof. O

Obviously, we have that PMing. (M, K) C PMingp,(M, K). On the other
hand, no relation of inclusion between PMinp,(M, K) and PMingp,(M, K)
can be given in general. Obviously, when M+ K is convex, then PMing, (M, K)
C PMingpo(M, K).

A formally different minimality approach is the one introduced by Henig
[88] and Lampe [122] by employing a nontrivial convex cone K’ containing in
its interior the given ordering cone K.

Definition 2.4.11. An element v € M is said to be a properly minimal ele-
ment of M in the sense of Henig and Lampe if there exists a nontrivial convex
cone K' C X with K\{0} C int(K") such that (M —v) N (—=K') = {0}. The
set of all properly minimal elements of M in the sense of Henig and Lampe
is denoted by PMing._r.(M, K).

If the cone K’ is assumed also pointed, instead of (M —v)N(—K") = {0} one
can write ¥ € Min(M, K'). Tt is an immediate consequence of this definition
that © € PMing._ (M, K) implies © € Min(M, K).

Lemma 2.4.10. There is PMinge_rqo(M + K, K) = PMing._r.(M, K).

Proof. Let v € PMing._ro(M + K, K) be arbitrarily taken. Then one can
easily show that v € M. Moreover, there exists a nontrivial convex cone
K’ such that K\{0} C int(K’) and (M + K — ©) N (—K’) = {0}. Thus
(M —0)N(=K'") = {0} and so © € PMing._r.(M, K).

Vice versa, take v € PMing._r,(M,K). Then v € M C M + K and
there exists a nontrivial convex cone K’ such that K\{0} C int(K’) and
(M —v)n(=K'") = {0}. We prove that (M + K —9) N (—=K') = {0}. If we
assume the contrary there would exist v € M, k € K and k' € K'\{0} such
that v +k—0=—k.Thenv—0=—(k+ k) € —(K + (K'\{0})) C —(K' +
(K'\{0})) € =K’ and so k + k' = 0. Consequently, —k € K' N (—int(K")),
which leads to a contradiction. Therefore © € PMing,._r.(M + K, K) and the
proof is complete. O

The following statement reveals the relation between the proper minimal-
ity notions in the sense of Benson and in the sense of Henig and Lampe.

Proposition 2.4.11. There is PMinge_r,(M, K) C PMing.(M, K).

Proof. If K = {0} the inclusion follows automatically. Assume that K # {0}.
Let v € PMinge—prqo(M, K). Then o € M and there exists a nontrivial convex
cone K’ such that K\{0} C int(K’) and (M — o) N (—K') = {0}. We prove
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that cl(cone(M + K —9)) N (—K) = {0}. To this end we assume the contrary,
namely that there exists a k € K\{0} such that —k € cl(cone(M + K — v)).
Thus —k € int(—K’) and consequently there exist © € M, ke K and A >
0 such that A\(o 4+ k — 7) € int(—K’). Obviously, A\ # 0 and so & — 7 €
—int(K’) — K’ C —int(K"). This yields that © — @ # 0, contradicting the fact
that (M —9)N(—=K') ={0}. O

The following proper minimality notion, based on linear scalarization, al-
lows the treatment of minimal elements as solutions of scalar optimization
problems.

Definition 2.4.12. An element v € M is said to be a properly minimal ele-
ment of M in the sense of linear scalarization if there exists a v* € K*° such
that (v*,0) < (v*,v) for all v € M. The set of properly minimal elements of
M in the sense of linear scalarization is denoted by PMings.(M, K).

The properly minimal elements of M in the sense of linear scalarization
are also minimal, as the next result shows.

Proposition 2.4.12. There is PMinys.(M, K) C Min(M, K).

Proof. Take ¥ € PMinps.(M, K) with the corresponding v* € K*0. If v ¢
Min(M, K), then there exists v € M satisfying v < v. As v* € K** and
v — v € K\{0}, there is (v*,o — v) > 0, contradicting Definition 2.4.12. O

Simple examples illustrating that the opposite inclusion is in general not
fulfilled can be found in [80]. Without any additional assumption on M, the
properly minimal elements in the sense of linear scalarization of M and M+ K
coincide. The simple proof of this assertion is left to the reader.

Lemma 2.4.13. There is PMingps.(M + K, K) = PMinps.(M, K).

The connection between the properly minimal elements in the sense of
linear scalarization and the properly minimal elements in the sense of Hurwicz
and Henig and Lampe, respectively, is outlined in the following statements.

Proposition 2.4.14. There is PMinys.(M, K) C PMing,, (M, K).

Proof. If K = {0} there is nothing to be proven. Assume that K # {0} and
take ¥ € PMingg.(M, K). Then © € M and there exists v* € K*° such that
(v*,v) > 0 for all v € M —v. This means that for all v € (M — o) U K it holds
(v*,v) > 0 and, consequently, (v*,v) > 0 for all v € cl(coneco(M — v) U K).

Assuming that there exists a k € K \ {0} such that —k € cl(coneco(M —
v) U K), we get (v*,k) < 0. On the other hand, since v* € K*? there is
(v*,k) >0. O

Proposition 2.4.15. There is PMinps.(M, K) C PMing._r.(M, K).
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Proof. Take an abitrary v € PMinys.(M, K). Then v € M and there exists
v* € K*0 such that (v*,v) > 0 for all v € M — v. Let be K/ := {v €
X : (v*,v) > 0} U{0}. Obviously, K’ is a nontrivial convex cone and, since
v e K K\{0} Cint(K’) = {v e X : (v*,v) > 0}.

We prove that (M —0) N (—K') = {0}. Assuming the contrary yields that
there exists v € M such that v —v € K'\{0}, or, equivalently, (v*, 7 —v) > 0.
This contradicts the fact that (v*,0) < (v*,v) forallv e M. O

Remark 2.4.8. In case the set M + K is convex Lemma 2.4.13 allows to char-
acterize the properly minimal elements v € PMinyg.(M, K) as solutions of
the scalar convex optimization problem
min_(v*,v)

vEM+K
with an appropriate v* € K*°. This again makes it possible to derive necessary
and sufficient optimality conditions via scalar duality and also to construct
vector dual problems in particular in the case when M is the image set of

a feasible set through the objective function of a given vector optimization
problem.

Summarizing the results proven above, we come to the following general
scheme for the proper minimal sets introduced in this section. First we con-
sider the general situation of an underlying Hausdorff locally convex space V'
partially ordered by the pointed convex cone K and let M C V be a nonempty
set.

Proposition 2.4.16. There holds

CPMing.(M, K)C PMing o (M, K)

. PMin g, (M, K)
PMingzs.(M, K)C = PMing, (M, K).

= PMing._r.(M, K)

If M + K is convex, then
PMinys.(M,K) C PMinge—rq(M, K) C PMing, (M, K)
= PMing.(M, K) = PMing,(M, K) € PMingp,(M, K).

Under additional hypotheses some opposite inclusions hold, too. We begin
with a statement that can be proven by considering some results from [83].

Proposition 2.4.17. (a) If the ordering cone K is closed and it has a com-
pact base, then PMinps.(M, K) = PMing,, (M, K).

(b) If V is normed, the ordering cone K is closed and it has a weakly compact
base, then PMing._q(M, K) = PMing.(M, K) = PMingp,(M, K).

Whenever V = R*¥ and K = Ri more inclusions turn into equalities in
the scheme considered in Proposition 2.4.16 one can be include the properly
minimal elements in the sense of Geoffrion, too.
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Proposition 2.4.18. Let V =RF, K = R’j_ and M C R* a nonempty set.
(a) Then it holds

PMingg.(M,RY) = PMing, (M, RY) C PMinge_r.(M,RY) =

PMing, (M, RY ) =PMing (M, R% ) =PMing g, (M, R% ) CPMing, (M, RY).

(b) If, additionally, M + R is convez, then all the inclusions in (a) turn into
equalities.

Remark 2.4.9. In section 4.4 we consider other minimality notions with respect
to general increasing scalarization functions used only there, while in chapter
7 some minimality notions introduced in this section are extended for sets

MCV.

2.4.4 Linear scalarization

In this subsection we turn our attention to linear scalarization and its connec-
tions to the different minimality concepts introduced before. Scalarization in
general allows us to associate a scalar optimization problem to a given vector
optimization problem. This is very closely related to the monotonicity prop-
erties of the scalarizing function. In this context the dual cone and the quasi
interior of the dual cone of the underlying ordering cone plays a crucial role.
As noticed in Remark 2.4.8, characterizing minimal, weakly minimal or prop-
erly minimal elements of a given set by monotone scalarization, in particular
linear scalarization, offers the possibility to investigate these notions by means
of techniques which come from the scalar optimization.

Unless otherwise mentioned, in this subsection we consider V' to be a vector
space partially ordered by a convex cone K C V. If the pointedness of the
cone K is required in some particular result, it will be explicitly mentioned.
Moreover, the set M C V is assumed to be nonempty.

Lemma 2.4.19. Let f : V — R be a given function.

(a) If f is K-increasing on M and there exists an uniquely determined element
v € M satisfying f(0) < f(v) for allv € M, then v € Min(M, K).

(b) If f is strongly K-increasing on M and there exists © € M satisfying
f(0) < f(v) for allv e M, then v € Min(M, K).

Proof. (a) Assuming o ¢ Min(M, K') yields the existence of v € M such that
v <k v. Taking into consideration the fact that f is K-increasing we get
f) < f(v). Thus f(v) = f(v) and this contradicts the uniqueness of o as
solution of the problem min,eas f(v).

(b) Arguing as in part (a) in case v ¢ Min(M, K) one can find an element
v € M such that f(v) < f(¥), but this contradicts the minimality of f(7). O

For weakly minimal elements one has the following analogous characteri-
zation. Note that no difficulties arise if the ordering cone K is not pointed.



2.4 Minimal and maximal elements of sets 55

Lemma 2.4.20. Suppose that core(K) # 0 and consider a function f:V —
R which is strictly K-increasing on M. If there is an element v € M fulfilling
f(@) < f(v) for allv e M, then v € WMin(M, K).

Proof. If v ¢ WMin(M, K) then there exists v € (v — core(K)) N M. This
implies f(v) < f(v), contradicting the assumption. 0O

The next scalarization result provides a necessary optimality condition for
the minimal elements of M. One can notice the usefulness of the assumption
of convexity for M + K, which allows giving such characterizations even if M
is not a convex set. We refer to the previous subsections for the connections
between the minimality properties of the sets M and M + K.

Theorem 2.4.21. Assume that the ordering cone K is nontrivial and pointed,
M + K is convex and core(M + K) # 0. If v € Min(M, K), then there exists
some v € K#\{0} such that (v¥ v) < (v, v) for allv € M.

Proof. If v € Min(M, K), then according to Lemma 2.4.1(a) we have v €
Min(M + K, K), too, and this can be equivalently rewritten as (M + K —
7) N (—=K) = {0}. Even more, as M + K — v and (—K) are convex sets,
core(M + K — v) # 0 and core(M + K —v) N (—K) = @), Theorem 2.1.3 can
be applied. Thus there exist v# € V#\{0} and A € R such that

(0%, v+ ky —0) < X< (07, —ko) Yo € M Vky, ks € K. (2.9)

If there exists k € K\{0} such that (%, k) > 0, then choosing k; = ak for
a > 0, we obtain a contradiction to (2.9), as the left-hand side is unbounded
for o — +oo. Thus (v%,k) < 0 for all kK € K\{0} and this actually means
that % € —K#. Taking k; = ko = 0 and setting v¥ := —07 € K# we get
(v, v) < (v#,v) for all v € M, which completes the proof. O

It is clear that by means of the topological version of Eidelheit’s separa-
tion theorem one can state an analogous scalarization result for the minimal
elements of a subset M of a topological vector space.

Corollary 2.4.22. Let V' be a topological vector space partially ordered by a
nontrivial pointed convexr cone K. Moreover, assume that M + K 1is convex
and int(M + K) # 0. If v € Min(M, K), then there exists v* € K*\{0} such
that (v*,v) < (v*,v) for allve M.

Now we present, again in the vector space setting, sufficient conditions for
minimality which are immediate consequences of Lemma 2.4.19 and Example
2.2.3.

Theorem 2.4.23. (a) If there exists v € K¥ andv € M such that (v¥,v) <
(v#,v) for allv € M, v # v, then v € Min(M, K).

(b) If there exist v € K#9 and v € M such that (v¥#,v) < (v#,v) for all
ve M, then v € Min(M, K).
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Remark 2.4.10. (a) In Theorem 2.4.23(b) it is not necessary to impose the
pointedness of K, because otherwise K#0 = ().

(b) The necessary condition in Theorem 2.4.21 is not also sufficient be-
cause, as follows from Theorem 2.4.23(a), for this we need a strict inequality.
Indeed, if (v, 5) < (v#,v) is for all v € M fulfilled, then v is weakly minimal
to M, (see Theorem 2.4.25 below), but not necessarily minimal.

We would like to mention that in locally convex spaces partially ordered by
a convex closed cone the strongly minimal elements can be as well equivalently
characterized via linear scalarization by using linear continuous functionals
from K* (see [104, Theorem 5.6]). We omit giving this statement here, since
strongly minimal elements are not interesting from the viewpoint of vector
optimization and do not play any role in this book.

Next we turn our attention to necessary and sufficient optimality condi-
tions characterizing via linear scalarization the weakly minimal elements of a
nonempty subset of a vector space.

Theorem 2.4.24. Let K C 'V be such that core(K) # 0 and M+ K is convez.
If v € WMin(M, K) then there exists v € K#\{0} such that (v¥ v) <
(v*,v) for allv € M.

Proof. The proof follows the lines of the proof of Theorem 2.4.21 using again
the algebraic version of Eidelheit’s separation theorem. O

Theorem 2.4.25. Suppose that core(K) # 0. If there exist v € K#\{0}
and © € M such that for all v € M it holds (v¥,v) < (v¥ v), then v €
WMin(M, K).

Proof. The assertion is a straightforward conclusion of Lemma 2.4.20 and
Example 2.2.3. 0O

Combining Theorem 2.4.24 and Theorem 2.4.25 one obtains an equivalent
characterization via linear scalarization for weakly minimal elements.

Corollary 2.4.26. Let K C V be such that core(K) # 0 and M+ K is convex.
Then v € WMin(M, K) if and only if there exists v € K#\{0} satisfying
(v#,0) < (v#,v) for allv € M.

The following remark plays an important role when dealing with vector
duality with respect to weakly minimal elements.

Remark 2.4.11. Assuming that V is a topological vector space partially or-
dered by the convex cone K with int(K) # @) and M C V is a nonempty
set with M + K convex, then by using the topological version of Eidelheit’s
separation theorem and the analog of Lemma 2.4.19 and Example 2.2.3 for
topological vector spaces, one gets that v € WMin(M, K) if and only if there
exists a v* € K*\{0} such that (v*,7) < (v*,v) for all v € M. Theorem
2.4.24 and Theorem 2.4.25 remain valid when formulated in a corresponding
topological framework.
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After characterizing minimal and weakly minimal elements of a set M C V
regarding the partial ordering induced by the convex cone K C V via lin-
ear scalarization it is natural to ask whether it is possible to give analogous
characterizations also for the properly minimal elements. First of all let us
take a closer look at Definition 2.4.12, where we introduced PMinys.(M, K),
the set of properly minimal elements of M with respect to linear scalar-
ization. This definition itself is already based on linear scalarization. If we
look at Proposition 2.4.17(a) we see that under some additional hypotheses
PMinzs.(M, K) = PMing, (M, K), i.e. the properly minimal elements of M
in the sense of Hurwicz may be characterized by linear scalarization using
a functional v* € K*°. Even more, as follows from Proposition 2.4.18(b), if
V=R K = R’j_ and M + K is a convex set, then all the properly mini-
mal elements introduced in this section may be characterized in an equivalent
manner by linear scalarization. But as far as properly minimal elements in the
sense of Borwein are concerned, there exists a more general linear scalarization
result, which can be proven like [104, Theorem 5.11 and Theorem 5.21].

Theorem 2.4.27. Let V be a Hausdorff locally convex space partially or-
dered by the pointed convex closed cone K with int, - vy(K*) # 0 and
the nonempty set M C V' for which we assume that M + K is convew.
Then v € PMing,(M, K) if and only if there exists v* € K*° such that
(v*,0) < (v*,v) for allve M.

Remark 2.4.12. One should notice that for V = RF, K = R’_j and M C RF
with M + Rﬁ_ convex, when the hypotheses of Theorem 2.4.27 are fulfilled,
there is

PMingzs.(M,RY) = PMing, (M, RY) = PMinge_rq.(M,RY) =

PMing, (M, RY) = PMing. (M, R ) = PMingg,(M,R% ) = PMing,(M,R%),
which is nothing but the assertion of Proposition 2.4.18(b).

2.5 Vector optimization problems

An optimization problem consisting in the minimization or maximization of
several objective functions is a particular case of a vector optimization prob-
lem, for which one can find in the literature also the denotations multiobjective
(or multicriteria) optimization (or programming) problem as well as multiple
objective optimization (or programming) problem. The characteristic feature
is the occurrence of several conflicting objectives, i.e. not all objectives under
consideration attain their minimal or maximal values at the same element of
the feasible set, which is a subset of the space where the objective functions
are defined on, sometimes called decision space (or input space). In most real
life decisions it is much more realistic to take into account not only one objec-
tive but different ones. For instance, if we look at an investment decision on
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the capital market it is reasonable to consider at least two objectives, namely
the expected return which has to be maximized and the risk of an investment
in a security or a portfolio of securities which should be minimized. In other
situations one wants to minimize the cost and to maximize different features
of quality of a product or a production process or to minimize the production
time and to maximize the production capacity etc. It is obvious that such
objectives often appear in a conflicting manner or as conflicting interests be-
tween different persons, groups of people or within a single decision-maker
itself.

A widely used way of assessing the multiple objectives is on the base of
partial ordering relations induced by convex cones. This allows to compare
different vector objective values in the sense that an objective value is pre-
ferred if it is less than (if we consider a minimization problem) or greater than
(if case of a maximization problem) another one with respect to the consid-
ered partial ordering induced by the underlying convex cone. The solutions
are defined by those objective values that cannot be improved by another one
in the sense of this preference notion. Thus, one immediately sees that the
notions of minimal elements for sets introduced in section 2.4 turn out to be
natural solution concepts in vector optimization. Although in many practical
applications the number of considered objectives is finite, from a mathemat-
ical point of view the objective space (or image space), sometimes also called
outcome space, may be an infinite dimensional space. So, for the sake of gen-
erality, we will define the vector optimization problem initially by considering
general vector spaces for the decision and outcome spaces, the latter partially
ordered by a convex cone.

Let X and V be vector spaces and assume that V' is partially ordered by
the convex cone K C V. For a given proper function h : X — V =V U{+ook }
we investigate the vector optimization problem formally denoted by

(PV@G) %l)r(lh(l‘)

It consists in determining the minimal, weakly minimal or properly min-
imal elements of the image set of X through h, also called outcome set (or
image set), h(domh) = {v € V : 3z € domh,v = h(x)}. In other words, we
are interested in determining the sets Min(h(dom h), K'), WMin(h(dom k), K)
or PMin(h(dom h), K'), where PMin is a generic notation for all sets of prop-
erly minimal elements. On the other hand, we are also interested in finding the
so-called efficient, weakly efficient or properly efficient solutions to (PV Q).

Definition 2.5.1. An element T € X is said to be

(a) an efficient solution to the wvector optimization problem (PVG) if T €
domh and h(z) € Min(h(dom h), K);

(b) a weakly efficient solution to the vector optimization problem (PVG) if
z € domh and h(z) € WMin(h(domh), K);



2.5 Vector optimization problems 59

(¢) a properly efficient solution to the vector optimization problem (PV Q) if
Z € domh and h(z) € PMin(h(domh), K).

The set containing all the efficient solutions to (PVG) is called the effi-
ciency set of (PVG), the one containing all the weakly efficient solutions to
(PV Q) is said to be the weak efficiency set of (PVG), while the name used for
the one containing all the properly efficient solutions to (PVG) is the proper
efficiency set of (PVG).

It is worth mentioning that in many cases in practice a decision-maker
is only interested to have a subset or even a single element of one of these
efficiency sets. This is a direct consequence of the practical requirements in
applications.

Frequently, one looks for efficient elements in a nonempty subset A C X,
where the objective function is h : A — V. This problem can be reformulated
in the form of (PV Q) by considering as objective function h:X -V,

h(z) = {h(x), ifx e A,

400k, otherwise.

Although we have just defined the efficient solutions via the minimality
notions for the image set, for the sake of convenience let us state them in an
explicit manner.

Definition 2.5.2. An element & € X is said to be an efficient solution to the
vector optimization problem (PVG) if & € domh and for all x € dom h from
h(z) Sk h(Z) follows h(Z) <k h(z). The set of efficient solutions to (PV Q)
is denoted by Eff(PVG).

As pointed out in the previous section, there are several equivalent formu-
lations for z € Ef f(PVG), like, for example, (h(Z)—K)Nh(domh) C h(z)+K
and, in case K is pointed, (h(z) — K) N h(domh) = {h(z)}.

Definition 2.5.3. Suppose that core(K) # 0. An element € X is said to
be a weakly efficient solution to the vector optimization problem (PVG) if
7 € domh and (h(z) — core(K)) N h(domh) = 0. The set of weakly efficient
solutions to (PV Q) is denoted by WEff(PVG).

One can see that z € WEff(PVG) if and only if z € dom . and there is
no = € dom h satisfying h(z) <x h(Z) .

Taking into consideration Proposition 2.4.2, whenever core(K) # @ and
K # V, we have Eff(PVG) C WEff(PVG). In section 2.4 we have pointed
out the close connection between the different types of minimal elements to
the sets M and M + K, when M C X is a nonempty set. These results are
important in the context of scalarization since we have seen that the property
of M+ K to be convex is sufficient for the characterization of minimal elements
of M by means of linear scalarization. We may transfer this to the vector
optimization problem in an obvious manner.
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From section 2.2 we know that if h : X — V is a proper function, the
assumption that h(domh) + K is convex is equivalent to the property that
the function h is K-convexlike. This allows to establish scalarization results
for vector optimization problems with K-convexlike and indirectly with K-
convex objective functions.

In an analogous manner one can deliver explicitly definitions for the dif-
ferent notions of properly efficient solutions. We restrict ourselves here only
to the properly efficient solutions with respect to linear scalarization based on
Definition 2.4.12 because this type of properly efficient solutions will be later
involved in different duality statements for vector optimization problems.

Let us suppose that V' is a Hausdorff locally convex space partially ordered
by a pointed convex cone K. One can alternatively define the properly efficient
solutions in the sense of linear scalarization in the following manner.

Definition 2.5.4. An element T € X is said to be a properly efficient solution
to (PVG) in the sense of linear scalarization if there exists v* € K*° such
that (v*h)(z) < (v*h)(z) for all x € X. The set of properly efficient solutions
in the sense of linear scalarization to (PVG) is denoted by PEff1s.(PVG).

In other words, z € PEff;s.(PV () if and only if Z is an optimal solution
to the scalar optimization problem
in(v*h)(zx).
min(v*h)(z)
The results in this section can be used for providing corresponding charac-

terizations for the properly efficient solutions to (PVG) by means of linear
scalarization.
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Conjugate duality in scalar optimization

The aim of this chapter is to describe the so-called conjugate duality theory for
scalar optimization problems, which represents a cornerstone in the duality
theory for vector optimization problems. The most duality concepts which can
be found in the literature on vector optimization, this book being no exception,
have the origin in well-developed duality theories for scalar problems. This
is the reason why we intensively deal in this chapter with the scalar case,
providing some results to which we relate later.

3.1 Perturbation theory and dual problems

In this section we describe a general approach for introducing a conjugate
dual optimization problem to a scalar one. We treat first a general scalar
optimization problem, followed by some important particular instances of it.

3.1.1 The general scalar optimization problem

Let X be a Hausdorff locally convex space and F : X — R a given function.
In this section we assign to the general optimization problem

(PG) inf F(z)
a conjugate dual problem introduced by making use of the so-called perturba-
tion approach. To this end we consider another Hausdorff locally convex space
Y and the function @ : X x Y — R fulfilling &(z,0) = F(z) for all x € X.
The function @ is the so-called perturbation function of the problem (PG). In
this way one can embed the problem (PG) into a family of so-called perturbed
problems which looks like

PG inf &(z
(PGy) inf ®(z,5y),
R.I. Bot et al., Duality in Vector Optimization, Vector Optimization, 63
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where y € Y. Obviously, the problem
(PGo) inf &(z,0)

is nothing else than the initial optimization problem (PG). A conjugate dual
problem to (PG) can be now formulated as being

(DG)  sup {=97(0,y%)},
yr*ey*

where @* : X* x Y* — R is the conjugate function of @. Throughout this
chapter we assume that the topological dual spaces X* and Y* of the space of
the feasible variables X and of the space of the perturbation variables Y, re-
spectively, are both endowed with the corresponding weak* topology (denoted
by w(X*, X) and w(Y™*,Y), respectively).

Further, let us denote by v(PG) and v(DG) the optimal objective values of
the problems (PG) and (DG), respectively. The next result shows that weak
duality is a consequence of the way in which the dual problem was defined.

Theorem 3.1.1. It holds
—o00 < v(DG) < v(PG) < +0o0.

Proof. For all z € X and all y* € Y*, by the Young-Fenchel inequality one
has

&(x,0) + D*(0,y™) > (0,z) + (y*,0) = 0 < P(x,0) > —P*(0,y"),
which implies that v(PG) > v(DG). O

In the following we characterize the existence of strong duality, namely of the
situation when the gap between v(PG) and v(DG) disappears and the dual
(DG) has an optimal solution. Here an important role is played by the infimal
value function of @, h : Y — R, h(y) = inf{@(x,y) : € X}. One can notice
that v(PG,) = h(y) and v(PG) = h(0). The next proposition connects the
infimal value function A to the optimal objective valued of the dual problem.

Proposition 3.1.2. Ifh : Y — R is the infimal value function of ®, then one
has v(DG) = h**(0).

Proof. For all y* € Y*, by the definition of the conjugate function, we get

h*(y*) = sup (" y) —h(y)}t = sup W y) —P(z,y)} = 27(0,y7). (3.1)
1 X
Thus
h*(0) = sup {—=h"(y*)} = sup {—27(0,y")} = v(DG)
yrey* yreEY*

and this concludes the proof. O
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Remark 3.1.1. One can easily notice that the relation which states the weak
duality, i.e. v(DG) < v(PG) can be equivalently written as h**(0) < h(0). By
Lemma 2.3.3 we know that this inequality is always true.

Definition 3.1.1. We say that the problem (PG) is normal if h(0) € R and
h is lower semicontinuous at 0.

For the following result we refer to [67].

Theorem 3.1.3. Assume that ® : X xY — R is a proper and convex function.
Then the following statements are equivalent:

(i) the problem (PG) is normal;
(ii) it holds v(PG) = v(DG) and this value is finite.

Proof. (i) = (ii). Let h : Y — R be the lower semicontinuous hull of h. By
Proposition 2.3.4(b) it holds

h™(y) < h(y) < h(y) ¥y € Y. (3.2)

Since @ is convex one has that h is convex (cf. Theorem 2.2.6) and this means
that h is convex, too (cf. Proposition 2.2.1 and Theorem 2.2.12(a)). The prob-
lem (PG) being normal, it follows that 2(0) = h(0) € R. Using that  is a con-
vex and lower semicontinuous function, Proposition 2.2.14 implies that h(y) >
—oo for all y € Y. This guarantees the properness of h. Taking now Corollary
2.3.7 into consideration we obtain h = (h)** = ((h)*)* = (h*)* = h** and so
h**(0) = h(0) = h(0) € R. Since v(PG) = h(0) and v(DG) = h**(0), (i) is
valid.

(#4) = (7). As we have seen, the statement (i7) can be equivalently written
as h**(0) = h(0) € R. Then, by (3.2), we get that h(0) = h(0) € R, which
means that (PG) is normal. O

The notion we introduce in the definition below characterizes the existence
of strong duality for (PG) and (DG) (see also [67]).

Definition 3.1.2. We say that the problem (PG) is stable if h(0) € R and h
1s subdifferentiable at 0.

Theorem 3.1.4. Assume that ® : X xY — R is a proper and convez function.

Then the following statements are equivalent:

(i) the problem (PG) is stable;
(ii) the problem (PG) is normal and the dual (DG) has an optimal solution.

In this situation the set of optimal solutions to (DG) is equal to Oh(0).

Proof. (i) = (i1). Assume that h(0) € R and 9h(0) # 0. By Theorem 2.3.16(a)
we get that h(0) = A**(0) and this is nothing else than v(PG) = v(DG) € R.
Then, by Theorem 3.1.3, (PG) is normal. Further, let us consider an element
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y* € 0h(0). We have h(0) + h*( =0 (cf Theorem 2.3.12) or, equlvalently,
v(PG) = h(0) = —h*(y*) = —2*(0,y"). By Theorem 3.1.1 follows that 7*
an optimal solution to (DG).

(#4) = (7). Assume now that (PG) is normal and that the dual (DG) has
an optimal solution g*. Applying again Theorem 3.1.3 and relation (3.1) we
get h(0) = v(PG) = v(DG) = —&*(0,5*) = —h*(g*) € R, which is the same
as h(0) + h*(y*) = 0 & ¢* € 0h(0). Consequently, we have proved that the
set Oh(0) is nonempty and this guarantees the stability of (PG). O

Since for a given primal problem and its conjugate dual the stability com-
pletely characterizes the existence of strong duality, one of the main issues in
the optimization theory is to give sufficient conditions, called regularity con-
ditions, which guarantee that a problem is stable. An overview of this kind of
conditions for different classes of optimization problems will be given in the
next section.

In the following we construct by means of the general perturbation ap-
proach described above conjugate dual problems to different primal optimiza-
tion problems and corresponding perturbation functions. As one can notice,
in this way some classical duality concepts, like the ones due to Fenchel and
Lagrange, can be provided.

3.1.2 Optimization problems having the composition with a linear
continuous mapping in the objective function

Consider the following primal optimization problem
(P4 nf {f(2) +g(Az)},

where X and Y are Hausdorfl locally convex spaces, A € L(X,Y) and f :
X — Rand g:Y — R are proper functions fulfilling dom fNA~!(dom g) # 0.
The perturbation function we consider for assigning a dual problem to (P4) is
P4 X XY — R, ¢4(x,y) = f(2)+g(Az+y), where y € Y is the perturbation
variable. Obviously, #4(z,0) = f(z) + g(Ax) for all x € X. The conjugate
function of @4, (¢4)* : X* x Y* — R, has for all (z*,y*) € X* x Y* the
following formulation

(@) (a*,y") = sup {{a*,2) + (v, y) — f(x) — g(Az +y)} = sup {{", 2)+

yey reyY
(y*r — Az) — f(x) —g(r)} = sup {(&" =A%) + (") — fz) —g(r)}
TEY’
=" = A) + g7 (y7). (3.3)

The conjugate dual to (P4) obtained by means of the perturbation func-
tion 4 is
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(D) sup {—(@1)"(0,5")},
yrEY "
which is nothing else than

(D) sup {=f (=A%) = 9" ()}

The dual (D4) is the so-called Fenchel dual problem to (P4). By the weak
duality assertion, Theorem 3.1.1, it follows v(D?) < v(P4).

Next we consider a particular instance of (P4), by taking X = Y and
A = idx. The primal problems becomes

(P) inf {(2) + g(o)},

while the perturbation function turns out to be &4 : X x X - R, ¢'(z,y) =
f(x) + g(x +y). Its conjugate function (#'4)* : X* x X* — R is given by the
following formula

(@) (2", y") = f* (2" —y") + 9" (y") V(2" y") € X" x X™. (3-4)

The dual problem of (P'?) is obtained as a special case of (D4), namely
being .
(D) sup {=f*(=y") —g" (")},

y*EX*

which is actually the classical Fenchel dual problem to (Pi?). The existence
of weak duality between (P'4) and (DY) follows also from Theorem 3.1.1.

The next optimization problem to which we assign a conjugate dual is
another special case of (P4) obtained by choosing f : X — R, f = 0. This
leads to the primal problem

(PA2)  inf {g(Az)}

and to the corresponding perturbation function ®4s : X xY — R, @A_g(x, y) =
g(Az+y). The conjugate of ®4s is the function (#4¢)* : X* x Y* — R defined
for all (z*,y*) € X* x Y* by

(@Ag)*(l‘*,y*) _ f*($* _ A*y*) + g*(y*) — 6{A*y*}(x*) + g*(y*) (35)
and leads to the following dual problem to (P4s)

(D) sup {—g"(y")}-

By Theorem 3.1.1 it holds v(D%s) < v(P4s).
The next pair of primal-dual problems that we consider here will be intro-
duced as a special instance of (P4s) — (D49). Let f; : X - R,i=1,...,m, be
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proper functions and take Y = X™, g: X™ — R, g(2',...,2™) = Y1" | fi(z")
and A : X — X™ Ax = (z,...,x). The primal optimization problem (P4s)
has now the following formulation

(P) ggg{z ﬁ(x)}.
i=1

Since for all (z!*,...,2™*) € (X*)™, ,
Proposition 2.3.2(1)) and A*(z*,..,2™*) = > 2™, we get by means of
(DA9) the following dual problem to (P¥)

(D) sup - fi*(wi*)} :

i eX” i=1,..,m, i=1

m .
Z 2 =0
i=1

Also for this pair of primal-dual problems we have weak duality, i.e. v(D¥) <
v(P¥).

3.1.3 Optimization problems with geometric and cone constraints

The primal problem we consider in this subsection is

(P) inf f(x),
A={xeS:gx)e-C}

where X is a Hausdorff locally convex space, Z is another Hausdorff locally
convex space partially ordered by the convex cone C' C Z, S C X is a given
nonempty set, f : X — R a proper function and g : X — Z = ZU {+ooc} a
proper vector function fulfilling dom f NS N g=1(—C) # 0.

By considering different perturbation functions we first assign in the follow-
ing three dual problems to (P®) and then we establish the relations between
their optimal objective values. The first dual we get is the classical Lagrange
dual.

To begin let take Z as the space of the perturbation variables and define
PCr . X x Z — R,

c, [ fx), fze S g(x)ez—-C,
7 (x,2) = {—l—oo, otherwise.
For this choice of the perturbation function we have ¢« (x,0) = f () +da(z)
for all z € X. The conjugate function of @, (#Cr)* : X* x Z* — R has for
all (z*,2*) € X* x Z* the following form

(@) (2", 2%) = sup {(z",2) + (z*,2) = 8% (x,2)} = sup  {(a*,2)+
reX, r€S,z€Z,
z2€Z g(xz)—ze-C
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(25 2) = fe)} = sup {(z%2) + (2", g(x) —s) — f(2)} =

zeS,se—C
sup {(—2",8)} +sup{(z*, x) + (2", g9(z)) — f(2)}.
se—C zeS
Since for all z* € Z*

sSup {<—Z*7S>} =0_c~ (Z*)v
se—C

we get further for all (z*,2%) € X* x Z*
(P94)" (2", 2%) = (f + (=2"9))s(x") +d-c- (7). (3.6)

Thus the dual problem to (P®) which we obtain by means of the perturbation
function ¢ is
(D) sup {—(@9%)*(0,2%)},

Z*eZ*

which becomes

(D) sup {=(f +(="9)5(0)},

or, equivalently,

(D¥)  sup inf{f(x) + (z"g)(2)}.
zveCx xES

The optimization problem (D®*) is the classical Lagrange dual problem to

(PY). By Theorem 3.1.1 we automatically have that v(D%) < v(PY).
The second perturbation function we consider for (P¢) is ®°F : X x X —
R,
Cr _J flz+y), fze S g(x) e -C,
7 (,y) = {+oo, otherwise,

with X being the space of the perturbation variables. Obviously, #°F (z,0) =
f(x) +64(z) for all x € X. Because of ®F (x,y) = da(x) + f(z +y) for all
(z,y) € X x X, the formula of its conjugate function (#¢7)* : X* x X* — R
can be directly provided via (3.4). Thus for all (z*,y*) € X* x X* we get

(@7)* (@*,y") = oalz® —y*) + [ (y") (3.7)
and this leads to the following conjugate dual problem to (P¢)

(D°F) sup {—f*(y") — oa(—y")}.
y*reXxX*

Since the primal problem (P®) can be written as

(PY) nf {f(2) +0a(2)},

one can notice that (D®F) is nothing else than its Fenchel dual problem (cf.
subsection 3.1.2). This is the reason why we call (DY) the Fenchel dual
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problem to (P). Also in this case the weak duality, i.e. v(DF) < v(P), is
fulfilled.

The last conjugate dual problem we consider to (P®) is obtained by
perturbing both the argument of the objective function and the cone con-
straints. We take X x Z as the space of perturbation variables and define
PCrr : X x X x Z — R by

Cr1 _J fle4y), ifxe S g(z)ez—C,
ot (w,y,2) = {+oo, otherwise.
The equality ®°72(2,0,0) = f(z) + 64(x) is again for all z € X fulfilled.
For (z*,y*,z") € X* x X" x Z* the conjugate function of PCrL  (PCFLY*
X* x X* x Z* — R, looks like

(@C“)*(m*,y*,z*) = sup {{(z", )+ (y",y)+ (z%, 2) —@C”(m,y,z)} =
rzeX,YeX,
z€Z

sup  {{@" ) + (¥ y) + (25 2) - flet+y)t = sup {(z% 2)+
zeS,yeX,z€Z, zeS,reX,
g(x)—ze-C se—C

(y",r —a) + (", g(x) —s) = f(r)} = sup{(z" — ", 2) + (=7, g(x)) }+

zecS
sup{(y*,7) — f(r)} + sup {(=2",s)}
reX se=C
=y + (=2"9)s(" —y") + -0 (27). (3.8)

One can define now the following dual problem to (P¢)

(Dre) sup  {—(@974)"(0,4%,27)}
y*eEX* z¥eZ*

which is actually

(Drr) sup  {=f"(y") — (z79)s(=y")}-
Yy EX* 2 €CH
We call (DYFL) the Fenchel-Lagrange dual problem of (P®), since it can be
seen as a combination of the classical Fenchel and Lagrange duals. By the
weak duality theorem we have v(DFL) < v(PY).

The three dual problems considered here for the optimization problem
with geometric and cone constraints have been introduced and studied for
problems in finite dimensional spaces in [186] and for problems in infinite
dimensional spaces in [39].

Remark 3.1.2. The name Fenchel-Lagrange for the dual problem (DFt) is
motivated by the fact that in the definition of £ we perturb both the cone
constraints (like for (D®%)) and the argument of the objective function (like
for (DF)). Another motivation for the choice of this name can be found in
the following considerations.
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The Lagrange dual problem to (P¢)
(D7) sup inf{f(x) + (s"g)()}

2*eC* TES

can also be formulated as

(D¥)  sup inf {f(z) + ((z"g) +ds)(2)}.
zxeC* T€X
Consider for a fixed z* € C* the infimum problem in the objective function
of the problem above

inf {f(z) + ((2"9) + ds)()}.

zeX

Tts Fenchel dual (cf. subsection 3.1.2) is
sup {=f"(y") — ("9)s(=y")}

y* cX*
By taking in the objective function of (D) instead of the infimum problem
its Fenchel dual, one gets exactly the Fenchel-Lagrange dual to (P®) (weak
duality is automatically ensured).

Consider now the Fenchel dual problem of (P%)

(D) y*sgé*{—f*(y*) —oal-y")}

which is the same as

(D) sup {—f*(y*) + inf (y*,z)}.
yreX* zeA
We fix an element y* € X* and consider the infimum problem which appears
in the objective function of (DF)

inf (y* .
xle A <y ’ {E>
Its Lagrange dual is

sup inf {{y",2) + (2"g)(2)} = sup {~("g)5(~y")}
zreCx LES z*eC*
By taking in the objective function of (DF) instead of the infimum problem
its Lagrange dual, what we get is again exactly the Fenchel-Lagrange dual to
(PY) (weak duality is also in this situation automatically ensured).

Having now the three dual problems for the optimization problem with
geometric and cone constraints, it is natural to try to find out which rela-
tions exist between their optimal objective values. The weak duality theorem
Theorem 3.1.1 is guaranteeing that these values are less than or equal to the
optimal objective value of the primal problem, but the following results offer
a more precise answer to this question.
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Proposition 3.1.5. It holds v(DFL) < v(DCr).

Proof. Let z* € C* be fixed. Since the optimization problem

sup {—f"(y") — (z"9)s(—vy")}
Jex-

is the Fenchel dual to
inf {f(z) + ((2"9) + ds)(x)},

zeX

we obtain that (cf. Theorem 3.1.1)

sup {—f*(y") — (2"9)5(=y")} < Wl {f(z) + ((z"9) + 0s)(2)}.
yrEX* zeX
Taking the supremum over z* € C* in both sides of the equality above, the
inequality v(DCFr) < v(DCr) follows automatically. O

Proposition 3.1.6. It holds v(D®F*) < v(DCr).
Proof. Let be y* € X* fixed. We have seen in Remark 3.1.2 that

sup {—(z"9)s(—y")}
z*eC*

is the Lagrange dual problem to

inf (y*, ).
;gA<y,w>

This implies that

—f*(y") + sup {=(z"g)5(=y")} < —f"(y") + inf (y", ).
z*eC* zeA
Taking the supremum over y* € X™* in both sides of the inequality above, we
get v(DCFr) < (D). O

Combining the results of the last two propositions we obtain the following
scheme for the relations between the optimal objective values of the primal
problem (P¢) and of the three conjugate duals introduced in this subsection
(see also [39,186])

(D°E) (PO, (3.9)

v(DE) < Zﬁwm =

Remark 3.1.3. In [186] one can find examples which show that the inequalities
in (3.9) can be strict and, on the other hand, that in general between v(Dr)
and v(D®F) no ordering relation can be established. In order to close the gap
between the optimal objective values in (3.9) and to guarantee the existence of
optimal solutions to the duals, one needs so-called reqularity conditions. The
next section is dedicated to the formulation of different regularity conditions
and strong duality results for the primal-dual pairs considered in this section.
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3.2 Regularity conditions and strong duality

The regularity conditions we give first are regarding the primal optimization
problem (PG) and its conjugate dual (DG). They are expressed by means of
the perturbation function @ and guarantee the stability of (PG). Afterwards
we derive from these general conditions corresponding regularity conditions
for the different classes of primal-dual problems considered in section 3.1 and
also state strong duality theorems.

3.2.1 Regularity conditions for the general scalar optimization
problem

Throughout this subsection we assume that @ is a proper and convex function
with 0 € Pry (dom ®).

The first regularity conditions we give are so-called generalized interior
point regularity conditions. We start with a classical regularity condition
stated in a general framework, in which the space of the feasible variables
X and the space of the perturbation variables Y are assumed to be Hausdorff
locally convex spaces:

(RC?) | 32’ € X such that (2/,0) € dom® and &(x,-) is continuous at 0.

For the next three regularity conditions we have to assume that X and Y are
Fréchet spaces (cf. [158,205]):

(RCE) | X and Y are Fréchet spaces, @ is lower semicontinuous and
0 € sqri(Pry (dom @)).

The regularity condition (RCY) is the weakest one in relation to the following
regularity conditions which involve further generalized interiority notions (cf.
[158]):

(RC’gﬁ) X and Y are Fréchet spaces, @ is lower semicontinuous and
0 € core(Pry (dom @)),

respectively,

(RC$,)) | X and Y are Fréchet spaces, @ is lower semicontinuous and
0 € int(Pry (dom @)).

Regarding the last two conditions we want to make the following comment.
In case @ is convex and lower semicontinuous its infimal value function
h:Y — R, h(y) = inf,ex ®(x,y), is convex but not necessarily lower semi-
continuous, fulfilling dom h = Pry (dom @). Nevertheless, when X and Y are
Fréchet spaces, by [207, Proposition 2.2.18] the function h is li-convex. Us-
ing [207, Theorem 2.2.20] it follows that core(domh) = int(dom h), which
has as consequence the equivalence of the regularity conditions (RCY,) and
(RCE,). Thus, (RCE,) < (RCE) = (RCY), all these conditions being implied
by (RC¥) when X and Y are Fréchet spaces and & is lower semicontinuous.
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Another generalized interior point regularity condition, we consider of in-
terest especially when dealing with convex optimization problems in finite
dimensional spaces, is the following (cf. [157,207]):

(RCY) | dim(lin(Pry (dom @))) < +oo and 0 € ri(Pry (dom ®)).

Now we state the strong duality theorem for the pair of primal-dual problems
(PG) — (DQ@) (for the proof, see [67,157,158,207]).

Theorem 3.2.1. Let & : X x Y — R be a proper and convex function such
that 0 € Pry (dom ®). If one of the regularity conditions (RC¥), i € {1,2,3},
is fulfilled, then v(PG) = v(DG) and the dual has an optimal solution.

Let us come now to a different class of regularity conditions, called closedness
type regularity conditions. They are expressed by means of the epigraph of the
conjugate of the perturbation function @, provided that X and Y are Haus-
dorff locally convex spaces and @ is a proper, convex and lower semicontinuous
function.

We prove first the following important result (see also [155]).

Theorem 3.2.2. Let & : X xY — R be a proper, convex and lower semicon-
tinuous function fulfilling that 0 € Pry (dom @). Then the following statements
are equivalent:
(i) sup{{z*,z) — P(x,0)} = min {P*(z*,y*)} Va* € X*;

rzeX yrey*
(7i) Prx«xr(epi @*) is closed in the topology w(X™*, X) x R.

Proof. Letn: X* — R, n(z*) = inf{®* (2*,y*) : y* € Y*} be the infimal value
function of the conjugate function of @. Then, as pointed out in Remark 2.2.7,
we have that

Prx«xr(epi @) C epin C cl(Pry«xr(epi®*)). (3.10)

By using the Fenchel-Moreau theorem (Theorem 2.3.6) we obtain the following
sequence of equalities which hold for all z € X

w@) = sup (o= aa)) = swp {aa) — inf (2"}

= sup {{z", ) — D*(a™,y")} = &**(x,0) = &(z,0).
TrEX* Y EY
As 1 is convex (cf. Theorem 2.2.6), it follows that 7 is also convex. More than
that, the latter is not identical +o0o. Otherwise would follow that (77)*(x) =
n*(x) = —oo for all x € X, but this would contradict the properness of .
Because of 0 € Pry (dom @), there exists xg € X such that &(zp,0) < +oc.
Then by the Young-Fenchel inequality we get

n(z*) = 125 {P"(z",y")} > (", x0) — P(x0,0) V2" € X~
Jrey
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and this yields 7(z*) > (x*, z¢) — D(z0,0) > —oc for all z* € X*.
This means that 77 is also proper and by using Corollary 2.3.7 we obtain
for all * € X*

sup {(z", z) — &(x,0)} = sup{(z", ) —n"(x)}
reX reX

(@) =) < n(et) = inf 02"y (3.11)
(i) = (49). In case relation (4) is fulfilled, from (3.11) follows that » is lower
semicontinuous and that for all * € X* there exists y* € Y™ such that
n(x*) = &*(a*,y*). From here we have that epin C Pry«xr(epi @*). Taking
now into consideration (3.10) it follows that epin = Prx«ygr(epi #*) and this
proves that Prx«yr(epi ®*) is closed in the topology w(X™*, X) x R.

(#4) = (i). Assuming that Prx-yr(epi®*) is closed in the topology
w(X*, X) xR, relation (3.10) implies that 7 is a lower semicontinuous function
and epin = Pryx«xr(epi®*). This is nothing else than that for all * € X*
n(z*) = ming-ey-{P*(z*,y*)}. Considering again (3.11) one can easily con-
clude that for all z* € X™* the equality

sup {(z, ) — P(2,0)} = min {¢"(«",y")}
zeX yre

holds. O

Inspired by Theorem 3.2.2 we can state the following closedness type reg-
ularity condition:

(RC?) | & is lower semicontinuous and Prx«yg(epi @*) is closed in
the topology w(X*, X) x R.

Theorem 3.2.3. Let & : XxY — R be a proper and convex function such that
0 € Pry(dom ®). If the reqularity condition (RCY) is fulfilled, then v(PG) =
v(DG) and the dual has an optimal solution.

Proof. The conclusion follows from Theorem 3.2.2(i7) = (i), by considering
(1) for z*=0. O

Remark 3.2.1. Whenever @ is proper, convex and lower semicontinuous, then
the conditions (RC®),i € {2,2/,2"}, are sufficient for having (RCY) fulfilled.

In what follows we particularize the general regularity conditions as well
as the strong duality theorems introduced above for the primal-dual pairs of
optimization problems given in the previous section.
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3.2.2 Regularity conditions for problems having the composition
with a linear continuous mapping in the objective function

For X and Y Hausdorff locally convex spaces, A € L(X,Y), f: X — R and
g:Y — R proper and convex functions fulfilling dom f N A~ (dom g) # 0 we
consider the optimization problem from subsection 3.1.2

(PA) inf {f(z) + g(Aa)},

along with the perturbation function @4 : X x Y — R, ¢4(z,y) = f(z) +
9(Az +y).
The regularity condition (RCY) becomes in this particular case

(RC{Y) | 32" € X such that f(2') + g(Az’) < 400 and the function
y— f(2') 4+ g(Az’ + y) is continuous at 0
or, equivalently,

(RC{Y) | 32" € dom f N A~ (dom g) such that g is continuous at Az’.

In Fréchet spaces, since Pry (dom®4) = {y € Y : 3z € dom f such that y €

dom g — Az} = dom g — A(dom f), we can state the following regularity con-
dition for (P4) — (D#)

(RC3) | X and Y are Fréchet spaces, f and g are lower semicontinuous
and 0 € sqri(dom g — A(dom f))

along with its stronger versions

(RC3) | X and Y are Fréchet spaces, f and g are lower semicontinuous
and 0 € core(dom g — A(dom f))
and
(RC4,) | X and Y are Fréchet spaces, f and g are lower semicontinuous

and 0 € int(dom g — A(dom f)),

which are in fact equivalent.

The condition (RC3') was introduced in [160], while (RC3}) was given for
the first time in Banach spaces in [158]. In the finite dimensional case one has
for the the pair of problems (P4) — (D4) the following regularity condition

(RC4') | dim(lin(dom g — A(dom f)))< 400 and ri(A(dom f))Nri(dom g) #0.
The next strong duality theorem follows by Theorem 3.2.1.

Theorem 3.2.4. Let f : X — R,g:Y — R be proper and convex functions
and A € L(X,Y) such that dom f N A=(dom g) # (0. If one of the regularity
conditions (RC{Y), i € {1,2,3}, is fulfilled, then v(P4) = v(D?) and the dual
has an optimal solution.
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For further regularity conditions, expressed my means of the quasi interior
and quasi relative interior of the domains of the functions involved, which
also guarantee strong duality for (P4) — (D#), we refer to [27]. In order to
derive an appropriate closedness type condition for this primal-dual pair we
use the formula of the conjugate of #4 (cf. (3.3)), which states that for all
(z*,y*) € X* x Y* it holds (&4)*(z*,y*) = f*(z* — A*y*) + ¢g*(v*). Thus

(z*,7) € Prx«xr(epi(®?)*) & Jy* € Y* such that f*(z* — A*y*)

+9*(y*) <r <& Jy* € Y* such that (2* — A*y*,r — g*(y*)) € epi f*
< Jy* € Y such that (z*,r) € epi f* + (A*y™, 9" (v"))
& (z*,r) €epi f* + (A* x idg)(epig®).
Here A* xidg : Y* x R — X* X R is defined as (A* x idg)(y*,r) = (A*y*,r).
This leads to the following regularity condition
(RCY) | f and g are lower semicontinuous and epi f* + (A* x idg)(epi g*)
is closed in the topology w(X™*, X) x R.

From Theorem 3.2.3 one can deduce the following strong duality theorem.

Theorem 3.2.5. Let f : X — R and g : Y — R be proper and convex
functions and A € L(X,Y) such that dom fNA~*(dom g) # (). If the reqularity
condition (RC3) is fulfilled, then v(P4) = v(D#) and the dual has an optimal
solution.

Remark 3.2.2. The regularity condition (RCj') has been introduced by Bot
and Wanka in [38]. In case the functions f and g are lower semicontinuous
(RC3") is proven to be implied by the generalized interior point regularity
conditions given in the literature for the pair of problems (P4)— (D4). In [38]
it is shown by means of some examples that (RC3) is indeed weaker than the
other regularity conditions considered for this pair of primal-dual problems.

In case X =Y and A = idx the regularity conditions enunciated for (P4)
become

(RCiY) | 32’ € dom f Ndom g such that g is continuous at #’,
in case X is a Fréchet space

(RC) | X is a Fréchet space, f and g are lower semicontinuous
and 0 € sqri(dom g — dom f),

along with its stronger versions

(RCY) | X is a Fréchet space, f and g are lower semicontinuous
and 0 € core(dom g — dom f)
and

(RCY.,) | X is a Fréchet space, f and g are lower semicontinuous
and 0 € int(dom g — dom f),
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which are in fact equivalent, in the finite dimensional case
(RCY) | dim(lin(dom g — dom f)) < +o00 and ri(dom f) Nri(dom g) #0,
while the closedness type regularity condition states

(RCiY) | f and g are lower semicontinuous and epi f* + epi g*
is closed in the topology w(X*, X) x R,

respectively. Condition (RC3?) was introduced by Attouch and Breézis in [7]
(and bears their names), while (RC?) is due to Burachik and Jeyakumar
(cf. [41]; see also the paper of Bot and Wanka [38]). The strong duality theorem
follows automatically from Theorem 3.2.4 and Theorem 3.2.5.

Theorem 3.2.6. Let f,g: X — R be proper and convex functions such that
dom f Ndom g # (). If one of the regularity conditions (RCIY), i € {1,2,3,4},
is fulfilled, then v(P'Y) = v(D'Y) and the dual has an optimal solution.

We come now to a second special case, namely the one where f = 0.
In this case it obviously holds epi f* = {0} x Ry. The regularity conditions
introduced for (P4) give rise to the following formulations

(RCfg) ‘ 32’ € A~!(dom g) such that g is continuous at Az,
in case X and Y are Fréchet spaces

(RC’? 7) | X and Y are Fréchet spaces, g is lower semicontinuous
and 0 € sqri(dom g — A(X)),

along with its stronger versions

(RC;}g) X and Y are Fréchet spaces, g is lower semicontinuous
and 0 € core(dom g — A(X))

and

(RC;? ) | X and Y are Fréchet spaces, g is lower semicontinuous
and 0 € int(dom g — A(X)),

which are in fact equivalent, in the finite dimensional case
(RC’;‘") ‘ dim(lin(dom g — A(X))) < 400 and ri(A(X)) Nri(dom g) #0,
while the closedness type regularity condition states that

(RC’f") g is lower semicontinuous and (A* x idg)(epig*)
is closed in the topology w(X™*, X) x R.

Theorem 3.2.7. Let g : Y — R be a proper and convex function and A €
L(X,Y) such that A~1(dom g) # 0. If one of the reqularity conditions (RCiA"’),
i € {1,2,3,4}, is fulfilled, then v(P%s) = v(D"9) and the dual has an optimal
solution.
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Next we particularize the problem (P4s) in a similar way like in section
3.1. Let f; : X — R,i=1,...,m, be proper and convex functions, ¥ = X",
g: X™ =R, gz, ..,am) =>", fi(z')and A: X — X™ Az = (z,...,x).
Obviously, it holds dom g = []/~, dom f; and A~!(dom g) = /-, dom f;. In

m
this situation the condition (RC’{4 ) states that there exists 2’ € () dom f;
i=1
such that f; is continuous at z’,7 = 1,...,m. Nevertheless, we state here a
weaker condition, asking (only) that

(RCY) | 32’ € _61 dom f; such that m — 1 of the functions
fivi=1,...,m, are continuous at x’.
That (RC{) guarantees strong duality for the primal-dual pair (P¥) — (D?¥)
follows, for instance, by applying (RCI4) for m — 1 times.
Coming back to the special choice of the function g and of the mapping
A from above, one has domg — A(X) = [[\~, dom f; — Axm. Thus (RCiAg),

i €{2,2/,2" 3}, lead to the following regularity conditions (if X is a Fréchet
space, then X™ is a Fréchet space, too):

b . z L . . .
s Ji 5 s ey M,
(RCs") | X is a Fréchet space, f; is lower semicontinuous, i = 1,...,m
m
and 0 € sqri <H dom f; — Axm>,
i=1

along with its stronger versions
(RC22, ) | X is a Fréchet space, f; is lower semicontinuous, ¢ = 1, ...,m,

and 0 € core (H dom f; — Axm)
i=1

and

(RC3;) | X is a Fréchet space, f; is lower semicontinuous, i = 1, ...,m,
m
and 0 € int (H dom f; — Axm>,
i=1

which are in fact equivalent, while in the finite dimensional case we have

(RC3") | dim (hn (ﬁ dom f; — Axm>> < 400 and Fl] ri(dom f;) # 0.
i=1 i=1

K3

For stating the closedness type regularity condition we need to establish the
shape of the set (A* x idg)(epig*). One has

(z*,7r) € (A* x idg)(epig*) & 3I(z'*,...,2™*) € (X*)™ such that

g (@™, ™) <rand A* (2, 2™) = 2 & F(at, 2™ e (X))

m m m
such that Z fr(z™) <r and Z:}:’* =z2" & (2%,1r) € Zepi 1.
i=1 i=1 i=1

Thus (RC';4 ) is nothing else than
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m
(RCY) | fi is lower semicontinuous, i = 1,...,m, and Y epi 7 is closed
i=1
in the topology w(X™*, X) x R.

Remark 3.2.5. The regularity condition (RC{’) can also be obtained as a par-
ticular instance of (RC¥) when considering an appropriate perturbation func-
tion. This should have m —1 perturbation variables, perturbing the arguments
of m — 1 of the functions f;,7 = 1,...,m. One can prove that, when employing
the regularity conditions (RCY),i € {2,2/,2”,3,4}, for this perturbation func-
tion one obtains nothing else than equivalent formulations for the regularity
conditions (RC{),i € {2,2/,2",3, 4}, respectively.

We state the strong duality theorem for the primal-dual pair (P*) — (D).

Theorem 3.2.8. Let f; : X — R,i =1,....m, be proper and convex functions
such that /-, dom f; # 0. If one of the regularity conditions (RC}”), i €
{1,2,3,4}, is fulfilled, then v(P¥) = v(D¥) and the dual has an optimal
solution.

3.2.3 Regularity conditions for problems with geometric and cone
constraints

In this subsection we consider again the primal problem (P®) (cf. subsection
3.1.3)
PC) inf
(P%)  inf f(x),
A={zeS:g(x)e -C}

where X is a Hausdorff locally convex space, Z is another Hausdorff locally
convex space partially ordered by the convex cone C' C Z, S C X is a given
nonempty convex set, f : X — R a proper and convex function and g : X — Z
a proper and C-convex function fulfilling dom f NS N g~ (—C) # 0.

We deal first with regularity conditions for (P¢) and its Lagrange dual
(D®r), which we derive from the general ones by considering as perturbation
function L : X x Z — R,

f(x), ifxe S, g(x)ez—C,

400, otherwise.

PO (z,2) = {

The first condition we introduce is the well-known Slater constraint qualifica-
tion

(RCS™) ‘ Jz’ € dom f NS such that g(z') € —int(C).

Indeed, having for 2’ € X that (2/,0) € dom ®“L and ¢ (2/,-) is continuous
at 0, this is nothing else than supposing that 2/ € dom f NS and §_¢ is
continuous at g(2’) or, equivalently, 2’ € dom f N S and g(z’) € —int(C).
We come now to the class of regularity conditions which assumes that X
and Z are Fréchet spaces. One has Prz(dom ¢t) = g(dom fNSNdom g)+C.
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In order to guarantee the lower semicontinuity of #* we additionally assume
that S is a closed set, f is a lower semicontinuous function and g is a C-epi
closed function. As under these assumptions the epigraph of the perturbation
function

epi @Y = {(z,2,7) € X x Z xR : (z,7) €epi fYN(S x Z xR) N (epic g x R)

is a closed set, the perturbation function #€* is lower semicontinuous. These
considerations lead to the following regularity condition

(RC’QC )| X and Z are Fréchet spaces, S is closed, f is lower semicontinuous,

g is C-epi closed and 0 € sqri (g(dom f NS Ndomg) + C),

along with its stronger versions

(ROS™)

X and Z are Fréchet spaces, S is closed, f is lower semicontinuous,
g is C-epi closed and 0 € core (g(dom f NS Ndomg)+ C)

and

(ROSH)

X and Z are Fréchet spaces, S is closed, f is lower semicontinuous,
g is C-epi closed and 0 € int (g(dom f NS Ndomg) + C),

which are in fact equivalent. Mentioning that in the finite dimensional case
the regularity condition looks like

(RCS™) | dim (lin (g(dom f N S Ndom g) + C)) < 400 and
0 €ri(g(dom fNSNdomg)+ C),

we can give the following strong duality theorem for the pair (P¢) — (D),
which is a consequence of Theorem 3.2.1.

Theorem 3.2.9. Let Z be partially ordered by the convex cone C C Z, S C X
be a nonempty convex set, f : X — R a proper and convex function and
g: X — Z a proper and C-convex function such that dom fNSNg=1(—C) # 0.
If one of the reqularity conditions (RCiCL), i € {1,2,3}, is fulfilled, then
v(PY) = v(D%) and the dual has an optimal solution.

We come now to the formulation of the closedness type regularity condition
and to this aim we determine the set Prxr(epi(¢“L)*). By (3.6) one has

(z*,7) € Pryx«xr(epi(®°F)*) & 3z* € —C* such that (f + (—2*¢))5(z*) <7

e e |J epilf +(z"g) +ds)"
zxeC*

and this provides the following regularity condition
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(RCEL) S is closed, f is lower semicontinuous, g is C-epi closed

and |J epi(f+ (2*g) + ds)* is closed in the topology
zxeC*
w(X*, X) x R.

From Theorem 3.2.3 we get the following result.

Theorem 3.2.10. Let Z be partially ordered by the convexr cone C C Z, S C
X be a nonempty convex set, f : X — R a proper and convex function and
g: X — Z a proper and C-conver function such that dom fNSNg=!(—C) # ().
If the regularity condition (RCS™) is fulfilled, then v(PC) = v(DCt) and the
dual has an optimal solution.

Remark 3.2.4. The regularity condition (RC’EL) was introduced by Bot, Grad
and Wanka in [32] (see also [31]). There has been shown that, concerning the
function g, it is enough to assume that g is C-epi closed, different to other
regularity conditions given in the literature, which assume for g the stronger
hypotheses of C-lower semicontinuity or star C-lower semicontinuity, respec-
tively. In case S is closed, f is lower semicontinuous and ¢ is C-epi closed,
(RCE L) has been proven to be weaker than the generalized interior point
regularity conditions given with respect to Lagrange duality in the literature.

We turn our attention now to the regularity conditions which guarantee
strong duality for (P¢) and its dual (DF), the perturbation function used in
this context being ®°F : X x X — R, ¢9F (x,y) = da(x) + f(x+y). They can
be derived from the ones given in subsection 3.2.2 in the general framework of
Fenchel duality. The assumptions we made in the beginning of this subsection
imply that A is a nonempty convex set. Then (RCI4),i € {1,2,2/,2", 3,4},
lead to the following conditions

(RCCF) ‘ 3z’ € dom f N A such that f is continuous at 2/,
in case X is a Fréchet space

(RCQC ) | X is a Fréchet space, A is closed, f is lower semicontinuous
and 0 € sqri(dom f — A),

along with its stronger versions

(RCQC;F ) | X is a Fréchet space, A is closed, [ is lower semicontinuous
and 0 € core(dom f — A)

and

(RCg,F ) | X is a Fréchet space, A is closed, [ is lower semicontinuous
and 0 € int(dom f — A),

which are in fact equivalent, in the finite dimensional case
(RCS™) ‘ dim(lin(dom f — A)) < +oc and ri(dom f) Nri(A) # 0,

while the closedness type regularity condition states that
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(RC'4c ") | Ais closed, f is lower semicontinuous and epi f* + epio 4
is closed in the topology w(X*, X) x R,

respectively. From Theorem 3.2.6 we get the following result.

Theorem 3.2.11. Let Z be partially ordered by the convexr cone C C Z, S C
X be a nonempty convex set, f : X — R a proper and convex function and
g: X — Z a proper and C-conver function such that dom fNSNg=1(—C) # .
If one of the regularity conditions (RCE™), i € {1,2,3,4}, is fulfilled, then
v(PY) = v(DCF) and the dual has an optimal solution.

The third conjugate dual problem we introduced for (P%) is the so-called
Fenchel-Lagrange dual obtained via the perturbation function PCrL X x
X xZ — R,

Crr J fla+y), iftxe S g(x)ez—-C,
P (w,y,2) = {—l—oo, otherwise.
The first regularity condition we state for the pair of problems (P¢) — (Drz)
is given in the general framework regarding the spaces X and Z

(RCEFL) | 3o/ € dom f N S such that f is continuous at 2

and g(2') € —int(C).

One can easily see that (RCC™E) is exactly the reformulation of (RC?) when
considering as perturbation function #“#*. We show in the following that

Pryxz(dom ®“F=) = dom f x C' — epi_cy(—=g) N (S x 2),

where we consider the projection on the product of the last two spaces in the
domain of definition of #¢F=. Indeed,

(y,2) € Pryyz(dom #°F-) < Jz € X such that $°FE (z,y, 2) < 400

< Jx € S such that  + y € dom f and g(z) € 2z — C < Jz € S such that
(y,2) € (dom f —x) x (g(x) + C) < Jz € S such that (y,z) € dom f x C
—(z,—g(@)) & (y,2) € dom f x C —epi_¢)(—g) N (S x Z)

and this leads to the desired formula.
One can formulate the following generalized interior point regularity con-
dition
(RC2C L) | X and Z are Fréchet spaces, S is closed, f is lower
semicontinuous, g is C-epi closed and
0 € sqri (domf x C —epi_c)(—g) N (S x Z)),

along with its stronger versions
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(RCSF L) | X and Z are Fréchet spaces, S is closed, f is lower
semicontinuous, g is C-epi closed and

0 € core (domf x C' —epi_c)(—g) N (S x Z))

and

(RCzc/,F L) | X and Z are Fréchet spaces, S is closed, f is lower
semicontinuous, g is C-epi closed and

0 € int (domf x C' = epi(_c)(—g) N (S x Z)) :

which are in fact equivalent, while in the finite dimensional case one can state
(RCS72Y | dim (nn (dom Fx C = epir_cy(—g) N (S x Z))) < 400 and
0eri (domf x C —epi_cy(—g) N (S x Z))

The strong duality theorem for the pair (P) — (D®Ft) follows from Theorem
3.2.1.

Theorem 3.2.12. Let Z be partially ordered by the conver cone C C Z, S C
X be a nonempty convex set, f : X — R a proper and convex function and
g: X — Z a proper and C-conver function such that dom fNSNg=1(—C) # .
If one of the regularity conditions (RCZCFL), i € {1,2,3}, is fulfilled, then
v(PY) = v(DFt) and the dual has an optimal solution.

Before introducing the closedness type condition we need to determine first
the set Prx«xg(epi(@“F)*). One has, by (3.8),

(z*,7) € Pry-xr(epi(P°FE)*) & I(y*, 2*) € X* x Z* such that
(POFLY (2*,y*, 2*) < r < I(y*, z") € X* x C* such that f*(y*)
+(z*9)s(z* —y*) <r < Iy, 2") € X* x C* such that (" —y*,r — f*(y"))
€ epi(z*g)s & I(y*, 2*) € X*xC* such that (z*,r) € (v*, f*(y*))+epi(z*9)%
& (2%, r) €epi f* + U epi((z*g) + ds)".

z*eC*
In conclusion, Prx«xg(epi(®“74)*) = epi f* + U, cc- epi((2*g) + ds)* and
thus the closedness type regularity condition looks like

(RCSFL) | S is closed, f is lower semicontinuous, g is C-epi closed

and epi f*+ |J epi((z*g) + ds)* is closed in the topology
z*eC*
w(X*, X) x R,

while the strong duality theorem can be enunciated as follows.

Theorem 3.2.13. Let Z be partially ordered by the convex cone C' C Z, S C
X be a nonempty convex set, f : X — R a proper and convex function and
g: X — Z a proper and C-convex function such that dom fNSNg=1(—C) # (.
If the regularity condition (RCSTE) is fulfilled, then v(PY) = v(D°FL) and
the dual has an optimal solution.
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Remark 3.2.5. Taking into consideration the relations that exist between the
optimal objective values of the three conjugate duals to (P®) (cf. (3.9)), one
has that if between (P¢) and (D®Ft) strong duality holds, then v(P¢) =
v(DC) = v(DCF) = v(DYFL). Moreover, if (5*,2*) € X* x C* is an optimal
solution to (DYFL), then 4* € X* is an optimal solution to (D“F) and z* € C*
is an optimal solution to (DC*). This means that for the pairs (P¢) — (D)
and (P®) — (D) strong duality holds, too.

We close the section by considering a particular instance of the primal
problem (P%) for which we give some weak regularity conditions which ensure
strong duality between it and the three conjugate dual problems assigned to
it. Consider S C R” to be a nonempty convex set, f : R — R a proper
and convex function and g : R® — R™, g(z) = (g1(x), ..., gm(z))T a vector
function having each component g;,7 = 1, ..., m, convex. We consider as primal
problem N

C .
(P%)  inf f(z).
A={xeS:g(x) <0}

Assume that dom fN SN g~ ' (—R7) # (. Further, let be L = {i € {1,...,m} :
g; 1s affine} and N = {1, ...,m}\ L. Consider the following regularity condition
(cf. [186])

—cC
(RC ") | 32’ € ri(dom f) N1i(S) such that g;(2') < 0,i € L, and
gi(z') < 0,i € N.

In [186] the following strong duality theorem has been formulated.

Theorem 3.2.14. Let S C R™ be a nonempty conver set, f : R* — R a
proper and convexr function and g : R — R™, g(x) = (g1(2), ..., gm(x))T
a vector function having each component g;,i = 1,...,m, convex such that
dom f NS Ng (=R # 0. If the regularity condition (RAE'CFL) is fulfilled,
then for (PY) and its Fenchel-Lagrange dual strong duality holds, namely
v(PC) = v(DCrL) and the dual has an optimal solution.

—C
Remark 3.2.6. The condition (RC FL) is ensuring strong duality also for the
Fenchel and Lagrange dual problems. Nevertheless, for having strong duality
between (P¢) and its Fenchel dual it is enough to assume that (cf. [157,186])

(RC”") | ri(dom f) N ri(A) # 0

holds, while for having strong duality between (PC) and its Lagrange dual it
is enough to assume that (cf. [157,186])
—C
(RC™ ") | 32’ € ri(dom f N S) such that g;(z') < 0,i € L, and
gi(2') <0,ieN

holds.
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3.3 Optimality conditions and saddle points

In this section we derive by using the already given strong duality theorems
necessary and sufficient optimality conditions for the pairs of primal-dual
problems considered until now in this chapter. For these pairs we also de-
fine, taking into consideration the corresponding perturbation functions, so-
called Lagrangian functions (cf. [67]) and give some characterizations of their
saddle points with respect to the optimal solutions to the primal and dual
problems. All this will be first done in the general case (for the primal-dual
pair (PG) — (DG)), followed by a particularization to the different classes of
optimization problems treated above.

3.3.1 The general scalar optimization problem

Assume that the perturbation function @ : X xY — R is a proper function ful-
filling 0 € Pry (dom @). The following theorem (cf. [67]) formulates necessary
and sufficient optimality conditions for the primal-dual pair (PG) — (DG).

Theorem 3.3.1. (a) Assume that® : X xY — R is a proper and convex func-
tion such that 0 € Pry (dom ®). Let & € X be an optimal solution to (PQ)
and assume that one of the regularity conditions (RCE),i € {1,2,3,4},
is fulfilled. Then there exists §* € Y*, an optimal solution to (DG), such
that

&(z,0) +P*(0,57) =0 (3.12)

or, equivalently,
(0,7%) € 09(z,0). (3.13)

(b) Assume that T € X and g* € Y* fulfill one of the relations above. Then
Z s an optimal solution to (PG), §* is an optimal solution to (DG) and
v(PG) = v(DG).

Proof. (a) By Theorem 3.2.1 and Theorem 3.2.3 follows that there exists
y* € Y* such that

®(z,0) = v(PG) = v(DG) = —*(0,7*) € R.

Thus @(z,0) + ®*(0,5*) = 0 or, equivalently, by Theorem 2.3.12, (0,7*) €
09(z,0).

(b) The assumption that (3.12) or (3.13) are fulfilled automatically guaran-
tees that &(z,0) € R. Since, by the weak duality theorem —&*(0,y*) < &(x,0)
for all z € X and all y* € Y*, we get that —0*(0,7*) = sup,cy-{—2*(0,y%)}
=v(DG), P(Z,0) = infex{P(2,0)} = v(PG) and that these values are equal.
O

Remark 8.5.1. We want to underline the fact that the statement (b) in the
theorem above is true in the most general case without any assumption for @
regarding convexity or the fulfillment of any regularity condition.
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We come now to the definition of the Lagrangian function for the pair of
primal-dual problems (PG) — (DG) (cf. [67]). This will be done by means of
the perturbation function @.

Definition 3.3.1. The function L? : X x Y* — R defined by
L?(w,y*) = inf {@(z,y) — (y",y)}
yey

is called the Lagrangian function of the pair of primal-dual problems (PG) —
(DG) relative to the perturbation function &.

One can easily see that for all z € X it holds L?(z,y*) = —®(y*) for
all y* € Y*, where &, : Y — R is defined by ®,(y) = ®(x,y). Thus for all
x € X the function L®(z,-) is concave and upper semicontinuous. On the
other hand, assuming that @ is convex, for all y* € Y* the function L?(-,y*)
is also convex (cf. Theorem 2.2.6).

In the following we express the problems (PG) and (DG) in terms of the
Lagrangian function L?. For all (z*,y*) € X* x Y* we have

Q*(z",y*) = sup {(z",7)+ (y*,y) — P(x,y)} = sup{(z*,z)—
zeX,yeY reX

. f d , o *’ — *’ _ L@ , *
inf {#(z,9) = ",9)}} = sup {(a",2) — L*(z,y")}
and so
—P*(0,y") = 1g§( L?(z,y*) Yy* € Y™, (3.14)
Then the dual (DG) can be reformulated as

DG) sup inf L?(x,y*).
( ) y*Eg* reX ( y)

Assume in the following that for all x € X the function @, is convex and
lower semicontinuous and it fulfills @, (y) > —oo for all y € Y. In case @ is a
proper, convex and lower semicontinuous function, the assumption required

above is fulfilled for all z € X.
Thus for a given = € X one has

D.(y) = D77 (y) = sup {(¥",y) —P(y")}

yreEY "
= sup {(y"y) +L%(z,y")} VyeY.
yreEY*
For y = 0 one gets
&(2,0) = D,(0) = sup L?(z,y*) Vor € X (3.15)
y*EY*

and the problem (PG) can be reformulated as
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PG) inf sup L%(z,y").
(PG) inf swp L*(r.y)

By these reformulations of the primal and dual problems the weak duality
theorem is nothing else than the well-known “minmax”-inequality

sup inf L?(z,y*) < inf sup L?(z,y"). 3.16
Jup, ol L(wy7) < Juf sup L7(.y7) (8.16)

Definition 3.3.2. We say that (z,5*) € X x Y* is a saddle point of the
Lagrangian function LT if

L*(z,y*) < L*(2,5") < L?(2,5*) Ve € X Vy* € Y™, (3.17)

Next we relate the saddle points of the Lagrangian function L? to the
optimal solutions to the problems (PG) and (DG).

Theorem 3.3.2. Assume that for all x € X the function &, : Y — R is
a convex and lower semicontinuous function fulfilling @, (y) > —oo for all
y € Y. Then the following statements are equivalent:

(i) (z,7*) is a saddle point of LT;
(i) T € X is an optimal solution to (PG), §* € Y* is an optimal solution to
(DG) and v(PG) = v(DG).

Proof. (i) = (ii). Since (Z,%*) is a saddle point of L?, by (3.14) and (3.15)
follows that
—¢*(0,7") = inf L?(z,5") = L*(z,5") = sup L?(z,y*) = &(z,0).
TEX yrEY*

Thus &(z,0) + ¢*(0,7*) = 0 and the conclusion follows by Theorem 3.3.1(b).
(74) = (7). Using again (3.14) and (3.15) we have

~0(0,5") = inf L%(2,5") < L7(z,7")
S

and
®(z,0) = sup LP(z,y*) > L?(z,7"),
y*eY*

respectively. Since v(PG) = v(DG) is equivalent to &(z,0) = —*(0,5*), it
holds

sup L?(z,y") = L(z,5") = inf L?(x,5"),

yreEY* reX
which means that (Z,7*) is a saddle point of L?. O

Remark 3.3.2. For all z € X the inequality @(z,0) > sup,.cy- L?(z,y*) is
always true. This means that the implication (i4) = (i) in the theorem above
is true in the most general case without any assumption for &.
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Theorem 3.3.1 and Theorem 3.3.2 lead to the following result.

Corollary 3.3.3. Assume that ® : X xY — R is a proper and convex function
such that 0 € Pry (dom @) and @, is lower semicontinuous for all x € X. Let
one of the reqularity conditions (RC¥),i € {1,2,3,4}, be fulfilled. Then 7 € X
is an optimal solution to (PQ) if and only if there exists y* € Y* such that
(Z,97) is a saddle point of L. In this case §j* is an optimal solution to the
dual (DG).

In what follows we give necessary and sufficient optimality conditions and,
respectively, introduce corresponding Lagrangian functions for the different
particular pairs of primal-dual problems derived from the general one (PG) —
(DG). The connection between the saddle points of these Lagrangian functions
and the optimal solutions to the corresponding problems is also established.

3.3.2 Problems having the composition with a linear continuous
mapping in the objective function

Let X and Y be Hausdorff locally convex spaces, f : X - Rand g:Y — R
be proper functions and A € £(X,Y) fulfilling dom f N A~ (dom g) # () and
consider the primal problem

A .
(PA) inf {f(z) + g(A2)}
and its Fenchel dual

(DY) sup {=1"(~A"") = ")),

We can state the following result.

Theorem 3.3.4. (a) Let f : X — R,g:Y — R be proper and convexr func-
tions and A € L(X,Y) such that dom f N A~ (domg) # (). Let & € X be
an optimal solution to (PA) and assume that one of the reqularity con-
ditions (RC{),i € {1,2,3,4}, is fulfilled. Then there exists §* € Y*, an
optimal solution to (D?), such that
(i) F(z) + [* (~A"5*) = (—5", AT);

(i6) g(A) + g* (7") = (7", AZ).

(b) Assume that & € X and §* € Y* fulfill the relations (i) — (7). Then T
is an optimal solution to (P%), y* is an optimal solution to (D*) and
v(PA) = v(DA).

Proof. The result follows from Theorem 3.3.1. What we have to prove is just
that in this particular case the relation (3.12) is equivalent to (i) —(i7). Indeed,
(3.12) can be rewritten as

o4(2,0) + (4)*(0,77) =0 & f(z) + g(Az) + f* (A" F") + g*(§") =0
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& [f(@) + f(A"Y) = (A"g", 1)) + [9(AZ) + g7 (¥") — (", Az)] = 0.
On the other hand, the Young-Fenchel inequality implies f(z)+ f*(—A*y*) —
(—A*g*,Z) > 0 and g(AZ) + g*(7*) — (¥, AT) > 0, which means that these
inequalities must be fulfilled as equalities. This concludes the proof. O

Remark 8.5.5. The optimality conditions (i) — (#¢) in Theorem 3.3.4 can be
equivalently written as

—A*y* € 0f(z) and y* € 0g(AzT).

The Lagrangian function assigned to the pair of primal-dual problems
(PA) — (D), L : X x Y* — R, is defined by

LA(z,y") = ;g[@f‘(x, y) = " y) = e[ (@) +g(Az +y) = (y",y)]

= f(z) + inflg(r) — (", r — Az)] = f(2) + {4y, 2) — ¢"(y").

Thus

sup inf LA(a:,y*) = sup {—f"(—4"y") —g*(v")}
yreY* rzeX yrEY*

and

inf sup LAz, y*) = inf {f(z *(Ax)}.

Jnf sup Lwy) = il /(@) + 97 (Av)}
The assumption that for all # € X the mapping &2 : Y — R is convex,
lower semicontinuous and fulfills ¢2(y) > —oc for all y € Y is nothing else
than assuming that g is a convex and lower semicontinuous function such that
g(y) > —oo for all y € Y. This is what we do in the following. By Theorem
3.3.2 we get the next result which holds without any assumption regarding f.

Theorem 3.3.5. Assume that g is a convexr and lower semicontinuous func-
tion fulfilling g(y) > —oo for all y € Y. Then the following statements are
equivalent:

(i) (Z,7%) is a saddle point of L*;
(i1) T € X is an optimal solution to (P4), §* € Y* is an optimal solution to
(DAY and v(PA) = v(D?).

Remark 3.3.4. The hypotheses of Theorem 3.3.5 are natural, since in this case,
g(Az) = g**(Az) for all z € X, which implies that infyecx sup, ey~ L (x,y%)
= infex{f(z) + g(Ax)}. As in general g**(Az) < g(Az) for all z € X,
the implication (i7) = (4) in the theorem above is true without any further
assumption.

Corollary 3.3.3 is providing the following characterization of the saddle
points of LA.
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Corollary 3.3.6. Assume that f : X — R is a proper and convex func-
tion, g : Y — R a proper, convex and lower semicontinuous function and
A € L(X,Y) such that dom f N A=Y(domg) # 0. Let one of the regularity
conditions (RC#),i € {1,2,3,4}, be fulfilled. Then T € X is an optimal solu-
tion to (PA) if and only if there exists §* € Y* such that (Z,4*) is a saddle
point of L. In this case §* is an optimal solution to the dual (D).

In case X =Y and A = idx, under the assumption that f,¢g: X — R are
proper functions fulfilling dom f N dom g # 0, we get the following necessary
and sufficient optimality conditions for the primal problem

idy
(P) inf {f(z) +g(2)}
and its Fenchel dual

(D) sup {—f*(~y") —g"(¥")}-

yreEX*

Theorem 3.3.7. (a) Let f,g : X — R be proper and convex functions such
that dom f Ndomg # (). Let & € X be an optimal solution to (P'Y) and
assume that one of the regularity conditions (RCIY),i € {1,2,3,4}, is
fulfilled. Then there exists * € X*, an optimal solution to (DY), such
that

(i) (2) + F*(=5") = (—5",3);
(1) 9(Z) + 9°(7") = (", 7).

(b) Assume that z € X and §* € X* fulfill the relations (i) — (ii). Then T
is an optimal solution to (Pid), g* is an optimal solution to (D'Y) and
v(Pid) = y(DiY).

Remark 3.3.5. The optimality conditions (i) — (4¢) in Theorem 3.3.7 can be
equivalently written as

€ (=0f(x)) N 9g(z).

The Lagrangian function assigned to the pair of primal-dual problems
(P4) — (DY), L4 : X x X* — R, looks like Lid(x,y*) = f(z)+ (y*,z) —g*(y*)
and one has

sup inf L'(x,y*) = sup {—f*(—y*) —g"(y")}
yrEX* zeX y*reX*

and

id . *k
mlg;ysgg} (z,y7) = inf {f(2) + g7 (2)}.

For the following result we omit asking that g is proper. The following two
results are consequences of Theorem 3.3.5 and Corollary 3.3.6, respectively.
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Theorem 3.3.8. Assume that g is a convex and lower semicontinuous func-
tion fulfilling g(x) > —oo for all x € X. Then the following statements are
equivalent:

(i) (z,5*) is a saddle point of L'9;
(ii) & € X is an optimal solution to (P'Y), y* € X* is an optimal solution to
(D'Y) and v(P'Y) = v(DY).

Corollary 3.3.9. Assume that f,g: X — R are proper and convex function
such that g is lower semicontinuous and dom f Ndomg # (). Let one of the
reqularity conditions (RCI%),i € {1,2,3,4}, be fulfilled. Then T € X is an
optimal solution to (P'Y) if and only if there exists §* € X* such that (T, 7*)
is a saddle point of L'Y. In this case §* is an optimal solution to the dual
(D).

Now let f: X — R be such that f =0, g : Y — R be a proper function,
A € L(X,Y) fulfilling A~!(domg) # () and consider the following pair of
primal-dual problems (cf. 3.1.2)

(PAe)  inf {g(Ax)}

and
(D) sup {—g"(y")},

respectively. Since f*(2*) = 010y (z*) for all z* € X*, from Theorem 3.3.4 one
can derive the following result.

Theorem 3.3.10. (a) Let g : Y — R be a proper and convex function and
A€ L(X,Y) such that A~1(dom g) # 0. Let T € X be an optimal solution
to (PA9) and assume that one of the regularity conditions (RCZ?A”),Z' €
{1,2,3,4}, is fulfilled. Then there exists §* € Y™, an optimal solution to
(DAs), such that
(Z) Ay = 0;

(ii) 9(AZ) + g*(7") = (7", A%).

(b) Assume that & € X and §* € Y* fulfill the relations (i) — (ii). Then T
is an optimal solution to (PA9), §* is an optimal solution to (D%s) and
v(P4s) = v(D49).

Remark 8.5.6. The optimality conditions () — (4¢) in Theorem 3.3.10 can be
equivalently written as

A*y* =0 and §* € dg(Az).

The Lagrangian function of the pair of primal-dual problems (PAs) —
(DA9), LA : X x Y* — R, LA (z,y*) = (A*y*, z) — g*(y*) verifies
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sup inf LA (z,y*) = sup {—g*(y*)}
y* cy* rxeX y*GY*,
A*y*=0

and

Jnf sup. LA (w,y") = inf {g™ (A2)}.

For the following result we omit asking that g is proper. Theorem 3.3.5 and
Corollary 3.3.6 lead to the following results, respectively.

Theorem 3.3.11. Assume that g is a convex and lower semicontinuous func-
tion fulfilling g(y) > —oo for all y € Y. Then the following statements are
equivalent:

(i) (Z,5*) is a saddle point of L9 ;
(ii) & € X is an optimal solution to (P49), §* € Y* is an optimal solution to
(DA9) and v(P4s) = v(D49).

Corollary 3.3.12. Assume that g : Y — R is a proper, convexr and lower
semicontinuous function and A € L(X,Y) such that A= (dom g) # (). Let one
of the regqularity conditions (RC’?“’),Z‘ € {1,2,3,4}, be fulfilled. Then & € X
is an optimal solution to (P49) if and only if there exists §* € Y* such that

(Z,7*) is a saddle point of LA9. In this case §* is an optimal solution to the
dual (D4s).

We close this subsection by considering f; : X — R,i = 1,...,m, proper
functions such that (-, dom f; # (). For the primal optimization problem

;gi{Zfz }

we obtained in subsection 3.1.2 the following dual

(D) sup {—Zf:w*)}.

" eX*i=1,....,m,

i z* =0
=1
Using Theorem 3.3.10, one can easily prove the following result.

Theorem 3.3.13. (a) Let f; : X — R,i = 1,...,m, be proper and convex
functions such that ﬂ:l1 dom f; # 0. Let T € X be an optimal solu-
tion to (P¥) and assume that one of the regularity conditions (RCF),i €
{1,2,3,4}, is fulfilled. Then there exists (z*,...,2™*) € (X*)™, an opti-
mal solution to (DZ), such that

(i) Z T
(i) fz( )+ (i:i*) = (™, Z),i=1,..,m.
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(b) Assume that * € X and (2*,...,2™) € (X*)™ fulfill the relations (i) —
(ii). Then Z is an optimal solution to (P¥), (z'*,...,2™) is an optimal
solution to (D*) and v(P¥) = v(D¥).

Proof. The result is a direct consequence of Theorem 3.3.10, where (i) and
(i1) look like 37, & = 0 and Y0, £i(2) + Y, i (#) = (X0, #,7),
respectively. Since for all i = 1,...,m, f;(Z) + f7(z%*) > (z%*, %), the latter is
further equivalent to f;(z) + f7(z"*) = (z*,z) for all i = 1,...,m. O

Remark 3.3.7. The optimality conditions (i) — (4¢) in Theorem 3.3.13 can be
equivalently written as

> & =0and 2% € 0fi(z),i = 1,...,m.
=1

The Lagrangian function of the pair of primal-dual problems (P*¥)—(D?¥)
is L¥ : X x (X*)™ = R, L¥(z,a™,..,a™) = Y " (™, z) = D" fr(z™)
and it verifies

(@1*,.. am*)e(X*)m reX T eX* i=1,...m,

sup inf L¥ (x, 2, ... 2™) = sup {— Zfl*(x”)}

and

m
inf L (x, 2", ...,2™) = inf . :
B e Sy @ ) = T {Z J; <x>}
For the next result we omit asking that the functions f;, i = 1,...,m, are
proper. Theorem 3.3.11 and Corollary 3.3.12 lead to the following results,
respectively.

Theorem 3.3.14. Assume for all i = 1,...,m, that f; : X — R are convex
and lower semicontinuous functions fulfilling f;(x) > —oo for allz € X. Then
the following statements are equivalent:

(i) (z, 2, ...,™*) is a saddle point of L% ;
(ii) & € X is an optimal solution to (P¥), (z1*,..,2™*) € (X*)™ is an opti-
mal solution to (D*) and v(P¥) = v(D¥).

Corollary 3.3.15. Assume that f; : X — R,i = 1,...,m, are proper, convex
and lower semicontinuous functions such that (-, dom f; # 0. Let one of
the regularity conditions (RC;"),i € {1,2,3,4}, be fulfilled. Then T € X is
an optimal solution to (P¥) if and only if there exists (Z*,...,2™*) € (X*)™
such that (Z,z'*,...,2™*) is a saddle point of L*. In this case (z'*,...,2™*)
is an optimal solution to the dual (D¥).
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3.3.3 Problems with geometric and cone constraints

Consider now the Hausdorff locally convex spaces X and Z, the latter being
partially ordered by the convex cone C' C Z, S a nonempty subset of X and
f:X —Randg: X — Z proper functions fulfilling dom fnSNg=!(—C) # 0.
For the optimization problem

(PO) inf (),
A={zeS:g(x)e -C}

and its three conjugate duals introduced in subsection 3.1.3 we derive neces-
sary and sufficient optimality conditions, introduce corresponding Lagrangian
functions and characterize the existence of saddle points for the latter.

We consider first the Lagrange dual problem to (P®)

(D7) sup inf {f(x) + (s"g)()}
2*eC* TE

and formulate the optimality conditions for the pair (P) — (DL).

Theorem 3.3.16. (a) Let Z be partially ordered by the convex cone C C Z,
S C X be a nonempty convez set, f : X — R a proper and convex function
and g : X — Z a proper and C-convex function such that dom f NS N
g H=C) # 0. If # € A is an optimal solution to (PY) and one of the
reqularity conditions (RC’Z»CL), i€ {1,2,3,4}, is fulfilled, then there exists
z* € C*, an optimal solution to (D*), such that
() min{f(z) + (z"g)(2)} = f(2);

(ii) (27g)(%) = 0.

(b) Assume that & € A and z* € C* fulfill the relations (i) — (ii). Then T
is an optimal solution to (PY), z* is an optimal solution to (D) and
v(PY) = v(DCr).

Proof. The result follows by Theorem 3.3.1, since (i) — (i7) are nothing else
than an equivalent formulation of (3.12). Indeed, = (z,0)+(P“L)*(0,2*) =0
is nothing else than f(Z) —inf,es{f(x)+(Z*g)(x)} = 0. But, as infcs{ f(z)+
(z*g)(z)} < f(Z) + (2*9)(T), this is true only if (£*g)(Z) > 0, which the same
with (2*¢)(Z) = 0 (since g(Z) € —C and z* € C*). This leads to the desired
conclusion. O

Remark 8.5.8. The optimality conditions (i) — (4¢) in Theorem 3.3.16 can be
equivalently written as

0€(f + (°g) + 65)(Z) and (2*g)(z) = 0.

The Lagrangian function introduced by the perturbation function e,
L€ : X x Z* — R, has the following formulation

L (z,2%) = Zlgg {@CL (z,2) — (z*,2)}
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:{ inf  {f(x)—(z*,2)}, ifxes,

z€g(z)+C
400, otherwise,

_ {f(w) + inf {~(2",g(z) + )}, fr €S,

+00, otherwise,
f@)+ (—=z%g)(x) + igé(—z*, s), ifz e s,
|+, otherwise,

fx)+ (=z*g)(x), ifw € S,2* € —C*,

={ —oo, ifeesS ¢ -—C*,
400, otherwise.
Thus
inf L (2, 2%) = inf LY (z, 2*
S ) = g B
= sup inf{f(z)+ (=z"g)(z)} = sup inf{f(z)+ (z"g)(x)}
2re—C* €S reC* €S
and

Inf sup LO(x,2") = inf s {f@) +(=="9)(@))

= int {70+ sup (e |

€S 2*eC*

Since for all z € S, sup (z*,g(x)) = 0_c=(g(x)), we obtain

z*eC*
s e = o S@= b S
g(z)e—C** g(x)e—cl(C)

If C is closed, then one has that

inf sup LY (z,2*)= inf .
Jnf sup. (z,2") nf f(x)
g(x)e-C

For the next result, which is a consequence of Theorem 3.3.2, excepting the
additional closedness for the convex cone C, no other assumption regarding
the sets and functions involved is made. This is because of the fact that for
all z € X the function - : Z — R, &= (2) = f(2) + 65(2) + Sg(a)1c(2), is
convex and lower semicontinuous and fulfills ¢S (z) > —oo for all 2z € Z.

Theorem 3.3.17. Assume that C is closed. The following statements are

equivalent:

(i) (z,—2*) is a saddle point of L°*;

(ii) T € A is an optimal solution to (P¢), z2* € C* is an optimal solution to

(D€t) and v(PC) = v(Dt).
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The following assertion is a consequence of Corollary 3.3.3.

Corollary 3.3.18. Let Z be partially ordered by the convex closed cone C' C
Z, S C X be a nonempty convex set, f : X — R a proper and con-
vex function and g : X — Z a proper and C-convex function such that
domf NS Ngt(=C) # 0. Assume that one of the reqularity conditions
(RC’Z.CL), i € {1,2,3,4}, is fulfilled. Then T € A is an optimal solution to
(PY) if and only if there exists 2 € —C* such that (z,z*) is a saddle point
of LCt. In this case —Z* is an optimal solution to the dual (DC").

Coming now to the Fenchel dual problem to (P®) (cf. subsection 3.1.3)

(D) sup {—f*(y") — oa(~y")}
y* cX*
the necessary and sufficient optimality conditions can be obtained also in this
case by particularizing the general ones.

Theorem 3.3.19. (a) Let Z be partially ordered by the convex cone C C Z,
S C X be a nonempty convez set, f : X — R a proper and convex function
and g : X — Z a proper and C-convex function such that dom f NS N
g H=C) # 0. If z € A is an optimal solution to (PC) and one of the
reqularity conditions (RCiCF), 1€ {1,2,3,4}, is fulfilled, then there exists

y* € X*, an optimal solution to (DF), such that
(,Z,) min(y*, ) = (5", 7);
(i) (@) + 1*(7") = (7", 7).
(b) Assume that & € A and §* € X* fulfill the relations (i) — (it). Then T

is an optimal solution to (P¢), §* is an optimal solution to (D°F) and
v(PY) = v(DF).

Proof. The result follows from Theorem 3.3.7 by taking into consideration
that 6% (y*) = sup,e4(y*, x) for all y* € X*. O

Remark 8.5.9. The optimality conditions () — (4¢) in Theorem 3.3.19 can be
equivalently written as

yr e 0f(x)N(=N(A 7))
The Lagrangian function for (P¢) — (D) is LY" : X x X* — R,
LEF (z,y*) = da(x) + (y*,z) — f*(y*), and one has

sup inf LEF(z,y*) = sup {—f* (") —oa(—y*)}
yreX* reX yreX*

and

. Cp *\ e ok
Ilg)f{yflelg*L (z,y") = inf {f*(z) +da(2)}-

For the next result we omit asking that f is proper. Theorem 3.3.8 and Corol-
lary 3.3.9 lead to the following assertions, respectively.
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Theorem 3.3.20. Assume that f is a convex and lower semicontinuous func-
tion fulfilling f(x) > —oo for all x € X. Then the following statements are
equivalent:

(i) (Z,7*) is a saddle point of LEF;
(i1) T € A is an optimal solution to (P°), y* € X* is an optimal solution to
(D) and v(PY) = v(DCF).

Corollary 3.3.21. Let Z be partially ordered by the convex cone C C Z,
S C X be a nonempty convex set, f : X — R a proper, convex and lower
semicontinuous function and g : X — Z a proper and C-convex function such
that dom f N SN g~ (—=C) # 0. Assume that one of the reqularity conditions
(RCZ-CF), i € {1,2,3,4}, is fulfilled. Then T € A is an optimal solution to
(PC) if and only if there exists §* € X* such that (Z,5*) is a saddle point of
LEF . In this case §* is an optimal solution to the dual (D).

Concerning the Fenchel-Lagrange dual problem to (P%)
(DErr) sup  {=f"(y") — (z"9)s(=y")},

yrEX* 2 eC*
we can derive by means of Theorem 3.3.1 the following necessary and sufficient
optimality conditions.

Theorem 3.3.22. (a) Let Z be partially ordered by the convex cone C C Z,
S C X be a nonempty convez set, f : X — R a proper and convex function
and g : X — Z a proper and C-convex function such that dom f N S N
g H=C) # 0. If z € A is an optimal solution to (PY) and one of the
reqularity conditions (RCZ-CFL), i €{1,2,3,4}, is fulfilled, then there exists
(g*,2*) € X* x C*, an optimal solution to (DFL), such that
(1) (z*9)5(=y") = = (", T);

(ii) (*)(z) = 0;
(i) (@) + 1) = (77, 3).

(b) Assume that T € A and (§*,z*) € X* x C* fulfill the relations (i) — (ii7).
Then T is an optimal solutzon to (PY), (y*, z*) is an optimal solution to
(DCFL) and v(PY) = v(DFL).

Proof. We prove that for this pair of primal-dual problems relation (3.12)
is equivalent to the fact that (i) — (éi7) are fulfilled. Indeed, for z € A and
(y*,z*) € X* x C* one has

PErE(2,0,0) + (2774)*(0,5%,2°) = 0 & f(2) + [ (7") + (Z°9)5(~5") = 0

v
< [(Z°9)s(=77) + (279)(2) — (=", 7)) + [-(z"9)(2)]
+f@) + @) - @ 5] =0
Since (2"9)5(—y") + (279)(%) — (=", T) > 0, =(27g)(Z) > 0 and f(Z) +
f*(g*) — (g*,z) > 0, all the inequalities must be fulfilled as equalities and the
conclusion follows. 0O



3.3 Optimality conditions and saddle points 99

Remark 3.3.10. The optimality conditions (7) — (¢é¢) in Theorem 3.3.19 can
be equivalently written as

yr € 0f(x)N(-0((z"g) + d5)(Z)) and (z7g)(7) = 0.
The Lagrangian function LE7% : X x X* x Z* — R looks like

LCFL(ac y*,2%) = inf {@C” (z,y,2) — (y*,y)—(z*,z>}
yeX,
z€Z

inf  {f(z+y) -y - (z"2)}, ifzes,

yeX,
qu(w)+C
otherwise,
inf {f —(hr—z) = (" g(@) + )}, ifzes,
reX,
sEC
otherwise,

2 9(@) = f1(y") + inf(=z"s), ifz €,
+o0 otherwise,
y x) — (2, 9(x)) — f*(y*), ifz €S, 2% € ~C*,
ifeesS ¢ -C",

otherwise.

In this way we get that

sup inf LEFE(z,y*, 2") = sup inf LEFE(z,y*, 2%)
(y*,2*)EX* X Z* reX (y*,2*)EX* X Z* zeS

= w0 ) + (et

y*eEX* —z*eC*
= sup  {-f"(w) - (z"9)s(~y")}
y*eX* zxeC*
and

inf sup LOFL (z,y*, 2%)
zeX (’lj Z*)EX* X 7*

= inf { sup {(v",x) — f(y*)} + sup <_Z*ag(x)>}

zeS

yreX* —z*eC*
= mf {f** + 0{yex:g(y)e—c*} x)} = l}gg [ (x).
g(z)e—cl(C)

The characterization of the saddle points of LEF~ via the optimal solutions of

the pair (P¢)— (DCrr) follows. As above we can again weaken the properness
assumption for f.
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Theorem 3.3.23. Assume that C is closed and that f is a conver and lower
semicontinuous function fulfilling f(x) > —oo for all x € X. Then the follow-
ing statements are equivalent:

(i) (z,y*, %) is a saddle point of L°FL;
(i) T € A is an optimal solution to (PC), (y*,—z*) € X* x C* is an optimal
solution to (DCFr) and v(P®) = v(DFr).

Corollary 3.3.24. Let Z be partially ordered by the convex closed cone C' C
Z, S C X be a nonempty convex set, f : X — R a proper, convex and lower
semicontinuous function and g : X — Z a proper and C-convez function such
that dom f N SN g~ (—C) # 0. Assume that one of the reqularity conditions
(RC’Z-C”), i € {1,2,3,4}, is fulfilled. Then T € A is an optimal solution to
(PY) if and only if there exists (y*,2*) € X* x —C* such that (%,y*,2*) is a
saddle point of LFt . In this case (§*, —Z*) is an optimal solution to the dual
(DCFL)‘

3.4 The composed convex optimization problem

In this section we construct by means of the perturbation approach described
in section 3.1 two conjugate dual problems to the composed convexr optimiza-
tion problem. We give also regularity conditions which guarantee the existence
of strong duality and derive from the latter necessary and sufficient optimal-
ity conditions. Lagrangian functions for each pair of primal-dual problems are
also introduced.

Let X and Z be Hausdorff locally convex spaces, where Z is assumed
to be partially ordered by the convex cone C' C Z. Consider f : X — R a
proper and convex function, h : X — Z a proper and C-convex function and
g : ZU{+occ} — R a proper, convex and C-increasing function fulfilling
g(+00¢) = +oo0 and h(dom f Ndomh) N dom g # (. The primal problem we
deal with in this section is

(PCC) inf {f(2) + g0 h(x)}.

3.4.1 A first dual problem to (P€°)

Let Z be the space of perturbation variables and #¢¢1 : X x Z — R be the
perturbation function defined by ¢““1(x, z) = f(x) + g(h(zx) + z). Obviously,
P (2,0) = f(x) + g(h(z)) for all x € X. The conjugate function (¢CC1)* :
X* x Z* — R of #°“ has for all (z*,2*) € X* x Z* the following form

(@) (@, 2") = sup (&) + (2".2) = [ (@) — a(h(z) + )
ZGZ7
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= sup {(z%,2) + (", s — h(z)) — f(z) —g(s)}

reX,
= sup{(z",z) — (27, h(x)) — f(x)} + sup{(z", s) — g(s)}
zeX seZ

= (f+ (") (") + g7 (2").
Since g is C-increasing we have by Proposition 2.3.11 that ¢*(z*) = 400 if
z* ¢ C*. Thus

(@9N) (2, 2%) = (f + (z"h)"(z") + g* (2%) + dc- (7). (3.18)
The dual problem we get by means of #¢1 is

(D) sup {—~(@79)"(0,2")},

which is nothing else than

(DY) sup {—g"(z") = (f + (z"h))*(0)} -
zxeC*

By Theorem 3.1.1 it holds v(D“1) < v(PC“). In the following we introduce
some regularity conditions which close the gap between these optimal objec-
tive values and ensure that the dual has an optimal solution. First, let us
mention that the assumptions we made at the beginning of the section guar-
antee the properness and convexity of #““1. The regularity conditions which
follows are derived from the general ones given in section 3.2.

The regularity condition (RCY) assumes in general that there exists 2/ € X
such that (2/,0) € dom ¢““1 and ¢““1(2/,-) is continuous at 0, and becomes
in this special case

(RCE1) | 32 € dom f N'dom h N h~*(dom g) such that

g is continuous at h(z').

In order to provide regularity conditions in case X and Z are Fréchet
spaces we have to establish the set Prz(dom ®““1) and to guarantee lower
semicontinuity for #¢C1. First notice that

z € Prz(dom®°“1) & 3z € X such that 9“1 (z, z) < 400

< dz € dom f Ndom A such that z € domg — h(x)
< z € domg — h(dom f Ndomh),

and so Prz(dom ¢““1) = dom g — h(dom f N dom h).
Next we show that if f and g are lower semicontinuous and h is star C-
lower semicontinuous, i.e. (2*h) is lower semicontinuous for all z* € C*, then

PCC1 g lower semicontinuous. To this end we calculate the biconjugate of
@¢C1. We have for all (z,2) € X x Z



102 3 Conjugate duality in scalar optimization

(@) (2, 2) = sup {(2%, @) + (2%, 2) — (D7) (2", 2) }

zreX™,
2 ez
= s () + (2] = () ) -9 )
x € s
zreC*

= sup {<Z*,Z>—g*(2*)+ sup {<$*,$>—(f+(2*h))*(af*)}}

z"eC” zreX”
= sup {(z",2) —g"(z")+ (f+ (z"h))"(x)}.
zfeC”
Since for all z* € C*, f + (2*h) is proper, convex and lower semicontinuous
and g is proper, convex and lower semicontinuous, we get by Theorem 2.3.5
that

(PC1)(x,2) = Sup. {(z%,2) =g (z") + f(z) + (z"h) (2)}

= f(z) + sup {(z%, h(z) + 2) — g" (")}
zreC”
= J@)+ sup {("hia) +2) = g"(=")}
z €
= f(2) + g (h(z) + 2) = f(x) + g(h(z) + 2) = D7 (=, 2),
which proves, via Theorem 2.3.6, that ¢ is lower semicontinuous. We can
state now the following regularity condition

(RC’QC Cl) X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C-lower semicontinuous and
0 € sqri(dom g — h(dom f Ndomh)),

along with its stronger variants

(RCSCl) X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C-lower semicontinuous and
0 € core (dom g — h(dom f N dom h))

and

(RCS,C 1) | X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C-lower semicontinuous and
0 € int (dom g — h(dom f Ndom h)),

which are in fact equivalent. In the finite dimensional case one can consider
as regularity condition
(RCS) | dim (lin (dom g — h(dom f N dom h))) < +oco and
ri(dom g) Nri (h(dom f Ndomh)) # 0.
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The conditions (RCS ") and (RCS ") have been introduced in [50] but under
the assumption that h is a C-lower semicontinuous function. The condition
(RCE“1) is a classical one, while (RCS“") has been stated for the first time
in [204]. A refinement of (RCS“") for X and Z finite dimensional spaces has
been given by the authors in [30].

Before enunciating the strong duality theorem we formulate a closedness
type regularity condition for the composed convex optimization problem. To
this end, along the lower semicontinuity of $¢“1, we have to ensure that
Prx«xgr(epi(@““1)*) is closed in the topology w(X*, X) x R. One has

(z*,7) € Pry«xr(epi(PC1)*) & 32* € Z* such that (C1)*(z*, 2*) <7
< 32" € C* such that (f + (2"h))"(z*) + g% (") <r < Jz* € C* such that

(x*,7r) € epi(f + (2°h))* 4+ (0, g% (z")),

which means that

Pry-xm(epi(@“)") = | (epi(f + (z"h))" + (0,97 (2"))).
z*eC*

Thus the closedness type regularity condition looks like (cf. [33])

(RCS1) | f and g are lower semicontinuous, h is star C-lower
semicontinuous and |J (epi(f + (2*Rh))* + (0,9*(z*)))
z*eC*
is closed in the topology w(X*, X) x R.
The strong duality theorem follows as a consequence of Theorem 3.2.1 and
Theorem 3.2.3.

Theorem 3.4.1. Let Z be partially ordered by the conver cone C C Z, f :
X — R be a proper and convex function, h : X — ZU{+ooc} a proper and C-
convex function and g : Z U {+ooc} — R a proper, convex and C-increasing
function such that g(+ooc) = +oo and h(dom f N domh) Ndomg # (. If
one of the regularity conditions (RCZ-CCI), i € {1,2,3,4}, is fulfilled, then
v(PCY) = v(DCC") and the dual has an optimal solution.

The necessary and sufficient optimality conditions for the pair of primal-dual
problems (PY“) — (DY“1) are a consequence of Theorem 3.3.1.

Theorem 3.4.2. (a) Let Z be partially ordered by the convex cone C' C Z,
f: X — R be a proper and convex function, h : X — ZU{+ooc} a proper
and C-convex function and g : Z U {+ococ} — R a proper, convezx and C-
increasing function such that g(+ooc) = +o0o and h(dom f N domh) N
domg # (). Let & € X be an optimal solution to (P¢C) and assume that
one of the reqularity conditions (RCS"), i € {1,2,3,4}, is fulfilled. Then
there exists z* € C*, an optimal solution to (DCC"), such that

() min{f(z) + (z"h)(2)} = f(z) + (z7h)(2);
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(1) g* () + g(h(z)) = (z"h)(2).

(b) Assume that T € X and z* € C* fulfill the relations (i) — (ii). Then T is
an optimal solution to (PCC), z* is an optimal solution to (D) and
v(PYY) = v(DYC).

Proof. We show that the relation (3.12) becomes in this special case (i) — (i
and in this way the result follows by Theorem 3.3.1. We have that $“€1(z,0
(@°C1)*(0,2*) = 0 is equivalent to z* € C* and

i)
+

f@) +g(h(2)) 4+ g*(Z*) + (f + (2*h))*(0) =0 & z* € C* and

[f(Z) + Z"h)(@) + (f + (Z*h)"(0)] + 97 (") + g(h(7)) — (27, h(Z))] = 0.

Since £(2)+(*h)(@)+(f+("h)* (0) > 0 and g* (2*)+g(h(2)) — (=", h()) > O,
the inequalities must be satisfied as equalities and so the desired conclusion
follows. O

Remark 3.4.1. The optimality conditions (i) — (i¢) in Theorem 3.4.2 can be
equivalently written as

0 € d(f + (2*h))(z) and z* € dg(h(z)).

The Lagrangian function assigned to (PYC)—(DCC1) is denoted by LE
X x Z* — R, being defined for all (x,2*) € X x Z* by

LY (x,2%) = zigg{iﬁccl (z,2) = (%, 2)} = mE{f(2) + g(h(z) +2) = (", 2)}

= f(a) + inf {g(s) — (=", — h@)} = F(@) + (="B)(@) + inf {g(s) = (", )}

— f(2) + (z*h)(x) — g*(z*) = { (z) + (z*h)(z) — g*(2*), if 2* € C*,

—00, otherwise.
Thus
sup inf L (z,2%) = sup {—g"(z") = (f + (2"h))*(0)}
ez reX zxeC*
and

inf LEG *) = inf “*(h .
Jof sup L7 (@, 27) = inf {f(z) + 97 (h(=))}
We have the following characterization for the saddle points of the Lagrangian
LCC1 | where the properness assumption for ¢ is slightly weakened.

Theorem 3.4.3. Assume that g is a convex and lower semicontinuous func-
tion fulfilling g(z) > —oo for all z € Z. Then the following statements are
equivalent:

(i) (z,%*) is a saddle point of L€ ;

(i) T € X is an optimal solution to (PCC), z* € C* is an optimal solution to
(DCCY) and v(PYY) = (D).
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Remark 3.4.2. Since for all z € X ¢**(h(z)) < g(h(x)), the implication (i7) =
(7) in Theorem 3.4.3 holds in the most general case without any assumption.

The following statement is a consequence of Corollary 3.3.3.

Corollary 3.4.4. Let Z be partially ordered by the convex coneC C Z, S C X
be a nonempty convexr set, f : X — R be a proper and convezr function,
h:X — ZU{+ococ} a proper and C-convex function and g : ZU{+ococ} — R
a proper, convex, lower semicontinuous and C-increasing function fulfilling
g(+oo¢) = +o00 and h(dom f Ndomh) Ndomg # (). Assume that one of the
reqularity conditions (RCI»CCl), i €{1,2,3,4}, is fulfilled. Then T € X is an
optimal solution to (P€C) if and only if there exists 2* € C* such that (Z, Z*)
is a saddle point of LC1. In this case z* is an optimal solution to the dual
(DCCl )

3.4.2 A second dual problem to (P€©)

Let now X X Z be the space of perturbation variables and $¢¢2 : X x X x Z —
R the perturbation function defined by #¢“2(x,y, 2) = f(x + y) + g(h(z) +
z). Obviously, #°“2(x,0,0) = f(x) + g(h(x)) for all x € X. The conjugate
function (#€“2)* : X* x X* x Z* — R of #9“2 looks for all (z*,y*,2*) €
X" x X* x 7Z* like

(@) (@* ", 2") = sup {(z",2) + (y",y) + (", 2) = fla +)

z,y€X,
z€Z
—g(h(z) +2)} = _sup (@) + (y"r —x) + (2", s — h(z)) — f(r) —g(s)}
ez

= sup{(z” — ", 2) — (2", h(2))} +sup{(z",s) — g(s)} + sup{(y", ) — f(r)}
zeX seZ rey
= (@h) (=" =y )+ () +97(z7)
Taking again Proposition 2.3.11 into consideration, we get
The dual problem of (P““) obtained via the perturbation function #¢¢2 is

(D) L {=(29)"(0,9%,2")}

or, equivalently,

(D7) _sw A=) = S )~ () )

Since the existence of weak duality is always ensured by Theorem 3.1.1, we
look now for some regularity conditions for having also in this case strong
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duality. The properness and convexity of #¢C> follow by the assumptions
considered in this section and thus one can derive these regularity conditions
from the general ones given in section 3.2. The condition (RCY¥) leads in this
special case to

(RCC“2) | 32/ € dom f N'dom h N h~'(dom g) such that f is continuous
at 2’ and g is continuous at h(z’).

Assuming that X and Z are Fréchet spaces as in (RCY), we have to guar-
antee that ¢¢“2 is lower semicontinuous and 0 € sqri(Prx x z(dom @“©2)).
Similar to the considerations in the previous section one can show that if f
and g are lower semicontinuous and h is star C-lower semicontinuous, then
PCC2 is lower semicontinuous, too. Further, one can notice that

Pryyz(dom #““2) = dom f x dom g — epic h,

where the projection on the product of the last two spaces in the domain of
definition of #“©2 is considered. Indeed, this is a consequence of the following
sequence of equivalences

(y,2) € Prxyxz(dom®°“?) & 3z € X such that 92 (z,y,2) < 400

< Jz € dom h such that  + y € dom f and h(x) + z € dom g
& Jz € dom h such that (y, z) € dom f x domg — (x, h(x))
< (y,2) € dom f x dom g — epis h.

For the last equivalence the assumption that g is C-increasing is here deter-
minant.
When X and Z are Fréchet spaces we can formulate the following condition

(RC’QC C2) X and Z are Fréchet spaces, f and ¢ are lower semicontinuous,
h is star C-lower semicontinuous and
0 € sqri(dom f x dom g — epig h)

along with its stronger variants

(RC§C2) X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C-lower semicontinuous and
0 € core (dom f x dom g — epis h)

and

(RCS,C 2) | X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C-lower semicontinuous and
0 € int (dom f x dom g — epix h),

which are in fact equivalent, while in the finite dimensional case one has

(RCS“2) | dim (lin (dom f x dom g — epi h)) < +oo and
ri(dom f X dom g) Nri(epig h) # 0.
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Let us determine now the set Prx- g (epi(@©¢2)*). It holds
(z*,7) € Pry«xr(epi(P9“?)") & Fy* € X* and 32* € Z* such that
(@92 (2%, y*, 2%) <r e Fy* € X* and 32* € C* such that (2*h)*(z* — y*)
+ (Y )+ g"(z") <r e 3y, 2Y) € X* x C* such that (z*,7) € (v*, f*(v"))
+epi(z*h)* + (0,97 (2")) & 2" € C* such that (z*,r) € epi f* + epi(z*h)*

+(0,9°(2")) & (@, r) € epif*+ | (epi(z"h)" +(0,9"(")))-
zxeC*

This leads to the following closedness type regularity condition (cf. [33])

(RC’ECZ) f and g are lower semicontinuous, h is star C-lower

semicontinuous and epi f* + |J (epi(z*h)* + (0,¢*(z")))
zreC*
is closed in the topology w(X™*, X) x R.

We can formulate the following strong duality theorem.

Theorem 3.4.5. Let Z be partially ordered by the convex cone C C Z, f :
X — R be a proper and convex function, h : X — ZU{+oc0c} a proper and C'-
convex function and g : Z U {+ococ} — R a proper, convex and C-increasing
function such that g(+ooc) = +oo and h(dom f N domh) Ndomg # (. If
one of the reqularity conditions (RCZ-CQ), i € {1,2,3,4}, is fulfilled, then
v(PYY) = v(DY?) and the dual has an optimal solution.

Remark 3.4.5. (a) Since for all z* € C*

(f+EW)0) = Tnf 477 + ) (=) (3.20)
it is obvious that in general one has v(D®“2) < v(D®C1) < v(PYC). This
means that if for (P¢“) and (D¢“2) strong duality holds, then we also have
v(PYY) = v(DYY). Moreover, if (§*,2*) € X* x C* is an optimal solution to
(D), then z* € C* is an optimal solution to (D““*). Thus for (P“) and
(DC1) strong duality holds, too.

(b) The authors have given in [31] closedness type regularity conditions for
strong duality between (PY“) and the duals (D““*) and (D““?), respectively,
also in case h is only C-epi closed. Those regularity conditions are stronger
than (RCS") and (RCS?), respectively, which is quite natural since we
assume less for the function h.

The necessary and sufficient optimality conditions for the pair of primal-
dual problems (P°“) — (D%“2) follow.

Theorem 3.4.6. (a) Let the assumptions of Theorem 3.4.5 be fulfilled and
assume that ¥ € X is an optimal solution to (P°C) and that one of
the regularity conditions (RC’iCCz), i€ {1,2,3,4}, is fulfilled. Then there
exists (7*,2*) € X* x C*, an optimal solution to (DC“?), such that
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(1) min{(g*, 2) + (z"h)(2)} = (77, 7) + (2*h)(2);
(ii) - (5%) + £(@) = (5", 3);
(i) g7(27) + g(h(z)) = (z"h)(%).
(b) Assume that T € X and (§*,z*) € X* x C* fulfill the relations (i) — (ii3).
Then T is an optimal solution to (PC), (y*,z*) is an optimal solution
to (DCC2) and v(PYY) = v(DY?).

Proof. We have just to evaluate the relation (3.12) and to show that it is
equivalent to (i) — (éi4). By Theorem 3.3.1 the conclusion will follow au-
tomatically. Indeed, #¢2(z,0,0) 4+ (¢°°2)*(0,7*,2*) = 0 is equivalent to
(y*,z*) € X* x C* and

f(@) +9(h(@) + (1) +97(Z") + (Z"h)"(=7") = 0,

which is the same as (§*,z*) € X* x C* and

{°@) + (@) =@ 2)} +{97(z") + g(h(2)) — (Z"h)(Z)}

o) + 0@ - o)+ ER@ =0

Since the summands in the braces are nonnegative, they must be equal to zero
and this leads to the desired conclusion. 0O

Remark 3.4.4. The optimality conditions () — (i4¢) in Theorem 3.4.6 can be
equivalently written as

y* € 0f(2) N (-0(z"g)(x)) and 2" € dg(h(T)).

The Lagrangian function of the pair of primal-dual problems (PCC) —
(DY“2) is denoted by LE“2 : X x X* x Z* — R and is defined for all
(z,y*,2%) € X x X* X Z* as being

LCC2(xay*72*) = in)f; {@Ccz(l'vyaz) - <y*7y> - <Z*’Z>}
YyeX,
2€Z

= yiél)f(ﬁ{f(ﬁy)w(h(w)ﬂ)*<y*,y> —(z%,2)} = Tien)f(’{f(r)w(S)*(y*, r—1)

—(#" s = h(2))} = (", 2) + (z7h)(x) + Inf {f(r) = (", 7)}
+inf{g(s) = (=", s)} = (", 2) + (z7h) () = f*(y") — " (27)

_ {<y*,x> +(z"h) () — f*(y") —g7(z7), if 27 € C7,

—00, otherwise.

It holds

sup inf LEC2 (2, y*2%)
y*EX* z*EZ* xeX
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= s fere) a6+ i)+ e

y*eX* zxeC*
= sup  {-f"(y") —g"(z") = (z"h)"(—y")}
Y EX* 2*EZ*
and

inf sup LOC (2,9, 2%)
xeX yreEX* zreC*

= inf { sup {(y*,z) — f*(y")} + sup {(z*,h(x)) _9*(2*)}}

reX yreEY ™ P = A
= inf {f"(z) + g7 (h(z))}.

By Theorem 3.3.2 we obtain the following result, where we omit assuming
properness for f and g.

Theorem 3.4.7. Assume that f and g are convex and lower semicontinuous
functions fulfilling f(x) > —oco for all x € X and g(z) > —oo for all z € Z,
respectively. Then the following statements are equivalent:

(i) (z,7*, %) is a saddle point of LC2;
(ii) T € X is an optimal solution to (P€C), (7*,2*) € X* x C* is an optimal
solution to (DC?) and v(P°Y) = v(DCC?).

Remark 3.4.5. Since f**(x) < f(z) and g**(h(z)) < g(h(x)) for all x € X, the
implication (#i) = () in Theorem 3.4.7 holds always without any assumption
on the functions involved.

Combining Theorem 3.4.5 and Theorem 3.4.7 one can state the following
result.

Corollary 3.4.8. Let Z be partially ordered by the convex cone C' C Z, 5 C X
be a nonempty convex set, f : X — R a proper, convex and lower semicon-
tinuous function, h : X — Z U {4o0c} a proper and C-convex function and
g: ZU{+0c} — R a proper, convez, lower semicontinuous and C-increasing
function fulfilling g(+o00c) = +oo and h(dom f Ndomh) Ndomg # (. As-
sume that one of the reqularity conditions (RCfCQ), i€ {1,2,3,4}, is ful-
filled. Then T € X is an optimal solution to (PCC) if and only if there exists
(g%, 2*) € X* x C* such that (z,y*, 2*) is a saddle point of LYC2. In this case
(g*, 2*) is an optimal solution to the dual (DCC?).

3.5 Stable strong duality and formulae for conjugate
functions and subdifferentials

The aim of this section is to introduce the concept of stable strong duality, to
prove that the regularity conditions introduced in section 3.2 ensure it and to
derive as a consequence of it different formulae for conjugate functions and
subdifferentials.
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3.5.1 Stable strong duality for the general scalar optimization
problem

Consider again the general optimization problem

P inf &

(PG)  inf &(z,0),

where @ : X x Y — R is a perturbation function and X and Y are Hausdorff
locally convex spaces. By means of @ we assigned in section 3.1 to (PG) the
following dual problem

(DG)  sup {=97(0,y")}.
yr*ey*

For every x* € X* one can consider the following extended primal optimization
problem

(PG*") nf {$(=,0) - (27, 2)}.

The function &% : X xY — R, &* (x,y) = D(z,y) — (z*,z) is a perturbation
function for (PG*®") and it introduces the following conjugate dual

(DG)  sup {=(¢")"(0,y7)}.

yrey*
Since
@) @y = sup {(u',2) + (v ) =27 (2.0) |
reX,
yey
Tk {(u* + 2% 2) + (y*, y) — P(z,y)} = " (u" + 27, y),
reX,
yey

we get for every z* € X* the following formulation for the conjugate dual of
(PG™)
(DG®) sup {—P"(x",y")}.
yreEY*
The following definition introduces the notion of stable strong duality.

Definition 3.5.1. We say that between the optimization problems (PG) and
(DG) stable strong duality holds, if for all x* € X* for (PG*") and (DG*")
strong duality holds, i.e. v(PG* ) = v(DG®") and the dual (DG*") has an
optimal solution.

Next we show that the regularity conditions we introduced in order to
guarantee strong duality for (PG) and (DG) are also guaranteeing the exis-
tence of stable strong duality for (PG) and (DG).

Assume that @ is a proper and convex function with 0 € Pry (dom @). For
all z* € X* we have dom®* = dom®. Obviously, the generalized interior
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point regularity conditions (RCY), i € {1,2,3}, are sufficient for strong du-
ality for (PG*") and (DG®"). Coming now to the closedness type regularity
condition (RCY), if this is fulfilled, then by Theorem 3.2.2 follows that

sup{(z*,z) — &(x,0)} = min {P*(z",y")} Va* € X,
zeX yrey*
which is the same with v(PG® ) = v(DG* ) and the dual (DG*") has an

optimal solution, for all z* € X*. Thus one can state the following stable
strong duality result (see [25]).

Theorem 3.5.1. Let $ : X xY — R be a proper and conves function such that
0 € Pry(dom ®). If one of the reqularity conditions (RC?), i € {1,2,3,4}, is
fulfilled, then for (PG) and (DG) stable strong duality holds, which is nothing
else than

sup{(z*,z) — ?(z,0)} = min {P"(z",y")} Vo™ € X". (3.21)
z€X yrey*
Next we state for the different pairs of scalar primal-dual problems investi-
gated in this chapter stable strong duality theorems. We also show that the
existence of stable strong duality is a sufficient condition for deriving different
subdifferential formulae.

The approach we choose is the following: we start with the optimization
problem with a composed convex function as objective function and treat the
other classes of optimization problems as special cases of it.

3.5.2 The composed convex optimization problem

Let X and Z be Hausdorff locally convex spaces, where Z is assumed to be
partially ordered by the convex cone C' C Z. Consider f : X — R a proper
and convex function, h : X — Z U {4+00¢} a proper and C-convex function
and g : ZU{+ococ} — R a proper, convex and C-increasing function fulfilling
g(+00¢) = 400 and h(dom f Ndomh) Ndomg # (. For the optimization
problem

(P) inf {f(x) +go (@)},

by using as perturbation function #* : X x Z — R, #““1(x,2) = f(x) +
g(h(z) + z), we introduced in section 3.4 the following dual problem

(D) S {=g"(@") = (f+ (") (0)}-

Next one can state the following result.
Theorem 3.5.2. (a) Let Z be partially ordered by the convex cone C C Z,
f: X — R be a proper and convex function, h : X — ZU{+ococ} a proper

and C-convex function and g : Z U {+ooc} — R a proper, conver and C-
increasing function such that g(+ooc) = +o0o and h(dom f N domh) N
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dom g # 0. If one of the regularity conditions (RCE"), i € {1,2,3,4}, is
fulfilled, then for (P€Y) and (DCC") stable strong duality holds, that is

(f +goh)™(e”) = min {g"(z") + (f + ("h))"(@")} Va* € X*. (3.22)

(b) If for (P€C) and (D) stable strong duality holds, then for all x € X

one has
of+goh)x)=|J o+ (="h) (). (3.23)
z*€0g(h(x))
Proof. (a) The assertion follows as a consequence of Theorem 3.4.1, Theorem
3.5.1 and relation (3.18).

(b) In case ¢ dom f N domh N h~!(domg) the conclusion follows via
the conventions made for the subdifferential. Let be z € dom f N dom A N
h~1(domg).

”D” Consider z* € dg(h(x)) and 2* € O(f + (z*h))(x). We have

(=%, 2 — h(x)) < g(=) — g(h(z)) V= € Z
and
(@%,t —a) < (f + (z"h))(t) = (f + (z7h))(2) Vi € X.
Take an arbitrary ¢t € X. If h(t) = 4o0c, then g(h(t)) = +oo and (f +go

h)(t) = +o0. Thus (z*,t —x) < (f +goh)(t) = (f + g0 h)(x).
In case h(t) € Z we have

(2%t —x) < f(t) = f2) + (7 h(t) = h(z)) < f(2) - f(=)

+9(h(t)) —g(h(z)) = (f + g o h)(t) = (f + g o h)(x).
Since in both situations (x*,t —xz) < (f +goh)(t) — (f + g o h)(z) for all
t € X, it follows that «* € I(f + g o h)(z).

”C” For proving the opposite inclusion we take an arbitrary z* € 9(f +
goh)(x). By Theorem 2.3.12 we get (f+goh)*(z*)+ (f+goh)(x) = (x*,x).
Since (3.22) holds, there exists z* € C* such that (f +goh)*(z*) = ¢*(z*) +
(f + (2*h))*(z*) and by means of the Young-Fenchel inequality we obtain
further

(2%, 2) = g"(z%) + g(h(2)) + (f + (Z°h))"(«") + f ()
> (2°h)(2) + f(x) + (f + (27h))"(@7) = (27, ).
The inequalities in the relation above must be fulfilled as equalities and this
means that

9" (2%) + g(h(z)) = (2", h(z)) < 2" € Og(h(z))
and
(f +(z°h)"(z") + (f + 2°h)(2) = (2", 2) & 2" € O(f + Z"h)(z),

respectively. In conclusion, z* € .. A(f+ (2*h))(z) and this delivers

the desired result. O

z*€dg(h(x))
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Remark 3.5.1. From the proof of the previous theorem one can easily deduce
that the inclusion

U o+ ER)@) Saf +goh)(2)

z*€0g(h(x))
holds for all x € X without any other assumption.

Considering @2 : X x X x Z — R, 2 (z,y,2) = f(x+y)+g(h(z)+2),
as perturbation function, in subsection 3.4.2 we introduced to (P““) another
dual problem, which can be seen as a refinement of (D), namely

(D) sup {=g"(z") = [ (y") = (W) (—y")}
y*eEX*,zxeC*
Like for (D®“1), one can formulate also for (D““2) a stable strong duality
theorem.

Theorem 3.5.3. (a) Let Z be partially ordered by the convex cone C C Z,
f: X — R be a proper and convex function, h : X — ZU{+ooc} a proper
and C-convex function and g : Z U {+ooc} — R a proper, convex and C-
increasing function such that g(+ococ) = +oo and h(dom f N domh) N
dom g # (). If one of the reqularity conditions (RCiCCZ), 1€ {1,2,3,4}, is
fulfilled, then for (P€Y) and (DCC?) stable strong duality holds, that is

(F+goh) () = min 6"+ F() + ()" = y7)} Vi € X

o (3.24)

(b) If for (P€C) and (DYC?) stable strong duality holds, then for all z € X
one has

of+goh)x)=0f@)+ J 0GE"h)(x). (3.25)

z*€dg(h(x))

Proof. (a) The assertion follows as a consequence of Theorem 3.4.1, Theorem
3.5.1 and relation (3.19).

(b) We omit giving the proof of (3.25) as it is similar to the one given for
(3.23). O

Remark 3.5.2. (a) For all * € X* the following inequalities are fulfilled (see
also Remark 3.4.3)

(f +goh) () < inf {g"(") + (f + (z"h))"(=")}

zreC*
< f g () + £ 0+ R @ -y
2rec”

Thus, if (3.24) holds, then (3.22) holds, too.
(b) From the proof of Theorem 3.5.3 follows that for all z € X
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ofx)+ |J oaEm@c |J o+ Eh)@)

z*€dg(h(x)) z*€0g(h(z))

CO(f +goh)(x),

which is true without any other assumption. This means that if (3.25) holds,
then (3.23) holds, too.

In the following we consider different classes of optimization problems
and show how they can be treated as special cases of the composed convex
optimization problem (P¢“). Formulae for conjugate functions and subdif-
ferentials are also derived from the general ones given in Theorem 3.5.2 and
Theorem 3.5.3, respectively.

3.5.3 Problems having the composition with a linear continuous
mapping in the objective function

Consider X and Y Hausdorff locally convex spaces, f: X — Randg:Y — R
proper and convex functions and A € £(X,Y) fulfilling dom fNA~!(dom g) #
(). To the primal problem

(P*) inf {f(z) + g(Az)}
zeX
we assigned the following dual

(DY) sup {—f*(=A"y") = g"(y")}-
yrEY*
From Theorem 3.5.1 and (3.3) we get the following result (see also Theorem
3.2.4 and Theorem 3.2.5).

Theorem 3.5.4. Let f : X — R and g : Y — R be proper and convex
functions and A € L(X,Y) such that dom f N A~'(dom g) # (). If one of the
regularity conditions (RC#), i € {1,2,3,4}, is fulfilled, then for (P4) and
(DAY stable strong duality holds, that is

(fgod)™(z™) = (f"OA™g") (") = min {f*(2" — A"y") +97(y")} V2" € X".
(3.26)

For deriving a formula for 9(f + g o A)(x), when = € X, we reformulate
(P4) in the framework of (P°“). Let h : X — Y, h(z) = Az and take as
ordering cone of Y C' = {0}, which is convex and closed. For this choice
h is proper and C-convex and ¢ is C-increasing. Moreover, C* = Y™ and
for all z* € Y* it holds (cf. Proposition 2.3.2(h)) (f + (z*h))*(z*) = (f +
(A*z*, N (x*) = f*(a* — A*z*) for all 2* € X*. Notice that we also have
dom f Ndomh N h~!(dom g) = dom f N A~ (dom g) Thus the formula (3.26)
is nothing else than (3.22). But, as we have seen in the proof of Theorem
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3.5.2, if (3.22) holds, then for all z € X, one has (cf. (3.23) and Proposition
2.3.13(a))

f+goA)(z)=0(f+goh)x)= |J 0+ (="h)(x)

z*€dg(h(x))
= (J o+ ) (@) =of(x)+ |J A2 =0f(z)+A"0g(Ax).
z*€dg(Ax) z*€dg(Ax)

This leads to the following statement.

Theorem 3.5.5. If for (P*) and (D) stable strong duality holds, then for
all v € X one has

A(f +goA)(z) = df(x) + A*9g(Az). (3.27)

Remark 3.5.3. One can notice that for this special choice of h the formula
(3.24) turns out to be (3.26), too. Indeed,

(f+goh)™ (@) = min {g"(") + f7(y") + (z"h)"(@" —y7)} V2" € X
yz*GC*’
is nothing else than

(f+god)(z") = min_{g"(z") + f"(y") + ((A"2", )" (2" —y")} Va© € X7

ZrEXT
o e ooAre - min {g" () + [ () Vet e X0
T :7y*+A*z,*
& ([ +goA) (") = min {f*("—A"y) +g"(y)} V€ X",

More than that, one can easily see that (3.25) is in this case equivalent to
(3.27).

In case X =Y and A = idx, by Theorem 3.5.4 and Theorem 3.5.5 we get
the following results concerning the primal problem
idy
(P) inf {f(x) + 9(2))
and its Fenchel dual
(D) sup {—f*(=y*) —g"(y")}-
yreX*

Theorem 3.5.6. (a) Let f,g : X — R be proper and convex functions such
that dom f Ndomg # 0. If one of the regularity conditions (RCMY), i €
{1,2,3,4}, is fulfilled, then for (P'Y) and (DY) stable strong duality holds,
that is

(f +9)7(@") = (f"Og") (") = min {f"(@" —y") +¢"(y7)} Vo™ € X",
(3.28)
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(b) If for (P'9) and (DY) stable strong duality holds, then for all x € X one
has

O(f +9)(x) = 0f(x) + 9g(x). (3.29)

Another consequence of Theorem 3.5.4 and Theorem 3.5.5 can be delivered
whenever f: X — R, f =0, by considering the primal problem

A .
(P7)  inf {g(Az)}
along with its conjugate dual

(D) sup {—g"(y")}-
y ey”r,
)

Theorem 3.5.7. (a) Let g : Y — R be a proper and convex function and
A€ L(X,Y) such that A=Y (dom g) # (0. If one of the regularity conditions

(RCZAH), i€ {1,2,3,4}, is fulfilled, then for (P49) and (D“9) stable strong
duality holds, that is

(goA)" (") = (A"g™) (™) = min{g"(y*) : 2" = A*y"} Va* € X*. (3.30)

(b) If for (P49) and (D“9) stable strong duality holds, then for allz € X one
has

d(go A)(z) = A*0g(Ax). (3.31)
Further, consider f; : X — R,i = 1,...,m, proper and convex functions

such that (-, dom f; # 0. We take g : X™ — R, g(z!,....,a™) = 31" fi(z?)
and A: X — X™ Ax = (x,...,x). To the primal optimization problem

(P¥) inf {Zﬁ(m)}

we assigned the following conjugate dual

(D% sw {—mei*)}.

' eX*i=1,...,m,
m

Z :Ei*:O
i=1

Theorem 3.5.7 and Proposition 2.3.13(b) lead to the following result (see also
Theorem 3.2.8), noticing that for all (z1*, ..., ™) € (XH)™, g (zt*, . am) =
S fH(@™) and A* (2t L amr) = D0 ot

Theorem 3.5.8. (a) Let fi : X — R,i=1,...,m, be proper and convex func-
tions such that (;~, dom f; # 0. If one of the regularity conditions (RC}),
i € {1,2,3,4}, is fulfilled, then for (P*) and (D¥) stable strong duality
holds, that is
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(Zﬁ) «) = (fr0..0f5)(@") =
min {Z fi(z™) = Zx”} Vo* e X*. (3.32)

(b) If for (P¥) and (D¥) stable strong duality holds, then for all x € X one
has
) (Z fl-) (@) =Y 0fi(x). (3.33)
i=1 i=1

3.5.4 Problems with geometric and cone constraints

Consider the Hausdorff locally convex spaces X and Z, the latter partially
ordered by the convex cone C' C Z, S a nonempty and convex subset of X,
f: X — R a proper and convex function and g : X — Z a proper and
C-convex function fulfilling dom f NS N g=1(—C) # 0. For the optimization
problem .
(P%)  inf f(z),
A={zxeS:gx)e-C}

and its Lagrange dual problem

(D¥)  sup inf {f(z) + (z"g)(2)}
2*eC* zeS
we formulate in the following a stable strong duality result by using Theorem
3.5.1 and relation (3.6) (see also Theorem 3.2.9 and Theorem 3.2.10).

Theorem 3.5.9. Let Z be partially ordered by the convex cone C C Z, S C X
be a nonempty convezx set, f : X — R a proper and convex function and
g: X — Z a proper and C-convex function such that dom fNSNg=—1(—C) # 0.
If one of the reqularity conditions (RC’Z-CL), i €{1,2,3,4}, is fulfilled, then for
(PY) and (DCr) stable strong duality holds, that is

(f +64)7 (") = min (f +(%9))5(") Vo™ € X (3.34)

Next we rewrite (PY) as a particularization of the composed convex problem
(PCC). Define h : X — Z U {+occ} by

P(w) = {g(a:), ifxes,

400, otherwise,

and § : Z U {+ococ} — R, which fulfills § = §_c. We also suppose that
g(+ooc) = +oo. For all x € X and x* € X* it holds
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g+aome = { {2 St =

and ~
(f+goh) (") =(f+da)" (")
Further, for z* € Z* we have

g*(z*){o, if z* € C*,

+00, otherwise,

while if z* € C* it holds

This means that (3.34) is nothing else than relation (3.22) applied for f, g and

h, since the latter asserts that
(f+goh) @) = min {7+ (f + ("h)" (@)} va* € X*

& (F 404 () = min {(f+(s"g) +65)"(+")} ¥a" € X*

& (400" @) = min {(f+("9)3(")} Vo' € X*.
On the other hand, by Theorem 3.5.2 relation (3.22) guarantees that for all
2z € X one has

of+goh)x)=|J oUf+@E"h)(@). (3.35)

z*€dg(h(x))

One can easily notice that dom f N domh N B‘l(dom g) =domfnsn
g H=C), (f +goh)(z) = (f+da)(x) for all z € X and, for z* € C*,
(f+2*h)(x) = (f +(2*g) + dg)(x) for all z € X. Moreover, for € A it holds
2" € 95(h(x)) & §*(z%) + (h(z)) = (=%, h(x))
& 2" e C* and (2%¢g)(x) = 0.
Thus, in this special case, relation (3.35) can be equivalently written as
Af+0x)@) = |J O+ ("9 +0s)(@) Vo € X

z*eC”,
(2"g)(2)=0

and this leads to the following result.

Theorem 3.5.10. If for (P¢) and (D) stable strong duality holds, then for
all x € X one has

Af+oa)x)=|J O(f+(z"g) +6s)(). (3.36)
zreC™,
(z"g)(x)=0
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Considering now the Fenchel dual to (P¢)

(D) sup {=f*(y") — oa(-y")},
yreEXH
by Theorem 3.5.1, Theorem 3.2.11 and relations (3.7) and (3.29) we get the
following result.

Theorem 3.5.11. (a) Let Z be partially ordered by the convex cone C C Z,
S C X be a nonempty convex set, f : X — R a proper and convez function
and g : X — Z a proper and C-convex function such that dom f NS N
g1 (=C) # 0. If one of the regularity conditions (RCT), i € {1,2,3,4},
is fulfilled, then for (P) and (D°F) stable strong duality holds, that is

(f+04)" (") = min {J7(y") +oala” -y} V2" € X7 (3.37)

(b) If for (P€) and (DCF) stable strong duality holds, then for all x € X one
has

O(f +04)(x) =0f(z) + N(A, x). (3.38)

Remark 3.5.4. Theorem 3.5.11 indirectly provides regularity conditions under
which the so-called Pshenichnyi-Rockafellar formula, which is nothing else
than relation (3.38) in case g = 0, is fulfilled.

The third dual to (P®) we consider here is the Fenchel-Lagrange dual

(D) sup {=fM(y") — (29)5(—y)}
y*eX*,z*eC*
First we characterize the stable strong duality for (P¢) and (DY) (cf. The-
orem 3.5.1, Theorem 3.2.12, Theorem 3.2.13 and relation (3.8)).

Theorem 3.5.12. Let Z be partially ordered by the convex cone C C Z, S C
X be a nonempty convex set, f : X — R a proper and convex function and
g: X — Z a proper and C-conver function such that dom fNSNg=!(—C) # .
If one of the reqularity conditions (RC’Z-CFL), 1 € {1,2,3,4}, is fulfilled, then
for (PY) and (DCFt) stable strong duality holds, that is

(80" = _min_ {/"(") + ()5 —y")} Vo' € X", (3.39)

By using the notations we made above, relation (3.39) is nothing else than

(Ftgeh) (@) = _min_ {3 )+ 107 + @R @ -y | vt e X7,

which is relation (3.24) in Theorem 3.5.3. By this theorem one has that for
all z € X (cf. (3.25))
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of +goh)(z)=of@)+ |J =)

z*€dg(h(z))

or, equivalently, for all z € X

O(f +6a)(x) =0f(x)+ [ (") +ds)(x).
z*eCr,
(z"9)(2)=0
The following result closes the section.

Theorem 3.5.13. If for (P®) and (DFt) stable strong duality holds, then
for all x € X one has

of+6a) @) =0f(x)+ |J 0(z"g) +6s)(x). (3.40)
zreC,
(2" g)(x)=0
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Conjugate vector duality via scalarization

In this chapter we introduce to different vector optimization problems cor-
responding vector dual problems by using some duality concepts having as
starting point the scalar duality theory. Since there is a certain similarity
between its definition and the one of the duals introduced via scalarization,
we also investigate the classical geometric vector duality concept. More than
that, we give a general approach for treating duality in vector optimization
independently from the nature of the scalarization functions considered. We
also provide a first look at the duality theory for linear vector optimization
problems in Hausdorff locally convex spaces.

4.1 Fenchel type vector duality

Let X,Y and V be Hausdorff locally convex spaces and assume that V is
partially ordered by the nontrivial pointed convex cone K C V. Further, let
f: X =V =VU{+oog}and g : Y — V be given proper and K-convex
functions and A € £(X,Y) such that dom f N A~!(dom g) # 0.

To the primal vector optimization problem

(PV) Min{f(z) + g(Ax)}

we introduce dual vector optimization problems with respect to both prop-
erly efficient solutions in the sense of linear scalarization and weakly efficient
solutions and prove weak, strong and converse duality theorems.

4.1.1 Duality with respect to properly efficient solutions

In this subsection we investigate a duality approach to (PV#) with respect to
properly efficient solutions in the sense of linear scalarization. Since we do not
have to differentiate between different classes of such solutions we call them
simply properly efficient solutions. We say that £ € X is a properly efficient

R.I. Bot et al., Duality in Vector Optimization, Vector Optimization, 123
DOI 10.1007/978-3-642-02886-1_4,
© Springer-Verlag Berlin Heidelberg 2009
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solution to (PV4) if z € dom f N A~!(dom g) and f(z) € PMinps.((f +go
A)(dom fNA~Y(dom g)), K). This means that there exists v* € K*° such that
(W (f+go0A)T)) < (v*,(f+goA)(x)) for all z € X.

The vector dual problem to (PV#) we investigate in this subsection is

DY), M 140 ),

where
BY = {(v",y",v) € K x Y* x V1 (v",0) < —(v" )" (=A"y") = (v"9)" (")}
and
A (0%, ", v) = v.
We prove first the existence of weak duality for (PV4) and (DV4).

Theorem 4.1.1. There is no x € X and no (v*,y*,v) € B4 such that (f +
go A)(z) <x hA(v*,y*,v).

Proof. We assume the contrary, namely that there exist € X and (v*,y*,v) €
B4 such that v—(f+go A)(x) = hA(v*,y*,v) — (f+goA)(z) >k 0. It is obvi-
ous that x € dom f N A~ (dom g) and that (v*,v) > (v*, f(x)) + (v*, g(Az)).
On the other hand, we have

(", f(z)) + (v*, g(Ax)) > yig;”({@*, f(y)) + (", g(Ay))}.

Since the infimum on the right-hand side of the relation above is greater than
or equal to the optimal objective value of its corresponding scalar Fenchel
dual problem (cf. subsection 3.1.2), it holds

(v, 0) > inf {(0")y) + (v79)(Ay)}

> sup (") (~A"2") — (07)" ()} 2~ 1) (A~ (') ()

As this contradicts the fact that (v*,y*,v) € B4, the conclusion follows. O

In order to be able to prove the following strong duality theorem for the
primal-dual vector pair (PV4) — (DV ) we have to impose a regularity con-
dition which actually ensures the existence of strong duality for the scalar
problem

inf {(v*f)(x) + (v"g)(Ax)}

reX
and its Fenchel dual
sup {—(v*f)"(=A"y") — (v"9)"(y*)},
y* ey~
for all v* € K*°. This means that we are looking for sufficient conditions

which are independent from the choice of v* € K** and therefore we consider
the following regularity condition
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(RCVA4) | 32’ € dom f N A~*(dom g) such that g is continuous at Az’

One can notice that (RCV4) as well as the generalized interior point regularity
conditions which can be considered here are in this situation preferable to a
closedness type condition, as they are formulated independently of the choice
of v* € K*Y.

Theorem 4.1.2. Assume that the regularity condition (RCVA) is fulfilled. If
7 € X is a properly efficient solution to (PVA), then there exists (v*,5*,7),
an efficient solution to (DVA), such that (f + go A)(z) = hA(v*,7*,0) = .

Proof. Having Z € X a properly efficient solution to (PV4), it follows that
7 € dom f N A~!(dom g) and that there exists v* € K*°, which fulfills

(0", (f +g0A4)(@)) = inf {(@"f)(2) + (v79)(Az)}.
The functions (7*f) : X — R and (9*g) : Y — R are proper and convex
functions with dom(2*f) = dom f and dom(v*g) = domg. The regularity

condition (RCVA) yields that (v*g) is continuous at Az’ and so, by Theorem
3.2.4, there exists y* € Y* such that

(0%, (f + g0 A)(@)) = inf {(v"f)(2) + (79)(Az)}

= sup {=@" ) (=A%) = (@9)" ()} = -0 ) (=A"y") — (079)"(¥")
yrey
Defining v := (f + go A)(z) € V one has (v*,5*,9) € BA. Assuming that
(v*,7*,0) is not an efficient solution to (DV4), there must exist an element
(v*,y*,v) in B4 such that (f + go A)(z) = v < v = h(v*,y*,v). But this
contradicts Theorem 4.1.1 and in this way the conclusion follows. 0O

Remark 4.1.1. In case X and Y are Fréchet spaces and the functions f and
g are star K-lower semicontinuous, instead of assuming (RCV4) fulfilled, for
having strong duality for (PV4) and (DV#) it is enough to assume that
0 € sqri(dom g — A(dom f)). On the other hand, if lin(dom g — A(dom f)) is a
finite dimensional linear subspace one can ask that ri(A(dom f))Nri(dom g) #
(. In both situations Theorem 3.2.4 guarantees strong duality for the scalar
problem

inf {(v*f)(z) + (v"g)(Az)}
zeX
and its Fenchel dual problem for all v* € K*0.
The next result plays an important role in proving the converse duality
theorem.

Theorem 4.1.3. Assume that B is nonempty and that the regularity condi-
tion (RCVA) is fulfilled. Then

V\cl((f+goA)(dom f N A (domg)) + K) C core(h™*(B)).
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Proof. Let v € V \ el ((f +goA)(dom f N A~ (domg)) + K) be arbitrarily
chosen. Since ¢l ((f + g o A)(dom f N A™!(domg)) + K) C V is a convex and
closed set, by Theorem 2.1.5 there exist v* € V*\ {0} and « € R such that

(0*,0) < a < (0*,v) Yo €l ((f + go A)(dom f N A™ ' (domg)) + K) . (4.1)

Obviously, * € K*\ {0}. Further, since B4 # 0, there exists (7%, §*,9) €
K*0 x Y* x V fulfilling

(0%,0) < =(@"f)"(=A"7") = (079)"(§") < nf (7", (f + g0 A)(2)). (42)
Denote by v := a — (v*,0) > 0. For all s € (0,1) we have
(s + (1 =)0, 0) = (0", 0) + s((0*,0) — (0", 7)) =a—v+s((0%,0) —a+7),
while, by (4.1) and (4.2), for all v € (f 4+ go A)(dom f N A~'(dom g)) it holds
(55" + (1 — 8)0%,0) > s(0%,8) + (1 — s)a = a + s((7*,7) — ).

Now we choose § € (0,1) close enough to 0 such that 5((0*,0) —a+7) < /2
and 3((0*,0) — a) > —v/2. For v} := 50" + (1 — 5)v* € K*0 it holds

(i, 7) < a-— % < (vi,v) Yo € (f +go A)(dom f N A~ (dom g)),
which implies that
(v2,5) < Inf (5, ( + 9 A)(w))

Using the fact that the regularity assumption (RCV4) is fulfilled, by Theorem
3.2.4 there exists y¥ € Y™ such that

< 5,0) < inf (v, (f + g0 A)(@))
= sup {=(v5f)"(=A"y") — (v5 )*(y )} == (s ) (=A%5) = (v59)" (45)-

y* cy*
(4.3)
Let € > 0 be such that

(v5,0) +& < —(vsf)" (=A%5) — (vi9)" (y5)-
For all v € V there exists d,, > 0 such that it holds
(5,04 Av) < (v5,0) + & < =(v5 f)" (=A%) — (v59)"(y5) VA € [0,6,].

This means that for all A € [0,d,], (v, y%, o

v+ M) € B4 and, further, v+ \v €
hA(B4). In conclusion, © € core(h*(B4)). O

We come now to the proof of the converse duality theorem.
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Theorem 4.1.4. Assume that the regularity condition (RCVA) is fulfilled
and that the set (f + go A)(dom f N A=l (domg)) + K is closed. Then for
every efficient solution (v*,7*,0) to (DVA) there exists T € X, a properly
efficient solution to (PV4), such that (f + go A)(Z) = h*(v*,5*,v) = ©.

Proof. Assume that ¥ ¢ (f + go A)(dom f N A=!(domg)) + K. By Theorem
4.1.3 follows that © € core(h”(B4)). Thus for k € K \ {0} there exists A > 0
such that vy := v + Mk >k v and vy € hA(BA). Since this contradicts the
fact that (0%, 7*,v) is an efficient solution to (DV4), we must have v € (f +
go A)(dom f N A1 (dom g)) + K. This means that there exist Z € dom f N
A~l(domg) and k € K fulfilling ¥ = (f + g o A)(Z) + k. By Theorem 4.1.1
follows that k = 0 and, consequently, v = (f + g o A)(Z). Since

(0%, (f + g0 A)(T)) = (17, 0)
< =@ ) (=AY = (09)"(57) < mf (07, (f + g0 A)(2)),
T is a properly efficient solution to (PV4). O

Remark 4.1.2. In the following we want to point out that in Theorem 4.1.3
and, consequently, in Theorem 4.1.4 the regularity condition (RC'V4) can be
replaced with a weaker sufficient condition. As we have seen, in case (RC'V4)
is fulfilled, for all v* € K*° one has that

inf (v%, (f + g0 A)(x)) = sup {=(v"f)"(=A"y") = (v"9)"(¥")}

rzeX yreEY*

and the supremum is attained. This means that for all v* € K*0 the scalar
optimization problem

nf (", (f +g0A4)(2))
is stable (cf. section 3.1). But for the purposes of the last two theorems it is
enough to assume that (see also [101]) for all v* € K*¥ the problem

nf (", (f +g0A4)())
is normal with respect to its Fenchel dual. This means that the optimal ob-
jective values of the infimum problem from above coincide with the optimal
objective value of its Fenchel dual even if the existence of an optimal solution
to the dual is not guaranteed. Nevertheless, this is enough to ensure in the
proof of Theorem 4.1.3 the existence of y* € Y* such that (see relation (4.3))

(vg,0) < =(v5 /)" (=A%y5) = (v59)"(ys)-

Having this fulfilled, the conclusion of the theorem follows in an identical
manner.
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The scalar Fenchel duality was involved for the first time in the definition of
a vector dual problem by Breckner and Kolumbén in [42,43] in a very general
framework (for more details the reader can consult also [73]). Particularizing
the approach introduced in these works to the primal problem (PV4) one
gets the following dual vector optimization problem

(DvﬁK) Max th(U*7y*,7}),

(v y*,0)EBR
where
Bix ={(v*y"v) € KO xY* XV : (v*,0) = —(v* )" (=A"y*) — (v*9)* (")}

and
th(v*, y* ) =w.

It is not hard to see that hf, (Bax) C h*(B4) and that this inclusion is in
general strict. This fact together with Theorem 4.1.1 guarantees that between
(PVA) and (DV4Y, ) weak duality holds, too. Instead of proving the strong and
converse duality theorems for this primal-dual pair we show that (see also [28])
the sets of maximal elements of his - (B4, ) and h*(B4) coincide. In this way
the mentioned duality results will follow automatically from Theorem 4.1.2
and Theorem 4.1.4, respectively. According to the notations in section 2.4
the sets of maximal elements of hi - (B4, ) and h™(B4) regarding the partial
ordering induced by the cone K will be denoted by Max(h4, (Bax), K) and
Max(h*(B4), K), respectively.

Theorem 4.1.5. It holds Max(h4g - (Bax), K) = Max(h*(B4), K).

Proof. ”C” Let be (v*, 5", ) € B such that v € Max(hf ;- (Bgx), K). Then
it holds ¥ € hi (B ) € hA(BA). Assuming that © ¢ Max(h?(B#), K), there
exists (v*,y*,v) € B2 fulfilling v > 9. It is obvious that (v*,y*,v) ¢ Bay,
which means that

(v",0) < =W ) (=A%) — (v"9)"(y")-
Consequently, there exists 0 € v + K \ {0} such that

(07,0) = (" )" (=A%") = (V" 9)"(y"),

which yields (v*,y*,0) € B§K~ Further, we have v > v and this contradicts
the maximality of © in hi ;- (B4 ). Hence we must have Max(hg - (Ba ), K) C
Max(h?(B4), K).

" D" We take an element (7*,7*,7) € B4 such that v € Max(h*(B4), K)
and prove first that (0%, 9*,7) € Baj . Assuming the contrary, one has

(0%,0) < =@ ) (A7) — (079)"(¥")-

In this situation it is easy to find v € v+ K \ {0} fulfilling
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(0%, 0) < (0",0) = =(v" )" (=A4"") — (v"9)"(¥").

As (v%,5*,7) € BA and © >k o this leads to a contradiction to the fact
that © belongs to Max(h”(B4), K). Consequently, © € hf . (Bas). We sup-
pose further that v ¢ Max(h4 (B ), K). Then there exists v € hi - (Bax)
such that v >x . Since hij - (Ba) C hA(B4), it yields v € h4(B4), but
this contradicts the maximality of ¥ in h“(B4). Thus the opposite inclusion
Max(h?(B4), K) C Max(hp (B ), K) is also shown. O

Remark 4.1.3. We emphasize the fact that in the proof of the previous theorem
no assumptions regarding the functions and sets involved in the formulation
of (PV4) have been used. This means that the maximal sets of h*(B4) and
ha (B ) are always identical.

In case V=R and K = R one can identify V with R = RU {400} and,
assuming that f : X — R and g : Y — R are proper and convex functions,
the primal problem (PV#) becomes in this particular case

(P4) inf {f(2) + g(Ax)}.
reX
In this situation finding the properly efficient solutions to (PV“) means in fact

establishing which are the optimal solutions to (P#). An element (v*,y*,v)
belongs to B4 if and only if v* > 0, y* € Y* and v € R fulfill

vio < =" f) (=A%) = (vT9)" (v7)

1 1
) < *U*f* <*A*y*) 70*9* (*y*>

v v

1 1

v v

The vector dual problem looks in this case like

* 1 * * * 1 *
(DY) sup {—f (—*A y ) —g <*y )}
v*>0,y*€Y* v v

or, equivalently,

or, equivalently,

(DY) sup (=" (-4y") ~ ")

which is nothing else than the classical scalar Fenchel dual problem to (P4)
(cf. subsection 3.1.2). The same conclusion can be drawn when particularizing
in an analogous way the vector dual problem (DV2Y).
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4.1.2 Duality with respect to weakly efficient solutions

Next we assume that the ordering cone K has a nonempty interior and we
introduce a dual vector problem to

(PV;1) WMin{f(z) + g A(x)},

which puts in relation the weakly efficient solutions to the primal vector and
the dual vector problems. We say that Z € X is a weakly efficient solution
to (PVA) if z € dom f N A~!(dom g) and f(z) € WMin((f + g o A)(dom f N
A~Y(domg)), K). The dual vector problem, which we investigate in the fol-
lowing, is defined by slightly modifying the formulation of (DV4)

(DVu’jl) WMax hA(v*, y ),

(v*,y*,v)EBA w
where
B ={(v*,y",v) € (K*\{0}) x Y* x V:
(", 0) < =W )" (=A%) = (v"9)"(y")}
and
hi(v*,y",0) = v.
Next we prove the weak duality theorem for (PVA) and (DV,2).

Theorem 4.1.6. There is no v € X and no (v*,y*,v) € B such that (f +
go A)(x) <x hi(v*,y*,v).

Proof. Assume that there exist z € X and (v*,y*,v) € B} such that v — (f +
goA)(z) = hid(v*,y*,v) — (f +go A)(z) >k 0. Thus z € dom f N A~*(dom g)
and since v* € K*\ {0} one has

(0", (f + g0 A)(x)) < {v",v) < =" )" (=A"y") = (v79)" (y").
Like in the proof of Theorem 4.1.1, this leads to a contradiction. 0O

We come now to the proof of the strong duality theorem.

Theorem 4.1.7. Assume that the reqularity condition (RCV) is fulfilled. If
T € X is a weakly efficient solution to (PVA), then there exists (v*,7*,7), a
weakly efficient solution to (DV.2Y), such that (f+goA)(z) = hil(v*,5*,v) = v.

Proof. If z € X is a weakly efficient solution to (PV?'), then z € dom f N
A~Y(domg) and (f + g o A)(Z) is a weakly minimal element of the set (f -+
goA)(dom fN A~ (domg)) CV. As (f+goA)(dom fN A~ (domg)) + K is
a nonempty convex set, by Corollary 2.4.26 (see Remark 2.4.11), there exists
v* € K*\ {0}, such that

(0%, (f + g0 A)(@)) = inf {(7"f)(2) + (v7g)(Az)}.
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Like in the proof of Theorem 4.1.2, one can provide a y* € Y™ such that
(v*,9%,9) € B}, where v := (f + g o A)(¥) € V. Further, by Theorem
4.1.6 there exists no (v*,y*,v) in BA such that (f +go A)(T) =0 <g v =
hA(v*,y*,v), which means that in fact (0%, 7*,9) is a weakly efficient solution

to (DV). O

A converse duality theorem for the vector primal-dual pair (PV,2))—(DV2)
can be also given. To this end we prove first the following preliminary result.

Theorem 4.1.8. Assume that the regularity condition (RCV*) is fulfilled.
Then

V\el((f+goA)(dom f N A (domg)) + K) C core(hiy(B)).

Proof. Let v € V \ el ((f + go A)(dom f N A~!(domg)) + K) be arbitrarily
chosen. Since ¢l ((f + g o A)(dom f N A™!(dom g)) + K) C V is a convex and
closed set, there exist o* € K*\ {0} and o € R such that

(5,5) < < nE A £)(@) + (77 (A)}.
Having (RCV4) fulfilled and one obtains a * € Y* such that
(0%,0) < =(@" )" (=A"Y") = (079)"(¥").

As in the proof of Theorem 4.1.3 one can conclude that © € core(h:(B2)).
O

Now we are able to prove the converse duality result.

Theorem 4.1.9. Assume that the regularity condition (RCVA) is fulfilled
and that the set (f + g o A)(dom f N A=(domg)) + K is closed. Then for

every weakly efficient solution (v*,5*,v) to (DV,2) one has that v is a weakly
minimal element of the set (f +go A)(dom f N A~ (domg)) + K.

Proof. We assume that v ¢ (f+goA)(dom fNA~!(dom g))+ K. By Theorem
4.1.8, one has v € core(hiA(B4)). Considering an element k € int(K) there ex-
ists A > 0 such that vy := 9+ \k > © and vy € h/}(B2). This contradicts the
fact that (0%, 7", ) is a weakly efficient solution to (DV;) and, consequently,
we must have that v € (f +go A)(dom f N A~ (dom g)) + K. Supposing that
v is not a weakly minimal element of this set, there exist x € X and k € K
such that (f +goA)(z) <k (f+goA)(x) + k <x . Theorem 4.1.6 leads to
a contradiction and this provides the desired conclusion. 0O

Remark 4.1.4. (a) The observations made in Remark 4.1.1 and Remark 4.1.2
apply also for the strong and converse duality theorems, respectively, given
for the primal-dual vector pair (PV,2) - (DV,2).

(b) Another dual problem to (PV,/) can be defined in analogy to (DVAy)
as being
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(DViikw)  WMax g, (0", 5", v),

(v*,y* ,v)GBng
where

B, = {(v" 5" 0) € (K*\{0}) x Y* x V:
(v, 0) = =(V" )" (=A"y") — (v"9)"(y")}
and
thw(U*v y'v) =v.
Also in this case one has in general that hi ., (B ,,) S hip(B;) and it can be
shown, like in the proof of Theorem 4.1.5 that the weakly maximal elements
of these sets coincide.
(¢) Particularizing (DV,}') and (DViy,,) for V.= R and K = R, they
both turn out to be the classical scalar Fenchel dual optimization problem.

4.2 Constrained vector optimization: a geometric
approach

In this section we consider as primal problem a vector optimization prob-
lem with geometric and cone constraints. With respect to both properly and
weakly efficient solutions to the primal we define a corresponding dual vec-
tor optimization problem by means of a so-called geometric approach which
was considered for the first time by Nakayama for vector problems in finite
dimensional spaces (cf. [142-144]).

Let X,Z and V be Hausdorff locally convex spaces and assume that Z
is partially ordered by the convex cone C' C Z, while V is partially ordered
by the nontrivial pointed convex cone K C V. Further, let S C X be a
nonempty convex set, f : X — V = V U {4oox} a proper and K-convex
function and g : X — Z = Z U {#o00¢} a proper and C-convex function such
that dom fNSNg~1(—C) # (). The primal vector optimization problem with
geometric and cone constraints we deal here with is

(PVY) I;/g;‘l f(z).
A={z e S:g(x)e -C}

4.2.1 Duality with respect to properly efficient solutions

The dual vector problem we construct in this part is with respect to the prop-
erly efficient solutions to (PV?) in the sense of linear scalarization, which we
simply shall call properly efficient solutions. We say that & € A is a properly ef-
ficient solution to (PV) if z € dom f and f(Z) € PMings.(f(dom fNA), K).
This means that there exists v* € K*0 such that (v*, f(z)) < (v*, f(z)) for all

x € A. Consider the following dual vector problem with respect to the class
of efficient solutions
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(DVEN)  Max  hON(U,v),
(Uw)eBEN

where

BN = {(Uv) € LA(Z, V)XV :
Bz € SNdomg such that v > f(z) + U(g(x))},

L (Z,V)={U€L(Z,V):UC)C K}

and
hEN (U, v) = v.

The set £4(Z,V) is known in the literature as the set of positive mappings
(cf. [52,156]). We first prove that for (PV ) and (DV ™) weak duality holds.

Theorem 4.2.1. There is no v € A and no (U,v) € BYN such that f(r) <k
hEN (U, v).

Proof. We assume the contrary, namely that there exist z € A and (U,v) €
BE~ such that v = hON (U,v) >, f(x). Since g(z) € —C and U € L, (Z,V)
we have that U(g(z)) € —K, which yields f(z)+U(g(z)) <k f(x) <k v. But
this contradicts the fact that (U, v) is a feasible element to the dual (DV¥)
and so the proof is done. 0O

The next theorem proves that under the fulfilment of the regularity con-
dition
(RCVCr) | 32" € dom f N S such that g(a’) € —int(C)
the existence of strong duality for (PV?) and (DV~) is guaranteed.

Theorem 4.2.2. Assume that the regularity condition (RCVCr) is_fulfilled.
If & € A is a properly efficient solution to (PV°), then there exists (U,v), an
efficient solution to (DVEN), such that f(z) = h~ (U,v) = v.

Proof. Since & € X is a properly efficient solution to (PV?), there exists
v* € K*Y such that Z is an optimal solution to the scalar optimization problem

inf (%, f(x)).

z€A

Using that (RCVr) is fulfilled and taking into consideration the fact that
dom(v* f) = dom f, by Theorem 3.3.16 follows that there exists z* € C* such
that

(0", f(2)) = mE{{v", f(2)) + (2", 9(2))} (4.4)
and
(z,9(2)) = 0. (4.5)

Next we show that there exists a positive operator U € £, (Z,V) such that
U'o* =z
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As v* € K*0 there exists i € K such that (v*,f1) = 1. Define U : Z — V
by Uz = (2, 2)fi. It is obvious that U is linear and continuous. Further,
take an arbitrary ¢ € C. As z* € C* one has that (z*,¢) > 0, which yields
(z*,c)ji € K. This is nothing else than U(C) C K andso U € L, (Z, V). More
than this, for all z € Z it holds

(U0, 2) = (0°,Uz) = (2", 2)(0", i) = (27, 2),

which means that U 7% = z*.

Taking  := f(Z) one can see that (U,v) € B~. Indeed, a ssuming the
contrary, one would have that there exists € S N domg such that f(z) =
v >k f(x) +U(g(z)). Thus

(0", f(2)) > (0, f(2)) + (7", U(g(x)))

= (0", (@) + (T 0", g(x)) = (0", f(2)) + (2", g()).
But this contradicts relation (4.4) and this means that (U,v) is a feasible
solution to the dual problem (DVE~). In order to get the desired conclusion
one has only to show that (U, ) is an efficient solution to (DV ). If this
were not the case, then there would exist a feasible element (U, v) to (DV¥)
such that v >k © = f(Z). In this way we obtain a contradiction to Theorem
4.2.1 and the desired conclusion follows. 0O

Remark 4.2.1. As follows from the proof of the previous theorem, the regu-
larity condition (RCV ") is used in order to ensure the existence of strong
duality for the scalar optimization problem

inf (0%, f(x))

zeA

and its Lagrange dual problem

sup_ it {(0°, /() + (=", 9(a)}
zreCx xES

This condition assumes implicitly that the cone C has a nonempty interior,
an assumption which can fail in a lot of situations. In case X and Z are
Fréchet spaces, S is closed, f is star K-lower semicontinuous and g is C-epi
closed one can suppose instead, that 0 € sqri(g(dom f NS Ndomg) + C) (cf.
subsection 3.2.3). On the other hand, if lin(g(dom fNSNdom g)+C) is a finite
dimensional linear subspace, (RCV “) can be replaced with the assumption
0 € ri(g(dom f NS Ndomg) + C).

Remark 4.2.2. In Nakayama’s papers [142-144], where the concept of geomet-
ric duality for vector optimization problems in finite dimensional spaces has
been introduced, the properly efficient solutions are also defined in the sense
of linear scalarization, but by considering 7* from int(K*). Working with the
quasi interior of K* we are able to cover a broader class of optimization prob-
lems, namely the ones for which one has K*° = (), even if the interior of the
dual cone is empty.
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Before coming to the converse duality theorem we deliver some inclusion
relations involving the set h“~ (BY~) which extend [142, Proposition 3.1].

Proposition 4.2.3. It holds
hEN(BEN) — K = hO(BEY) C el (V \ (f(dom f N A) + K)) . (4.6)

Proof. That h¢~ (B°~) — K D hO~(BY~) is obvious. Further, consider an
arbitrary element v € h~ (BY~) — K. This means that there exist £ € K and
U € L4(Z,V) such that (U,v+ k) € B~ or, equivalently, v + k #x f(z)+
U(g(x)) for all z € SNdom g. From here follows that v ?x f(z)+U(g(z)) for
all z € SNdom g, which is nothing else than (U, v) € B~ . Thus v € hE~ (BE)
and the equality in (4.6) is proven.

In order to show that hO~(BN) C cl(V \ (f(dom f N A) + K)), it is
enough to prove that the sets h“Y(B“~) and int (f(dom f N A) 4+ K) have
no point in common. Assume that this is not the case and that ¢ is a common
element of these sets. Choosing k € K \ {0} one has that there exists A > 0
such that & — Ak € int (f(dom f N.A) + K). But this implies that there exists
Z € dom f N A with the property that © >k f(Z), which is a contradiction to
Theorem 4.2.1. O

The next result will play a crucial role in proving the converse duality
theorem.

Theorem 4.2.4. Assume that qi(K) # 0 and that the regularity condition
(RCVCr) is fulfilled. Then it holds

V\ el (f(dom fNA) + K) ChOY(BEY) — (K \ {0}). (4.7)

Proof. Take an arbitrary element v € V' \ ¢l (f(dom f NA) + K). As dom f N
A # () and f is a K-convex function one has that ¢l (f(dom fN.A) + K) is
a nonempty convex and closed subset of V. Theorem 2.1.5 guarantees the
existence of v* € Y*\ {0} and « € R such that

(0%, 0) < a < (0*,v) Yo e cl(f(dom fNA)+ K).
That o* € K*\ {0} follows automatically. More than that, the relation above
implies
v, U inf (0" .
(v%,9) < inf (7, f(2))

Thus, by Theorem 3.2.9 there exists z* € C* fulfilling

(0,0) < inf (0", f(x)) = nf {(7, f(2)) + (2", 9(x))}. (4.8)
zcA zes

As in the proof of Proposition 2.1.1 one can show that qi(K) C {v € K :

(v*,v) > 0 for all v* € K*\ {0}}. On the other hand, the assumption of

the nonemptiness for qi(K) guarantees the existence of a nonzero element in
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this set. Thus there exists i € K such that (v*, i) = 1. Like in the proof of
Theorem 4.2.2 one can construct a linear continuous mapping U € L4 (Z,V)
such that U 7% = z* and so relation (4.8) yields that

(0, 0) < If {{0%, f(2)) + (07, U(g(x)))} = il (o7, f(2) + Ulg(x)))-

Then there exists v € v + (K \ {0}) such that

(0%, 0) < (v%,90) < inf (0%, f(2) + Ulg(2)))- (4.9)

Since v € © — (K \ {0}), in order to get the desired conclusion it is enough
to prove that © € h~(BYY). We claim that (U, %) € BE~. Were this not the
case, one could find an element 7 € SNdom g such that & > f(Z)+U(g(7)),
which would imply (v*, %) > (v*, f(z) +U(g(Z))). Since this would contradict
relation (4.9), we must have v € o — (K \ {0}) C h“~(B~) — (K \ {0}). O

Remark 4.2.3. The regularity condition (RCV*) is used in the proof of The-
orem 4.2.4 in order to guarantee the existence of strong duality for the scalar
optimization problem

inf (7%, f(x))

zeA

and its Lagrange dual problem, more precisely, to ensure the existence of an
element z* € C* such that relation (4.8) is true. In fact, it is enough to assume
that for all v* € K* \ {0} the optimization problem

inf (v*, f(x))

z€EA

is normal with respect to its Lagrange dual. This means that

inf (0%, f(x)) = sup mf{{v", f(x)) + (=%, 9(2))},

rzeA 2*eC* TE
whereby the existence of an optimal solution to the dual is no further guaran-

teed. Nevertheless, this assumption is enough for getting an element z* € C*
which fulfills

(v*,v) < inf {(v", f(2)) + (2", 9(2))}.
€S
Remark 4.2.4. Combining the last two results one has that, in case qi(K) # ()
and (ROV°r) is fulfilled, the following relations of inclusion hold

V\ el (f(dom f 1 A) + K) € KO (BOY) — (K \ {0}) 10
C hON(BOY) — K = hO~(BEN) C el (V' \ (f(dom f N A) + K)). (4.10)
Relation (4.10) generalizes [142, Proposition 3.1], providing a refinement of
this result as well as an extension of it to infinite dimensional spaces. It is also
worth mentioning that the assumptions we consider in this section are weaker
than the ones in the original work.
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We come now to the converse duality theorem for (PV¢) and (DV~).

Theorem 4.2.5. Assume that qi(K) # (), the regularity condition (RCVC®)
is fulfilled and the set f(dom f N A)+ K is closed. Then for every efficient
solution (U, ) to (DVEN) there exists & € A, an efficient solution to (PVY),
such that f(z) = h°~(U,v) = v.

Proof. We start by showing that o € f(dom fN.A)+K. Assuming the contrary,
by Theorem 4.2.4 one has v € h“~ (B~) — (K \ {0}), which means that there
exists (U,v) € B~ fulfilling v > 0. But this contradicts the fact that (U, )
is an efficient solution to (DVY~). Thus ¥ € f(dom f N.A) + K and so there
exist 7 € dom f NA and k € K for which o = f(Z) + k. By the weak duality
result (see Theorem 4.2.1) follows that k& = 0, which yields v = f(). That =
is an efficient solution to (PV¢) follows also by Theorem 4.2.1. 0O

Remark 4.2.5. (a) As pointed out in Remark 4.2.3 the converse duality the-
orem remains valid even if one supposes that for all v* € K*\ {0} the opti-
mization problem

inf (v*, f(x))

zeA

is normal with respect to its Lagrange dual.

(b) Working in finite dimensional spaces, Nakayama has given in [142-144]
a converse duality result for the vector primal-dual pair (PV) — (DV~) in
a more particular framework, namely by considering C' C R™ and K C RF
convex closed cones with nonempty interiors, S C R™ a nonempty convex set,
f:R® — RF a K-convex function and g : R® — R™ a C-convex function.
Assuming that a Slater type condition is fulfilled, that the set (f, g)(S)+K xC
is closed and that there exists at least one properly efficient solution to (PV¢),
Nakayama proves that for (PV ) and (DV ™) converse duality holds. As one
can see, the assumption regarding the existence of a properly efficient solution
to the primal is not necessary, while instead of asking that (f,g)(S)+ K x C
is closed one can consider in this particular situation the weaker hypothesis
that f(A) + K is closed.

4.2.2 Duality with respect to weakly efficient solutions

In this second part of the section 4.2 we suppose that int(K) # () and provide
a vector dual problem to

(PVE) WMin f(z),
A={z e S:g(x)e -C}
which this time relates the weakly efficient solutions to the primal and dual
problem. We say that z € A is a weakly efficient solution to (PV,S) if 7 €

dom f and f(z) € WMin(f(dom f N A), K). The vector dual is defined as
follows
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(DVEN)  WMax hS~ (U, v),
(Uw)eBGN

where

BEN = {(U,v) € L(Z, V) x V :
Pz € SNdom g such that v > f(x) + U(g(x))},

and
RSN (U, v) = v.

Since int(K) C K \ {0} one has that B~ C B¢~ and, consequently,
hEN (BEN) C hON (BEN). The weak and strong duality statements follow.

Theorem 4.2.6. There is no x € A and no (U,v) € B$N such that f(z) <g
RSN (U, v).

We omit the proof of Theorem 4.2.6 as it follows in the lines of Theorem
4.2.1.

Theorem 4.2.7. Assume that the regularity condition (RCVCF) is fulfilled.
If & € A is a weakly efficient solution to (PV,S), then there exists (U, ), a
weakly efficient solution to (DVSN), such that f(z) = h{~ (U, v) = .

Proof. If & € X is a weakly efficient efficient solution to (PV,S), then z €
dom fNA and f(Z) is a weakly minimal element of the set f(dom fN.A) C V.
Using that f(dom f N .A) + K is a nonempty convex set, by Corollary 2.4.26
(see also Remark 2.4.11) there exists o* € K*\ {0} such that Z is an optimal
solution to the scalar optimization problem
Inf (0%, f()).

Like in the proof of Theorem 4.2.2 one can construct an element U € L, (Z,V)
such that for v = f(Z) it holds (U,v) € B¢~ C BS~. By Theorem 4.2.6 no
(U,v) € B~ fulfilling v > f(z), exists and this means that (U,) is a
weakly efficient solution to the dual (DV,¢~). O

In analogy to Proposition 4.2.3 and Theorem 4.2.4 one can prove the fol-
lowing results, respectively. One can notice that since int(K) was assumed
nonempty, the assumption of the nonemptiness for the quasi interior of the
cone K becomes superfluous, thus it is omitted.

Proposition 4.2.8. It holds
RSN (BEN) — K = hS¥(BSY) C el (V\ (f(dom f N A) + K)).  (4.11)

Theorem 4.2.9. Assume that the regularity condition (RCVCr) is fulfilled.
Then it holds

V\ecl(f(dom fNA)+ K) ChOY(BY) —int(K) C h{¥(BSY) — int(K).
(4.12)
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Combining (4.11) and (4.12), under the hypothesis that (RCVt) is ful-
filled, one gets the following relations of inclusion

V\cl(f(dom fNA)+ K) C hEN (BSY) — int(K) (4.13)
C hgM (BEY) = K = hg™ (BEy) € el (V' \ (f(dom £ N A) + K)), '
which are useful when proving the converse duality theorem for (PV,$) and
(DVEN). This is what we do next.

Theorem 4.2.10. Assume that the regularity condition (RCV L) is fulfilled
and that the set f(dom f N .A) + K is closed. Then for every weakly efficient

solution (U, v) to (DV.SN) one has that v is a weakly minimal element of the
set f(dom fNA)+ K.

Proof. Assuming that © ¢ f(dom f N .A) + K, by (4.13) follows that v €
hEN (BN ) — int(K). Thus there exists (U, v) € BSY such that v >x v, which
contradicts the fact that (U, 9) is a weakly efficient solution to (DV,S~). Con-
sequently, v € f(dom f N A) + K and since there is no z € dom f N A with
U >k f(x), 0 turns out to be a weakly minimal element of f(dom fN.A)+ K.
O

Remark 4.2.6. (a) The observation made in Remark 4.2.1 applies also for the
strong duality theorem given for (PV,S) and (DV,S*). In other words, also for
this primal-dual vector pair the regularity condition (RCV %) can be replaced
with alternative regularity conditions if X and Z are Fréchet spaces and some
topological assumptions for the sets and functions involved are fulfilled or, on
the other hand, if lin(g(dom f NS Ndomg) 4+ C) is a finite dimensional linear
subspace.

(b) In both Theorem 4.2.9 and Theorem 4.2.10 instead of assuming that
(RCV®r) holds one can suppose the weaker assumption that for all v* €
K*\ {0} the optimization problem

inf (v, f(x))

zeA

is normal with respect to its Lagrange dual. The argumentation is the same
as in Remark 4.2.3.

4.3 Constrained vector optimization: a linear
scalarization approach

In the third section of this chapter we construct further dual problems to
(PV©) with respect to the properly efficient solutions, all these duals having in
common the fact that in the formulation of their feasible sets scalar conjugate
dual problems are involved. This duality scheme was used for the first time
by Jahn in [101], where a vector dual problem to (PV®) has been introduced
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having as starting point the classical scalar Lagrange duality. The relations
between the maximal sets of the duals considered here are investigated and
some considerations on the duality for (PVY) with respect to weakly efficient
solutions are made.

To begin we introduce a general approach for defining a vector dual prob-
lem based on linear scalarization which will provide as particular instances
the above-mentioned vector dual problems to (PV).

4.3.1 A general approach for constructing a vector dual problem
via linear scalarization

Let X and V be Hausdorff locally convex spaces and assume that V' is partially
ordered by the nontrivial pointed convex cone K C V. Let F' : X — V =
V U {+ook} be a proper and K-convex function and consider the general
vector optimization problem

(PVG) MinF(z).

Take Y another Hausdorff locally convex space and @ : X x Y — V a proper
and K-convex so-called vector perturbation function with &(xz,0) = F(z) for
all z € X. We say that T € X is a properly efficient solution to (PVG) (here
also considered in the sense of linear scalarization) if Z € dom F' and F(Z) €
PMings.(F(dom F'), K). A vector dual problem to (PVG) with respect to
the properly efficient solutions can be introduced in the following way (for a
related approach, see [78])
(DVG) Max  hE(v*,y*,v),

(v*,y* v)EBE
where
B = {(v*,y*,v) € K x Y* x V: (v*,v) < —(v*®)*(0, —y*)}
and
he (v*,y*,v) = v.

We prove that for the primal-dual pair (PVG) — (DVG) weak duality is
ensured.

Theorem 4.3.1. There is no + € X and no (v*,y*,v) € BY such that
F(z) <g h%*,y*,v).

Proof. We assume the contrary, namely that there exist x € X and (v*,y*,v) €
BY such that F(z) <gx h®(v*,y*,v) = v. It is obvious that € dom F' and
(v*,v) > (v*, F(x)).

On the other hand, by applying the Young-Fenchel inequality, it holds

(v",0) < =(W@)"(0, —=y") < (v*, F()),

which leads to a contradiction. 0O
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For proving strong duality we consider the following regularity condition

(RCV?) | 32" € X such that (2/,0) € dom® and &(', ) is continuous at 0.

Theorem 4.3.2. Assume that the regularity condition (RCV?®) is fulfilled. If
z € X is a properly efficient solution to (PVG), then there exists (v*,y*,v),
an efficient solution to (DVG), such that F(z) = h®(v*,5*,0) = v.

Proof. Since T € X is a properly efficient solution to (PVG), it follows that
7 € dom F and there exists v* € K*¥ fulfilling
(@, F(@) = i (5", F(2)) = inf (#°®)(a,0)
The function (x,y) +— (0°P)(z,y) is proper and convex and one has that
there exists 2’ € X such that (2/,0) € dom(7*®) = dom P and (v*P)(2’,-) is
continuous at 0. By Theorem 3.2.1, there exists y* € Y* such that

(0", F(2)) = inf (79)(2,0) = yfgk{—(@*@)*(O’ —y")} = —(@2)"(0,-7").

This has as consequence the fact that for o = F(Z) the element (0*,7*,) is
a feasible solution to (DVG). By the weak duality statement (see Theorem
4.3.1) it follows that (*,7*,v) is an efficient solution to (DVG). O

Remark 4.3.1. For having strong duality it is enough to assume that for all
v* € K*0 the scalar optimization problem

inf (0*®

Inf (v°9)(=,0)
is stable. In case X and Y are Fréchet spaces, @ is star K-lower semicontinuous
and 0 € sqri(Pry (dom®)) this is guaranteed by Theorem 3.2.1. The same

happens if lin(Pry (dom®)) is a finite dimensional linear subspace and 0 €
ri(Pry (dom @)).

Before coming to the converse duality theorem we prove a preliminary
result.

Theorem 4.3.3. Assume that B is nonempty and that the regularity condi-
tion (RCV'?) is fulfilled. Then

V\ cl (F(dom F) + K) C core(h®(BY)).

Proof. Consider an arbitrary element o € V' \ cl(F(dom F') + K). The set
cl(F(dom F)+ K) C V is convex and closed and, by Theorem 2.1.5, there
exists v* € V*\ {0} and o € R fulfills

(",0) < a < (0", v) Vv € cl(F(dom F) + K) . (4.14)

One can easily see that v* € K* \ {0}. Further, since BY # (), there exists
(0*,9%,9) € K*® x Y* x V such that
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(i",3) < ~(@*®)*(0, ") < inf (&*, F(x). (4.15)
xTE

Denote by v := a — (7%,0) > 0. For all s € (0,1) it holds
(s0" 4+ (1 —9)0%,0) = (0%,0) + s((0%,0) — (07,0)) =a—~v+s((0",0) —a+7),
while, by (4.14) and (4.15), for all v € F(dom F) + K it holds
(s0" + (1 —s)v™,v) > s(0%,0) + (1 — s)a = o + s((0%,0) — ).
Thus one can choose 5 € (0, 1) close enough to 0 such that 5({(0*,7) —a+7) <
v/2 and 5({0*,9) — @) > —v/2. For v} := 50* + (1 — 5)v* € K*¥ it holds
(v, 0) < a— % < (vi,v) Yv € F(dom F),
which yields that
(v:, 0y < inf (v, F(x)). (4.16)
reX

Taking into account that (RCV?) is fulfilled, there exists y* € Y* such
that

(v, ) < inf (v®)(x,0) = sup {—(v;2)"(0,~y")} = —(v5P)"(0, —y5).

zeX yrEY*
(4.17)
Obviously, v € h®(B%). Let € > 0 be such that
(12,0) + € < —(070)°(0, ~y).
Then for all v € V there exists d, > 0 such that
(V5,04 Av) < (v5,0) +e < —(vi®)" (0, —y5) YA € [0,6,].

So, for all A € [0,4,], (v, yZ, 9+ \v) € BS and therefore ¥ + \v € h%(BY). In
conclusion, v € core(h“(B%)). O

Next we state the converse duality theorem.

Theorem 4.3.4. Assume that the reqularity condition (RCV®) is fulfilled and
that the set F(dom F)+K is closed. Then for every efficient solution (0, 5", )
to (DV Q) there exists T € X, a properly efficient solution to (PVQ), such
that F(z) = h%(v*,5*,0) = 0.

Proof. Assuming that v ¢ F(dom F') + K, by the previous result follows that
v € core(h®(B%)). Thus for k € K \ {0} there exists A > 0 such that vy :=
U+ Mk > v and vy € h¢(B%). This contradicts the fact that (v*,7*,0) is
an efficient solution to (DVG). Thus we must have ¢ € F(dom F) + K and
this means that there exists # € dom F and k € K fulfilling v = F(z) + k. By
Theorem 4.3.1 it follows that & = 0 and, consequently, ¥ = F(Z). Since

(0", F(z)) = (v, 0) < =(072)"(0, —5") < inf (o7, F(2)),

T is a properly efficient solution to (PVG). O
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Remark 4.3.2. In Theorem 4.3.3 and, consequently, in Theorem 4.3.4 the reg-
ularity condition (RC'V?) can be replaced with the weaker assumption that
for all v* € K*° the problem

inf (v, F(x))

is normal. Normality, even if does not guarantee that the conjugate dual of
this scalar problem has an optimal solution, ensures that

inf (v*, F(z)) = sup {—(v"®)" (0, —y")}.

rxeX yreY *

This is enough to guarantee in the proof of Theorem 4.3.3, together with
(4.16), the existence of y* € Y* such that

(v5,0) < =(vs®)(0, —y5)-

Remark 4.3.3. Going back to the vector optimization (PV4) treated in section
4.1 one can notice that for & : X x Y — V., &(z,y) = f(z) + g(Az +y), which
is in that setting a proper and K-convex function, (DV G) becomes exactly
the vector dual problem (DV4). The regularity condition (RCV4) is nothing
else than (RC'V?) and this means that the weak, strong and converse duality
results stated for the primal-dual vector pair (PV4) — (DV#) are particular
instances of those introduced in this subsection.

Remark 4.3.4. In case V' =R and K = R one can identify V with R and for
F: X — R a proper and convex function, the primal vector problem becomes

For ® : X x Y — R fulfilling &(z,0) = F(x) for all + € X one has that
(v*,y*,v) belongs to B if and only if v* > 0, y* € Y* and v € R fulfill

1
v < —(0')*(0,—y") & viv < —v*P* (07 —*y*)
v

1
(DG) sup {—@* (07 —*y*)}
v*>0,y* €Y * v

(DG) sup {—9"(0,—y")},
yreY ™

or, equivalently,

which is the general conjugate dual problem to (PG) investigated in section
3.1.
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4.3.2 Vector dual problems to (PV®) as particular instances of
the general approach

For the primal vector optimization problem (PV®) introduced in section 4.2
we construct some vector dual problems via the general approach described
above by considering different vector perturbation functions taking at (z,0)
the value f(x)+dY (z) for all z € X. We do this in analogy to the investigations
made in subsection 3.1.3 in the scalar case and assume to this end that the
hypotheses stated for the sets and functions involved in the formulation of
(PVY) are fulfilled.
Consider first $°L : X x Z — V defined by

Coy oy 1@, ifzeSg@)ez—C,
Pt (w,2) = {JrooK, otherwise.

For v* € K*0 the formula for the conjugate of (v*®“~L) can be deduced from
(3.6) and in this way one obtains the following Lagrange type vector dual
problem to (PVY)

(DVEr) Max  hO=(v*, 2%, 0),

(v*,z*,0)EBCL
where

B¢ = {(U*,z*,v) e K xC*xV:(v*0v) < ;I&}g{(’u*f)(l‘) + (z*g)(x)}}
and
RCL (v*, 2%, v) = v.

The weak, strong and converse duality results given in the previous sub-
section in the general case lead to the following statement.

Theorem 4.3.5. (a) There is no x € A and no (v*,z*,v) € B°% such that
J(@) <k KO (0", 2*,0).

(b) If (RCVCt) is fulfilled and T € A is a properly efficient solution to (PV°),
then there exists (0*,2*,0), an efficient solution to (DVCt), such that
f(z) = hCr (v*,2%,0) = .

(c) If (RCVCr) is fulfilled, f(dom fN.A)+ K is closed and (v*,z*,9) is an
efficient solution to (DVCr), then there exists T € A, a properly efficient
solution to (PV©), such that f(z) = hCL (v*,2*,0) = v.

Remark 4.8.5. (a) The dual problem (DV ) is one of the classical vector
duality concepts which exist in the literature. It was introduced by Jahn in
[101] (see also [103,104]), where also corresponding weak, strong and converse
duality results have been proven.

(b) In Theorem 4.3.5(b) the regularity condition (RC'V “L) can be replaced
in case X and Z are Fréchet spaces, S is closed, f is star K-lower semicontinu-
ous and g is C-epi closed with the condition 0 € sqri(g(dom fNSNdom g)+C).
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If lin(g(dom fNSNdom g)+C) is a finite dimensional linear subspace one can
assume instead that 0 € ri(g(dom f NS Ndomg)+ C). As noticed in Remark
4.3.2 in the general case, in Theorem 4.3.5(c) the regularity condition can be
replaced with the assumption that for all v* € K*O the optimization problem

inf (v*, f(x))

z€A

is normal with respect to its Lagrange dual (see also [101, Theorem 2.5]).

() If V=R and K = R, then (PVY) turns out to be the scalar opti-
mization problem with geometric and cone constraints (P®), while (DV°r)
is nothing else than the classical scalar Lagrange dual problem to (P¢) (cf.
subsection 3.1.3).

The second vector perturbation function we consider in this subsection is

PCr X x X -V,

flx+y), ifze A,
400K, otherwise,

P (2,y) = {

which leads by taking into consideration (3.7) to the following so-called
Fenchel type vector dual problem to (PVC) (cf. [36,37])

(DVr) Max  h7 (v, y",v),
(v*,y*,v)EBCF

where
BEr = {(v*,y*,v) € KO x X*xV: @, v) <—"f)y) - oal-y")}

and
hEF (v* Yy v) = v.

Considering as regularity condition
(RCVEr) | 32’ € dom f N A such that f is continuous at 2/,

the results in the previous subsection can be summarized to the following
theorem.

Theorem 4.3.6. (a) There is no x € A and no (v*,y*,v) € BF such that
F(z) <k hOP (0", 7, 0).

(b) If (ROVEF) is fulfilled and T € A is a properly efficient solution to
(PV©), then there exists (v*,§*, ), an efficient solution to (DVCF), such
that f(z) = hCF (v*,5*,0) = 0.

(c) If (RCVCF) is fulfilled, f(dom f N A) + K is closed and (v*,5*,9) is an
efficient solution to (DVCF), then there exists T € A, a properly efficient
solution to (PV°), such that f(z) = hCF (v*,5*,0) = 0.
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Remark 4.3.6. (a) In statement (b) of Theorem 4.3.6 the regularity condition
(RCVCF) can be replaced in case X is a Fréchet space, A is closed and f
is star K-lower semicontinuous with the condition 0 € sqri(dom f — A). If
lin(dom f — A) is a finite dimensional linear subspace one can assume instead
that 0 € ri(dom f — A). In Theorem 4.3.6(c) the regularity condition can be
replaced with the assumption that for all v* € K*O the optimization problem

inf (v*, f(x))

zeA

is normal with respect to its Fenchel dual.
() If V. =R and K = R, then (DVYF) is nothing else than the scalar
Fenchel dual problem to (P®) (cf. subsection 3.1.3).

The third vector perturbation function we treat is $°Fr : X x X x Z — V,

Cr1 _J fle+y), ifxe S g(x)ez-C,
P (w,y,2) = {—i—ooK, otherwise.
The formula for the conjugate of (v*®“Ft), when v* € K*, follows from
(3.8) and it provides the following so-called Fenchel-Lagrange type vector dual
problem to (PVC) (cf. [36,37))

(DVCFL) Max hCFL (U*7y*’z*7v)7
(v*,y*,2*v)EBCFL
where
BCrL = {(v*,y*,z*,v) EROx X*xC*xV:
(v, 0) < =(* )*(y*) — (z*9)5(=y")}
and

REFL (v*, y*, 2% v) = v.
We introduce the following regularity condition

(RCVCrr) | 32’ € dom f NS such that f is continuous at z’
and g(z') € —int(C)

and thus one can derive from the weak, strong and converse duality theorems
in the previous subsection the following result.

Theorem 4.3.7. (a) There is no z € A and no (v*,y*,2*,v) € BEFL such
that f(x) <g hCFL(v*,y*, 2%, v).

(b) If (RCVCFL) s fulfilled and T € A is a properly efficient solution to
(PV©), then there exists (v*,5*,2*,0), an efficient solution to (DVCFL),
such that f(z) = hCFL (v*,5*, 2%,0) = 0.

(c) If (ROVErr) is fulfilled, f(dom f N .A) + K is closed and (0%, 75", 2, 0)
is an efficient solution to (DVCFL), then there exists T € A, a properly
efficient solution to (PVC), such that f(Z) = hCFr (v*, 7%, 2*,0) = v.
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Remark 4.3.7. (a) If X and Z are Fréchet spaces, S is closed, f is star K-
lower semicontinuous and g is C-epi closed, then the regularity condition
in the statement (b) of Theorem 4.3.7 can be replaced with the condition
0 € sqri(dom f x C'—epi_o(—g) N (S x Z)). If the linear subspace generated
by dom f x C — epi_o(—g) N (S x Z) is finite dimensional, then one can
assume instead, that 0 belongs to the relative interior of this set. More than
that, in Theorem 4.3.7(c) (RCVYFL) can be weakened by assuming that for
all v* € K*Y the optimization problem

inf (v, f(x))

zeA
is normal with respect to its Fenchel-Lagrange dual.

(b) In case V = R and K = R, then (DVCFr) is exactly the scalar
Fenchel-Lagrange dual problem to (P) (cf. subsection 3.1.3).

The last vector dual problem to (PVY) investigated in this subsection is
not related to any conjugate dual of the scalarized primal problem. What we
do is in fact involving in the definition of its feasible set the scalarized problem
itself. The vector dual looks like

(DVEP)  Max  hOr(v*,v),
(v*,0)eBCP
where

BEr = {(v*,v) e K xV: (v v) < J}relg@*af(ff»}

and
REP (v*,v) = v.

We omit the proofs of the weak and strong duality theorems since these as-
sertions follow automatically.
Theorem 4.3.8. There is no v € A and no (v*,v) € BY? such that f(z) <g
hEP (v*,v).
Theorem 4.3.9. If T € A is a properly efficient solution to (PVC), then there
exists (0*,0), an efficient solution to (DVC?), such that f(z) = hCF (v*,v)
=7.

The proofs of the two statements in the next result can be made in analogy
to the ones of Theorem 4.3.3 and Theorem 4.3.4, respectively.

Theorem 4.3.10. (a) Assume that BY? is nonempty. Then
V\cl(f(dom f N A) + K) C core(h®"(B?)).

(b) If f(dom fNA)+K is closed and (v*, ) is an efficient solution to (DVEF),
then there exists T € A, a properly efficient solution to (PVY), such that
£(z) = h (5%,7) = 5.

Remark 4.3.8. Different to the strong and converse duality theorems given in

this subsection for Theorem 4.3.9 and Theorem 4.3.10 no regularity condition
is needed.
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4.3.3 The relations between the dual vector problems to (PV°)

In this subsection we investigate some inclusion relations between the image
sets of the feasible sets through the objective functions of the vector duals of
(PV®) introduced in this chapter. We start by proving two general results
which are fulfilled without any further assumptions.

Proposition 4.3.11. It holds

(a) hOrH(BOre) € hCw(BL);
(b) hCrL(BCFL) C hCF (BOF).

Proof. Let (v*,y*,z*,v) € BYFL be arbitrarily chosen. We have (see also the
proof of Proposition 3.1.5)

W' 0) <~ )" (") — (=" 9)5(—y")
< inf {(v" F)(@) + (") + b5) (1)} = WE{(v" F)(@) + (") (@)}

and so v = hL (v*, 2%, v) € L (BCL).
On the other hand, it holds (see also the proof of Proposition 3.1.6)

(", 0) < =" )" (y") = (z'9)s(=y") = (") (¥)
+mf{(y", @) + (%, 9(2))} < —(v"f)"(y") + inf (y", 2)
== f)Y") —oal=y),
which means that v = h“F (v*,y*,v) € h9F (B°F). O

Proposition 4.3.12. It holds

() W+ (BS") € K™ (BOr);
(b) hCF (BOF) C hCP (BCP).

Proof. (a) For (v*,z*,v) € BL one has

(v*,0) < if{(v" (@) + (") (@)} < ink (0" ) (@),

which guarantees that v = hCF (v*,v) € hOP (BEP).
(b) For (v*,y*,v) € BYF one has

(" 0) < (" f)"(y") —oal-y") < i {(v"f)(2) +da(2)} = inf (0" f)(2),

and so v = h°P (v*,v) € hOP(BCP). O
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Proposition 4.3.11 and Proposition 4.3.12 provide the following general
scheme (cf. [36,37])

C Cr,
hCFL(BCFL) C h L(B )

C por (gory C (B (418)

We invite the reader to consult [36,37] for examples which show that
in general the inclusion relations above can be strict. Further we give some
sufficient conditions which close the “gaps” between the sets involved in (4.18).

Theorem 4.3.13. Assume that there exists ' € dom fNSNdomg such that
f is continuous at x'. Then h¢Fr(BCrr) = pCr (BCL).

Proof. As follows from Proposition 4.3.11(a), it is enough to prove that for
an arbitrary v € h¢(Bt) it holds v € h¢FL(BCFr). Let be v € hCr(BL)
and (v*,z*) € K*0 x C* such that (v*, 2*,v) € Bt or, equivalently,

(v",v) < inf {(v"f)(2) + (2"g) ()} = inf {(v"f)(2) + ((z"9) + ds) (2)}-

S

As dom((z*g) + ds) = S Ndom g, by Theorem 3.2.6 follows that there exists
y* € X* fulfilling

inf {(v"f)(2) + ((2"g) + d5) ()} = sup {=(v"f)"(y") = (z"9)5(=y")}

2EX yrEX*
=—("f)" ") - (Z"9)s(=7").
Thus (v*, 7%, 2*,v) € BYFL and, consequently, v € hCFL(BCFL). O

Theorem 4.3.14. Assume that there exists ' € A such that g(z') € —int(C').
Then hOFr(BCrL) = BCr (BOF).

Proof. As follows from Proposition 4.3.11(b), it is enough to prove that for an
arbitrary v € h¢F (BCF) if holds v € h“Fz (BEFL). Let be v € h¢F (BCF) and
(v*,y*) € K*0 x X* such that (v*,y*,v) € BYF or, equivalently,

(", 0) < =" )" (y") —oal=y").
By Theorem 3.2.9, there exists z* € C* such that

) — f * _ . f * *
oal=y") == ik (" @) = = sup inf{(y",2) + (="9)(@)}

= - inf{(y", 2) + (7g)(2)} = ("g)s(~y")
and this yields
(v < = ) y) = (Z9)s(=y").
Thus (v*,y*, 2*,v) € BYFL and, consequently, v € h¢FL (BCFL). 0O
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Combining the last two theorems it follows that in case (RCVErr) is
fulfilled, then hCre(BCre) = pOr(BCr) = RCL(BCL). The next theorem
shows that actually all inclusion relations in (4.18) are in fact equalities (see
also [36,37]).

Theorem 4.3.15. Assume that the regularity condition (RCVCFL) is ful-
filled. Then

hOre(BOFEY = ROF (BOF) = hCr (BOr) = hOP (BOP). (4.19)

Consequently, under this hypothesis the maximal sets of the image sets of
the feasible set through the objective functions of the wvector dual problems
(DVCrL) (DVYF) (DVCL) and (DVE?) are identical.

Proof. What we prove is that for an arbitrary v € A7 (B°F) it holds v €
hOrL(BErL). Let be v € h“? (BYP) and v* € K*O such that (v*,v) € B°F or,
equivalently,

(v, ) < inf (0", £(2).

By Theorem 3.2.12, there exist y* € X* and z* € C'* such that

Inf (7, f(2)) = y*e;gf*eC*{—(v*f)*(y*) = (z"9)5(=y")}
= N)@) - (z7g)s(~y"),

which yields (v*, §*, 2*,v) € BYFL and, consequently, v € hOFL (BCFL). O

Remark 4.3.9. (a) If X is a Fréchet space, S Ndomg is closed and f is star
K-lower semicontinuous, then the regularity condition in Theorem 4.3.13 can
be replaced with the assumption that 0 € sqri(dom f — (S N domg)). If the
linear subspace lin(dom f — (S N dom g)) is finite dimensional, then one can
assume that 0 € ri(dom f — (S Ndomg)).

(b) If X and Z are Fréchet spaces, S is closed and g is C-epi closed, then the
regularity condition in Theorem 4.3.14 can be replaced with the assumption
that 0 € sqri(g(SNdom g)4C). If the linear subspace lin(g(SNdom g)+C) is fi-
nite dimensional, then one can assume that 0 € ri(g(SNdom g)+C). Assuming
additionally that f is star K-lower semicontinuous, then one can ask instead of
(RCV©rr) in Theorem 4.3.15 that 0 € sqri(dom fx C'—epi(_c)(—g)N(Sx Z)).
If the linear subspace spanned by dom f x C' —epi_¢y(—g) N (S x Z) has a
finite dimension, then for guaranteeing the conclusion in Theorem 4.3.15 one
needs only to assume that 0 belongs to the relative interior of this set.

(c) Consider X = R", Z = R™, C = R}, S C R" a nonempty convex
set, g : R — R™ a given R'P’-convex function and f; : R" — R,i=1,..,k,
proper and convex functions such that ﬂle dom f; NS Ng ' (—R7}) # 0. Let
alsobe V=RF K =Rk, V =RF =RFU {+oopsy } and f: R — R¥, defined
by
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k
T ifx m f;
foy = | (@) @) it e () dom

+00Rk 5 otherwise.

In this setting we introduce the following primal vector optimization problem

(PVS) Min f(z).
A={x e S:g(x) <0}

As in the general case it is possible to construct for (15\\// C) different vector
dual problems in analogy to the ones introduced in this section. By Theorem
3.2.14 follows that, in order to have for these duals the equality in (4.19)
fulfilled, it is enough to impose a sufficient condition which in this particular
case looks like

Cr
(RCV L) Elx’eri(ﬂ domfz>ﬁr1( ) such that
gi(2') <0,i € L, and g;(2') < 0,i € N,

where L and N are the sets of indices defined in the end of section 3.2.

In the remaining part of the section we investigate the relations between
the classical vector duality concepts due to Jahn and Nakayama for the vec-
tor optimization problem with geometric and cone constraints. We start by
proving the following general result.

Proposition 4.3.16. It holds h®t (B¢) C hON (BEN).

Proof. Let be an arbitrary v € h®L (BL). Then there exists (v*, z*) € K*0 x
C* such that (v*,2*,v) € Bt or, equivalently, (v*,v) < inf,es{(v*f)(x) +
(2*g)(x)}. Like in the proof of Theorem 4.2.2 one can provide an U € L(Z,V)
fulfilling U*v* = z* and U(C) C K. We prove that (U,v) € BN and to this
end we assume the contrary, namely that there exists x € SNdom g such that
v >k f(x) +U(g(z)). Thus

(v",0) > (0%, f(2)) + ({U™0", g(x)) = (v f)(z) + (z79)(2),
which leads to a contradiction. In conclusion, v = h“~ (U, v) € h¢~ (B°~). O
Example 4.3.1. (cf. [37]) Letbe X =V =R?, Z=R, C =R, K = Ri,
S={x= (zl,xQ)T € R?: 2, > 0,29 > 0 such that 2o > 0 if 2, € [0,1)},
g:R?> =R, g=0and fi, f» : R> = R defined by

Fu(z) = {xl, if 2 = (2,22)7 €8,

400, otherwise,

and
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400, otherwise.

Folz) = {xg, if z = (z1,72)T €8,

For the dual problems of the primal vector optimization problem

. f1($
2k (fm))
A={ze€ S :g(x) <0}

it holds hCFL(BCFL) = pOF(BYF) = KCL(BL) = hCP(BCP). This is the
case because of the fact that the regularity condition stated for (PV®) in the
particular formulation from Remark 4.3.9(c) is fulfilled (for 2’ = (1,1)T €
ri(S) it holds g(a’) < 0). In this particular case Nakayama’s vector dual
problem looks like . .
N N
(DVEY) e h=¥ (g, v),

where

BCN — {(q7v) = Ri X R2 Lq = (CI17Q2)T and
Bz € S such that v > f(x) + (q19(2), g29(x))T },

={(¢,v) € RY x R?*: fiz € S such that v > z}

and
REN (q,v) = v.

Thus ROV (BEY) = (R?\ S) U{(1,0)T} and Max(h®~ (B°V),R2) = {(1,0)T}.
Assuming that (1,0)7 € h(Bt) = hCr(BCF) it follows that there ex-
ists v* = (vf,v3)" € int(R2) fulfilling vj < infyeaf{v}fi(z) + v3fo(2)} =
inf es{viz1+uvias}. Since foralll > 1, (1/1,1/1) € A, it must hold v} < 0 and
so we come to a contradiction. Thus (1,0)T ¢ h“F (B“F) = hCL (BCL), which

means that even having (EE‘?C”) fulfilled, for A~ (B€~) and ht (B°*) one
can have in general a strict inclusion. More than that, Max(hE~ (B¢~),R%) ¢
Max(h¢r (B°%),R?).

On the other hand, for v* = (1,1)” € int(R2) it holds (v*, (0,0)") € BY»
and so (0,0)7 € h®P(BY?). Moreover, one can easily see that (0,0)7 €
Max(h¢? (BYr),R%) = Max(h“=(B92),R%). As (0,0)7 is not a maximal ele-
ment in A (BV), one can conclude that in general Max(h“r (B°+),R%) ¢
Max(h~ (BE),R2). Sufficient conditions for having equality between the
maximal sets of hL (BYL) and hO~ (BY~) are given in the following theorem.

Theorem 4.3.17. Assume that the regularity condition (RCV L) is fulfilled
and that the set f(dom f N A) + K is closed. Then the following statements
are true

(a) Max(h¥ (BS), K) € Max(hO~ (B~), K);
(b) if, additionally, qi(K) # 0 and every efficient solution to (PV) is also
properly efficient, then Max(hCt (Br), K) = Max(hO~ (B¢~), K).
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Proof. The statement (a) follows from Theorem 4.3.5(¢) and Theorem 4.2.2,
while statement (b) follows from Theorem 4.2.5 and Theorem 4.3.5(b). O

Combining the assertions in the theorem above the following corollary can
be stated.

Corollary 4.3.18. Assume that qi(K) # 0, the regularity condition (RCVC®)
is fulfilled, the set f(dom f N A) + K is closed and every efficient solution
to (PVY) is also properly efficient. Then it holds Min(f(dom f N A), K) =
Max(h~ (BV), K) = Max(h" (B), K).

As one will see in section 5.5, all the assumptions of Corollary 4.3.18 are
for instance fulfilled when one deals with linear vector optimization problems
in finite dimensional spaces.

Remark 4.3.10. (a) If X and Z are Fréchet spaces, S is closed, f is star K-
lower semicontinuous and g is C-epi closed, then one can replace the regu-
larity condition (RCV %) in Theorem 4.3.17 and Corollary 4.3.18 with the
assumption that 0 € sqri(g(dom f NS N domg) + C). If the linear subspace
lin(g(dom fN.SNdom g)+ C) is finite dimensional, then one can alternatively
assume that 0 € ri(g(dom f NS Ndomg)+ C).

(b) Corollary 4.3.18 improves some similar statements given by Nakayama
in [142-144] in finite dimensional spaces and under stronger assumptions (see
also Remark 4.2.5(0)).

(¢) Replacing in the formulation of Corollary 4.3.18 (RCV“*) by the reg-
ularity condition (RCVCFr), by Theorem 4.3.15 one can conclude that

Min(f(dom f N A), K) = Max(h®™ (BCN), K) = Max(h®" (BCP), K)

= Max(h®(B%), K) = Max(h®F (B°F), K) = Max(h“F= (B°FL), K).

4.3.4 Duality with respect to weakly efficient solutions

In the following we suppose that int(K) # () and give a general approach for
constructing vector dual problems with respect to weakly efficient solutions.
In particular we construct different vector dual problems to (PV,$') and study
the relations between them. In these investigations the set of weakly maximal
elements of KGN (BSY) will be also involved.

For F: X -V = VU {&oog} a proper and K-convex functions we
consider the general vector optimization problem

(PVGy) V\;g/gn F(x).

We say that T € X is a weakly efficient solution to (PVG,,) if T € dom F and
F(z) € WMin(F(dom F), K'). We consider as vector perturbation function

@ : X xY — V and define the following vector dual problem to (PVG,,) with
respect to the weakly efficient solutions as being



154 4 Conjugate vector duality via scalarization

(DVG,) WMax RS (v*,y* v),

(v*,y*0)eBG

By ={(v",y",v) € (K*\ {0}) x V" x V'« (v",0) < —(v"®)*(0, —y")}

hE (v*,y*,v) = v.

As follows from the following two results, for (PVG,,) and (DVG,,) weak and
strong duality hold.

Theorem 4.3.19. There is no x € X and no (v*,y*,v) € BS such that
F(z) <k hS(v*,y*,v).

Proof. We assume the contrary, namely that there exist € X and (v*,y*,v) €
BY such that F(z) <x hS(v*,y*,v) = v. Then it holds # € dom F and
(v*,v) > (v*, F(x)).

On the other hand, (v*,v) < —(v*®)*(0, —y*) < (v*, F(z)), and this leads
to a contradiction. O

Theorem 4.3.20. Assume that the regularity condition (RCV'®) is fulfilled.
Ifz € X is a weakly efficient solution to (PV G,,), then there exists (v*,y*,v),
a weakly efficient solution to (DV G,,), such that F(z) = hS (v*,5*,v) = ©.

Proof. Since T € X is a weakly efficient solution to (PVG,,), then € dom F
and F(Z) is a weakly minimal element of the set F(dom F) C V. By Corollary
2.4.26 (see also Remark 2.4.11), there exists v* € K*\ {0} which satisfies

(@, F(@) = inf (7", F(2)) = inf (5°)(z,0).

Applying now Theorem 3.2.1 one gets that there exists y* € Y such that

(0", F(2)) = inf (0"9)(2,0) = yfg*{—(@*@*m’ —y")} = —(@2)"(0,-7").

For ¥ = F(z) one has (v*,5*,0) € BS. That (v*,9*,9) is a weakly efficient
solution to (DVG,,) follows by Theorem 4.3.19. O

Before stating the converse duality theorem we prove the following pre-
liminary result.

Theorem 4.3.21. Assume that the regularity condition (RCV'®) is fulfilled.
Then
V\ cl (F(dom F) + K) C core(h& (BY)).
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Proof. Consider ¢ be an arbitrary element in V'\ ¢l (F(dom F') + K). Since
the set cl (F(dom F') + K) C V is convex and closed, by Theorem 2.1.5 there
exists v* € K*\ {0} and o € R such that

(",0) < a < (0", v) Vv € cl(F(dom F) + K).

Thus

(v",9) < < inf (5"F)(2) = inf (v")(x,0)

and, consequently, there exists §* € Y* such that
(v%,0) < =(v"®)(0, =").

Obviously, © € hG(BS). Like in the proof of Theorem 4.3.3 it can be proven
that in fact we have more, namely that v € core(h$(BS)). O

The converse duality theorem is a direct consequence of the previous result.

Theorem 4.3.22. Assume that the regularity condition (RCV'®) is fulfilled
and that the set F(dom F) + K is closed. Then for every weakly efficient
solution (v*,y*,v) to (DVG,y,) one has that v is a weakly minimal element of
the set F(dom F') + K.

Proof. Assuming that © ¢ F(dom F) + K, by Theorem 4.3.21 follows that
v € core(h$(BS)). Considering an element k € int(K) there exists A > 0
such that vy := 0 + Ak > © and vy € hG(BS). This contradicts the fact
that (0*,7*,7) is a weakly efficient solution to (DVG,,). Supposing that o is
not a weakly minimal element of F(dom F') + K, it follows that there exist
T € dom F and k € K satisfying v >y F(Z)+k =, F(Z), but this contradicts
Theorem 4.3.19. O

Remark 4.3.11. (a) The observations pointed out in Remark 4.3.1 and Remark
4.3.2 apply also for the strong and converse duality theorems, respectively,
given for the primal-dual vector pair (PVG,,) — (DVGy).

(b) The duality approach developed in subsection 4.1.2 for (PV,2) follows
as a particular case of this general scheme by considering @ : X x Y — V|
P(z,y) = f(z) + g(Az + y).

(¢) In case V =R and K = Ry the vector dual problem (DV G, ) has the
following formulation

1
(DG) sup {45* (0, - y*) }
v*>0,y*eY* v

(DG)  sup {=@"(0,-y")},

y*EY*

or, equivalently,

and this is again (see the remark in the end of subsection 4.3.1) the general
conjugate dual problem to (PG).
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Similarly to the approach in subsection 4.3.2 one can construct by using the
general scheme different vector dual problems to (PV,S) with respect to weakly
efficient solutions. Even if their formulations are close to the formulations of
the vector duals in subsection 4.3.2, we introduce them here for the sake of
completeness along with the theorems which provide the weak, strong and
converse duality.

We start with the Lagrange type vector dual problem to (PV.S) with respect
to the weakly efficient solutions (see also [104])

(DVEE)y  WMax  hSE(v*, 2%, 0),

(v*,2* w)eBLE

where
Bor = {(v*, 2%, v) € (K*\{0}) xC* XV : (v*,0) < irelg{(v*f)(w)+(2*g)(x)}}

and
ROE (v*, 2%, v) = v.

The weak, strong and converse duality results given above lead to the
following statement.

Theorem 4.3.23. (a) There is no x € A and no (v*,z*,v) € BSE such that
f(z) <g hSr(v*, 2%, v).

(b) If (RCV L) is fulfilled and & € A is a weakly efficient solution to (PV.S),
then there exists (0*,2*,9), a weakly efficient solution to (DV.ST), such
that f(x) = hGr (0%, 2%,0) = 0.

(c) If (RCVEr) is fulfilled, f(dom f N A) + K is closed and (v*,z*,9) is a
weakly efficient solution to (DV.SL), then v is a weakly minimal element
of the set f(dom fNA) + K.

The Fenchel type vector dual problem to (PVf) with respect to the weakly
efficient solutions has the following formulation

(DVH?F) WMax hgp (v*,y",v),

C
(v y*,0)EBLY

where

By = {(v"y*,0) € (B\{0}) x X* x V: (v, 0) < (" )" (y") —oa(~y")}

and
RCF (v*, 2% v) = v.

Theorem 4.3.24. (a) There is no x € A and no (v*,y*,v) € BSF such that
f(z) <rx hSF (v*,y*,v).

(b) If (ROVEF) is fulfilled and T € A is a weakly efficient solution to (PV.S),
then there exists (v*,5*,9), a weakly efficient solution to (DV,.SF), such
that f(z) = hCF (0%, 9%, 0) = 0.
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(c) If (ROVEr) is fulfilled, f(dom f N A) + K is closed and (v*,7%,0) is a
weakly efficient solution to (DV.ST), then v is a weakly minimal element
of the set f(dom fNA)+ K.

The next vector dual problem we introduce is the Fenchel-Lagrange type
vector dual problem to (PV.C) with respect to the weakly efficient solutions

(DVU?FL) WMax hSFL (v*,y*, 2%, v),
(v*7y*72*,v)€BSFL
where
BErr = {(v*,y*, 2%,v) € (K* \ {0}) x X* x C* x V :
(v*,0) < =W )*(y*) — (z*9)5(—y*)}
and

ROFL (v* ¥, 2% v) = v.

Theorem 4.3.25. (a) There is no x € A and no (v*,y*,2*,v) € BSFL such
that f(z) < hGFL(v*,y*, 2%, v).

(b) If (ROVErL) is fulfilled and T € A is a weakly efficient solution to (PV,S),
then there exists (0*,9*,%%,0), a weakly efficient solution to (DV,SFt),
such that f(z) = hSFE (0%, 5%, 2%, 0) = v.

(c) If (RCVErr) is fulfilled, f(dom fNA)+ K is closed and (0%, §*, 2°,0) is a
weakly efficient solution to (DV,CFL), then v is a weakly minimal element
of the set f(dom fNA)+ K.

In analogy to (DV®F) we define the following dual vector problem to
(PCY) with respect to the weakly efficient solutions
(DVEPY  WMax  hSF (v*,v),

(v* v)EBLP

where

w zeA

BLr = {(v*w) € (K*\{0}) x V: (v*,v) < inf <”*’f<z)>}

and
hCP (v*,v) = v.

Theorem 4.3.26. (a) There is no x € A and no (v*,v) € BS? such that
F(w) < KCP (v°,0).

(b) If T € A is a weakly efficient solution to (PV,S'), then there exists (v*,v),
a weakly efficient solution to (DV,.CF), such that f(Z) = hSP (v*,0) = ©.

(c) If f(dom f NA) + K is closed and (0*,0) is a weakly efficient solution to
(DVEP), then v is a weakly minimal element of the set f(dom fNA)+ K.

Remark 4.5.12. The observations pointed out in Remark 4.3.5(b)—(c), Remark
4.3.6, Remark 4.3.7 and Remark 4.3.8 apply also for the vector duals (DV,S),
(DVEF), (DVEFL) and (DVS™), respectively.
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Following the proofs of Proposition 4.3.11 and Proposition 4.3.12 one can
easily show that the following relations of inclusion hold

hCFL (BCFL) C th (BgL)

= hCF(BCF) g th(BSP)' (420)

In analogy to Theorem 4.3.13, Theorem 4.3.14 and Theorem 4.3.15 the
following results can be shown.

Theorem 4.3.27. Assume that there exists ¥’ € dom fNSNdomg such that
f is continuous at x'. Then hGFL(BSrr) = hSr (BSE).

Theorem 4.3.28. Assume that there exists ©’ € A such that g(z') € —int(C).
Then hCrr (BCre) = hCr (BOr).

Theorem 4.3.29. Assume that the regularity condition (RCVEFr) is ful-
filled. Then

Rt (Bors) = hGF (BLF) = hi=(BGh) = hi? (BLP). (4.21)

Consequently, under this hypothesis the maximal sets of the image sets of
the feasible set through the objective functions of the wvector dual problems
(DVSFL) (DVEF), (DVSE) and (DV.E?) are identical.

Remark 4.3.13. The theorems above remain valid even if one replaces the
regularity conditions supposed in their hypotheses with different generalized
interior point conditions. To this end one has to consider the observation in
Remark 4.3.9 which applies also here.

Next we investigate the connections between the duality concepts intro-
duced by Nakayama and Jahn, this time with respect to the weakly efficient
solutions.

Theorem 4.3.30. It holds hGr (BSE) = hEN (BEY).

Proof. That hGr (BSE) C RGN (BSN) can be proven like in Proposition 4.3.16,
by taking into consideration that the interior of K is nonempty. We prove
here the opposite inclusion and to this end we consider an arbitrary element
v € h§~(BE~). Thus there exists U € £, (Z,V) with the property that there
isno x € SNdomyg fulfilling v >k f(x)+ U(g(x)) or, equivalently,

(v—it(K))N(f+Uog)(domfnNSNdomg) =0

& int(v — K)N((f +Uog)(dom fNSNdomg) + K) = 0.

The sets v — K and (f + U o g)(dom f NS Ndomg) + K are convex subsets
of V. By Theorem 2.1.2, there exist v* € V*\ {0} and a € R which satisfy

(50 —k1) <a < (W (f+Uog)(z)) +{v*, ko) (4.22)
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for all z € dom f NS Ndomg and all k1,ky; € K. One can easily show that
v* € K*\ {0}. Taking in (4.22) k1 = ko = 0 it yields

(™, vy < (", f(x)) + (U™v*, g(x)) Yo € dom f NS Ndomg.

Denote z* := U*v*. Since U(C) C K, for all ¢ € C it holds (U*v*,¢c) =
(v*,Uc) > 0, which implies that z* = U*v* € C*. Consequently, for the
element (v*,z*,v) € (K*\ {0}) x C* x V one has

(0", 0) < inf {(v" f)(2) + (z79)(2)},

zeS
which means that (v*,z*,v) € BSt and so v € h{r (BSL). O

Remark 4.8.14. If (RCV L) is fulfilled, then Theorem 4.3.29 and Theorem
4.3.30 yield

hig™ (B ) = hiy” (BLT) = hig™ (Byr) = h” (By7) = hig™ (B™).

Thus, under this hypothesis, the weakly maximal elements of these sets coin-
cide. If, additionally, f(dom f N .A) 4+ K is closed, then one has

WMin(f(dom f N A), K) € WMax(hSr=(BSrr), K) = WMax(hSF (BSF), K)

= WMax(hi " (Bgr), K) = WMax(h" (BG7), K)
= WMax(hS~ (BSY), K) € WMin(f(dom f N A) + K, K).

4.4 Vector duality via a general scalarization

In this section we first develop a general duality scheme for the vector opti-
mization problem with geometric and cone constraints

(PVE) Min f(a),
A={x e S:g(x)e -C}

in the same setting as considered in section 4.2 with respect to a general class
of efficient solutions introduced via a general scalarization function. Through-
out this section we assume that int(K) # (). In this framework we prove weak
and strong duality theorems and derive necessary and sufficient optimality
conditions. As particular instances we consider some particular scalarization
functions widely used in the literature on vector optimization.
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4.4.1 A general duality scheme with respect to a general
scalarization

Let S be an arbitrary set of proper and convex functions s : VU {+oox} — R
fulfilling s(+oogx) = 400, f(dom f N A) + K C dom s and such that s is K-
strongly increasing on the set f(dom fN.A)+ K. Let us recall that s is called
K-strongly increasing on f(dom f N A) + K if for z,y € f(dom fNA) + K
such that © —y € K and = # y it holds s(z) > s(y). The elements of the
set S are called scalarization functions. Following the ideas in [72,74,79] we
consider the following notion.

Definition 4.4.1. An element T € A is said to be an S-properly efficient
solution to (PVC) if & € dom f and there exists an s € S such that s(f (7)) <
s(f(x)) for all x € A.

If # € A is an S-properly efficient solution to (PV®), then 7 is also an
efficient solution to (PVY). On the other hand,  is an optimal solution to
the scalar optimization problem

Csy
(P72) inf s(f(x)).
Next we construct a scalar conjugate dual problem to (P®S) which will be
the starting point for defining a vector dual to (PV®) with respect to the
set of scalarization functions §. The duality schemes for a convex composed
optimization problem developed in section 3.4 cannot be used at this point,
as they are applicable only in case s € S is K-increasing on V U {+ook}.
But this assumption is too strong, being not fulfilled by the majority of the
scalarization functions one can meet in the literature. Nevertheless, even if we
assume less, a conjugate dual problem to (P®S) can be constructed.
We start by rewriting (P$) in the following equivalent form

(P9) _inf s(y),

zeA,YEV,
f(2)—y=K0
which is in fact nothing else than
PCs inf s(y)-
( ) (z,y)€SXV,g(x)e—-C, )
f(z)~y=K0

The Lagrange dual problem to (P¢$) is

et o)+ (2 g(@) + (7 f o) — )}

= s {BE0NE) + Ea@) + -k +s0)

k*€K* z*eC* zeS
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= s o0 (0 @) + () + )
k*eK*, z*eC* zeX
Replacing the infimum problem in the objective function of the optimization
problem from above with its Fenchel dual we finally get the following conjugate
dual problem to (P¢s)

(D) sup  {=s"(k") = (K" /)" (y") — (z"9)s(=y")}-
Y EX* K EK®,
zreC”
That v(PYs) > v(D%s) follows automatically from the construction of the

dual. Next we investigate the existence of strong duality in case the regularity
condition (RCVrt) is fulfilled.

Theorem 4.4.1. If the regularity condition (RCVEFL) is fulfilled, then it
holds v(PYs) = v(D®S) and the dual has an optimal solution.

Proof. The regularity condition assumed along with the hypothesis that
int(K) # 0 guarantee that there exists ¢y’ € Y such that y' € f(z') +int(K) C
f(dom f N A) + K C dom s. Thus there exists (2/,3’) € (dom f N S) x dom s
with the property that g(z’) € —int(C) and f(2') —y' € —int(K). By Theo-
rem 3.2.12 follows that there exist k* € K* and z* € C* such that

oP) = s s )+ ()0 + ) | = ()

k*eK*,z*eC*

+ Inf{(k"f)(@) + (z°9)(2)} = —s"(K") + inf {(F"f)(@) + ((z"9) + I5) ()}

zeX

Taking again into consideration (RCVEr), as ' € dom f NS Ndomyg =
dom(k* f) Ndom((z*g) + ds) and (k*f) is continuous at z’, by Theorem 3.2.6
there exists g* € X* which satisfies
inf {(k"f)(z) + ((z"g) + ds)(2)} = sup {=(K"f)"(y") — (Z"9)5(~y")}
zEX yreEX~
==k f)"(T) - (Z79)5(=7").

In conclusion,
v(PYs) = v(D) = =" (k") — (k" )" (5") = (z"9)s(~¥")
and (y*,k*, z*) is an optimal solution to (D). O

Remark 4.4.1. (a) The dual problem (D®$) can be seen as a Fenchel-Lagrange
type dual problem to (P®s), since when constructing it we consider first the
Lagrange dual to (P¢S) and after that the Fenchel dual to the inner infimum
optimization problem which appears in the objective function of the Lagrange
dual.
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(b) By defining in an appropriate way a perturbation function for (P¢s)
one can obtain the conjugate dual (D®S) by means of the general duality
approach developed in section 3.1. The general regularity conditions (RC?),
i € {2,2/,2",3,4}, would provide regularity conditions for the primal-dual
pair (PYs) — (DYs) even if the interiors of K and C are empty. We leave this
to the reader, as in this section our main purpose is not necessary to refine
the regularity condition (RCVEF~), but to develop a general duality scheme
for (PVY) with respect to different general scalarization functions.

The dual vector optimization problem to (PVY) we investigate in this
section is the following (cf. [29])

(DVCS) (s,y* k’}\g%}f))él’j‘cs hcs (S’ y*, k*7 2*7 U)7

where
BYs = {(s,y", k*,2*,v) €S x X* x K* x C* x V :
s(v) < =s"(k*) — (" f)*(v*) — (2"9)s(—y")}

and
hCS (Sv y*a k*7 Z*a U) =v.

The weak and strong duality statements follow.

Theorem 4.4.2. There is no x € A and no (s,y*, k*,2*,v) € BYS such that
flx) <g hOs(s,y*, k*, z*,v).

Proof. We assume that there exist z € A and (s,y*, k*, 2*,v) € B such
that f(z) <x h9s(s,y*,k*,z*,v) = v. It is obvious that z € dom f and so
x € dom fNA. Thus v € f(dom fNA)+ K and, as s is K-strongly increasing
on f(dom fNA)+ K, it follows that s(f(x)) < s(v). On the other hand,

s(0) £ =" () = () (5") = (+"9)5(~y") < It s(f(2)),
and this leads to a contradiction. 0O

Theorem 4.4.3. Assume that the regularity condition (RCVCFL) is ful-
filled. If Z € A is an S-properly efficient solution to (PV®), then there
exists (5,7*, k*,2%,0), an efficient solution to (DVCS), such that f(z) =
hCs (5,5, k*, 2*,0) = 0.

Proof. According to Definition 4.4.1 there exists § € S such that z is an
optimal solution to the optimization problem

inf 3(f(x)).

zeA

As (RCVCrr) is assumed, by Theorem 4.4.1 there exists (7%, k*,2*) € X* x
K* x C* such that
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5(f(@) = —5"(k") = (k" )" (7)) — (Z"9)5(~5")

For © := f(Z) one obviously has (5, 7", k*,z*,v) € BYS. That (3,9, k*, z*,0)
is an efficient solution to (DVYs) follows by Theorem 4.4.2. O

The next result provides necessary and sufficient optimality conditions
for the S-properly efficient solutions to (PV). As we will see in the next
subsection the linear scalarization can be seen as a particular instance of
the general approach, thus one can derive from Theorem 4.4.4 necessary and
sufficient optimality conditions for the primal-dual pairs investigated in the
previous sections of this chapter.

Theorem 4.4.4. (a) Let & € A be an S-properly efficient solution to (PV®)
and the regularity condition (RCEFL) be fulfilled. Then there exists
(5,5*,k*,z*,0) € BES, an efficient solution to (DVS), such that
(1) f(z) = v;

(i) s* (k") + 5(f(z)) = (k*, f(
(iv) (z*g)g(_g*) = —<gj*7,’i‘ ;
(v) (z7g)(z) = 0. .

(b) Assume that & € A and (5,7, k*,z*,0) € BES fulfill the relations (i) —(v).
Then T is an S-properly efficient solution to (PVY) and (5,7*, k*, 2", )
is an efficient solution to the dual problem (DVs).

Proof. The previous theorem yields the existence of an efficient solution
(5,7, k*,2*,0) to the dual problem (DVs) such that v = f(Z) and

5(f(2)) + 5" () + (k" ))"(77) + (27g)5(=7") = 0. (4.23)
By the Young-Fenchel inequality one has
" (k") + 5(f(2)) — (K", f(2)) > 0,
(& £)" () + (" f) (@) = (7", 7) > 0,
(Z"9)s(=9") + (z79)(x) — (=7",7) > 0,
while since z* € C* and ¢(Z) € —C' it follows
—(z"9)(¥) = 0.

The sum of the terms in the left hand side of the inequalities above is equal
to 0 (cf. (4.23)) and this means that they all must be equal to 0. This proves
that assertion in (a) is true.

The assertion in (b) follows immediately even without the fulfillment of
(RCYFL), because summing up the equalities in (ii) — (v) yields (4.23), which,
along with (7), implies that Z is an S-properly efficient solution to (PV ).
Relation (4.23) and the weak duality property imply that (5, 7%, k*, 2*,0) is
an efficient solution to (DVs). O
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Remark 4.4.2. The optimality conditions (i) — (v) in Theorem 4.4.4 can be
equivalently written as

v=f(z),k* € 0f(z),y" € Ok(Z) N (—=0((2*g) + 05)(Z)) and (2*g)(Z) = 0.

In the remaining part of the subsection we turn our attention to the weakly
efficient solutions to (PV“). We notice first that z is a weakly efficient solution
to (PVY) if and only if it is an efficient solution to (PV®) with respect to the
nontrivial pointed convex cone K = int(K) U {0}. One can easily prove that
int(K) = int(K).

Let 7 be an arbitrary set of proper and convex functions s : VU{4+ocox} —
R such that s(+ook) = +o0, f(dom f N A) + K C dom s and s is K-strictly
increasing on the set f(dom fN.A)+ K. Let us recall that s is called K-strictly
increasing on f(dom fN.A)+ K if s is K-increasing on f(dom fN.A)+ K and
for z,y € f(dom f N A) + K such that z — y € int(K) it holds s(z) > s(y).

A vector dual problem to (PV®) with respect to the set of scalarization
functions 7" will be now introduced by replacing S with 7 in the feasible set of
the dual (DV®s). This new dual will be denoted by (DV7) and its feasible
set and objective function will be denoted by B¢ and h®T, respectively. We
come now to the weak and strong duality theorems.

Theorem 4.4.5. There is no x € A and no (s,y*,k*,z*,v) € BT such that
f(z) <x hC7 (s,y*, k*, 2*,v).

Proof. Let be x € A and (s,y*, k*,2*,v) € BY7 such that f(z) <xg
heT (s,y*, k*, 2%, v) or, equivalently, f(z) <z hET (s,y*, k*,2*,v). The fact
that s is K-strictly increasing implies that s is K-strongly increasing. The
conclusion follows now by taking into consideration Theorem 4.4.2. 0O

Theorem 4.4.6. Assume that the reqularity condition (RCVCFL) is fulfilled.
If 7 € A is a T-properly efficient solution to (PVC), then there erists
(5,7, k*,2*,0), a weakly efficient solution to (DVC7), such that f(z) =
hET (3,9%, k*, 2%, 0) = 0.

Proof. The result follows from Theorem 4.4.3 by using that every K-strictly
increasing function is also K-strongly increasing and that every efficient so-
lution with respect to K is a weakly efficient solution with respect to K.
0

By a similar argument like in the proof of the theorem above and using
Theorem 4.4.4 we obtain the following characterization for 7 -properly efficient
solutions to (PVY).

Theorem 4.4.7. (a) Let T € A be a T -properly efficient solution to (PV )
and the regularity conditions (RCCFL) be fulfilled. Then there exists
(5,5%,k*,2%,0) € BT, a weakly efficient solution to (DVC7), such that
the relations (i) — (v) in Theorem 4.4.4 are fulfilled.
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(b) Assume that T € A and (5,5*, k*, 2*,0) € BT fulfill the relations (i) — (v)
in Theorem 4.4.4. Then T is a T -properly efficient solution to (PV®) and
(5,7*,k*, 2%, 0) is a weakly efficient solution to the dual problem (DV 7).

In the remaining part of the section we consider different particular classes
of scalarization functions given in the literature and adapt the vector dual
problem and the duality results introduced above to these scalarization con-
cepts. The scalarizations we consider in the following are the linear scalar-
ization, the maximum(-linear) scalarization, the set scalarization and the
(semi)norm scalarization.

4.4.2 Linear scalarization

The linear scalarization is the most famous and widely used scalarization in
vector optimization and assumes that the scalarization functions are strongly
increasing linear continuous functions. We consider the following set of scalar-
ization functions

S; = {5y : VU {40k} — R:v* € K*,
Sp+ (V) = (v, v) Yo € VU {+ook }}.

By the conventions we made, for s,« € S; it holds s,+(+00og) = +o00. The
Si-properly efficient solutions to (PV®) are the classical properly efficient
solutions to (PV) in the sense of linear scalarization used in the sections
4.2 and 4.3. Obviously, for all v* € K*°, f(dom f N A) + K C V = dom s,
and s,~ is K-strongly increasing, linear and continuous. Noticing that for all
k* € K* one has s.(k*) = §,-(k*), the dual vector problem (DV®s) becomes

(DVst) Max hOs (v*, y*, 2%, ),

(v 5+, 2% 0)eBS
where

BYst = {(v*,y*,2*,v) € K** x X* x C* x V :
(*v) < = f)"(y) — (z"9)s(—y")}

and
RS (v*, y*, 2%, v) = v.

It is easy to observe that (DV Y1) is exactly the Fenchel-Lagrange type dual
problem (DVYFr) investigated in the section 4.3. The weak duality result
Theorem 4.4.2 and the strong duality result Theorem 4.4.3 become the state-
ments (a) and (b) in Theorem 4.3.7, respectively.

Now considering as set of scalarization functions

T = {5y : VU{+ook} = R:v* € K*\ {0},
Spx (V) = (v*, ) Yo € VU {+ook }},



166 4 Conjugate vector duality via scalarization

it yields that every scalarization function s,~ € 7; is K-strictly increasing,
linear and continuous, while its domain contains f(dom f N.4) + K. Because
of Corollary 2.4.26 (see also Remark 2.4.11) one can easily see that € A is
a 7j-properly efficient solution to (PVY) if and only if 7 is a weakly efficient
solution to (PVY). The dual which we introduce with respect to the set of
scalarization functions 7; is

(DVCTL ) Max hCTl (U*7 y*v Z*y ’U),

(v*,y*,2* 0)eBT
where

BET = {(v*,y*, 2", v) € (K*\ {0}) x X* x C* x V :
(v v) < = f)"(y") — (z"9)5(=y")}

and
hcq (U*7 y*7 Z*) 1}) = /U

and is nothing else than (DV,S7%). By particularizing the weak duality result
Theorem 4.4.5 and the strong duality result in Theorem 4.4.6 for the set of
scalarization functions 7; we rediscover the statements (a) and (b) in Theorem
4.3.25, respectively.

4.4.3 Maximum(-linear) scalarization

In case V is a finite dimensional space one of the scalarizations one can meet
especially in the applications of vector optimization is the so-called T'chebyshev
(or, mazimum,) scalarization. We deal here with a more general scalarization
function defined by combining a weighted maximum scalarization function (cf.
[104,179]) with a linear function. This so-called mazimum-linear scalarization
function was also investigated by Mitani and Nakayama in [133].

Assume that V =R*, K =RY  VU{+oog} = RkU{+ooRi} and that f; :
R® - R, i =1, ..., k, are proper and convex functions such that ﬂle dom f; N
SNg=1(—C) # 0. Further we define f : X — R*U {JrooRi} as being (see also
Remark 4.3.9(c))

k
T ifx m f;
foy = | (@) @) it () dom

+0o0Rr 5 otherwise.

Let also be n > 0. For w = (w1, ..., wx)” € int(R%) and a = (a1, ...,a,)T € RF
we consider the scalarization function s,, , : R¥ U {—i—ooRrjr } — R, defined by

k
swaly) = max {w;(y; = a;)}+0)_wiys, y =, ope)" € R
=
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whereby Sw,a(“”OOR’jr) = +oo. For all w € int(RY) and a € R*, s, 4 is con-
vex and Ri-strictly increasing and fulfills f (ﬂle dom f; N A) + Rﬁ C RF =
dom s. We introduce the following set of scalarization functions

Tt = {sw,a : R¥ U {+oopy } = R: (w,a) € mt(RY) x R*}.

An element T € A is a 7,,;-properly efficient solution to (PV ) if there exist

.....

k
 max {wj(fj(x) - CL]')} +n Z w]‘fj(l‘) for all z € A.
Jj=1,...,k =1

Ly

Let be w = (w1, ..., wy)T € int(RY) and a = (a1, ...,ax)” € R” fixed. The
conjugate function of s,, , € T, has, for 3 € R* the following formulation

k
Sw,a(f) = sup {5Ty - mmax, {wiy —a;)} - nijy]}
=~

yE]Rk 1

= sup {(ﬁ —nuw)"y - [ max {w;(y; — aj)}}

yERF
= sup {(ﬁ—nw)T(u+a) — max {wjuj}}
wERK j=1,...,k

k
(B—nw)la, ifpw < Band > 3—JJ =kn+1,
j=1
00, otherwise.

By identifying the scalarization function s, q € 7, with the pair (w,a)
for w € int(R%) and a € R¥, the dual vector problem to (PV?) with respect
to the set of scalarization functions 7,,; is

(DVETmi) WMax hCTmi (w, a,y", B, 2*,v),
(w,a,y*,B,2*,v)€B Tm1

where

BT = { (w,a,y*, B,2%,v) € int(RY) x R¥ x X* x RY x C* x RF :

kg k
nw S B 30 =k 1 max fw;(vy —aj)k 40 3w
=1,..., =
k *
< (B—nw)la- (Z 5jfj> (W) — (Z*g)fq(—y*)}

and

hCTml (U), a, y*a ﬂa Z*7 U) = .

Theorem 4.4.5 and Theorem 4.4.6 lead to the following results, respectively.
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Theorem 4.4.8. There is no © € A and no (w,a,y*, 3,2*,v) € BTm such
that fi(z) < hiCT"’” (w,a,y*, B,z*,v) =v,i=1,.. k.

Theorem 4.4.9. Assume that the reqularity condition (RCVEFL) is fulfilled.
If = € A is a Tp-properly efficient solution to (PVCY), then there ex-
ists (w,a,y*,3,2",0), a weakly efficient solution to (DVTm), such that

fi(z) = hiCT"” (w,a,5*, 3,2*,0) = 0,0 = 1,..., k.

In case n = 0 the maximum-linear scalarization becomes the weighted
Tchebyshev scalarization. Moreover, when the scalarization function is the
maximum function, i.e. w; =1 and a; = 0 for all j = 1,..., k, then the set of
scalarization functions has only one element, namely

T = {s :R*U {—i—ooR;i} —R:s(y) = max. y; Yy € Rk,s(ooR:i) = +oo}
3=l

and an element Z € A is said to be a 7,,,-properly efficient solution to (PV ) if
max;=1, .k [j(Z) < maxj=1,_j fj(x) for all € A. The dual vector problem
to (PVY) with respect to the set of scalarization functions 7, is in this
particular case

(l)‘/cﬂ[m ) WMaX hCTm (y*a Ba 2*7 U)’

(y*,B,2" 0)EB Tm

where

k
5O = {(y*,ﬁ,z*,v) €X' xRE x C xRN Y 6= 1,
Jj=1

j:rIllf}?ik{vj} < - <§:1 5jfj> (y") — (2*9)2(—y*)}

and
hCTm (y*, B, 2%, v) = v.

The weak and strong duality theorems for the vector primal-dual pair (PV¢)—
(DV%Tm) follow as particular instances of Theorem 4.4.8 and 4.4.9, respec-
tively.

4.4.4 Set scalarization

Under the name set scalarization we include those scalarization approaches
for which the scalarization functions are defined by means of some given sets.
We consider here a quite general scalarization function in connection to the
one due to Gerth and Weidner (cf. [75]). This scalarization function was in-
vestigated also in [173,175,188].

Consider the nonempty convex set £ C V which satisfies cl(E) +int(K) C
int(E). For all y € int(K) we define s, : VU {+0ox} — R by



4.4 Vector duality via a general scalarization 169
sp(v) =inf{t e R:v € tp—cl(E)}.

Notice that s,(+0coxg) = 400. According to [75,188], for u € int(K) the
function s, is convex, K-strictly increasing and takes only real values, thus
f(dom fNA)+ K CV =doms,. Further, let be

T, = {s,: VU {+oox} — R:p€int(K)}.

An element 7 € A is said to be a T;-properly efficient solution to (PV®) if
there exist p € int(K') such that s,(f(z)) < s,(f(x)) for all z € A.

In order to formulate the vector dual problem to (PV ) that arises in this
case we need the conjugate function of s,, when p € int(K) is fixed. It is
s VE— R,

s, (k") =sup ¢ (k",v) — inf ty = sup {(k",v) -t}
veV t€R, vEV,tER,
vetpu—cl(E) vEtp—cl(E)

= sup{ —t+ sup (k" u+ tﬂ>} = sup {t((k*,m — 1)+ sup <k*,u)}
teR ue— cl(E) teR ue—cl(E)

_ 0 Cl(E)(k*)7 if <k*alj/> = 17
00, otherwise.

Now we are able to formulate the vector dual problem attached to (PV®) via
the set scalarization. It is

(DVEm) WMax TGyt K2 0),
Y™ kT2 ) e s

where

BETs = {(p,y*, k*, 2*,v) € int(K) x X* x K* x C* x V : (k*, )
su(v) < —o—am) () — (K )" (v") — (z"9)5(=y")}

I
—

and
hCTS (M) y*7 k*7 Z*a U) =.

The weak and strong duality theorems are particularizations of Theorem 4.4.5
and Theorem 4.4.6, respectively.

Theorem 4.4.10. There is no © € A and no (u,y*, k*,2*,v) € BS% such
that f(x) <g hOT (u,y* k*, 2%, v).

Theorem 4.4.11. Assume that the regularity condition (RCVEFL) is ful-
filled. If & € A is a T,-properly efficient solution to (PV®), then there
exists ([I,7*,k*,2°,0), a weakly efficient solution to (DVC%), such that
f(z) = hC7 (@, g*, k*, 2%,0) = 0.
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Let us come now to a special case of the set scalarization, the so-called
set scalarization with a conical set. To this end we take £ = K and notice
that, since K is a convex cone, the condition cl(E) + int(K) C int(K) is
automatically as equality fulfilled. For all v € int(K) we define s, : V U
{+ocox} — R by

sy(v)=inf{t e R:v e tr—cl(K)}.
We notice that therefore s, (+0ox) = +00. Let be
Tee = {5, : VU {+ook} — R:v € int(K)}.

An element z € A is said to be a Ty.-properly efficient solution to (PVY) if
there exists v € int(K) such that s,(f(Z)) < s,(f(x)) for all z € A. Among
the authors who have used this scalarization approach we cite here Kaliszewski
(cf. [107]), Rubinov and Gasimov (cf. [162]) and Tammer (cf. [172]). Since
0_ (k) = Ok~ for all v € int(K) the conjugate function of s, has the following
formulation 0 R e KL ) = 1

N , i (k" v) =1,

sy (k%) = {—l—oo7 otherwise,

which leads to the following dual vector problem

(DVC7se) WDMax hTse (v, y* K, 2%, v),

(vy* k> 2% w) B Tsc
where

B9Tse = {(v,y*, k*,2*,v) €int(K) x X* x K* x C* x V :
(k*,v) =1,s,(v) < = (K" f)*(v") — (z"9)5(—y")}

and
hCTse (v, y* k¥, 2%, v) = v.

The weak and strong duality theorems have similar formulations to the ones
given for the vector primal-dual pair (PVY) — (DV ), therefore we omit
them.

In the framework provided by the set scalarization can be brought also the
scalarization approach introduced in [189] which involves polyhedral sets in
finite dimensional spaces as well as the scalarization approach treated in [175]
which involves sets generated by norms. The reader is referred to [188] for a
deeper analysis of an approach for embedding classical scalarization functions
into the set scalarization concept.

4.4.5 (Semi)Norm scalarization

The investigations we make in this subsection have as starting point the fact
that in some circumstances (semi)norms on V turn out to be K-strongly
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increasing functions. This has been noticed by many authors; we cite here
only the works [104,165,201]. The scalarization functions we investigate in the
following are based on K-strongly increasing gauges. This kind of scalarization
functions has been used in [187] for location problems and in [45] for goal
programming.

Assume first that there exists b € V such that f(dom fN.A) C b+ K. We
consider E C V' a convex set such that 0 € int(E) and its (Minkowski) gauge
~vg is K-strongly increasing on K. Since 0 € int(F) it yields that yg(v) € R
forallv e V.

Remark 4.4.3. If V is a Hilbert space, then the norm of V is K-strongly in-
creasing on K if and only if K C K* (cf. [104]). This is the case if, for instance,
V = R* and K is the non-negative orthant in R¥. Not only the Euclidean norm
is R% -strongly increasing on R% , but also the oblique norms (cf. [165, 175])
are Rﬁ_—strongly increasing on Rff_.

For all a € b — K define s, : V U {+oc0g} — R by

_Jye(v—a),ifveb+ K,
sa(v) = {+oo, otherwise,

while at +o0ox we take s,(+00x) = +00. Let be a € b — K fixed. Obviously,

Sq is convex and it holds f(dom fN.A) C b+ K = dom s,. For all v,w € b+ K

such that v <x w it holdsv —a <g w—a. Asacb—-—K & —a€ —-b+ K,

v—a and w — a belong to K and so vg(v —a) < yp(w —a) & s4(v) < sq(w).

This means that s, is K-strongly increasing on b + K. Consequently, since

f(dom fNnA) Cb+ K, s, is K-strongly increasing on f(dom f N .A).
Considering the following family of scalarization functions

Sy ={sq:VU{+ocog} —>R:aeb— K},

we say that an element = € A is a S,-properly efficient solution to (PV ) if
there exists a € b — K such that s,(f(Z)) < so(f(x)) for all z € A.

We calculate next the conjugate function of s, for a € b — K fixed. Let be
k* € V*. Due to Proposition 2.2.18(b) the gauge function g is continuous.
By using Theorem 3.5.6(a), we have that

(sa)" (k") = (ve(- — a) + 0ps k)" (K7)
= min, {(p(-—a))" (k" —w") + &, g (w)} .
Further,

(v = )" (k" —w?) = sup {(k" — ", v) = yp(v —a)}

= Sug{<k* —whu+a) —yp(w)} =k —w'a) +yp(k" —w").
ue
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For the conjugate of a gauge we have (see Example 2.3.4(a))

O7 if O'E(ki*—w*) < 1,
400, otherwise,

e —ut) = {
and, on the other hand, it holds,
Opr i (w") = (W, b) + 0 (w").
Consequently, we get for the conjugate of s, at k* the following formula

(sa)"(k*) = *Iélir}{* {{(k" —w*,a) + (w*,b)}
o’E(k*fw*))Sl

= (k",a) + min  (w*,b—a).
wre—K*,
op(k™—w*)<1

The vector dual problem to (PV%) with respect to gauge scalarization is

(DVCso) Max hY%s (a,y* K, 2%, w*,v),

(a,y* k= 2% w* 0)€B S
where

B = {(a,y*,k*,z*,w*,v) €(b—K)x X*x K*x C* x(—K*)x (b+ K):
op(k* —w*) < 1,vg(v—a) < {(w*,a—10)
—(k*,a) = (K1) (5") - (=" 9)5(~y") }

and
hCsg (a,y™ k*, 2", w*,v) = v.

Remark 4.4.4. We emphasize that og defines the so-called dual gauge to vg
and if yg is a norm it turns out to be the dual norm.

The following results follow from Theorem 4.4.2 and Theorem 4.4.3, re-
spectively.

Theorem 4.4.12. There is no x € A and no (a,y*, k*, z*, w*,v) € BESs such
that f(x) <g h%a(a,y* k*, 2%, w*, v).

Theorem 4.4.13. Assume that the regularity condition (RCVEFr) is ful-
filled. If # € A is a S,-properly efficient solution to (PVC), then there ex-
ists (a, 7", k*,2*,w*,7), an efficient solution to (DVSs), such that f(z) =
hCse (a, 7", k*, 2, 0*,7) = 7.

Remark 4.4.5. The duality approach described in this section can be consid-
ered also in the particular case when yg is a norm with the unit ball E.
Conditions which ensure that a norm is K-strongly increasing on a given set
have been investigated in [102,104,201].
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4.5 Linear vector duality

The duality theory for linear vector optimization problems has its starting
point in the paper of Gale, Kuhn and Tucker [70]. Their work was continued
by Kornbluth (cf. [118]), Rédder (cf. [161]) and Isermann (cf. [95-97]), who
developed different duality concepts for the linear case. All these investigations
have been done for problems stated in finite dimensional spaces, a framework
in which one can provide duality results in analogy to the ones existing in the
scalar linear duality theory. We intensively deal with linear vector optimization
problems in finite dimensional spaces in the following chapter. What we do
in this section is giving some preliminary results which hold for linear vector
problems in general spaces.

Let X,Z and V be Hausdorff locally convex spaces and assume that Z
is partially ordered by the convex cone C C Z, while V is partially ordered
by the nontrivial pointed convex cone K C V. Further, assume that S C X
is a convex cone, L € L(X,V), A € L(X,Z) and b € Z is a given element
such that A(S) N (b + C) # (. The primal vector optimization problem we
investigate in this section is

(PV£) Min Lz.
ze AL
Af ={zecS: Az —-beC}

4.5.1 The duals introduced via linear scalarization

We investigate here vector dual optimization problems to (PV*) with re-
spect to properly efficient solutions as particular instances of the vector duals
treated in section 4.3. To this end it is enough to notice that (PV*) is a par-
ticular formulation of (PV¢) incase f: X — V, f(z) =Lrand g: X — Z,
g(z) = b— Ax. The functions f and g satisfy the assumptions imposed when
introducing the problem (PV®).

As for (v*,z*,v) € K** x C* x V it holds

(v",v) < inf {(v"f)(2) + ("g)(2)} & (v",v) < inf {(v", La) + (7, b — Az)}
< (v, ) < (2°,b) + infs{(L*v* —A*2" 1)}
TE
< (v, 0) < (2",b) and L™v* — A*z* € S7,
the dual (DVYt) becomes in this special case (see also [101,104])

(DV*r) Max REE(v*, 2%, v),

(v*,z* ,w)EBFL
where

Bt = {(v*,2",v) € K* x C* x Vi (v*,v) < (2,b) and L*v* — A*2" € S*}
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and

REE (v*, 2%, v) = v.
Coming now to the Fenchel type dual (DVYF), since for all (v*,y*,v) €
K*0 x X* x V one has

(" v) < =" )" (y") —oa(=y") & (v5,v) < —Egg_(y* = L™, x) —oa(=y")

= y* = L*’U* and <U*,’U> S 1Ilf <y*7x>7
rzeA

this dual is nothing else than the vector dual which follows by particularizing
(DVE?) in the linear case (this is the reason why we denote it by (DV 7))

(DVAP)  Max W57 (v*,v),

(v*w)eBEP

where
BLP — {(v*,v) e K x V: (v*,v) < inf (L*v*,x}}

zeA

and
hEP (v*,v) = 0.

Now consider an element (v*,y*, 2*,v) € K** x X* x C* x V. The following
equivalences hold

(v 0) < =) (¥") = ("9)s(—y*) @ y* = L*v" and (v*,v) < (z*,b)
+ ig%{(L*v*—A*z*,@} Syt =L, (v',v) < (z%,b) and L*v*—A*z" € §”.

Consequently, the vector dual problem (DV %) has in this case the same
formulation like (DV*%). This means that the vector dual problems investi-
gated in subsection 4.3.2 can be resumed in this particular case to only two
different vector duals. The weak, strong and converse duality theorems for the
primal-dual vector pairs (PV*) —(DV¥t) and (PVF) —(DV£r), respectively,
follow as particular instances of the corresponding results given in subsection
4.3.2.

Remark 4.5.1. A sufficient condition for having strong duality for (PV*) and
(DV~t) which follows as a particularization of (RCV L) is

(RCV*r) | 32’ € S such that Az’ — b € int(C).

In case int(C) = @ and X and Z are Fréchet spaces, S is closed and C' is
closed (this guarantees that g is C-epi closed) one can assume instead, that
b € sqri(A(S) —C). If the linear subspace lin(A(S) —C) has a finite dimension,
then one can assume that b € ri(A(S) — C) in order to achieve strong duality.
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With respect to the duals (DV4%) and (DV*7) one has always that (cf.
(4.18)) h* L (B L) C hFP(BLP), while under any of the regularity conditions
mentioned in Remark 4.5.1 these sets become equal.

In what follows we put the dual (DV**) in connection to another dual
vector problem to (PV¥), which generalizes in a direct way the dual in scalar
linear programming. These investigations are based on ideas due to Jahn
published in [101,104]. Let this vector dual, named in [104] abstract linear
optimization problem, be

(DVE7)  Max  R57 (v*,U),
(v, U)EBFT

where
B ={(v*,U) € K** x L(Z,V) : U*v* € C* and (L — U o A)*v* € S*}

and
hE7 (v*,U) = Ub.

We prove first the following preliminary result.
Proposition 4.5.1. It holds h*7 (B*7) C h*t(B*L).

Proof. Let be (v*,U) € K*° x L(Z,V) such that U*v* € C* and (L — U o
A)*v* € S*. Take v = Ub and z* = U*v*. Thus it holds (v*,v) = (v*,Ub) =
(U*v*, by = (2*,b) and (L—UoA)*v* = L*v*—A*(U*v*) = L*v*—A*z* € S*.
This means that (v*, z*,v) € Bt and Ub = v € h*L(B*L). O

The next statement (cf. [104, Theorem 8.13]) gives a sufficient condition
which ensures the coincidence of the maximal elements of h*’(B%’) and
h*L(BXt) with respect to the partial ordering induced by the cone K.

Theorem 4.5.2. The following statements are fulfilled

(a) Max(h4 (B2, K) € Max(her (BE2), K);
(b) If b # 0, then Max(h*’ (B*7), K) = Max(h*t (B*t), K).

Proof. (a) If the set Max(h“” (B*7), K) is empty, then the conclusion follows.

Let be Max(h*7 (B%7), K) # (). Suppose that b # 0 and consider (v*,U) €
B~7 such that Ub is a maximal element of h*7(B%7). By Proposition 4.5.1
one has that Ub € h*L (B %), Assume that Ub ¢ Max(h*t (B*t), K). Thus
there exists (0%, 2*,0) € B*% such that Ub <f 0.

We can assume that (0%, 0) = (2*,b). In case (0%,0) < (z*,b), it is easy to
find an element v € K \ {0} such that (v*,2*,9+v) € B*L, Ub < v+ v and
(0%, v+v) = (z*,b). Therefore the element t+v would satisfy the requirements.
Having this fulfilled, we prove that there exists U € £(Z, V) such that Ub = ©
and U o* = z*.

First we suppose that (z*,b) # 0 and define U : Z — V by Uz =
((z*,2)/(z*,b))5. Obviously, U € £(Z, V) and it fulfills Tb = 5 and U 7* = 2*.
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In case (z*,b) =0, as b # 0 and v* € K*°, there exist 2* € Z* and 9 € V
such that (2*,b) = (v*,7) = 1. We define in this case U : Z — V as being
Uz = (z*,2)0 + (2*,2)0. Tt is evident that U € £(Z,V) and Ub = v. More
than that, for all z € Z it holds

(U0, 2) = (@*,Uz) = (2, 2) + (%, 2)(0", 0) = (z*, 2)

and so U o = z*. Since L*t* — A*z* = (L — U o A)*0* € S*, one has that
(v*,U) € B~ . But Ub <g © = Ub leads to a contradiction and, consequently,
Ub € Max(h*: (B~ 1), K).

In case b = 0 we have that Max(h“” (B*7), K) = {0} and, by Proposition
4.5.1, 0 € h*r (B*L). Assume that 0 ¢ Max(h*t (B*t), K). Thus there exists
(v*,2%,0) € Bt such that 0 <x . But this means that 0 < (¢*, ), which
contradicts the relation (7*,7) < (2*,b) = 0. In this way we get the desired
result.

(b) Assume that b # 0 and consider an arbitrary v € Max(h*E (B*1), K).
Thus there exist v € K** and z* € C* such that (v*,9) < (z*,b) and
L*o* — A*z* € S*. If (v*,0) < (2*,b), then there exists v € K \ {0} such that
(v*,2%,0 +v) € BFL, which contradicts the maximality of ¥ in h*L(BFL).
Thus (0*,0) = (Z*,b). As in the proof of statement (a) one can construct
U € L(Z,V) such that Ub = © and U ©* = z*. This yields that (v*,U) € BZ7.
Proposition 4.5.1 ensures that © = Ub € Max(h*’ (B7),K). O

Remark 4.5.2. The previous result states that in case b # 0 one can consider
as dual problem to (PV¥) the following vector optimization problem

(DV~7) Max Ub,
v eK*OUeL(Z,V),
*v*eC* (L—UocA)*v*eS*
which has a very close formulation to the one of the dual problem in scalar
linear programming. An elaborated discussion on the connections between the
different formulations for the dual vector linear problems in finite dimensional
spaces existing in the literature will be done in the next chapter.

4.5.2 Linear vector duality with respect to weakly efficient
solutions

When int(K) # (), similar to the investigations above, one can introduce two
vector dual problems to
(PVE) WMin La.
zEA
A ={zeS: Az -beC}
with respect to the weakly efficient solutions by particularizing the duals in-

troduced in subsection 4.3.4. The vector duals (DV,St) and (DV,S7%) turn
out to be



4.5 Linear vector duality 177
DVSE)  WMax  hgE(v*, 2"
( ) ax w (7‘} ’Z ,,U)’

where

and
hEr (v*, 2%, v) = v,

while the vector duals (DV,$¥) and (DV,S?) become

(DVEPY  WMax  hEP (v*, ),

(v* v)eBLY

where
B = {0 € R\ ) %V o0 < fut 70" |

and
hEL (v, v) = v.
We always have that h5t(B5t) C hEP(BLP) and under the regularity
conditions considered in Remark 4.5.1 these sets coincide.

In analogy to (DV%7) one can introduce the following dual problem to
(PVE) with respect to the weakly efficient solutions (cf. [104])

(DVE7Y  WMax  hE7 (v*,U),
(v*,U)EBGY

where
BE7 = {(v*,U) € (K*\{0})x L(Z,V) : U*v* € C* and (L-UoA)*v* € S*}
and

REI (v*,U) = Ub.

The proof of the following results can be done in the lines of the proofs of
Proposition 4.5.1 and Theorem 4.5.2, respectively.

Proposition 4.5.3. It holds h%’ (B57) C hEr (BEL).
Theorem 4.5.4. The following statements are fulfilled

(a) WMax(hZ7 (BE7), K) € WMax(hst (BEE), K);
(b) If b # 0, then WMax(h%7 (B57), K) = WMax(h5E (B5L), K).

Remark 4.5.5. In case b # 0 one can consider as dual problem to (PV%)
with respect to the weakly efficient solutions the following vector optimization
problem

(DVEY) WMax Ub.
v eK"\{0},UeL(Z,V),
*v*eC* (L—UocA)*v*eS*
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4.5.3 Nakayama’s geometric dual in the linear case

The next dual vector problem to (PV*) we investigate with respect to prop-
erly efficient solutions is Nakayama’s geometric dual. The problem (DVE¥)
looks in this particular case like

(DVEN)  Max WA~ (U,v),

(Uw)EBEN
where
BN = {(Uyv) € Ly (Z,V)x V-
Bz € S such that v — Ub >x (L — U o A)z}
and

hEN (U, v) = .
Proposition 4.3.16 and Proposition 4.5.1 yield

he7 (BS7) C hEE(BRE) C© hEN (BRY).

If (RCV*) is fulfilled and L (S N A7 (b + C))+K is closed, Theorem 4.3.17(a)
and Theorem 4.5.2(a) imply

Max(h“7 (BX7), K) C Max(h“t (B*%), K) C Max(h*N (B5Y), K).

If, additionally, b # 0, qi(K) # () and every efficient solution to (PV*) is
properly efficient, then, by Theorem 4.3.17(b) and Theorem 4.5.2(b), follows
that

Max(h“7 (B*7), K) = Max(h“= (B*t), K) = Max(h“~ (B*V), K).  (4.24)

In the next chapter we show that for the linear vector optimization prob-
lems stated in finite dimensional spaces relation (4.24) is automatically ful-
filled. Obviously, in the general case, in the statements above the assumption
that (RCV*) is fulfilled can be replaced with some weaker regularity condi-
tions (cf. Remark 4.5.1).

Assuming next that int(K) # (), via (DV,S~) we get the following vector
dual problem, this time to (PV,%) with respect to the weakly efficient solutions

(DVEN)  WMax i~ (U, v),

(U0)eBLY
where
BEN = {(U,v) € L(Z, V) x V :
Bz € Ssuch that v — Ub >x (L — U o A)z}
and

hEN (U, v) = v.
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Theorem 4.3.30 and Proposition 4.5.3 yield
hig! (By?) © hig” (B*) = hig™ (BEY),
while from Theorem 4.5.4(a) follows that
WMax(hs? (B57), K) € WMax(h5" (B5), K) = WMax(hiN (BEY), K).
If b # 0, then the sets in the relation above are all equal, namely it holds

WMax(h27 (B57), K) = WMax(hEE (BEE), K) = WMax(hEN (BEY), K).
(4.25)
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5

Conjugate duality for vector optimization
problems with finite dimensional image spaces

In this chapter we introduce new conjugate vector dual problems to the primal
problems treated in the previous chapter in case their objective functions have
finite dimensional image spaces. Weak, strong and converse duality assertions
are proven and these duals are compared with the ones introduced in chapter
4. Note that the properly efficient solutions considered in this chapter are in
the sense of linear scalarization.

5.1 Another Fenchel type vector dual problem

Throughout this section we consider two Hausdorff locally convex spaces X
and Y, the proper functions f; : X = Randg; : Y - R, i =1,...,k, and
A € L(X,Y) such that N*_, (dom f; N A~*(dom g;)) # 0. Further, we assume
that the image space V = RF is partially ordered by the cone K = Rﬁ and

denote according to the notations in section 2.1 RF = R* U {:l:ooRzJcr }. For

(@), fula))? iz € A dom f,

f:X - Rk flz)= .
+OOR¢ , otherwise,

and

k
oy T if d ,
g:Y = RF g(y) = (91(¥)s -5 9k(y)", 1 yeigl om g;,
OOk , otherwise,

we introduce the following primal vector optimization problem

(PVF?) Min{f(x) + g(Az)},

which will constitute the object of our investigations in this section. The
primal problem (PV F4) can be explicitly written as

R.I. Bot et al., Duality in Vector Optimization, Vector Optimization, 181
DOI 10.1007/978-3-642-02886-1_5,
© Springer-Verlag Berlin Heidelberg 2009
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fi(x) + g1 (Ax)

(PVF#) Min
reX

Fu(@) + gr(Az)

The aim of our investigation is to introduce a new vector dual problem to
(PVF4) and to establish weak, strong and converse duality assertions with
respect to both properly efficient solutions in the sense of linear scalarization
(called simply properly efficient solutions) and weakly efficient solutions to
(PVFA4).

5.1.1 Duality with respect to properly efficient solutions

In this subsection we provide a vector dual problem to (PV F4) with respect to
its properly efficient solutions. According to Definition 2.5.1 we say that z € X
is a properly efficient solution to (PV F4) in the sense of linear scalarization
if z € N (dom f; N A~ (dom g;)) and (f 4+ g o A)(Z) € PMinzs. ((f +go
A)(NE_; (dom f; N A~ (dom g;))), R ). Since K*° = int(R% ) this is the case if
there exists A = (A1,..., A\g)” € int(R% ) such that (cf. Definition 2.4.12)

x) + gi(Ax)) Vo € X.

HM;T

k
Z (fz( )+gz A-T
=1

This is the reason why we first investigate, for a fixed A = (A\y,...,\p)T €
int(R" ), the following scalar optimization problem

(PF{) mf{ZA (fiz) + g; Ax))}

The vector dual problem to (PV F4) that we introduce in this section will
have its origins in the conjugate scalar dual to (PF{'). Via the investigations
done in subsection 3.1.2 one can associate to (PF5!) (see the primal-dual pair
(P4) — (D*)) the dual problem

sup {_ (i)\ifif(/l*y*) - (g&gi)*<—y*>}7

y*EY*

and, on the other hand (see the primal-dual pair (P*) — (D¥) in subsection
3.1.2 and Proposition 2.3.2(e)), the dual problem

sup {—éx\i(fi‘ngOA)*(xi*)}'

zeX*i=1,... .k,
k .
E /\7;1:7'*:0
i=1
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But a valuable scalar dual problem to (PF3!), which should constitute the
starting point for the formulation of the vector dual needs to have separated
the functions f; and g;, i = 1,...,k, in its formula. In order to construct such
a problem we employ the general approach from section 3.1. To this aim, let
us consider the perturbation function &4 : X x X* x Y* - R,

k
@‘f(;p,gjl, . 'axkayla cee 7yk) = Z)‘l(fl(x +xl) +gZ(Az + yi))a

i=1
with (z!,..., 2% ¢y',...,y¥) € X¥ x Y* as perturbation variables. The con-
jugate of @4, (#4)* : X* x (X*)F x (Y*)* — R, is given by the following
formula
k
(éf)*(x*7x1*""7xk*7y1*7""yk*): Sup {<x*71’>+z<xl*7xl>
z,2'€X,y' €Y, i=1
i=1,...k
k k k
S0 ) — SO ) = D g s+ )}
i=1 i=1 i=1
k _ , k _
_ 21 (Nafi)* (™) + (Niga)* (y™)), if Zl(ﬂf” + Aty) = a7,
400, otherwise.

This provides the following conjugate dual to (PF5)

(DF()  sw { =3 (Our @)+ v )},
" eX" ytteY,  i=1,..., k, i=1

i=1

which, via Proposition 2.3.2(¢), can be equivalently written as

k k
OFY  swp k{—inmx”)—ingi*(yf*)}.
i=1 i=1

wl*EX*,yl*E)/i*,i:L..., ,
k . .
E A’i(wl*_‘rA*y’L*):O
i=1

In what follows we provide regularity conditions for the primal-dual pair
(PF{) — (DF;{!) which are deduced from the general ones given in section 3.2,
Let us notice that we consider here only generalized interior point conditions,
since they do not depend on the choice of A, which would not be the case for
the closedness type ones.

The reason why we proceed in this way is given by the fact that these
regularity conditions will be employed in guaranteeing strong duality for the
vector optimization problem (PV F4) and its dual that is introduced below.
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Guaranteeing the scalar strong duality for (PF;') — (DF{') will be an inter-
mediate step in this approach and we have to ensure that this is the case for
all A € int(Ri). This fact motivates the need to use regularity conditions that
are independent of \.

One can notice that whenever f; and g;, © = 1,...,k, are convex, then
Q)f is convex, too. For this primal-dual pair one can consider the following
regularity condition (see the discussion made in subsection 3.2.2 in connection
to the primal-dual pair (P*) — (D?¥))

k
(RCF{) | I € _Ql(dom fiN A~1(domg;)) such that k — 1 of the
functions f;, ¢ = 1,...,k, are continuous at z’ and

g; is continuous at Az’, i =1,...,k.

Before stating further regularity conditions, we also note that if f; and g;,
1 =1,...,k, are lower semicontinuous, then @‘f is lower semicontinuous, too.
Further, it holds (z!,...,2z% y',...,y*) € Prys yr(dom®%) if and only if
there exists an « € X such that 2° € dom f; —  and 3 € dom g; — Az for i =
1,...,k. This is further equivalent to (z',..., 2% ¢!, ... y*) € Hle dom f; x
Hle dom g; — Axwr 4, where Axr 4 = {(z,...,2,Azx,...,Ax) : x € X} C
X*xY*. This leads to the following regularity condition (obtained via (RCY))

(RCF3") | X and Y are Fréchet spaces, f; and g; are lower semicontinuous,
k k
1=1,...,k, and 0 € sqri ( I] dom f; x ] domg; —AXk’A>,
i=1 i=1

along with its stronger versions

(RCF4)) | X and Y are Fréchet spaces, f; and g; are lower semicontinuous,

k k
i=1,...,k, andOeeore(Hdomfi X Hdomgi—Axk7A>
i=1 i=

=1
and

(ROF3}) | X and Y are Fréchet spaces, f; and g; are lower semicontinuous,

k k
i1=1,....,k, andOGint(Hdomﬁ X HdomgiAXk7A>,
i=1

i=1

which are in fact equivalent. In the finite dimensional case one has from (RCY)

k k
(RCF{")| dim <lin < [] dom f; x ][ domg; — AX;C7A>) < 400
i=1 i=1
k k
and 0 € ri ( [T dom f; x J] domg; — Axk)A>.
i=1 i=1

We can state now the strong duality theorem for the scalar primal-dual
pair (PF{) — (DF{).

Theorem 5.1.1. Let f;: X —Randg;: Y — R, i=1,...,k, be proper and
conver functions, A € L(X,Y) such that N¥_, (dom fiN A~ (dom g;)) # 0 and



5.1 Another Fenchel type vector dual problem 185

e int(]R’j_) be arbitrarily chosen. If one of the regularity conditions (RCF),
i€ {1,2,3}, is fulfilled, then v(PF{) = v(DF') and the dual has an optimal
solution.

Remark 5.1.1. In order to deliver strong duality statements for (PF;') and
(DF{') one can also combine the regularity conditions given in subsection
3.2.2. We exemplify this here by the ones expressed via the strong quasi-
relative interior. Thus, assuming

X and Y are Fréchet spaces, f; and g; are lower semicontinuous,

k k
1=1,...,k, Oesqri(oldomgi—A(‘Qldomfl)),

k k
0 € sqri ( I] dom f; — Axk> and 0 € sqri ( [] domg, — Ayk>,
i=1 i=

=1

or

X and Y are Fréchet spaces, f; and g; are lower semicontinuous,

k
i=1,...,k 0 € sqri ( 11 (domfi ﬂA‘l(domgi)) — AXk>
i=1
and 0 € sqri (dom g; — A(dom f;)), i =1,...,k,

guarantees the existence of strong duality for the primal-dual pair (PF{) —
(DF{!) for all A € int(R%).

Let us come now to the formulation of the necessary and sufficient optimality
conditions for the primal-dual pair (PF{') — (DF{).

Theorem 5.1.2. (a) Let fi : X — R and g; : Y — R, i = 1,...,k,
be proper and convex functions, A € L(X,Y) such that N¥_;(dom f; N
A~Y(domg;)) # 0 and X € int(R%) be arbitrarily chosen. If T € X is an
optimal solution to (PF{*) and one of the regularity conditions (RCF#),
i € {1,2,3}, is fulfilled, then there emists (z'*,...,z%* gy, ... y**)
€ (X*)* x (Y*)k, an optimal solution to the dual problem (DF5'), such
that
(i) Zf:l i (Z Jr A*yz*) =0;

(i) fi(z) + f7(27) = (@™, 2), i =1,... k;
(iii) gi(AZ) + g; (") = (™, Az), i=1,... k.

(b) For a given X\ € int(Rﬁ) assume that T € X and (i:l*,...,jk*,gl*, e
gr) € (X*)k x (Y*)* fulfill the relations (i) — (iii). Then T is an optimal
solution to (PF{Y), (z'*,..., 2% g ..., g%*) is an optimal solution to
(DF{Y) and v(PF{*) = v(DFY{).

Proof. The proof follows in the lines of the ones given for Theorem 3.3.4 and
Theorem 3.3.13. O

Remark 5.1.2. The optimality conditions () — (i7¢) in Theorem 5.1.2 can be
equivalently written as
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k
> X(@" + ATg) = 0,2 € 0f;(z) and §; € 0gi(AZ),i=1,...,m.
i=1

We can introduce now the following multiobjective dual problem to
(PV F4), which can also be seen as a Fenchel type vector dual (see also section
4.1),

DVF4 M REAN, 2%, y*, 1),
R o

where

BFA:{()\,x*,y*,t)Emt deomf deomgl x RF
i=1 i=1
A=, )T et = (2t 2h,

*

Yy = (yl*w",yk*)»t = (tlv"'vtk)Tv
k

k

i=1 i=1

and

—fi (@) —gi(y™) +ta
hFA()\7.’1?*,y*,t):
—fi (@) = gi (™) +

The properness of the functions f; and ¢;, i = 1,...,k, and Lemma 2.3.1(a)
ensure that hF4(BF4) C RF. According to Definition 2.5.1, an element
(N, Z%, 7", 1) is said to be efficient to the problem (DVFA) if WEAN, 2%, 5%, 1) €
Max(ht A(BF ), Rk ). Moreover, an element (A, z*,y*,t) is Weakly efﬁc1ent
to (DVFA4) if hFA()\ T, g%, t) € WMax(hf"4(BF4), Rk) The weak duality
property for (PV F4) and (DVFA) follows.

Theorem 5.1.3. There is no x € X and no (A, xz*,y*,t) € B4 such that
fi(z) + gi(Az) < RFANz*,y%t), i = 1,....k, and fj(z) + g;(Ax) <
th()\,:E*,y*,t) for at least one j € {1,...,k}.

Proof. Let us suppose the contrary, namely that there exist © € X and
(x*,y*,\, ) € BFA fulfilling fi(:c)+gi(Ax) < RFAN 2% y* ), fori=1,... kK,
and f;(z) + g;j(Az) < hFA(/\ x*,y*,t) for at least one j € {1,...,k}. As
Ai>0fori=1,...,k, we get ZZ L Ai(filz) +gi(Ax)) < Zle (= fF(a™) —
6 (') 1) = Ef LM (@) g7 (7). Thus we acquire Yo7y Ni(filx) +
gi(Ax)) < — ZZ L Ai(fF(@™) + g7 (y™)), which is impossible because of the
weak duality for the problems (PF{) and (DF3'), which secures the reverse
inequality. O

We come now to the vector strong duality statement for (PVEF4) and
(DVF4). In what follows we assume that the functions f; and g;, i = 1,..., k,
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are convex. In order to maintain the symmetry to the investigations made
in the previous chapter, we assume also here for the strong vector duality
results the fulfillment of a regularity condition in general Hausdorff locally
convex spaces and then remark that these remain valid also when some other
regularity conditions are verified. At first we work with (RCF;'), renamed as

k
(RCVFA) | 32’ € Dl(dom fin A=Y(dom g;)) such that k — 1 of the

functions f;, 2 = 1,...,k, are continuous at =’ and
gi is continuous at Az, i =1,... k.

Theorem 5.1.4. Assume that the regularity condition (RCV FA) is fulfilled.
If z € X is a properly efficient solution to (PVF?) then there erists
(N, 7%, 5", 1), an efficient solution to (DVF?), such that fi(%) + g;(Az) =
hEAN, %, g, 1) fori=1,... k.

Proof. As Z is a properly efficient solution to (PV F4), there exists a vector
A € int(R% ) such that Z is an optimal solution to the scalar problem (PF3).
Even more, according to Theorem 5.1.2 its dual problem (DF )1\4) admits an op-
timal solution (z'*,...,Z%* g* ..., g**) such that the optimality conditions
(i) — (iii) of Theorem 5.1.2 are fulfilled. Further let be z* := (z'*, ..., z%*),
gt = (g¥,...,9") and t = (t1,...,4)7 with ¢; = (2™ + A*y™*, z), for
1 =1,...,k. Thus z* € Hle dom f7, §* € Hle dom g7, Zle Nit; = 0
and (\,z*,7*,t) € BF4. Using the assertions (ii) — (iii) of Theorem 5.1.2,
we get for i = 1,....k, hy(\, 2", 5%, ) = —f5 (@) — g (") + t; = fi(Z) —
(™, ) + g:(AZ) — (7%, AZ) + (2™ + A*y™*, Z) = fi(T) + gi(AZ). The efficiency
of (\,z*,5*,1) is a direct consequence of Theorem 5.1.3. O

To be able to give a converse duality assertion for the vector problems
(PVF4) and (DV F4) we need the following statement.

Theorem 5.1.5. Assume that BY is nonempty and that the reqularity con-
dition (RCV FA) is fulfilled. Then

RM\ cl((f +g0 A) (M (dom f;N A~ (domg;))) +RE) € AF4(B7) —int(RY).

Proof. Let be v € R\ cl((f 4+ g o A)(NF_;(dom f; N A~'(dom g;))) + R%).
Similarly to the proof of Theorem 4.1.3 (see also Theorem 4.3.3) one can
prove that there exists A € int(R% ) such that

According to Theorem 5.1.1, there exist 7* = (z'*,..., %) € Hle dom f7
and §* = (g**,...,7"") € Hle dom g} such that Zle N (B + A ™) = 0
and
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k k B
i { RO o] = A E )

Thus (A, z*,§*,0) € BF4 and it holds

k k
Z Z REAN, %, 5%, 0). (5.1)

Consider the hyperplane with the normal vector

H_{hFA(X T, g*,0) +t:t € RF, Zuz_o}

=1

k
:{UEJRIC:X:/\Wz Z/\hFA AT )}
i=1

One can easily see that H C hFA(BFA), while from (5.1) we deduce that
v is an element of the open halfspace H~ = {v € RF : Zf 15\ v <

Zf 1 i hFA()\ z*,7*,0) } The orthogonal projection of v on H is an ele-
ment ¥ := v 4+ 6\ € H C hF4(BF4) with § > 0 (we refer for instance
to [58] for an explicit formula for ). Since A € int(R%), it follows that
v e hFABIY) —int(RY). O

Remark 5.1.3. We refer the reader to a comparison of the result in Theorem
5.1.5 with the one given in Theorem 4.3.3 for the primal-dual pair (PVG) —
(DVG). A direct consequence of the latter result is that, when (RCV?) is
fulfilled and (A, *,v) is an efficient solution to (DV @), then h% (X, §*,v) €
cl(F(dom F) + K). As proven below, a similar result can be given for the
primal-dual pair (PVF4) — (DVF4), but this does not result as directly as
for (PVG)— (DVG). This result ensures the fact that the duality gap may be
excluded in the sense that the objective value of every dual weakly efficient
solution and implicitly of every dual efficient solution is the limit of a sequence
of elements from the image set of the primal problem.

Theorem 5.1.6. Assume that the regularity condition (RCV FA) is fulfilled
and that ()\ T, 7", 1) € BF4 is a weakly efficient solution to (DV F4). Then
hEAN Z*, 7" f) € cl((f +g o A)(Nf=y(dom f; N A~ (domg,)))).

Proof. Since (), 7*,9*,t) € BF4 is a weakly efficient solution to (DV F4), by
Theorem 5.1.5 follows that
- k
REAN, 75, 5%, 1) € ((f +goA) (iol(dom fin A_l(domgi))) + Ri) .

Assuming the contrary implies the existence of v € hEA(BE A)isuch that
RFA(N,z*, 5*,1) < ©. But this contradicts the weak efficiency of (\, z*,7*, %)
to the vector dual problem.
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Then there exist {v'} C (f + g o A)(N¥_;(dom f; N A=(domg;))) and
rl e Ri such that o' + 7! — RFA(N,z*,7*,1) when | — +oco. For all [ > 1
let be 2! € NF_, (dom f; N A=*(dom g;)) with v' = (f + g o A)(2!). The weak
duality theorem for (PF{!) — (DF{}) yields for all [ > 1

k k
ZX hFAQN, 7*, 5", Z ) +9; (7))

Mx-
I

k k
Ai(fi(zh) + gi(Azh) Zj\ivf < ZS\ (0! + 7.

i=1 i=1

We have that lim;_ 4~ Zz A+l =3
this implies that

P NREAN 5%, ) and

>/I
= ﬁj
>/I
Hl
td|

*
N

k k

Consequently, lim;_, 4 o Zl 1 i rl = 0. Since 1! € Rk for all [ > 1, this can be
the case only if hmlHJroo rl=0. In conclusion, hmlﬁﬂ)o b = hFA )\ T y* 1)
and so hFAN, 2%, 5", 1) € cl((f +go A)(ﬂle(dom finA- (domgz)))) I]

A direct consequence of Theorem 5.1.6 is the following converse duality
statement, which we state for dual weakly efficient solutions, its validity for
dual efficient solutions being an immediate consequence.

Theorem 5.1.7. Assume that the reqularity condition (RCVFA) is fulfilled
and that the set (f + g o A)(NF_ (dom f; N A~!(domg;))) + RE is closed.
Then for every weakly efficient solution (X, Z*,7*,t) to (DVF4) there exists
a properly efficient solution T € X to (PVFA) such that fi(z) + gi(AT) =
REAN, &, 5%, 1) fori=1,... k.

Proof. As seen in the proof of Theorem 5.1.6, the weak efficiency of (\, z*, 7*, )
to the dual problem ensures that h4(\, z*, 5*, 1) € cl((f+goA)(NE_, (dom f;N
A~} (domgy))) + RY) = (f + g o A)(Niy(dom f; N A~ (domg;))) + RE.
This means that RFA(\,z*,7*,%) = (f + g o A)(z) + 7 for some T €
NF_ (dom f; N A7'(domg;)) and 7 € RE. But 7 = 0, otherwise the weak
duality (see Theorem 5.1.3) would be violated. It remains to prove that z is
properly efficient to (PV F4). Since hf'4(\,z*,5*,1) = (f + go A)(Z) it holds
S Ml + 900 A@) = T, mfA(A,x ) = i M@ ~
g7 (7)) < infrex { Zle Ai(fi + gi 0 A)(z)}. Therefore Z is an optimal solu-
tion to (P{A) and this proves that z is properly efficient to (PV F4). O

Remark 5.1.4. (a) One can easily notice that all the results given above re-
main valid if the vector dual (DV F4) is slightly modified by replacing in
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the formulation of the feasible set BF4 the restriction Zle Ait; = 0 with
SF At <0.

(b) Since the proof of the theorem given above uses as a main tool the
scalar strong duality result for (PF{') and (DF{') when A € int(R¥), it is
clear that the regularity condition (RCV F4) can be replaced by any of the
regularity conditions (RCF/), i € {2,2/,2”,3}. In theorems 5.1.5-5.1.7, the
regularity condition can be replaced by the assumption that for all A € int (R’i)
the optimization problem (PF. /{4) is normal with respect to its conjugate dual
problem (DF{).

(¢) Theorem 5.1.7 remains valid even if instead of asking that (f + g o
A)(NE_, (dom f; N A™'(dom g;))) + R% is closed one assumes that (f + g o
A)(NE_, (dom f; N A= (dom g;))) is closed.

(d) Combining the assertions of Theorem 5.1.4 and Theorem 5.1.7 makes it
immediately clear that under the hypotheses of the latter any weakly efficient
solution to (DV F4) is also efficient to it.

(e) In case k = 1, i.e. if V = R and K = R, the problems (PV F4) and
(DV F4) become (see also subsection 3.1.2)

(PA) inf {f(x) + g(Ar)}
and, respectively,

(DY) sup  {=f"(2") —g"(y") + 1},
(N\z*y* t)eBFA

where
BFA = {\, 2%, y",t) €eint(Ry) x X* X Y* x R: Az" + A*y*) =0, \t = 0}.
Obviously the dual problem can be equivalently written as

sup {—f"(=A"y") — 9" (y")},

y*EY*

which is, indeed, the classical Fenchel dual problem to (P4) (cf. subsection

3.1.2). This motivates giving the name Fenchel type vector dual problem to
(DVF4).

Remark 5.1.5. (a) Incase X =Y, A =1idx and fi,g; : X = R, i=1,...,k,

are given proper functions, (PV F4) becomes

fi(@) + g1 (@)
(PVF™) Min :
fiulx) + gi(x)

With (DV F4) one gets the following Fenchel type vector dual to (PV F'd)
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id Fid * %
(DVF'Y) (,\,x*,g/*[%i(ezsﬂdh (N, z*,y",t),

where

BFid:{()\,z*,y*,t)emt ><1_[domfz deomg, x RF

1=1 =1
A:(/\h" /\k)7 _('rl* ,$ )
y* = (yl*a v 7y ) (t17 atk)T7
k k
Z)\(m +y"*) = Z iti =0
=1 i=1

and ) )
—fi(@) —gi(y™) +
hFid()\,l'*,y*,t):
—fi @) = gi (™) +

The weak, strong and converse duality for (PVF¥d) — (DV FFid) follow as
particular instances of the corresponding statements given in this subsection.

(b) If one takes in the above setting that g; =0 for i = 1,..., k, the primal
vector problem becomes

fi(z)
(PVET) Min | :
reX y
fi(@)
while its Fenchel type vector dual turns into

(DVFT)y  Max RhI(\ " 1),

(\,z*,t)eBf
where
k
Bf—{()\7x*,t)€1nt deomf*ka A=, )7,
i=1
ot = (22 = (b, )T
k _ k
S e = 0,3 At = o}
i=1 i=1
and

—fi(a! )+h
W (A, 2%, 1) =
—fi (ﬂﬁk*) + th
By particularizing the corresponding statements given in this subsection we

get weak, strong and converse duality for the primal-dual pair (PVEF7) —
(DVFY).
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5.1.2 Comparisons to (DV4) and (DV3y)

Working in the same setting as above, in this subsection we investigate the
relations between the image sets of the feasible sets through their objective
functions for (DV F4) and the other two Fenchel type vector duals introduced
in section 4.1, (DVA) and (DV4Y ), when V = R¥. In this special instance
the duals considered in the above mentioned section look like

OVA) | Max  h400y7,0),

where

BA = {()\,y*,v) € int(RE) x Y* x R¥ :

k k * k *
> Awi < - ( > Am—) (—A™y") - (Z Aigi) (y*)}
i=1 i=1 i=1
and
RN, y*,v) = v,
and, respectively,

A A *
(DVEK) (/\)y}\g?éisgk hgr (A y*,v),

where

By = {(A,y*,v) € int(RE) x Y* x RF :

ZA = —(gm)*(—my*) - (ixigi)*@*)}

and
th()\ﬂ y*7 U) =v.

We noticed in subsection 4.1.1 that hi ;- (Ba ) C h*(B4). In the following we
prove that whenever a regularity condition is fulfilled it holds hf . (Bax) C
RFA(BFA) C h4(B4). We begin by proving a general result.

Proposition 5.1.8. It holds hF'4(BF4) C hA(BA).

Proof. Let be (X, z*,y*,t) € BF4 arbitrarily chosen and set z* := Zf;l iyt
€ Y*. It holds AP A(\, 2%, y* 1) € R, 8 Nari* = —A* (0 Ai%) = — A2
and, consequently,

& k
S ONBTAN 2y )= N (= [ @) =g () ) == (fi) " (Na™)
=1

i=1 i=1
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a0 ™) (Z}ﬁ) mf%(i?%fw»

Thus for v := RF4(\,z*,y*,t) it holds (\,2*,v) € B and, consequently,
REAN, a*,y*,t) € hY(BA). O

Next we investigate the relation between hit . (Baj) and hF4(BFA).

Proposition 5.1.9. Assume that one of the regularity conditions (RC;”), i €
{1,2,3}, stated for {f1,..., fr} and, respectively, {g1,...,gr} s fulfilled. Then
it holds ho - (Bay) C hFA(BFA).

Proof. Let be v € hi - (B# ). Then there exist A € int(R¥ ) and 2* € Y* such
that (A, 2*,v) € Bay. Furthermore, Zle Aiv; = —(Zle )\ifi)*(—A*z*) -
(ZLI )\igi)*(z*). By Theorem 3.5.8(a), there exist z* = (z'*,...,2%) €
(X*)% and y* = (y™,...,y") € (Y*)* such that S5 Nz = —A*z*,
2521 Aiyi* =2z", (Zf:1 )‘ifi)*(_A*Z*) = Zf:l )‘Zfz*(xz*) and (Zi’c:l )‘igi)*
(z%) = S0, Nigr (y™). Therefore, F | Aj(2#* + A*y*) = 0 and 325, Ny =
= S A (@) = S Aigi (™). Taking i == v; + ff (™) + g; (v*) € R,
for i = 1,...,k, we have that Zle Ait; = 0, and so v = KA\ 2%, y*,t) €
hFA(BFA)' 0

Under the hypotheses of Proposition 5.1.9, it holds
hix (Bgx) C hTH (BT C hA(BY).

Obviously, (RCV F4) is a sufficient condition which guarantees these inclu-
sions. Next we discuss two examples which prove that the inclusions of these
image sets are in general strict, i.e.

ik (Bgi) G h (B G n(B4).

Example 5.1.1. (a) Take V = R?, K = R%, f,g: R — R? given by f(z) =
(x—1,—z —1)T and g(z) = (z, —2)T for z € R, and A = idg. We show that
in this situation hFA(BFA) C hA(BA).

For A = (1,1)7, = 0 and v = (=2,-2)7, there is (X, z*,v) € BA
and v € hA(BA), since \jv1 + Xovy = —4 < =2 = —(f1 + fa)*(—2*) —
(g1 + g2)*(2*). We show that v ¢ hf'4(BF4). Let us suppose by contradic-
tion that there exist (\,z*, 7", 1) E BFA such that REFAN, 7%, 9%, ) = v. This

means that hIA(\, 2%, 7%, 1) = —f7 (7 )—g( )+t = =2, fori = 1,2
and one must necessarily have that #* = (1,-1)T and y* = (1,-1)T.
Moreover, Z? L Ai(Z™ + §™) = 0, which means that A\; — Ay = 0. We ob-
tain —f7(2%) — gf (™) +t; = —1 +t; = —2, for i = 1,2, meaning that

t; =ty = —1. Since we have supposed that (X, z*,7*,7) € BF4, the equality
Zi:l Ait; = —2X\; must hold. But this is a contradiction to A € int(R%).
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Consequently, v = (=2, —2)T € h4(B4), there exists no (\,z*,7*,1) € B4
such that h4(X\,z*,§*, 1) = v, which shows that h"4(BF4) C hA(B4).

(b) Consider again V = R?*, K = R2, while f,g : R — R? are given by
flx) = (222 —1,22)T and g(z) = (22, -2+ 1)T for z € R, and A = idg. We
prove that hit (Bx) S hF4(B54).

For A = (1,17, 2* = (3,0)7 € dom f; x dom f3, y* = (-2,-1)T €
dom gi x dom gj and t = (3/8,—3/8)T, we have both relations S7_, \;(z**
+y™*) = 0 and Y7, Mt; = 0 fulfilled. Thus, (\,z*,y*,t) € BFA and
REAN x* y* t) = (—14/8,5/8)T ¢ hF"4(BF4). Suppose that there exist

(A, 2*,0) € Bfj such that v = R 4(\, 2%, y*, ). Then
5\1171 + 5\2172 = iI&}FR {Z*l‘ +$2(25\1 + ;\2) — 5\1} —|—£1I€1£ {x(—z* — 2;\1 — 5\2) + ;\2}

This means that (—=14/8)A1 4 (5/8)A2 = —(2A1 + A2)/4 — A1 + A2, which
is equivalent to 2A; + Ay = 0, obviously a contradiction to A € int(R?%).
Therefore there is no (A, 2*,v) € Bay such that ¥ = hFA(\, 2%, y*,¢). Then
Wi (Bge) S RIA(BTY).

We close the subsection by the following result.
Combining Proposition 5.1.8, Proposition 5.1.9 and Theorem 4.1.5, one
obtains the following statement.

Theorem 5.1.10. Assume that one of the regularity conditions (RCY), i €
{1,2,3}, stated for {f1,..., fx} and, respectively, {g1,...,gr} is fulfilled. Then
it holds

Max (higx (B ), RE) = Max (h"4(B74), RY ) = Max (h*(B4),R%).

Proof. By Theorem 4.1.5 follows that Max (hi - (Bf ), RY) = Max (h*(B4),
R%). Take now d € Max (hf4(B4),R%). Then d € h'4(B'*) and, by
Proposition 5.1.8, d € h*(B#). Assuming d ¢ Max (h*(B%),R%) implies
d € hA(BA) with d < d'. Thus one can easily construct an element
d" € hp(Bay) with d < d” and so d < d”. But, by Proposition 5.1.9,
d" must belong to A4 (BF4) and this leads to a contradiction. Consequently,
Max (RFA(BF4),RE) C Max (h*(B4),R%). In order to prove the opposite
inclusion we consider an arbitrary element d € Max (hA(BA),R’i). Then
d € Max (h;c (Bak ), RE) € hid o (B k) € hF4(BF4). Were d not a maximal
element of hf'4(BF4), we would again obtain a contradiction. This completes
the proof. 0O

5.1.3 Duality with respect to weakly efficient solutions

In the last part of this section we discuss a duality concept similar to the
one introduced above for (PV F4), but this time with respect to the weakly
efficient solutions. To this aim, we assume in the following that X and Y
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are Hausdorff locally convex spaces, the convex functions f; : X — R and
gi:Y =R, i=1,... k, have their effective domains equal to the whole space
(see Remark 5.1.6 for a comment concerning this choice) and A € L(X,Y).
The vector dual problem with respect to weakly efficient solutions that we
introduce to the primal vector optimization problem

fi(z) + g1(Ax)

(PVEZ2) WMin
reX

fi() + gx(Ax)

(DVEZY)  WMax  hEAN 2%, y* 1),

(Nz*y* t)eBhA

where

k k
BPA = {()\,x*,y*,t) € (RE\{0}) x [ dom f; x ] dom g} x R":
i=1 i=1

A=, )Tt = (2t b,

y =y Lyt = ()T

k k
Z /\1(1‘1* + A*yz*) = 07 Z /\iti = 0}

i=1 i=1

and
—fi @) — gt (y"™) + &
hEAN 2%, y" 1) = :

—fi (@) = g (") + t

According to Definition 2.5.1, an element & € X is a weakly efficient
solution to (PVFZ) if (f + go A)(z) € WMin((f + g o A)(X),R%), where
f=, . fr)land g = (g1,...,9%)". One can note that hX4(\, 2*,y*,t) C
R* and, according to the same statement, (\, Z*, 7*, 1) is said to be a weakly
efficient solution to (DV F}}) when hEA (X, 2%, y*, 1) € WMax(hEA(BEA), RY).
The following result presents the weak duality statement for (PV FZ2) and
(DV F2). We omit its proof since it follows analogous to the proof of Theorem
5.1.3.

Theorem 5.1.11. There is no v € X and no (A, z*,y*,t) € BEA such that
fl(a:) + gl(A'r) < hi?(A7$*7y*?t) fOT’ 1= la EERE k.

Before stating the strong duality result, we consider the following regular-
ity condition, the choice of which being discussed in Remark 5.1.7

(RCVFEA) | k — 1 of the functions fi, i =1,....k, and g;, i = 1,..., k,
are continuous.
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Theorem 5.1.12. Assume that the regularity condition (RCVEZ) is ful-
ﬁlled Ifx € X is a weakly efficient solution to (PVF2) then there exists
(A, Z*, 7%, 1), a weakly ejﬁczent solution to (DV F2), such that f;(Z)+g;(AT) =
REAN z*,5%,t) fori=1,... k.

Proof. Let T be a Weakly efficient solution to (PV F2'). Then (f +go A)(Z) €
WMin((f + g o A)(X),R%). Obviously, (f + go A)(X) + R% is a convex set,
thus by Corollary 2.4.26 there exists A € R¥\{0} such that Z is an optimal
solution to the scalar problem

(PFA) mf{ Z Ail(fi(x +gz-(Ax))}7

i€l (X

where I(A) = {i € {1,...,k} : \; > 0} is a nonempty set. Applying the same
scheme as for (PFA) and (DFA) we obtain as dual to (PFA) the following
optimization problem

NI T I B SPVATU B SR TIUS]S
T EX "y ey iel(N), ieI(N) i€I(N)
> (e +ATY™)=0
i€I(X)
By Theorem 5.1.1 follows that for the primal-dual pair (PF;‘X) — (DF’ZL?S\)
strong duality holds, while Theorem 5.1.2 ensures that there exist TS
dom f; and 3** € dom g, i € I()), such that

(1) Xierny M@ + Ag™) = 0;

(ii) fi(Z) + fF (@) = (2", 7), i € I(\);
(i) g:(AZ) + g7 (5") = (5™, Az), i € I(N).

As (RCVFA) holds, one can choose some z* € dom f; and §* € dom g; for
i ¢ I()\). Taking z* = (z'*,...,7") € Hf 1domf* and 7* = (g'*,...,7") €
Hi:l dom g¢f, one has, via (i) that ZZ L (@™ 4+ Ag™) = 0. On the other
hand, let us take, for each i € I(\), i = (T + A*y™. Z) € R and, for each
i ¢ I(N), —fl()+gz(A:)s)+f( *) + g7 (™). Therefore, S-F  Nif; = 0
and (\, z*,7*,) € BEA. Moreover, for i = 1,...,k, it holds f;(Z) + gZ(AJ:)
—ff(i”)—g;*(g”)—i—ﬂ. The fact that (X, Z*, g* ﬂ is weakly efficient to (DV F2)
is a direct consequence of Theorem 5.1.11. O

Remark 5.1.6. A closer look into the proof of Theorem 5.1.12 makes clear why
it is necessary to consider when dealing with weakly efficient solutions that the
functions f; and g;, i = 1,..., k, have full domains. Otherwise, if Z is a weakly
efficient solution to (PVFy'), there must exist A = (A1,...,Ar)” € RY\{0}
such that Z is an optimal solution to the scalar optimization problem

1nf{ Z )‘ fz —|—gA.’13)) Z (5(10mfi(‘r)+6d0mgri(Ax))}'

i€I(N) igI(\)
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This is because 0(4+00) = (+00). By means of the duality scheme from sub-
section 5.1.1, one can assign as dual problem to it

Y EYowES k[ 1k

s {- % A - a6 -
B xf*eX*,y.’*eYi*,i:L.‘..,k, ) icI(N)

S N@THATY) S (@ AT )=0

i€I(X) igI(X\)

Z (Udom fi (xl*) + Odom g, (yz*)) }
i¢I(N)

One can prove for this primal-dual pair the existence of strong duality
under some sufficient regularity conditions and also provide necessary and
sufficient optimality conditions. Nevertheless, the optimality conditions corre-
sponding to (i) — (i#i) from the proof of Theorem 5.1.12 do not lead to vector
strong duality for (PV FZ) and (DV F2). This was the reason why we work
when treating the vector duality with respect to weakly efficient solutions in
the setting dom f; = X and domg; =Y, for i = 1,...,k, which is in fact the
usual one in the literature when dealing with the same topic.

Remark 5.1.7. Assuming that f; and ¢;, ¢ = 1,...,k, are convex, let us take
a look at the regularity condition (RCV FZ'), which seems to be very strong.
Even if (RCV F4), which is a renaming for (RCF;') in section 5.1, seems at
the first look to be weaker, stating that in case there exists ' € X such that
k—1 of the functions f;, i = 1, ..., k, are continuous at z’ and g; is continuous at
Az’ fori=1,...,k, then by Theorem 2.2.17 follows that those k—1 functions
fi,i=1,...,k, as well as the functions ¢;, ¢ = 1,..., k, must be continuous
on the whole space X. Considering the condition (RCF/), i € {2,2,2"},
let us notice that even if the spaces X and Y are assumed to be Fréchet,
consequently barreled, and f; and g;, ¢ = 1,...,k, are lower semicontinuous,
all of them must be continuous on X (see for instance [207, Theorem 2.2.20]).
So in this case any of (RCF/), i € {2,2',2"}, is nothing else than (RCV F24).
Finally, we can see that condition (RCFj') asks nothing else than X and
Y to be finite dimensional. But in this context the continuity of f; and g;,
i=1,...,k, is obviously guaranteed, so (RCF3') implies (RCV F2).

By employing the techniques from the proofs of Theorem 4.1.8 and The-
orem 5.1.5 one can show the following result.

Theorem 5.1.13. Assume that the regularity condition (RCV F2) is fulfilled.
Then
R\ cl((f + g0 A)(X) +RY) C hp?(B) — (RE \ {0}).

Nevertheless, different to the investigations in subsection 5.1.1, one cannot
directly obtain from here the converse duality theorem for (PV F2)—(DV F2).
To this aim we have to consider first the vector duals (DV,/2) and (DVjYy.,)
introduced in subsection 4.1.2. Tt can be always proven that hf4(BEA4) C
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hi(B4) and, under (RCV FZ), that hi g, (Bag.) € REA(BEA). Since we
always have that WMax(h ., (Bfxw), RE) = WMax(hi(Bg), RY), when
the condition (RCV F2) is fulfilled, it holds

WMax(hi k. (BB ), RE) = WMax(h5 A (BLA), RE) = WMax(hi) (B4), RE).

Thus the converse duality result for the primal-dual pair (PVFZ) —
(DVEA) follows as consequence of Theorem 4.1.9.

Theorem 5.1.14. Assume that the regularity condition (RCV F2) is fulfilled
and that the set (f +go A)(X)+RE is closed. Then for every weakly efficient
solution (\,z*,y*,t) to (DVFZ) one has that hEA(N, 7%, 4%, %) is a weakly
minimal element of the set (f + go A)(X) +R%.

Remark 5.1.8. (a) The results given above remain valid if we slightly modify
the vector dual (DV FZ) by replacing in the formulation of the feasible set
Zle /\iti =0 by Zf:l )\iti S 0.

(b) In case k = 1, i.e. V = R and K = Ry, the vector dual problem
(DVF2#) becomes the classical scalar Fenchel dual problem introduced in
chapter 3.

(¢)Incase X =Y, A=1idx and f;,¢9; : X — R, i =1,...,k, are given
functions, one can formulate a dual for

fi(z) + g1(z)
(PVEY WMin : 7
fr(@) + gi(x)

with respect to weakly efficient solutions by slightly modifying (DV Fid) by
replacing A € int(R% ) with A € R%\{0}. The same applies for the problem

fi(z)
(PVE]) WMin : ,
reX

w

fr()

whose dual being obtained by slightly modifying in the same way (DV F7). For
these primal-dual pairs of vector problems weak, strong and converse duality
statements follow from the ones given in the general case for (PVF2) and
(DVFEA).

5.2 A family of Fenchel-Lagrange type vector duals

Different duality approaches were proposed for the cone constrained vector
optimization problems with finite dimensional image sets of the objective vec-
tor functions. In the following we present one which is based on the Fenchel-
Lagrange dual problems attached to the family obtained by linearly scalarizing
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the primal vector optimization problem, introduced in [182,183] and general-
ized and refined in [24,36,37,184,185]. In these papers all the spaces involved
were taken finite dimensional. Here we work in a more general framework.

Let X and Z be Hausdorff locally convex spaces, with the latter partially
ordered by the convex cone C' C Z. Further, let S C X, fi : X - R, i =
1,...,k, be proper functions and g : X — Z a proper function such that
NF_, dom fiNSNg=1(—C) # (). Further, assume that the image space V = R”
is partially ordered by the cone K = R’i and consider the vector function

. k
f:X— @,f(x) _ (fr(x),..., fu(@)T,if z € igl dom f;,
+O0Rk , otherwise.

Due to the hypotheses on the functions f;, i = 1,...,k, f is proper. When f;,
i=1,...,k, are convex, f is also Ri—convex. The primal vector optimization
problem with geometric and cone constraints we work in this section with is

(PVF©) Min f(z).
A={zxeS:g(x)e -C}

5.2.1 Duality with respect to properly efficient solutions

Similar to the previous section, we say that z € A is a properly efficient
solution to (PVF®) in the sense of linear scalarization if # € N¥_; dom f;
and f(Z) € PMingg. (f(N%_; dom f; N A),R% ). This means that there exists
A € int(R%) such that Zle Nifi(@) < Zle Aifi(x) for all x € A (cf. section
2.4). This is the reason why we first investigate, for a fixed A = (A1,...,\;)T €
int(Rﬁ_), the following scalar optimization problem

(PE) in, {Zf‘;m(x)}.

The vector dual problem to (PV F®) which we introduce in this section will
have its origins in the conjugate scalar dual to (PF{). Via the investigations
done in subsection 3.1.3 one can associate to (PFC) as there (see the primal-
dual pair (PY) — (Drr)) the dual problem

o {- (gxifi)*@*) - s,

y*eX*,z*eC*

which is not satisfactory for our purposes, since for the formulation of the
vector dual we need to have the functions f;, ¢ = 1,...,k, separated in the
formula of the scalar dual to (PF )\C ). In order to construct such a problem,
we employ the general approach investigated in section 3.1. To this aim, let
us consider the following perturbation function @f X x XFxZ—R,
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k
Y Aifi(z +at),if x € S, g(z) — 2 € —C,
=1

400, otherwise,

o (z,xt, ... 2k, 2) =

with (z1,... Lk z) € XFx Z as perturbation variables. The conjugate of ¢§7
(P)* : X* x (X*)k x Z* — R, is given by the following formula

k

@) (9", gt )= sup {ww+zwmﬂﬂaw
reS,x'eX,i=1,...,k, i=1
z€Z,9(x)—z€—-C
k . k . k .
=) | = O+ a5 (o - ) o)
i=1 i=1 i=1
This provides the following conjugate dual to (PF{)
k _ koo
org)sw o { =Yoo - Eas(- X ot) |
y”eX*,i:l,...,k, i=1 i=1

zreC”

which, via Proposition 2.3.2(¢e), can be equivalently written as

k k
or)sw o {-Y e - Eos( - ) |
yrexXri=1,.. k, i—1 i=1

zreC”

In what follows we provide regularity conditions for the primal-dual pair
(PFE)— (DF{) that are independent of A, which we deduce from the general
ones given in section 3.2.

One can notice that in case the set S is convex, the functions f;, ¢ =
1,...,k, are convex and the function g is C-convex, @f is convex, too. The
regularity condition (RCY) (cf. section 3.2) becomes in this case

k
(RCFF) | 32’ € ) dom f; NS such that f; is continuous at z’,
Pl

i=1,...,k and g(2’) € —int(C).

Before stating further regularity conditions, we also note that if S is closed,
fi is lower semicontinuous, ¢ = 1, ..., k, and g is C-epi closed, then @f is lower
semicontinuous, too. Further, it holds (x!,...,2%, 2) € Pryk, z(dom &) if
and only if there exists an 2 € S N domg such that 2 € dom f; — x for
t=1,...,kand z € g(z)+C. This is further equivalent to the existence of an
z € SNdom g such that (z',..., 2% 2) € [[*, dom fi x C — (x, ..., x, —g(x)),
which can also be written as (z!,... 2% 2) € Hle dom f; x C' — Agk 4, where
Agr g = {(z,...,2,—g(z)) : € SNdomg} C X* x Z. This leads to the
following regularity condition (obtained via (RCY))
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(RCFY) | X and Z are Fréchet spaces, S is closed, f; is lower
semicontinuous, i = 1,...,k, g is C-epi closed and

k
Oesqri< dom f; XC—ASkﬂ),
=1

7

along with its stronger versions

(RC’FS ) | X and Z are Fréchet spaces, S is closed, f; is lower

semicontinuous, i = 1,...,k, g is C-epi closed and
k
0 € core ( [[domf; x C — Ask7g>
i=1

and

C 3 . s
I b) (2
(RCFy,) | X and Z are Fréchet spaces, S is closed, f; is lower
semicontinuous, i = 1,...,k, g is C-epi closed and

k
OGint(Hdomfi XCAsk7g>,

i=1

which are in fact equivalent. In the finite dimensional case one has from (RCY)

k
(RCF{')| dim <lin ( [ dom f; x C'— Ask,g>> < too

i=1

k
and 0 € ri ( [[dom f; x C — Ask’g)
i=1

We can state now the strong duality theorem for the scalar primal-dual pair
(PFY) = (DFY).

Theorem 5.2.1. Let S C X be a nonempty conver set, fi : X — R,
i=1,...,k, be proper and convex functions, g : X — Z a proper and C-
convez function such that Nf_; dom f; N SN g~ (—C) # 0 and X € int(RX) be
arbitrarily chosen. If one of the regularity conditions (RCEFL), i € {1,2,3},
is fulfilled, then v(PFC) = v(DFS) and the dual has an optimal solution.

Remark 5.2.1. In order to deliver strong duality statements for (PFC) and
(DFY) one can also combine the regularity conditions given in subsection
3.2.2. We exemplify this here by the ones expressed via the strong quasi-
relative interior. Thus, assuming

X and Z are Fréchet spaces, S is closed,
fi is lower semicontinuous, i = 1,...,k, g is C-epi closed,

0 € sqri < 61 dom f; x C'—epi_(—g) N (S x Z)>,

k
and 0 € sqri ( I] dom f; — Axk),
i=1

guarantees the existence of strong duality for the primal-dual pair (PF/\O ) —
(DFY) for all A € int(R%).
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Let us come now to the formulation of the necessary and sufficient optimality
conditions for the primal-dual pair (PFC) — (DF{).

Theorem 5.2.2. (a) Let S C X be a nonempty convex set, f; : X — R,
i=1,...,k, be proper and convex functions, g : X — Z a proper and C-
convex function such that Nf_, dom f;NSNg='(—=C) # 0 and X € int(R%)
be arbitrarily chosen. If & € X is an optimal solution to (PF{) and one
of the regularity conditions (RCFC), i € {1,2,3}, is fulfilled, then there
exists (g'*,...,y",z*) € (X*)F x C*, an optimal solution to the dual
problem (DF{), such that
(i) ()5 (= Sy M) = (= iy M. 3);

(1i) (z"g)(2) = 0; 4
(i) fi(2) + 7 (y) = (5, %), i =1,..., k.

(b) For a given X\ € int(Rﬁ_) assume that T € X and (gl*,...,gk*,z*) €
(X*)k x C* fulfill the relations (i) — (iii). Then T is an optimal solution to
(PES), (g%, ..., g%, z*) is an optimal solution to (DFS) and v(PF{) =
v(DFY).

Proof. The proof follows in the lines of the ones given for Theorem 3.3.13 and
Theorem 3.3.22. 0O

Remark 5.2.2. The optimality conditions (i) — (#4i) in Theorem 5.2.2 can be
equivalently written as

k
=D AT € 0((27g) + 65) (%), (279)(T) = 0 and §™* € Of;(2),i =1,.... k.

i=1

We introduce in the following not only one vector dual problem to
(PVF®), but a family of such problems, which are of Fenchel-Lagrange type
(see also section 4.3). For this, the following set is required,

F= {a = (o1, ...,0)" ¢ int(RE) — int(RY) :
k
Z/\iozi()\) =1Vl= (/\1, R /\k)T € lnt(Ri)}
i=1

For each a € F we attach to (PVF?) the following dual vector optimiza-

tion problem

(DVF) | Max A% ("2 0)

where
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k
BC = {()\,y*,z*,t) € int(RY ) x [ [ dom f7 x (Z*)F xR¥: X = (Ar,..., \)",

i=1
y*:(y1*7 DR 7yk*)72*:(21*7 .. °7Zk*)7t:(t17 .. 7tk)T7
k
—a; () Z)\jyj* € dom(z™g)5,i=1,...,k,
j=1

k k
Z/\Z'Zi’k € O*,Z)\iti = 0}
=1 =1

and
k: .
F ) = (- a) X ) 4
]:
hCe Ny, 2% ) = :

) (z’“*g)é( () i Ajyf*) b

Whenever a € F, the properness of the functions f;, 7 =1,...,k, and g along
with Lemma 2.3.1(a) ensure that h“(B%) C R*. According to Definition
2.5.1, an element (\,y*,2*,#) € B% is said to be efficient to (DV F®) if
RO (X, §*, 2%, t) € Max(h® (BC~),RY), while if if (X, 5%, 2*,f) € WMax
(RO (BC=),RY) we call (A, ", 2%, ) € B weakly efficient to (DV F). Next
we prove that for each of the vector duals we just introduced there is weak
duality.

Theorem 5.2.3. Let a« € F be fized. Then there is no © € A and no
(N, y*, 2%, t) € B% such that f;(z) < hic‘*(/\,y*,z*,t) fori=1,...,k, and
fi(z) < hjc“‘()\,y*,z*,t) for at least one j € {1,...,k}.

Proof. Assume the contrary, namely that there are some x € X and (X, y*, z*
t) € B such that f;(z) < hS*(\,y*,2*,t) for each i = 1,...,k, and f;(z) <
hjc“ (A, y*, 2, t) for at least one j € {1,...,k}. Consequently7 ZZ 1N fl( ) <
Sy Nhdt (gt 2 ) = = S A (F () + (2795 (— aa (V) X5y M)
+YE it = =S N () + (s (= ) S M), Wthhv
by the Young-Fenchel inequality, is less than or equal to Zle i fi(z) since

(g Aiea(N) X5y \yd* @) = (0 Ay, ) and (320 Aiz"g)(2) <0

and we reached a contradiction. 0O

We come now to the vector strong duality statement for (PVFY) and
(DV F®*). In what follows we assume that the nonempty set S is convex, the
functions f;, 7 =1,...,k, are convex and the function g is C-convex. In order
to maintain the analogy to the investigations made in the previous chapter,
we assume also here for the strong vector duality results the fulfillment of a
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regularity condition and then remark that these remain valid when others are
verified, too. In this case we work with (RCFF), renamed as

k
(RCVF®) | 32’ € Dl dom f; NS such that f; is continuous at 2/,
i=1,...,k, and g(2’) € —int(C).

Theorem 5.2.4. Let a € F be fized and assume that the reqularity condition
(ROVFC) is fulfilled. If T € A is a properly efficient solution to (PVF®)
then there exists (N, 7%, z%,1), an efficient solution to (DVF®), such that
fi(@) = hS>(\, g%, 2, %) fori=1,...,k.

Proof. Given the proper efficiency of Z to (PV F), there is some A € int(R¥ )
such that Z is an optimal solution to (PF;\C) Because of Theorem 5.2.1, there
is strong duality for this scalar optimization problem and its Fenchel-Lagrange
type dual (DF;\C)7 which has an optimal solution, say (7'*,...,7"*,w*) such
that the optimality conditions (i) — (iii) in Theorem 5.2.2 hold. Take z* :=

a;(N@* and £ = (5, 7) + (27 9)5 (- a(N) Y5, Aji?*), i = 1,.... k, and
let z* := (z*,...,2F) and t := (¢1,...,%)T. Then Zle Nz = w* € C*,

Note that whenever i € {1,...,k} one has (2"*g)5( — as;()) Z?:l Nyr) =

oi(AN)(w*g)5( — 2521 A;j77*) and thus —a;(A) Z?Zl \;jy’* € dom(z%g)% for

t=1,..., k. Then, using the above mentioned optimality conditions, we get
koo ko ko - ko
S i = <zxy> I DTNCII B Sp¥y
i=1 =1 i=1 j=1

which yields that (\, 7%, z*,1) is feasible to (DVFF“), where y* = (y%*,...,
7"*). Moreover, whenever i € {1,....k} hS(\, 7% 251 = —f (7") +

(y™*,z) = fi(z), via the optimality condition (iii) of Theorem 5.2.2. The

efficiency of (A, 7*, z%,1) to (DV F=) follows by applying Theorem 5.2.3. Be-
cause o € F was arbitrarily chosen, the conclusion follows. O

To give the converse duality statement for the vector problems (PV F¢)
and (DVF®), o € F, two preliminary statements are needed.

Theorem 5.2.5. Let o € F be fized and assume that B~ is nonempty and
that the regularity condition (RCV FC) is fulfilled. Then

R\ cl(f(NE_, dom f; N A) + RE) € h% (B%) — int(RY).

Proof. Let © € R\ cI(f(Nk_, dom f; N A) + R%). Similarly to the proof of
Theorem 4.3.3 one can prove that there exists A € int(R% ) such that
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According to Theorem 5.2.1, there exist * = (y'*,...,7"*) € Hle dom f;
and w* € C* such that

k k
;g({ZAfZ } ;Am(fy ) - (@ g>s<_2w )
Let 2 := a;(\)w*, i = 1,...,k, and 2* := (z'*,...,2F*). Then E A2 =
w* € C*. Thus (A, §*,z*,0) € B% and it holds

k k
D> Niv < Y MR (A g, 27, 0). (5.2)
=1 i=1

Consider the hyperplane with the normal vector A

k
= {hC“(A,y*,z*,O) +titeREY Nt = 0}

i=1

k k
= {1} e Rk : Z;\ZUZ = Z)\ih?”(A,g*,Z*,O)}.
i=1 =1

One can easily see that H C h%(B%), while from (5.2) we deduce that
v is an element of the open halfspace H™ {v € Rk : Zf 15\ v <

Zl 1 i hc (N, 7%, 25,0 } The orthogonal projection of v on H is an element
V=04 6)\ € HC hc (B€) with § > 0. Since A € int(R%), it follows that
v € hO>(B%) —int(R%). O

Remark 5.2.3. We refer the reader to a comparison of the result in Theorem
5.2.5 with the one given in Theorem 4.3.3 for the primal-dual pair (PVG) —
(DVG). A direct consequence of this latter result is that, when (RCV?) is
fulfilled and (A, 7*, ) is an efficient solution to (DVG), then h% (X, 7*,0) €
cl(F(dom F)+K). As proven below, a similar result can be given, when o € F,
for the primal-dual pair (PVF®) — (DV F®), but this does not result directly
as for (PVG) — (DVG).

Theorem 5.2.6. Let o € F be fizred and assume the reqularity condition
(RCVFY) fulfilled. If (\,g*,2*,T) € B is a weakly efficient solution to
(DVFC), then h®=(\, 5%, 2%, ﬂ €cl(f(Nk_, dom f; N A)).

Proof. Since (X, §*, 2", 1) € B% is a weakly efficient solution to (DV F®~), by
Theorem 5.2.5 follows that

hCa(;\’g*,g*7ﬂ €cl (f(fﬁldomfiﬁ/l) —|—le_).
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Assuming the contrary implies the existence of o € h% (B®) such that
hC (X, §*, 2*,1) < ©. But this contradicts the weak efficiency of (\,7*,z*,%)
to the vector dual problem.

Then there exist {v'} C f(N¥_; dom f;NA) and ' € R such that v'+r! —
hC (X, 5*, z*,t) when | — +o0. For all [ > 1 let be 2! € N¥_, dom f; N A with
vt = f(2'). But the weak duality theorem for (PFC) — (DFY) yields for all
[>1

We have lim;_, | o Zle (vl +rl) = Zf:l AihS* (N, 7%, 2*, ) and this implies
that
k
lim vl = ZXihfa(X,g*,z*,ﬂ.
=1

l
— 400 =1

Consequently, lim;_, ; o Zl L Airt = 0. Since r! € Rk for all [ > 1, this can be
the case only if hml_,+oo rt=0. In conclusion, hml_,+oo vb = pCe ()\ g*,z* 1)
and so hC=(\, g%, 2%, %) € cl(f(N Z:ldomfzﬁA)) 0

A direct consequence of Theorem 5.2.6 is the following converse duality
statement.

Theorem 5.2.7. Let a € F be fized and assume that the regularz'ty condition
(RCVF©) is fulfilled and that the set f(N¥_, dom f;NA)+RE is closed. Then
for every weakly efficient solution (\,y*, 2 7 ,t) to (DVEFC), there exists T €
A, a properly efficient solution to (PV FY), such that fi(@) = hE~(\, 7%, 7, 1),
i=1,...,k.

Proof. Asseen in the proof of Theorem 5.2.6, the weak efficiency of (A, 7*, 2%, 1)
to the dual ensures that h®(\,y*,2%,1) € cl(f(NF dom f; N A) + RY) =
f(Nk_, dom ;N A) + R’“

This means that hc y*,z*,t) = f(Z) + 7 for some & € NF_, dom f; N.A
and 7 € Rﬁ. But 7 = 0, 0therw1se the weak duality (see Theorem 5.2.3) would
be violated. Even more, the weak duality proves also the efficiency of T to
(PVFY). Tt remains to prove that z is a properly efficient to (PV F). Since
hC (X, g*, 2%, 1) = f(%) it holds

k

k k
Z S(Z) :ZX (N, 251 = — Z)\i(fi*(y )
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k

‘*‘(Zl*g)E( — a;(A) Z)‘jyj*> + fz‘) < wlélvf4 { Z)\z‘fi(l“)}
j=1 i=1

Therefore T is an optimal solution to (PF;\C ) and this proves that Z is a

properly efficient solution to (PVF®). O

Remark 5.2.4. Note also that an alternative converse duality statement can
be obtained following the method used in [184].

Remark 5.2.5. (a) One can easily notice that all the results given above remain
valid whenever o € F if the vector dual (DV F®=) is slightly modified by
replacing in the formulation of the feasible set B¢~ the restriction Zle Ait; =

(b) Since the proof of the theorem given above uses as a main tool the
scalar strong duality result for (PF{) and (DFY) when A € int(R%), it is
always true that the regularity condition (RCV F¢) can be replaced by any
of the regularity conditions (RCFEFC), i € {2,2/,2",3}. In theorems 5.2.5-
5.2.7, the regularity condition can be replaced by the assumption that for all
A € int(R%) the optimization problem (PF{) is normal with respect to its
conjugate dual problem (DF{).

(¢) Theorem 5.2.7 remains valid even if instead of asking that the set
f(NE_, dom f; N A) + RE is closed one assumes that f(Nf_; dom f; N A) is
closed.

(d) Combining the assertions of Theorem 5.2.4 and Theorem 5.2.7 makes it
immediately clear that under the hypotheses of the latter any weakly efficient
solution to (DV F®=) is also efficient to it for any o € F.

(e) In case k = 1, i.e. if V = R and K = R, the problems (PVF) and
(DV FC*), where a € F, become (see also subsection 3.2.2)

(PY)  inf f(2)

and, respectively,

(Drr) s {=r"(") = (Z9)s(=y") + 1},
WyE,zrt)e o

where
B = {(\,y*, 2", t) € int(R}) x dom f* x C* x R: A\t = 0}.
Obviously the dual problem can be equivalently written as

sup  {—=f"(y") = (z"9)s(=y")},
y* EX*,Z* cC*
which is, indeed, the Fenchel-Lagrange dual problem to (P¢) (cf. subsection
3.1.3). This motivates giving the name Fenchel-Lagrange type vector dual
problem to (DV F).
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Remark 5.2.6. For particular choices of the function o € F one obtains differ-
ent vector duals to (PV FY). For instance, when

T

1 1

=i — ] YA=(1,...,\)" €int(RE
o) (k/\l’ ’k:Ak) (o0 2e)” € iR

(DV F®*) turns out to be the dual problem introduced in [184] for the case

S = X = R", which generalizes the one considered in [182,183]. Another

interesting special case occurs when we take

T
1 1
a\) = | —— YA = (A1y., M) € int(RE).
i SN
i=1 i=1

Considering in the feasible set of (DV F%) formulated in this case that all

z", i =1,...,k, are equal, one obtains a vector dual problem introduced to
(PVFY) in [36,37] for the case S = X = R", namely

(DV Fm) Max REM (N, y*, 2%, 1),
(A\y*,z*,t)eB M
where
k
B = {(Ny*,z*,t) € int(RY) x [ dom £ x C* x R¥ : X = (A1, W),
i=1
vt =)t = ()T
k
— Z )\jyj* € dOm(Z*g>§7 Z Aty = 0}
A =1 i=1
j=1
and

koo
—fily™) - (Z*g)’§<— 2 Aj@/f*) +t
P

th()\,y*,z*,t) =

k
—fi ) - (Z*9)§<— 2 A.ﬂﬂ*) + tk

> A 3=1
Ji=1

The vector duality statements given in Theorem 5.2.3, Theorem 5.2.4 and
Theorem 5.2.7 hold when replacing (DV F¢) with (DV F), too. In section
5.3 we prove that h¢» (B“M) is a subset of h¥=(B%) whenever o € F.
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5.2.2 Duality with respect to weakly efficient solutions

In the second part of this section we discuss a duality concept similar to the
one introduced above for (PVF®), but this time with respect to the weakly
efficient solutions. To this aim, we assume in the following that X and Z
are Hausdorff locally convex spaces, with the latter partially ordered by the
convex cone C' C Z. Further, let the convex set S C X, the convex functions
fi: X = R,i=1,... k, having their effective domains equal to the whole
space X (see Remark 5.2.7 for a comment concerning this choice) and the
proper and C-convex function g : X — Z such that SN g~ '(—C) # 0.
Further, assume that the image space V' = R¥ is partially ordered by the cone
K= Rﬁ and consider the vector function f = (f1, ..., fx)*. The primal vector
optimization problem with geometric and cone constraints with respect to
weakly efficient solutions we work in this section with is

(PVFEY) \R;le\/ﬂnf(x)
A={ze€ S :g(x)e -C}

Considering the set
Fu= {ﬂ — (Bry BT (REV{O}) — int(RE) -
k
D ABN) =1VA= (A1, M) € Rﬁ\{o}},
i=1

for each 3 € F,, we attach to (PV FS) the following dual vector problem with
respect to weakly efficient solutions

(DVFS") WMax o hSe (N, y*, 2% t),
Ny*,z*,t)EBy,

where

k
BSf*={(A,y*,z*,t) e (RE\{0}) x [ [ dom f7 x (Z*)F xR* : A=, ..., A",
i=1
* 1%

y :(y 7"'7yk‘*)7z*:(zl*’"'7Zk*)’t:(t17""tk)T7

k
—0i(N) Z)\jyj* € dom(z*g)s,i=1,...,k,
j=1

k k
Z/\zzl* S C*, Z)\iti = O}
=1 =1

and
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k .
—fi'") — (="9)3 ( P Ajy3*> +t
h’gﬁ(A)y*7Z*7t) -
k
— i) - (z’“*g)§< O 2 Asy ) +t

Whenever 3 € F,, one has that hcﬁ (Bg") C R*. According to Definition
2.5.1, while an element z € A is a weakly efficient solution to (PVES) if

f(z) € WMin(f(A),R%), an element (X, *,2*,1) € BS? is said to be weakly
efficient to (DVES?) if h%” (N, 7%, 2, 1) € WMax(hC (BL?),RE ).

The next statement gives a Weak duality result for (PVFS) and (DVFgﬁ )
B € Fu, which can be proven analogously to Theorem 5.2.3.

Theorem 5.2.8. Let € Fy be ﬁmed Then there is no x € X and no
(/\,y*:z*,t)eBgB such that f;(x )<h SNyt 2Nt fori=1,.. . k.

Before stating the strong duality result, we consider the following regular-
ity condition, the choice of which can be sustained by a discussion similar to
the one in Remark 5.1.7,

(RCVFS) | fi is continuous, i = 1,...,k, and 0 € g(S N dom g) + int(C).

Theorem 5.2.9. Let 5 € F,, be fized and assume that the regularity condition
(RCVFES) is fulfilled. If € A is a weakly efficient solution to (PVFS) then
there exists ()\ g*,Z%, 1), a weakly efficient solution to (DVF ?), such that

Fil@) = hil 07,75 8), i =1, k.
Proof. Let T be a weakly efficient solution to (PV FY). This means that f(7) €

WMin (f(A),RE). Obviously, f(A) + R% is a convex set, thus by Corollary
2.4.26 there ex1sts A € R¥\{0} such that Z is an optimal solution to the scalar

problem
(PF 1nf { z N filx }
i€eI(X)
where T(\ {z c{l,....k}: N> O} is a nonempty set. Applying the same

scheme as for (PFC) and (DF{J), we obtain as a scalar dual to (PF{J) the
following optimization problem

o) {5 e ws(- ¥ )}

yrEX Al b ery i€I(X)
By Theorem 5.2.1 follows that for the primal-dual pair (PFU%\) - (DFU%\)

strong duality holds, while Theorem 5.2.2 ensures that there exist ™ ¢
dom f/, i € I(\), and w* € C* such that
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= Viery M) = (= Liery MU 3);

)(z) = 0; .

(i) f:(2)+ £ (5") = (5%, 7). i € I(V).

As (RCVFS) holds, one can choose some §** € dom f; for i ¢ I(\). Tak-
ing 7* = (y'*,...,9") € Hi:l dom f}, one has, via (i) that (w*g)%( —
Zf 15\@”) = (- Zf LAy, 7). Let us take, for each i = 1,...,k, z* :=
Bi(\)w* and denote z* = (2*,...,2"*). Then Z L \iZ* = w* € C*. Note
that whenever i € {1,. k:} one has as explalned in the proof of Theorem

5.2.4, (71.* )*( Bi(A )ZJ 1 Jyj*) ﬁz( ) (w* ) (_ Z§:1 j‘jgj*) and so
—Bi(A )Z LA 57" € dom(z% g)%. Take also

k
= ("2 + (2795 | =B Z
when i € I()),

k
ti= @)+ 7))+ (E ) | - ZX@]'*

when i ¢ I(\) and denote f := (f1,.. ., )7 It can be verified that 3%, A\;f;
0 and (X, 7*,2%,1) € B%. Moreover, for i = 1,...,k, it holds f;(z) =
—fr ™) = (= 9)s(— B:;(N) Z?Zl Aj§7*) + t;. The fact that (A, g%, 2%,%) is
weakly efficient to (DVFgﬁ ) is a direct consequence of Theorem 5.2.8. 0O

Remark 5.2.7. A discussion similar to the one in Remark 5.1.6 makes clear
why it is necessary to consider when dealing with weakly efficient solutions
that the functions f;, i = 1,..., k, have full domains.

Remark 5.2.8. Analogously to Remark 5.1.7, note that assuming continuity
for f;, i =1,....k, in (RCVES) is not too strong. Even if (RCV F) seems
at the first look to be weaker, by Theorem 2.2.17 follows that in the setting
considered in this subsection it turns out to be nothing but (RCV ES). Never-
theless, this condition can be replaced in the results gathered in this subsection
with (RCFEFL),i € {2,2,2",3}, adapted to the situation where dom f; = X
fori=1,..., k.

The proof of the following theorem can be done by combining the ideas
from the proofs of Theorem 4.3.21 and Theorem 5.2.5.

Theorem 5.2.10. Let § € F,, be fized and assume that the regularity condi-
tion (RCV FS) is fulfilled. Then

RM\ cl(f(A) + RE) C he? (BS?) — (RE\ {0}).
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The converse duality theorem for the primal-dual pair treated here does
not follow as a direct consequence of this result, as it was the case for
(PVFC) — (DVFY). Nevertheless, we are able to state such a result with
the mention that it turns out to be an implication of Theorem 4.3.25(c) and
Theorem 5.3.9, which we state in the forthcoming section.

Theorem 5.2.11. Let B € F,, be fixed and assume that the reqularity condi-
tion (RCVEY)) is fulfilled and that the set f(A)+R% is closed. Then for every

weakly efficient solution (X, §*, 2, 1) to (DVFgB) one has that hS” (N, 7%, 2%, 1)
is a weakly minimal element of the set f(A) +RE.

Remark 5.2.9. The observations pointed our in Remark 5.2.1 and Remark
5.2.8 are valid for Theorem 5.2.9 and Theorem 5.2.11, too, while the ones
from Remark 5.2.6, except for the first particular case, can be applied to
vector duality with respect to weakly efficient solutions, too. Note that the
analogous vector dual to (DV F“™) from the latter remark is

(DVES) WMax  hS7 (N, y*, 2%, 1),
(A y* ,z*,t)EBuc,M

where

k
BG = {(A,y*,z*,t) € (REA{0}) x [ [ dom f;7 x C* xR* : A = (Ay,..., A)7,

i=1

vi= )= ()T At = 0,

k
—1
- Z)\jyj* € dom(z%g)¢ }
POR YR

Jj=1

and

—fily™) - (Z*g)§< = }_1A iy ) +t
jgl A 9=

oM (™, 27, 1) =

i) = (z*9)% ( - Zk: Ajyj*> + t

> A 3=1
i=1

5.2.3 Duality for linearly constrained vector optimization problems

In the following we see what happens to the duals introduced in the previous
two subsections when working with the linearly constrained vector minimiza-
tion primal problem
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(PVF*) Min f(@),
TEAL
Af ={zecS: Az —-beC}

where X and Z are Hausdorff locally convex spaces, with the latter partially
ordered by the convex cone C'C Z, S C X is a convex cone, f; : X — R, i =
1,...,k, are proper functions, A € £(X,Z) and b € Z fulfill A(N%_, dom f; N
S)N (b+ C) # (. Assume that the image space R¥ is partially ordered by the
cone R’j_. Consider the vector function f: X — R* defined as in the beginning
of the section. One can immediately notice that (PV F¥) is a special case of
(PVFY), for g(x) = b— Az for € X and S being moreover a cone. Like
in subsection 5.2.1, for each a € F we attach to (PVF¥) a dual problem
obtained by particularizing (DV F©+). Noting that

(z"g)s(x") = sup{{a™, z) + (z", Az — b)} = —(2",b) + sup(a™ + A"z", )
zeS z€eS

= _<Z*7b> + 5{A*z*+z*€*$*}(qj*)
for any «* € X* and z* € Z*, the dual in discussion turns into

(DVFCQ) (ny* 1;432))(68% h[’a ()\? y*a Z*a t)?

where

k
BFe = {()\,y*, 2%, t) € int(RE ) x [ [ dom f7 x (Z%)F xR* : x= (A1, ..., \)",

i=1
y*:(yl*, e ,yk*)7z*:(zl*,...,zk*)7t:(t1,...,tk)T,
k k
Z)\Z‘ZZ* S C*,Z)\ltz = 0,
i=1 i=1

k
a;(\) ijyi* — A e S i=1,.. k}
j=1

and

(21,0 +t1 = fr(y"™)
hL“(/\,y*,z*,t) = :
(27%,0) + tr, — fr(y*)

One can notice that at (DV FX«) the parameter « is present only in the
feasible set. However, we show that all (DVF ﬁa), a € F, are equivalent to
each other and « plays no role in this case.

Let a € F. First we demonstrate that taking the set
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k
Bﬁz{()\7y*,w*,v) € int(RY) x Hdomfi* X (ZVFxRF X = (Mg, )T,
=1

y —(yl* *) w*:(u}l*7 ..,wk) v—(vl,...mk)T,
wal*ec* Zmﬁo ZA i*)es*},

one has h%e (Bfe) = hte(BF).

The inclusion “C” follows immediately, since whenever (X, y*, z*,t) € B-«
one can directly verify that (\,y*,2*,t) € B*. To prove the opposite in-
clusion, when (\,y*,w*,v) € B* take 2* = qa;(\) Z?:l Nwi*) b =
v (W, b) — (oa(\) X5 Awd*,b), i o= 1.k, and t o= (ty,.., )7
Therefore it follows that (\,y*,2*,t) € B. Moreover, for i = 1,...,k,
hEs (N, 2% ) = (27, b) +ti— £ (™) = (i (A) 35—y Ajw*, b)+v;+(w'™, b)—
(@s(N) X5y Ajw?* b) = f7(y™) = (W™, b) + v = f7 (™) = b= (A, 5", w*,0).

Therefore for all a € F the duals (DV F%«) collapse into

(DVFS) | Max B0, 0),

where
(w'*,b) +v1 = fi(y™)
REON y*, w*,v) = :
(W, 0) + vp = fr(y™)
The formulation of this dual problem can be further simplified, depending

on the way b is taken.
When b = 0, (DV F¥) turns into

(DVFX)  Max h*(\y%,0),

(A, y*,v)eBE
where
k
BF = {()\7y*,v) € int(RY) x [[dom f; x R* A = (A1,..., 007,
=1
y*:(yl*w”,yk*)’v_ Ulv"’? Z)\UZ—O
k .
=1
and )
v — fi(y')
hE(N Y, v) = :

ok — 1)
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On the other hand, when b # 0 the vector dual problem (DV F*) can be
equivalently rewritten as

DV F~ M hEON %, g
( ) e ANy, a"),

where
k
B* = {(/\,y*,q*) € int(R%) x Hdomf; x (Z) =\, 0T,
i=1
v ="y = (g,
k . k .
SIS SRR
1=1 i=1
and ) )
(¢",b) — fi(y™)
RNy q) = :
(g™, b) = fr(y™)
To prove this, take w™ := ¢** and v; := 0, i = 1,..., k, while for the inverse
inclusion, let ¢** := w™ +v;(, i = 1,...,k, where ( € Z* is taken such that
(¢,b) = 1.

The vector dual problem (DV F®™) introduced in Remark 5.2.6 turns in
the special case treated in this subsection into

(DV F£ar) Max REM (N, y*, 2%, v),

(My*,z* v)eBEM
where

k
B = {(A,y*,z*,v) € int(RY) x [ dom £ x C* x R¥ : X = (A1, )",

i=1

k
y* = (y1*7' .. 7yk*)7v = (’U17. .. 7vk)T7Z>\iUi = 0;
i=1

and )
(% 0) +v1 = f1(y')
hﬁ”’()\,y*,z*,v):
(z%,0) + vk = fr (™)
Note that when b = 0 this turns into (DV F%), too.
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Remark 5.2.10. Weak duality for the primal problem (PV F¥) and its vector
dual (DV F¥) holds from the general case. To obtain strong and converse
duality for this pair of problems, one can consider the regularity condition

k
(RCVF*) | 32" € 0 dom f; NS such that f; is continuous at 2/,
i=1,...,k and Az’ — b € int(C),

or one of the regularity conditions mentioned in Remark 5.2.5(b) adapted to
this particular situation.

Remark 5.2.11. The results obtained within this subsection extend the ones
n [182-184], where all the spaces involved were taken finite dimensional and
those in [174] where the entries of the objective vector function were sums of
norms and linear functions.

With the only change in the framework consisting in taking the functions
fi: X =R, i=1,... k, like in subsection 5.2.2, namely having full domains,
similar considerations can be made when we are dealing with the weakly
efficient solutions to the primal problem

(PVEL) WMin f(x).
zEAL
E={zeS:Az-beC}

Like in subsection 5.2.2, for each 3 € F,, we can attach to (PV F5%) a dual

problem obtained by particularizing (DVFg ?), but all these duals coincide,
being actually

DVFF- WM RE (N, y*, w*,v),
( w) e w (A YT Wt v)

where

k
Bﬁ:{(A, y*w*,v) € (RE\{0}) x [ [ dom f; x (Z*)F xR* : A= (Ar,..., W),

i=1

y =, Ly, w*:(wl*,...,wk*) v=1,...,v)7,
ZAwZ*ec* Zml_o Z)\ i*)es*}

and

(wh,b) +v1 = fi(y™)
hfu()\,y*,w*,v) =
(W, b) + vk — fr(y™)

The formulation of this dual problem can be further simplified.
When b= 0 (DVFZX) turns into
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DVFE)  WMax hE(N 4%, 0),
( w) o Max oAy )

where
k
BE = { (o) € (RE\() x [Tdom f7  R* £ A= (a0
i=1
k
y* = (yl*? 7yk*)7v - ('Ul, 7vk)TaZ)\ZUZ = 07
i=1
k .
i=1
and )
v — fi(y'")
hﬁ;(/\vy*av) = :

o, — fr(y**)
On the other hand, when b # 0, (DV F%) can be equivalently rewritten as

DVFEZ) WM hEON 5, q%),
(DVEy) aVMax w(A " q)

where
k
BE = {(A,y*,q*> € (RE\{0}) x [ dom £ x (2% : A= Ohas. oy M),

i=1

y =y = (6

k k
=1 i=1

Y

and ) )
(g,b) = fi(y™)
(@™, b) = fr(y™)

The vector dual problem (DV FS$™) turns in the special case treated in
this subsection into

(DV EEa) WMax  hEM (N, y*, 2%, ),

(Ay* 2 v)eBaM

where
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k
Bf,M:{(/\,y*,z*,v) € (RE\{0}) x [ dom f; x C* x R¥ : A=(\y,..., )7,
i=1

Yy = (yl*v"‘vyk*)av = (’Ulv"'?vk)Tv

k k

i=1 i=1
and )
(7 0) + o1 = fT(y™)
htﬁuM ()\7y*,z*7v) =
(2%,6) + vk = fi(y™)
and when b = 0 it coincides with (DV F%).
Remark 5.2.12. Weak duality for the primal problem (PV F%) and its vector

dual (DVF£) holds from the general case. To obtain strong and converse
duality for this pair of problems, one can consider the regularity condition

(RCVFE[) | fi is continuous, i = 1,...,k, and b € A(S) — int(C),

or one of the regularity conditions mentioned in Remark 5.2.8 adapted to this
particular context.

5.3 Comparisons between different duals to (PV F°)

In the following we investigate, like in subsection 4.3.3, inclusion relations
between the image sets of the feasible sets through the objective functions of
different vector duals to (PV F). Besides (DV F“*) and (DV F®™), given in
section 5.2, in chapter 4 we introduced several vector duals to (PV F¢) from
which we recall (DVYrt), formulated in the framework of this chapter as

(DVFCrL) Max REFL (N, y*, 2%, v),

(\y*,z*,0)EBCFL

where

BErr = {()\,y*,z*,v) € int(RE) x X* x C* xRF : A= (A\,..., )7,

v = (01, 00"
i:l&vi < - ( :1 >\ifi>*(y*) - (z*g)g(—y*)}

and
ROFL (A g7, 27,0) = .
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By slightly modifying the formulation of (DV FEFr) we consider another vec-
tor dual to (PV FY) that looks like

(DVFCrL) Max REFL (N, y*, 2%, v),
(Ay*,z*v)EB FL

where

BC'FT, _ {(A,y*72*,'[}) c mt(Ri) « (X*)k x O % Rk A= ()\17~..7)\k:)T7

*

yr= )= (o

k k k
>ox <= s - o - oaw )}
i=1 i=1 =1

)T

)

and
th‘L ()‘7 y*7 Z*a U) = .

We begin by comparing the image sets of the feasible sets through the
objective functions of the vector duals to (PV F¢) introduced in this chapter,
(DVF%), for a € F, and (DVF).

Theorem 5.3.1. Let o € F be fived. Then h® (BC) C hC(BC).

Proof. Take an arbitrary element d = (dy,...,dy)" € h¥¥ (BS™). Then there
is a feasible point (\,y*,z*,t) € BYM such that

k
Z)\jyj* +t,i=1,... k.

=1
Ajd

.
Il Mw
-

Take 2 := ai()\)(zk 1 )\j)z*, 1 =1,...,k, and denote z* := (21*, )

k k
s ~o ) = (w0 [ 3w
J=1 SN =t
j=1

Consequently, —a; () Z?zl Ajy?* € dom(z*g)% for i = 1,... k. For all i =
.k, let
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k
_ 1 ;
ti == t; + (2" g) <al E )\jyj*> 9 | — g )\Jyj*).
A

We obtain immediately that ¢ := (f1,...,%)7 € R¥ and Zle g o=
Zle A\it; = 0, which yields (\,y*, z*,f) € B%. Moreover,

k
di = —f (y™) — (Zi*g)*g( ai()\)Z)\jyj*) +6Vi=1,... k,

=1
i.e. d = h%(\y*, z*,t). Therefore, h“ (B“M) C hC=(B%). O

With the following example (from [24, 36]) we show that the inclusion just
proven can sometimes be strict.

Ezample 5.3.1. Let be a € F fixed, k=2, X =S =R, Z=C =R2, f1, fs:
R — R, defined by fi = fo = 0, and g : R — B2, g(x) = (g1(2), 95(2))7,
where g1, ¢go : R — R, defined by

ifz <0

1’ )
91(@) = {ez, if ¢ >0, 20d 92(2) = {

*

For z* = (27, 23), 25 = (1,-1)T, 25 = (—1,1)T, we have

N _J1=e", ifz <O, N | -1+e"ifx <O,
(Zlg>(1'> - {em _ 17 if x> 0’ and (229)(x) - {1 _ 6717 ifx>0.
Taking y* (yl,yQ) = (0,007, A = (1,)T and t = (1/2,—-1/2)T, we have

A zi+Aez5 = (0 0) eC* = {(O,O)T}, At1+Aste = 0 and fl*(O) = f2*(0) =
This means that
-3 —(219)"(0) + 11
d= = :hca(>ﬁy*72*7t)a
-3 —(239)"(0) + 2
i.e. d € h®(B). Let us show now that d ¢ h®» (B ). If this were not true,
then there would exist an element (), 7*, z*,%) € B“™ such that

* [ =k =k * ALY A2y n
i) - (o) (- MBI 4,

N =
Il

|
ol

~£5) — (g (-2 ) +

It follows that f(y7), f5(95) € R, but, in order to happen this, we must have
g =195 =0, f{(77) = f5(@5) =0and z* = 0, thus (2*g)*(0) = 0. These yield
t1 = —1/2 and &, = —3/2. Consequently, At1 + Aafa = —(A1 +3X2)/2 < 0.
This contradicts A1t + Aofo = 0, therefore d ¢ h©™ (B“™) i.e. the inclusion
proven in Theorem 5.3.1 may be strict.
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The next pair of vector duals to (PV F¢) we deal with consists of (DV F©=)
and (DV Frr),

Theorem 5.3.2. Let o € F be fized. Then hC~(B¢~) C hCrr (B F1).

Proof. Let d = (di,...,d,)T € h®(B%). Then there exists (\,y*,z*,t) €
B such that d = h® (), y*, z*,t). Denote z* := Zle iz, We have z* €
C* and

k k k k
Do Nidi = = DONFI W) = Y M=) ( ZAJyJ*)+ZAjtj-
i=1 i=1 i=1 Jj=1

The Young-Fenchel inequality yields

—(2*g) <oz7 ny )_ )+<ai()\)i)\jyj*’x>

fori=1,...,k, and all x € S. Consequently,

k k k
<Z Ayx> = SN + (g @) + <Z Ayx> Vo€ s,
i=1 1=1 3

This yields
k
ZA d; < — Z)\ ™) + mf {(z*g)(x) + <Z)\iyi*,x>}
k
Y AL — () (- XA,
i=1 1=1

ie. (\,y*,2z%,d) € BFr. Therefore d € h®Fi(B°rF1) and, since d was arbi-
trarily chosen, the desired inclusion is proven. 0O

With the following example we show that the inclusion just proven can be
strict in general.

Ezample 5.3.2. Fix an o € F and take k =2, X =S =R, Z =R? C =R3%,
f1, f2: R — R, defined by fi=fr=0andg:R — R? g(z) = (z+1, —2)T for
z € R. For y* = (y},95)" = (0,007, z* = (1, )T € C* =R2, A = (A1, )7,
A =X =1landd = (dy,d2)T, dy = dy = —1, we have f;(y}) =0, f5(y3) =0
and (2*9)*( — Ay — Ays) = —1, so

Ady 4 dady = =2 <1 =—fF(yf) — f5(3) — (z"9)" (— Myl — aw3),
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which implies that d = (—1, —1)" € h%FL (B%F1).

Assuming that d € hC% (B%) yields (\,7*,2*,1) € B, with t =
(t1,22)T € R%, * = (y7,95) € R? and z* = (z1%,2%),z1%, 2% € R?, such
that

-1 —f1 @) — G 9)* (—aa (N (M7s + Aey3)) + T
-1 —f5(3) — (22 9)* (—aa (N (Mi7F + Aai3)) + T2

Because 1 (1), f3(93) € R, we must have y7 = g5 = 0 and f7(y7) = f5(93) =
0. This yields —1 = —(z1*¢)*(0) + t1 = —(2%*¢)*(0) + f. Denoting z* =
(zi+, 257, i = 1,2, we obtain (£7*¢)*(0) = —zi*, i = 1,2. From (\,7*,2*,1) €
B one has \t; + Aats = 0 and A\ 2" + X\p2%* 2> 0, the latter implying
A ZEF + Mo Z2* > 0. We get

-1 7+

which yields —\; — Ao = A\ Z1* + X\oz?*. The sum in the left-hand side is
negative, while in the right-hand side there is, as proven above, a nonnegative
term. Therefore we reached a contradiction and, consequently, d ¢ hCe (B%),
thus the inclusion proven in Theorem 5.3.2 is strict in this example.

Using eventually Proposition 2.3.2(¢e), (j) one can easily prove the next
inclusion. It is followed by an example which shows that it can be strict in
general.

Theorem 5.3.3. There is h®Fz (B Fz) C h¢reL (BCFL),

Ezample 5.3.5. Take X = § = Z = R, C = R4, g : R — R, defined by
g(x) =a for x € R and fi, fo : R — R, defined by

2

rlnz —z,if x > 0, 5, ifz <0,
fi(x) =<0, ifx=0, and fo(x)=
+00, otherwise, +00, otherwise.

The conjugates of f; and fy are (see Example 2.3.1) ff, f5 : R — R, defined
by fi(z*) =e® , for z* € R and, respectively,

*2
L ifz* <0
KR 5 51 = U,
f2(@) {0, if 2% > 0,
while (A1 f1 + Aaf2)*(2*) =0 for A, A2 > 0 and z* € R.
For A = (A, )T, A1 =X =1, v = (v1,v9)T, vy = v =0, 2* =1 and
y* = —1, we have A\jv; + dava = 0= —(A1 f1 + A2 f2)*(—1) — (2*¢g)*(1), thus
v € hOrr (BOrL),
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Assuming that v € hCFz(BYF1), there exist some A = (A1, A2)7 > 0,
g = (g, 9*)T € R?, z* € Ry and v = (v1,92)7 € R? such that

A1+ Aoz = 0 < =ALfi(7) = Ao f5 (07%) — (Z°9)" (— My — Ae™). (5.3)

As (279)" = d(z-y, we get Mg +Aey® = —2* and (Z*g)*( My = Aay?) =
0. On the other hand, A, f7 (5) = Me? > 0 and Ao f (5%*) > 0 for 7> € R,
thus the term on the right-hand side of (5.3) is negative and we reached a
contradiction. Consequently, d ¢ hCFz (BEFz).

Remark 5.3.1. The inclusions proven in Theorem 5.3.1, Theorem 5.3.2 and
Theorem 5.3.3 hold in the most general case. Moreover, as can be seen in
Example 5.3.1, Example 5.3.2 and Example 5.3.3 these inclusions can be strict.
Consequently, for all a € F there is

hCM(BCM) g hC(x(BCa) g hcﬁ(BCﬁ) ; hCFL(BCFL)_

Further we show for the duals dealt with in this subsection that even
if the images of their feasible sets through their objective vector functions
satisfy sometimes strict inclusions, the maximal elements of three of these
sets coincide and, under a weak regularity condition, also the fourth set is
equal to them.

Theorem 5.3.4. Let o € F be fixed. Then there is
Max (A9 (B9M), R ) = Max (h% (B9),RY ) = Max (h“Fz (BFz), R ).

Proof. We show first that Max (R (B“),RY ) C Max (h%Fz (BF1),RE).
Let be d € Max (h™ (B™), Rk ). Then d € h“¥ (B“), thus, by Theorem
5.3.1 and Theorem 5.3.2, d € h“Fz(B“F1), too. This means that there is
an element (\,y*,z*,v) € BYFL such that v = hCFz (\,y*, 2*,v) = d. Sup-
pose that this is not a maximal element in hFz (BCFz). Then there exists
(A, y*,z%,0) € B9 such that d < ©. Denote A = (A1,...,\;)7 € int(RY)

and §* = (5", ...,5*) € [\, dom f7. Then
ko L ko 4 koo
IRTED LD WAUS BICHH ) DRl HECY
=1 =1 =1 =1

As this cannot happen if (2*g)§(— Zf LAig™) = o0, it follows — Zl LG
€ dom(z*g)%. Without losing the generality we can assume the second inequal-
ity in (5.4) fulfilled as equahty

Considering z* := (1/( Z Ai))z* € C* and, for i =1,... .k,

k
S|
> Ay =t

J=1
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1 k
:fi*(gl*)'i_ - Zg ( Z)\ )—‘rviER,
Z =1

j=1

we obtain an element (X, 7*, 2*, 1) satisfying 2* € C*, \ € int(Rﬁ) and
ko ko ko k
SN = oA SRS + (o~ b ) =0

Therefore (X, 7*, 2%, %) € hO (BM) and h™ (X, 5%, %, %) = v. As this contra-
dicts the max1mahty of d in h®™ (B€™), our supposition is false, consequently
the maximal elements of K¢ (B“) are maximal in h®Fz (BCFL), too.

To prove that this holds conversely, too, let v be maximal in h7z (BCFz).
Then there are some A € int(RY), y* = (y'*,...,¢") € (X*)* and
z* € C* such that (\,y*,2*,v) € BEFL, i.e. Zle Aiv; = — Zle NifF(y™) —
(z*g)&(— Ef L Aiy™). Thus — E?:l Ay € dom(z*g)%. Taking z* = (1/
(ZiC 1 Ai))z* € C* and t = (ty,...,t)" where for each i =1,...,k,

k
* [ ik =%\ % 1 j *
ti = £ (") + (Z°9)s —k—Z)\jyﬂ + v €R,
DORVER.

Jj=1

we get Zle A\it; = 0, which means that (\,y*, z*,t) € B“™. Therefore v =
ROM (N, y*, 2%, t) € hOM (BEM). Assuming that v is not maximal in h¢™ (B ),
we obtain the existence of some d € h® (B“™) such that v < d. Theorem
5.3.1 yields then d € h®Fz(BCFL), but, since v < d, the maximality of v in
hCFL (BCFL) is contradicted. Therefore, the maximal elements of h#z (B¢Fz)
are maximal in ¢ (BM), too. Consequently,

Max (h“M (B9M), RE ) = Max (hCFz (B9Fz),RY ).

Take now d € Max (h=(B%),R%). Then d € h®(B%) and by The-
orem 5.3.2 it follows d € hCrz (BCFL) Suppose that d is not maximal in
h¢Fz(BCFr). Then there exists an element (\,7*,z*,9) € BYFz such that
d <7 and

where §* = (g'*,...,7 v
k VES

quently, — Z]=1 A" € dom

Taking z* := (2%, ..., 2k
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B2+ Gy - L ) + o

Jj=1

fori=1,....k, and  := (f1,...,t;)T € R* we obtain an element (\,y*, 2*,f) €
BC for which h%(\,4*, 2*, ) = © > d. This contradicts the maximality of
d in h®»(B=), therefore our supposition fails and consequently d is maximal
in hCFz (BYFL), too.

Take now v to be maximal in h®Fz(BFz). Then it is maximal in
hEM (BEM) | too. By Theorem 5.3.1 we obtain then v € h®(B%). Assum-
ing it to be not maximal in the latter set, there should be a d € h®~(B%)
such that v < d. By Theorem 5.3.2 it follows d € h®Fz (BYFz), which contra-
dicts the maximality of v in this set. Consequently, the maximal elements of
hCFL (BEFL) are maximal in h (B%), too, and we are done. [

Theorem 5.3.5. If one of the reqularity conditions (RC;”), i € {1,2,3}, is
fulfilled, then Max (hCFz (B°Fz), R ) = Max (h9rx(BOrr) R ).

Proof. Using Theorem 3.5.8(a) one can immediately show that under the
fulfillment of any of the regularity conditions (RC;”), i € {1,2, 3}, the vector
duals in discussion coincide. O

Combining Theorem 5.3.4 and Theorem 5.3.5, we see that under a weak
regularity condition the maximal elements of the vector dual problems con-
sidered in this section coincide.

Theorem 5.3.6. Let o € F be fized. If one of the regularity conditions
(RCF), i € {1,2,3}, is fulfilled, then

Max (R (B9M),RY ) = Max (h©~(B“),RY) =
Max (h9Fz (B9FL), R ) = Max (h€7* (B9rr),RY).

Remark 5.3.2. Recall that in chapter 4 besides (DV FEFt) several vector duals
to (PVY) were introduced, and in (4.18) and Proposition 4.3.16 other inclu-
sions similar to the ones in Remark 5.3.1 were given. Combining Theorem
5.3.6 and Theorem 4.3.15 one gets that under (RCV FY) (see also Remark
4.3.9(b)) the maximal elements of all the sets mentioned in (4.18) and Remark
5.3.1 coincide.

Remark 5.3.3. The converse duality statement in Theorem 5.2.7 can be proven
alternatively by making use of Theorem 5.3.6 and Theorem 4.3.7.
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Similar considerations can be made when dealing with weakly efficient
solutions, too. For the remainder of this section take the functions f;, i =
1,..., k, with full domains. The following statements are given without proofs,
since these are similar to the ones of the corresponding statements concerning
efficient solutions. Recall the Fenchel-Lagrange type vector dual with respect
to weakly efficient solutions introduced in chapter 4

(DVESFE) WMax REFL (N, y*, 2%, v),

Ay ,2" w)EBLFE

where

BSrr = {()\,y*,z*,v) € RE\{0}) x X* x C* xR¥ : A= (\q,..., )7,

v=(v1,...,00)7

ZA < <i§k‘;xifi>*<y*> - a3}

and
hg” A\ y*, 2" v) =w.

Analogously to the vector dual introduced in the beginning of the section, con-
sider the following dual problem to (PV FS) with respect to weakly efficient
solutions
(DVF,™)  WMax__ ho™(\y", 2", 0),
()\7?/* ,Z* ,’U)EBwFL

where
Bt = {(A7y*,z*,v) € (RE\{0}) x (X*)F x C* xR : X = (Aq,..., \)T,
y* = (y1*7' . '7yk*)7v = (U17' . 'avk)Ty
k k _ k .
>ox < =N ) - (s (- ) |
=1 =1 =1

and o
hot™ (A y™, 2%, v) = v.

First we compare the images of the feasible sets through their objective
functions of the vector duals with respect to weakly efficient solutions dealt
with so far.

Theorem 5.3.7. Let 3 € Fy, be fized. Then there is

RO (BC}VI) C hgﬁ (Bgﬁ) C hgﬁ (Bgﬁ) C hCrer (BCFL).

Next we obtain that the weakly maximal elements of the first three sets men-
tioned in Theorem 5.3.7 coincide.
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Theorem 5.3.8. Let 8 € Fy, be fized. Then there is
Wlax (ARG (BS™), RE )=Wax (A (B2, R ) =WMax (i (B ), RY).

Under a weak regularity condition, the weakly maximal elements of these
sets coincide with the weakly efficient solutions to (DV ES#L), too.

Theorem 5.3.9. Let § € F,, be fized. If k—1 of the functions f;, i =1,...,k,
are continuous, one has

WMax (RS (BSM), RY ) = WMax (h5” (Bo?), RE ) =

WMax (hy ™ (BL ), RE ) = WMax (b0t (BSre), RE).
Remark 5.8.4. From Remark 4.3.14 and Theorem 5.3.9 we deduce that under
the fulfillment of (RCVES) (see also Remark 4.3.9(b)) the weakly maximal
elements of all the sets mentioned in Theorem 5.3.7 and Remark 4.3.14 coin-
cide.

5.4 Linear vector duality for problems with finite
dimensional image spaces

In this section we deal with vector duality for linear vector optimization prob-
lems with objective functions mapping into finite dimensional spaces, contin-
uing in this framework the work from section 4.5. There, some vector duals to
a primal linear vector optimization problem (PV*) were obtained by partic-
ularizing the vector dual problems introduced in sections 4.2 and 4.3. In the
following we see what happens to the duals introduced in section 5.2 in this
particular instance and we compare all these mentioned duals.

5.4.1 Duality with respect to properly efficient solutions

In subsection 5.2.3 we have already considered a primal vector optimiza-
tion problem with both geometric and linear cone inequality constraints.
Maintaining the framework introduced in section 5.2, we go now further
by taking the objective function to be linear and continuous, namely for
L = (Li,...,L;)T : X — R we consider the primal vector optimization
problem
(PVF*) Min La.

zEAL

Af ={zeS: Az —-beC}
First we assign to it the vector duals which are particular instances of (DV F¥)
and (DV F£M), respectively. Noting that (L;)* = d;7,) for i = 1,...,k, we
see that the variable y* = (y*,...,y"") € Hle dom f* can be eliminated
and these vector duals are
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(DVFX)  Max k() 2%,0),
(\,z*,v)EBE

where

BF = {(x\,z*,v) € int(RE) x (Z*)F xR : A = (Aq,..., )T,

25 = (2 20 = (v, .0 E iz eCr,

k k
D> A =0, Ni(Li — A*z) e S*}
=1 1=1

and
(21*b) + vy

RE(N, 2%, 0) = :
(2P b) + vy,

and, respectively,

(DV FF£ar) Max  h5M (), 2%, v),
(\,z*w)eBEM

where

BﬁMz{()\,z*,v) € int(RE) x C* x RF : A=Ay, ..., \) T o= (v1, ..., o) 7,

k k
i=1 i=1

and
<Z*, b> + U1

REM (N, 2%, v) = :
(z*,b) + v,

The latter can be rewritten also as

(DV FF£ar) Max  h5M (), 2%, v),
(\,z*w)eBEM

where

B = {(A,z*,v) € int(RE) x C* xRF : A= (\,..., )7,

v=(v1,..., ZA@Z—OZAL A*z*GS*}

and
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L (z*,b) + vy
Ai

-

Il
—

REM (N, 2" ) =

L (2*,b) + vy
Ai

N

1

Like in subsection 5.2.3, to simplify the formulation of (DV F'*) we consider
two cases.

When b = 0 we have already noticed that (DV F%) and (DV F*M) coin-
cide, having the following formulation

(DVF*)  Max h*(\v),
(A\v)eBE

where

BF = {()\,v) € int(RE) x R : A= (Ap,.. ., ) 0 = (vr,. . up) T,

k k
D Aivi =0, ML € AT(C*) + S*}
i=1 i=1
and
RE (N, ) = v.

In the other case, namely when b # 0, (DV F¥) becomes

DV F* M hE (N, ¢*
( ) o Max hE( 00,

where

B- = {()\,q*) € int(Ri) X (Z*)k A= (Al,...,Ak)T7q* = (ql*, .. .,qk*)7

k k
S g € O3 (L — A*q) € s*}
i=1 =1
and )
{g",b)

WE(Nq") = :
(g™, b)
Comparing (DV F¥) in case b # 0 with the vector dual problem introduced
in [101], denoted in section 4.5 by (DV F'“7), one can see that these two vector

dual problems coincide.

The weak, strong and converse duality theorems for the primal-dual vector
pairs (PVF%) — (DVF* M) and (PVF*) — (DV F*), respectively, follow as
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particular instances of the corresponding results given in subsection 5.2.1 (see
also Remark 5.2.10).

Now let us compare the images of the feasible sets through their objective
functions of these duals and the maximal elements of these sets with the ones
of the other duals assigned to (PV F¥) in subsection 4.5.1. Some inclusion
relations concerning these image sets were already proven in more general
contexts. In the following we show other inclusions.

Proposition 5.4.1. One has h*7 (B*7) C h¥M (B5m),

Proof. Let d € h*7(BX7), i.e. there are some A\ = (Ar,...,\p)T € int(RE)
and U = (Uy,...,Up)T € L(Z,RF) such that (\,U) € B*’ and d =
(dy,...,dy)T = Ub. Denote z* := Y1 \;U; and

(z*,b)
1
v:=Ub— —— :

k .
oA\ (2", b)
i=1

Thus Zle >\sz — A*z* = Zle )\1(L1 — A*UZ) € S* and dl = Uzb =
(1/ 2?21 Xj)(z*,b) +v; for i =1,..., k. Further have

E )\ﬂ)i = E >\z Uzb - k77 = <Z*,b> - <Z*,b> = 0,
i=1 i=1 A
J
j=1

which yields d € M (B5»). O

Remark 5.4.1. Regarding the vector duals to (PV F'*) just mentioned, using
Theorem 5.3.1 and Proposition 5.4.1 one can see that in general it holds

hﬁ./(BCJ) C LM (B[lM) C hﬁ(Bﬁ).

In case b # 0, via the observation following the last formulation of (DV F%),
we obtain that there is

hEI(BR7) = EM (BRM) = h*(BF),
while in case b = 0 one has
hﬁ](Bﬁ]) g hﬁ]yj (Bﬁ]u) — hﬁ(Bﬁ).

Remark 5.4.2. Given the results and considerations from above, we have the
following scheme involving the images of the feasible sets through their ob-
jective functions of the linear vector duals with respect to properly efficient
solutions assigned to (PV EF'*) in both chapter 4 and chapter 5
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LN (RLN
L L L L _ pLRrL L L h (B )
WEI(BET) © WA (BEY) = hE(BE) C hEH(B) € ey e

In chapter 4 and chapter 5 there were introduced other vector duals, too, but
(DVEFCFt) and (DV FCFz) coincide in this particular case with (DV¢%) and
(DVEr) turns out to be exactly (DVC?), thus they will be not mentioned
further in this chapter, as the framework becomes more particular.

In more specialized settings some of the inclusions given in this scheme
become equalities as follows.

(a) In case b # 0, the scheme from above becomes, via Remark 5.4.1,
h/QN (BEN )
LRl c c LRl L1 (L
W (BEY) = HEM(BE) = hE(BE) € WEH(BE) € ey (e
(b) Provided the fulfillment of any of the regularity conditions mentioned in
Remark 4.5.1, the scheme turns into
RE7(BE7) ChAM (BEM) = hE(BE) C hEE (BFE) =hEr (BE7) ChEN (BEY),
Remark 5.4.8. Since the regularity conditions required in Theorem 5.3.6 are
all automatically fulfilled in this case, it follows that the sets of maximal
elements of h“™ (BXM) and h*(B*) coincide with the ones of h“ (B%t). Thus

we have the following scheme concerning the maximal elements of the sets
considered in Remark 5.4.2

Max (h“7(B57),RY) C Max (M (B5),RE ) = Max (h*(B%),RY)
= Max (h“*(B“*),RY) C Max (N (B“V),RE).

In more particular frameworks some of the inclusions given in this scheme
become equalities, as follows.

(a) When b # 0 the scheme becomes (see also Theorem 4.5.2)
Max (b=’ (B~7),RE) = Max (kM (B“M),RY ) = Max (h*(B),R)
= Max (h“ (B“*),RE) € Max (R“Y (B“~),RE).

(b) If every efficient solution to (PV F') is also properly efficient the scheme
becomes (cf. Theorem 4.3.17)

Max (h“7 (B~7),RE) € Max (kM (B“M),RY) = Max (h*(B),R)
= Max (h“* (B“*),RE ) = Max (R“Y (B“V),RE).

(c) Provided the fulfillment of one of the regularity conditions mentioned in
Remark 4.5.1 the scheme can be enriched as follows

Max (h“7 (B57),RE) C Max (M (B¥),RE ) = Max (b (B%),RY) =
Max (h“* (B5%),RE ) = Max (h*" (B7),RE) € Max (R“Y (B“V),RE).

Note also that in general Max (hLL (BLL),Ri) is not a subset of Max (hLP
(B“7),RE ) even if we have hr (B r) C hEr(BEP).
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5.4.2 Duality with respect to weakly efficient solutions

Parallelly to subsection 5.4.1 where the vector optimization problems were
considered with respect to efficient and properly efficient solutions, we work
with weakly efficient ones, too. Consider the framework from the beginning
of subsection 5.4.1 and the primal vector optimization problem with respect
to weakly efficient solutions

(PVFE) WMin L.
zEAL

A ={reS: Ax-be C}

As L takes values in R¥, we are in the framework in which the investigations
involving weakly efficient solutions are carried out in this chapter. First we
assign to (PV F%) the vector duals which are particular instances of (DV F%)
and (DV F£»1)  respectively. They are

(DVFE)  WMax hE(\ 2% v),
w (A, z*v)eBE w

where

BE = {()\,z*,v) € RE\{0}) x (Z*)* x R¥ : A = (A1,..., )7,

k
v=(v1,...,00)7, 2% = (z,... ,zk*),Z)\ivi =0,
i=1
k A k A
ZAiZ’L* c C*, Z)\Z(Ll — A*Z’L*) S S*}
i=1 i=1
and
(zY*b) + vy
hE (A, 2%, v) = : :
(%% b) + vy,

and, respectively (see the reformulation of (DV F*™) from subsection 5.4.1),

(DVFEEMY  WMax  hEM (N, 2% v),

(A, z*,v) EBﬁM

where

BSJM _ {()\,Z*J)) c (R’jr\{()}) xC* xRF: X\ = A1y )T,

k k
v = (Ul,. . .,Uk)T,Z/\Z"Ui = O,Z)\le — A*Z* S S*}
i=1 i=1

and
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L (z*,b) + vy
Ai

-

Il
—

REM(N, 2%, v) =

L (2*,b) + vy
Ai

N

1

Note that we have h*(B*) C h5(BL) and hem (B5am) C hEm (BEM),
Like in subsection 5.2.3, to simplify the formulation of (DV F£) we consider
two cases. When b = 0 we get

(DVFy) Mo hig (A, v),

where

BE = {(/\,v) € (REN{O}) xRF : X = (A, .o, )T v = (v, o)

k k
D A =0,) ML € A(C*) + 5*}

i=1 i=1
and
hi(A,v) =,
and this coincides with (DV E5), while in case b # 0, (DV F%) becomes

DVFX) WMax h-(\, ¢*
(DVEY) VM P %),

w

where

BE = {()\,q*) € (REN{0}) x (Z)" : X = (M, ) g = (6%, .o, d"),

k k
D Xig™ €CtY N(Li — A'g) € s*},

i=1 i=1

and )
{¢"",b)
hi ()‘a q*) = N

<qk*’ b>

Analogously to the similar conjugate vector dual obtained in the considered

framework with respect to properly efficient solutions, (DV F£) turns out to

coincide, when b # 0, with the vector dual (DV,;57) from subsection 4.5.2.
The weak, strong and converse duality theorems for the primal-dual vector

pairs (PVEL) — (DVE5M) and (PVEE) — (DV EE), respectively, follow as

particular instances of the corresponding results given in subsection 5.2.2 (see

also Remark 5.2.12).
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Now let us compare the images of the feasible sets through their objective
functions of these duals and the weakly maximal elements of these sets with
the ones of the other duals assigned to (PV F%) in sections 4.2 and 4.3.

Some inclusion relations concerning these image sets were already proven
in more general contexts. In the following we show another inclusion, whose
proof is omitted being analogous to the one of Proposition 5.4.1, followed by
the general schemes involving the image sets of all the duals in discussion.

Proposition 5.4.2. One has h7 (B57) C hEv (BEM),

w w w

Remark 5.4.4. Like in subsection 5.4.1, we give a scheme involving the images
of the feasible sets through their objective functions of the vector duals with
respect to weakly efficient solutions assigned so far to (PV F£%)

hig! (Biy?) € hig (BE) = hig(Big) © high (B) = hg™ (BEY) € hyg” (BLT).

In chapter 4 and chapter 5 there were introduced other vector duals, too,

like (DVESFL) and (DVFS FL), which coincide in this particular case with
(DVEL), and (DV,SF) which is nothing but (DV,$7), thus they will be not
mentioned further in this chapter, as the framework becomes more particular.

In more specialized settings some of the inclusions given in this scheme
become equalities, as follows.

(a) In case b # 0 this scheme turns into
hig! (B! ) =hig (Bg) =hig (Bi) C high (Bgk) = hig™ (B ) Chy” (B").

(b) Under one of the regularity conditions mentioned in Remark 4.5.1, the
scheme becomes

hig (By) € hig (B =hig (B) C hyg* (B ) =hig™ (BEY) =hy” (By").

Remark 5.4.5. Since the regularity condition required in Theorem 5.3.9 is au-
tomatically fulfilled in this particular case, it follows that concerning the
weakly maximal elements of the sets mentioned in Remark 5.4.4 we have

WMax (hs? (B57),RE) € WMax (hSM (B5M),RY ) = WMax (h5(B5),RE)
= WMax (h5" (B52), RE) = WMax (k5N (B5Y),RE).
In more particular frameworks this scheme can be developed as follows.

(a) In case b # 0 this scheme turns into
WMax (hs7 (B57), RE ) =WMax (h5M (B5M ), RY ) = WMax (hs (B5),RY)

= WMax (h5" (B5),RE) = WMax (RSN (BSY), RE).
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(b) Under one of the regularity conditions mentioned in Remark 4.5.1, the
scheme becomes

WMax (h%7 (B57),RE) € WMax (k5™ (B5M),RY) =
WMax (b (B5),RE) = WMax (h5" (B5:),RY) =
WMax (RN (BEY), RE) = WMax (k57 (B57),RE).

Note also that in general WMax (h5% (B5%),R% ) is not a subset of WMax (h4?
(B57),RE ) even if we have h5E (B5E) C hiP (BEF).

5.5 Classical linear vector duality in finite dimensional
spaces

The primal problem dealt with in the previous section generalizes the classical
linear vector optimization problem considered in the literature and treated
further. In the following we see what happens to the duals considered so far
by us when the primal is the classical linear vector optimization problem in
finite dimensional spaces and we recall some of the classical duals from the
literature on linear vector duality. Comparing the image sets of the feasible
sets through the objective functions of the vector duals and then their subsets
of (weakly) maximal elements allows us to give an overview over the linear
vector duality concepts considered so far in the literature.

5.5.1 Duality with respect to efficient solutions

To deal with the classical linear vector duality in finite dimensional spaces,
let the matrices A € R™*" and L € R**™ and the vector b € R™ be such
that b € A(R"). We consider the primal linear vector optimization problem
treated first by Isermann in [97]

(PV£) Min Lz.
ze AL
AL ={z € R? : Az = b}

This primal linear vector problem is actually a special case of (PV F*) con-
sidered in section 5.4 (or section 4.5) for X =R", C'= {0} and S =R’} and,
A, b and L as introduced above.

An important result regarding the solutions to (PV*) in the case treated
in this subsection was given in [98] and in a slightly simplified presentation
in [64]. Two preparatory lemmata precede it.

Lemma 5.5.1. A point & € A* is efficient to (PV*) if and only if the linear
optimization problem
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k
Sup{Zyi D(x,y) €RY foLy: (yl,...,yk)T,Ax:b,Lac—&—IyzLx},
i=1

has an optimal solution (Z,0).

Lemma 5.5.2. A point & € A* is efficient to (PV*) if and only if the linear
optimization problem

inf{uTb—l—vTLgE:(u,v) ER™ xRF v = (vy,...,00) 0, > 1,i=1,... k,
uTA+0TL =0}

has an optimal solution (ti,9) fulfilling 0Tb+ 07 Lz = 0.

Remark 5.5.1. The linear scalar optimization problem considered in Lemma
5.5.2 is the dual of the one used in Lemma 5.5.1.

The following statement, proven in [98], characterizes the properly efficient
solutions in the sense of linear scalarization to (PV*), by showing that they
coincide with the efficient solutions to the same vector problem.

Theorem 5.5.3. Every efficient solution to (PV*) is also properly efficient
and vice versa.

Proof. Since it is known by Proposition 2.4.12 that any properly efficient
solution to (PV¥) is efficient, too, it remains to show only the converse im-
plication.

Let z € A* be efficient to (PV*). Then the optimal objective value of the
linear minimization considered in Lemma 5.5.2 is 0 and it is attained at some
feasible (4, ©). Then 4 solves also the linear programming problem

inf {uTb cueR™ ulA> —@TL},

hence its dual
sup{ —TLx:z e R, Az = b}

has as optimal objective value 47b = —9TLZ. From here it follows that
9T Lz < 9T Lx for all z € AX, i.e. 7 is properly efficient to (PV*). O

Therefore in the framework considered in this subsection we deal only with
efficient solutions to (PV), as the study of the properly efficient ones reduces
to them, too. Given this, it becomes clear why considering in this section the
vector duals to (PV¥) with respect to efficient solutions and not with respect
to properly efficient solutions as in most of this book.

Before particularizing into this special setting the vector duals considered
before to (PV F*), we introduce the celebrated vector dual to (PV*) due to
Isermann (cf. [97])

(DV*1) Max h*1(U),
UeB~r
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where
BFr = {Ue RF*™: #z € RY such that (L — UA)z < 0}

and
K 1 (U) = Ub.

Next we see what happens to the vector duals to (PV F¥) considered so
far in the present framework, where the primal linear vector optimization
problem is (PV*). We begin with the dual stated in [101,104]

(DVX7)  Max  h57(\,U),
(\U)eBES

where
B ={(\,U) € int(RE) x R¥*™ . (L —UA)TA e R} }

and
hE7 (N U) = Ub,

followed by the two vector duals we introduced in section 5.2

ax ,Z2,0),
DV¥Em M REM (A
(\z,0)EBEM

where
B = {(X,z,v) € int(RY) x R™ x R* : ATy = 0 and L7\ — ATz e R} }

and
1

5

REM (N, 2,v0) = 2Th+ o

<.

and, respectively,

(DV*)  Max  h*(\,U,v),
(\,U)eBE

where
B ={(\U,v) € int(RY) x RF*™ x R* : \Ty = 0 and (L —UA)"A e R}

and
REN, U, v) = Ub+ v.

From section 4.3 we have other two vector duals to (PV*), namely the La-
grange type one, which, as noted before, is equivalent to the Fenchel-Lagrange

type ones,

(DV*r) Max A E(\ 2,0),
(A\,z,0)EBFL

where
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Bt = {(\, z,v) € int(RY) x R™ x R¥ : \Ty—2Th < 0 and LTA— ATz € R}

and
R (N, 2,0) = v,
and
(DVAP)  Max  h P (\v),
(\v)EB~P
where
B = {(0,v) € imt(RE) x R* : ATv < inf AT La
re
and

hEP (N v) = v,

which is equivalent to the Fenchel type one, while in section 4.2 we considered
Nakayama’s vector dual

(DVEN)  Max AN (U, v),
(Uw)eBEN

where
BN = {(U,v) € RE*™ x R¥ : fiz € R such that v — Ub > (L — UA)z}

and
hEN (U, v) = v.

Asnoted in Remark 5.4.2 the images of the feasible sets through their objective
functions of these vector duals satisfy the following scheme of inclusions

W (BEY) C hEM(BEY) = hE(BF) C hEr(BEE) = hEP (BEP) C hEN (BEY),

while via Remark 5.4.3 we know that their sets of maximal elements are in
the following relations

Max (h“7 (B57),RY ) C Max (M (B),RY ) = Max (h*(B%),R%) =

Max (h“" (B*%),RY) = Max (h=" (B“"),RY ) = Max (b=~ (BﬁN),Ri)(, |
5.5
where the last equality follows by using Remark 5.4.3(b) and Theorem 5.5.3.
When b # 0 the first inclusion turns into equality in each of these
schemes, while when b = 0, as noted in the proof of Theorem 4.5.2, either
Max (R7(B%7),RE) = {0} or this set is empty. We refer to [101] for an ex-
ample which shows that the first inclusion relation in (5.5) can be strict when
b=0.
Now let us see where can (DV*1) be integrated into these chains of inclu-
sions. Via [101] we have the following statement.
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Proposition 5.5.4. One has h*1 (B1) = h*7 (B*7).

Proof. Let (\,U) € B~/. Then (L —UA)TX € R". Assume that there is some
z € R% such that UAz > L. Then A(L — UA)z < 0. On the other hand,
(L- UA)T)\)Tx = AT(L —UA)z > 0, therefore we obtained a contradiction.
Consequently, for all z € R’} thereis UAz # Lz, i.e. U € B, As the objective
function of both these problems is Ub, it follows h“1 (B1) D hX7 (BX7).

To prove the opposite inclusion, let be U € Br. Then, for i = 1,...,k,
the system of inequalities

20,(L—UA)z <0,
(L—UA)z <0,

has no solution. Consequently, for i = 1,... k,
inf{(L —UA)jx:2 R}, (L-UA)z =0} > 0.

Due to Theorem 3.2.14 (see also Remark 3.2.6), there are some v* € R?. and
pt € RE such that inf{(L — UA);z — (v)Tz+ (u') " (L—-UA)z: 2 € R"} >0
for : = 1,..., k. This yields

inf{x? (L —UA); —v' + (u")" (L —UA)) : z € R"} >0,
which implies
(L-UA); —v' + (") (L-UA) =0Vi=1,...,k.

Thus (L — UA)"(p' + ¢;) = v* € RY for i = 1,...,k. This yields (L —
UAT(XE i +e) =S8 vi e RE. As Y8 pf + e € int(RE) it follows
(Zle p'+ e U) € BX and, consequently, h“1(B51) = k27 (B57). O

Combining (5.5), the comments following it and Proposition 5.5.4, we see
that the sets of efficient solutions to all the vector duals to (PV*) considered
in this section coincide when b # 0, while in case b = 0 the last five of them
coincide, while ones of the duals formulated by Jahn in [101, 104] and by
Isermann in [97] either contain only the element 0 or they are empty. Using
Remark (5.5), it is clear that it is enough to give only a duality statement for
all the vector duals with respect to efficient solutions we considered here, with
the notable exception of (DV%7) in case b = 0. As the weak duality follows
directly from the general case, the regularity conditions that ensure strong and
converse duality are automatically satisfied (see Theorem 3.2.14 and Remark
3.2.6), and the set L(AX)+R¥ is closed since A is polyhedral and L is linear,
the duality assertions given before for (DV F*) yield the following statement.

Theorem 5.5.5. (a) There is no x € A* and no (\,U,v) € B* such that
Lz <Ub+ .

(b) If & € A* is an efficient solution to (PV*), then there exists (\,U,v) €
B~E, an efficient solution to (DV*), such that Lz = Ub+ .
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(¢) If (\,U,v) € B* is an efficient solution to (DV*), then there exists T €
A~ an efficient solution to (PV*), such that LT = Ub+ .

Remark 5.5.2. (a) From a historical point of view it is interesting to notice
that the first pair of primal-dual linear vector optimization problems was
considered by Gale, Kuhn and Tucker in [70]. For the primal problem

(PVFEexT) Min D,
(D,x,y)EAL ko rr

where
Abr = {(D,z,y) € R¥P x R} x int(RY) : Az = By and Dy — Lz € R: },
they took as vector dual

(DVEcrT) Max 'V,

(V,z,v)EBéKT
where
BExr = {(V,2,0) ERFPxR™ xint(RY ) : LTv — ATz e R7, Vv — BTz < 0}

Here B € R™*P is a given matrix and for matrices a componentwise partial
ordering analogously to the one for vectors introduced via the nonnegative
orthant is considered.

One of the classical particular instances of (PV*¢%7) is obtained by taking
p=1and y =1 (see also [96]). Thus one gets as primal problem

(PV*¢)  Min d,
(d,x)eALG

where
ARG ={(d,z) e R* xR} : Az =b and d — Lz € R} },

which is actually equivalent to (PV*). Here it is worth noticing that the vector
dual of this problem, attached to it via the duality scheme of Gale, Kuhn and
Tucker,
(DVEe)  Max v,
(X\z,v)eBE

where
BE = {(\ z,v) € int(RY) x R™ x RF : LTA — AT> € R and A\Tv — 2Tb < 0}

is nothing else than (DV*t), the particularization to the linear case of the
vector dual from section 4.3.

(b) Another pair of primal-dual linear vector optimization problems im-
portant mainly from the historical point of view was considered by Kornbluth
in [118], namely
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(PVEx)  Min Lz,
(z,y)€ ALK
Afx = {(z,y) € R} x int(RY) : Az 4+ By = 0}

and its vector dual
(DV*£x) Max  BTw,

(v,w)EBLK
Lr ={(v,w) € RT x int(RE) : ATv+ LTw € R} }

where A € R™*" B ¢ R™*F and L € R¥*". Although in [118] properly
efficient solutions to these vector optimization problems were taken into con-
sideration, by Theorem 5.5.3 we know that it this framework they coincide
with the efficient ones of the same problems. As proven in [95], a pair (Z,7)
is efficient to (PV4x) if and only if there is a D € R¥*P € A%, such that
(D, z,7) is efficient to (PV*6xT) and, regarding the vector duals, a pair (7, 7)
is efficient to (DV4%) if and only if there is a V' € R¥*P € B, such that
(V,z,7) is efficient to (DV ¥ 6x7),

To overcome the duality gaps signaled in the literature for the problems
(DV%7) and (DV*1) when b = 0 (see also Example 5.5.1) in [84] was recently
proposed a new dual problem to (PV¥), which, slightly rewritten, is

(DVE#) Max e (),

where
BfH — {Ue R¥>m . Az € R’} such that (L — UA)z < 0}

and
hEH(U) = Ub+ Min ((L — UA)(R%),RY).

Originally this dual was introduced in a more general framework, namely
by considering an arbitrary nontrivial pointed convex closed cone K in RF,
instead of ]R’i. In the following we put this vector dual problem in relation
to (DV*), which is the vector dual introduced and investigated in section 5.2
applied to (PV%).

Proposition 5.5.6. It holds h*# (B*#) C h*(BF).

Proof. Let d € h*# (B*#). Then there are some U € B*# and # € R" such
that d = Ub+ (L—UA)z and (L —UA)z € Min ((L—UA)(R%), R ). Denote
t:=(t1,...,tx)T = (L —UA)Z. Due to the minimality of ¢ in (L — UA)(RY),
there is no € R’ such that (L—UA)x <t. Thus, fori =1,...,k, the system
of inequalities

x 20,

(L-UA)x -t <0,

(L-UA)z—t; <0,
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has no solution. Similarly to the proof of Proposition 5.5.4 it follows

—z=0,
(L—UA)z—tZ0

and because of the second inequality constraint all these infima turn out to
be equal to 0. Due to Theorem 3.2.14 (see also Remark 3.2.6), there are some
vt e R? and we R’j_ such that for ¢ = 1,...,k, one has

—z=0,
(L—UA)z—t<0

xieann{xT((L —UA); — V' + (W)L - UA)) —t; — (/ﬁ)ll}.

Consequently, (L—UA); —vi+ (p)T(L-UA) =0and t; + (u*) Tt = 0 for i =
1,...,k. Taking \ = Zle 1' 4 e, we obtain directly that Zle Ait; = 0 and
(L-UA)TN = Zle v® >0, which means that (\,U,t) € B*. As, moreover,
d=Ub+ (L —-UA)z = Ub+t, we get h*# (B*#) C h*(BF). O

As the following example shows, the inclusion opposite to the one proven
above does not always hold.

Ezample 5.5.1. (cf. [40], see also [84]) Let L = (1,-1)T , n=1, k=2, A =0
and b = 0. The classical linear vector optimization primal problem is now

(PVX) Min La.

zER4

It is not difficult to note that (DV*#) actually coincides with (PV %), therefore
hEm (BAH) = {(x, —z) : * € Ry }. On the other hand, (DV*) turns into

_ A2
(DV*)  Max ( A ) v.
A1>X2>0, 1
veER
It is clear that h*(B*%) is larger than h“# (BX#), as for instance (—1/2,1)T €
hc(Bz:)\hﬁH (BcH)'
Proposition 5.5.7. One has Max (h*(B),RY) C Max (h5# (B5#), R ).

Proof. First we show that Max (h*(B*),R%) is a subset of h“# (B#). Let
d be a maximal element of h%(B%), i.e. (DV*) has an efficient solution
(\U,v) € BX and d = Ub + 0. Assume that there is some z € R’} such
that (L —UA)z < v. Taking into consideration the definition of B¥, it follows

0=XA'5>A\T(L-UA)z >0,

which cannot happen. Thus there is no x € R7 fulfilling (L — UA)z < o.
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Suppose that there is no z € R% fulfilling (L — UA)z < 4, too. Then by
Gale’s theorem of the alternative (see [127, page 35]) it follows that the system

A >0,

Mo <0,

(L-UA)TX>0,
has a solution A = (A1,..., A\x)” € R%. Denote A= (1/2)(A+ \). Clearly A €
int(R% ) and it fulfills also Z =1 A\it; < 0and (L—UA)TX = 0. Therefore there

is some v > v for which Zl 1 \i; = 0. Consequently, Ub+ ¢ > Ub + v = d.
Noting that ()\ U,v) € B, we reached a contradiction to the maximality of d
in h%(B*). Therefore, the existence of some z € R" for which (L —UA)z <
is granted, and by what we have proven in the beglnmng of the proof it follows
v=(L—-UA)z € Min ((L — UA)(R?),R)

As (L—UA)Z = v, it follows that U € B*# . Indeed, assuming the contrary,
there would exist « € R with (L—UA)z < 0 and consequently (L—UA)(Z+
z) < v. As we have seen in the first part of the proof, this is impossible.
Consequently, U is feasible to (DV*#) and Ub+ (L — UA)z = Ub+ v =
h*(X\,U,v) € h*#(U). This means that

Max (h*(B*),RE) C hFm(BEm). (5.6)
Assuming that there is some d € Max (h*(B*),R% )\ Max (hﬁH (Bc#), R,
we get that there is some d € hf#(BC#), fulfilling d < d. By (5.6) and
Proposition 5.5.6, it follows d € h*(B*). As d < d, we obtained a contra-

diction to the maximality of d in this set. Therefore Max (h*(B%),RY) C
Max (R5# (B5#),RE ). D

Remark 5.5.3. The reverse inclusion to the one given in Proposition 5.5.7 fol-
lows via [84, Theorem 3.14] and Theorem 5.5.5. Consequently,

Max (h*(B),RE) = Max (% (B“%),RE ).

Therefore, the schemes employing the vector duals to (PV*) considered earlier
in this section can be completed, using also Proposition 5.5.4 and Theorem
5.5.5, as follows

hET(BET) = hE7(BS7) C hEH (BEH) C hEv (BEM)
= h*(B*) C W (B5F) = hEP (BRP) C BN (BEY),
and, respectively, for the sets of maximal elements,
Max (h“"(B*7),RY) = Max (b=’ (B%7),RE) C Min (L(A“),RY) =
Max (R# (B7), R ) = Max (b5 (B5),RY ) = Max (h*(B%),RE) =
Max (h“F (B*%),RY ) = Max (h“" (B°7), RE ) = Max (h“~ (B*Y),RE).

When b # 0 the inclusion in the latter relation becomes an equality, i.e. all
the sets in the scheme above coincide.
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5.5.2 Duality with respect to weakly efficient solutions

Consider now (PV F£%) in the particular framework when X = R", C = {0}
and S = R’} , namely

(PV%) WMin Lz.
TEAL
AL = {z € R" : Az = b}

In this situation the vector dual problems considered to it in chapter 4
and subsection 5.2.2 can be written as follows. We begin with the one from
[101,104]

(DVyg?)  WMax hg’ (A U),
(\U)eBL?

where
BE = {(A D) € (RE\{0}) x B™ : (L~ UA)TA € B} )
and
hET (N, U) = Ub,
followed by the duals introduced in this chapter

(DVEM)  WMax  hEM (N, z,0),
()\,z,v)GijM

where
BiM = {(\ z,v) € (RE\{0}) x R™ x RF : ATy =0 and LT\ — ATz e R} }

and 1
hEM (X, 2,v) = - 2Th+v
2N

and, respectively,

(DVE) (/\Vgl\/gagah £\ U, ),
v)E

w

where
BE ={(\,U,v) € (RE\{0}) x RF*™ x R¥ : ATy = 0 and (L —UA)"A e R} }

and
hE(N, U, v) = Ub + v.

We also have the Lagrange type one, which as observed before is equivalent
to the Fenchel-Lagrange type ones,

(DVER) WMax hEE (N, 2,v),
(\,z,0)EBLE
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where

Bt = {(\ z,v) € (RE\{O})XR™xR" : \To—2"b < 0 and L"A\-ATz e R }

and
REE(N, z,0) = v,
then
(DVEP)  WMax hEr (M v),
()\,'U)GBf,P
where
BEr = {(\v) € RE\{0}) x RF : \Tw < inf ALz}
xTE
and

REP (N, v) = v,
which is equivalent to the Fenchel type dual, while in section 4.2 we considered
Nakayama’s vector dual
(DVENY  WMax hEN (U, v),
(Uw)eBN

where

BEN — {(U,v) € Rixm x RF : Bz € R such that v — Ub > (L — UA)JU}

w

and
hEN (U, v) = v.

Remark 5.5.4. The scheme of inclusions of the images of the feasible sets
through their objective functions of the vector duals with respect to weakly
efficient solutions which follows from Remark 5.4.4 in the particular setting
we work now in is

hig! (Bi?) © hyg (BEM) = hig (Biy) C high (Bik) = hig” (B™) = hig™ (BEY).
For the weakly maximal elements of these sets we have then
WMax (7 (B57), RE) CWMax (R4 (B5™ ), RE ) = WMax (ks (B5), R ) =

WMax (h5" (B5F), RE ) =WMax(h5” (B5P), RE ) =WMax (b5 (BEY ), RE).

When b # 0 the first inclusion turns into equality in each of these schemes,
while when b = 0, either WMax (h*7 (B%7),R% ) = {0} or this set is empty.
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For (PV%) and the vector duals mentioned above the weak, strong and
converse duality statements can be derived directly from the ones given before
in more general frameworks, but, using the advantages of the linear duality
stressed in the comments before Theorem 5.5.5, it is possible to prove them
under weaker hypotheses as follows. Using Remark 5.5.4, it is clear that it is
enough to give only the following duality statement, which holds for all the
vector duals with respect to weakly efficient solutions we considered here, with
the notable exception of (DV,27) in case b = 0.

Theorem 5.5.8. (a) There is no x € A and no (\,U,v) € B% such that
Lx <Ub+wv.

(b) If T € A* is a weakly efficient solution to (PV%), then there erists
(\,U,v) € BE, a weakly efficient solution to (DV,%), fulfilling Lz = Ub+0.

(c) If (\,U,v) € BE is a weakly efficient solution to (DV), then Ub+ v €
WMin (L(A“) + Rk, RE).

Remark 5.5.5. Combining Remark 5.5.4 and Theorem 5.5.8, one has when
b#0

WMin (L(A),RY) € WMax (k57 (B57),RE ) = WMax (b5 (B5™),RY) =
WMax (b (B5),RE) = WMax (h5" (B5:),RY ) = WMax (h5” (B5P),RE)
= WMax (h5N (B5Y),RE) € WMin (L(A“) + RE,RY),

while when b = 0 it holds

WMax (k57 (B57),RY) € WMin (L(A“),RY) € WMax (h5M (B5),RE) =

WMax (b5 (B5), R ) = WMax (h5" (B5E),RY ) = WMax (R57 (B5P),RE)
= WMax (h5¥ (B5Y),RE) € WMin (L(A”) + RE, RY).

Bibliographical notes

As mentioned in the bibliographical notes of chapter 4, the works where vector
duality based on the classical scalar Fenchel duality is considered are quite sel-
dom. The paper where the approach used by us in section 5.1 was introduced
is [28], where all the spaces involved were taken finite dimensional.

The scalar Fenchel-Lagrange duality, introduced in [186], was quickly ap-
plied to vector duality, too, in the sense that it was considered for the scalar-
ized problems attached to vector optimization problems and the vector duals
attached to these contained the scalar duals not only in the feasible sets like
in the cases attached in chapter 4, but also in the objective functions. This
was first done by Bot, and Wanka for linearly constrained vector optimization
problems in [182,183], and soon after for cone constrained ones in [184]. These
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investigations were continued in [24,36,37,185], where a whole class of Fenchel-
Lagrange type vector dual problems was assigned to a cone constrained vector
optimization problem and comparisons involving the image sets through the
objective functions of these duals and of some other vector duals known in
the literature and the corresponding maximal sets were performed.

Among the first papers on linear vector duality in finite dimensional spaces
belong [70] of Gale, Kuhn and Tucker and Kornbluth’s [118]. Then Iser-
mann has done intensive research on linear vector duality in finite dimen-
sional spaces, introducing in [97] a new vector dual to the primal linear vector
optimization problem and comparing his result to the previously mentioned
ones. He also proved in [98] that proper efficiency and efficiency coincide for
primal linear vector optimization problems in finite dimensional spaces. Later,
Jahn has shown in [101] that the vector dual he proposed for linear vector
optimization problems turns out to be equivalent to Isermann’s one, noting
for the latter that it has as major drawback the fact that when b = 0 duality
could not be established. This issue was claimed to be solved in [84], where
a new vector dual for the classical linear vector optimization problem was in-
troduced by considering as objective function a set-valued mapping. However,
the Fenchel-Lagrange type vector duality introduced earlier in [24,36] works
fine in the linear case when b = 0, too.
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Wolfe and Mond-Weir duality concepts

In this chapter we present scalar and vector duality based on the classical
Wolfe and Mond-Weir duality concepts. As the field is very vast, especially
because of different generalizations of the notion of convexity for the functions
employed, we limited our exposition to a reasonable framework, large enough
to present the most relevant facts in the area. We shall work in parallel with
the two mentioned duality concepts. Note that the properly efficient solutions
that appear in this chapter are considered in the sense of linear scalarization
(see Definition 2.4.12), unless otherwise specified.

6.1 Classical scalar Wolfe and Mond-Weir duality

For the beginnings of Wolfe duality the reader is referred to [202], while the
first paper on Mond-Weir duality is considered to be [138]. In both of them
the functions involved were taken differentiable, but afterwards both these
duality concepts were extended to nondifferentiable functions by making use of
convexity. We begin our presentation with the convex case, treating after that
the situation when the functions involved are assumed moreover differentiable.

6.1.1 Scalar Wolfe and Mond-Weir duality: nondifferentiable case

Like in section 3.1.3, let X and Z be Hausdorff locally convex spaces, the latter
partially ordered by the convex cone C' C Z, and consider the nonempty set
S C X and the proper functions f : X — R and g : X — Z, fulfilling
dom f N SNg~1(—C) # 0. The primal problem we treat further is

PY) inf f(x).
(PO) int f(2)
A={zeS:g(x)e -C}
To it we attach the Wolfe dual problem
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(DY) sup {f(u) + (=", g(u))}
ueS,z*eC™,
0€0f(u)+0(2" g)(u)+N(S,u)

and the Mond-Weir dual problem

(D]?/IW) sup f(u).
u€S,z"€C” (2",9(u)) >0,
0€0f(u)+0(z"g)(u)+N(S,u)

Note that the feasible set of (D) is included in the one of (DS;,). The weak
and strong duality statements follow.

Theorem 6.1.1. One has v(D$}y,,) < v(DS,) < v(PY).

Proof. We distinguish two cases. If the feasible set of (D) is empty, then
so is the one of (D]%W), in which case the optimal objective values of these
problems are both equal to —oco, which is clearly less than or equal to v(P°).

Otherwise, let w € S and z* € C*, fulfilling 0 € 9f(u) + I(z*g)(u) +
N(S,u). If (2*,g(u)) > 0 then (u,z*) is feasible to (D) and f(u) <
f(u) + (z*,g(u)). Taking now in both sides of this inequality the suprema
regarding all pairs (u, 2*) feasible to (D{};;,) we obtain in the left-hand side
v(DZC\’;IW), while in the right-hand side there is the supremum of the objec-
tive function of (D§,) concerning only some of the feasible solutions to this
problem. Consequently, v(D§y,) < v(DS)).

Since 0 € df(u) + d(z*g)(u) + N(S,u), by (2.8) follows 0 € d(f + (z*g) +
ds)(u), ie. for all z € S one has f(x)+ (z*,g(x)) > f(u) + (z*, g(u)). Taking
in the left-hand side of this inequality the infimum regarding all x € S for
which g(x) € —C, we obtain there a value less than v(P®). Considering then
in the right-hand side of the same inequality the supremum regarding all pairs
(u, 2*) feasible to (D), it follows v(D$,) < v(PY). O

Theorem 6.1.2. Assume that S C X is a convez set, f : X — R a proper
and convex function and g : X — Z a proper and C-convex function such
that dom f NS N g~ (=C) # 0. If one of the reqularity conditions (RC’Z»CL),
i €{1,2,3,4} is fulfilled, (P€) has an optimal solution T € A and one of the
following additional conditions

(i) f and g are continuous at a point in dom f NdomgN S;
(1) dom fNdom gNint(S) # O and f or g is continuous at a point in dom f N
dom g;
(iii) X is a Fréchet space, [ is lower semicontinuous, g is star C-lower semi-
continuous, S is closed and 0 € sqri(dom f x domg x S — Axs);
(iv) dim(lin(dom f x domg x S — Axs)) < 400 and 0 € ri(dom f x dom g x
S — AXS),

is fulfilled, then v(PC) = v(D§,) = v(D$;y) and there is some z* € C* with
(z*9)(Z) = 0 such that (Z,z*) is an optimal solution to each of the duals.
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Proof. By Theorem 3.3.16 the hypotheses ensure the existence of some z* €
C* for which f(z) = infyes{f(z) + (z*g)(x)} and (z*¢)(Z) = 0. These yield
0 € d(f+(z*g)+0s)(z), which, when any of the additional conditions (i) — (iv)
holds, means actually, via Theorem 3.5.8, 0 € df(z) + d(z*g)(z) + N (S, T).
Therefore (z,z*) is feasible to both (D) and (D). Note also that
f(Z) = f(z)+ (2*g)(Z), which implies, via Theorem 6.1.1, v(P®) = v(DS,) =
v(D$y) and that both duals in discussion have (z,2*) among their optimal
solutions. 0O

Remark 6.1.1.1f X = R", Z = R"™, C = R}, f : R" — R and g =
(g1, 9m)T : R® — R™, then (D) turns out to be the Wolfe dual problem
mentioned in [109] (see also [99,121]). In this case there is no need to assume
in Theorem 6.1.2 the fulfillment of the additional conditions (i) — (iv).

Remark 6.1.2. In the framework of Remark 6.1.1 assuming moreover that S =
R™ the dual (D) turns out to be the classical nondifferentiable Wolfe dual
problem introduced by Schechter in [166]

(Df) sup {fw+=Tgw},

u€R™, 2" =(z27,...,2, )TE]RT,

m

0€0f (uw)+ 3= 25 0;(u)
P2

while (D{}y;,) becomes the nondifferentiable Mond- Weir dual problem

(Dirw) sup f(u).
weR™ 2% =(=7,..., zfn)TeRT, 2*T g(u)>0,

0€df(u)+ g:l 270g;(u)
j=

6.1.2 Scalar Wolfe and Mond-Weir duality: differentiable case

Very important for both Wolfe and Mond-Weir duality concepts is the differ-
entiable case, i.e. the situation when the sets involved are taken open and the
functions differentiable.

Like in the previous subsection let X be a Hausdorff locally convex space
and take Z = R™ partially ordered by the nonnegative orthant R’?'. Consider
the nonempty open set S C X and the real-valued functions f : S — R
and g; : S — R, j = 1,...,m, all Gateaux differentiable on S and fulfilling
SNg ' (-R7) # 0, where g = (g1,...,9m)" : S — R™. Notice that one
can consider also here the framework of subsection 6.1.1 by working with the
extensions to the whole space of the functions involved, f : X — R, f = f+dg
and §: X —R™, §g=g+ 0% . To the primal problem

(PO) inf f(x)
A={recS:g(x)c -R}}
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we attach in this section the differentiable Wolfe dual problem

(DDf) sup { £ +=Tg0w)}
uES,z*:(zf,...,z:n)TERT,
VI (@)+V(z*Tg)(w)=0

and the differentiable Mond-Weir dual problem

(DDFpw) sup f(u).
u€S, 2" =(z7 ,...,z;)TeRT,
V f(u)+V (2T g)(u)=0,2"T g(u) >0

When the functions involved are taken Fréchet differentiable, the formulation
of these duals is formally the same. Note that the the feasible set of (DD$y;)
is included in the one of (DDS,), which has as consequence that v(DDy,) <
v(Dng). The weak and strong duality statements for the case when convexity
is additionally assumed follow.

Theorem 6.1.3. Assume that S is moreover convezr and the functions f and
gi» = 1,...,m, are convexr on S. Then it holds v(DD$y,) < v(DDS,) <
v(PY).

Proof. For z* = (27,...,25,)" € RT and u € S there is, via Theorem 3.5.8,
A(z*g)(u) = 3201, 0(259;)(u) = -7, 2709 (u). By Proposition 2.3.19(a) it
follows that for all v € S one has 9f(u) = {Vf(u)} and 9g;(u) = {Vg,(uw)},
j =1,...,m. Moreover, N(S,u) = {0}, and we get that (DD§,y,) and (DDS,)
are actually (D$}yy) and (DDS,), respectively. The conclusion follows by The-
orem 6.1.1. 0O

Theorem 6.1.4. Assume that S is moreover convex, the functions f and gj,
j=1,....,m, are convex on S, and that 0 € ri(g(S) + R%). If (P°) has an
optimal solution z, then v(PY) = v(DDY,) = v(DD$y) and there is some
zZ* € R such that (z,z*) is an optimal solution to each of the duals.

Proof. As noted in the proof of Theorem 6.1.3, the differentiable duals to
(PY) introduced in this subsection coincide under the present hypotheses with
the dual problems introduced in subsection 6.1.1, namely (D) and (DS, ),
respectively. The conclusion follows directly from Theorem 6.1.2, as condition
(7) from there is fulfilled. O

Remark 6.1.3. The regularity condition considered in Theorem 6.1.4 is actu-
ally (RCSC L), introduced in subsection 3.2.3, written in the particular setting
considered here. Note that the conclusion of the theorem remains valid if one
replaces the regularity condition by any of (RC), i € {1,2,4}, as all these
conditions imply (RCS™) in this context. Note also that if X = R” as a reg-

—C
ularity condition in Theorem 6.1.4 one can use also (RC L) from Remark
3.2.6.
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Remark 6.1.4. As it will be noted in the next subsection, the convexity as-
sumptions from the hypotheses of Theorem 6.1.3 and Theorem 6.1.4 can be
relaxed to some generalized convexity ones. Though, as the next example
from [127] shows, such hypotheses cannot be completely removed without
losing the duality for (P¢) and (DDS;) (or (DD$}y,)). Other examples sus-
taining this are available in [138].

Ezample 6.1.1. Take X =R, S = Rand f, g : R — R defined by f(z) = —e~*"
and g(r) = 1 — z. Note that f is not convex and that v(P¢) = —1/e. Then
the optimal objective value of the differentiable Wolfe dual is

v(DD$) = sup {—67“2 —uz"+ 2%} = sup {67“2(—1 +2u—2u*)} =0,
u€R,z"€Ry, u€R

—u2
2ue” " =z"

and this supremum is nowhere attained. Therefore, not even the weak duality
for this pair of primal-dual optimization problems is guaranteed.

Remark 6.1.5. 1f X = R™ the dual (DDS,) turns out to be the Wolfe dual
problem mentioned in [126,127]. When moreover S = R", (DDY,y,) and
(DD§,) are actually the dual problems treated in [138, section 3]. When X =
S = R", (DD§,) becomes the classical (differentiable) Wolfe dual problem
introduced in [202] and mentioned also in [11], while (DD$}y;) is the classical
(differentiable) Mond-Weir dual problem introduced in [138].

Besides the ones already presented here, there were proposed in the lit-
erature other dual problems which are based on the Wolfe and Mond-Weir
duality concepts, respectively. Take X = R™. In [126] the following Wolfe
type dual problem to (P¢)

(DDE) sup {f(u) + z*Tg(u)}

UGS,Z*:(ZI,..‘,Z;/)TGRr,
V4V (2*Tg) (w)e-N(Aw)

was treated, while in [138] were considered some different dual problems to
(PY) for the case S = R". These can be formulated actually for an arbitrary
nonempty open set S C R™, as follows. A Mond-Weir type dual is

(DDJ?TW) sup fw),
u€S,z"=(27,...,25,)" €RTY,
g5 (W) >0,5=1,..,m,
Vi(w)+V (2T g) (w)=0

while by considering the disjoint sets J; C {1,...,m}, 1 =0,...,s, such that
Ui_odi = {1,...,m}, the following dual problem to (PY) was introduced,

(DDG_yuw) sup {0+ T 5aw}

uES,z*:(zf,...7z:n)T€RT7 j€do
> 2795 (u)>0, I=1,....s,
JEJ]

Vf(u)+V (z*Tg) (u)=0
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The latter dual is constructed as a “combination” of the Wolfe and Mond-Weir
dual problems, which can be rediscovered as special instances of it. Taking
Jo={1,...,m}, (DDS,_,;w) turns into (DD§,), while if Jo = 0 and s = 1
it becomes (DDS}y,). Also (DDJ\C//FVT/) can be obtained as a particular case
of (DD, _,yw) by taking Jo = 0, s = m and each J;, | € {1,...,m} to
be a singleton. Besides these, other similar Wolfe or Mond-Weir type duals
were proposed in literature to (P), see for instance [137], while in papers
like [126, 135, 138] Wolfe or Mond-Weir type duals were considered to the
problem obtained by attaching to (P¢) affine equality constraints. Since the
so-obtained primal is actually a special case of (P¢) and most of the duals to
it can be obtained as particular instances of (DD, ) we will not mention
them here.

Regarding the optimal objective values of the duals introduced above,
taking into account only the way they are defined one can prove the following
inequalities.

Proposition 6.1.5. It holds

C
o(pDS) < "PPwosiw) < ,(ppG) < w(DDC).
Mw/ = w(DD$y) W/ = w

Remark 6.1.6. For all these duals weak duality statements are not always valid
in the most general case, being usually proven under some generalized con-
vexity assumptions, as it done within the next subsection.

6.1.3 Scalar Wolfe and Mond-Weir duality under generalized
convexity hypotheses

We work further in the framework of the second part of subsection 6.1.2,
namely when X = R" S C R" is a nonempty open set, Z = R" is partially
ordered by the nonnegative orthant R'* and the real-valued functions f : S —
R and g; : S — R, j = 1,...,m, are Fréchet differentiable on S and fulfill
Sng ' (-R7) # 0, where g = (g1,...,9m)". As there is no possibility of
confusion, we denote the Fréchet differential of f at x by V f(z), too. In order
to prove duality statements for the dual optimization problems attached in
subsection 6.1.2 to

(P) inf f(a)
A={ze S:g(z) 20}

we need to introduce some generalizations of convexity for the functions in-
volved. We refer to [127] for the proofs of the characterizations and the existing
relations between these notions.

For a nonempty convex set U C X and f : U — R we say that f is
quasiconvezr on U if for all x,y € U such that f(z) < f(y) and all A € (0,1)
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there is f(Ax + (1 — A)y) < f(y). When f : R™ — R is quasiconvex on R" we
call it quasiconvex.

If U C X is, additionally, open and f : U — R is Fréchet differentiable,
then f is quasiconvex on U if and only if for all z,y € U such that f(y) > f(z)
there is Vf(y)% (y — ) > 0.

Given a nonempty open set U C R", a Fréchet differentiable function
f U — R is said to be pseudoconver on U if for all x,y € U such that
Vf(z)T(y —x) > 0 one has f(y) > f(z). When f: R" — R is pseudoconvex
on R™ we call it pseudoconvez. If —f is pseudoconvex we call the function f
pseudoconcave.

If U C R”™ is nonempty, convex and open and the Fréchet differentiable
function f : U — R is pseudoconvex on U, then f is quasiconvex on U, too.

If U C R™ is an open set and a function  : U x U — R is given, a
function f : U — R, Fréchet differentiable on U, is called invex with respect
ton on U if f(z) — f(u) > Vf(u)Tn(z,u) for all z,u € U. When f:R"* — R
is invex with respect to n on R™ we call it invex with respect to 7.

Remark 6.1.7. Let be the convex set U C R™ and f : U — R a given function.
If f is convex on U, then f is quasiconvex on U, too. If U is an open set and
f is convex and Fréchet differentiable on U, then it is pseudoconvex on U and
also invex with respect to n : U x U — R, n(z,u) = = — u. In general, the
reverse implications fail to hold.

Now we give duality statements involving the duals mentioned in sub-
section 6.1.2, where the generalizations of convexity introduced above play
important roles. As underlined by Example 6.1.1, in the differentiable case
weak duality requires different hypotheses for the functions involved, unlike
what happens when not necessarily differentiable functions are taken into con-
sideration and the gradients are replaced by convex subgradients. Note that
in many papers on Wolfe duality and Mond-Weir duality, respectively, the
importance of the regularity conditions is minimal, in some of them they be-
ing not even stated or named. When convexity is not assumed, the classical
regularity condition due to Kuhn and Tucker is largely used in the differen-
tiable case. To state it consider T € A and denote the set of active indices of
g at T by I(z) = {j € {1,...,m} : g;(z) = 0}. The Kuhn-Tucker regularity
condition at T € A is

(RC$;)(z) | for all d € R™ such that Vg;(#)"d < 0 for all i € I(z), there

exists ¢:[0, 1] = R™ differentiable at 0 such that ¢(0) = z,
©([0,1]) € A and V(0) = td for some t > 0.

As seen in the following statement (cf. [127, Theorem 7.3.7]), this reg-
ularity condition (and others that can be found in [127, Chapter 7] and in
Remark 6.1.8) is sufficient for providing the Karush-Kuhn-Tucker optimality
conditions for (PY).
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Lemma 6.1.6. Assume that € A is an optimal solution to (P®) and
that (RC$)(Z) is fulfilled. Then there exists z* € R™ such that V f(Z) +
V(z*Tg)(z) =0 and 2*Tg(z) = 0.

Remark 6.1.8. Let us recall other regularity conditions used in the literature
when dealing with duality for problems involving differentiable functions. For
a given T € A we have the Abadie constraint qualification

(ACQ)(z) | T(A,z) ={d e R" : Vg;(z)Td < 0,i € I(2)},

the Mangasarian-Fromovitz constraint qualification

(MFCQ)(z) | 3d e R" : Vgi(z)Td < 0 Vi € I(2),
and the Linear Independence constraint qualification
(LICQ)(z ‘ Vgi(Z), i € I(Z), are linear independent.
If fand g;, j = 1,...,m, are Fréchet continuously differentiable, one has

(LICQ)(Z) = (MFCQ)(Z) = (ACQ)(Z) and all of them guarantee, if Z is
a local minimum to (PY), the existence of a z* € R such that Vf(*)
V( *Tg)(z) = 0 and z*Tg(z) = 0. Though, we work further with (RC$,)(Z)
since the hypotheses it requires to work, i.e. f and g;, 7 = 1,...,m, are Fréchet
differentiable on the open set S, are minimal.

In the light of Lemma 6.1.6, one can conclude that in order to give a com-
plete duality scheme in the setting considered in this section one has only
to ensure the existence of weak duality, since strong duality follows under
(RC$;)(Z) automatically. Next we prove the existence of weak duality and
also strong duality for problems where the convexity is replaced by pseudo-
convexity and quasiconvexity.

Theorem 6.1.7. Assume that for each (u, z*) feasible to the dual (DD%) the
function f + z*Tg is pseudoconvex on S. Then v(P®) > U(DD%).

Proof. Let v € A and (u, z*) be feasible to (DDQW). Then one has (V(f +

z*Tg)(u))T(a? —u) > 0. Using the pseudoconvexity of f + 2*Tg on S we
get f(z) + 2*Tg(z) > f(u) + 2*Tg(u), which yields, taking into account that
z* € RT and g(z) € —R7, f(x) > f(u)+2*Tg(u). As the feasible points were
chosen arbitrarily, there is weak duality for the problems in discussion. 0O

Theorem 6.1.8. Assume that for each (u,z*) feasible to the dual (DDS,) the
function f + z*Tg is pseudoconvez on S. Then v(P) > v(DDS,).

Proof. Let z € A and (u, z*) be feasible to (DD§,). Then (V(f + z*Tg)(u))T
(r —u) = 0 and the pseudoconvexity of f+2*Tgon S yields f@)+2Tg(x) >
f(u) + 2*Tg(u), which 1mphes taking into account that z* € R and g(x) €
—R7, f(x) > f(u) + 2" g(u). As the feasible points were chosen arbitrarily,
there is weak duality for the problems in discussion. O
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Analogously one can prove also the following weak duality statements.

Theorem 6.1.9. (a) If for each (u, z*) feasible to the dual (DDS}y,) the func-
tion f + 2*Tg is pseudoconver on S, then v(PY) > v(DDSy,).

(b) If for each (u,z*) feasible to the dual (DD]%V_‘//) the function f + z*Tgq is
pseudoconver on S, then v(P¢) > U(DDACW)'

(¢) If for each (u,z*) feasible to the dual (DDS,_,;w) the function f+ 2*Tg
is pseudoconver on S, then v(PY) > v(DDSG, _yw)-

Now we give the corresponding strong duality statements.

Theorem 6.1.10. Assume that for each (u,z*) feasible to the dual (DDS;)
the function f + 2*Tg is pseudoconvex on S. If T € A is an optimal solution
o (PY) and the regularity condition (RC$;)(Z) is fulfilled, then v(PC) =
v(DDS,) and there is a z* € R such that (Z,z*) is an optimal solution to
the dual.

Proof. The fulfillment of (RC%,)(Z) guarantees via Lemma 6.1.6, that there
is some z* € R7 such that Vf(z) + V(z*7g)(z) = 0 and z*7g(z) = 0.
Consequently, (,z*) is feasible to (DDS,) and f(z) = f(7) + z*Tg(z). Using
Theorem 6.1.8 we obtain v(PY) = v(DD§,) and that (Z,z*) is an optimal
solution to the dual. O

Analogously one can prove the following strong duality statements.

Theorem 6.1.11. Assume that for each (u,z*) feasible to the dual (DDy)
the function f + z*Tg is pseudoconvex on S. If T € A is an optimal solution
o (PY) and the regularity condition (RC$1)(Z) is fulfilled, then v(PC) =
v(DDSy,) and there is a z* € RT such that (Z,2*) is an optimal solution to
the dual.

Theorem 6.1.12. Assume that T € A is an optimal solution to (P°) and the

regularity condition (RC$)(Z) is fulfilled.

(a) If for each (u,z*) feasible to the dual (DD‘%) the function f + z*Tq is
pseudoconver on S, then v(PC) = U(DD%) and there is a z* € R such
that (Z,z*) is an optimal solution to the dual.

(b) If for each (u,z*) feasible to the dual (DDA%\W) the function f + z*Tq is
pseudoconver on S, then v(PC) = v(DD](\fm) and there is a z* € R

such that (Z,z*) is an optimal solution to the dual.

(¢) If for each (u,z*) feasible to the dual (DDG,_ ) the function f+2*Tg is
pseudoconver on S, then v(PY) = v(DD$,_ ) and there is a z* € R
such that (Z,z*) is an optimal solution to the dual.

Other duality statements involving pseudoconvexity and quasiconvexity,
valid only for the Mond-Weir type duals, follow.
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Theorem 6.1.13. Assume that the set S is moreover convex.

(a) If f is pseudoconvex on S and 2*T g is quasiconver on S whenever (u, z*)
is feasible to (DDy), then v(PY) > v(DDSw ).

(b) If f is pseudoconvex on S and g; is quasiconvex on S for j =1,...,m,
then v(PC) > U(DDJ%\W).

(¢) If [+ 1, 2 qi(u) is pseudoconvex on S and 3 ;. ; 27 g; is quasiconvex
on S forl = 1,...,s, whenever (u,z*) is feasible to (DDS, _y;w), then
v(PY) > (DD _ppw)-

Proof. We prove only (a), the other weak duality statements following anal-
ogously. Let € A and a pair (u, z*) feasible to (DD$}y;,). Then z*T(g(u) —
g(z)) > 0 and by the quasiconvexity on S of 2*T'g one gets V(2*7¢)(u)” (u —
x) > 0. This is nothing but Vf(u)”(x — u) > 0, which, because f is pseu-
doconvex on S, yields f(z) > f(u). As the mentioned feasible points were
arbitrarily chosen, by taking in the left-hand side of the last inequality the
infimum after € A and in the right-hand side the supremum regarding all
the pairs (u, z*) feasible to (DDyy), one gets v(PY) > v(DDy,). O

Remark 6.1.9. The hypotheses used in the latter theorem do not always ensure
also the weak duality for (P©) and (DDY) or (DDS). See Example 6.1.1
where the objective function is pseudoconvex and the constraint function is
quasiconvex or [138] for other counter-examples.

Theorem 6.1.14. Assume that the set S is moreover conver, T € A is an
optimal solution to (P and the reqularity condition (RC$,) (%) is fulfilled.

(a) If f is pseudoconvex on S and z*T g is quasiconvex on S whenever (u, 2*) is
feasible to (DDS;y,), then v(PY) = v(DDY}y,) and there is some z* € R7
such that (Z,z*) is an optimal solution to the dual.

(b) f is pseudoconvex on S and g; is quasiconvex on S for j =1,...,m, then
v(PY) = v(DD%_) and there is some z* € R such that (Z,z*) is an

MW +
optimal solution to the dual.

(¢) If f+ 2 1c, 2 qi(u) is pseudoconvex on S and ;. ; 27 g; is quasiconvex
on S for 1 =1,...,s, whenever (u,z*) is feasible to (DDS,_,;w), then
v(PY) = v(DD$,_ ) and there is some z* € R such that (z,2*) is
an optimal solution to the dual.

Proof. We prove only (a), the other strong duality statements following anal-
ogously. The fulfillment of (RCY ;) (Z) guarantees via Lemma 6.1.6 that there
is some z* € R7 such that Vf(z) + V(z*7g)(z) = 0 and z*Tg(z) = 0.
Consequently, (z,2*) is feasible to (DD§;y,) and f(z) is a value taken by
both objective functions of the primal and dual, in the corresponding feasible
set, respectively. Due to Theorem 6.1.13, we obtain v(P) = v(DD{}y;,) and
consequently (Z,z*) is an optimal solution to the dual. O
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Remark 6.1.10. The hypotheses used in the latter theorem do not always guar-
antee also the strong duality for (P¢) and (DDS;) or (DD%). The regularity
condition ensures the existence of a common value taken by the objective
functions of the primal and dual but, as pointed out in Remark 6.1.9, the
optimal objective value of the dual can surpass the one of the primal.

Another class of generalizations of convexity employed in Wolfe and Mond-
Weir duality is invexity. The classical invexity was extended in many ways
during the recent years, but the lack of examples justifying these notions
and the complexity of the way they are introduced made us to remain in a
reasonable framework by not considering them here.

Theorem 6.1.15. Assume that the functions f and g;, 7 = 1,...,m, are
invex with respect to the given functionn: S x S — R™ on S. Then v(P%) >
v(DDS,).

Proof. Let be x € A and (u, z*) feasible to (DDS,). Then one has Vf(u) =
~V(z*Tg)(u) and z*Tg(x) < 0. Due to the invexity of f on S there is
f@) = (f(u) +2"Tg(u) > Vf(u)'n(z,u) -2 g(u) = =V (27 g)(u)n(z,u) -
2z*Tg(u). Using now the invexity of g; on S, 5 = 1,...,m, we obtain
"9 (=T g)(w) (e, u) =T g(u) > ~=*Tg(x) > 0. Consequently, f(z)—(f(u)+
2*Tg(u)) > 0. Since the feasible points were chosen arbitrarily, there is weak
duality for the problems in discussion. O

Analogously one can prove the following statement.

Theorem 6.1.16. Assume that the functions f and g;, 7 = 1,...,m, are
invex with respect to the function n: SxS — R", n(z,u) =x—u, on S. Then
C c
v(P%) > (DDW)'
Via Proposition 6.1.5, Theorem 6.1.15 yields the following consequences.

Theorem 6.1.17. Assume that the functions f and g;, 7 = 1,...,m, are
invex with respect to the given functionn: S x S — R™ on S. Then v(P%) >
v(DDSy), v(PC) > (DD]%W) and v(PY) > (DDS,_yw)-

To obtain strong duality we employ again the regularity condition due to
Kuhn and Tucker, alongside the invexity hypotheses used for weak duality.

Theorem 6.1.18. Assume that the functions f and g;, 7 = 1,...,m, are
invex with respect to the given functionn:S xS —R"™ on S. If z € A is an
optimal solution to (PY) and the regularity condition (RC$1)(Z) is fulfilled,
then v(PY) = v(DDS;,) and there is a z* € R such that (z,2*) is an optimal
solution to the dual.

Proof. The fulfillment of (RC%,)(Z) guarantees via Lemma 6.1.6 that there
is some z* € R such that Vf(z) + V(2*Tg)(z) = 0 and z*7Tg(z) = 0.
Consequently, (7, z*) is feasible to (DD,) and f(Z) is a value taken by both
objective functions, of the primal and dual, in the corresponding feasible set,
respectively. Due to Theorem 6.1.15, we obtain v(P¢) = v(DD§,) and that
(z,z*) is an optimal solution to the dual. O
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Theorem 6.1.19. Assume that the functions f and g;, 7 = 1,...,m, are
invex with respect to the functionn: S x S — R", n(z,u) =z —u, on S. If
T € A is an optimal solution to (P) and the regularity condition (RC$1)(Z)
is fulfilled, then v(PY) = v(DDX.) and there is a z* € R} such that (Z,z*)
18 an optimal solution to the dual.

Theorem 6.1.20. Assume that the functions f and g;, 7 = 1,...,m, are
inver with respect to the given functionn : S xS — R™ on S. If z € A
is an optimal solution to (PC) and the regularity condition (RC%,) (%) is
fulfilled, then v(PC) = v(DD$y,) = v(DD%V_[//) = v(DD§_yyw) and there

is Z° € R such that (z,z*) is an optimal solution to each of the duals.

Finally, we give without proofs a pair of weak and strong duality state-
ments stated in [135] for Wolfe duality where neither convexity nor one of its
generalizations are assumed for any of the sets and functions involved, being
replaced by a condition imposed on the objective function of the dual.

Theorem 6.1.21. If for each (u,z*) feasible to (DDS,) there is f(u) +
2 Tg(u) = infyes {f(2) + 2*Tg(x)}, then v(PY) > v(DDS,).

Theorem 6.1.22. If € A is an optimal solution to (P%), the regularity
condition (RC$.;)(z) is fulfilled and for each (u,z*) feasible to (DDS,) there
is f(u) + 2T g(u) = infyes {f(z) + 2*Tg(x)}, then v(PY) = v(DD§,) and
there is a z* € R such that (Z,z*) is an optimal solution to the dual.

Remark 6.1.11. Some of the weak and strong duality statements given in this
subsection were collected from [11,85,126,138]. Note also that in [128] equiv-
alent characterizations of weak and strong duality for (P¢) and (DDS,) via
different types of generalized invexities were given.

Remark 6.1.12. Assuming the functions f and g;, j = 1,...,m, Fréchet con-
tinuously differentiable on S, the strong duality statements given within this
subsection remain valid when replacing the regularity condition (RCY;)(7)
with any of the regularity conditions considered in Remark 6.1.8.

6.2 Classical vector Wolfe and Mond-Weir duality

The Wolfe and Mond-Weir duality concepts were employed in vector optimiza-
tion, too. Like in the previous section we begin with the nondifferentiable case,
turning then our attention to the situation when the functions involved are
assumed to be differentiable. Duality theorems are given under both convex-
ity and generalized convexity assumptions. Note that the proper efficiency is
considered in the sense of linear scalarization.
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6.2.1 Vector Wolfe and Mond-Weir duality: nondifferentiable case

Let X and Z be Hausdorff locally convex spaces, the latter partially ordered
by the convex cone C' C Z, and consider the nonempty convex set S C X,
the proper and convex functions f; : X — R, ¢ = 1,...,k, and the proper

and C-convex function g : X — Z, fulfilling N¥_, dom f; N SN g~ (—C) # 0.
Consider the vector function

k
— T ‘
FiX S RE fla) = (fi(x),..., fu(x)*, ifz e igl dom f;,
+00Rk , otherwise.

Due to the hypotheses on the functions f;, ¢ = 1,...,k, f is proper and ]R’j_—
convex. Let be the primal vector optimization problem with geometric and

cone constraints
(PVY) MiJIL‘I f(x).
S

A={zeS:g(x)e -C}
According to Definition 2.5.4 we say that an element T € A is properly efficient
solution to (PVY) in the sense of linear scalarization if z € N*_, dom f; and
f(Z) € PMings.(f(Nf_; dom f; N A),R¥). To (PVY) we attach the Wolfe
vector dual problem with respect to properly efficient solutions

(DV$) (/\’ul)\ilgélg% hS (A u, 2%),

where

BS, = {()\,u,z*) € int(RE) x Sx C*: A= (Aq,..., M7,

Z)\ =1 Oea<ZA fz) )+ 9(z*g)(u )—&—N(&u)}

and

fi(u) + (2%, g(u))
h%(/\,u,z*) =
fi(u) + (2", g(u))

and the Mond-Weir vector dual problem with respect to properly efficient
solutions

(DVGw) Max  hSw (N u, 2%),
(A u,z*)EBS

where

k
BJ%WZ{()\,u,z*)Eint(]Ri)xSxC’*: M,y Ak Z

(2*g)(u) >0, 068<ZA f) )+8(z"g)(u )+N(S,u)}
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and
hSrw (A u,2%) = f(u).

Note that B{;y, € BG, and both k(B w ) and h$, (BS,) are subsets of RE.
Weak and strong duality statements follow.

Theorem 6.2.1. There is no x € A and no (\,u, 2*) € BS, such that f;(z) <
R (A u, 2*) for alli = 1,...,k, and fij(x) < h%j(x\,u,z*) for at least one
jed{l,... k}.

Proof. Assume that there are some z € A and (\,u,2*) € BS, such that
fi(z) < B (N u,z*) for all i = 1,....k, and fj(x) < h%j()\,u,z*) for at
least one j € {1,...,k}. From here we obtain immediately Zle Nifi(x) <
Zle Nih$r (A, u, z*). On the other hand, from the way the feasible set of
the dual is defined one gets, via (2.8), Zle Xi(fi(z) + (2%g)(x) + ds(x)) —
Zle Ai(fi(uw)+(2*g)(u)+ds(u)) > 0. Taking into consideration that x,u € S
and that (2*g)(z) < 0, we obtain Y>F | Aifi(z) > 328 A\ifi(w) + (2%9)(u) =
Zle i h$,; (A, u, 2*), which contradicts the inequality obtained in the begin-
ning of the proof. Thus the supposition we made is false and there is weak
duality for the problems in discussion. O

Note that the convexity assumptions on S, f;, ¢ = 1,...,k, and g are not
necessary for proving the weak duality statement.

Concerning the solutions concepts we use here, recall that (A, u,z*) € B‘(fv
is efficient to (DV{§)) if h{j (A, u,2z*) € Min(h$, (BG),RY) and (A, u, 2%) €
BSw is efficient to (DVGyy) if hy (A, u, 2*) € Min(hS;y (BSw ), RY), re-
spectively.

For strong duality we use the following regularity condition (see also sec-
tion 4.2)

k
(ROVCr) | 32 € n dom f; NS such that g(z’) € —int(C).

Theorem 6.2.2. Assume that the regularity condition (RCV L) is fulfilled. If
T is a properly efficient solution to (PVC) and one of the following additional
conditions

(i) fi,i=1,...,k, and g are continuous at a point in N*_, dom f;Ndom gNS;

(i) NE_, dom f; N domg N int(S) # O and (f; is continuous at a point in
Nk, dom f; Ndomg for i = 1,...,k, or g is continuous at a point in
N¥_, dom f; Ndomg);

is fulfilled, then there exists (X, z*) € int(RE) x C* such that (A, %,z*) is an
efficient solution to (DV,$) and fi(%) = h,;(\, Z,2%) fori=1,...,k.

Proof. Since T is a properly efficient solution to (PVY), there is a A =
(A1,. -, Ap)T € int(R% ) such that Z is an optimal solution to the scalar opti-
mization problem
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k

2 2 Aufte)

Denoting A= (1/(2?21 Xi))A, it is obvious that A = (A1,..., A\x)T € int(RE),
Zle A; =1 and T is an optimal solution to the scalar optimization problem

k
nf, 2 Nuhila).

Now Theorem 3.3.16 ensures the existence of some z* € C* for which
SE NS (@) = infees {5 Nifi(z) + (2%¢g)(z)} and (z*g)(z) = 0. These
yield 0 € 8(2?21 Nifi + (2*g) + 65)(Z), which, when one of the addi-
tional conditions (i) — (74) is fulfilled, means actually 0 € 8(Z§:1 Nifi)(T) +
9(2*g)(Z) + N(S, 7). Therefore (A, z, z*) is feasible to (DV{§’). Note also that
fi(Z) = fi(z) + (z*g)(z) for i = 1, ..., k. The efficiency of (), 7, z*) to (DV{$)
follows by Theorem 6.2.1. O

Analogously one can prove similar duality statements for the Mond-Weir
vector dual to (PVY).

Theorem 6.2.3. There is no © € A and no (M\u,z*) € By such that
fi(x) < hSw: (N u,2%) fori =1,....k, and f;(z) < h%}wj()\,u,z*) for at
least one j € {1,...,k}.

Theorem 6.2.4. Assume that the reqularity condition (RCVCr) is fulfilled.
If T is a properly efficient solution to (PV®) and one of the additional con-
ditions (i) — (ii) from Theorem 6.2.2 is satisfied, then there exists (X, 2*) €
int(RY) x C* such that (\,z,z*) is an efficient solution to (DVy,) and
fi(@) = WS, (N2, 2%) fori=1,... k.

Remark 6.2.1. (a) The conclusions of Theorem 6.2.2 and Theorem 6.2.4, re-
spectively, remain valid if one replaces the regularity condition (RCV L) by
any condition that ensures the stability of the scalar optimization problem

k
i, 2 MA@

with respect to its Lagrange dual. For instance (see also Remark 4.3.5), in case
X and Z are Fréchet spaces, S is closed, f; is lower semicontinuous, ¢ = 1, ..., k,
and g is C-epi closed, one can use the condition 0 € sqri(g(N¥_, dom f; N .S N
dom g) +C), while if lin(g(N*_, dom f;N.SNdom g) +C) is a finite dimensional
linear subspace one can assume instead that 0 € ri(g(Nf_, dom f;N.SNdom g)+
C).

(b) Instead of the additional conditions (i) — (é¢) one can consider in the
last strong duality theorems, for instance, conditions similar to (iii) — (iv) in
Theorem 6.1.2, like
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(iii”) X is a Fréchet space, S is closed, f; is lower semicontinuous, i = 1,..., k, g is
star C-lower semicontinuous and 0 € sqri(Nf_; dom f; x dom g x S — Ays);

(iv’) dim(lin(N%_; dom f; x dom g x S — Axs)) < 400 and 0 € ri(NF_; dom f; x
domg x S — Axs).

Remark 6.2.2. When k = 1 the duals and the duality statements from the this
subsection collapse into the corresponding ones from the scalar case.

6.2.2 Vector Wolfe and Mond-Weir duality: differentiable case

Next we assume that the functions involved in the formulation of the primal
vector optimization problem (PV®) are differentiable. Let X be a Hausdorff
locally convex space, take Z = R™, partially ordered by the nonnegative
orthant R’ and consider the nonempty open and not necessarily convex set
S C X, while the functions f; : § = R, i =1,...,k,and g; : S = R, j =
1,...,m, are assumed to be Gateaux differentiable on .S, but not necessarily
convex on S. Denote f = (fi,...,fx)? and g = (g1,.--,9m)? and assume
that they fulfill SNg~'(—R7*) # (. To the primal vector optimization problem
(PVE)
(PVC) Min f(x)

zeA

A={zeS:g(z) L0}
we attach the differentiable Wolfe vector dual problem with respect to prop-
erly efficient solutions

DDV Max  hEC(\, u, 2*),
(DDVyy) X, w( )

where
BRC = {(A,mz*) € int(RE) x SxRT : A= (Aq,..., \)7,
k

=z, )Y =1,

i=1
V(é)\ifi)(u) +v<§z;gj)<u> ~o}
. Filw + 3 250,
RBE Oy ) = . 7
i) + 3% 2jas(0)

and the differentiable Mond-Weir vector dual problem with respect to prop-
erly efficient solutions
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(DDVJSW) Max c hﬁ[%V()‘ﬂ-%Z*)a

(MNu,z*)eBES,

where

k
BYS = {()\,u,z*) €int(RY) x S X RT : A= (A1, )" ) N =1,
=1
= (zf7...,z;)T,Zz;gj(u) >0,
j=1

V(g/\ifi)(u) +v(éz;gj)(u) = o}

and
WSy (N u, 2%) = f(u).

When the functions involved are taken Fréchet differentiable, the formu-
lation of these duals is formally the same. Note that BLS, C BEC and
hOSy (BES), REC(BEC) C RE. The weak and strong duality statements fol-
low, first for the convex case, then for the situation when the functions involved
have only some generalized convexity properties. The proofs in the convex case
follow from the ones given in subsection 6.2.1.

Theorem 6.2.5. Assume that the set S is moreover convex and the functions
fi:S—=R,i=1,....k andg;: S — R, j=1,...,m, are convex on S. Then
there is no x € A and no (\,u, 2*) € BRC such that fi(x) < hBS (X u, 2*) for
i=1,...,k, and f;(z) < h{?‘,?()\,u,z*) for at least one j € {1,...,k}.

Theorem 6.2.6. Assume that the set S is moreover convex, the functions
fi:S—=R, i=1,....k andg; : S — R, j=1,...,m, are conver on S
and the regularity condition (RCVCt) is fulfilled. If T is a properly efficient
solution to (PV©), then there exists (X, z*) € int(RY ) xR such that (A, Z, 2*)
is an efficient solution to (DDV;$) and f;(z) = hES (N, Z,2%) fori=1,...,k.

K2

Theorem 6.2.7. Assume that the set S is moreover convex and the functions
fi:S—=R,i=1,...,k andg; : S =R, j=1,...,m, are convex on S. Then
there is no x € A and no (\,u,2*) € BYS,, such that f;(z) < hE5,.(\ u, 2*)
fori=1,... k, and f;(z) < h]%fvj()\,u, z*) for at least one j € {1,...,k}.

Theorem 6.2.8. Assume that the set S is moreover convex, the functions f; :
S—=R,i=1,...,k, andg; : S — R, j=1,...,m, are convex on S and the
regularity condition (RCVCr) is fulfilled. If T is a properly efficient solution
to (PVC), then there exists (X, z2*) € int(RY ) x R such that (X, z,2*) is an
efficient solution to (DDVGy,) and fi(Z) = hPS,.(\, Z,2*) fori=1,... k.

Remark 6.2.3. Note that in both Theorem 6.2.6 and Theorem 6.2.8 the regu-
larity condition can be replaced according to Remark 6.2.1(a).
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Now let us focus on vector duality for the pairs of vector problems we
considered so far when generalized convexity properties are considered for the
functions in discussion. For this, let X = R", Z = R"™ and C' = R’ and take
the functions f; : S = R, i =1,...,k,and g; : S — R, 7 =1,...,m, be
Fréchet differentiable on S. First, only pseudoconvexity is used.

Theorem 6.2.9. Assume that S is moreover convex and for each (A, u,z*) €
B{?VC the function f; +2z*T g is pseudoconvex on S, fori=1,...,k. Then there
is no x € A and no (\,u,2*) € BRC such that fi(x) < hES (N u,z2*) for

i=1,....,k, and f;(z) < h{?‘,?()\,u,z*) for at least one j € {1,...,k}.

Proof. Assume the contrary, i.e. that there are some x € A and (\, u,2*) €
BEC with f;(z) < hBS (N u,z*) fori=1,...,k, and f;(z) < h{?vg()\,u, 2*) for
at least one j € {1,...,k}. The functions f;+2*Tg,i = 1,..., k, being pseudo-
convex on S, thus also quasiconvex on S, we get V(fi +2*Tg)(u)T (z —u) <0,
i=1,...,k. On the other hand, the pseudoconvexity on S of f; +2*T g yields,
since fj(z) < hﬁ,?()\, u,2%), V(fj + 2*Tg)(u)"(z — u) < 0. Consequently,
V(Zle Nifi+2*Tg)(u)T (z —u) < 0, which contradicts one of the constraints
of the vector dual problem. Consequently, there is weak duality for the prob-
lems in discussion. 0O

Theorem 6.2.10. Assume that the set S is moreover conver and for each
(A\u,z%) € B{;’VC the function f; + z*Tg is pseudoconvex on S fori=1,... k.
If T is a properly efficient solution to (P‘_/C) and the reqularity condition
(RCE ) (&) is fulfilled, then there emists (A,z*) € int(R%) x R such that
(A, Z,2%) is an efficient solution to (DDV$) and fi(Z) = hES (N, &, 2*) for
i=1,...,k.

Proof. The satisfaction of the regularity condition ensures the existence of
some A € int(R%) and z* € R such that Zle No=1, V(Zle Nifi)(Z) +
V(z*Tg)(z) = 0 and z*Tg(7) = 0. Thus (), 7,z*) € BRC. The efficiency of
this element to the vector dual follows via Theorem 6.2.9. O

Similar duality statements for the differentiable Mond-Weir vector dual
can be proven analogously.

Theorem 6.2.11. Assume that the set S is moreover conver and for each

(Nu,z%) € Bﬁ% the function f;+2*Tg is pseudoconvex on S fori=1,... k.
Then there is no © € A and no (\u,z*) € BDS, such that fi(z) <
OS5y (N u, 2%) fori=1,...,k, and f;(z) < hﬁ%j(/\,u,z*) for at least one
jed{l,... k}.

Theorem 6.2.12. Assume that the set S is moreover conver and for each
(ANu,z%) € Bﬁ%, the function f;+2*Tg is pseudoconvex on S fori=1,... k.

If T is a properly efficient solution to (PYC) and the reqularity condition
(RCEp) () is fulfilled, then there emists (A, z*) € int(R%) x R such that
(A, #,2%) is an efficient solution to (DDVGy,) and fi(z) = LS (A, 2, 2%)
fori=1,... k.



6.2 Classical vector Wolfe and Mond-Weir duality 267

Duality statements for the differentiable Mond-Weir vector dual can be
obtained under weaker hypotheses by employing also quasiconvexity.

Theorem 6.2.13. Assume that the set S is moreover convex, f; is pseudo-
convez on S, i = 1,...,k, and for each (\,u,z*) € BYS, the function z*Tg
is quasiconvex on S. Then there is no x € A and no (A, u,2*) € BYS,, such
that fi(x) < hESy (A u, 2*) fori=1,...,k, and f;(z) < hﬁ%j()\,u,z*) for
at least one j € {1,...,k}.

Proof. Assume the contrary, i.e. that there are some z € A and (A, u,z*) €
BYS, such that fi(z) < hES,(A\u,z*) for i = 1,...,k, and fj(z) <
hJ\DﬁVj()\,u,z*) for at least one j € {1,...,k}. The functions f;, i = 1,....k,
being pseudoconvex on S, thus also quasiconvex on S, we get Vf;(u)? (z —
u) < 0, ¢ = 1,...,k. Moreover, the pseudoconvexity on S of f; implies
Vfi(uw)T(x —u) < 0 and consequently V(Zle Nif)(w)T(x —u) < 0, that
yields, using the construction of BLg,, V(2*7g)(u)T(z — v) > 0. On the
other hand, the way the feasible sets of the pair of problems in discussion
are built yields 2*Tg(x) < 2*Tg(u). Employing here the quasiconvexity on S
of z*Tg it follows V(z*7g)(u)” (x — u) < 0, which contradicts a previously
obtained inequality. Consequently, there is weak duality for the problems in
discussion. O

The following strong duality statement can be proven similarly to the
corresponding assertion involving Wolfe vector duality, via Theorem 6.2.13.

Theorem 6.2.14. Assume that the set S is moreover convex, f; is pseu-
doconver on S, i = 1,...,k, and for each (\,u,z*) € BYS, the function
2*T g is quasiconver on S. If T is a properly efficient solution to (PV®) and
the regularity condition (RC$;)(Z) is fulfilled, then there exists (X, z*) €
int (R ) x R such that (X, Z,2*) is an efficient solution to (DDVyjy,) and
fi(@) = Y5, (N2, 2%) fori=1,... k.

Remark 6.2.4. In Theorem 6.2.13 and Theorem 6.2.14 the hypothesis of pseu-
doconvexity on S for f;, ¢ = 1,...,k, can be replaced by assuming that
Zle A f; is pseudoconvex on S whenever (X, u, 2*) € BPS,,.

Vector duality statements of Wolfe type and Mond-Weir type when the
functions involved are invex with respect to the same function on S are con-
sidered, too. The skipped proofs are analogous to the ones just presented in
this subsection.

Theorem 6.2.15. Assume that the functions f;, i = 1,...,k, and g;, j =
1,....,m, are invex with respect to the same n : S x S — R™ on S. Then
there is no x € A and no (\,u,z*) € BRC such that fi(x) < hFS (A, u, 2*) for
i=1,....k, and fj(z) < hﬁg()\,u,z*) for at least one j € {1,... k}.
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Proof. Assume the contrary, i.e. that there are some x € A and (\, u,2*) €
BEC with fi(x) < kRS (A u,2*) for i = 1,...,k, and f;(z) < h{;{g()\,u,z*)
for at least one j € {1,...,k}. Then Zle Ni(fi(z) = (filu) + 2*Tg(u))) < 0.
On the other hand, by using the invexity hypotheses, we get Zle Ai(fi(z) —
(filw) + = Tg(a))) > nla ) (VL Nifi)(w) + V(=T g)(w) — *g(z) =

—2*Tg(x) > 0, which contradicts the first obtained inequality. Consequently,
there is weak duality for the problems in discussion. O

Theorem 6.2.16. Assume that the functions f;, i = 1,...,k, and g;, j =
1,...,m, are invex with respect to the samen: S xS — R" on S. If T is a
properly efficient solution to (PVY) and the reqularity condition (RC$1)(Z)
is fulfilled, then there exists (X, z*) € int(R%) x R such that (X, z,z*) is an
efficient solution to (DDV{$) and f;(z) = hES (N, z,2%) fori=1,...,k.

3

Analogously, one can prove the similar statements for the Mond-Weir vec-
tor dual.

Theorem 6.2.17. Assume that the functions f;, i = 1,...,k, and g;, j =
1,...,m, are invex with respect to the samen : S xS — R™ on S. Then there
is no x € A and no (\,u,2*) € BYS, such that fi(x) < hLS (A u, z*) for
i=1,...,k, and fj(z) < hﬁ%j()\,u,z*) for at least one j € {1,... k}.

Theorem 6.2.18. Assume that the functions f;, i = 1,...,k, and g;, j =
1,...,m, are invex with respect to the samen: S xS — R" on S. If T is a
properly efficient solution to (PVY) and the regularity condition (RC1)(Z)
is fulfilled, then there exists (A, z*) € int(RY) x R such that (X, %,%*) is an
efficient solution to (DDV G y,) and fi(z) = hPS,.(\, 2, 2*) fori=1,... k.

Remark 6.2.5. The statements on Wolfe and Mond-Weir vector duality from
above remain valid when the invexity hypotheses are replaced by asking
Zle Xifi and z*Tg to be invex with respect to the same 7 on S for all
(A, u, z*) feasible to the corresponding vector dual.

Remark 6.2.6. In papers like [62,191,192] it is claimed to be proven strong
duality statements for (PV¢) and its Wolfe and Mond-Weir vector dual prob-
lems where properly efficient solutions in the sense of Geoffrion are obtained
for the vector duals under hypotheses similar to the ones considered in this
section. We doubt that the proofs of those results are correct.

Remark 6.2.7. In papers like [61,99,195] there are given strong duality state-
ments for (PV®) and its Wolfe and Mond-Weir vector dual problems where
efficient solutions are considered for the primal and efficient solutions are ob-
tained for the vector duals. These assertions are based on the fact that z € A
is efficient to (PV?) if and only if it is an optimal solution to each of the
scalar optimization problems
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inf i(x
Jdnf - fi(2)

I (@) < [f; (%),

JE{L, b\ {i}
where ¢ = 1,..., k. In this case the regularity conditions that ensure strong
vector duality are too demanding, namely asking the stability of each of these
scalar optimization problems. This is why we omit these investigations from
our presentation.

Remark 6.2.8. In [6] a Mond-Weir vector dual problem to (PV®) is proposed,
where the constraint 327", 2¥g;(u) > 0 is replaced by z7g;(u) > 0 for j =
1,...,m. Weak and strong duality are proven under invexity hypotheses.

Remark 6.2.9. Assuming the functions f;, i = 1,...,k, and g;, 7 =1,...,m,
to be Fréchet continuously differentiable on S, the strong duality statements
given within this subsection remain valid when replacing the regularity con-
dition (RC$;)(z) with any of the regularity conditions considered in Remark
6.1.8.

Remark 6.2.10. When k = 1 the duals and the duality statements from the
this subsection collapse into the corresponding ones from the scalar case.

6.2.3 Vector Wolfe and Mond-Weir duality with respect to weakly
efficient solutions

Let X and Z be Hausdorff locally convex spaces, the latter partially ordered
by the convex cone C' C Z, and consider the nonempty convex set S C X,
the proper and convex functions f; : X — R, i = 1,...,k, and the proper
and C-convex function g : X — Z fulfilling N¥_; dom f; N SN g~1(—C) # 0.
Further, consider the vector function

(1@, fu@)T itz € 1 dom f

f:X >Rk flz)= _
+ooR;jr , otherwise,

which is proper and R’i—convex. Let be the primal vector optimization problem
with geometric and cone constraints

(PVS) Wlé/ﬂn f(z).
A={z e S:g(x)e -C}
According to Definition 2.5.1, an element & € A is said to be a weakly efficient
solution to (PV.) if # € Nk, dom f; and f(z) € WMin(f(NF_, dom f; N

A),RY). To (PVS') we attach the Wolfe vector dual problem with respect to
weakly efficient solutions

(DVi$w) Max  h$,, (A u, 2%),

(A,u,z*)EB%w
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where
k
BVCM:{(A,u,z*) € RE\{0}) x Sx C* : A= (A1, Mk Z
oea(Zm) )+ 00" g><>+N<s,u>}

and

fi(u) + (27, g(u))
hg/w()‘,u7Z*) = ,
fr(w) + (2", g(w))

and the Mond-Weir vector dual problem with respect to weakly efficient so-
lutions

(DV]\?Ww) O Zlvgg)l;Mww h%Ww(/\’ u, Z*)a
where
k
B = {()\,u,z*) € (RE\{0}) x S x C* : A= (A1,..., A Z
(2*g)(u) >0, Oeé)(ZA f) )+az*g)(u )+N(S,u)}
and

hg\j/[Ww()Hu, Z*) = f(u)

Note that By, € BGr.,, while h$,., (BS.,) and by, (B ) are sub-
sets of R*. The weak and strong duality statements follow. Some proofs are
skipped, being similar to the ones in subsection 6.2.1 and subsection 6.2.2

Theorem 6.2.19. There is no x € A and no (\,u,z*) € BS,, such that
fi(z) < B, s\ u, 2%) foralli=1,...,k.

Theorem 6.2.20. If Z is a weakly efficient solution to (PV,S), the regularity
condition (RCVCr) is fulfilled and one of the following additional conditions
(i) — (ii) from Theorem 6.2.2 is fulfilled, then there exists (A, z*) € (R \
{0}) x C* such that (\,z,2*) is a weak‘ly efficient solution to (DVi$,) and

fi(@) = hSi (N T, 2%) fori=1,....k.

Proof. Since f(z) € WMin(f(NF_, dom f; N A),R%), there is a A € RE\{0}
such that Z is an optimal solution to the scalar optimization problem

;gaD Fla
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Like in the proof of Theorem 6.2.2, one can take without loss of generality
Zle Ai = 1. Denoting I(\) = {i € {1,...,k} : \; > 0} # (), we obtain that Z
is an optimal solution to the scalar optimization problem

w3 N +5 o aon )},

zeA < ig (N
i€I(N)

Analogously to the proof of Theorem 6.2.2, by Theorem 3.3.16 there is z* € C*
for which (z*g)(z) = 0 and 0 € 8(Ziel(;\) Aifi 400,40 dom £ + (279) +
8s)(z). By one of the additional conditions (i) — (ii), one gets further 0 €

a( Zie[(j\) )\ifi_'_dmigl(i\) dom f’i) (Z)+0(z"g)(Z)+N(S,z) = 8( Zf:l /\zfz) (@)+
d(2*g)(Z) + N(S, 7). Therefore (A, z, z*) is feasible to (DV§/). Note also that
fi(@) = fi(z) + (2" g)(z) for i = 1,... k. The weak efficiency of (\,z, z*) to
(DV;$) follows by Theorem 6.2.19. O

Theorem 6.2.21. There is no x € A and no (\,u,2*) € By, such that
fi(x) < W wi(Au, 2%) foralli=1,... k.

Theorem 6.2.22. If 7 is a weakly efficient solution to (PV.S), the regularity
condition (RCVCr) is fulfilled and one of the following additional conditions
(i) — (ii) from Theorem 6.2.2 is fulfilled, then there exists (X, z*) € (R} \
{0}) x C* such that (X, z,2%) is a weakly efficient solution to (DVyjy,,,) and
1i(@) = b wi(N 3, 2%) fori=1,... k.

Remark 6.2.11. (a) Note that in both Theorem 6.2.20 and Theorem 6.2.22 the
regularity condition (RCV %) can be replaced according to Remark 6.2.1(a),
while as additional condition one can assume (iv’).

(b) It is worth noticing that in the strong duality theorems mentioned
above one cannot use directly the eventual fulfillment of the additional condi-
tion (7i7') from Remark 6.2.1, since 5%&1@) dom f; 1s only proper and convex,
but not necessarily lower semicontinuous, when f;, ¢ = 1,...,k, are proper,
convex and lower semicontinuous. When X and Z are Fréchet spaces, to con-
sider additional conditions similar to (i)’ from Remark 6.2.1 the reader is
referred to [207].

Remark 6.2.12. In [200], where all the spaces involved are taken normed and
the functions f and g are cone-convex, vector duality of Wolfe type is consid-
ered with respect to weakly efficient solutions.

For the remainder of this subsection we take Z = R™, C' = R and
S C X an open set, not necessarily convex. First let the functions f; : § — R,
i=1,...,k,and g; : S = R, j = 1,...,m, be Gateaux differentiable on S
and not necessarily convex on S and denote g = (g1,...,9m)".

The differentiable Wolfe vector dual problem with respect to weakly effi-
cient solutions is
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(DDVig) Max  higf, (A u, %),

(A,u,z*)GB{?V%

where

B35 = { O #7) € (RE\(0)) xS X RT3 = O )T,

j=1
and .
filw) + 3 20,(0)
p
BES (A y*,u) = : ,
() + 2 zg,(w)
p

and the differentiable Mond-Weir vector dual problem with respect to weakly
efficient solutions

(DDVGw) Max  hPS, . (N u,2*),

(Am,z*)EBﬁC“IVW

where

k
BZ\D/I?/VU) = {(A,U,Z*) € (R’i\{O}) xS x RT PA= ()‘h"'a)‘k)T,Z)\i = ]-7
i=1

m
2F = (27,.. .,z;‘n)T,Zz;gj(u) >0,
j=1

S(San)or($sm)u =)

and

hﬁ%/w(Aa u, Z*) = f(u)
When the functions involved are taken Fréchet differentiable the formula-
tion of these duals is formally the same. Note that B, C BES and
5w (BESvw)s PEC (BES) € RF. Weak and strong duality statements for
these vector duals follow.

Theorem 6.2.23. Assume that the set S is moreover convex and the func-
tions fi, i = 1,...,k, and g;, j = 1,...,m, are convex on S. Then there
is no x € A and no (\,u,z*) € BRS such that fi(x) < hFS (A u,z*) for
i=1,...,k.
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Theorem 6.2.24. Assume that the set S is moreover conver and the func-
tions f;, i=1,...,k, and g;, 7 =1,...,m, are convex on S. If T is a weakly
efficient solution to (PV,C) and the reqularity condition (RCV L) is fulfilled,
then there exists (A, z%) € (RX \ {0}) x R such that (\,Z,z%) is a weakly
efficient solution to (DDV$.,)) and fi(z) = hRS (N, &, 2*) fori=1,... k.

Theorem 6.2.25. Assume that the set S is moreover convex and the func-
tions f;, i =1,...,k, and g;, 7 = 1,...,m, are convex on S. Then there is
noz € A and no (\,u,z*) € BYG,., such that fi(x) < hBDS, ..\ u, z*) for
i=1,...,k.

Theorem 6.2.26. Assume that the set S is moreover conver and the func-
tions f;, i=1,...,k, and g;, 7 =1,...,m, are convex on S. If T is a weakly
efficient solutwn to (PVC) cmd the regulamty condition (RCVCr) is fulfilled,
then there exists (X, z%) € (RX \ {0}) x R such that (\,Z,z%) is a weakly
efficient solution to (DV]\?VCVw) and f;(z) = b5y wi(N T, 2%) fori=1,... k.

Remark 6.2.13. Note that in both Theorem 6.2.24 and Theorem 6.2.26 the
regularity conditions can be replaced according to Remark 6.2.1(a).

Generalized convexity properties can be considered for the functions in-
volved without losing the vector duality statements. Further let be X = R”
and the functions f; : S = R, i =1,...,k,and g; : S = R, j =1,...,m,
Fréchet differentiable on S and not necessarily convex on S. We begin with
the duality statements for the differentiable Wolfe vector dual.

Theorem 6.2.27. Assume that for each (\,u,z*) € BRC the function fi +
2Tq is pseudocom)ex on S fori=1,... k. Then there is no x € A and no
(A u, 2*) € BES such that f;(z) < hwm()\,u,z*) fori=1,... k.

Ww

Theorem 6.2.28. Assume that for each (\,u,z*) € BRC the function fi +

Tg is pseudoconvex on S fori=1,... k. If T is a weakly efficient solution to
(PVC) and the reqularity condztzon (RCKT)(’) is satisfied, then there exists
(A, z%) € (RE\ {0}) x RTDsuch that (\,z,2*) is a weakly efficient solution to
(DDVWw) and f;(z) = hEC (N, 7, 2%) forz =1,...,k.

The duality statements for the differentiable Mond-Weir vector dual follow.

Theorem 6.2.29. Assume that for each (A u, z*) € BYS,,., the function f; +
2*Tg is pseudoconver on S fori = 1,... k. Then there is no v € A and no
(A, u, 2%) € BYS,,, such that fi(x) < hMWW()\,u,z*) fori=1,... k.

Theorem 6.2.30. Assume that for each (\,u,z*) € B]\/[Ww the function f; +

T is pseudoconvex on S fori =1,... k. If T is a weakly efficient solution to
(PVC) and the regularity condztzon (RCKT)(’) is satisfied, then there exists
(A, z%) € (RE\{0}) x RT such that (N, z,2*) is a weakly efficient solution to
(DDVMW ) and fi(z) = S0 (N T, 2 )fori =1,...,k.
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Note that, unlike the corresponding statements from the previous subsec-
tion, in the last four assertions it was not necessary to impose the convexity of
the set S. Duality statements involving the differentiable Mond-Weir vector
dual can be obtained under weaker hypotheses by employing also quasicon-
vexity.

Theorem 6.2.31. Assume that that the set S is moreover convex, f; is
pseudoconver on S, i = 1,...,k, and z*Tg is quasiconvex on S for each
(A, u,2*) € BYS,.,- Then there zs noz € A and no (\,u,z*) € BYS,., such
that fi(x) < hYSywi(Nu,2%) fori=1,... k.

Theorem 6.2.32. Assume that that the set S is moreover convex, f; is pseu-

doconver on S,i=1,...,k, and z*T g is quasiconvex on S for each (\,u, z*) €
Bﬁ({;{,w. If T is a weakly efficient solution to (PV.S) and the regularity con-

dition (RC{1)(Z) is satisfied, then there exists (A,z*) € (RE \ {0}) x R
such that (X, Z,2*) is a weakly efficient solution to (DDV ) and fi(Z) =
D wi N T, 25) fori=1,.... k.

Remark 6.2.14. In Theorem 6.2.31 and Theorem 6.2.32 the hypothesis of pseu-
doconvexity on S for f;, ¢« = 1,...,k, can be replaced by assuming that
Zle A f; is pseudoconvex on S for each (A, u,z*) € BYS,..-

Remark 6.2.15. In [197], in the case S = R™, Wolfe vector duality was proven
under the generalized convexity hypotheses of Theorem 6.2.27 and Mond-Weir
vector duality under the ones of Theorem 6.2.31, both with respect to weakly
efficient solutions.

Invexity can be employed to deliver vector duality statements in this sub-
section, too, and here it is not necessary to have the set S moreover convex.

Theorem 6.2.33. Assume that the functions f;, i = 1,...,k, and g;, j =
1,...,m, are invex with respect to the samen : S xS — R™ on S. Then there
is no x € A and no (\,u,z*) € BRS such that fi(x) < hFS (A, u,z*) for
i=1,...,k.

Theorem 6.2.34. Assume that the functions f;, i = 1,...,k, and g;, j =
1,...,m, are inver with respect to the same n : S xS — R™ on S. If T is
a weakly efficient solution to (PV,S) and the regularity condition (RC1)(Z)
is fulfilled, then there exists (\,z*) € (R% \ {0}) x R such that (\,,%%)
is a weakly efficient solution to (DDV$,) and fi(z) = hEC (N, z,2%) for
i=1,...,k.

Theorem 6.2.35. Assume that the functions f;, ¢ = 1,...,k, and g;, j =
1,...,m, are invex with respect to the samen : S xS — R™ on S. Then there
is no z € A and no (\,u, z*) € BYS,., such that fi(z) < Sy w:i (A, u, 2*) for
i=1,...,k.
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Theorem 6.2.36. Assume that the functions f;, i = 1,...,k, and g;, j =
1,...,m, are invex with respect to the samen : S x S — R"™ on S. If T is
a weakly efficient solution to (PV,S') and the regularity condition (RC$,)(Z)
is fulfilled, then there exists (X, z*) € (R \ {0}) x R such that (X, Z,z*) is
a weakly efficient solution to (DDV G y.) and fi(Z) = hESy.:(\,Z,2%) for
i=1,... .k

Remark 6.2.16. The statements on Wolfe and Mond-Weir vector duality from
above remain valid when the invexity hypotheses are replaced by asking
Zle i fi and ZT:l 27 g; to be invex with respect to the same 7 : Sx S — R
on S for all (A, u,z*) feasible to the corresponding dual.

Remark 6.2.17. In [6] another Mond-Weir vector dual problem to (PV.)
with respect to weakly efficient solutions is proposed, where the constraint
> i1 2595 = 0is replaced by zfg;(u) > 0 for j = 1,...,m. Weak and strong
duality are proven under invexity hypotheses.

Remark 6.2.18. Assuming the functions f;, i =1,...,k,and g;, 7 =1,...,m,
Fréchet continuously differentiable on S, the strong duality statements for the
differentiable duals given within this subsection remain valid when replacing
the regularity condition (RC'Y;)(Z) with any of the regularity conditions con-
sidered in Remark 6.1.8.

Remark 6.2.19. When k = 1 the duals and the duality statements from the
this subsection collapse into the corresponding ones from the scalar case.

Remark 6.2.20. Other vector duals of Wolfe and Mond-Weir types or closely
related to them were considered in the literature, too. In [134] there is men-
tioned a vector dual problem to (PV®) constructed in a similar way to the
scalar dual problem (DDJ%\VT/). In [197] a so-called Wolfe-Mond-Weir type
vector dual is proposed, while in [203] a similar one is proposed to a spe-
cial case of (PV®). On the other hand, in [53], working in normed spaces,
a Wolfe type vector dual is considered, where the functionals that bring the
constraint vector function of the primal vector minimization problem in the
objective function of the dual, in our case z*, are only linear, not also contin-
uous. Something similar can be found for V = R¥ and Z = R™ in [55], where
the mentioned functionals are actually linear maps mapping C into a cone
that contains K, and in [145]. Vector dual problems to (PVY) constructed
in a similar way to the scalar dual problem (DD, /) can be found also
in [44,134,191,197].

6.3 Other Wolfe and Mond-Weir type duals and special
cases

In this section we present some applications of the Wolfe and Mond-Weir
duality concepts, first for constructing new dual problems for which the strong
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duality occurs without the fulfillment of any regularity condition, then for
introducing dual problems whose duals are actually their corresponding primal
problems, obtaining the so-called symmetric duality.

6.3.1 Scalar Wolfe and Mond-Weir duality without regularity
conditions

Sometimes the validity of regularity conditions is not so easy to verify and
different methods were proposed in order to avoid this situation without losing
the strong duality for the problem in discussion. A way to overcome this
difficulty is to consider stronger regularity conditions that are easier verifiable,
but this method has as drawback the fact that there are situations when these
stronger regularity condition are not fulfilled. Another possibility is the one
presented in the following, namely to assign to the primal problem a dual
for which the strong duality is automatically valid, without any additional
assumption.

The scalar primal problem we investigate here is a particular case of (P%),
obtained for X = R", 7 = R™, C = R7", S = R" and the convex functions
f:R" - Rand g; : R" - R, j =1,...,m, with g7*(R7) # (. Denote
g=1(g1,...,9m)". Then the primal problem becomes

(PO) int f(x).
A={zeR": g(z) £0}

We give first some Wolfe and Mond-Weir type duals for it for which there is
strong duality without the fulfillment of a regularity condition. To do this,
let be the set of binding constraints Z(g) = Ngeal(z) = {j € {1,...,m} :
gj(z) = 0 Vo € A} and the following so-called set of constant directions of
Z(g) atx € A

DE(Q)(x) ={deR"3t>0:g;(x+sd) =g;(x) Vs €[0,t) Vj € Z(g)}.

For any = € A the set D7 ,(x) is a convex cone.
To (PY) we attach a Wolfe type dual problem (cf. [140])

(DY) sup {0+ X 5000},
u€R™, *:(z;,...,z:‘”)TE]RT, j=1

gj(u)=0 VjeZ(g),
0€0f (u)+ 3 2509, (u)—(DZ 4 (u)"
i=1

and a Mond-Weir type dual

(Dir) sup f(w).

w€ER™ 2" =(z7 ,...,z:n)TERT,

g5 (u)=0 Vj€Z(g), >° 27 g;(u)>0
j=1

0€0f(w)+ 32 =1g;(w)—(DF 4y (w)"
j=1
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Note that the feasible set of (D},G,) is included in the one of (DJ},¢). To
give duality statements for (P¢) and these duals the following preliminary
results are needed (cf. [140]).

Lemma 6.3.1. The set {x € R" : g;(x) =0Vj € Z(g)} is conver.

Proof. Take z,y € R™ such that g;(z) = g;(y) = 0 for all j € Z(g) and an
arbitrary ¢t € (0,1). Denote z := tx + (1 — t)y. Showing that g;(z) = 0 for all
Jj € Z(g) would yield the desired convexity.

Assume to the contrary that g;(z) # 0 for some j € Z(g). Due to the
convexity of g; we must have g;(z) < 0. Thus z ¢ A. Take w € ri(A) and
construct the half-line W := {z + t(w — z) : t > 0}. Surely w belongs to the
set ANW.

Were there other points in this set, one would have g;(s) = 0 for alli € Z(g)
and all s € ANW. Thus g; would take the value 0 along a segment of a line
which contains z and there is also g;(z) < 0. But this cannot happen for the
convex function gj, consequently AN W = {w}. As z ¢ A, there is some
le{l,...,m} such that g;(w) < 0 and g;(z) > 0. We cannot have | € Z(g),
since this would yield ¢;(x) = ¢i(y) = 0, which together with g;(z) > 0
contradicts the convexity of g;. Then l € {1,...,m}\Z(g).

Assume now that g;(w) < 0. As g; is convex, there is some ¢; € (0, 1) such
that g;(t;w+ (1 —t;)z) = 0. From all the I’s obtained as above, choose the one
which delivers the largest ¢; and denote it by . Then g;(t;w+ (1 —t;)z) < 0 for
all these I’s. As for any other i € {1,...,m} we have g;(z) <0 and ¢;(w) <0,
it follows g;(tjw + (1 — t7)z) < 0, therefore tjw + (1 — ¢;)z € A and, since
tiw+ (1 —t;)z € W, there is another point in ANW besides w. As this cannot
happen, it follows g;(w) = 0. As 1 € {1,...,m}\Z(g), there is some point
@ € A such that g;(w) < 0 and, since w € ri(.A), there is a nontrivial segment
on the line containing both w and @ completely contained in ri(.A), on which
g; takes everywhere the value 0. But g; is convex, thus it cannot happen to
take the value 0 on a segment of a line and a negative value at another point
of the line. Consequently our initial assumptions is false, thus g;(z) = 0 for
i€Z(g). O

Lemma 6.3.2. If x € A and u € R"™ are such that g;(u) = 0 for j € Z(g),
then d*T (x — u) > 0 whenever d* € (D7 ()"

Proof. Tt is enough to show that g;(u + t(z — u)) = g;(tx + (1 — t)u) = 0 for
i € Z(g) and all t € (0,1) as this yields (z —u) € Dy, (u), fact that leads to
the desired conclusion. Were it not true, then there would exist j € Z(g) and
t € (0,1) such that g;(u+ t(x — u)) < 0, which contradicts the convexity of
the set {x € R : g;(x) =0Vj € Z(g)} proven in Lemma 6.3.1. O

The proof of the following statement can be found in [14].

Lemma 6.3.3. A necessary and sufficient condition for & € A to be an opti-
mal solution to (PC) is the existence of some z; € Ry, where j € J(g,7) =
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{ie{1,....mN\Z(g) : g:(z) = 0}, for which df(z) + Yjci(en) 25 09;(Z)
(D) ()"
The weak and strong duality statements follow.

Theorem 6.3.4. One has v(DY/G,) < v(DIVC) < o(PCY).

N

Proof. Let be v € R™ such that gj(u) = 0 for j € Z(g9) and z* =
(27,...,25)T € R, fulfilling 9 f (u) + ZJ 1250g;(u) N (D7, (w)* # 0.

If ZJ 1779j(u) > 0 then (u,z*) is feasible to (DS and f(u) <
flu) + ijl 27gj(u). Taking now in both sides of this inequality the supre-
mum regarding all pairs (u, 2*) feasible to (DY¥/§,) we obtain in the left-hand
side v(D}7S,), while in the right-hand side there is the supremum of the ob-
jective function of (DJ}) concerning only some of the feasible solutions to
this problem. Consequently, v(DYG,) < v(D{V9).

Take now an element (u, z*) feasible to (D). Then there are some u* €
Of(u), wi* € 8g;(u), j = 1,...,m, and d* € (DZ(g)(w))" such that v +
+Z ", Zjw’* = d*. Then for all z € A we have

m

1) = (100 + Lzios) 20 =) - Sz
=— Z z;fwj*T(x —u) — Z zigj(u) + a7 (x — u)
> ZZ}‘(QJ'(U) — g;(x)) - Z Zg(u) = — Z 21 gi(x) >0

As the feasible points were arbitrarily chosen, we get v(DW.¢) < v(PY). O

Theorem 6.3.5. If © € A is an optimal solution to (P®), then v(P¢) =
v(DWC) and there exists z* € R™ such that (%, 2*) is an optimal solution to
(D).

Proof. As 7 solves (P®), Lemma 6.3.3 ensures the existence of some 2z €
Ry, j € J(g,2), for which 0 € 0f(Z) + > ,c5(4.5) % 09;(T) — (D7, (2))".
Take z; = 0 for j € {1,...,m}\J(g,Z). Thus 0 € 9f(z) + 37", Z;09,(%) —
(Dg(g)(_))* and we obtained a z* € R’ such that (a‘s 2*) is feasible to (D}}©)
and Zj 17;9;(%) = 0. Then f(z) = f(z )—i—zj 17;95(%), i.e. the objective
functions of the primal and dual take a common value Employing Theorem
6.3.4 we obtain the desired conclusion. 0O

Theorem 6.3.6. If € A is an optimal solution to (PC), then v(P%) =

((DWZV%%) and there exists Z° € R such that (z,z*) is an optimal solution to
D
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Proof. Analogously to the proof of Theorem 6.3.5 we obtain a z* € R such
that (z,z*) is feasible to (DYS,). Then the objective functions of the primal
and dual take a common value, f(Z). Employing Theorem 6.3.4 we obtain
again the conclusion. 0O

Remark 6.5.1. According to [140], the constraints g;(u) = 0 for j € Z(g)
can be replaced in the formulations of (DJ}¢) and (DY), respectively, by
g;j(u) <0 for j € Z(g) without affecting the duality statements.

Similar assertions can be made also when the functions f : R” — R and
g; : R" = R, j =1,...,m, are moreover Gateaux differentiable. Then the
subdifferentials that appear in the formulations of the duals introduced in
this subsection turn into gradients and both of these duals can be obtained
as special cases of the dual considered to (P®) in [196], as an analogous
to (DDS_yyw) from subsection 6.1.2. To give it, consider the disjoint sets
Jy € {1,...,m}, 1l =0,...,s, such that U;_,J; = {1,...,m}. The dual in
discussion, a “combination” of the Wolfe and Mond-Weir duality concepts, is

(DDYC ) sup {f(u) 'y z;gjw)}.
ueR",z*:(zf,...,zfn)TERT, j€Jo

95 (u)=0 Vi€Z(g), 35 27g;(u)=0, I=1,....s,
J,

)
i€

ViV ( £ 2je;) (eDz, )"

Taking Jo = {1,...,m}, (DD$,_,;w~) turns into a differentiable Wolfe
type dual to (P©),

(DDIYE) sup Fw) +>" g0
j=1

w€R™,z*=(z7,...,25,) T €RT, g;(u)=0 VicZ(g),
m
ViV ( £ 20;) we(DZ ) )”
Pz

while if Jo = () we obtain differentiable Mond- Weir type duals to (P, namely
if for some 1 € {1,...,s} there is J, = {1,...,m} we get

(DDyrw) sup fw),

9 (w)=0 Vi€Z(9), 3 =9;(w)20,
=

Vf<u>+V(j§ 229;) (WE(DF () (w)*

and when s = k and each J;, [ € {1,...,m} is a singleton, (DD}V' ;1) is
(DDA%) sup f(u).

w€R™ 2" =(2],..., zfn)TERT,
95 (w)=0 Vj€Z(g), z;g;(u)>0, j=1,...;m,

Vf(u)W(ji 219;) (W E(DF () (w)*
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Analogously to the proofs of Theorem 6.3.4, Theorem 6.3.5 and Theorem
6.3.6 we get the following weak and strong duality statements for (P) and
(DDWC, w), from which one can deduce weak and strong duality assertions
for (DDWC), (DDYS,) and (DDAV/Z\%), t0o.

Theorem 6.3.7. One has v(DDWC, ) < v(PY).

Theorem 6.3.8. If € A is an optimal solution to (PY), then v(P%) =
(DD 1w ) and there exists z* € R such that (Z,z%) is an optimal solu-
tion to (DDWC 1w )-

Remark 6.3.2. In [196] it is claimed to have been proven that Theorem 6.3.7
and Theorem 6.3.8 remain valid also when replacing the convexity hypotheses
imposed here on f and gj, j = 1,...,m, by weaker assumptions of pseudocon-
vexity and quasiconvexity and taking these functions Fréchet differentiable.
However, the proof of the weak duality statement uses Lemma 6.3.2, which
is demonstrated by making use of Lemma 6.3.1, where the convexity of g;,
j=1,...,m, is decisive.

Remark 6.3.3. When there exists ' € R™ such that g(z') € —int(R7), in
other words the classical Slater constraint qualification is fulfilled, in [14,140]
is stated that Z(g) = ) and, consequently, D7 (w) =R" and (D7, (u))" =
{0}. In this situation the results given in this subsection turn out to collapse
into the classical ones from section 6.1.

6.3.2 Vector Wolfe and Mond-Weir duality without regularity
conditions

There are Wolfe type and Mond-Weir type vector duals for which the strong
duality holds without regularity conditions, too. The way they are presented
here has its roots in [63,198]. The primal vector optimization problem con-
sidered there is (PVY), formulated for X = R”, Z = R™ S = R",
C=R!V = RF partially ordered by the corresponding nonnegative or-
thant, f = (f1,...,fr)T :R* = R¥ and g = (g1,...,9m)" : R® — R™, with
fisi=1,...,k,and g;, j = 1,...,m, convex functions.

We give in the following Wolfe and Mond-Weir type vector duals to (PV®)
with respect to properly efficient solutions where strong duality holds without
any regularity condition.

The Wolfe type vector dual for (PVY) with respect to properly efficient
solutions we consider here is

(DVY ) Max  h{vE(\u, 2%),

(Au,z*)eBIC

where
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k
B%C:{(A7u7z*)emt(Rm)><R"><Rm A=A, Z
2= (2,2 gi(u) =0V € Z(g),

Oea(g)\iﬁ) (iz ) — (Dz(g)(u ))*}

and .
fi(uw) + _Zl 27 g;(u)
F=
hyC (A u, %) =
fulw) + il 25 (u)
=

while the corresponding Mond-Weir type vector dual is

(DVahw)  Max iy (A u,2%),
(Auz*)eBMW
where
k
Byt = {()\»%Z*) € int(RY) x R" x R : A= (Ag,..., A Z
2=(2,..., 25 ), g;(u)=0vj€Z(g ZZ g;(u
k
068(2)\1]02) +6(Zz gj) Z(q)( ))*}
i=1
and

h%%()‘ﬂ% z*) = f(u)

The weak and strong duality statements for (PV¢) and these dual prob-
lems follow.

Theorem 6.3.9. (a) There is no x € A and no (\,u,2*) € BV such that
fi(x) < WV (N u,z*) fori=1,....k, and fj(z) < hWC()\ u, z*) for at
least one j € {1,...,k}.

(b) If T is a properly efficient solution to (PVY), then there exists (\,z*) €
int(RX) x R such that (X, z, 2*) is an efficient solution to (DVV‘{,VC) and
fi(@) =hYS Nz, z*) fori=1,...,k.

Proof. (a) Assume that there are € A and ()\,u,z* € BWC for which
fi(z) < RS (N u,2%) fori =1,...,k, and fj(x) < z*) for at least

)
wi (A u,
oneje{1,...,k}.Theanzl)\ifi(x)<Zf:1)\ifl( z] 1 23g;(w). On the
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other hand, using the way the feasible set of the dual problem is constructed
and Lemma 6.3.2, we get, like in the proof of Theorem 6.3.4,

k k m
Do Nifil@) =D Nfilw) + > 25, (w)
i—1 i=1 J=1

which contradicts the inequality obtained above. Consequently, the initial
supposition turns out to be false and there is the desired weak duality.

(b) The proper efficiency of  to (PVY) delivers a A = (A1,...,\)T €
int(]Ri), which can be taken to fulfill Zle i = 1, such that Z is an optimal
solution to the problem

QQEZA e

while by using Lemma 6.3.3 we can construct an element z* = (z},..., 2 )7 €
m ko 7 D= 7)) *
R such that 0 € 003 ,_; Aifi)(®) + > ;e W) z;0g;(z) — (D Z(g)( Z))* and

Zr=0,j€{1,...,mN\J(g,7). Thus 0 € I(X1_; \ifi)(®) + 72, 209;(2) —
(D7 (@))* and (/\,x z ) is feasible to (DVIV ).

The efficiency of (A, ,2*) to (DV¥ ©) follows via (a). O
Analogously one can prove the following statement.

Theorem 6.3.10. (a) There is no x € A and no (\,u,z*) € BYS, such that
fi(x) < B S (N\u, 2*) fori =1,...,k, and f;(x) < h%%j(x\,u,z*) for
at least one j € {1,...,k}.

(b) If T is a properly efficient solution to (PVC), then there exists a (X, 2*) €
int(RX ) x R such that (N, z,2%) is an efficient solution to (DV,},$) and
fi(@) = hY S (N2, 2%) fori=1,... k.

Remark 6.3.4. When the functions involved are taken moreover Gateaux dif-
ferentiable one can formulate, starting eventually from the scalar differentiable
duals (DD}VC), (DDY/S) and (DDA%)’ differentiable vector duals to (PVY)
for which strong duality holds without asking the fulfillment of any regularity
condition. A Mond-Weir type such vector dual is given in [63].

Remark 6.3.5. In [63] there are introduced Wolfe and Mond-Weir type vector
duals to (PVY) with respect to efficient solutions for which strong duality
holds without asking the fulfillment of any regularity condition. However, their
formulation is more complicated than (DV{¥ ©) and (DV%$), respectively,
thus we do not treat them here.

Remark 6.5.6. In [63] it is claimed to prove weak and strong duality state-
ments for the differentiable version of (DV}/$) under pseudoconvexity and
quasiconvexity assumptions for the functions involved. As stated in Remark
6.3.2, we doubt that these results are valid. Moreover, in [198] it is claimed
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that in Theorem 6.3.9 properly efficient solutions in the sense of Geoffrion
to the vector dual can be obtained. We doubt that the proof given there is
correct.

Remark 6.3.7. Statements similar to Remark 6.3.1 and Remark 6.3.3 hold in
the vector case, too. Note also that when & = 1 the duals and the duality
statements from the vector case collapse into the corresponding ones from the
scalar case.

6.3.3 Scalar Wolfe and Mond-Weir symmetric duality

Wolfe and Mond Weir duality approaches were incorporated also in the so-
called symmetric duality, as it is known the situation when the dual of the
dual problem is the primal problem itself. Mond-Weir symmetric duality was
considered since the inception of the Mond-Weir duality in [138]. Unlike the
special case treated in subsection 6.3.1, the primal problem in a symmetric
primal-dual pair has a special formulation, being no more the classical con-
strained optimization problem (P¢) or (PV?), respectively.

We begin with the scalar case. Let be the twice Fréchet differentiable
function f : R” x R? — R and the pointed convex closed cones with nonempty
interiors C; C R™ and Cy C R?. The gradient of f with respect to its first
variable is denoted by V. f, while the one with respect to its second variable
V, f. Moreover, the Hessian matrices of f with respect to the first and second
variable, respectively, are denoted by V., f and V, f, respectively. The Jacob:
matriz of V. f with respect to the second variable is denoted by Vg, f, while
the Jacobi matriz of V,, f with respect to the first variable is denoted by V., f.

The Wolfe type symmetric duality scheme we propose generalizes the one
treated in [136] and it consists of the primal problem

PS inf , - Tv
( W) xeclll}yeRq7 {f(x y) Yy yf(x7y)}
Vyf(zy)e-C3

and the dual problem

(DgV) sup {f(uaz) _uTvm’f(uvz)}'
u€R™,2€Cy,
Vo f(u,z)eCy

Mond-Weir type symmetric duality schemes were considered in the litera-
ture, too. We present here a scheme of type that generalizes the one introduced
in [138], consisting of the primal problem

Py inf x,
(Prrw) 2€Cr R, f(z,y)
Vy f(zy)e-C3,
yTVyf(m,y)ZO

and the dual problem
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s
(DMW) sup flu,2).
u€ER™ z€C>,
Vo f(u,2)€CT,
uT' Vo f(u,2)<0

Remark 6.3.8. The pairs of symmetric dual problems proposed in [136, 138]
are special situations of the ones considered above, obtainable when the cones
Cy and Cy are the corresponding nonnegative orthants.

The weak and strong duality statements for these pair of problems follow.
We begin with the Wolfe type one.

Theorem 6.3.11. Assume that f(-,y) is convezx for any fixed y € RY and
f(z,-) is concave for any fived x € R™. Then v(Dj,) < v(Pg,).

Proof. Let (z,y) be feasible to the primal and (u, z) be feasible to the dual.
The convexity hypotheses yield f(x,2) — f(u,2) > (x — u)TV,f(u,2) and
(z =)V, f(z,y) > f(z,2) — f(x,y). Summing these relations up, one gets

F@, ) =y Vy fla,y) — (f(u,2) —uT Vi fu, 2)) > 27V, f(u,2) 2TV, f(2,y),

and the term in the right-hand side is nonnegative because of the way the
feasible sets of the two problems are constructed. Since the feasible points
were arbitrarily chosen, it follows v(D§,) < v(Pg,). O

Theorem 6.3.12. Assume that f(-,y) is convexr for any fized y € R? and
f(z,-) is concave for any fized x € R™. If (Z,7) is an optimal solution to
(P3) and ¥V, f(Z,7) is positive or negative definite, then (Z,y) is an optimal
solution to (D3,), too, and v(Pg,) = v(D3,).

Proof. Since (Z,7) is an optimal solution to (Pj), by the Fritz John optimality
conditions (see, for instance, [56,57]) there exists a pair (¢,7) € Ry x Cy,
(t,7) # 0, such that

Vo f(Z,9) + (1 —t7) Ve f(Z,5) = 0,
(T - tgj)TVyyf(E, l,_/) =0,

TTVyf(jag) =0,

V,f(Z,9) € —C5,2 € Cf, 5 € RY.

As V,, f(Z,7) is positive or negative definite, multiplying the second equality
from above by 7 — ty we should get in the left-hand side a nonzero value,
unless if 7 —ty = 0. Thus ¢ty = 7. If t = 0 then 7 = 0, which cannot happen.
Thus ¢ > 0 and § = (1/t)7 € Cs. Therefore 7V, f(Z,7) = 0. More than this,
V.f(Z,7) = 0 and so (7,7) is feasible to (D). Consequently,

f@9) - 9"V, f(@,9) = f(2,9) = f(z,5) — 2" V. f(Z,7),

i.e. at (Z,7) the values of the the objective functions of the primal and dual
coincide. By Theorem 6.3.11 it follows that (Z,7) is an optimal solution to
the dual and, consequently, there is strong duality. O
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For weak and strong duality regarding the Mond-Weir type pair of dual
problems one can consider the convexity hypotheses of Theorem 6.3.11, but
they are valid under generalized convexity assumptions as shown below.

Theorem 6.3.13. Assume that f(-,y) is pseudoconvez for any y € R? and
f(z,-) is pseudoconcave for any fized x € R™. Then v(D3ry) < v(Pymy)-

Proof. Let (x,y) be feasible to the primal and (u,z) be feasible to the
dual. Then 27V, f(u,z) > 0 and 27V, f(z,y) < 0, consequently, (z —
W) TV, f(u,z) > 0 and (z — y)TV,(=f(2,y)) > 0. The pseudoconvexity hy-
potheses yield then f(x,y) > f(u,y) and, respectively, —f(u, z) > —f(u,y).
Summing these two inequalities one gets f(x,y) > f(u,z). Since the feasible
points were arbitrarily chosen, it follows v(D3),) < v(Pg). O

The proof of the strong duality statement is analogous to the one of The-
orem 6.3.12, the only difference consisting in the weak duality statement that
yields the conclusion.

Theorem 6.3.14. Assume that f(-,y) is pseudoconvez for any y € R? and
f(z,-) is pseudoconcave for any fixred x € R™. If (Z,y) is an optimal solution
to (Pyrw) and YV, f(Z,7) is positive or negative definite, then (Z,y) is an
optimal solution to (D3y), too, and v(D3y) = v(Pipy)-

6.3.4 Vector Wolfe and Mond-Weir symmetric duality

Now we treat the vector case. Consider the twice Fréchet differentiable func-
tion f = (f1,..., /)T : R* x R? — RF and the pointed convex closed cones
with nonempty interiors C; C R™ and Cy C RY. Assume that f;(-,y) is con-
vex for any fixed y € R? and f;(z,-) is concave for any fixed z € R"™ for
i=1,... k.

The Wolfe type pair of symmetric primal-dual vector problems with re-
spect to efficient solutions we work with consists of

PV Min  fi- (A z,y),
(PViy) (/\,m,y)eAa,fW( Y)

where

Ay, = {()\,x,y) € int(RE) x Gy x RT: A= (Aq, ..., \) 7,

k k
> = 1,vy<zkiﬁ> (z,y) € —CS‘}
i=1

i=1

and
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filz,y) — yTVy< Zﬁ: /\ifz)(mvy)

=1
fiv(\a,y) = :
k
and
S S
(DVW) ()\,1}\,/,[2?2(85‘/ hw(A,’U/,Z),
where
By, = {()\,u,z) € int(RE) x R" x Co: A= (Ar,..., )7,
k k
i=1 i=1
and

k
filu,z) —u"V, < > )\ifi) (u, 2)
h%,()\,u, z) = 5 ,
E
fulu2) =" NS )0
i=1
while the corresponding Mond-Weir type pair contains
(PVJ\EW) Mins f]s\’l‘/V(A’xay%

where

'M”

A {()\xy)emt( FYx Cp xRI:A = (Ar,..., M

=1

Vy<zk:)\ifi>(x,y)€—C§,yTV <§k: > z,y >o}

i=1 i=1

and
fAS;IW()"x7y) = f(l‘vy)
and
(DVA%W) ()\,u,l\z/g;é}l;f/fw hi]W(Aa u,z),
where
k
B = {()\,u,z) eint(RE) xR x Cp: A= (Ar,..., )" ) i =

i=1

vz<éxif,»> (u,z) € Cf,uTVz(;Aifi> (u,z) < o}
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and
hf/lw()\7 u,z) = f(u, z).

Remark 6.3.9. Different pairs of symmetric vector problems of both Wolfe and
Mond-Weir types were considered in the literature, see for instance [111,115,
116,137,139,171,199], in [116] even a “combination” of Wolfe type and Mond-
Weir type pairs of symmetric vector dual problems is proposed. Some of these
problems are considered with respect to properly efficient solutions, some with
respect to efficient solutions and there are pairs of problems considered with
respect to weakly efficient solutions, too. We choose to consider only pairs of
problems with respect to efficient solutions because in all these papers the
main tool for showing the coincidence of the objective values of the primal
and dual at some point is vaguely mentioned, making us having doubts in the
correctness of some of those results.

Remark 6.3.10. In some of the papers dealing with symmetric Wolfe or Mond-
Weir type vector duality the variable A is fixed before, being not considered
as variable in any of the primal and dual symmetric vector optimization prob-
lems. However, when it comes to strong duality the proofs are not very accu-
rate.

In the following we state weak and strong duality type statements for the
primal-dual pair of Wolfe type symmetric vector problems follow. Due to the
special formulation of the symmetric vector optimization problems we deal
with, these assertions are not weak and strong vector duality statements as
understood anywhere else in this book.

Theorem 6.3.15. Let be A € int(R% ) with Zle Ai =1, such that (A, z,y) €
A3, and (\u,z) € Byj,. Then it is not possible to have f,(\,z,y) <
héwg)\,u,z) ]}”ori =1,...,k and fVSVj()\w,y) < ha,j()\,u,z) for at least one
je{l,. .. k).

Proof. Assume that it is possible to choose (A, x,y) € Ay, and (A u,z) €
B3, such that f3,,(\, 2, y) < hiy (A u,2) for i = 1,...,k and f‘;gvj()\,ay) <
ha,j(/\,u,z) for at least one j € {1,...,k}. Then

k k s k
D Nifilw,y)— yTVy<Z)\ifi>(xv ¥)=> Aifiu,2) +U‘TVI<Z)\ifi>(u7 z) <0.
i=1 i=1 i=1 i=1

(6.1)
On the other hand, the convexity hypotheses yield

k k k
i=1 i=1 i=1

and, respectively,



288 6 Wolfe and Mond-Weir duality concepts

k k k
v (Z Aifi) (@,9) =Y Nifilw,2) = Y Aifi(w,y).
i=1 i=1

i=1

Summing these relations up, one gets

k k
SoNih(e) 0 (A (o)
=1 =1

(Xk:)‘ifi(uv z) — UTVx<§;/\ifi(u’ Z))) >

i=1

(Z/\ fl) u,z) — 2TV (ZA fz> (z,y)

where the last inequality follows because of the way the feasible sets of the two
problems are constructed. This contradicts (6.1), thus the desired conclusion
follows. O

The following result from [171] delivers necessary Fritz-John optimality
conditions for a vector optimization problem, being useful for the strong du-
ality type statement following it.

Lemma 6.3.16. Let S C R" be a nonempty convex set, C' C R™ a convex
closed cone with nonempty interior and f = (f1,..., fr)T : R* — R* and g =
(g1, 9m)T : R® — R™ vector-valued functions such that f;, i = 1,...,k,
and gj, 7 =1,...,m, are Fréchet differentiable. If z € A is a weakly efficient
solution to
(PVS) WMin f(z),
rzeA
A={x e S:g(x)e -C}

then there exist a = (..., )T € Ri and B = (B1,...,Bm)T € C* with
(o, B) # (0,0) fulfilling the following optimality conditions

(Z)V(Z o fi) (@)t (x—s_c)—&—V(Z;n:l Big;) (@) (x —z) >0 for allz € S;
(i) Zj:lﬂjgj( z)=0.

Now we give a strong duality type statement for (PV;y) and (DVyy).

Theorem 6.3.17. Let (\,z,7y) be an efficient solution to (PVyy). If the
matriz Vyy(Zle \ifi)(Z,9) is positive or negative definite and the vectors
{Vyfi(z,g) i =1,...,k} are linearly independent, then (\,z,y) € B3, and
N 2,9) = by, (N 2,9) fori=1,... k.

Proof. Since (), Z,7) is an efficient solution to (PV;7), it is also a weakly
efficient solution to (PV;j). The assumptions made on the cone Cy ensure
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that int(C3) # (. We can apply Lemma 6.3.16 and in this way we obtain a
pair (o, 8) € R x C5\{(0,0)} such that

k
(B (aTe)5)" V,f(@,5)T(A—X) >0 VA € mnt(RY) with Y A =1, (6.2)
k —_
(Jmf(mf +(3- <aTe>y>Tvym<ZAifi) m)T) (e—7) >0V € Oy,
i=1
(6.3)

ﬂTVy<i5\ifi>(:f,gj) =0. (6.5)

Assume that o = 0. Then from (6.4) follows that 37V, ( Zle Nifi)(@,9) =0
and, consequently, 6Tvyy(Zf:1 ;\ifi)(fc,yj)ﬁ = 0. Taking into consideration
the assumption made on Vyy(Zf:l i fi)(Z,7), it follows that 3 = 0 and this
leads to a contradiction. Consequently, « # 0.

One can easily see that from (6.2) we obtain that there exists v € R such
that V, f(Z,9) (5 (aTe)g) = ve. Thus multiplying (6.4) from the right with
CE (aTe) y) it follows that

k —
(5= @) V| N @5 o) =0

which, because of the positive or negative definiteness of Vyy(z Nifi)(Z,79),
yields 3 — (aTe)yy = 0. This guarantees that § € Cy and, via (6. 5)

k
o (3) e -
i=1
Further, (6.4) turns out to be (a — (aTe)\ )TVyf(Jc y) = 0. As the vec-

(6.
tors {V fi(z,y) + i = 1,...,k} are linearly independent, we must have
— (aTe)X = 0. Writing (6.3) after getting these relations, it becomes

<§:/_\ > Trx—z)>0vVe ey

and from here one has

(ﬁ: ) y) > 0V € Ch.
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Consequently,
k
Vs ( > Aifi) (,9)=0
i=1

Smce C; is a convex closed cone, it yields V, (Zle \ifi)(Z,79) € C7 and
(/\ T,y) € B§,. More than that, as one can easily verify, fi,(\,Z,9) =
hw()‘ z,y). O

For the pair of Mond-Weir type problems the weak and strong duality type
statements can be proven analogously.

Theorem 6.3.18. Let be A € int(R% ) with Zle Ai =1, such that (A, z,y) €
A and (M u,z) € By . Then it is not possible to have fyyw.(\ z,y) <
harwiA\u, 2) fori=1,....k and fypy; (A 2,y) < b\ u, 2) for at least
oneje{l,... k}.

Theorem 6.3.19. Let (A, Z,7) be an efficient solution to (PViyy). If the
matriz Vyy(zz L \ifi)(Z,7) is positive or negative definite and the vectors
{Vyfl(m g):i=1,...,k} are linearly independent, then (N, Z,7) € Byy and
forwiN7,9) = hMWz()‘ax y) fori=1,....k.

Remark 6.3.11. A special case of symmetric duality is the so-called self-
duality, namely the situation when the dual can be rewritten in a form which
coincides with the one of the primal problem. This can be obtained for in-
stance when the objective functions of the primal symmetric duals are skew
symmetric. We refer to [115,138,171] for more on Wolfe type and Mond-Weir
type self-duality.

Remark 6.5.12. Using some remarks from [139,199], one can notice that care-
fully choosing the function f, the primal-dual pairs considered within this
subsection become special cases of the primal-dual pairs of vector problems
from subsection 6.2.3.

6.4 Wolfe and Mond-Weir fractional duality

6.4.1 Wolfe and Mond-Weir duality in scalar fractional
programming

Wolfe and Mond-Weir duality concepts were used in fractional programming,
too, even though not directly due to the special way such problems look
like. There are different ways to attach a dual to the primal scalar fractional
programming problem

f(z)
(PQC) ler.l%fQ h(z)’

A9 ={z e S:g(x) € -R7'}
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where S C R" is a nonempty convex set, f : R” — R and g; : R" — R,
j=1,...,m, are convex functions and h : R” — R is a concave function such
that SNg=1(—C) # 0, where g = (g1,...,9m)’ . Assume that for all z € S it
holds f(z) > 0 and h(z) > 0. In general (PQ®) is not a convex problem. The
two main approaches used in the literature to assign dual problems to it are
(cf. [13,194]) the one due to Jagannathan and Schaible, which can be applied
also for nondifferentiable functions and, respectively, the one of Bector, where
differentiability for the functions involved is essential.

Jagannathan (cf. [100]) and Schaible (cf. [164]) have considered a dual
based on Dinkelbach’s classical approach (cf. [59]) to fractional programming
problems, namely

(DQ%—ss) sup t.
u€S, 2" €RY 2" =(27] yeenzi )T tER Y,
fu)=th(u)+ 3= 25 g;(u)>0,
i=1

0€0f (u)+td(~h) (u)+a ( i 219;) (W+N(Sw)
=

This dual is of Wolfe type and one of Mond-Weir type can be attached to
(PQ®) by this approach, too, namely

C
(DQyrw—ss) sup l.
uES,z*ERT}Z*:(zI,.‘.,z:n)T,tE]RJF,

Fu)—th(u)>0, 3" 27, (u)>0,
j=1

0€0f (w)+td(—h) (w)+0( 3 279;) (W) +N(S.u)
j=1

From the way the feasible sets of these duals are constructed, it follows that
whenever (u, z*,t) is feasible to the Wolfe type dual one has 0 <t < (f(u) +
Z;-n:l 27g;(u))/h(u), while when (u,z*,t) is feasible to the Mond-Weir type
dual there is 0 < ¢ < f(u)/h(u). Moreover, the feasible set of (DQ{y_ ;) is
contained in the one of (DQI(/JV_ 75)- Weak and strong duality statements for
the problems just introduced follow.

Theorem 6.4.1. One has v(DQ$,_;5) < v(PQY).

Proof. Let be x = (z1,...,2,)T € A9 and (u, 2*,t) be feasible to (DQS;,_ ;¢),

with v = (u1,...,u,)T and z* = (zf,...,2%)T. Then there are some
* * * n * * *\T * * *\T * * *\T
w  y*,wt € R w* = (uf, ... ul)", v = (yf, ..., y8)", w* = (wy,...,w})",

such that u* € 9f(u), y* € G(ZJ 1 Jgj)(u), w* € N(S,u) and —u* —y* —
w* € t0(—h)(u). We have f(x) — f(u) > D0, ul(z; — u;), Z] 125 95(x) —

Yoy Zigi(u) > 0y (e — wi), ds(x) — ds(u) > ST, wi(a; — Uz‘) and
t(=h(z)+h(w) = =320 (uf +yf +w]) (i —u;). Then f(x)+3 70, 27g;(x) —

th(z) + ds(x) > f(u) + 251, 27g;(u) — th(u) + ds(u) and the term in
the right-hand side is nonnegative according to the way the feasible set
of the dual is defined. Taking into consideration that z,u € S, we get
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fla)+ 3200 Z}"gj(ﬂ?) — th(z) > 0, followed by (f + >°71, 27 g;(x))/h(z) > t
Since 377", z5g;(x) < 0, the latter inequality yields f(x)/h(z) > t. As the fea-
sible points con51dered in the beginning of the proof were arbitrarily chosen,
it follows v(DQ$,_ ;¢) < v(PQ%Y). D

Theorem 6.4.2. If (PQC) has an optimal solution & € A% and 0 € ri(g(S)+
R™), then v(PQY) = v(DQS;,_ ;) and there is some (z*,1) € RT x Ry such
that (z,z*,t) is an optimal solution to the dual.

Proof. From Dinkelbach’s approach (cf. [59]) it is known that if # € A® solves
(PQY), then it is an optimal solution to the convex minimization problem

inf {F(x) ~ th(@)},

where t := v(PQY) = f(z)/h(z) > 0, and the optimal objective value of the
latter is 0. Using Theorem 6.1.2 for the above scalar optimization problem and
its Wolfe dual, we get that there is some z* € R’ such that Z;n:l z7gi(x) =0
and

0 € af(z) + to(— —l—@(Zzg]) N(S,z).

Consequently, (Z, z*,), where z* = (z},...,z5)7T, is feasible to (DQ%,_;g)
and the objective functions of (PQ®) and (DQS$,_ ;4) share a common value.
By Theorem 6.4.1, (z,2*,%) is an optimal solution to (DQS;,_ ;) and the

strong duality is proven. 0O
Analogously, one can show the following assertions.
Theorem 6.4.3. One has v(DQYy_ ;) < v(PQY).

Theorem 6.4.4. If (PQ®) has an optimal solution T € A° and 0 € 1i(g(S)+
R7), then v(PQ®) = v(DQYy _ ;) and there is some (2*,1) € R x R such
that (z,z*,t) is an optimal solution to the dual.

Another dual to (PQ%) was introduced by Bector (cf. [13]) and its formu-
lation requires the set S C R"™ to be nonempty, convex and open, the functions
f:9—=Randg;: S —R,j=1,...,m, to be convex and Fréchet differen-
tiable on S, and A : S — R to be concave and Fréchet differentiable on S such
that SNg=1(—=C) # 0, where g = (g1,...,9m)T. We also assume that for all
x €S f(z) > 0 and h(z) > 0. The so-called Bector dual problem of Wolfe
type to (PQC) is

fw+ £ 550,
(DQY ) sup —
uES,z*:(zf,4..,z;L)TeRKL, h(u)

f+j§1 Z;yj
V| ——F— | (w)=0
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Analogously, a Bector dual problem of Mond-Weir type can be attached to
(PQY), namely

fu)
(DQ%W—B) Sup hw)
uweS, 2" =(z7,..., z:n)TERT, (u)

3% 255 ()20,
~

1+ 8 5o
v —=—— | (=0

Note that the feasible set of (DQ$-_ ) is contained in the one of (DQ$,_5).
Weak and strong duality assertions for both these duals follow.

Theorem 6.4.5. One has v(DQS,_5) < v(PQY).
Proof. Let x € A9 and (u, 2*) be feasible to (DQS,_5). Then one has

\Y

f+ i 23 9j
| @@~ u) =0,

which yields, via [126, Lemma 3.2.1],

f@)+ % 2gi(@) flu)+ 3 2ig;(w)

Jj=1 Jj=1

) = )

Because we also have 377", z5g;(x) < 0, it follows

F)+ 2 g

h(u)

f(z)
h(x)

>

As x and (u, z*) were arbitrarily chosen, we get v(DQ$,_5) < v(PQY). O

Theorem 6.4.6. If (PQ®) has an optimal solution T € A% and the regularity
condition (RCS1)(7) is fulfilled, then v(PQY) = v(DQS,_g) and there is a
zZ* € R such that (z,z*) is an optimal solution to the dual.

Proof. The problem (PQ®) has the same optimal solutions and optimal ob-
jective value as

inf M
z€eS, h(.%')
ey 9(@)E-RT

Thus Z is an optimal solution to this optimization problem and applying
Lemma 6.1.6 for it one obtains a z* = (z],..., z;,)" € R for which
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f@) _ j
() I

Using Theorem 6.4.5 it follows that (z,

z*) is an optimal solution to the dual
problem and we have strong duality. O

Analogously one can prove the following similar statements for the Mond-
Weir type dual.

Theorem 6.4.7. One has v(DQS,y_5) < v(PQC).

Theorem 6.4.8. If (PQ®) has an optimal solution T € A% and the regularity
condition (RC$)(Z) is fulfilled, then v(PQY) = v(DQS;w_p5) and there is
some z* € R such that (z,z*) is an optimal solution to the dual.

Remark 6.4.1. The regularity condition used in Theorem 6.4.6 and Theorem
6.4.8, can be replaced according to Remark 6.1.8 when the functions involved
are Fréchet continuously differentiable on S.

Remark 6.4.2. In [100] the dual (DQS,_ ;) is considered to (PQ®) when A%
is assumed to be bounded and S = R"™. In [126] the dual (DQS$,_z) with the
additional constraint f(u)+ 37", 27g;(u) > 0 is considered and also another
similar dual where the constraint involving gradients is constructed analo-

gously to (DD%). A direct Mond-Weir dual to (PQY) is mentioned in [190].

Nevertheless, in [11] the dual (DQ$, ) is considered, without the convexity
assumptions on the functions involved, but for the weak and strong duality
statements the objective function of the dual is assumed to be pseudoconvex.
Note also that in [13] duals of both types are assigned to (PQ®) which is
considered only in the case when h is linear.

6.4.2 Wolfe and Mond-Weir duality in vector fractional
programming

Several vector dual problems were proposed also for the primal vector frac-
tional programming problem

(PVQY) Min f9(x),

where
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AP ={zeS:g(x) € R}

and

fPay=1 |,
Jr(x)
hy(z)
with S € R™ a nonempty convex set, the functions f;,g; : R" — R, convex
and h; : R — R concave fori = 1,...,k,j=1,...,m,and SNg~}(-C) # 0,
for g = (g1,...,9m)T. We also assume that f;(x) > 0 for i = 1,...,k, and the
following additional hypothesis

Ja,b € R,0 < a < b such that h;(z) € [a,b],i =1,...,k, for all x € S. (6.6)

We recall that an element z € A% is said to be a properly efficient solution
in the sense of Geoffrion to (PV Q) if f?(z) € PMing. (f9(A9),RY).

These vector duals were constructed starting from the scalar duals for the
fractional programming problem presented in subsection 6.4.1. In the follow-
ing we present some of these duals, considered with respect to properly effi-
cient solutions in the sense of Geoffrion, alongside the corresponding duality
statements.

We begin with extensions to vector duality of the scalar duals constructed
by following the ideas of Jagannathan and Schaible. The Wolfe type vector
dual introduced in [193] is

(DVQ%{,?L,S) Max h%_JS()\, u, 2%, v),

(A,u,z*,v)EB‘?V_JS

where

BY g = {(A,u,z*,v) € int(RE) x S x R x RE - A= (Aq,..., )T,

2= ) v=(vr,...,0)T,
k m
D Nilfilw) = vihi(u)) + Y 2 gi(u) = 0
i=1 i=1
k

Oe@(Z/\ZfZ) sz Aihi)(u)
+8(Zzg]) +N(Su)}

and
h%fJS()Vu, 2", v) = v,

while the one of Mond-Weir type is
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(DVQ%W—JS) Max h%IW—JS(/\vuvZ*vv)’

()\,uz*,v)GBﬁwas

where

BSw = {()\,u,z*,v) € int(RY) x S x RT x RE - A = (\q,..., \)7,

z* :(zf,...,z;)T,v:(vl,...,vk) ,

and
h%wf‘]s()\, u, 2%, v) = 0.

Note that B]%W_ s € Bgv_ s+ Weak and strong duality statements follow.

Theorem 6.4.9. There is no x € A? and no (\,u, 2*,v) € Bwas such that
ff?(a:) < h%_JSi()\,u,z*,v) fori=1,... k, and ij( ) < hgv JS](/\,u,z*,v)
for at least one j € {1,... k}.

Proof. Assume that there are some z € A9 and (\ u,z*,v) € B‘?V_JS
such that fiQ(x) < h%FJS()\,u,z*,v) for + = 1,...,k, and ij(:c)

hiy s ys(A\u, 2%, v) for at least one j € {1,... k}. This yields fz(x) < vihi(z)
fori=1,...,k, and f;(z) < v;h;(z) for at least one j € {1,...,k}, followed

by S Aifi(e) < S Nviha(), e

Z Ni(fi(z) — vihy(z)) < 0. (6.7)

On the other hand,

ow(éxm)mwgwa(—xi (i ) )+ N(S, )

means that there are u*,y*,w;,t* € R", ¢ = 1,...,k, such that u* €
O Nif)(w), wi € A(=Aihi)(w), i = 1.,k y" € 0521 295)(w).
t* € N(S,u) and u* + Zf Lviw; + y* +t* = 0. Then ZZ 1A fi(x) —

Yy vidihi(@) + X5 25g5(x) + 6s(@) > Sy Nifi(u) = iy vidiha(u) +
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>y 2595 (u) +ds(u) > 0 and, as 37" 27 g;(x) <0, we get Zle Ai(fi(z) —
vihi(x)) > 0, which contradicts (6.7). Consequently, the desired weak duality
assertion holds. O

Theorem 6.4.10. If # € A% is a properly efficient solution to (PVQC) in
the sense of Geoffrion and 0 € ri(g(S) + RT), then there exists (X, z*,v) €
int(RY ) xR xR such that (A\,z,2*,0) is an efficient solution to (DVQS,_ ;)
and fl-Q(gE) = h%fJSi(j\,f,Z*,@) fori=1,... k.

Proof. In both [193, Theorem 3] and [112, Lemma 1] it is proven that Z is
properly efficient to (PVQ®) in the sense of Geoffrion if and only if it is
properly efficient in the sense of Geoffrion to the vector optimization problem

fi(z) — £ & ha(2)

Frl@) = L b (@)

In fact this is the place where we need to assume (6.6). Unfortunately, this
assumption is omitted in [112,193], but we have doubts that without it the
above-mentioned equivalence is valid. Proposition 2.4.18(b) ensures now that
the properly minimal elements of the set

_ h@) @\ o
(fl hl(i)hl,...,fk hk(x)hk) (A)

considered in the sense of Geoffrion coincide with its properly efficient so-
lutions in the sense of linear scalarization. Thus thus there is some A =
(My.. s Ap)T € int(RY) such that  minimizes the scalar convex optimiza-
tion problem

k

. 3 fi(Z)
f Ai | fi(z) — =—=h; .

seAe (f @ - @@
Applying now Theorem 6.1.2, there is strong duality for this scalar opti-
mization problem and its Wolfe dual, thus there is some z* € R'? for which
z*Tg(z) = 0 and

where v; = f;(z)/hi(z), i =1,...,k. Consequently, (\,Z, 2*,0) € B{?V—Js and
[9(z) = h%ijs(f\,i?é*,ﬁ). The efficiency of (\,Z, 2*,7) to the vector dual
follows by Theorem 6.4.9. O

Analogously one can prove the following duality statements for the Mond-
Weir type vector dual.
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Theorem 6.4.11. There is no z € A9 and no (\u,z*,v) € BAQ/[W_JS
such that f&(x) < h?/lwaSi()\,u,z*7v) for i = 1,...,k, and fJQ(x) <
h%wiljsj()\,u,z*w) for at least one j € {1,...,k}.

Theorem 6.4.12. If & € A? is a properly efficient solution to (EVQC) n
the sense of Geoffrion and 0 € ri(g(S) + RT'), then there exists (A, z2*,v) €
int(RE XRTXRE such thCﬁt (A, &, 2%,0) is an efficient solution to(DV QS _ )
and fiQ(.f) = h%wiwi()\,:ﬁ,i*,@) fori=1,... k.

Now let us turn our attention to the vector fractional duals that can be
constructed starting from the scalar Bector duals considered in section 6.1.

For this we consider the primal vector fractional programming problem with
respect to weakly efficient solutions

(PVQS) Whin /()

where
A9 ={z € S:g(x) € -R7}

and

J1(w)

hi(x)

Py=1 :

Jr(x)

hi(z)
We assume that S C R"™ is a nonempty, convex and open set, the func-
tions f; : S = R, g; : S =R, i =1,..,k, j=1,...,m, are convex and

Fréchet differentiable on S, and the functions h; : S — R, i = 1,....k, are
concave and Fréchet differentiable on S such that S N g~ (—C) # 0, where
g=1(g1,-..,9m)T. We also assume that f;(x) > 0and h;(z) > 0fori =1,..., k,
and all z € S. As we consider here a different approach to the one described
above, we allow us to weaken the assumption (6.6) concerning the denom-
inators of the components of the primal objective function. Following [194]
we consider the following Bector vector dual of Wolfe type to (PVQS) with
respect to weakly efficient solutions

(DVQ%_Bw) WMax h%_Bw()\, u, 2%),

(A u,2*)EBR, g,

where
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BS pw = {()\,u,z*) € REN{0}) x S xR : A= (Ar,..., )7,

k
* * * \T o
z _(Zla"'vzm) ’E )‘1_17
i=1

> AV —

=1

K fi+ f: 27 9;
= () :o}

and
f1<u>+]§l =74, (u)
hi(u)
th—Bw()‘vuvZ*) =
fk<u>+j§ 279 (u)
()

Analogously, a Bector vector dual of Mond-Weir type with respect to weakly
efficient solutions can be given

(DVQJC\}W—B'LU) WMa‘X h]\Q/[W—Bw(/\aua Z*),

(>‘7u7z*)eB§IW—Bw

where

BY  p = {()\,u,z*) € RE\{0}) x S xR : A= (A1,..., )7,

Jj=

k
z*:(zik7...,zfn)T,Z)\i:1, 27 gj(u) >0,
i=1 1

k fi+ izjgj
=t (u) = 0}

and
f1(w)
hl (u)

h?/IW—Bw()Huv'Z*) = :
fr(u)

Note that BI\Q/IW—Bw < BI?V—Bw and h%W—Bw (B%W—Bw% hg/—Bw (BIC?V—BUJ) <
R*. Weak and strong duality for these vector dual problems follow.

Theorem 6.4.13. There is no x € AY and no (\,u, z*) € B%—Bw such that
e < h%_Bwi(x\,u, 2*) fori=1,... k.
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Proof. Take some arbitrary feasible elements 2 € A% and (\,u, z*) € BW Buw
for which le(x) < h%wai()\,u,z*) for + = 1,...,k. Since \; > 0 and
hi(z)/hi(u) >0 for i = 1,...,k, it holds

filw) + 3 25 (u)
= i) | filw) =
DN he(w) | () X0 <0

Consider the function ¢ : § — R,

- E_Zh?u) (st (fi(x)+§:1z;‘gj(w)> ~hi(a) (mnﬁjlz;gj(u))).

The convexity hypotheses imply that ¢ is convex on S. Moreover, ¢(u) = 0
and Vo(u) = 0. Consequently ¢(x) > 0, which, taking into account that

Z_] 1 ]gJ( )< 07 ylelds

filw)+ 32 2, (u)
L hi(a) | fil) =
2w | e (W) =0

This provides a contradiction and, consequently, the desired weak duality
assertion holds. O

Theorem 6.4.14. If & € A® is a weakly efficient solution to (PVQS) and the
reqularity condition (RC$1)(Z) is fulfilled, then there exists (A,z*) € (RE \
{0}) x R™ such that (X, Z,z*) is a weakly efficient solution to (DVQS$_g.,)
and fZ-Q( )= h% Bui AT, 2%) fori=1,... k.

Proof. The hypotheses of the theorem allow applying [54, Theorem 1]. Thus

there exist A = (Ar,..., \p)T \{O} with 2% A = 1 and 3% =
(z,...,72)T eRY suchthatz gj(z) =0 and

JIJ

Sas(E)er+o( S5m0

Consider

Then 377, Z7g;(7) = 0 and
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Z/\N = T () =V(z" g)(2)
i=1 v
Consequently,
] fit 3 5o,
AV . ) =0
> — | @=o.

thus (), 7, z*) is feasible to (DVQ$,_z,,) and fiQ(f) = h%_Bwi(S\,i,z*) for
i = 1,...,k The weak efficiency of (\,Z,z*) to (DVQ$;,_p,,) follows via
Theorem 6.4.13. O

For the Mond-Weir type vector dual the proofs are analogous.

Theorem 6.4.15. There is no * € A® and no (\,u,z*) € Bglwaw such
that fiQ(x) < h%W_Bwi()\,u, 2*) fori=1,... k.

Theorem 6.4.16. Ifz € A is a weakly efficient solution to (PV Q<) and the
reqularity condition (RC$1)(Z) is fulfilled, then there exists (X, z*) € (RE \
{0}) xR such that (X, @, 2%) is a weakly efficient solution to (DVQ$yy_ )
and fiQ(i) = h%W_Bwi(;\, T,Z%) fori=1,... k.

Remark 6.4.3. The regularity condition used in Theorem 6.4.14 and Theorem
6.4.16, can be replaced according to Remark 6.1.8 when all the functions
involved are Fréchet continuously differentiable on S.

Remark 6.4.4. Relaxing in their formulation the geometric constraint A €
int(RY) to A € RE\{0}, the vector duals (DVQ$,_,s) and (DVQy_,s)
turn into ones for which weakly efficient solutions to the primal problem
(PVQ®) can be investigated, too. The weak and strong duality statements
follow analogously and one does not have to impose (6.6) in this case, but
only the positivity of the denominators on S.

Remark 6.4.5. In [193] instead of R’ an arbitrary convex closed cone in R™ is
considered. Considering additional Fréchet differentiability hypotheses on the
functions f, g and h, (DVQS;,_ ;4) turns into the vector dual given in [194].
The vector dual given in [12,112] is actually (DV QS _ ;) for the case when
the functions involved are assumed Fréchet differentiable. Note also the vector
Mond-Weir dual to (PVQ®) from [190].

Remark 6.4.6. In papers like [112,190,193,194] it is claimed that properly effi-
cient solutions to the vector duals considered there for (PVQY) are obtained
via strong duality. We doubt that the proofs of those results are correct or at
least complete.

Remark 6.4.7. When k = 1 the duals and the duality statements from the
vector case collapse into the ones from the scalar case.
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6.5 Generalized Wolfe and Mond-Weir duality: a
perturbation approach

In the following we show that a perturbation theory similar to the one devel-
oped in the beginning of chapter 3 can be successfully employed to the Wolfe
and Mond-Weir duality concepts.

6.5.1 Wolfe type and Mond-Weir type duals for general scalar
optimization problems

Like in chapter 3, let X and Y be Hausdorff locally convex spaces and con-
sider the proper function F : X — R. Assume moreover that the topological
dual spaces X* and Y* are endowed with the corresponding weak™ topolo-
gies. Making use of a proper perturbation function @ : X x Y — R fulfilling
&(x,0) = F(z) for all z € X, to the general optimization problem

(PG) inf F(z),

we attach, besides

(DG)  sup {=97(0,y%)},
yrey*

(see section 3.1), two more dual problems, namely a Wolfe type one
(DGw) sup {=P"(0,y")},

uEX,yeY,y ey,
(0,y™)€0P(u,y)

and a Mond-Weir type one

(DG ) sup {®(u,0)}.
weX,y ey,
(0,y*)€0P(u,0)

Next we show that weak duality holds for (PG) and its new duals, too, as a
consequence of the way these dual problems are defined.

Theorem 6.5.1. There is
—o0 < v(DGy) < v(DGw) < v(DG) < v(PG) < 400.

Proof. Noting that (DGjs) can be obtained from (DGy ) by taking y = 0
it follows that —oo < v(DGp) < v(DGw). On the other hand, (DGw) is
actually the problem (DG) introduced in the third chapter, with an additional
constraint. Consequently, v(DGw) < v(DG) and, using Theorem 3.1.1, we are
done. O

The strong duality statement comes next. The regularity conditions it uses
were introduced in section 3.2.
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Theorem 6.5.2. Let & : X x Y — R be a proper and convex function such
that 0 € Pry(dom®). If (PG) has an optimal solution T € X and one of
the regularity conditions (RC¥), i € {1,2,3,4}, is fulfilled, then v(PG) =
v(DGw) = v(DGyr) and there is some §* € Y™ such that (Z,0,7*) is an
optimal solution to (DGw) and (Z,§*) an optimal solution to (DG y).

Proof. Theorem 3.3.1 guarantees that under the present hypotheses there is
some y* € Y* such that (0,7*) € 09(z,0). Thus (Z,0,7*) and (Z,7*) are
feasible elements to (DGyw) and (DG)yy), respectively. Moreover, &(z,0) =
v(PG) = —2*(0,7*) > v(DGw) > v(DGy) > &(%,0), which yields the
strong duality for (PG) and both its duals (DG ) and (DG ). Then (z, 0, §*)
turns out to be an optimal solution to (DGw ) and (Z,5*) to (DG ), respec-
tively. O

Let us see now how do the dual problems arising from (DG ) and (DGyy)
look for some classes of primal problems considered in subsections 3.1.2 and
3.1.3.

6.5.2 Wolfe type and Mond-Weir type duals for different scalar
optimization problems

Consider first the primal optimization problem
(PA) inf {f(x) + g(A2)}

where f : X — Rand g : Y — R are proper functions and A € £(X,Y) fulfills
dom f N A~1(domg) # 0. Like in section 3.1.2, the perturbation function
considered for assigning the Wolfe type and Mond-Weir type dual problems
to (P4) is 4 : X x Y — R, &4(z,y) = f(z) + g(Az + y). After some
calculations, these duals turn out to be
(Diy) sup {=1"(=A%") —g" (")},
ueX,yeY,y*ey”,
Y €(A*) T (=0 f (w)Ndg(Auty)

and, respectively,

(D) sup [+ g(Aw).
uex,
(A") " (=0 f (u))NIg(Au)#D

By Theorem 6.5.1 we obtain v(D3}) < v(D#,) < v(D?) < v(P4), i.e. weak
duality for these dual problems to (P4), while for strong duality one needs
to assume that the functions f and g are convex, the existence of an optimal
solution to (P4) and the fulfillment of a regularity condition from (RC),
i €{1,2,3,4}, i.e. the hypotheses of Theorem 3.3.4(a).

Like in chapter 3 the problem (P4) can be specialized, for different choices
of the functions involved, to turn into different optimization problems, namely
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(P'), (PA9) and (P¥), for which the duals resulting from (D4;) and (Di})
can be derived, too. Because in the literature both Wolfe and Mond-Weir
duality concepts apply only for constrained optimization problems we will
not insist further on the unconstrained case.

Now let us turn our attention to the constrained optimization problems
treated in section 3.1.3. Let Z be another Hausdorff locally convex space
partially ordered by the convex cone C C Z. Consider the nonempty set
S C X and the proper functions f : X — R and g : X — Z, fulfilling
dom f N SN g~ (—C) # 0. The primal problem we treat further is

(PO) inf, f().
A={xeS:g(x)e -C}

Using the perturbation functions from subsection 3.1.3 we assign to (P%)
three pairs of duals arising from (DGyw ) and (DG)y), respectively.

Taking the perturbation function %, we obtain from (DG ) the follow-
ing dual problem to (P¢)

(DGF) sup {f(w) = (=", %)},
ueS,ze€Z,2"e—-C",
g(u)—2€—C,(2",g(u)—2)=0,
0€d(f+(—2"g)+ds)(u)

which is nothing else than

(Dy#) sup {f(w) + (=", g(u))}.
uweS,z*eC”,
0€a(f+ (=" 9)+55)(u)

We call this the Wolfe dual of Lagrange type to (P®), because it was obtained
via the perturbation function used in the framework of chapter 3 to get the
Lagrange dual to (P®). We shall see that in the particular instance where
the classical Wolfe duality was considered this dual turns into the well-known
Wolfe dual problem.

Analogously we get a dual problem to (P®) arising from (DG}y), i.e.

(D3F) sup f(w),
ueS,z*eC™,
g(u)e—C,(z",g(u)) >0,
0€d(f+(2"g)+ds)(u)

further referred to as the Mond- Weir dual of Lagrange type to (P¢). We name
it like this because it was obtained via the perturbation #°* and due to the
fact that in the particular instances where the classical Mond-Weir duality was
considered this dual turns into the Mond-Weir dual problem with a constraint
more, namely g(u) € —C.

This makes us consider also a dual problem to (P®) which is obtained
from (D]C;IL) by removing the constraint g(u) € —C', being
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(D$E) sup f(u).
u€S,z*eC* (2*,9(u)) >0,
0€d(f+(2"g)+65)(u)

By construction it is clear that v(D$F) < U(DAC/ILW). On the other hand,
whenever (u,z*) is feasible to (D$f;,) it is feasible to (DGF), too, and we
moreover have (z*, g(u)) > 0. This yields f(u) < f(u) + (%, g(u)) < v(DGF).
Considering the supremum over all the pairs (u,z*) feasible to (DJ(’;[LW) we
obtain v(DAC/[LW) < U(Dg}). Applying the weak duality statement we get
v(DSF) < v(DSEy) < v(DSF) < v(DCr) < u(PC).

Scalar dual problems to (P¢) can be obtained from (DGy) and (DG y)
with the perturbation function #°F, too. After some calculations, (DGy)
turns into

(DyF) sup ™ u) — Ay}
u€S,yeX,y*eX™,
y* € f(uty)N(—N(A,(u)))

further called the Wolfe dual of Fenchel type to (P since it was obtained via
the perturbation used earlier to assign the Fenchel dual to (P¢) and because
(DGw ) was obtained by generalizing the classical Wolfe duality.

Similarly, the dual problem to (P¢) arising from (DG ) is

(DSF) sup f(u),
ues,
0€df(u)+N(A,(u))

called the Mond-Weir dual of Fenchel type to (P¢). From the weak duality
statement we get v(DSF) < v(DSF) < v(DOF) < v(PC).

The last perturbation function considered here is #°7* | which leads to the
following dual to (P¢) we obtained from (DGyy)

(DGF*) sup (W u) + (" g() = 7y},
ueS,yeX,y*eX* 2*eC”,
y" €0 f (ut+y)N(—0((z"g)+ds)(u))

further referred to as the Wolfe dual of Fenchel-Lagrange type to (P%).
Analogously, the dual problem to (PY) arising from (DGy) is

(DSF™) sup f(u),
ueS,z*eC™,
(2",9(u))>0,9(u)e-C,
0€0f(u)+0((2"g)+ds)(u)

called the Mond-Weir dual of Fenchel-Lagrange type to (PC).
Removing the constraint g(u) € —C, we obtain from (D$F*) the following
dual problem to (P%),

(D]%%) sup f(u).
u€S,z"€C” (27,9(u)) >0,
0€0f(u)+0((2" g)+6s)(u)
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Applying the weak duality statement and using similar arguments to the
ones used concerning (D$Ay), we get v(DSFY) < v(D$EE) < v(DSFY) <
v(DCrL) < o(PY).

Analogously to the proofs of Proposition 3.1.5 and Proposition 3.1.6, one
can show the following inequalities concerning the relations between the op-
timal objective values of the dual problems introduced in this section.

Proposition 6.5.3. One has

Cr
() oD < L) < u(P€);

(ii) v(D$fiE) < v(DSfy) < o(PC).

Remark 6.5.1. By Theorem 3.5.8 one can give sufficient conditions that en-
sure that (D‘?VL) coincides with (D§,) and, respectively, (DAC/[LW) with (DS ),
like the additional conditions (i) — (iv) from Theorem 6.1.2. Moreover, even
conditions of closedness type can be considered. As the hypotheses of Remark
6.1.1, Remark 6.1.2 and subsection 6.1.2 guarantee the fulfillment of at least
first two of these conditions, our claim from the beginning of the section that
we have embedded the Wolfe and Mond-Weir duality concepts into the per-
turbational approach is sustained. Furthermore, by Theorem 3.5.6, Theorem
3.5.9 and Theorem 3.5.13 one can give sufficient conditions that allow us to
have sums of subdifferentials instead of subdifferentials of sums of functions
in the feasible sets of (D{%;) and (DGF).

From the strong duality statement for (PG) and its duals (DGy ) and
(DGpr), Theorem 6.5.2, one can obtain strong duality results for the duals
considered in this subsection, by using the regularity conditions considered in
section 3.2.

6.5.3 Wolfe type and Mond-Weir type duals for general vector
optimization problems

Let X, Y and V be Hausdorff locally convex spaces and assume that V' is
partially ordered by the nontrivial pointed convex cone K C V. Let F :
X — V be a proper and K-convex function and consider the general vector
optimization problem
(PVG) Min F(x).
zeX
Using the vector perturbation function @ : X x Y — V, assumed proper and
fulfilling @(z,0) = F(x) for all € X, we attach to (PVG) the following
vector dual problems with respect to properly efficient solutions in the sense
of linear scalarization

(DVGW) Max hg/(v*7u7yay*7r>7

(v*,u,y,y*,r)EBG,
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where

By = {(v", u,y,y", 1) € KO x X x Y xY* < (K\{0}) : (0,%) € 8(v*®)(u, y)}

and .

i (v u,y, Y, r) = P(u,y) — EZ‘;},;T
and

DV Gy Max RS, (v*,u, y*),

( ) e I i ( )

where
ij ={(v",u,y") € KOoOx X xY*: (0,y) € O(v*P)(u,0)}

and

h§r (v, u,y*) = &(u, 0).
Note that h§;(BS;) C b (BS,) C V.

Remark 6.5.2. Considering the primal vector problem with respect to weakly
efficient solutions
(PVGy) V\fl\/g‘inF(a:)7
e

these vector duals in this subsection can be modified to become ones with
respect to weakly efficient solutions, too, by taking v* in the larger set K*\{0}
and, concerning only (DV Gy ), restricting the variable r to take values only
in int(K).

Remark 6.5.5. Fixing r € K\{0}, we can also construct, starting from the
vector dual (DV Gy ), a family of dual problems to (PVG), defined as

(DVGw (1)) Max hg/ (v*, u,y,y%),
(vruyy*)eBg, T

where
B, = {(v",u,y,4") € K x X xY xY*: (0,y%) € 0(v*®)(u,y), (v*,7) =1}
and

hﬁ/T ('U*,U,y,y*) = @(u,y) - <y*,y>7'

The way these vector dual problems to (PV G) are constructed is partially
based on ideas from [44,200] and on a vector duality approach which has
been discussed in chapter 4. The duality statements are given without proofs,
which can be made either directly, or by analogy to the corresponding results
from chapter 4.

Theorem 6.5.4. There is no x € X and no (v*,u,y,y*,r) € B, such that
F(x) <x hij (0", u,y, 5%, 7).
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Theorem 6.5.5. There is no x € X and no (v*,u,y*) € B§, such that
F(z) <k h§ (v, u,y*).

Theorem 6.5.6. Assume the fulfillment of the following regularity condition
(RCV?) | 32’ € X such that (2/,0) € dom® and D(a’,-) is continuous at 0.

If z € X is a properly efficient solution to (PVG), then there exists some
(0,4, y%,7) € K** xY x Y* x (K \ {0}) such that (v*,Z,¥,y*,7) is an effi-
cient solution to (DV Gw ), (0%, Z,5*) is an efficient solution to (DV Gyr) and
F(g_j) = h%(ﬁ*,f,g,ﬂ*,f) = hgj(@*’jag*)'

Remark 6.5.4. As a regularity condition in Theorem 6.5.6 one can use any
condition that ensures for v* € K*? the stability of the scalar optimization
problem

inf (0°P

Inf (7°9)(=,0)

with respect to its general conjugate dual, like (RC¥), i € {1,2,3} from
Theorem 3.2.1. A closedness type regularity condition (see (RC{) in Theorem
3.2.3) could be taken into consideration, too, but it has as disadvantage the
fact that v* appears in its formulation.

Remark 6.5.5. In the particular instance when (PVG) is (PVY) one can con-
sider the perturbation functions introduced in subsection 4.3.2, obtaining thus
new vector duals. The vector dual problems treated in subsection 6.2.1 turn
out to be derivable from the duals introduced above considered when V = R¥
and K = R’i, the Wolfe vector dual after fixing » = e and the Mond-Weir
dual after removing the constraint g(u) € —C, like in the scalar case, from
(DVG ).

Remark 6.5.6. In case V =R and K = R, for F': X — R proper and convex
the problem (PVG) becomes (PG), while the duals (DV Gy ) and (DVGyy)
turn into (DGw ) and (DG ), respectively.

Remark 6.5.7. It is also possible to assign to (PVG) vector duals of Wolfe and
Mond-Weir type by following the approach in section 4.3, by employing the
scalar duals introduced in subsection 6.5.1.

Bibliographical notes

The Wolfe dual to a constrained scalar optimization problem was introduced
by Wolfe in [202], while the Mond-Weir dual followed twenty years later, due
to Mond and Weir [138]. In both cases the functions involved were considered
differentiable and endowed with generalized convexity properties. Then these
duality concepts evolved parallelly and one can distinguish two main directions
for both of them. On one hand, considering the primal problem convex, the
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differentiability assumptions were dropped and the gradients that appear in
the duals were replaced by subdifferentials. We mention here papers like [109,
166]. On the other hand, especially for Mond-Weir duality, the differentiability
continued to play an important role and the convexity assumptions on the
functions involved were weakened, in papers like [11, 126, 138]. Besides the
classical Mond-Weir dual, different closely related Mond-Weir type duals were
also proposed, as well as combinations of the Wolfe and Mond-Weir duals.

In the vector case, what we called here the classical Wolfe type and Mond
Weir type duals were constructed by following ideas from the literature. Wolfe
type vector duals were considered in [61,99,191,192,197,203], while for Mond-
Weir type vector duals we refer to [6,61,62,195,197]. In these papers different
duality instances were considered, with respect to properly efficient, efficient
and weakly efficient solutions, respectively. In both scalar and vector cases
there is also a rich literature on both Wolfe type and Mond Weir type duality
for optimization problems with geometric and both inequality and equality
constraints. Because they can be seen as special cases of the problems with
geometric and cone constraints, such problems were not treated here.

As they can be employed also to non-convex optimization problems, the
Wolfe and Mond-Weir duality concepts were considered in different applica-
tions, like duality without regularity condition (cf. [63,109, 196, 198]), sym-
metric and self duality (cf. [111,115,116,138,171]), fractional programming
(cf. [5,12,46,112]) etc.

In the last section we used the perturbation theory from chapters 3 and 4
in relation to the Wolfe and Mond-Weir duality concepts.
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Duality for set-valued optimization problems
based on vector conjugacy

Since the early eighties of the last century there have been attempts to extend
the perturbation approach for scalar duality (as developed in chapter 3 from
scalar optimization problems) to vector duality in connection with different
generalizations of the conjugacy concept. The idea of conjugate functions and
subdifferentiability in scalar optimization is also fruitful in vector optimiza-
tion. But, because of the different solution notions in vector optimization and
the occurring partial orderings, there are several possibilities to define conju-
gate maps and vector-valued subgradients. In the current chapter we present
some of these approaches extended to set-valued maps and, starting from
these investigation, we develop a duality scheme for set-valued optimization
problems.

7.1 Conjugate duality based on efficient solutions

The perturbation approach to vector duality based on efficiency has been
developed in finite dimensional spaces by Tanino, Sawaragi and Nakayama
in [163,180]. We give here an extended approach in topological vector spaces,
while the optimization problems we treat involve set-valued maps instead of
only vector-valued functions.

7.1.1 Conjugate maps and the subdifferential of set-valued maps

First of all we need some preliminaries and definitions concerning minimality
and maximality notions for sets in extended topological vector spaces. To this
end we extend the definitions and results from subsection 2.4.1 to this general
setting.

Unless otherwise mentioned, in the following we consider X and V to be
topological vector spaces with X* and V* topological dual spaces, respectively.
Moreover, let V' be partially ordered by the nontrivial pointed convex cone
K C V. Next we define minimal and maximal elements of a set M C V =

R.I. Bot et al., Duality in Vector Optimization, Vector Optimization, 311
DOI 10.1007/978-3-642-02886-1_7,
© Springer-Verlag Berlin Heidelberg 2009
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V U {zxook} with respect to the partial ordering induced by the cone K. As
one can easily notice, the definition below extends Definition 2.4.1 to sets in
V.

Definition 7.1.1. Let K be a nontrivial pointed convex cone in V and
M C V. In the case M = (), take by convention Min(M,K) = {+ocof}
and Max(M,K) = {—oox}. Otherwise, we say that v € M is a minimal
element of M if there is no v € M such that v <g v. The set of all minimal
elements of M is denoted by Min(M, K) and it is called the minimal set of
M. Accordingly, we say that © € M is a maximal element of M if there is no
v € M such that v >k ©. The set of all maximal elements of M is denoted by

Max(M, K) and it is called the mazimal set of M.

It is easy to see that for the notions introduces in Definition 7.1.1 we have
Max(M, K) = Min(M,—K) = —Min(—M, K). The operations with sets in
V are taken like for sets in V, as mentioned in section 2.1. We also notice
that if —ocoxg € Max(M, K), then M = {—ocok} or M = (), while when
+oox € Min(M, K) one has M = {+ocok } or M = {).

Throughout this chapter we agree that if K C V is a given ordering
cone and there is no possibility of confusion, then instead of Min(M, K)
and Max(M, K) the simplified notations Min M and Max M, respectively,
are used.

Next we define the conjugate map, the biconjugate map and the sub-
differential of a set-valued map. For a set-valued map F : X = V let
its graph be gph F := {(z,v) € X xV : v € F(x)}, its domain be
domF :={z € X : F(z) # 0 and F(x) # {+ook}} and, for a set U C X,
denote F(U) := Uger F(x).

Definition 7.1.2. Let F : X =V be a set-valued map.
(a) The set-valued map
F*: L(X, V)=V, F*(T) = Max gX[Tx — F(2)],
x
is called the conjugate map of F.
(b) The set-valued map

F*:X=V, F**(z) =Max U [Tz — F*(T)],
TeL(x,v)
is called the biconjugate map of F.
(¢) The operator T € L(X,V) is said to be a subgradient of F at (x,v) €
gph FN(X x V) if

Tx — Max U [Ty — F(y)].
v —veMax U [Ty~ Fy)

The set of all subgradients of F at (x,v) € gph F N (X x V) is called the
subdifferential of F at (x,v) and it is denoted by OF (x;v). Further, for all
r € X denote OF (x) := Uyep(a)nv OF (2;v). If for all v € F(x) NV we
have OF (z;v) # 0 then F is said to be subdifferentiable at x.
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It is easy to see that the previous definitions are inspired by the definitions
of the conjugate, biconjugate, subgradient and, respectively, subdifferential of
a function with values in the extended real-valued space. By particularizing
the above definition to the scalar case, we do not completely get the classical
definition from chapter 2 as far as conjugacy is concerned, because we use
“max” instead of “sup”. There are also notions of supremum and infimum
corresponding to maximality and minimality, but they have some computa-
tional disadvantages. In section 7.4 we deal with similar relations based on
weak minimality and weak maximality. That approach has better properties
and allows to develop a self-contained theory for vector conjugacy, subdiffer-
entiability and duality based on those weak type notions.

Remark 7.1.1. The particularization of Definition 7.1.2 to vector-valued func-
tions f : X — V follows directly. One gets for all T € L(X,V) for the
conjugate of f the following formula f*(T') = Max{Ta — f(z) : v € X} =
Max{Tz—f(z) : x € dom f}.If T € L(X, V) is a subgradient of f at (z, f(Z)),
where Z € X and f(Z) € V, we simply say that it is a subgradient of f at T.
Thus Tz — f(z) € Max{Tx — f(z) : x € X}, which is equivalent to the fact
that there is no « € X such that Tx — f(z) >x TZ — f(Z), or, in other words,
for all x € X there is f(z) — f(Z) £k T'(x — Z). This is further equivalent to
f(z) — f(z) £k T(x — ) for all x € X. The set of all subgradients of f at
T € X, when f(Z) € V, is said to be the subdifferential of f at T and it is de-
noted by 0f(z). It is easy to see that for V=R, K =R,, f: X - R, 7€ X
with f(Z) € Rand T € L(X,R) = X*, the fact that f(z) — f(Z) £x T(z— )
for all x € X is equivalent to f(z) — f(z) > (T,z — Z) for all z € X. In this
way we rediscover the classical definition of the scalar subgradient as given in
Definition 2.3.2.

The conjugate map of the set-valued map F : X = V has some useful
properties. Let G : X =2 V' be such that G(z) = F(z — z¢), where o € X is
arbitrarily taken. Then it holds

G*(T) = F*(T) + Txo VT € L(X,V) (7.1)

and
G™(x) =F"" (v —xg) Yz € X. (7.2)

Indeed, for T' € £(X, V) one has

G*(T) = MaxmgX[Tz —G(x)] = Max$gX[Tx — F(z — x0)]

=Max U [T(y+x0) — F(y)] =Max U [Ty — F(y)] + Txo = F*(T) + Txo,
yeX yeX
while, when x € X, it holds

G™* () = Max TELL(JXy)[Tx - G*(T)]
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ax, U (o= w0) = F*(D)] = F**(2 — a0)

Next we provide a result which can be seen as a generalization of the
Young-Fenchel inequality (cf. Proposition 2.3.2(a)).

Proposition 7.1.1. Let ' : X = V be a set-valued map, + € X and T €
L(X,V). Then for all v € F(x) and all v* € F*(T) it holds

v+ v £ T (7.3)

Proof. Let x € X and T € L(X,V) be fixed and take v € F(z) and v* €
F*(T).

Let us assume that v € V. We prove first that it cannot hold v* = —oco.

Otherwise, —coxg € MaxUgex [Tz — F(x)] and one can easily deduce that
either F'(z) = {+ook } forallz € X, or F'(z) = () for all z € X . But this is not
in accordance with the above assumption v € F(2)NV. Thus v« € VU{+ocok }.
If v* € V, by taking into consideration the definition of maximality, one can
easily demonstrate that it is binding to have v* £k Tz — v, i.e. (7.3) is true.
On the other hand, when v* = 400k, by taking into consideration the rules
for the addition with ook, one can easily show that (7.3) is fulfilled in this
case, too.

Assume now that v = —oog. Then +oox € Uzex[Tx — F(x)] and, by
Definition 7.1.1 it yields v* = +ook. By (2.1) we have v 4+ v* = 400k and so
(7.3) is fulfilled in this case, too.

In the third situation, namely when v = 400, one can notice that inde-
pendently of the value of v* relation (7.3) is always true. 0O

Remark 7.1.2. For v € F(x) and v* € F*(T*) the generalized Young-Fenchel
inequality can be equivalently written as v +v* — Tz ¢ —K\{0} or Tz — (v +

v*) ¢ K\{0}.

In the scalar case the inequality f** < f is always valid, as seen in Propo-
sition 2.3.4. An analogous result can be proven for set-valued maps.

Proposition 7.1.2. Let F : X =V be a set-valued map and x € X. For all
v € F(z) and all u € F**(z) we have v £k u.

Proof. Let us first demonstrate the assertion for £ = 0. According to Propo-
sition 7.1.1, for each v € F(0) and each © € —Upepx,v)F*(T) there
is v -0 £x TO = 0 or, equivalently, © ¢ v + (K\{0}). As F**(0) =
Max UTEE(X,V) [TO — F* (T)] = Max UTEE(X7V)[_F* (T)], it holds v ﬁ}( u for
all u € F**(0). Observe that this relation is valid also if Upc g (x, v [ F*(T)] =
(), because in this situation F**(0) = {—oco }.

Now let be 2 # 0. We define the set-valued map G : X = V, G(y) =
F(y + z). Taking into consideration relation (7.2), one has G**(0 ) F**(
Consequently, for all v € F(z) = G(0) and all u € F**(z) = G**(0) th
assertion follows directly from the first part of the proof. 0O
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Next, some elementary properties for conjugate maps and subgradients are
gathered. One can easily see that these results are actually generalizations of
the corresponding ones given for extended real-valued functions.

Proposition 7.1.3. (a) Let F : X = V be a set-valued map. Then for
(x,v) € gph F N (X x V) it holds T € OF (z;v) if and only if Tx —v €
F*(T).

(b) Let f - X — V be a vector-valued function. Then for x € X with f(x) € V
there is T € Of(x) if and only if Tx — f(z) € f*(T).

Proof. The assertions are direct consequences of Definition 7.1.2. O

Proposition 7.1.4. (a) Let F : X = V be a set-valued map and (x,v) €
gph FFN (X x V). Then OF (z;v) # 0 if and only if v € F**(x). Conse-
quently, F is subdifferentiable at x if and only if F(x) NV C F**(x).

(b) Let f : X — V be a vector-valued function. For any x € X with f(x) €V

we have Of(x) # O if and only if f(z) € f**(x).

Proof. (a) Let (x,v) € gph F'N (X x V). Suppose that OF (z;v) # 0 and let
T € OF(w;v) be arbitrarily taken. According to Proposition 7.1.3 it holds
veTx—F*(T) C Uregx,v)[Tx — F*(T)]. Proposition 7.1.1 says that v £x
Tz —ov* for all T € £(X,V) and all v* € F*(T). But this actually means
that there is no o € Upeg(x,v)[Tr — F*(T)] such that v <g ¥ and v €
Max UTGL(X,V)[TI' — F* (T)] = F**(ZE)

Now assume that v € F**(x). By definition it holds v € Tax — F*(T)
for some T € L£(X,V). Proposition 7.1.3 yields T € OF(x;v) and the first
equivalence is proven.

The equivalent characterization of the subdifferentiability of F' at x follows
then directly from Definition 7.1.2.

(b) The assertion follows from (a) by taking into consideration Remark
7.1.1. O

Lemma 7.1.5. Let My, My C V be given sets. The following statements are
true

(a) if Min My # () and Min My # 0, then Min(M; + M) C Min M7 +Min Ms;
(b) if MaxM; # 0 and Max My # 0, then Max(M; + M) C Max M; +
Mang.

Proof. (a) Let v € Min(M; + M) be arbitrarily taken. We treat three cases.

Suppose first that v € V. Then there exist v1 € M; and vy € My such
that v = vy + ve. If v; ¢ Min My, there exists 77 € M such that 77 <k v;.
Then v1 + vo € My + M5 and vy + vo <g v1 + v2 = v, which contradicts the
fact that v is a minimal element of My + Ms. Thus vy € Min M;. By the same
argument one can prove that v, € Min Ms, too.

Assume that v = 400x. Then we actually have Min(M; + Ms) = {+ocok }
and this means that either M + My = {400k } or M1+ My = 0. If M1+ M, =
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{+ook}, then the sets M; and My are nonempty and M; = {+oox} or
My = {400k }. In both cases, because Min M7 # () and Min My # ), the right
hand side of the inclusion relation in (a) is equal to {+oox }. If My + My = 0,
then My = () or My = (), meaning again that (a) is fulfilled.

Finally, we assume that v = —ocog. Then {—cox} = Min(M; + Mz) and
—o00g € My + M. This also implies that M; # 0 and M, # 0. Without
loss of generality we may assume that —oox € M. Taking into consideration
the calculation rules when dealing with +cox one can see that My # {+ook }
and so 400 ¢ Min My. Even more, since Min M; is nonempty and Min M; =
{—ook}, it holds Min M; + Min My = {—ook }.

(b) This part follows from (a) by taking account of the fact that for M C V'
one has Max M = —Min(—M). O

Corollary 7.1.6. Let My, My C V be given. Then the inclusions Min(M; +
M) € Min M; + Min My and Max(M; + My) C Max My + Max My hold
without additional assumptions.

Remark 7.1.3. If in the situation considered in Corollary 7.1.6 Min M; = () or
Min My = @, then Min(M; + M) = (), too (see the first part of the proof of
Lemma 7.1.5).

Definition 7.1.3. Let M CV be a given set.

(a) The set Min M is said to be externally stable if M\{+oox} C Min M + K.
(b) The set Max M is said to be externally stable if M\{—ocox} C Max M —K.

Remark 7.1.4. External stability plays an important role in the following con-
siderations. Assuming it fulfilled for Min M, it means that each point of
M\{+ocok} outside the set of minimal elements of M is dominated by a
minimal element of M. That is why this property is sometimes called in the
literature the domination property (first introduced in [181]). Although differ-
ent criteria ensuring external stability can be found in the existent literature
(see [125] for more details), we quote here only one result given in finite di-
mensional spaces (see [163, Theorem 3.2.9]).

Let K be a convex cone in R™. A set M C R™ is called K-compact if
the set (v — cl(K)) N M is compact for any v € M. If K is a pointed convex
closed cone in R™ and M C R™ is a nonempty K-compact set, then Min M
is externally stable.

Proposition 7.1.7. Let F, G : X = V be set-valued maps. Assume that for
all x € X with +oox € F(x) it holds G(z) # 0 and MaxG(z) # (. Then

Maxng[F(x) + G(2)] C Maxng[F(x) + Max G(z)]. (7.4)

If, additionally, Max G(z) is externally stable for all x € X, then the reverse
inclusion holds, too.
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Proof. First we prove (7.4). Take an arbitrary v € Max U, x[F(z) + G(x)].
Further we treat three cases.

Suppose first that v € V. Then there exist Z € X, v; € F(Z) NV and
ve € G(Z) NV such that v = vy + vy. If v3 ¢ Max G(Z), by definition there
exists 7o € G(ZT) such that vy <k ¥y. Then v = vy + vo <k vy + Uy €
Uzex[F(z) + G(x)] and this contradicts the maximality of v. Therefore vy €
Max G(z) and so v = v; + vy € Uzex[F(x) +Max G(z)]. That v is a maximal
element of the set Uyex[F(x) +Max G(z)] is a trivial consequence of the fact
that in this case the inclusion Uye x [F(z) + Max G(2)] C Uzex[F(z) + G(z))
holds.

Assume that v = +0ok. Then +00x € Uzex[F(2)+G(x)] and this secures
the existence of some z € X such that +oox € F(Z) + G(z). Then two
situations can occur: either +oox € F(Z) and G(Z) # 0 or F(z) # 0 and
+ooi € G(T). If the first situation is valid, then we cannot have Max G(Z) =
() (the assumptions of the proposition impose this). Thus +oox € F(Z) +
Max G(Z) and from here we deduce that +oox € Uyex[F(z) + Max G(x)].
Consequently, Max U, x[F(z) + Max G(z)] = {+ook}. Following a similar
reasoning the same equality can be proven also if the second situation occurs.
Finally, in this case it holds

MangX[F(x) +G(2)] = Maxng[F(:r) + Max G(z)] = {+ook }.

Let us assume that v = —oog. Then, according to Definition 7.1.1 either
Urex [F(z) + G(2)] = {—ook}, or Usex [F(z) + G(z)] = 0.

In the first situation for all x € X there is either F(z) + G(z) = {—ook },
or F(z) 4+ G(z) = 0 and at least for one y € X there is F(y) + G(y) =
{—ook}. Let x € X be fixed. If F(x)+ G(x) = {—ocok } then F(z) = {—ocok}
and +oox ¢ G(z), G(z) # 0 or G(z) = {—ocok} and {+ook} ¢ F(z),
F(x) # 0. If F(z) + G(z) = 0, then F(z) = 0 or G(z) = 0. If G(z) = 0
then +oox ¢ F(x) in accordance with our assumptions. In all these cases
one can see easily that F(x) + Max G(z) is equal to {—ook } or (). Therefore,
Max Uzex [F(z) + Max G(x)] = {—oox }. In fact, we have

Maxmgx [F(z)+ G(x)] = MangX[F(x) + Max G(z)] = {—o0k}. (7.5)

It remains to consider the second situation in this third case, namely when
the set Ugzex[F(z)+G(x)] is empty. Then F(z) + G(z) = 0 for all z € X.
Let z € X be fixed. If F(z) = 0, then F(z) + MaxG(z) = (). In the case
G(z) = 0, by the assumptions made we must have that +oox ¢ F(x) and
therefore F'(z) + MaxG(xz) = F(x) + {—ocox} which is empty if F(z) =0
and {—oog}, otherwise. Thus Ugzex [F'(z) + Max G(x)] is equal to {—oox } or
() and in both situations we have MaxU,cx[F(x) + MaxG(z)] = {—ocok}.
Consequently, (7.5) is also in this case valid.

Now let us prove that the reverse inclusion holds when Max G(x) is exter-
nally stable for all x € X.
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Let be v € Max Uzex[F(z) + Max G(x)]. Suppose first that v € V. Then
there exists z € X, v; € F(Z) NV and vy € MaxG(Z) NV such that v =
v + va. Thus v9 € G(Z) NV. Consequently, v € Uex[F(x) + G(x)]. If v ¢
Max Uzex[F(2) + G(z)] then there exists 0 € Uzex[F () + G(x)] such that
0 >k v. By (7.4) follows that © € V. Let be & € X, 9, € F() NV and
Uy € G(Z) NV, with 0 = U1 + 9. Since G(z) \ {—oox} C MaxG(Z) — K,
there exists 03 € Max G (&) with 03 2 02 and consequently 01 + 3 > v. As
01 4 03 € Ugex[F(x) + Max G(z)], this leads to a contradiction.

Assume now that v = +o0og. Then there exists £ € X such that either
+oog € F(z) and MaxG(Z) # 0, or F(Z) # 0 and +oox € MaxG(Z). In
the first situation, by the assumption we made, it holds that G(z) # 0 and
so +oog € F(z) + G(Z). In the second situation we have +ocox € G(Z) and
also in this case one has +oox € F(z) + G(Z). In conclusion, one can easily
see that Max U,cx[F(x) + G(z)] = {+o0k }.

We come now to the case when v = —oog. Then either Uex|[F(z) +
Max G(x)] = {—o0ok }, or Ugex[F(z) + Max G(z)] = 0. In the first situation,
for all x € X there is F(z) + MaxG(z) = {—ook} or F(x) + MaxG(z) =0
and F(y) + Max G(y) = {—oox } at least for one y € X. Let x € X be fixed.
If F(z) + MaxG(z) = {—ook}, then either F(x) = {—ook} and +ook ¢
Max G(x), Max G(x) # 0, or Max G(z) = {—ocok } and +oog ¢ F(z), F(z) #
(). In both cases F(x) + G(z) is equal to {—ocox} or (). Assume now that
F(z) +MaxG(z) = 0. Then F(z) = ), as we have that Max G(x) = ) cannot
occur because of the external stability of Max G(x). Thus F(z) + G(z) = 0
and one can see that in all these situations F'(z) + G(z) is equal to {—ocox }
or (). Consequently, Max U x [F(z) + G(z)] = {—ocok }.

Now we consider the second situation in this third case, namely when
F(z) + MaxG(x) = () for all z € X. As seen above, this can be the case only
if F(z) =0 for all x € X. This means that U,ex[F(z) + G(x)] = 0 and so
Max Ugzex [F(z) + G(z)] = {—0ok }. One can easily conclude that also in this
case v € MaxUgex [F(x) + G(z)] and the reverse inclusion is proven. 0O

Corollary 7.1.8. Let F : X = V be a set-valued map. Then for any T €
L(X,V) it holds

F*(T) € Max UX[T:U — Min F'(x)].
T

If Min F'(z) is externally stable for all x € X, then the converse inclusion
holds, too.

Proof. Let us consider the maps F : X = V, F(z) = {Tz} and G: X =3V,
G(z) = —F(z). Since for all z € X it is impossible to have +oox € F(z),
the assumption of Proposition 7.1.7 is automatically fulfilled. Even more, as
Max G(z) = Max(—F(z)) = —Min F(z), the external stability of Min F'(x)
guarantees the external stability of Max é(m) Proposition 7.1.7 applied to F
and G leads to the desired inclusions. 0O
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Corollary 7.1.9. Let F : X = V be a set-valued map and Max F(x) be
externally stable for all x € X. Then Max U,ex F(x) = Max Uzex Max F(z).

Proof. Apply Proposition 7.1.7 to the maps F:X =V, F(z) = {0} and
G:X=V,G@x)=F(z). O

Remark 7.1.5. (a) The assertions of Proposition 7.1.7, Corollary 7.1.8 and
Corollary 7.1.9 may be formulated also for minimal elements. For instance one
has MinU,e x F(x) = MinUzex Min F(z) if Min F'(x) is externally stable for
all x € X. We would also like to underline the fact that in Proposition 7.1.7
and its corollaries the external stability cannot be omitted (for details see [163,
Remark 6.1.1], where a counterexample has been given in finite dimensional
spaces).

(b) Tt is worth mentioning that all the basic notions and results presented
in this subsection concerning minimality and maximality remain true if con-
sidered in the framework of vector spaces X and V', the latter being partially
ordered by a nontrivial pointed convex cone K C V.

7.1.2 The perturbation approach for conjugate duality

In this subsection the perturbation approach from section 3.1 for scalar opti-
mization problems will be partially extended to set-valued optimization prob-
lems. Let F' : X = VU{+ocok} be a set-valued map whose domain is a
nonempty set. We consider the general set-valued optimization problem

(PSV@G) 13}21)1{1 F(x).
This actually means to find the minimal elements of the image set F'(X) C
V U{+o00ok} with respect to the partial ordering induced by the nontrivial
pointed convex cone K C V or, in other words, to look for an element z € X
such that there exists o € F(Z) with ¥ € Min F(X). In this situation the
element Z is said to be an efficient solution to the problem (PSVG) and
(z,) is called a minimal pair to the problem (PSVG). A particular instance
of the previous problem arises when the set-valued map F' is replaced with the
proper vector-valued function f : X — V U{+ook}. In this case the problem
(PSVG) becomes
(PVG) Min f(z)

and one looks for efficient solutions z € X fulfilling f(z) € Min f(X). The
efficient solutions to the problems (PSVG) and (PVG) may be described
via the subdifferential like in the scalar case, as follows from the way this is
defined.

Proposition 7.1.10. (a) An element T € X is an efficient solution to
(PSVG) if and only if there exists v € F(Z) NV such that 0 € OF(Z; ).
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(b) An element T € X, for which f(z) € V', is an efficient solution to (PVG)
if and only if 0 € Of(z).

Our next aim is to attach a set-valued dual problem to (PSVG). Notice
that all what follows can be done also for the problem (PVG), since, as seen
above, this problem can be treated as a special instance of (PSV G). Similarly
to section 3.1 we introduce a set-valued perturbation map @ : X XY =
V U{+ook} such that &(x,0) = F(z) for all x € X. The topological vector
space Y is called perturbation space and its topological dual space is denoted
by Y*. Then (PSVG) is embedded into a family of perturbed problems

(PSVG,y) 1;21)1(1 D(x,y),

where y € Y is the perturbation variable. Clearly, the problem (PSVGp)
coincides with the problem (PSVG). As in the scalar case the dual problem
is defined by making use of the conjugate of the perturbation map

Q" L(X,V)x LY, V)=V, &*(T, A) = Max €XU €Y[TJ: + Ay — D(z,y)).
TEXyY

Thus to the primal problem (PSV G) one can attach the set-valued dual prob-
lem

DSVG M —0*(0,4)}.

(DSVG)  Max {~0(0.4))
More precisely, we look for A € L(Y, V) such that there exists 0% € —&*(0, A)
fulfilling v* € MaxUxcr(y,v){—2*(0,4)}. In this case A € L(Y,V) is called
efficient solution to (DSVG) and (A,v*) is said to be a mazimal pair to
(DSVG). As expected, having in mind the scalar case, weak duality holds in
this very general setting.

Theorem 7.1.11. For all x € X and all A € L(Y,V) there is $(x,0) N
{=27(0,4) = (K\{0})} = 0.

Proof. Let x € X and A € L(Y,V) be arbitrarily taken. Assume that there
exists v € P(x,0)N{—=P*(0,A) — (K\{0})}. Then one can find a v* € $*(0, 4)
such that v + v* € —K\{0}. But by Proposition 7.1.1 it holds v + v* £ 0
and this leads to a contradiction. O

One can give for the weak duality result from Theorem 7.1.11 the following
equivalent formulation, followed by an immediate statement for the efficient
solutions to (PSVG) and (DSVG).

Corollary 7.1.12. (a) For all x € X and all A € L(Y,V), it holds v £k v*
whenever v € F(z) and v* € —P*(0, A).

(b) Let be v € F(z) N {—®*(0,A)} forz € X and A € L(Y,V). Then ¥ is an
efficient solution and (Z,v) is a minimal pair to (PSVG), while A is an
efficient solution and (A,v) is a mazimal pair to (DSVG).
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Proof. (a) Obviously, the assertion is nothing but an equivalent formulation
of the statement of Theorem 7.1.11.

(b) Assume that (Z,7) is not a minimal pair to (PSVG). Then there
exist € X and v € F(z) = ®(x,0) such that v <g 7, i.e. v € &(z,0) N
{—®*(0,A) — (K\{0})}, which contradicts Theorem 7.1.11. Assuming (4, v)
not being a maximal pair to (DSVG) allows to deduce a contradiction to
Theorem 7.1.11 in a similar way. 0O

Like for the scalar optimization problem (PG) considered in section 3.1 we
introduce in the set-valued case in an analogous way the minimal value map
H:Y = VU{+ook} defined by H(y) = MinUzex P(z,y) = Min®(X,y). It
is easy to see that for all y € Y the set H(y) is actually the set of minimal ele-
ments of the image set of the problem (PSVG,), while H(0) = Min (X, 0) =
Min F'(X) is the set of minimal elements of the image set of (PSV G). For some
arbitrary y € Y we say that H(y) is externally stable if MinU,¢cx @(x,y) is
externally stable in the sense of Definition 7.1.3.

Lemma 7.1.13. For all A € L(Y,V) it holds 9*(0,A) € H*(A). If H(y) is
externally stable for ally € Y, then &*(0,A) = H*(A)

Proof. Let A € L(X,V) be fixed. We have

@ (0,A) = MaxxeXL,Jer[Ay — P(x,y)] = Maxygy [Ay — ng &(x, y)}

and

H*(A) = Maxygy[/ly — H(y)] = Max ygy {Ay — Mlnng P(x, y)}
= Maxygy [Ay + Max ( — mgX b(x, y))} .

Applying Proposition 7.1.7to F : Y = V, F(y) = Ay, and G : Y = V,
G(y) = —Uzex @(xay)a we get

Maxygy Ay — ng b(x, y)} C Maxygy [Ay + Max ( - ng b(x, y))} . (7.6)

Therefore ¢*(0,4) € H*(A). If MinUzex @(x,y) is externally stable, then
Max(— Uzex @(z,y)) is externally stable for all y € Y, too. In this case (7.6)
is fulfilled as equation, i.e. $*(0,4) = H*(A). O

For the subsequent considerations we assume that H(y) is externally stable
for all y € Y. Then H*(A) = &*(0, A) and the dual problem (DSVG) may be
equivalently written in the form

D M —H*(A)}.
(DSVG) Mux | U (—H"(4)}

Lemma 7.1.14. It holds Max U ¢ (y,v){—®*(0,4)} = H**(0).
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Proof. Using Lemma 7.1.13 it holds

H™(0)=M U —H*(A)} =M U —@*(0, A
(0) aXAGL‘(Y,V){ (A} aXAeﬁ(Y,V){ 0.4

and this provides the desired conclusion. O

Remark 7.1.6. It is not hard to see that Lemma 7.1.14 is a generalization of
Proposition 3.1.2 given for the scalar primal-dual pair (PG) — (DG).

Since H(0) and H**(0) represent the sets of the minimal and maximal
elements of the image sets of the primal and dual problem, respectively, the
duality properties can be reflected by means of the relations between H(0)
and H**(0). Strong duality applies for (PSVG) — (DSVG) if H(0) = H**(0),
but also weakened versions like H(0) € H**(0) are of interest. In the first
three sections of this chapter by strong duality we actually mean the latter
formulation.

Definition 7.1.4. The problem (PSVG) is called stable with respect to the
perturbation map P if the minimal value map H is subdifferentiable at Q.

We notice that in our hypotheses +oox ¢ H(0).

A quick look at Definition 7.1.4 shows the analogy with the definition
of stability for scalar programming problems. Of course, this definition (see
also [163] for finite dimensional spaces and vector-valued objective functions)
is motivated by Proposition 7.1.4, expressing that H is subdifferentiable at 0
if and only if H(0) € H**(0). Thus stability equivalently characterizes strong
duality as formulated in the following theorem.

Theorem 7.1.15. The problem (PSV G) is stable if and only if for each effi-
cient solution & € X to (PSVG) and v € F(Z) such that (Z,0) is a minimal
pair to (PSVG) there exists an efficient solution A € L(Y,V) to (DSVG)
such that v € —®*(0, A) and (A,9) is a mazimal pair to (DSVG).

Proof. Let (PSV @) be stable. Then H is subdifferentiable at 0 and, according
to Proposition 7.1.4, as +oox ¢ H(0), this is equivalent to H(0) C H**(0).
Take T € X efficient to (PSVG) with a corresponding o € F(Z) such that
v € H(0). Then Lemma 7.1.14 secures the existence of A € L£(Y,V) such
that o € —®*(0, A). Further, Corollary 7.1.12 guarantees that o is an efficient
solution and (A, 9) is a maximal pair to (DSVG).

The above considerations can be done in the opposite direction yielding
H(0) € H**(0). But this means that H is subdifferentiable at 0 and thus the
stability of (PSV G) has been proven. 0O

Remark 7.1.7. Theorem 7.1.15 is a strong duality type assertion since it pro-
vides the existence of a common element v in the objective values of the primal
and dual set-valued problems.
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We emphasize once again that external stability of H(y) for all y € Y is
supposed. The importance of this fact also for Theorem 7.1.15 is underlined
by the above proof. The strong duality claimed in Theorem 7.1.15 implies the
following necessary optimality conditions of subdifferential type.

Theorem 7.1.16. The minimal pair (%,v) to (PSVG) and the corresponding
mazimal pair (A,v) to (DSVG) from Theorem 7.1.15 satisfy the optimality
condition (0, A) € 0P(Z,0;0) or, equivalently, A € OH(0;).

Proof. According to Theorem 7.1.15, there is o € F(z) = &(z,0) and ¢ €
—@*(0,A). For T := 0 € L£(X,V) this may be written as Tz + A0 — v €
@*(0, A). Proposition 7.1.3(a) says that this relation is equivalent to (0, A) €
O®(z,0;). On the other hand, there holds v € H(0) and ¥ € —H*(A), which
is nothing but A0 — v € H*(A). Applying again Proposition 7.1.3(a) yields

the equivalence to A € 9H(0;0). O

It turns out that the necessary subdifferential conditions from Theorem
7.1.16 are sufficient for strong duality and for the existence of the primal and
dual efficient solutions, too.

Theorem 7.1.17. Let (Z,0) € gph F N (X x V) and A € L(Y,V) fulfill the
condition (0,A) € 0®(z,0;v). Then T is an efficient solution and (z,v) is
a minimal pair to (PSVG), while A is an efficient solution and (A,v) is a
mazimal pair to (DSVG).

Proof. Since (0,A4) € 0®(z,0;v), according to Proposition 7.1.3(a), this is
equivalent to —v € @*(0,4). As v € F(z), we finally get v € F(z) N
{—®*(0, A)}. Corollary 7.1.12(b) provides the claimed assertion concerning
the efficiency of Z and A, as well as the minimality of (z,7) and the maximal-
ity of (A4,9). O

Remark 7.1.8. One could notice that for the above result no external stability
for H(y), when y € Y, is required. Assuming that H(y) is externally stable
for all y € Y, in order to obtain the same conclusion one can equivalently ask
instead of (0, A) € 0P(z,0;v) that A € IH(0, D).

Next we define the notions of epigraph and cone-convexity for a set-valued
map with values in V U{+o0k }.

Definition 7.1.5. Let F': X = V U{+ook} be a set-valued map.

(a) The set
epig F={(z,v) e X xV:veF(x)+ K}

is called the K-epigraph of F'.
(b) The map F is said to be K-convezx if epiyx F is a convex subset of X x V.



324 7 Duality for set-valued optimization problems based on vector conjugacy

It is straightforward to prove that F' is K-convex if and only if for all
x1,22 € X and all A € [0, 1] it holds

AF(x1) NV + (1 =XN)F(z2) NV C F(Az1 + (1 — Nzo) + K.

Now we show the K-convexity of the minimal value map H under cone-
convexity assumptions for the perturbation map & along with the external
stability of H(y) for all y € Y.

Lemma 7.1.18. Let & : X xY =2 V U{+oox} be a K -convez set-valued map
and H(y) = Min®(X,y) be externally stable for all y € Y. Then H is a
K -convex set-valued map.

Proof. We prove that
epi H = {(y,v) 6YxV:ve¢(X,y)+K}. (7.7)

Let be (y,v) € epig H. Then v € H(y) + K C &(X,y) + K and the inclusion
“C” is proven.

Take now (y,v) € ¥ x V with v € &(X,y) + K. Then there exist v €
&(X,y) NV and k € K such that v = v + k. As 9 C H(y) + K, one has
v € H(y)+ K and so (y,v) € epix H. Thus (7.7) is proven.

Now it is easy to see that epiz H = Pryxy(epig @). Since epiy @ is a
convex set, epiy H is a convex set, too. 0O

The notion introduced in the following will play an important role in
characterizing the subdifferentiability of a set-valued map. Let F' : X =
V U{+o00ok} be a set-valued map and T € L(X,V). We say that F*(T) can
be completely characterized by scalarization when for a pair (Z,7) € gph F it
holds TZ — v € F*(T) if and only if there exists k* € K*\{0} such that

(k*, Tz — v) (x’vr)neagﬁhﬁk ,Ta —v). (7.8)
Remark 7.1.9. One can interpret this definition as follows. Assume that F' :
X = V is a set-valued map and that int(K) # 0. For T € £(X,V) assume
that each weakly maximal element of the set Uyex [Tz — F(x)] is maximal
and that the set Uyex [Tz — F(x)] + K is convex. Then, via Corollary 2.4.26
for a pair (Z,v) € gph F' one has that (z,0) € F*(T) if and only if there exists
k* € K*\{0} satisfying (7.8). This means that under these conditions F*(T")
can be completely characterized by scalarization.

Let us give now the announced sufficient condition for the subdifferentia-
bility of a set-valued map. One can notice that in the proof of the following
result we do not make use of the external stability of H(y) for y € Y.

Proposition 7.1.19. Let F : X = V U{+ocok } be a K -convez set-valued map
such that Min F(z) = F(z) for some z € int(dom F). If int(epiyx F') # 0 and
F*(T) can be completely characterized by scalarization for all T € L(X,V),
then F is subdifferentiable at T.
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Proof. Without loss of generality we may assume that £ = 0 € int(dom F)).
One can notice that ) # F(0) C V. Take an arbitrary v € F(0) = Min F(0).
Then (0,9) ¢ int(epiy F') and, since epiy F' is convex, Theorem 2.1.2 can be
applied. Hence there exists a pair (x*, k*) € X* x V*, (z*,k*) # (0,0), such
that

(x*,0) + (k*,0) < (z",z) + (k*,v) for all (z,v) € epiy F. (7.9)

One can easily show that k* € K*. Even more, it is not possible to have
k* = 0. Assuming the contrary, let U be a neighborhood of 0 in X with
U C dom F. Thus (z*,u) > 0 for all u € U and this has as consequence the
fact that =* = 0. This is a contradiction, therefore k* # 0 and one can take
0 € V such that (k*,0) = 1. Define T € L(X,V) by Tz := —(z*,x)v for
x € X. Using (7.9) we deduce that for all (z,v) € epig F'

(k* v — Tz) = (k*,0) + (a*,2) > (k*,5) = (k*,5 — T0).

But this relation holds for all (x,v) € gphF, even if v = +oog since
(k*,+00k) = 4+00. By the assumption we made, —o € F*(T') and according
to Proposition 7.1.3 we have T' € 0F(0;7). As 0 € F(0) has been arbitrarily
chosen, the subdifferentiability of F' at 0 follows. O

In an analogous manner one can prove the following stability result.

Theorem 7.1.20. Let the perturbation map @ : X x Y = VU {4ook} be
K-conver and H :' Y = V U {+ook}, H(y) = Min®(X,y), be externally
stable for all y € Y. Assume that int(epiy H) # 0 and that for the set-valued
map ¥ : Y = VU{+ook}, ¥(y) = P(X,y), there is 0 € int(dom ¥). If H*(A)
can be completely characterized by scalarization for all A € L(Y,V), then the
primal problem (PSV Q) is stable.

Proof. One can easily see that the set-valued map ¥ is K-convex. Since
U(y)\{+oox} C H(y) + K for all y € Y, there is dom¥ C dom H and so
0 € int(dom H). Moreover, H(y) # () and so Min H(y) = H(y) = Min®(X, y)
for all y € Y. Further, by Lemma 7.1.18, H is K-convex and thus the subdif-
ferentiability of H at 0 is a direct consequence of Proposition 7.1.19. Conse-
quently, (PSVG) is stable. O

Remark 7.1.10. Proposition 7.1.19 and Theorem 7.1.20 generalize correspond-
ing results of [163] obtained there in finite dimensional spaces while the objec-
tive function of the primal problem is assumed to be vector-valued (see [163,
Proposition 6.1.7 and Proposition 6.1.13]).

In Proposition 7.1.19 and Theorem 7.1.20 we have seen that int(epij F')
and, respectively, int(epiy H) must be nonempty in order to apply a standard
separation theorem. Thus it is important to have simple criteria ensuring this.
For introducing such criteria, the following definition is useful.



326 7 Duality for set-valued optimization problems based on vector conjugacy

Definition 7.1.6. A set-valued map F : X = VU{+ook } is said to be weakly
K-upper bounded on a set S C X if there exists an element b € V' such that
(x,b) € epig F for all z € S.

It is straightforward to see that F' is weakly K-upper bounded on S if
and only if there exists b € V such that F(z) N (b — K) # () for all x € S.
To establish a connection between the weakly K-upper boundedness and the
assumption epiy F' # () we have to suppose that int(K) # (). For this reason
in the following we assume it to be fulfilled.

Lemma 7.1.21. Let be int(K) # 0 and F : X = VU {400k} be a set-valued
map. Then the following statements are equivalent:

(i) int(epiy F) # 0;
(ii) there exists ©’ € dom F' such that F is weakly K-upper bounded on some
neighborhood of x' in X.

The proof is straightforward. For details see [170, Theorem 6.1].

Remark 7.1.11. One can also imagine that appropriate topological properties
of a set-valued map F, like in scalar programming, imply the nonemptiness
of the interior of the K-epigraph of F. To this end one can assume that the
set-valued map F : X = VU{+ook} is K-Hausdorff lower continuous on
int(dom F'). According to [147], F'is K -Hausdorff lower continuous at 2’ € X
if for every neighborhood W of 0 in V there exists a neighborhood U of 2’ in
X such that F(a') C F(x) + W + K for all z € dom FNU.

Indeed, assume that for 2’ € dom F' the map F is K-Hausdorfl lower
continuous at . Let be k¥’ € int(K) and W a neighborhood of 0 in V' such that
k' +W C K. Then there exists a neighborhood U of 2’ in X with U C dom F'
and F(z') C F(x)+W+K for all x € dom FNU. Let be b € F(2')NV. Then
forallz € U onehasb+k € F(2/)+ kK CF(z) +¥ +W+ K C F(x)+ K,
and thus statement (74) in Lemma 7.1.21 is fulfilled.

Lemma 7.1.21 allows to substitute in both Proposition 7.1.19 and Theo-
rem 7.1.20 the assumptions concerning the nonemptiness of the K-epigraph
with the weakly K-upper boundedness condition. We come now to another
assertion which is useful for characterizing the stability of the set-valued op-
timization problem (PSVG).

Proposition 7.1.22. Assume that ¥ :Y = VU {+ook}, ¥(y) = P(X,y), is
K-conver, H:Y = VU {+ook}, H(y) = Min¥(y), is externally stable for
ally €Y and there exists y' € dom W such that ¥ is weakly K -upper bounded
on some neighborhood of y'. Then H is K-convezr and int(epix H) # 0.

Proof. As follows from 7.7, it holds epiy H = epix ¥ and, since ¥ is K-convex,
H is K-convex, too. The fact that int(epiy H) # 0 follows by Lemma 7.1.21.
O
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Proposition 7.1.22 allows to reformulate Theorem 7.1.20, by replacing the
hypothesis int(epiy H) # () with the assumptions concerning ¥ considered in
this las result.

Next we intend to expand the subdifferentiability and stability criteria
for set-valued maps by assuming convexity assumptions which allow to skip
imposing that the conjugate map can be completely characterized by scalar-
ization.

Definition 7.1.7. Let F': X = V U {+ook} be a set-valued map.

(a) F is said to be strictly K -convex if it is K -convex and if for all z1,z9 € X,
X1 # Ta, and all X € (0,1) there is

AF(21) NV + (1= N)F(z2) NV € F(Az1 + (1 — N)a) + int(K).

(b) F is said to be K-convexlike on the nonempty set S C X if for all vy, vy €
F(S)NV and all X € [0,1] there exists T € S such that

)\7}1-‘1-(1—)\)’02 EF(.’E)—‘,—K

(¢) F is said to be strictly K-convezlike on the nonempty set S C X if for all
v1,v2 € F(S)NV, vy # va, and all X € (0,1) there exists T € S such that

A+ (1= ANy € F(Z) + int(K).

(d) When in (b) and (c) the set S coincides with the whole space, then we call
the set-valued map K-convexlike and strictly K-convexlike, respectively.

In the case F': X — V U {+oox} is a vector-valued function, then F' is
K-convexlike on S if and only if (F(S)NV)+ K is convex. On the other hand,
a vector-valued function F': X — V is strictly K-convex if and only if for all
21,22 € X, x1 # x9, and all A € (0,1) the inequality

F()\xl + (1 — )\)%2) <K )\F(l’l) + (1 — )\)F({EQ)

holds.

We notice that, different to the situation when vector-valued functions
are considered, only assuming the inclusion relation in Definition 7.1.7(a)
to be fulfilled does not imply that the set-valued map F' is K-convex. On
the other hand, let us notice that if S C X is a nonempty convex set and
F: X = VU{+ocok} is a K-convex set-valued map, then F' is K-convexlike
on S, while if F' is strictly K-convex, then it is strictly K-convexlike on S,
too.

Definition 7.1.8. Let & : X xY = V U {+oox} be a set-valued map. The
map D is called

(a) K -convexlike-convex if for ally; € Y, v; € ®(X,y;) NV, i=1,2, and all
A € [0,1] there exists & € X such that

Avp + (1= Nva € B(Z, My + (1 — Nya) + K (7.10)
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(b) strictly-K -convezlike-convez if it is K -convezlike-convex and if for all y; €
Y, v, € ®(X,y;) NV, i=1,2, with y1 # ya, and all X\ € (0,1) there exists
T € X such that

Avr + (1= ANvg € D(Z, Ayn + (1 — Nye) + int(K). (7.11)

If & is K-convex then it is K-convexlike-convex, too, while when @ is
strictly K-convex, it is strictly- K-convexlike-convex, too.

As above we consider ¥ : Y = V U {4+oox}, ¥(y) = &(X,y), and H :
Y =2 VU {+ook}, H(y) = Min¥(y). The proof of the following statement is
straightforward.

Lemma 7.1.23. The map © is K -convezlike-conver if and only if the map ¥
1s K -convez, while @ is strictly-K -convexlike-convex if and only if ¥ is strictly
K-convezx.

Lemma 7.1.24. Let ¥ be strictly K -convexr and H(y) externally stable for all
y €Y. Then H is strictly K-convez.

Proof. As we have noticed in Proposition 7.1.22, under the imposed assump-
tions it holds epip H = epiyp ¥ and this guarantees the K-convexity of H.
Consider now y1,y2 € Y, y1 # y2, and A € (0,1). Therefore

AH(y1) NV + (L= NH(y2) NV C A (y) NV + (1 = NP (y2) NV
CUAyr+ (1 —=Ny2) NV +int(K) € H(Ayr + (1 — Ny2) + K + int(K)
= HA\y1 + (1 — Nyz) + int(K).
This completes the proof. O

By combining Lemma 7.1.23 and Lemma 7.1.24 one obtains the following
statement, which generalizes Lemma 7.1.18.

Lemma 7.1.25. (a) Let @ be K -convezlike-convex and H(y) externally stable
forally €Y. Then H is K-convex.

(b) Let @ be strictly-K -convezlike-convex and H(y) externally stable for all
y €Y. Then H is strictly K-convex.

Now let us formulate a subdifferentiability result for set-valued maps by
assuming strict K-convexity. Comparing it to Proposition 7.1.19, one can
notice that one needs here a stronger convexity assumption, but the restrictive
property that F*(T') can be completely characterized by scalarization for all
T € L(X,V) can be avoided. In the proof of the following result we do not
make use of the external stability of H(y) for y € Y.

Proposition 7.1.26. Let the set-valued map F : X = V U{+ook} be strictly
K -convez and weakly K-upper bounded on some neighborhood of ¥’ € dom F
(or, equivalently, int(epiy F) # 0). If & € int(dom F) and Min F(z) = F(z),
then F is subdifferentiable at T.
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Proof. Without loss of generality let Z = 0. Obviously, ) # F(0) C V. Take
an arbitrary v € F(0) = Min F(0). Then (0,0) ¢ int(epix F'), which is a
nonempty set. Further, epij F'is convex and this allows to use Theorem 2.1.2
like in the proof of Proposition 7.1.19. Hence there are x* € X* and k* €
K*\{0} such that
(k*,0) < (x*,z) + (k*,v) for all (z,v) € epigF. (7.12)

Now, the strict convexity of F' allows to verify even the strict inequality

(k*,0) < (z*,z) + (k*,v) for all (x,v) € epigpF with x # 0. (7.13)
Indeed, were (7.13) not fulfilled, then there would exist (x1,v1) € epig F with
x1 # 0, such that (k*,0) = (z*,21) + (k*,v1). As

1 1.1 1 1

U1t gU€s (Flx)NV)+ K) + 5(F(O) nv) = EF(xl) NV+
1 1 . 1 .
iF(()) NV+KCF (§x1> +int(K)+ K=F (§x1) + int(K),

there exists in this situation k; € int(K) such that (1/2)vy + (1/2)0 — ky €
F ((1/2)x1). Thus we have

1 1 1 .
(Exl’ 51)1 + 56 — kl) € epig F
and using (7.12) yields

1 1 1
*k = < * _ * _ o
(k*,0) < <x ,2x1>—|—<k ,2v1+ 50 k:1>

1
<x*,a:1> + §<k'*,1}1> - <k*a k1>

or, equivalently,

Since (k*, k1) > 0, one has (k*,0) < (z*,z1) + (k*,v1) and this contradicts
the equality from above. Thus (7.13) is valid. Let be © € V with (k*,0) = 1
and T € L(X,V) defined by Ta := —(z*,2)v for x € X. Then from (7.13) we
get

(k*,0) < {x*,z) + (k*,v) = (k*, —=Tz) + (k*,v) = (k*,v — Tx) (7.14)

for all (z,v) € epigx F with z # 0. Notice that this result is true for arbitrary
x € X whenever v = +0og. We prove that o € Min Uyex [F(z) — Tz]. Assum-
ing the contrary, there exist & € X\{0}, and ¥ € F(&) such that o —T% <y @.
This means that
(k*,0—Tz) < (k*, ).

On the other hand, (7.14) implies (k*,7) < (k*,0 — T'%), and this leads to
a contradiction. Consequently, © € MinU,cx[F(x) — Tx], or, equivalently,
—0 € MaxUgex[Tx — F(x)], which means T' € 0F(0; 7). Since v € F(0) NV
was arbitrarily chosen, F' is subdifferentiable at 0. O
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Proposition 7.1.26 allows to formulate a stability criterion in analogy to
Theorem 7.1.20, but which does not require that H*(A) can be completely
characterized by scalarization for A € L(Y, V).

Theorem 7.1.27. Let the perturbation map & : X xY = V U {4oox} be
strictly-K -convexlike-convex (or, equivalently, ¥ : Y =V U{+ook}, ¥(y) =
D(X,y), be strictly K -convex) and H : Y = VU{+oox }, H(y) = Min®(X,y),
be externally stable for all y € Y. Assume there exists y € domWV¥ such that
U is weakly K-upper bounded on some neighborhood of y'. If 0 € int(dom &),
then the primal problem (PSV Q) is stable.

Proof. Lemma 7.1.25 ensures that H is strictly K-convex and via Proposition
7.1.22 follows that int(epip H) # 0. Because H(0) = Min®(X,0) it holds
Min H(0) = H(0) and, moreover, as shown in the proof of Theorem 7.1.20,
one has that dom% C dom H. Consequently, 0 € int(dom H). Proposition
7.1.26 ensures the subdifferentiability of H at 0 or, equivalently, the stability
of (PSVG). O

7.1.3 A special approach - vector k-conjugacy and duality

The considerations made in the previous subsections of this chapter extend
the ones from [163] made when X = R", V = R¥, K = R} and the primal
objective function is vector-valued. When the objective space V is finite di-
mensional one can find in [180] another approach for defining conjugate maps
and subgradients, by replacing 7' € L£(X,V) (or in the finite dimensional
case the corresponding matrix 7' € R¥*") with a linear continuous functional
mapping from X into R. In the following we extend that approach to infinite
dimensional spaces and set-valued maps.

Throughout this subsection let X, Y and V be topological vector spaces
with topological dual spaces X*, Y* and V*, respectively. Let V' be partially
ordered by the nontrivial pointed convex cone K C V. Concerning the basic
notations and conventions with respect to minimal and maximal elements of
sets in V we refer to subsection 7.1.1.

Definition 7.1.9. Let F : X =V be a set-valued map and k € V\{0} a given
element.

(a) The set-valued map

Fi: X* =V, Fi(z*) = Max LG_JXKJ‘*,J?)]C — F(2)],

is called the k-conjugate map of F.
(b) The set-valued map

F X 3V, Ff(e) = Max U [(@", )k - Fi(a))

is called the k—biconjugate map of F'.
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(c) The element z* € X* is said to be a k-subgradient of F' at (x,v), where
(x,v) € gph FN(X x V), if

(x*,x)k — v € Max [(x*,y)k — F(y)].

U
yeX
The set of all k-subgradients of F at (z,v) € gph F N (X x V) is called
the k-subdifferential of F at (x,v) and is denoted by O F (x;v). Further,
for all x € X denote OpF'(x) := Uyep(o)OF (z;v). If for allv € F(x)NV
we have Oy F(x;v) # 0, then F is said to be k-subdifferentiable at x.

Remark 7.1.12. We refer also to Remark 7.1.1 concerning the vector-valued
case. Now, for a vector-valued function f : X — V, we use the notations s
+* and Oy f when particularizing Definition 7.1.9. If we consider V = RF,
K = Rk the vector k := (1,...,1)T and the function F : X — R* vector-
valued, one rediscovers the original approach of this kind of conjugacy as
established in [180]. Even more, most of the results presented there can be

derived as particular instances of the results we give below.

In Definition 7.1.9, different from Definition 7.1.2, T' € L£(X,V) has the
special formulation Tz = (z*, x)k for € X. The generalized Young-Fenchel
inequality from Proposition 7.1.1 holds also for F}'(2*), as a particular case.
The other results and properties obtained in subsection 7.1.1 can be proven
in a similar way. Nevertheless, in particular, assertions containing F}}* require
new considerations since the k-biconjugate functions cannot be seen as a direct
particularization of the biconjugate from the previous subsections. Although
some modifications are necessary, the transfer of the proofs is straightforward.
Therefore Proposition 7.1.2, Proposition 7.1.3, Proposition 7.1.4 and Corollary
7.1.8 remain true for corresponding notions and assertions based on Definition
7.1.9.

Concerning the subgradient, it is easy to see that for z* € X* if T €
L(X,V), defined by Ta = (z*,x)k for x € X, is a subgradient of F' in the
sense of Definition 7.1.2, then z* is also a k—subgradient of F' and vice versa.
But, in general one can have subgradients of F' in the sense of Definition
7.1.2 that are not k—subgradients of F'. Therefore the k-subdifferential of F'
at (z,v) € gph F N (X x V) is a subset of the subdifferential of F' at the
same point in the sense of Definition 7.1.2. Thus, if F' is k-subdifferentiable
at x € X, then F' is subdifferentiable at @ € X, too. The opposite statement
might fail.

Similar to the investigations made in the previous section, one can attach
to the primal problem (PSV G) a set-valued dual problem, this time based on
k-conjugate functions. Weak and strong duality assertions, like in subsection
7.1.2, can be proven in this case, too. Even more, Proposition 7.1.10 remains
true if 0 € OF(Z;v) is replaced by 0 € 9, F(Z; ) in the statement (a), while
0 € 0f(x) is replaced by 0 € 9 f(Z) in the statement (b).

Let us turn our attention to the set-valued optimization problem
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(PSVG) II\/él)I(l F(x)

treated in the previous subsections. As there we take as perturbation map
@ : X xY = VU{+ook} such that ¢(x,0) = F(x) for all z € X. We consider
a fixed k € V\{0}. Then &; : X* x Y* = V is defined by & (z*,y*) =
Max Ugex yev[({z*, ) + (y*, )k — P(z,y)] and to (PSV G) we attach in this
way the set-valued dual problem

(DSVG)) Max {—®;(0,5%)}.
y* cYy =

By solving (DSVG)) we mean finding those elements §* € Y™* such that
there exists v* € —@5(0, ") fulfilling 7* € MaxUy-cy+{—P;(0,y*)}. In this
situation g* is said to be an efficient solution to (PSVG), while the tuple
(y*,v") is said to be a mazimal pair to (DSVGy,).

Further we give some essential results without proofs, as these can be done
in a similar manner as in the previous subsection. First, let us consider the
weak duality assertion.

Theorem 7.1.28. For all x € X and all y* € Y* there is ®(x,0) N
{=2%(0,y7) = (K\{0})} = 0.

Corollary 7.1.29. (a) For all z € X and all y* € Y* it holds v £x v*,
whenever v € F(z) and v* € —P;(0,y*).

(b) Let be v € F(z) N {—L5(0,5*)} for z € X and y* € Y*. Then T is an
efficient solution and (Z,0) a minimal pair to (PSVG), while §* is an
efficient solution and (g*,v) is a mazimal pair to (DSVGy,).

As in subsection 7.1.2 the minimal value map of & is taken to be the
set-valued map H : Y = V U {+ook}, H(y) = P(X,y).

Lemma 7.1.30. The inclusion $;(0,y*) C H;(y*) holds for all y* € Y*.
Moreover, if H(y) is externally stable for ally € Y, then ®;.(0,y*) = H}: (y*)
for ally* € Y.

In the following we suppose that H(y) is externally stable for all y € Y.
Then the dual problem (DSVG}) may be formally written as being

(DSVGy) Max U {—Hi(y")}.
y*EY*

Lemma 7.1.31. It holds Max U+ cy«{—2;(0,y*)} = H*(0).

As far as stability is concerned, we refer to Definition 7.1.4 and call
(PSV @) k-stable (with respect to the perturbation map @) if the minimal
value map H is k-subdifferentiable at 0. The next result concerns strong du-
ality.
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Theorem 7.1.32. The problem (PSV Q) is k-stable if and only if for each
efficient solution & € X to (PSVQG) and v € F(z) such that (Z,0) is a
minimal pair to (PSVG) there exist an efficient solution §* € Y* such that
v e —P5(0,7) and (§*,v) is a mazimal pair to (DSVGy,).

Obviously, this result corresponds to Theorem 7.1.15 and the external
stability of H is an essential feature in the proof.

Like in Theorem 7.1.16 and Theorem 7.1.17 one can state the following
optimality conditions.

Theorem 7.1.33. The minimal pair (Z,v) to (PSVG) and the corresponding
mazximal pair (§*,0) to (DSV Gy) from Theorem 7.1.32 satisfy the optimality
condition (0,7*) € OxD(T,0;0) or, equivalently, §* € O H(0;0).

Theorem 7.1.34. Let (Z,7) € gph FN (X x V) and g* € Y* fulfill the con-
dition (0,7*) € 0x®P(Z,0;v). Then T is an efficient solution and (Z,v) is a
minimal pair to (PSVG), while §g* € Y* is an efficient solution and (y*,v) is
a maximal pair to (DSVGy).

Remark 7.1.13. One can notice that in Theorem 7.1.34 no external stability
for H(y), when y € Y, is asked. Assuming this additional hypothesis for all
y € Y, in order to get the same conclusion in the theorem above, instead of
(0,7*) € 0xP(Z,0; ) one can equivalently ask that §* € 0, H(0;7).

Let 2* € X* be fixed. We say that F}'(z*) can be completely characterized
by scalarization when for a pair (Z,v) € gph F' one has (z*,Z)k — v € Fj(z*)
if and only if there exists £* € K*\{0} such that

(k" (z*,2)k —v) = max (K", (z",2)k — v).
(xz,v)Egph F'

The next result corresponds to the assertion in Proposition 7.1.19. Never-
theless, we prefer to give its proof, since the construction of the k-subgradient
is a bit more different. Moreover, for the next result we need to assume that
the interior of K is not empty. The external stability for H(y), when y € Y,
is for the following result not assumed.

Proposition 7.1.35. Let F : X = VU{+ocok} be a K-convex set-valued
map such that Min F(z) = F(Z) for some T € int(dom F) and assume that
k€ qi(K)U(—qi(K)). If int(epig F) # 0 and F}f(z*) can be completely char-
acterized by scalarization for all x* € X*, then F is k-subdifferentiable at
z.

Proof. Without loss of generality we assume that £ = 0. Obviously one has
() # F(0) C V. Following the same idea as in the proof of Proposition 7.1.19,
one can prove that for an arbitrary o € F(0) = Min F(0) there exists (z*, k*) €
X* x V* k* € K*\{0}, such that the inequality

(k*,0) < (x*,z) + (k*,v) (7.15)
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holds for all (z,v) € epig F'. Since k € qi(K)U(—qi(K)), one can notice that
k # 0. Assuming the contrary, one would have that K* = {0}, which would
lead to a contradiction. Thus k # 0 and therefore (k*, k) # 0. Consequently,

we can define z* := —(1/(k*, k))a* € X*. Then, from (7.15), for all (z,v) €
epiy F' we acquire
(k*,0) < —(k*, k) (2%, z) + (k*,v) = (k*,v — (2", 2)k). (7.16)

Since (k*,+ook) = 4oog for k* € K*\{0}, one can easily conclude that
(7.16) holds for all x € X and all v € F(x), even if v = +00x. Thus —v €
Fj(z*) and so z* € 0, F(0;0). As 0 was arbitrarily taken in F(0), we finally
get that F' is k-subdifferentiable at 0. O

With these preparations the subsequent stability criterion can be delivered
(see Theorem 7.1.20 and its proof).

Theorem 7.1.36. Let the perturbation map @ : X x Y = VU {400k} be
K-convexr and H :' Y = VU{+ook}, H(y) = Min®(X,y), be externally
stable for ally € Y. Assume that k € qi(K) U(— qi(K)), int(epix H) # 0 and
that for the set-valued map ¥ : Y = VU{+ook}, ¥(y) = &(X,y), there is
0 € int(dom ¥). If H:(y*) can be completely characterized by scalarization for
each y* € Y*, then the primal problem (PSV Gy) is k-stable.

As we know from Theorem 7.1.32 this criterion ensures strong duality.

Finally, to round the things out we notice that as in subsection 7.1.2 the
last two results concerning the k-subdifferentiability and, respectively, the
k-stability of (PSVG) may be reformulated by taking into account Lemma
7.1.21 and Proposition 7.1.22. In other words, one can replace in these state-
ments the nonemptiness of the interiors of epiy F' and epiy H with the weakly
K-upper boundedness of F' and H, respectively.

Furthermore, it is possible to refine these results via strict K-convexity
notions as in subsection 7.1.2. In particular, Proposition 7.1.26 and Theorem
7.1.27 can be reformulated regarding k-subdifferentiability and k-stability. In
this way we get some extensions of Proposition 7.1.35 and Theorem 7.1.36.
The assumptions are identical allowing to present here an abridged form of
the facts.

Corollary 7.1.37. (a) Assume that for T € int(dom F) the hypotheses of
Proposition 7.1.26 are fulfilled and that k € int(K)U(—int(K)). Then
F is k-subdifferentiable at T.

(b) Assume that the hypotheses of Theorem 7.1.27 are fulfilled and that k €
int(K)U(—int(K)). Then the primal problem (PSV Gy,) is k-stable.

7.2 The set-valued optimization problem with
constraints

In the second section of this chapter we apply the perturbation approach
developed in the previous one to the general set-valued optimization problem
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with constraints. We consider different perturbations of the primal problem,
each of them providing a different set-valued dual problem. As primal set-
valued optimization problem we consider

(PSVC) Min F(z),
zeA
A={z e S:G(x)n(-C) # 0}

where X, Z and V are topological vector spaces with Z partially ordered by
the convex cone C' C Z and V partially ordered by the nontrivial pointed
convex cone K C V, S C X is a nonempty set, while F' : X = V U{4ocok}
and G : X = Z are set-valued maps such that dom F NS NG~ (-C) # 0,
with G7H(=C) ={z € X : G(z) N (=C) # 0}. By X*, Z* and V* we denote
the corresponding topological dual spaces of X, Z and V, respectively.

We deal with the minimal elements of the image set F'(A) with respect to
the partial ordering induced by K. An element Z € A is said to be an efficient
solution and (7,9) is said to be a minimal pair to (PSV®) if v € F(z) and
v € Min F(A). Obviously, (PSV®) may be considered as a particular case
of the problem (PSVG) we dealt with in section 7.1. We observe that the
constraint G(x) N (—C) # 0 is nothing else than the natural generalization
of the cone constraint g(z) € —C for a vector-valued function g : X — Z.
If G is single-valued, then G(x) N (—C) # () reduces to the mentioned cone
constraint.

7.2.1 Duality based on general vector conjugacy

Let us define several set-valued perturbation maps which give, via their con-
jugate maps, different dual problems to (PSV): the Lagrange perturbation
map ®t : X x Z =V U{+ook},

@CL(x,z){F(x)’ ifxeS,Glx)n(z—C) #0,

{+00K}, otherwise,
the Fenchel perturbation map

Flz+y),ifze A,

PCF . X x X = V U{+ocok}, @CF(ZZH?J) = {{+OOK} otherwise

and, respectively, the Fenchel-Lagrange perturbation map @7t : X x X x Z =
\%4 U{+OOK },

Fxz+y),ifzeSGa)n(z-C)#0,

Crr =
P (xa ZU,Z) - { {+OOK}, otherwise.

As in subsection 7.1.2 we introduce for the different perturbation maps the
corresponding minimal value maps

HC: . Z =V U{+ook}, HY"(2) = Min UX@CL (z,2), z € Z,
paS
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HCr : X =3 VU{+o0k}, H (y) = Min gXQSCF(x,y), yeX,
xr
and, respectively, HCF* : X x Z = V U{+o0k},

HCFL (y, z) = Min UXQCFL(x,y,z), yeX, z€ Z.
e

By Lemma 7.1.13 it follows that in case HCZ(z) is externally stable for all
z € Z, then (HEL)*(A) = (#°2)*(0, A) for all A € L(Z,V), while if HF (y)
is externally stable for all y € X, then (HF)*(I') = (#“7)*(0,I") for all
I' € L(X,V). Assuming that HCF%(y, z) is externally stable for all (y,z) €
X x Z, then (HEr2)*(I', A) = (¢97£)*(0, T, A) for all I' € L(X,V) and all
Ae L(Z,V).

For formulating the dual problems we have to calculate the corresponding
conjugate maps to these perturbation maps. To this end we use the general
conjugacy concept as developed in subsections 7.1.1 and 7.1.2. For an arbitrary
A€ L(Z,V) it holds

CL * — _ CL — _
(P51)*(0,4) MaxxeXL’Jzez[Az DY (2, 2)] Maxwesﬂmg(z_c#m[/lz F(z)].

Since G(z) N (z — C) # 0 is equivalent to z € G(z) 4+ C, we obtain

(@CL)*(O’ A):Maxwesﬁze%(ngc[/lzfF(:c)]:Max xLer[A(G(x))JrA(C) —F(x)].
(7.17)

Even more, if the set Max A(C') is externally stable, then Proposition 7.1.7
secures the equality

(P°)* (0, A) = Max { gS[A(G(x)) — F(z)] + Max A(C)}.
Pursuing the approach given in subsection 7.1.2 we associate to (PSV®) the
following set-valued dual problem

CrL 1 —
(DSV™E) MaXAGLLEJZ,V) MlnzgS[F(a:) A(G(z) + C)].

In case C' # {0} a straightforward consideration shows that the existence of
an element ¢ € C'\ {0} with the property Ac’ € K \ {0} implies

Min gS[F(a:) —A(G(z)+C)] =0.

Therefore the mappings A € L£(Z,V) fulfilling A(C) N K # {0} have no
influence on the set of maximal elements of the dual problem (DSV ). Hence
the final form of the dual problem, which is obviously valid also when C' = {0},
is

DSVCr) M U Min U [F A(G 0)].

( ) Max 0, Min UF() + AG() + C)]

A(C)N(=K)={0}
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We call (DSVCr) the Lagrange set-valued dual problem to (PSV ).

Theorem 7.1.11 implies that for (PSVY) and its Lagrange set-valued dual
problem (DSV¢t) weak duality holds in the most general situation, even
without any assumptions like convexity or external stability. Under the sta-
bility assumption of (PSVY) with respect to the perturbation map ¢*, the
strong duality for (PSV ) and (DSV L) arises as a consequence of Theorem
7.1.15. We skip the detailed formulation of this result.

Next, we derive the Fenchel set-valued dual problem to (PSV®) by means
of the perturbation map ¢“F. For an arbitrary I" € £(X, V) it holds

(@) (0, 1) = Max U [y — &7 (z,y)] = Max U [y =F+y).

z,y€X €A, y€

Then we get

SCFV (0, ) =M I'y—F(y)—T
(@77)*(0,1") aXIGAL’JyGX[ y— F(y) — I'z]

=Max U {[Py~F(y)] + [-I'x— 5}(a)] |

=Max{ U [Py~ F)l+ U [-Ix — 8} (x)] |

- Max{ U [Ty — F(y)] - r(A)}.

yeX

If F*(I") = MaxUyex[I'y — F(y)] is externally stable, then the dual problem
can be written in a more compact form. To this end one has to apply Propo-
sition 7.1.7 for the set-valued maps ' : X =V, F(z) = [-I'z — 0% ()], and
G:X =V, G(x) = Uyex[I"y — F(y)]). Thus we obtain

(@) (0.1) = Max U {[-T'w = 3{(@)] + U [ly~F(y)]}

= Maxxgx {[—F:E — oY ()] + Maxng[Fy - F(y)]}

= Max U {[—F:E — % (x)] + F*(F)} — Max{F*(I') — I'(A)}.
xTE
Assuming additionally that (6%)*(—I") = MaxUzex[—I'z — 6% ()] is exter-
nally stable, which is the case when I'(A) C Min I'(A) + K or, equivalently,
when Min I"(A4) is externally stable, one obtains again via Proposition 7.1.7
that

(87)*(0,T") = Max[F*(I') + Max(—I"(A))]

— Max[F*(I") — Min I'(A)] = Max {F*(F) + (53{)*@)}.

In the general case, without any external stability assumption, the Fenchel
set-valued dual problem to (PSV ) is
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Cr 1 —
(DSV®T) Max Feﬁ%x,v) Min { ng[F(y) I'y] + F(.A)},

while when F*(I") and Min I'(A) are supposed externally stable for all I" €
L(X,V), the Fenchel set-valued dual becomes

(DSVEF) Max U Min[-F*(I') + Min I'(A)].
rec(x,v)

Dealing further with the third perturbation map #“FL we obtain for its
conjugate map, for I' € L(X,V) and A € L(Z,V), the following formulation

(@CFL)*(O,F,A) = Max U [FerAzf@C”(z,y,z)]

r,yeX,z€Z
= M _ — _ o
oS Myt Az=Flety)] =Max U ([y—F(y)-To+Az]
G(z)N(z—C)#D 2€G(x)+C
=Max U_{[I'y— F(y)]+[-L'z+ AG(x))] + A(C)}

zeS,yeX
— Max {ng[Fy ~ F)]+ U [-To+AG@) + A(C)} .

In this general situation one can attach to (PSVY) the so-called Fenchel-
Lagrange set-valued dual problem

DSVErE)y M o Min{ U [F(y)~Tyl+ U [Ma+A(G()]+A(C) }.
(DSVEr) Max U Min{ U [F)-Tol+ U [P+ AGE)HAC)
AEL(ZV),
A(C)N(=K)={0}
Also here the dual problem can be written in a more compact form if ex-
ternal stability conditions are imposed. If F*(I") = MaxUyex|[I'y — F(y)] is
externally stable for all I' € L(X, V), then the dual problem becomes

DSVErr)y M U Min< —F*(I') + U [I'z + A(G AC) ¢
(DSVEr) Max |0 Min{ = (1) + U [T+ 4G+ AC)
AeL(Z,V),
A(C)N(=K)={0}

If, additionally, also (AG)5(—1") = MaxUzes[—I'z — A(G(z))] is externally
stable for all A € L(Z,V) and all I € L(X, V), then we acquire the following
formulation for the dual problem
DSVErt)y M U Min[-F*(I") — (AG)5(=T") + A(C)).
( ) Max | U Minf-F() - (AG)(-T) + A(C)
A(C)N(—K)={0}
Remark 7.2.1. The scalar optimization problem with geometric and cone con-
straints (PY) studied in chapter 3 can be seen as a particular case of (PSV©).
As one can notice in the following, by particularizing the set-valued duals to
the scalar setting we rediscover three dual problems similar to (D), (DF)

and (DCFt), respectively, that have been formulated in section 3.1 in connec-
tion to (PY).
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Not only for the Lagrange set-valued dual problem, but also for the Fenchel
and Fenchel-Lagrange set-valued dual problems weak duality holds without
supposing any particular hypotheses. This is an immediate consequence of
Theorem 7.1.11. According to Theorem 7.1.15 strong duality is ensured under
stability assumptions for (PSV ) regarding the perturbation maps #“* and
dCre | respectively. Using the strong duality and Remark 7.1.7 optimality con-
ditions can be easily derived. Even more, taking into consideration Theorem
7.1.16 and Theorem 7.1.17 these optimality conditions may be represented in
subdifferential form as necessary and sufficient conditions.

For the following we assume that the corresponding minimal value maps of
the three perturbation maps are externally stable. First we present optimality
conditions and strong duality by employing the Lagrange set-valued dual to

(PSVY)

(DSVEr) Max U Min U [F(z) + A(G(z) + O)].
AEL(Z,V), z€S
A(C)N(=K)={0}

Theorem 7.2.1. (a) Suppose that the problem (PSV'Y) is stable with respect
to the perturbation map ®°*. Let T € A be an efficient solution to (PSV®)
and v € F(Z) such that (z,v) is a minimal pair to (PSVY). Then there
exists A € L(Z,V), an efficient solution to (DSVCr), with (A,v) corre-
sponding mazimal pair such that strong duality holds and the following
conditions are fulfilled
(i) © € MinUpes[F(x) + A(G(z) + C)];

(i) A(C) N (—K) = {0};
(i11) A(G(z) + C)N (—K) = {0}.

(b) Assume that for z € A, v € F(Z)NV and A € L(Z,V) the conditions
(1) — (#1) are fulfilled. Then T is an efficient solution and (Z,v) is a
minimal pair to (PSVY), while A is an efficient solution and (A,v) is a
mazimal pair to (DSVEL).

Proof. (a) By Theorem 7.1.15 there exists an efficient solution A € £(Z,V) to
(DSV ) with corresponding maximal pair (A, 9) fulfilling v € Min U,¢s[F ()
+A(G(z) + O)] and so (i) is verified. The condition (i7) follows from the con-
struction of the Lagrange set-valued dual problem. To prove (#ii) notice first
that from z € A follows G(Z) N (—C) # 0, consequently 0 € A(G(z) + C) N
(—K). Assume now that there exists © € A(G(Z) + C) N ((—K)\{0}). Then

v+0€F(z)+ AG)+C) C LEJS[F(x) + A(G(z) + O)]
and v + v <g U, contradicting (7). Altogether, (ii7) is true.
(b) The proof of this result is a direct consequence of Theorem 7.1.17. O

Remark 7.2.2. Let us compare the optimality conditions (i) — (¢¢) in Theorem
7.2.1 with the optimality conditions given for the primal dual pair (P¢) —
(D€t) in Theorem 3.3.16. Consider as image space V' = R with the ordering
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cone K = R,. Then £(Z,R) = Z* and an element A € Z* fulfilling A(C) >0
is in fact belonging to the dual cone C*. Further assume that F' : X —
RU{+c0} and G : X — Z are single-valued maps. The Lagrange set-valued
dual problem (DSV L) takes in this case the form

max min[F(z) + A(G(z))]

and now it is easy to recognize the similar formulation to the one of the scalar
Lagrange dual problem (D®r).

Concerning the optimality conditions, one can easily see that assertion
(i) of Theorem 7.2.1 becomes in this case F(Z) = minges[F(x) + A(G(z))],
while condition (i) states that A € C*. Coming now to condition (iii), this
looks now like A(G(Z) + C) > 0, which is equivalent to A(G(Z)) = 0. In this
way we rediscover as particular instance the three optimality conditions for
(PY) — (D®r) given in Theorem 3.3.16.

Next we provide optimality conditions for (PSV) and its Fenchel set-
valued dual problem

(DSVYr) Max U Min[—F*(I") + Min I"(A)],
reL(x,v)

under the additional assumptions that F*(I") and Min I'(A) are externally
stable for all I" € L(X, V). The proof of the following result is a consequence
of Theorem 7.1.15, Theorem 7.1.16 and Theorem 7.1.17.

Theorem 7.2.2. Let F*(I') and MinI'(A) be externally stable for all I' €
L(X,V).

(a) Suppose that the problem (PSVC) is stable with respect to the perturbation
map ®CF . Let T € A be an efficient solution to (PSVC) and v € F(z) such
that (Z,9) is a minimal pair to (PSVY). Then there exists I € L(X,V),
an efficient solution to (DSVEF), with (I',v) corresponding maximal pair
such that strong duality holds and

v € Min[—F*(I") + Min I'(A)].

(b) Assume that for 2 € A, v € F(Z)NV and T' € L(X,V) one has v €
Min[—F*(I") + Min I'(A)]. Then Z is an efficient solution and (Z,v) a
minimal pair to (PSVC), while T is an efficient solution and (I',v) a
mazimal pair to (DSVEF).

Remark 7.2.3. Considering the same setting as in Remark 7.2.2, we have that
L(X,R) = X*. Assuming that for all I’ € X* the supremum F*(I') =
sup,ex{I'z — F(z)} and the infimum inf,c 4(I'z) are attained, means that
both sets F*(I') and Min I'(A) are externally stable for all I" € X*. The
Fenchel set-valued dual problem looks then like
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max |—F*(I") + min(lx)| ,
rexs z€A

while the optimality condition in Theorem 7.2.2 can be written for € A and
I'eX*as

F(z)=-F*(I) +;réi2(Fx),

or, equivalently,

n&iﬁ(f, ) =T7and F(z)+ F*(I') = I'z.
xT

The reader can notice the analogy of the optimality conditions offered above
to the ones in Theorem 3.3.19.

Next we give strong duality and corresponding optimality conditions for
(PSV®) and the Fenchel-Lagrange set-valued dual problem

Crr At _ T
(DSVEFE) Max FeE(X,V)L,JAec(Z,V),Mm[ FY(I') — (AG)s(—=TI") + A(C)],
A(C)N(-K)={0}

in case F*(I") and (AG)%(—1I") are externally stable for all I' € £(X,V) and
all A€ L(Z,V).

Theorem 7.2.3. Let F*(I') and (AG)5(—1I") be externally stable for all I' €
L(X,V) and all A€ L(Z,V).

(a) Suppose that the problem (PSVC) is stable with respect to the pertur-
bation map PCFL. Let T € A be an efficient solution to (PSV®) and
v € F(z) such that (z,0) is a minimal pair to (PSVY). Then there ex-
ists (I, A) € L(X,V) x L(Z,V), an efficient solution to (DSVEFL), with
(T, A, ) corresponding mazimal pair such that strong duality holds and
the following conditions are fulfilled
(i) € Min[—F*(T) — (AG)5(~T) + A(C));

(ii) A(C) 1 (~K) = {0}
(i11) A(G(z) + C)N (—K) = {0}.

(b) Assume that for z € A, v € F(z) NV and (I',A) € L(X,V) x L(Z,V)
the conditions (i) — (it) are fulfilled. Then T is an efficient solution and
(z,) a minimal pair to (PSVC), while (I, A) is an efficient solution and
(I', A,v) a mazimal pair to (DSVErL).

Proof. (a) By Theorem 7.1.15 there exists an efficient solution (I',A) €

L(X,V) x L(Z,V) to (DSVCrL) with corresponding maximal pair (I, 4, )

fulfilling o € Min[—F*(I') — (AG)%(—T") + A(C)], which is in fact (i). The

condition (i) follows from the construction of the Fenchel-Lagrange set-
valued dual problem. To prove (i) notice first that from z € A follows

G(z) N (=C) # 0, consequently 0 € A(G(Z) + C) N (—K). Assume now that

there exists 0 € A(G(Z) + C) N ((—K)\{0}). Then
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149 € F(z)+ AG@)+C)=F(z) - T'(2) + () + A(G(z)) + AC)
C U [Fly) - T(y)]+ U [[(z)+AG(x))] + AC).
yeX zeSs

On the other hand, since F*(T") and (AG)%(—T") are externally stable, from
() it follows o € Min {Uyex[F(y) — I'(y)] + Uzes[I'(z) + A(G(z))] + A(C)}.
Since v 4+ 0 <k v, this leads to a contradiction and so (#i7) is proven.

(b) The proof of this result is a direct consequence of Theorem 7.1.17. O

Remark 7.2.4. Considering again the setting from Remark 7.2.2 and Remark
7.2.3, we assume that for all I' € X* and all A € Z* the suprema F*(I) :=
sup,ex{(L,) — F(x)} and (AG)5(~I) i= sup,c{—(L,x) — (AG)(x)} are
attained. Then the Fenchel-Lagrange set-valued dual problem (DSVrr) is
nothing else than
refpax  [SFNI) - (AG)s (=D,

while the optimality conditions (i) — (4i7) in the previous result can be for-
mulated as F(z) = —F*(T') — (AG)5(-T), A € C* and A(G(z)) = 0, re-
spectively. The first relation can be in this situation equivalently written as
F(z) + F*(I') = I'z and A(G(z)) + (AG)4(—T') = —I'z. The analogy to
the optimality conditions stated for the primal-dual pair (PY) — (D°F%) in
Theorem 3.3.22 is also in this case remarkable.

7.2.2 Duality based on vector k-conjugacy

Within the current subsection we deal with duality for the primal set-valued
optimization problem (PSV ) based on the vector k-conjugacy approach in-
troduced in subsection 7.1.3 and for this purpose we use the same perturbation
maps ¢, #¢F and $Crr which have been introduced at the beginning of
subsection 7.2.1.

Let k € V\{0} be fixed. We begin with the calculation of the map (#%);.
For an arbitrary z* € Z* it holds

(P15 (0,2%) = MaxerX [(2%, 2)k — ®YL (x, 2)]
z2€Z

= Max zesgez, [(z*, 2)k — F(x)] = Max TLGJS[(z*G)(a:)k: + 2" (C)k — F(x)],
z€G(x)+C

where we denote (2*G)(z) := {(z*,2) : z € G(x)}. Therefore to the primal
problem (PSVY) we attach the Lagrange set-valued dual problem
(DSVkCL) Max *gz* Min LéJS[F(JZ) — ("G (x)k — z* (C)k].

Let us additionally assume in the following that k € K. If z* € —C* then for
all ¢ € C it holds —(z*,¢) > 0. Thus —(z*,¢c)k € K and a straightforward
consideration shows that in this case the relation
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Min gS[F(x) — (2"G)(x)k — z*(C)k] = Min LGJS[F(:E) — (2" G)(2)k]
holds. On the other hand, if z* ¢ —C™* then there exists some ¢ € C' such that
—(z*,¢) < 0. Using the fact that for all & > 0 it holds ac¢ € C one can easily
prove that

Min gS[F(x) — (2", G(x))k — 2" (C)k] = 0.
Remark 7.2.5. Following a similar reasoning one can show that if £k € — K,
then the previous comments regarding
Min LGJS[F(ac) — ("G)(z)k — 2" (C)k]
remain valid if z* € C* and z* ¢ C*, respectively. If, finally, k ¢ K U(—K),
then in general the set —z*(C)k cannot be dropped in the formulation of the
dual problem.

The Lagrange set-valued dual problem to (PSV ) may be rewritten as

(DSVEY) Max U Min

z*eC* mgS[F(x) + (Z*G)(:C)k}

For V=R and K = R and when F and G are single-valued one can easily
notice the analogy of (DS VkCL) to the classical Lagrange dual problem (D°r)
from subsection 3.1.3, the only difference being that in its formulation we have
maximum and minimum instead of supremum and infimum, respectively.

Now let us determine the Fenchel set-valued dual problem to (PSV®). To
this end it is necessary to calculate the k-conjugate of the perturbation map
@Cr . For an arbitrary y* € X* it holds

(P9)5(0,y") = Max_ U_[(y", y)k — 2 (z,y)]

z,yeX
=M U Sk — Fy) — (y*, z)k].
ax YY) (y) = (", )k]
Because k € K, there holds

(@) (0.y") =Masx { U (" o)k~ F ()] ~y" (A)k } = F (v")+max(~y" ).

Notice that we encountered in the above formula also the situation when
minge 4(y*, z) is not attained. In this case (#°7)5(0,y*) = 0. This leads to
the Fenchel set-valued dual problem to (PSV©)

DSVEF) Max U {—F* - { in(y”, }k}
(DSV,™™) Max U R (y") + | min(y®, z)

The analogy of (DS VkCF ) to the dual problem (DCF) stated for the scalar
primal problem with geometric and cone constraints (P®) in subsection 3.1.3
can be easily recognized.
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Next we derive the Fenchel-Lagrange set-valued dual problem to (PSV )
via vector k-conjugacy. For y* € X* and z* € Z* arbitrarily taken we have

(@9r2)p(0,y%,2") = Max U [({y",y) + (=%, 2))k — 2“7 (z,y, 2)]
z,yeX,z€Z

=Max U [(y"m)k—F(y) — (y*, m)k + (7, 2)k]

rSGus e
= MaXxESEJyGX{[<y*7y>k — Fy)] + [~ (", o)k + (2" G)(2)k] + 2" (C)k}.

Since we supposed that k£ € K, we further have

(@) (0,y", ") = Max U [{y" )k—F(y)]+ ] max (~ (7, 2) +(=" G (@) b

= Fp(y) + [max (— (7, 2) + (°G) (@) ]
if 2* € —C* and (®97£)5(0,y*,2*) = 0 if 2* ¢ —C*. Thus the Fenchel-
Lagrange set-valued dual problem to (PSV ) turns out to be

(DSVETH) Max U { — F(y*) + [mm (", o) + (Z*G)(x))]k}.
Yy eEX”, z€eS
zeC”
Also in this case it is easy to recognize the analogy to the formulation of
the scalar Fenchel-Lagrange dual problem (D®F~) stated to the primal scalar
problem (P¢) in subsection 3.1.3.

It follows from Theorem 7.1.28 that weak duality holds for (PSV ) and
the three duals (DS VkCL ), (DS VkCF ) and (DS VkCF L), respectively. While weak
duality applies without any further assumptions, for having strong duality
we require external stability for the corresponding minimal value maps of the
three perturbation maps considered above. Indeed, Theorem 7.1.32 guarantees
strong duality under the stability of (PSVY) with respect to the perturba-
tion maps $CL or CF or $CFL and using k-subdifferentiability as considered
in Definition 7.1.4. It is straightforward to transfer the formulation of The-
orem 7.1.32 and Theorem 7.1.34 to the three dual problems derived in this
subsection.

Theorem 7.2.4. Let be k € K\{0}.

(a) Suppose that the problem (PSV ) is k-stable with respect to the perturba-
tion map L. Let T € A be an efficient solution to (PSVY) and v € F(z)
such that (Z,v) is a minimal pair to (PSVC). Then there exists 2* € C*,
an efficient solution to (DSV,E™), with (2*,7) corresponding mazximal pair
such that strong duality holds and the following conditions are fulfilled

(i) v € MinU,es[F(z) + (2*G)(2)k];
(ii) (z*,z) =0 for all z € G(z) N (—C).
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(b) Assume that forz € A, v € F(Z)NV and z* € C* the conditions (i) — (i)
are fulfilled. Then T is an efficient solution and (z,v) a minimal pair to
(PSVC), while z* is an efficient solution and (£*,9) a mazimal pair to
(DSV,Er).

Proof. (a) Let T € A and © € F(Z) be as supposed in the hypothesis. By
Theorem 7.1.32 there exists z* € C*, an efficient solution to (DSVkCL), with
(z*, v) corresponding maximal pair such that o € Min U,es[F(2)+(2*G)(2)k].
Next, we show that (i7) also holds. Indeed, assume to the contrary that there
exists z € G(z) N (—C) such that (z*,z) < 0. But this contradicts (i), because
v+ (z*,2)k € F(Z)+ (2*Q)(2)k C Uges|[F(z) + (2*G)(2)k] and v+ (z*, 2)k €
5 {K\{0}}.

(b) The statement follows via Theorem 7.1.34. O

The next result concerns the pair of set-valued optimization problems
(PSVE) — (DSVER).

Theorem 7.2.5. Let be k € K\{0}.

(a) Suppose that the problem (PSVC) is k-stable with respect to the perturba-
tion map ®°F . Let & € A be an efficient solution to (PSV) and v € F(z)
such that (Z,v) is a minimal pair to (PSVC). Then there exists §* € X*,
an efficient solution to (DSVkCF), with (§*,0) corresponding maximal pair
such that strong duality holds and the following conditions are fulfilled

(Z) vE _Flj(g*) + <y*7j:>k7
(ii) (§*, &) = mingc 4 (7", x).

(b) Assume that for z € A, v € F(Z)NV and §* € X* the conditions (i) — (i)
are fulfilled. Then T is an efficient solution and (z,v) a minimal pair to
(PSVC), while §* is an efficient solution and (§*,v) a mazimal pair to
(DSV,EF).

Proof. (a) Let & € A and v € F(Z) be as assumed in the hypothesis. Then
by Theorem 7.1.32 follows that there exists y* € X*, an efficient solution to
(DSVkCF), with (g*,0) corresponding maximal pair such that © € —F}(y*) +
[minge 4(7*, z)]k. Hence, ¥ = —v* + [mingye 4(g*, )]k for some v* € Fj (7).
We show now that (7%, Z) = minge 4 (7", ). Assume the opposite, namely that
minge4(y*, x) < (7*,Z). As v € F(Z) and v* € F(y*), by Proposition 7.1.1
follows that o + v* £x (§*,Z)k. But ¥ + v* = [minge o (§*, 2)]k <x (J*,Z)k
generates a contradiction. Thus (i) holds and from here it follows that © €
—FF(g*) + minge 4(¥*, )]k = —F3(y*) + (¥*, T)k, i.e. (i) is also proven.
(b) The statement follows via Theorem 7.1.34. O

Finally, it remains to state the strong duality statement along with
the optimality conditions for the Fenchel-Lagrange set-valued dual problem
(DSV,Er™).

Theorem 7.2.6. Let be k € K\{0}.
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(a) Suppose that the problem (PSVC) is k-stable with respect to the pertur-
bation map PCFL. Let T € A be an efficient solution to (PSVC) and
v € F(x) such that (z,v) is a minimal pair to (PSVY). Then there exists
(7*,z%) € X*xC*, an efficient solution to (DSVkCFL), with (§*, z2*,0) cor-
responding mazimal pair such that strong duality holds and the following
conditions are fulfilled

(i) 7 € —Fp (7°) + (5", 20k
(1) (§", %) = minge s {(§", 7) + (2°G)(z)};
(i11) (z*,z) = 0 for all z € G(z) N (—C).

(b) Assume that forz € A, v € F(Z)NV and (g*,z*) € X*xC* the conditions
(i) — (i4i) are fulfilled. Then T is an efficient solution and (Z,v) a minimal
pair to (PSVY), while (§*,2*) is an efficient solution and (7*,z*,7) a
mazimal pair to (DSV,EF™).

Proof. (a) Theorem 7.1.32 provides the existence of an efficient solution
(7*,2*) € X* x C* to (DSVCrr) with (y*,2*,0) a corresponding maximal
pair such that o € —F}(7*) + [min,es{(7*, z) + (2*G)(x) }]k. The remaining
part of the proof can be done combining some similar considerations as within
the proofs of Theorem 7.2.4 and Theorem 7.2.5.

(b) The statement follows via Theorem 7.1.34. O

Remark 7.2.6. (a) Let us note that the sufficiency of the optimality condi-
tions in Theorem 7.2.4, Theorem 7.2.5 and Theorem 7.2.6 is guaranteed even
without the external stability of the corresponding minimal value maps.

(b) Like in the previous subsection one can notice an analogy between the
optimality conditions in Theorem 7.2.4, Theorem 7.2.5 and Theorem 7.2.6
and the optimality conditions stated in section 3.3 for the primal-dual pairs
(PY) — (D®r), (PY) — (DF) and (PY) — (DCFr), respectively.

7.2.3 Stability criteria

This subsection is devoted to some results concerning the stability of the
primal problem (PSV¢) with respect to the different perturbation maps we
have considered in this chapter. Such results are very beneficial as they permit
to get strong duality for (PSVY) and its Lagrange, Fenchel and Fenchel-
Lagrange set-valued dual problems, respectively. Stability of (PSV ) is closely
related to the underlying perturbation map. Let us start with $“¢, which
was used for deriving the Lagrange set-valued dual problems (DSV %) and
(DS VkCL ), respectively.

As in the previous subsections all considered spaces are supposed to be
topological vector spaces, while the ordering cone K C V is assumed to be
nontrivial pointed convex with int(K) # (.

We start by providing a stability criterion for Lagrange set-valued duality.

Theorem 7.2.7. Let $°¢ be strictly-K -convexlike-convex and HC*(z) =
Min @€+ (X, 2) be externally stable for all z € Z. If F is weakly K-upper
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bounded on dom F'N S and 0 € int[G(dom F N S) + C], then (PSVY) is sta-
ble with respect to the perturbation map P ; hence strong duality holds for
(PSVY) and its Lagrange set-valued dual problem (DSVEL).

Proof. For all z € Z it holds ¥t (2) NV = ¢YL(X,2)NV = F(dom F N
SN G Yz - C))NV. The consequence of the regularity condition 0 €
int[G(dom F' N S) + C] is the existence of a neighborhood W of 0 in Z with
W C G(dom FNS)+C. On the other hand, we have that z € G(dom FNS)+C
if and only if

dom FNSNG 1 z—C)#0

and this is further equivalent to
F(domFNSNG ' (z-C)NV #0.

Consequently, one has that W C domW¥®: and from here follows 0 €
int(dom ¥r). Obviously W is weakly K-upper bounded on W, since
vOr()NV = F(dom FNSNGHz—-C)NV # 0 for all z € W and F
is assumed to be weakly K-upper bounded on dom F' N S. Therefore all the
hypotheses of Theorem 7.1.27 are fulfilled, which means that (PSV®) is sta-
ble with respect to ®“~. Finally, Theorem 7.2.1 enforces the claimed strong
duality. 0O

The condition 0 € int[G(dom F N S) + C] is fulfilled in particular if
G(dom F' N S) N (—int(C)) # B, which can be seen as a generalized Slater
reqularity condition for set-valued optimization problems. As we prove next,
imposing this stronger condition, we can drop the assumption of F' being
weakly K-upper bounded on dom F' N S.

Theorem 7.2.8. Let &t be strictly-K -convexlike-conver and HC*(z) =
Min @% (X, 2) be externally stable for all z € Z. If G(dom FNS)N(— int(C)) #
(0, then (PSV®) is stable with respect to the perturbation map ®°L; hence
strong duality holds for (PSVY) and its Lagrange set-valued dual problem
(DSVCr).

Proof. Let 2’ € dom F'N S be such that G(2') N (—int(C)) # 0. Thus 0 €
G(z') + int(C) C int(G(2') + C). Then there exists W, a neighborhood of 0
in Z, such that W C G(2') + C C G(dom F'N S) 4+ C. As seen in the proof of
Theorem 7.2.7, W C dom ¥“t and so 0 € int(dom ¥°?).

On the other hand, since ' € dom F' NS one can chose b € F(z') NV,
For all z € W we have that 2/ € G7!(z — C) and further b € F(dom F NS N
Gl z—0)NV =0 (2)NV C WY (2) + K. Thus ¥°* is weakly K-upper
bounded on W and the conclusion follows via Theorem 7.1.27. O

Remark 7.2.7. Consider the set-valued map F x G : X = (VU{+ook}) X Z
defined by (F' x G)(x) = F(z) x G(x). We say that the set-valued map F x G is
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strictly-K -convezlike-C'-convexlike on a nonempty set S C X if it is (K x C)-
convexlike on S and if for (v;,2;) € (F x G)(S)N(V x Z), i = 1,2, with
vy # vg, and X € (0, 1) there exists T € S such that

A1, z1) + (1= N)(v2, 22) € (F(Z),G(T)) + (int(K) x C). (7.18)

We emphasize that ¢ is strictly- K -convexlike-convex if and only if F'x G
is strictly- K-convexlike-C-convexlike on S. Indeed, we begin assuming that
F x G is strictly-K-convexlike-C-convexlike on S. We prove first that ¢ is
K-convexlike-convex and consider to this purpose z; € Z, v; € $¢* (X, z)NV,
i=1,2,and A € [0,1]. Then there exist z; € S such that v; € % (z;,2,)NV
and, consequently, z; € G(x;) + C and v; € F(z;) NV for ¢ = 1,2. Further
there exist ¢; € C such that (v;, z; —¢;) € (F(z;),G(z;))N(V x Z) for i = 1, 2.
As F x G is (K x C)-convexlike on S, there is an z € S such that

)\(1}1,21 — Cl) + (1 — /\)(UQ,ZQ — CQ) S (F(@),G(J?)) + (K X C)
This means that Av; + (1 — Ave € F(Z) + K and
Az + (1 - )\)22 € G((E) + e + (1 — )\)CQ +C C G(i’) + C.

Thus &L (Z, 21 + (1 — N)zo) = F(Z) and therefore \v; + (1 — Nvy €
DY (Z, 21 + (1 — N)2zo) + K. This verifies that #°* is K-convexlike-convex.
In a similar manner, using this time (7.18), one can prove that for #°* rela-
tion (7.11) in the definition of the strictly- K-convexlike-convexity is fulfilled,
guaranteeing that this perturbation function is a member of this class.

Vice versa, let us assume that ®Cr is strictly-K-convexlike-convex and
prove that F'x G is strictly- K-convexlike-C-convexlike on S. Actually we prove
only that F' x G is (K x C')-convexlike on S, the demonstration of the second
property in the definition of a strictly- K-convexlike-C-convexlike map follows
by using similar arguments. So let be (v;,2;) € (F x G)(S) N (V x Z),i =
1,2, and A € [0,1]. Then there exists z; € S such that z; € G(z;) and
v; € F(z;) NV and from here v; € ®°L (x;,2;) C ¢YL (X, z;) for i = 1,2. As
@r is K-convexlike-convex, there exists # € X such that \v; + (1 — A\)vg €
DY (Z, 21 + (1 — N)z2) + K and one has 7 € S, Az; + (1 — N)zp € G(z) + C
and Av; + (1 — AN)vy € F(Z) + K. This provides the (K x C)-convexlikeness
on S of FxG@G.

Consequently, instead of assuming that &¢* is strictly-K-convexlike-
convex, one can require in the hypotheses of Theorem 7.2.7 and Theorem 7.2.8
conditions which are sufficient for having that ' x G is strictly- K -convexlike-
C-convexlike on S. For instance, if S is convex, F' is strictly K-convex and G
is C-convex this fact is guaranteed.

It is also worth noticing that, via Corollary 7.1.37(b) a completely analo-
gous result can be given for the primal-dual pair (PSVC) — (DSV,E™).
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Corollary 7.2.9. Let be k € int(K). Under the hypotheses of Theorem 7.2.7
or Theorem 7.2.8 the problem (PSVC) is k-stable with respect to the per-
turbation map P ; hence strong duality holds for (PSVS) and its Lagrange
set-valued dual problem (DSV,E™).

Remark 7.2.8. In [163] the multiobjective programming problem

Min f(z),
A={z eR": g(x) L0}

where f : R” — R¥ and g : R® — R™ are single-valued functions has been
investigated. The ordering cone in the image space V = R* is K = R¥ . This
problem is a special case of (PSVY). The associated Lagrange set-valued dual
problem looks like

Max U Min U [f(z)+ (z*, g(z))e].

z*z() zER™

Obviously, this is a particular case of the general Lagrange set-valued dual
problem (DSVkCL) when k = e. Corollary 7.2.9 can be considered as a gener-
alization of the stability result claimed in [163, Proposition 6.1.16], while [163,
Theorem 6.1.4] turns out to be a special case of Theorem 7.2.4.

Next, we turn our attention to the Fenchel duality.

Theorem 7.2.10. Let $°F be strictly-K -convexlike-convex and HCF (y) =
Min @7 (X, y) be externally stable for ally € X. If there exists ' € dom FN.A
such that F is weakly K-upper bounded on some neighborhood of x’, then
(PSVC) is stable with respect to the perturbation map ®CF; hence strong
duality holds for (PSVY) and its Fenchel set-valued dual problem (DSVCF).

Proof. For all y € Y we have CF(y) NV = @7 (X, y)NV = F(A+y)NV.
From the supposed weak K-upper boundedness follows the existence of a
neighborhood U of 0 in X and of an element b € V such that F(z'+y) N (b—
K) # 0 for ally € U. In other words, b € F(A+y)NV+K C ¥ (y)+K. Thus
wCr is weakly K-upper bounded on U and U C dom¥*, which yields 0 €
int(dom ¥°r). Now strong duality follows via Theorem 7.1.27 and Theorem
7.22. 0O

Concerning the strong duality for (PSV¢) and its Fenchel set-valued dual
problem (DSVCF) one can give an alternative result. This is based on a
different perturbation map of the primal problem. If we define this as being
Pr : X x X =2 VU {+ook},

F(z), ifzeA+y,

_ Vi
{+0o0k }, otherwise =F(z)+d41(z—y),

5 2.9) = {

then a straightforward calculation shows that for I' € £L(X, V)
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(877)"(0,1) =Max{ U [y~ F(y)] - T(A)} = (@) (0,1).

yeX

Thus both perturbation maps generate the same dual problem (DSV¢F). The
minimal value map is now HYF : X = VU{+oox}, H°F (y) = Min ®°7 (X, y)
for y € X. Notice that for all y € Y one has

TOr (y) = 377 (X, y) = 7 (X, y) = 0T (y),
and thus the corresponding minimal value map HCF coincides with HCF.

Theorem 7.2.11. Let ®°F be strictly-K -convexlike-convex and HCF (y) =
Min @7 (X, y) be externally stable for all y € X. If dom F N int(A) # 0,
then (PSVC) is stable with respect to the perturbation map 9 ; hence strong
duality holds for (PSVY) and its Fenchel set-valued dual problem (DSVCF).

Proof. Let be ' € dom F' Nint(A) and b € F(z') NV. Then there exists U, a
neighborhood of 0 in X, such that 2’ —y € Aforally € U. Thus U C dom ¥°*
and, consequently, 0 € int(dom W¢F).

On the other hand, for all y € U one has b € F(2') + 6% (2’ —y) C
WCr (y) + K and this implies that W is weakly K-upper bounded on U. The
conclusion follows via Theorem 7.1.27. O

Remark 7.2.9. One can see that A is convex if, in particular, S C X is convex
and G : X =% Z is a C-convex set-valued map. Thus, assuming additionally
that F is K-convex, one gets that #¢F is K-convex, too. Nevertheless, impos-
ing that F'is strictly K-convex, it is not enough to guarantee in general that
PCF is strictly- K-convexlike-convex.

One can formulate completely analogous results for the problem (PSV %)
and its Fenchel set-valued dual problem (DSV,“F).

Corollary 7.2.12. Let be k € int(K). Under the hypotheses of Theorem
7.2.10 or Theorem 7.2.11 the problem (PSVY) is k-stable with respect to the
perturbation map P ; hence strong duality holds for (PSVC) and its Fenchel
set-valued dual problem (DSVkCF),

It remains to deal with the Fenchel-Lagrange set-valued dual problem con-
cerning stability and strong duality.

Theorem 7.2.13. Let $°Fr be strictly-K -convexlike-convex and HEFE (y, 2)=
Min @°72 (X, y, z) be externally stable for all (y,z) € X x Z. If F is weakly
K -upper bounded on dom F' and U x W is a neighborhood of (0,0) in X x Z
such that W C NyeyG((dom F — y) N S) + C, then (PSVY) is stable with
respect to the perturbation map CFL ; hence strong duality holds for (PSV®)
and its Fenchel-Lagrange set-valued dual problem (DSVErr).
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Proof. Notice first that for all (y,z) € X x Z one has
WO (y,2) NV = 397 (X,y,2) NV = F(SNG'(z = C) +y) N V.

Let UxW be aneighborhood of (0,0) in X x Z fulfilling W C NycyG((dom F—
y) N S) + C. From here follows that for all y € U and z € W it holds F/(SN
G Hz—C)+y) NV #0 and this yields 7% (y,z) NV # 0. Thus U x W C
dom ¥ FL and so (0,0) € int(dom¥FL). Further, as F is assumed to be
weakly K-upper bounded on dom F, ¥¢Ft is weakly K-upper bounded on
U x W and Theorem 7.1.27 leads to the desired conclusion. 0O

Remark 7.2.10. If dom F' = X one can assume as regularity condition in the
result above the existence of a neighborhood W of 0 in Z such that W C
G(S) + C, in other words that 0 € int[G(S) + C], which is nothing else but
the condition assumed in Theorem 7.2.7.

Another stability result for the Fenchel-Lagrange set-valued dual pair given
by employing the weakly K-upper boundedness of F follows (cf. [23]).

Theorem 7.2.14. Let $°FL be strictly-K -convezlike-convex and HEFE (y, 2)=
Min ®€rz (X, y, z) be externally stable for all (y,z) € X x Z. If there exist
x' € S such that 0 € int(G(2') + C) and a neighborhood U of &’ in X such
that F is weakly K -upper bounded on U, then (PSVY) is stable with respect
to the perturbation map ®FL ; hence strong duality holds for (PSVY) and its
Fenchel-Lagrange set-valued dual problem (DSVCrr).

Proof. Because I is weakly K-upper bounded on U there exists an element
b € V such that b € F(x) + K for all z € U. Then for all y € U — 2/,
which is a neighborhood of 0 in X, it holds b € F(2' + y) + K. Since we
have 0 € int(G(z") + C), there exists a neighborhood W of 0 in Z such that
2’ € SNG71(2—C) for all z € W. Consequently, for all (y,2) € (U—2a') x W
it holds

beFz'+y)+ K CFSNG 1 (z=C)+y)NV + K CUrL(y 2) + K.

Thus (0,0) € int(dom ¥rz) and ¥OrL is weakly K-upper bounded on (U —
2"} x W. The conclusion follows via Theorem 7.1.27. O

Remark 7.2.11. (a) One can easily check that #°F% is K-convex if S is convex,
Fis a K-convex and G is a C-convex set-valued map. Nevertheless, addition-
ally assuming strict K-convexity for F' is not sufficient in general to have that
PCFL s strictly- K-convexlike-convex.

(b) Taking a close look at the proof of Theorem 7.2.14 one can easily see
that for all y € U — 2/ and z € W it holds z € G((dom F —y)NS) + C. Thus
W C Nyev—»G((dom F —y) N S) + C and the neighborhood (U — z') x W
of (0,0) in X x Z makes the condition assumed in Theorem 7.2.13 valid.
Nevertheless, the mentioned condition alone is not enough for having strong
duality. As follows from the proof of Theorem 7.2.13 one cannot in general
omit that F' is weakly K-upper bounded on dom F'.
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Again we state that an analogous result holds for (PSV ) and its Fenchel-
Lagrange set-valued dual problem (DS VkCF L.

Corollary 7.2.15. Let be k € int(K). Under the assumptions of Theorem
7.2.13 or Theorem 7.2.14, the problem (PSV®) is k-stable with respect to
the perturbation map ®CF; hence strong duality holds for (PSVC) and its
Fenchel-Lagrange set-valued dual problem (DSVkC”),

7.3 The set-valued optimization problem having the
composition with a linear continuous mapping in the
objective function

In this section we investigate the set-valued analog of the scalar problem (P4)
from subsection 3.1.2 with respect to duality and optimality conditions.

Consider X, Y and V topological vector spaces, V partially ordered by the
nontrivial pointed convex cone K C V, X* Y* and V* their corresponding
topological dual spaces, respectively, F : X = VU{+ook} and G : Y =
V U {400k} set-valued maps and A € £(X,Y"). The set-valued optimization
problem under discussion is

(PSV4) Min {F(z) + G(Az)} .

Additionally, we impose the feasibility condition dom F N A~!(dom G) # 0.
We refer the reader also to section 4.1 where we investigate the same problem
in case F' and G are vector-valued functions and to section 5.1 where we
additionally assume that V = RF and K = Ri.

7.3.1 Fenchel set-valued duality

Following the general perturbation approach described in section 7.1 we begin
by considering the set-valued perturbation map

P X xY =2 VU {+ook}, *(z,y) = F(z) + G(Az + ).

For all # € X it holds ¢“(z,0) = F(z) + G(Ax). The corresponding min-
imal value map H : Y = V U {400k} is defined by H*(y) = Min 4 (X, y).
The problem (PSV#) means to deal with minimal elements of the image set
Uzex {F(2)+G(Ax)}, i.e. we look for an efficient solutions T € X and a corre-
sponding minimal pair (Z, ) to (PSV4), which means that v € F(z)+G(Az)
and ¥ € MinUzex {F(x) + G(Axz)}. For the formulation of the dual problem
we have to calculate the conjugate map to 4. First we use the general conju-
gacy concept from the subsections 7.1.1 and 7.1.2. Afterwards we apply also
the k-conjugation as developed in subsection 7.1.3.

For I € L(Y,V) there is
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AN* _ _ BA — _ _
(%) (0,1") = MaxwéJX’[Fy 4 (z,y)] MaxIéJX’[Fy F(z) — G(Az + y)]
yey yey

=Max U Y[Fy—F(Aﬂf)—F(JT)—G(y)]

rzeX,ye
~ Max {ygy[ry G+ U [T (Ax) - F(xn} .

Via the general duality approach one can associate to (PSV4) as set-valued
dual problem

(DSVA) Max FELL(JKV) Min {ygy[G(y) — Iyl + ng[F(ACL‘) + F(m)]} :

We call (DSV#) the Fenchel set-valued dual problem to (PSV#). The weak
duality result for (PSV4) and (DSV4) is a consequence of Theorem 7.1.11.
From now on H*(y) is assumed to be externally stable for all 4 € Y. Then
Theorem 7.1.15 guarantees strong duality if stability for (PSV4) with respect
to @4 is ensured. For all I' € L(Y, V) we additionally assume that

F*(-TI'o A) =Max U _[-T'(Az) — F(x)]

zeX

and
G*(I') = Max ng[Fy - G(y)]

are externally stable. Then for all I' € L(Y, V') we obtain via Proposition 7.1.7

zeX |yeY

(@A)* (0,I') = Max U { U [Ty —Gy)]+[-I'(Azx) — F(x)]}

zeX

= Max U {Maxygy[Fy -Gy + [-T'(Az) — F(x)}}

= Max {G*(F) + U =I(Ar) - F(w)}}

= Max {G*(F) + Max UX[—F(A:E) - F(x)]} = Max[G*(I") + F* (=10 A)]
xTE
and the Fenchel set-valued dual problem becomes

A N T et
(DSVH) MaxFeEL(JKV)Mm[ F*(-T'o A)—G*(IN)].

The following result is a consequence of Theorem 7.1.15, Theorem 7.1.16
and Theorem 7.1.17

Theorem 7.3.1. Let F*(—I" o A) and G*(I") be externally stable for all I' €
L(Y, V).



354 7 Duality for set-valued optimization problems based on vector conjugacy

(a) Suppose that the problem (PSV4) is stable with respect to the perturbation
map ®4. Let & € X be an efficient solution to (PSVA) and v € F(z) +
G(AZ) such that (Z,0) is a minimal pair to (PSVA). Then there exists
T € L(Y,V), an efficient solution to (DSV#), with (I",v) corresponding
mazimal pair such that strong duality holds and

v € Min[-F*(~T o A) — G*(T')].

(b) Assume that for & € X, v € [F(z)+G(AZ)]NV and T’ € L(Y,V) one has
v € Min[—F*(~T'0 A)— G*(T)]. Then z is an efficient solution and (Z,)
a minimal pair to (PSVA), while T is an efficient solution and (I",v) a
mazimal pair to (DSVA).

Next we derive a Fenchel set-valued dual problem to (PSV“4) based on
k-conjugation by using the perturbation map ®4. Let k& € V\{0} be fixed.
For y* € Y* we have

(@)% (0,y") = Max U [y y)k - (2, y)]

=M Lk — —A*y* Yk — F .
ox{ U 07k = Gl + U, (-4 ok - Flo)l
Assuming the external stability of
Fy (—A*y") = Max gX [(—A"y*", x)k — F(x)]
and of
Gily") = Max U [(y",9)k — G(y)],
yey
from Proposition 7.1.7 we conclude that
(2)"(0,y") = Max[GF(y*) + Fyi (=A"y")].

Thus, the following Fenchel set-valued dual problem to (PSV4) arises from
the general theory in subsection 7.1.3

(DSVkA) Maxy*gw Min [-F; (—=A*y") — Gr(y")].

For (PSV#) and (DSVA) weak duality is satisfied, due to Theorem 7.1.28.
One can formulate by means of Theorem 7.1.32, Theorem 7.1.33 and Theorem
7.1.34 the analog of Theorem 7.3.1 for this kind of conjugacy.

Theorem 7.3.2. Let F}(—A*y*) and G*(y*) be externally stable for all y* €
Y.
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(a) Suppose that the problem (PSVA) is k-stable with respect to the per-
turbation map ®4. Let T € X be an efficient solution to (PSVA) and
v € F(z) + G(AZ) such that (Z,v) is a minimal pair to (PSVA). Then
there exists y* € Y*, an efficient solution to (DSVA), with (§*,v) corre-
sponding maximal pair such that strong duality holds and

v € Min[—F(-=A"y") — G ("))

(b) Assume that for z € X, v € [F(z) + G(AZ)]NV and g* € Y* one has
0 € Min[—F}} (—A*y*) —G;.(y*)]. Then T is an efficient solution and (Z,v)
a minimal pair to (PSVA), while §* is an efficient solution and (y*,7) a
mazimal pair to (DSV;H).

We conclude this first subsection by giving some stability criteria implying
strong duality for (PSV4) and its both Fenchel set-valued dual problems
(DSVA) and (DSVA), respectively. To this end we additionally assume that
int(K) # 0.

Theorem 7.3.3. Let &4 be strictly-K -convexlike-convex and H*(y) = Min
D4(X,y) be externally stable for all y € Y. If there exists ' € dom F N
A~Y(dom G) such that the map G is weakly K -upper bounded on some neigh-
borhood of Ax', then (PSVA) is stable with respect to the perturbation map
@4 hence strong duality holds for (PSVA) and its Fenchel set-valued dual
problem (DSV4).

Proof. The stated weak K-upper boundedness of G leads to the existence of a
neighborhood U of 0 in Y and of some b € V such that G(Az'+y)N(b—K) # 0
forally € U. Let be v/ € F(2')NV. Then v' +b € F(2') + G(Az' +y) + K
and therefore finally v’ + b € U4 (y) + K for all y € U. Hence, ¥4 is weakly
K-upper bounded on U and U C dom¥#. Thus 0 € int(dom¥*) and the
conclusion follows from Theorem 7.1.27. O

Remark 7.8.1. In order to guarantee that &4 is strictly- K-convexlike-convex
one has to assume that F' and G are both strictly K-convex. Assuming this
property for only one of the two maps along with the K-convexity of the
other one is in general not sufficient for guaranteeing that &4 is strictly-K-
convexlike-convex.

An analogous result applies via Corollary 7.1.37 to the primal-dual pair

(PSVA) — (DSVA).

Corollary 7.3.4. Let be k € int(K) U (—int(K)). Under the assumptions of
Theorem 7.3.3, the problem (PSV4) is k-stable with respect to the perturba-
tion map ®*; hence strong duality holds for (PSVA) and its Fenchel set-valued
dual problem (DSVA).
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7.3.2 Set-valued gap maps for vector variational inequalities

So-called gap functions have been introduced first for scalar variational in-
equalities (cf. [8,77]) and they represent a tool for characterizing the solutions
of this class of problems.

Let us give first a brief introduction on this topic supporting on the
classical case of a variational inequality in finite dimensional spaces. Let
F : R" — R" be a vector-valued function and A C R™ a nonempty set.
The variational inequality problem consists in finding an element x € A such
that

(VI) F(x)"(y —2) >0 Vy € A.

Variational inequality problems play an important role in different areas of
mathematics and its applications, in particular when considering partial dif-
ferential operators (cf. [117,208]) and optimization problems (cf. [86,149]).

A function v : A — R U {+o0} is said to be a gap function for the varia-
tional inequality problem (V1) if it satisfies the following conditions

(a) v(y) >0 for all y € A;
(b) y(x) =0 if and only if x solves (V).

Auslender (cf. [8]) introduced the following gap function

AN A= RU{+o0}, y4i(z) = suEF(J:)T(x —y),
ye

and a closer look at its formulation makes clear that gap functions are closely
related to the duality theory in optimization (cf. [2]). A natural generaliza-
tion of (V1) are the vector variational inequalities (V'VI) considered first by
Giannessi (cf. [76]), while for the extension of the concept of gap function to
(VVI) one can consult [48]. In this subsection we use the set-valued duality
developed within this section to construct some set-valued gap maps for a
general vector variational inequality.

First we introduce the vector variational inequality and the so-called set-
valued variational inequality we want further to deal with. Let X and V be
topological vector spaces, with V' being partially ordered by the nontrivial
pointed convex cone K, F' : X — L(X,V) be a given function and A C X
a nonempty set. The vector variational inequality problem consists in finding
z € A such that

(VVI) F(z)(y —x) £k 0 for all y € A.

The problem (VVI) may be seen as a particular case of the set-valued vari-
ational inequality problem (SVVI) introduced below. Here, additionally one
has a set-valued map G : X = V U{+ook } with G(z) # 0 for all x € X and
dom G # ). The problem to solve is to find an z € X such that

(SVVI) F(z)(y—2) ¢ G(z) — G(y) — (K \ {0}) for all y € X.
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More precisely, x € X solves (SVVI) means that for all y € X there is no
v € G(x) — G(y) such that F(z)(y —z) <k v.

If G: X — VU{+ook},G = 8Y, then (SVVI) coincides with (VVI).
Next we introduce the notion of a set-valued gap map for (SVVI).

Definition 7.3.1. A set-valued map v : X = VU {+ook} is said to be a gap
map for (SVVI) if it satisfies the following conditions

(a)y(y) N (=K \{0}) =0 for ally € X;
(b) 0 € y(x) if and only if x solves (SVVI).

Remark 7.3.2. A set-valued map v : A = VU {400k} is said to be a gap map
for (VVI) if it satisfies the following conditions

(a) y(y) N (=K \{0}) =0 for all y € A;
(b) 0 € y(z) if and only if x solves (VVI).
Obviously, the real-valued gap function defined above for (V1) results as a

special case of the latter.

We observe that z € X is a solution to (SVVI) if and only if € dom G,
x is an efficient solution and (z,0) a corresponding minimal pair to the set-
valued optimization problem

(PVSVEa) Min{G(y) — G(x) + F(z)(y — o)}

Consider a fixed # € dom G. For F : X = V U{+ocok}, F(y) = G(y) — G(z),
and G : X = VU{+ook}, G(y) = F(z)(y — ), one has dom FF N dom G =
dom G # () and (PVSVV!; x) can be equivalently written as

Min U {F(5) +Glw)).

The latter is a particular case of the vector-valued problem (PSV#) in the
particular situation when X =Y and A = idx. Using as perturbation map

P X x X 2V U {+oor}, Dy, 2) = Gly) — G(z) + F(x)(y + 2 — )

with the corresponding minimal value map Hl4 : X = V U{+ook}, Hid(2) =
Min @'9(X, 2), we obtain like in the previous subsection the following Fenchel
set-valued dual problem to (PVSVVI; )

(DVSVVI, g) Max_ U Min |(F(@)=I)(X)+ U (Ty+Gly)~F (w)w—G($>] :

Further we show that when for I' € L£(X,V) one has (F(x) — I')(X) N
(K\{0}) # 0, then

Min [(F(z) = D)(X) + U (Iy+G(y)) = F(@)z — Gla)] = 0.
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If this were not true, there would exist v € V belonging to this minimum.
Therefore one would have that there exist £ € X and § € X such that

ve(Flx) -+ Ty+G@@) — F(x)r — G(z).

Take any w € (F(z)—I')(X)N(K\{0}). Then —w € (F(z)-I)(X)N(—K\{0})
and 0 — w <g v as well as

v—w e (Fle) = I)X)+ U [Ty +Gy) - Fla)e - Ga),

which generates a contradiction to the minimality of ©. Thus the dual
(DVSVVI:2) can be equivalently written as

DVSVVI. oy M Min {(F(z)—T)(X r -F - .
(DV ;) ?’ég&,m, m{( (z)=I")( )tg)g y+G(y))—F(x)r G(x)}
(F(2)-I)(X)NK={0}

In order to study the stability of (PVVV!; x) with respect to the perturbation
map P4, we assume in the following that the minimal value map H!d(z) =

x )

Min @'9(X, 2) is externally stable for all z € X.

Proposition 7.3.5. The problem (PVSVV1I;x) is stable with respect to the
perturbation map ¢4,

Proof. We have to prove the subdifferentiability of Hi? at 0. To this end we
consider v € V with v € Hi4(0) = MinUyex [G(y) — G(z) + F(x)(y — ). Next
we calculate the conjugate of Hi¢ at some arbitrary T € £(X, V). It holds

(HNH(T) = Max U {Tz - HY(2)}
= Mangx {Tz— Minng[G(y) —G(z)+ F(z)(y + z — 2)]}

= Mangx {(T - F(z))z - Minng[G(y) —G(z)+ F(z)(y — 2)]}.

Setting T' = F(x) we get

(H)" (F(2)) = Max U [G(2) = Gly) + F@)(z —y)] = ~H(0).
Hence v € —(H4)*(F(z)) and Proposition 7.1.3 ensures F(x) € dH4(0;v).
The subdifferentiability of Hi¢ at 0 follows and this entails the claimed sta-
bility. O

These preparations allow us to construct a gap map to (SVVI) by means
of the set-valued objective map of the Fenchel set-valued dual (DVSVVI: )
as being v*YV! 1 X = V U {+ook}, defined by
FSVVI () = U Max {(I'—F(z))(X)+F(z)z+G(z)

rec(x,v),
(P(2)—I)(X)NK={0}

= Yl y+G )]}
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Theorem 7.3.6. The set-valued map vV

variational inequality problem (SVVI).

is a gap map of the set-valued

Proof. We verify that V'V fulfills the properties (a) and (b) of Definition
7.3.1.

Let us arbitrarily chose y € X and v* € ySVVI(y)
I' e £(X,V) fulfilling (F(y) — I')(X)N K = {0} and

. Then there exists

vt € Max {(I' = F(y))(X) + Fy)y + Gly) = U [[2+G(2)]} = (@;)°(0, 1),
where P - X x X = V U {400k} is defined as
Dy (u,2) = G(u) = G(y) + F(y)(u+ 2 —y).

As0 e @Ld(y, 0), by Corollary 7.1.12(a) one has v* £, 0, which proves (a).

We come now to (b). Let z € X be a solution to (SVVI). Due to our
previous considerations z € dom @G, z is an efficient solution and (z,0) is
a minimal pair to (PV°YV!;z). As the problem (PVSVVI; 1) is stable with
respect to @4, by Theorem 7.3.1 there exists an efficient solution I' € L(X, V)
to (DVSVVI:g) with (I,0) a corresponding maximal pair, fulfilling (F(z) —
I')(X)N K = {0}. In particular it holds

0 € Min {(F(m) = I)(X) = Fla)e = G(x) + U [Ty + G(y)]}

and, consequently, 0 € vV (z).
Conversely, let be * € X with 0 € v¥VV(x). Hence there exists I' €
L(X,V) such that (F(z) — I')(X)N K = {0} and

0 € Max {(r — F(2))(X) + F(2)z + G(x) Iy + G(y)]} = (&9)*(0, ).

- U

yeX
This implies that z € dom G. On the other hand, we have 0 € F(x)(z — x) +
G(z) — G(z) = &!4(x,0) and applying Corollary 7.1.12(b) to this particular
situation we obtain that z is an efficient solution and (x,0) a minimal pair
to (PVSVVI g, while I' is an efficient solution and (I,0) a maximal pair to
(DVSVVI:2). Consequently, x is a solution to (SVVI). O

Let us pay attention to the vector variational inequality problem (VVI)
as a particular case of (SVVI), by considering G : X — V U{+ook },G = &Y.
Then, for a fixed x € A, the family of set-valued minimum problems associated
to (VVI) is
(PVVVTia) Min{F(z)(y - 2)}.
yeA

The corresponding Fenchel set-valued dual arises from (DV V'V, 1) as being
(DVYV1:2) Max U Min {(F(x) —I)(X) - F(z)z + F(A)}.

recf(x,v),
(F(z)-I)(X)NK={0}
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Thus vVVI: A= VU {+ook},

VVvI _ _ _
Y@= e, Max{(I" - F(2))(X) + F(z)z — I'(A)},
(F(2)—I)(X)NK={0}

is the particularization of ¥¥V'V! to this special case. A particular instance of
vVVT was delivered in [1] in finite dimensional spaces, the ordering cone being
the nonnegative orthant of the image space. By Theorem 7.3.6 one obtains

the following result.

Theorem 7.3.7. The set-valued map V'V is a gap map of the vector varia-
tional inequality problem (VVI).

Remark 7.3.3. One can carry out similar considerations concerning gap maps
for (SVVI) and (VVI) based on the Fenchel set-valued dual problems to
(PVSVVI ) and (PVVVI;2), respectively, by using k-conjugation as devel-
oped in subsection 7.1.3, too (see [1] for a similar approach in finite dimen-
sional spaces).

7.4 Conjugate duality based on weakly efficient solutions

Another conjugate duality approach for set-valued optimization problems can
be developed if weakly efficient solutions are considered. Even more, the weak
ordering defined in this sense allows also to develop a fruitful concept of in-
fimum and supremum of a set in topological vector spaces. This makes it
possible to establish a conjugate duality approach for set-valued optimiza-
tion problems which is somewhat closer to the conjugate duality for scalar
optimization problems than the ones considered in the sections 7.1-7.3. This
concept has been introduced in topological vector spaces by Tanino in [178]
and developed by Song in [168-170].

In the following we summarize this approach and give some extensions and
applications of it.

7.4.1 Basic notions, conjugate maps and subdifferentiability

Within this section we generally assume that X and V' are Hausdorff topolog-
ical vector spaces with V' partially ordered by the nontrivial pointed convex
closed cone K with nonempty interior. In this section we work with the weak
ordering “< " defined by means of int(K). On V we consider the addition and
the multiplication with scalars as done in section 2.1, excepting the conven-
tions in (2.1) which are not considered, as they will be in what follows avoided.
On the other hand, we assume that for * € K* it holds (z*, —cog) = —o0,
as this situation can occur in the forthcoming investigations.

Let M C V be a given set. The sets A(M) := {v € V : & <y v for
some 9 € M} and B(M) := {v € V : v <y ¥ for some & € M} are called
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the set of elements above M and the set of elements below M, respectively.
Let us observe that if M C V is a nonempty set (i.e. oox ¢ M), then
AM) = {M + int(K)} U {400k}, B(M)={M — int(K)} U{—o0k }, while,
obviously, A(f) = B(#) = (. In subsection 2.4.2 we have defined weakly
minimal and maximal elements of M when this is a subset of V. Now we give
a generalization of these notions whenever M is an arbitrary subset of V.

Definition 7.4.1. Let M CV be a given set.

(a) An element v € V is said to be a weakly infimal element of M if there is no
v € M fulfilling v < © and if for any © € V such that v <y ¥ there exists
some v € M satisfying v <y v. The set of the weakly infimal elements of
M is denoted by WInf(M, K) and it is called the weak infimum of M.

(b) An element © € M is said to be a weakly minimal element of M if there
is no v € M fulfilling v <g v. The set of the weakly minimal elements of
M is denoted by WMin(M, K) and it is called the weak minimum of M.

(c) An element v € V is said to be a weakly supremal element of M if there is
nov e M fulfilling v <x v and if for any ¥ such that v <x U there exists
some v € M satisfying v <gx v. The set of the weakly supremal elements
of M is denoted by WSup(M, K) and it is called the weak supremum of
M.

(d) An element v € M s said to be a weakly mazimal element of M if there
is no v € M fulfilling v <x v. The set of the weakly mazimal elements of
M is denoted by WMax(M, K) and it is called the weak mazimum of M.

Remark 7.4.1. According to Definition 7.4.1 one has that WInf(}, K) =
{400k}, WSup(d, K) = {—oox } and WMin(}), K) = WMax((), K) = 0.

Remark 7.4.2. Let M C V be a given set.

(a) One has v € WInf(M, K) if and only if v ¢ A(M) and A(v) C A(M),
while 7 € WSup(M, K) if and only if v ¢ B(M) and B(v) C B(M).

(b) In case M C V the notions weak minimum and weak maximum given
here coincide with the classical ones given in section 2.4.

(¢) Tt is straightforward to see that WMin(M, K) = M N Winf(M, K)
and WMax (M, K) = M NWSup(M, K). Further, there is B(M) = —A(—M),
WSup(M, K) = — Winf(—M, K) and WMax(M, K) = — WMin(—M, K).

(d) It holds WSup(M, K) = {—ocok } if and only if B(M) = (. This is the
case if and only if M = () or M = {—oog }. Moreover, WInf(M, K) = {4+ocox }
if and only if A(M) = (. This is the case if and only if M = () or M = {+oc0ok }.

(e) It holds WSup(M, K) = {400k} if and only if B(M) =V U {—ocok}
and WInf(M, K) = {—ocok } if and only if A(M) =V U {+ook}.

Remark 7.4.3. For two arbitrary sets My, My C V it holds My NA(Ms) = () <
B(My) N My = 0.

As the ordering cone K is assumed fixed, from now on we write for
convenience simply WInf M, WMin M, WSup M and WMax M instead of
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Winf(M, K), WMin(M, K), WSup(M, K) and WMax(M, K), respectively.
The weak infimum and weak supremum of a set satisfy some fundamental
relations which are useful for developing a duality theory for set-valued opti-
mization problems regarding the weak ordering.

Let us summarize a few of these relations. For the straightforward proofs
we refer to [177] as far as the case V is finite dimensional is concerned. But the
results and proofs may be transferred in a straightforward manner to partially
ordered topological vector spaces (cf. [178]).

Proposition 7.4.1. Let M C V be a given set. Then it holds

(a) WSup M = WSup B(M);

(b) B(M) = B(WSup M);

(¢) M C WSup M UB(M) = WSup M UB(WSup M);

(d)V = WSup M UA(WSup M)U B(WSup M) and the three sets on the
right-hand side are disjoint.

One should notice that an analogous relations apply for the weak infimum,
too.

Proposition 7.4.2. (a) When My, My C V are given sets it holds B(M; +
Ms) = B(My) + B(Ms), in case the sum +o0k + (—ook ) does not occur.

(b) When I is an arbitrary index set, for M; C 'V given sets, i € I, it holds
B(UiEI Mz) = Usjer B(Ml)

Proposition 7.4.3. Let F,G : X =V be set-valued maps. Then it holds

WSup ng[F<x) +G(2)] = WSupng[F(x) + WSup G(x)],

where it is assumed that the sum +oox + (—ook) does not occur.

Proof. By using Proposition 7.4.1(a), (b) and Proposition 7.4.2(a) we obtain
WSup U [F(x) + G(x)] = WSupB(CEgX[F(x) + G(m)])
= WSup_U_[B(F(2)) + B(G(x))] = WSup_U_[B(F(2)) + B(WSup G(a))

= WSup B ( ng[F(x) + WSup G(x)]) = WSup ng[F(x) + WSup G(z)].
O

Remark 7.4.4. Concerning Proposition 7.4.3 let us refer to Proposition 7.1.7
where a similar result has been stated for maximal sets. There, in or-
der to guarantee the coincidence of the sets MaxU,ex|[F(z) + G(z)] and
Max U,ex [F(2) + Max G(x)], external stability for Max G(z) for all z € X
has been supposed. The advantage of using the weak supremum is given by
the fact that such a restrictive condition can be omitted and this fact allows
to derive a set-valued duality theory with less restrictions.
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From Proposition 7.4.3 we obtain the following corollaries which play an
important role in our considerations.

Corollary 7.4.4. If F : X =V is a set-valued map, then

WSup ng F(x) = WSup mgx WSup F(z).

Corollary 7.4.5. For My, My CV given sets it holds
WSup(M; U M) = WSup(WSup My UWSup Mo).
Corollary 7.4.6. For M CV a given set it holdsWSup M = WSup(WSup M).

Next, conjugate maps and subdifferentials for set-valued maps based on
the weak supremum are introduced.

Definition 7.4.2. Let F : X =V be a set-valued map.
(a) The set-valued map

F*: L(X, V)=V, F*(T) = WSup gX[Ta: — F(x)]

is called the conjugate map of F.
(b) The set-valued map

F*:X =3V, F*(z) = WS U [To—-FT
=V F7@) = Wsw U (Ta— F()

is called the biconjugate map of F.
(¢) The linear continuous operator T € L(X,V) is said to be a subgradient of

F at (z,v) € gph F, if

Tx —ve WMax U [Ty — F(y)].
yeX

The set of all subgradients of F at (x,v) is called the subdifferential of
F at (x,v) and it is denoted by OF (x;v). Further, for all x € X denote
OF (x) := Uyep(x) OF (z;v). If for all v € F(x) we have OF (x;v) # 0 then
F is said to be subdifferentiable at x.

One can verify properties of conjugate maps and subgradients which are
analogous to the ones given in subsection 7.1.1 for the corresponding notions
based on Definition 7.1.2.

First, let us mention that the formulae (7.1) and (7.2) remain valid also for
the conjugate maps as defined above. Moreover, one also has a Young-Fenchel
type inequality.

Proposition 7.4.7. Let F : X =V be a set-valued map. For all z € X and
allT € L(X,V) there is [F(x) — Tx] N B(—F*(T)) = 0.
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Proof. Since F*(T) = WSup Ugzex[Tx — F(z)], from Proposition 7.4.1(c) it
follows
Tex—F(x) C U [Tz — F(x)]
reX

C WSup U [T~ F(a)] UB(WSupxéJX[Tx - F(m)]) = F*(T)UB(F*(T)).
)

Further, Proposition 7.4.1(d) implies [Tx — F(z)] N A(F*(T
by Remark 7.4.2(c) equivalent to [F(z) — T'z] N B(—F*(T))

) = ), which is
0. O

Corollary 7.4.8. Let F : X =V be a set-valued map. For all z € X and all
T e L(X,V) it holds v+ v* £k Tz, whenever v € F(x) and v* € F*(T).

Proof. Assume that the assertion fails. Then there exist z € X, T € L(X,V),
v € F(z) and v* € F*(T) such that v +v* <g Tz, ie. v — Tz € —v* —
int(K). But, by definition, —v* — int(K) C B(—F*(T)), therefore v — Tx €
B(—F*(T)), contradicting the assertion of Proposition 7.4.7. O

Corollary 7.4.9. Let F : X = V be a set-valued map. If v € F(0) and
v* € —F*(T), forT € L(X,V), then v £k v*.

Proposition 7.4.10. Let F : X = V be a set-valued map. Then F(x) N
B(F**(z)) = 0 and F(z) C F*(x)UA(F**(x)) for all x € X. In other
words, for all x € X it holds v £ u, whenever v € F(z) and u € F**(x).

Proof. Let be x € X. From Proposition 7.4.7 it follows that F(z) N B(Tx —
F*(T)) =0 for all T € L(X,V). Using Proposition 7.4.1(b) we get

[Tz — F*(T)]) - B(wsupT U

S T2 = F1(T)]) = B(F™ (@)

(_u
TeL(X,V)

and further, by Proposition 7.4.2(b) and Proposition 7.4.7, there is F(z) N
B(F**(z)) = 0. The definition of the biconjugate map and Proposition
7.4.1(d) imply F(x) C F**(x) U A(F**(z)). This completes the proof. 0O

Proposition 7.4.11. Let F : X = V be a set-valued map and x € X. For
v € F(x) there is T € OF (z;v) if and only if Tx —v € F*(T).

Proof. Let z € X be fixed and v € F(x). By the definition of the subgradient
there is T' € OF (z;v) if and only if Te — v € WMaxUyex [Ty — F(y)]. By
Remark 7.4.2(c) this is nothing else than

Tz—ve ng[Ty*F(y)]ﬂWSupng[Ty*F(y)] = ng[Ty*F(y)] NE(T),

being further equivalent to Tz —v € F*(T). O
The following result is an analog of Proposition 7.1.4.

Proposition 7.4.12. Let F : X = V be a set-valued map. If F is subdiffer-
entiable at © € X, then F(x) C F**(x). If, additionally, F(x) = WInf F(x),
then F(x) = F**(x).
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Proof. Let be v € F(z). The subdifferentiability of F' at « entails by Proposi-
tion 7.4.11 the existence of some T' € L(X, V) such that Tz —v € F*(T). Thus
there exists v* € F*(T) fulfilling v = Ta — v*. Corollary 7.4.8 ensures that
it does not exist any 7' € L(X,V) and v* € F*( ) such that v <x Tx —v*.
That means

v=Tr—v"€ WMax U [Tz — F*(T)]
TeL(X,V)

C WSup Tec%X,v)[Tx F*(T)] = F*(z)

and thus F'(z) C F**(z). Now assume that F'(x) = WInf F'(z) and take an ar-
bitrary v € F**(z). By Proposition 7.4.1(d), V = F(x) U A(F(x)) U B(F(x))
and, in view of Proposition 7.4.10, v ¢ A(F(z)). Let us assume that v €
B(F(z)). Then there exists ¢ € F(x) such that v <x 0. Because F is sup-
posed to be subdifferentiable at z, there exists T € L(X,V) such that Tz—17 €
F*(T). This means that v <x o € Tz — F*(T), i.c. v € B(Tz — F*(T)). But
this contradicts the assumption v € F**(z) = WSup U (x,v) [Tz — F*(T)].
Hence, v € F(z) and, consequently, F**(z) C F(x). O

For a set-valued map F : X = V we define its K-epigraph in a modified
manner than in Definition 7.1.5, namely being

epigF = {(z,v) e X xV:ve (F(x)+ K)UA(F(x))}.

We say that F'is K-convex if epiy F' is convex. In case —oox € F(z) for some
x € X, then (x,v) € epiy F for all v € V. Note that in case —oox ¢ F(x) for
all v € X, epigF = {(z,v) € X xV :v € F(z) + K} and the K-convexity
is nothing else than the same notion as introduced in Definition 7.1.5(b). The
following lemma provides conditions ensuring that —cox ¢ F(z) forall z € X.

Lemma 7.4.13. Let F : X = V be a K-convex set-valued map such that
z € core(dom F) with —ocox ¢ F(z) and WMin F () # (). Then —ooi ¢ F(x)
forallx € X.

Proof. Without loss of generality suppose that £ = 0 and hence 0 €
core(dom F'), —ocox ¢ F(0) and WMin F(0) # (. Assume there exists
Z € dom F such that —oox € F(Z). Because of 0 € core(dom F') there ex-
ists an € > 0 such that e € dom F' and also & := —e2Z € dom F. Then
0 is representable as a convex combination of the elements £ € dom F' and
% € dom F, namely 0 = (1/(1+¢))Z+(¢/(1+¢))Z. From —oog € F (%) follows
(Z,v) € epigF for all v € V. Consider © € V such that (Z,0) € epiy F and
an arbitrary v € V. We obtain by the convexity of epij F

1 € 1 €
A7A ~7 = 07 0 )E i F
T3 @O+ 7@ ( 11 1Y) € P

and, consequently, (0,v) € epiy F for all v € V. This implies A(F(0)) =
V U{+ook} and therefore, by Remark 7.4.2(e), WInf F(0) = {—ook }. Since
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WMin F(0) = F(0) N WInf F(0) # ), there must be —ocox € F(0) and in this
way we obtain a contradiction. This leads to the desired conclusion. 0O

Next we introduce a result which ensures the subdifferentiability of F'.

Proposition 7.4.14. Let F' : X =% VU{4ocok} be a K-convex set-valued
map with int(epix F) # 0. If T € int(dom F') and F(z) C WInf F(Z), then F
1s subdifferentiable at T.

This proposition has been formulated and proven in [178, Proposition 4.3]
without assuming that int(epix F') # 0. But this assumption is necessary
because the separation theorem used within the proof requires such a condition
as Song remarked in [168] (see also [170]). If, however, X and V are finite
dimensional, this assumption can be omitted.

7.4.2 The perturbation approach

In subsection 7.1.2 we have presented the perturbation approach based on
conjugate set-valued maps defined by means of minimality. Now we deal with
analogous investigations based on weak minimality using the preliminaries
from subsection 7.4.1.

Let X and V be Hausdorff topological vector spaces with X* and V*
topological dual spaces, respectively. As in section 7.1 we consider for a set-
valued map F : X = V U{+oox} with dom F # ) the general set-valued
optimization problem

(PSVGy) Winf F(x)
rzeX

and this time we are interested in weakly minimal elements or even weakly
infimal elements of the image set F(X) = Uzecx F(x) with respect to the
nontrivial pointed convex closed cone K C V with int(K) # 0. An element
Z € X such that there exists v € F(Z) with © € WMin F(X) is called weakly
efficient solution to (PSVG,,), while the pair (z,0) is said to be a weakly
minimal pair to the problem (PSVG,,).

A particular instance of this problem arises when the set-valued map F' is
replaced with the vector-valued function f : X — VU{+oox}. In this case
(PSV@Ey) becomes

(PVG.) Wint f(2)

and we look for weakly efficient solutions z € X characterized as fulfilling
f(z) € WMin f(X).

Proposition 7.4.15. The element © € X is a weakly efficient solution to
(PSVGy) if and only if there exists v € F(Z) such that 0 € OF(Z;0).

Similar to subsection 7.1.2 we associate a vector dual problem to (PSV G,,)
based on a corresponding perturbation approach. We introduce a set-valued
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perturbation map @ : X x Y = VU{+ook}, where Y is another Haus-
dorff topological vector space with the topological dual space Y*, such that
&(x,0) = F(x) for all x € X. The space Y is called the perturbation space.
Further, (PSVG,,) is embedded into a family of perturbed problems

(PSVGwy) Vy.el)r%f b(x,y),

where y € Y is the perturbation variable. The problem (PSVG,0) coincides
with (PSVGy).

Like in subsection 7.1.2, the dual problem is defined by means of the
conjugate of the perturbation map * : L(X,V) x L(Y,V) =V,

& (T,A) = WSup U Y[Tx + Ay — &(z,y)].

eX,ye

To the primal problem (PSVG,,) we attach the dual problem

(DSVGy,) WSup {—&%(0, A)}.
AEL(Y,V)

We look for A € L(Y,V) such that there exists v* € —&*(0, A) fulfilling v* €
WMax Uxe gy, vy {—@*(0,4)}. Such a mapping A is called a weakly efficient
solution to (DSVG,,) and (A,7*) is said to be a weakly mazimal pair to
(DSVGy). The next theorem expresses the weak duality for (PSVG,,) and
(DSVG,,).

Proposition 7.4.16. Let x € X and A € L(Y,V) be given. Then —P*(0, A)N
A(D(2,0)) =0 or, equivalently, ®(x,0) N B(—d*(0,A)) = 0.

Proof. Assume that there exist © € X and A € L(Y, V) such that —®*(0, A)N
A(P(x,0)) # 0. Let v be an element of this intersection. Then there exists
U € @(x,0) fulfilling 0 <x v. But this contradicts the statement in Corollary
7.4.8. The equivalent relation follows via Remark 7.4.3. 0O

The last result can be reformulated as the following corollary, where we
denote
WInf(PSVGy) = WInf{ U oz, 0)}
TE

and

WSup(DSVG,,) := WSup { B ﬁU
€

—P*(0,A) }.
(Y,V) ©, )}

Corollary 7.4.17. It holds WSup(DSV G,,) N A(WInf(PSVG,,)) = 0 or,
equivalently, B(WSup(DSVG,,)) N WInf(PSVG,,) = 0.

Proof. Assume the contrary and take an element v € WSup(DSVG,)N
A(WInf(PSVG,)). As v € A(WInf(PSVGy)) = A(Uzex®(x,0)), there
exists v/ € @(2/,0), for some 2’ € X, satisfying v/ <x wv. Since v €

WSup{Uacr(v,v)y — @*(0,4)}, there exist A € L(Y,V) and © € —@*(0,4),
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with v/ <g 0. Thus © € —9*(0,4) N A(P(2,0)) and this contradicts the
statement of Proposition 7.4.16. The equivalent relation follows again via Re-
mark 7.4.3. 0O

Remark 7.4.5. If we assume that the objective function of the primal problem
(PSV@G,) is a vector-valued function f: X — V U{+ocok}, in other words if
we deal with (PVG,), then the second condition in Proposition 7.4.16 may
be reformulated as f(z) = @(x,0) ¢ B(—®*(0, A)).

The following existence result for weakly efficient solutions is an easy con-
sequence of the weak duality result.

Corollary 7.4.18. Let be v € F(z)N{—®*(0,A)} forz € X and A € L(Y,V).
Then T is a weakly efficient solution and (Z,v) is a weakly minimal pair to
(PSVGy,), while A is a weakly efficient solution and (A, ) is a weakly mazi-
mal pair to (DSVG,,).

Proof. Assume that (Z,0) is not a weakly minimal pair to (PSVG,,). Then
there exist + € X and v € F(r) = &(z,0) such that v <gx ©. Thus v €
A(P(x,0)) and v € —P*(0, A) which contradicts Proposition 7.4.16. A similar

argumentation shows the claimed assertion for (4,7). O

In analogy to section 7.1, where we have used the minimal value map, we
consider here the so-called infimal value map H : Y = V defined by

H(y) = WInf(PSVG,,) = Wlnfxgx &(z,y) = Winf &(X, y).

Then H(0) = WInf(PSVG,,) = WInf &(X, 0).
Lemma 7.4.19. For all A € L(Y,V) there is H*(A) = &*(0, A).

Proof. By the definition of the conjugate map we have for all A € L(Y,V)
that

H*(A) = WS U Ay — H = WS U [Ay — WInf U &
(4) up U [Ay — H(y)] up U [y nf U P(z,y)]
=WSup U WSup U [Ay — & .
up U WSup U [Ay — &(z,y)]
Further, by Corollary 7.4.4 we get H*(A) = WSup Uzex yey [Ay — D(z,y)] =
&*(0,4). O
By using Lemma 7.4.19 WSup(DSV G,,) may be rewritten as

WSup(DSVGE,) = WS U —0*(0,4
W(DSVG,) = WSup | U {~"(0,4)}

= WS U —H*(A)} = H™(0).
WU {=H (W)} = H(0)

In other words, (DSVG,,) may be formally reformulated as

(DSVG,) WSup {—H*(A)}.
AEL(Y,V)
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Remark 7.4.6. As WInf(PSV G,,) = H(0), the duality for the pair (PSVG,,)—
(DSVGy) can be expressed by means of H(0) and H**(0). In particular,
WInf(PSVG,,) = WSup(DSVG,,) is nothing else than H(0) = H**(0).
Throughout the last two sections of this chapter we understand under strong
duality the situation when H(0) = H**(0).

The notion of stability of the primal problem with respect to the pertur-
bation map plays a crucial role when delivering strong duality assertions.

Definition 7.4.3. The problem (PSV G,,) is called stable with respect to the
perturbation map P if the infimal value map H is subdifferentiable at 0.

We prove next that stability ensures strong duality for the primal-dual
set-valued pair (PSVG,,) — (DSVG.,).

Theorem 7.4.20. If the problem (PSV G,,) is stable, then
WInf(PSVGy) = WSup(DSVGy) = WMax(DSVG,).

Proof. If the problem (PSVG,,) is stable, then the infimal value map H is
subdifferentiable at 0 and, by Proposition 7.4.12, there is H(0) C H**(0). On
the other hand, from Corollary 7.4.6 and Remark 7.4.2(c) follows

Winf H(0) = WInf Winf U_&(x,0) = WInf U_&(z,0) = H(0).
TE e

Then Proposition 7.4.12 implies H(0) = H**(0) and, by Remark 7.4.6 this is
equivalent to WInf(PSVG,,) = WSup(DSVG,,). Since

WMax(DSVGy) € WSup(DSVGy,) = WInf(PSVG,),

it remains to show that WInf(PSVG,) € WMax(DSVG,). To this end
take an arbitrary © € WInf(PSVG,,) = H(0). Since H is subdifferentiable
at 0, there exists A € L(Y,V) such that A € 9H(0;v), in other words
A0 — v € WMaxUyey[Ady — H(y)] € H*(A) = &*(0,A). Assuming that
v ¢ WMax(DSVG,,) there would exist A € L(Y,V) and & € —&*(0, A)
such that v <x v. From the definition of the weak infimum, using that v €
Winf Ugex @(x,0) = H(0), follows that there exist Z € X and v’ € &(%,0),
with the property v/ <y . Therefore & € —®*(0, A) N A(®(Z, 0)) which con-
tradicts Proposition 7.4.16. Thus v € WMax(DSVG,,) and this completes
the proof. O

Theorem 7.4.21. Assume that the problem (PSVG,,) is stable. Then for
each weakly efficient solution T € X to (PSVG,) and v € F(Z) such that
(Z,0) is a weakly minimal pair to (PSVG,,) there exists a weakly efficient
solution A € L(Y,V) to (DSVG,,) such that v € —&*(0,A) and (A,v) is a
weakly mazimal pair to (DSVG,).
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Proof. Because (z,0) is a weakly minimal pair to (PSVG,,) there is v €
H(0). Since H is subdifferentiable at 0 there exists A € £(Y,V) such that
A€ OH(0;v). Thus v € —&*(0, A). On the other hand, by Theorem 7.4.20 we
have v € WMax(DSV G,,) and so A is a weakly efficient solution to (DSVG,,)
with (A,?) corresponding weakly maximal pair. O

Next, we give necessary optimality conditions of subdifferential type.

Theorem 7.4.22. The weakly minimal pair (z,v) to (PSVGy,) and the corre-
sponding weakly mazximal pair (A, ) to (DSV G,,) from Theorem 7.4.21 satisfy
the optimality conditions (0, A) € 0&(z,0;7), or, equivalently, A € OH(0;0).

Proof. The proof is completely analogous to the one of Theorem 7.1.16 if one
applies Proposition 7.4.11 instead of Proposition 7.1.3. O

These necessary optimality conditions turn out to be sufficient for strong
duality. The proof of the following statement can be done in the lines of the
one of Theorem 7.1.17.

Theorem 7.4.23. Let € X, v € F(Z) and A € L(Y,V) fulfill (0,A) €
0P (z,0;0). Then T is a weakly efficient solution and (Z,v) a weakly minimal
pair to (PSVGy,), while A is a weakly efficient solution and (A,v) is a weakly
mazximal pair to (DSVG,,).

Remark 7.4.7. In Theorem 7.4.23, instead of (0,4) € 9®(z,0;0) one can
equivalently require that A € 9H(0; ).

Without assuming neither stability for (PSVG,,), nor the existence of a
weakly efficient solution to (PSVG,,), Song gives in [170, Theorem 6.3] some
equivalent conditions for strong duality. We state this result in the following.

Theorem 7.4.24. Let A € L(Y,V) be given. Then the following conditions
are equivalent:

(i) there exists v € —P*(0, A) with v € WInf(PSVG,,) N WMax(DSVG,,);
(i) WInf(PSVG,,) N (—=2*(0, A)) # 0;
(iii) A € OH(0).

Proof. Tt is clear that (¢) implies (i¢). To show that (i) implies (iii), let be
v € WInf(PSVG,,) N (=P*(0, A)). Then by the definition of the infimal value
map H and by Lemma 7.4.19 it holds v € H(0) N (—H*(A)) and so A0 — v €
H*(A). Via Proposition 7.4.11 the last relation is equivalent to A € 9H (0;v),
which is a subset of 9H(0). This proves (i¢i). Finally, (7) follows from (i) as
in the proof of Theorem 7.4.20, with the mention that here we do not need
stability. We have that A € 0H (0;v) for some v € H(0) = WInf(PSVG,,),
since OH (0) = Uyep(0) OH (0;u), and as in the mentioned theorem it follows
that v € —0*(0, A) and v € WMax(DSV@G,,). O



7.4 Conjugate duality based on weakly efficient solutions 371

Since the stability of the primal problem implies strong duality, it is impor-
tant to have criteria that entail this property. As in section 7.1, the so-called
weakly K-upper boundedness introduced in Definition 7.1.6 in connection to
a set-valued map plays a crucial role in this context.

Consider the set-valued map ¥ : Y = VU{+oo}, ¥(y) = &(X,y). As
stated in Lemma 7.1.23, ¥ is K-convex if and only if @ is K-convexlike-
convex. For the proof of the following lemma we refer to [168, Proposition
3.2].

Lemma 7.4.25. If ¥ is K-convex or, equivalently, & is K -convexlike-conver,
then H s K-convex.

The next result and its proof can be found in [168, Proposition 3.3].
Lemma 7.4.26. It holds epiy ¥ C epiyx H C cl(epig ¥).

The previous two lemmata allow to derive the following stability result
(see [170, Theorem 6.4]).

Theorem 7.4.27. Let the perturbation map  : X x Y = VU{+oc0} be K-
convexlike-convez (or, equivalently, ¥ be K -convex). Assume that there exists
y' € domW such that ¥ is weakly K-upper bounded on some neighborhood of
y'. If 0 € int(dom W), then the primal problem (PSV G.,) is stable.

Proof. First let us observe that by Lemma 7.4.25 the infimal value map
H is K-convex. Whenever H(0) = WInf¥(0) = {—ocok}, there is H* =
{+0c0K}, meaning that H is subdifferentiable at 0. Consider the case when
H(0) # {—ook}. The relation 0 € int(domV¥) entails the existence of
U, a neighborhood of 0 in Y, such that U C dom¥. Thus U C dom H
and so 0 € int(dom H). By Corollary 7.4.6 one has H(0) = WInf¥(0) =
Winf(WInf ¥ (0)) = WInf H(0) and so WMin H(0) = H(0) # 0 and —ocog ¢
H(0).

Thus for H all the hypotheses of Lemma 7.4.13 are fulfilled and its ap-
plication yields —oox ¢ H(y) for all y € Y. Consequently, H is a set-
valued map which takes values in V U{4ocok}. Since ¥ is weakly K-upper
bounded on some neighborhood of 3 € dom¥, by Lemma 7.1.21 there is
int(epig W) # 0 and this implies, by Lemma 7.4.26, that int(epiy H) # 0.
With H(0) = WInf H(0) and 0 € int(dom H), the assumptions of Proposition
7.4.14 are satisfied. Therefore H is subdifferentiable at 0, which is nothing
else than that (PSVG,,) is stable. O

Closely related to Theorem 7.4.27 is the following result, formulated by
Song in [169].

Theorem 7.4.28. Suppose that ¢ : X x Y = VU{+oo} is K-convexlike-
convex (or, equivalently, ¥ is K-convex) and that the infimal value map H
is weakly K-upper bounded on some neighborhood of 0. Then (PSVG,,) is
stable.
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Proof. Because H is weakly K-upper bounded on a neighborhood of 0 one has
0 € int(dom H). Like in the proof of Theorem 7.4.27 we get —oox ¢ H(y) for
all y € Y. Lemma 7.1.21 is now applicable and guarantees that int(epi, H) #
(). The conclusion follows again via Proposition 7.4.14. 0O

7.5 Some particular instances of (PSV G,,)

In this section we employ the approach described in section 7.4 to different
particular instances of (PSVG,,). We consider both the set-valued optimiza-
tion problem with constraints and the one having the composition with a
linear continuous mapping as objective map. An approach to gap functions
for set-valued equilibrium problems is also given.

7.5.1 The set-valued optimization problem with constraints

In this subsection we investigate the duality for the set-valued optimization
problem with constraints by using a similar procedure to the one considered
in subsection 7.2, but by employing weak minimality and weak maximality.
Again, we consider different perturbations of the primal problem which lead
to several set-valued dual optimization problems.

The set-valued primal problem we study is the following

(PSVE) VyeIng(x)
A={z e S:G(x)n(-C) # 0}

where X, Z and V are Hausdorff topological vector spaces, Z is partially
ordered by the convex cone C' C Z and V is partially ordered by the nontrivial
pointed convex closed cone K C V', S C X is a nonempty set, while F': X =
VU{+oox} and G : X =2 Z are set-valued maps such that dom F N S N
G 1(=C) # 0. By X*, Z* and V* we denote the corresponding topological
dual spaces of X, Z and V, respectively.

We look for weakly efficient solutions to (PSV,S). These are elements
Z € A such that there exists an element v € F(Z) having the property v €
WMin F(A). In this case the pair (Z,7) is said to be a weakly minimal pair
to (PSVS).

We consider the set-valued perturbation maps €L, $CF and HCFL as
introduced in subsection 7.2.1 and formulate three set-valued duals to (PSV,)
via the conjugate maps of the perturbed maps. The calculations of the three
conjugate maps is done in the lines of the ones in subsection 7.2.1. Thus for
all A€ £(Z,V) and all ' € L(X, V) we obtain

(#9)7(0,4) = WSup U [A(G(w) +C) - F(x))

(@77)*(0, ") = WSup{F*(I') = I'(A)}
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and
(®9F2)*(0,T, A) = WSup {F*(F) + U [-Te+ A(G())] + A(C’)} :

For determining (¢°#)* and (¢“F£)* Proposition 7.4.3 has been applied in
a similar way as Proposition 7.1.7 for the corresponding calculations in sub-
section 7.2.1. Again with Proposition 7.4.3 and by considering the following
conjugate map with respect to the set .S

(=AG)5(~I") = WSup Igs[—Fx + A(G(2))],
we get
(@CFEY* (0,1, A) = WSup{ F*(I") + (—AG)5(~I") + A(C)}.

Concerning the term A(C) in the formulae of (#“%)*(0, A) and (#“#£)*(0, I,
A) the following lemma is useful.

Lemma 7.5.1. Let be A € L(Z,V) and " € L(X,V). If A(C)Nint(K) # 0,
then (®°1)*(0, A) = {+oox} and (P°FL)*(0, I, A) = {+ook}.

Proof. Let A € L(Z,V) be fixed and assume that for ¢/ € C it holds Ac’ €
int(K'). We prove that (#°£)*(0, A) = {+ocox }. By similar arguments it can be
proven that for all A € £(Z,V) and I' € L(X,V) one has (#F£)*(0,I',A) =
{+OOK}.

Consider an arbitrary © € V. We show that there exists v € U,eg[A(G(x)+
C) — F(x)] with v >k 9. Then, by definition, WSup U,cs[A(G(z) + C) —
F(z)] = {+ook }. Indeed, since Ac¢’ € int(K) there exists an absorbing neigh-
borhood W of 0 in V such that A’ + W C int(K). Thus W C —Ac’ + int(K)
and hence V = U,soa(—Ac + int(K)). For an 2’ € dom F NS NG H(-C)
take v’ € F(2') NV and 2’ € G(2’). By the above representation of V', there
exist @' > 0 and k" € int(K) with the property Az — v — 0 = —A(d'¢") + K.
Thus for v := Az’ + A(e/) —v" € A(G(2"))+ A(C) — F(a') C Upes[A(G(x)) +
A(C) — F(x)], one has v >, 0. O

Taking into consideration the last lemma and the definition of the set-

valued dual problem (DSVG,,) given in subsection 7.4.2 the following La-
grange set-valued dual problem may be associated to (PSV.S)

CrL
(DSV,/t) WSup AeEL(JZ,V) Winf zgS[F(x) + A(G(z) + CO)].
A(C)N(—int(K))=0

Analogously, the Fenchel set-valued dual problem reads as

DSVCr Inf{—F* (I + T
(DSV,™) WSupFEEL(JXy)Wn{ (I +I'(A)},

while the Fenchel-Lagrange set-valued dual problem becomes

(DSV,SFr) WSup Winf{—F*(I') — (AG)5(=T") + A(C)}.
Iel(X,V),A€L(Z,V)
A(C)N (= int(K))=0
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Remark 7.5.1. The problem (PSVS) has been considered also in [170] with
respect to Lagrange duality. There the set-valued dual (DSV,C%) can be found
in some modified formulation.

The duality results obtained in subsection 7.4.2 for the primal-dual pair
(PSV@G,) — (DSVG,) may be applied to the primal problem (PSV,S) and
its set-valued dual problems introduced above. In particular, weak duality is
fulfilled for (PSV,{') and (DSV,St), (DSV,SF) and (DSVSFL), respectively.
Concerning strong duality and optimality conditions, the general results from
section 7.4 are also applicable. First, let us consider optimality conditions and
strong duality for the Lagrange set-valued dual problem.

Theorem 7.5.2. (a) Suppose that the problem (PSVS) is stable with respect
to the perturbation map . Let T € A be a weakly efficient solution
to (PSVS) and v € F(z) such that (%,0) is a weakly minimal pair to
(PSVE). Then there exists A € L(Z,V), a weakly efficient solution to
(DSV.EL), with (A,v) corresponding weakly mazimal pair such that strong
duality holds and the following conditions are fulfilled
(i) v € WInf U,es[F(z) + A(G(z) + C)];

(i) A(C) N (—int(K)) = 0;
(iii) A(G(z) + C) N (—int(K)) = 0.

(b) Assume that forz € A, v € F(Z) and A € L(Z,V) the conditions (i)— (iii)
are fulfilled. Then T is a weakly efficient solution and (Z,v) is a weakly
minimal pair to (PSV,S), while A is a weakly efficient solution and (A, v)
is a weakly mazimal pair to (DSVSL).

Proof. The proof is similar to the proof of Theorem 7.2.1 with some obvious
modifications. In particular, one has to use Theorem 7.4.21 instead of Theorem
7.1.15 as has been done in the proof of Theorem 7.2.1 O

Using the Fenchel set-valued dual problem (DSV,SF) similar optimality
conditions as in Theorem 7.2.2 are available.

Theorem 7.5.3. (a) Suppose that the problem (PSVS') is stable with respect
to the perturbation map ®°F. Let T € A be a weakly efficient solution
to (PSVS) and v € F() such that (%,0) is a weakly minimal pair to
(PSVS). Then there exists I' € L(X,V), a weakly efficient solution to
(DSV.EF), with (I',v) corresponding weakly mazimal pair such that strong
duality holds and

v € Winf[—-F*(T') + T'(A)].

(b) Assume that for 7 € A, v € F(z) and T' € L(X,V) one has v €
Winf[—F*(T") + WInf I'(A)]. Then Z is a weakly efficient solution and
(7,0) a weakly minimal pair to (PSV.S), while T is a weakly efficient
solution and (', v) a weakly mazimal pair to (DSVSF).

By means of the Fenchel-Lagrange set-valued dual problem (DSV,S7r)
analogous results can be derived.
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Theorem 7.5.4. (a) Suppose that the problem (PSVS) is stable with respect
to the perturbation map ®CFr. Let T € A be a weakly efficient solution
to (PSVS) and v € F() such that (%,0) is a weakly minimal pair to
(PSV.S). Then there exists (I, A) € L(X, V) x L(Z,V), a weakly efficient
solution to (DSV.SFL), with (I', A, v) corresponding weakly mazimal pair
such that strong duality holds and the following optimality conditions are
fulfilled

(i) v € WInf[—F*(T") — (AG)5(—T') + A(C)};
(ii) A(C) N (—int(K)) = 0;
(iii) A(G(Z) + C) N (—int(K)) = 0.

(b) Assume that for € A, v € F(z) and (I, A) € L(Z,V) x L(X,V) the
conditions (i) — (1i1) are fulfilled. Then T is a weakly efficient solution and
(z,v) a weakly minimal pair to (PSV.S), while (I', A) is a weakly efficient
solution and (", A,v) a weakly mazimal pair to (DSV,.CFL).

The final part of this subsection is devoted to the introduction of some
conditions which guarantee the stability for the primal problem (PSV.S) in
the interaction with its different duals we derived above and, consequently,
the existence of strong duality for all these primal-dual pairs. First we deal
with the perturbation map #°* having in mind the Lagrange duality.

Theorem 7.5.5. Let F' X G be K x C-convexlike on S and F be weakly K -
upper bounded on dom F N S. If 0 € int[G(dom F N S) + C], then (PSV,S)
is stable with respect to the perturbation map ®°; hence Winf(PSV,S) =
WSup(DSV,Er) = WMax(DSV,EL).

Proof. As follows from Remark 7.2.7, the map $¢* is K-convexlike-convex.
The consequence of the regularity condition is the same as in the proof of The-
orem 7.2.7, namely it holds 0 € int(dom ¥°*), where ¥°t : Z = V U{4o0x },
WO (z) := %L (X, z). This map turns out to be weakly K-upper bounded on
a neighborhood of 0 in Z. Then Theorem 7.4.27 is applicable and provides
the desired stability. Further, Theorem 7.4.20 completes the proof. O

If the generalized Slater regularity condition is valid, namely G(dom F'N
S) N (—int(C)) # B, then the interior point regularity condition in Theorem
7.5.5 is verified. On the other hand, we observe that if S is convex, F is K-
convex on S and G is C-convex on S, then F' x G is K x C-convex on S and
therefore also K x C-convexlike on S.

The previous result can be originally found in [170, Corollary 6.3]. As in
subsection 7.2.3 (see Theorem 7.2.8) one can give an alternative result for
stating strong duality for the Lagrange set-valued dual problem.

Theorem 7.5.6. Let F' X G be K x C-convezlike on S. If G(dom F N.S) N
(—int(C)) # 0, then (PSV,C) is stable with respect to the perturbation map
@YL; hence Winf(PSV.C) = WSup(DSV,St) = WMax(DSV,S®).

The next result concerns the stability with respect to the Fenchel pertur-
bation map ¢°F.
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Theorem 7.5.7. Let A C X be a convex set and F a K-convex set-valued
map. If there exists ' € dom F' N A such that F is weakly K-upper bounded
on some neighborhood of ', then (PSV,C) is stable with respect to the pertur-
bation map ®F ; hence Winf(PSV,E) = WSup(DSVEF) = WMax(DSV,SF).

Proof. Under the hypotheses of the theorem, the perturbation map &°r :
X x X = VU{+ook}, 297 (2,y) = F(z + y) + 0% (), is K-convex and,
consequently, K-convexlike-convex. Like in the proof of Theorem 7.2.10, it
follows that WOF : X = V U{+ook}, ¥OF(y) := 97 (X,y), is weakly K-
upper bounded on a neighborhood of 0 in X and that 0 € int(dom ¥*). The
conclusion follows via Theorem 7.4.27 and Theorem 7.4.20. 0O

Also here we give an alternative result, which can be proved in the lines
of Theorem 7.2.11.

Theorem 7.5.8. Let A C X be a convex set and F a K-convexr set-valued
map. If dom F Nint(A) # 0, then (PSVS) is stable with respect to the pertur-
bation map ®F ; hence Winf(PSV,S) = WSup(DSVSF) = WMax(DSVSF).

Finally, we treat the stability with respect to the Fenchel-Lagrange duality.

Theorem 7.5.9. Let S C X be a convex set, F a K-conver set-valued
map and G a C-convexr set-valued map. If F is weakly K-upper bounded
on domF and U x W is a neighborhood of (0,0) in X x Z such that
W C NyepGl(dom F — y) N S] + C, then (PSVS) is stable with respect
to the perturbation map ®°Fr; hence Winf(PSVS) = WSup(DSV,SrL) =
WMax(DSV,Cre),

Proof. Tt is easy to verify that ®°FL is K-convex and, consequently, K-
convexlike-convex. Like in the proof of Theorem 7.2.13, it follows that wCrz :
X x Z = VU{+ook}, OOrL(y,2) = ®°rr(X,y,z), is weakly K-upper
bounded on U x W and 0 € int(dom ¥“F%). The conclusion follows via The-
orem 7.4.27 and Theorem 7.4.20. O

The following result can be proven in a similar way like Theorem 7.2.14.

Theorem 7.5.10. Let S C X be a convex set, F' a K-convexr set-valued
map and G a C-convex set-valued map. If there exist ' € S such that
0 € int(G(z") + C) and a neighborhood U of x’ in X such that F is weakly
K -upper bounded on U, then (PSV,C) is stable with respect to the perturbation
map PEFL; hence Winf(PSV.C) = WSup(DSV,SFL) = WMax(DSV.SrL)

w

Remark 7.5.2. In the papers [47, 123, 124] similar investigations concerning
vector conjugate duality based on the weak infimum notion used here are
provided and analogous perturbations as we have done here and in earlier
works (cf. [1,3,4,23]) are proposed. Inclusion relations between the image
sets of the vector dual problems are given and saddle points and their rela-
tions to duality are also considered (cf. [124]). The stability assertions given
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in [124] concern the constrained vector optimization problem (PSVS) with
vector-valued objective and constrained functions and coincide in this par-
ticular case with Theorem 7.5.6 and Theorem 7.5.10. In particular, these as-
sertions are special instances of the general assertions including more general
stability criteria claimed in Theorem 7.5.5 and Theorem 7.5.9. We refer fi-
nally to the fact that already in [23] for problems even more general than
(PSV.Y) Fenchel-Lagrange type perturbations and corresponding set-valued
dual problems have been considered including stability criteria based on reg-
ularity conditions of Slater type as in Theorem 7.5.10. In [47,123] some mod-
ified Lagrange and Fenchel-Lagrange dual problems are introduced in whose
formulation the dual variables A are taken as being elements of the set of
positive mappings £, (Z,V). The weak and strong duality assertions follow
analogously to the ones presented above.

7.5.2 The set-valued optimization problem having the composition
with a linear continuous mapping in the objective map

In the following we treat the problem (PSV4) as introduced in section
7.3, but with respect to weakly efficient solutions. Let X, Y and V be
Hausdorff topological vector spaces, V being partially ordered by the non-
trivial pointed convex cone K C V with int(K) # 0, A € L£(X,Y) and
F:X = VU{+ocok} and G : Y = VU{+ook} be given set-valued maps
such that dom F'N A~!(dom G) # (). The problem we treat here is

(PSVA) \yel)r}f{F(x) + G(Ax)}.

An element Z € X is said to be a weakly efficient solution to (PSV,?) if there
exists a v € F(z)+ G(Az) such that v € WMin U,e x {F(z) + G(Ax)}. In this
situation the pair (Z, ) is said to be a weakly minimal pair to (PSV,?). Also
here we take as set-valued perturbation map

P X xY = VU{+ook}, 8 (z,y) = F(z) + G(Az + y).

Further, let be ¥4 : Y = VU{+ocox}, 4(y) = ¢4(X,y) and let the in-
fimal value map H? : Y = V be defined by HA(y) = WInfu4(y) =
Winf &4(X,y). Then H4(0) = WInf ®4(X,0) = WInf(PSV,}'). The calcula-
tion of the conjugate map (#)* can be done similarly as in section 7.3, this
time by using Proposition 7.4.3 instead of Proposition 7.1.7. For I € L(Y, V)
the conjugate looks like

(@4)*(0, ") = WSup{ F*(—I" 0 A) + G*(I)}.

By the general approach described in subsection 7.4.2 this leads to the follow-
ing Fenchel set-valued dual problem to (PSVA)

A S 2L et
(DSVy) WSupFELL(JKV)WInf{ F*(-I'c A)—-G*(I)}
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For (DSV,A) we consider weakly efficient solutions and weakly maximal pairs
in accordance to the general definition in subsection 7.4.2. The above approach
verifies weak duality and this can be expressed via Corollary 7.4.17 in the form
A(WInf(PSVA)) N WSup(DSV,A) = (). The next result is concerning strong
duality and follows by means of Theorem 7.4.21.

Theorem 7.5.11. (a) Suppose that the problem (PSV/) is stable with respect
to the perturbation map ®*. Let & € X be a weakly efficient solution to
(PSVA) and v € F(z) + G(AZ) such that (z,v) is a weakly minimal pair
to (PSV). Then there exists I’ € L(Y, V), a weakly efficient solution to
(DSVA), with (I, o) corresponding weakly mazimal pair such that strong

duality holds and
v € WInf{—F*(—=T 0 A) — G*(I")}.

(b) Assume that for # € X, v € F(z) + G(Az) and T € L(Y,V) one has
v € WInf[—F*(—T o A) — G*(T")]. Then % is a weakly efficient solution
and (%,0) a weakly minimal pair to (PSV2), while T is a weakly efficient
solution and (', ) is a weakly mazximal pair to (DSV,}).

The next result supplies a stability and strong duality statement, respec-
tively, based on convexity and regularity assumptions for the functions occur-
ring in the primal problem.

Theorem 7.5.12. Let the set-valued maps F' and G be K -convex. If there ex-
ists ' € dom FNA~!(dom G) such that G is weakly K -upper bounded on some
neighborhood of Ax', then (PSV2) is stable with respect to the perturbation
map ®4; hence Winf(PSV,A) = WSup(DSV,A) = WMax(DSV,A).

Proof. The convexity assumptions guarantee that ¢4 is K-convex on X x
Y. Like in the proof of Theorem 7.3.3, one can show that ¥4 : Y = V U
{+oox }, 04 (y) = #4(X,y) is weakly K-upper bounded on a neighborhood
of 0in Y and that 0 € int(dom ¥#). Thus Theorem 7.4.27 implies the stability,
while Theorem 7.4.20 ensures the strong duality. 0O

Remark 7.5.3. In case X =Y and A = idx Theorem 7.5.12 becomes [170,
Theorem 6.7].

Of particular interest is the study of the duality for the set-valued opti-
mization problem

(PSV?) Winf F(x),

where S C X is a nonempty set and F : X = V U {+o0} a set-valued map
such that dom F NS # (. We reformulate this problem by making use of the
vector-valued indicator function 8¢ as being

(PSVS) WInf{F(z) + ¥ (2)}.
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Obviously, (PSV,J) is a particular case of (PSV?), namely for X =Y, A =
idy and G = Y. Via (DSV2) we get the following Fenchel set-valued dual
problem to (PSV,Y)

(DSV5) WSup redtin, WiInf{—F*(I') + I'(S)}.
A general assertion on strong duality can be given by particularizing Theorem
7.5.11, while via Theorem 7.5.12 one can give some verifiable conditions to
this purpose. It is interesting to notice that one can give, in particular, two
different conditions ensuring stability and therefore strong duality depend-
ing on whether we perturb F' or 5‘5/. In other words one can consider the
perturbation maps

b7 X x X =V U{+ook}, &7 (x,y) = F(z +y) + 05 (z)

and
P35 X x X 3V U {+ook}, ba(x,y) = F(x) + 0% (x +y),

both revealing the same dual problem (DSV,Y). Employing @7, we obtain
the following strong duality result, which is a direct consequence of Theorem
7.5.12.

Theorem 7.5.13. Let the set S C X be conver and F' a K-convex set-valued
map. If there exists ' € dom F NS such that F is weakly K-upper bounded on
some neighborhood of ¥', then (PSV,J) is stable with respect to the perturbation
map D7 ; hence Winf(PSV,?) = WSup(DSV,S) = WMax(DSV.5).

w

By using this time the perturbation map @5, one can give another strong
duality statement for (PSV,5) and (DSV.).

Theorem 7.5.14. Let the set S C X be convex and F' a K-convex set-valued
map. If dom F Nint(S) # 0, then (PSV,J) is stable with respect to the pertur-
bation map D7 ; hence Winf(PSV,S) = WSup(DSV,5) = WMax(DSV,5).

Proof. Since S is convex, 5}; is a K-convex map. For an 2’ € dom F' Nint(5),
there exists U, a neighborhood of 2’ in X such that U C S. As 6y (z)N(—K) #
() for all z € S, it follows that 0y, is weakly K-upper bounded on U. Thus the
hypotheses of Theorem 7.5.12 are also in this case fulfilled and this provides
the conclusion. 0O

7.5.3 Set-valued gap maps for set-valued equilibrium problems

In this subsection we deal with gap maps for set-valued equilibrium problems.
As in subsection 7.3.2, where we have dealt with gap maps for set-valued
variational inequalities, such maps give characterizations of the solutions of
the equilibrium problem. Vector equilibrium problems are generalizations of
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scalar equilibrium problems (cf. [16]). Equilibrium problems include optimiza-
tion, Nash equilibria, complementarity, fix point, saddle point and variational
problems. They have practical applications in many fields like game theory,
economics and mathematical physics.

Let us first recall the formulation of a scalar equilibrium problem in finite
dimensional spaces. Given a a nonempty set A C R"™, assume that f: Ax A —
RU{+o0} is a bifunction satistying f(z,z) = 0 for all z € A. The equilibrium
problem consists in finding an x € A such that

(EP) f(z,y) >0 forallye A

A function v : A — RU{+o0} is said to be a gap function for (EP) (cf. [129])
if it satisfies the following properties

(a) v(y) >0 for all y € A;
(b) y(x) =0 if and only if = is a solution to (EP).

Next we consider the extension of the scalar equilibrium problem (EP) to
the weak set-valued equilibrium problem.

Let X and V be Hausdorff topological vector spaces, V' being partially
ordered by the nontrivial pointed convex cone K C V with int(K) # (), and
F: X xX = VU{+ocok} a set-valued map. Further, let A C X be a
nonempty set with the property that 0 € F(z,x) for all € A. The weak
set-valued equilibrium problem consists in finding an element z € A such
that

(SVEP,) 0¢ F(x,y)+int(K) for all y € A,

which means that for all y € A there is no v € F(z,y) with v < 0.

Definition 7.5.1. A set-valued map v : A = V U{+ook} is said to be a gap
map for (SVEP,) if it satisfies the following conditions

(a) 0 ¢ v(y) +int(K) for ally € A;
(b) 0 € y(x) if and only if © solves (SVEP,).

We observe that z € A is a solution to (SVEP,) if and only if x is a
weakly efficient solution and (x,0) is a weakly minimal pair to the set-valued
optimization problem

(PSVU‘]/EP;J‘) Winf F(z,y),
yeA
which can be rewritten as
(PSV, PP x) WInH{F(x,y) + AN

Its Fenchel set-valued dual problem looks like

VEP. s
(DSV,*";2) WSup FELL(JXy)WInf{ FX(I)+TI'(A)},
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with F(I") = WSup,e x{I'y — F(z,y)} being the conjugate map of the set-
valued map Fy : X = V U {+ook}, defined by F,(y) = F(z,y). Let z € A
be fixed. We consider the following regularity conditions ensuring stability for
(PSV,YEP, 1), the first one being based on Theorem 7.5.13

(ROYEP: z) | 3y’ € A such that F, is weakly K-upper bounded
on some neighborhood of ¢’ in X.

while the other one on Theorem 7.5.14,
(RCYEP; ) | dom F, Nint(A) # 0.

Proposition 7.5.15. Let A C X be a convex set and F, a K-convexr set-
valued map. If (RCY EY; ) or (RCYEF; x) is fulfilled, then Winf(PSV,Y E¥; x)
= WSup(DSV,Y EF; x) = WMax(DSV,Y ¥P; ).

Now we are ready to define a gap map for (SVEPR,) by means of the
objective map of the Fenchel set-valued dual (DV,YEF;z), as being vV #F :
A=V U{+ook},

VEP *
WE @) = U WSwlF (D)~ T(A)L
Theorem 7.5.16. Let A C X be a convex set and F,, a K-conver set-valued
map for allx € A. If for allx € A (RCYFT; x) or (ROYET: x) is fulfilled, then
YVEFP is a gap map for the weak set-valued equilibrium problem (SV EP,,).
Proof. We have to show that vVEF satisfies the properties (a) and (b) of
Definition 7.5.1.

Chose arbitrarily y € A and v* € VP (y). Then there exists I' € L(X, V)
such that v* € WSup[F;(I") — I'(A)]. By the weak duality for (PSV,y#¥;y)
and (DSV,YEF;y) follows that —v* ¢ A(F,(y) + 6% (y)). Since 0 € F,(y) +
6% (y), one has 0 £x —v* or, equivalently, v* £ 0.

We come now to (b) and consider an arbitrary x € A. If z € Ais a
solution to (SVEP,), then z is a weakly efficient solution and (z,0) is a
weakly minimal pair to (PV,YEP:z). Thus 0 € WMax(DV,Y#F: z) and so
there exists I' € £L(X,V) with 0 € WInf[—F(I") + I'(A)]. This implies that
0 € vVEP(z). Conversely, let be = € A such that 0 € ¥V (z). Then there
exists I' € £(X,V) fulfilling 0 € WSup[F}(I") — I'(A)]. Further, there is 0 €
F(x,2)+ 6% (z). Thus, by Theorem 7.5.11 follows that z is a weakly efficient
solution and (z,0) is a weakly minimal pair to (PV,Y¥¥; z). Consequently, x
turns out to be a solution to (SVEP,) and the condition (b) in Definition
7.5.1 is verified. O

We close the section by investigating a particular case of (SV EP,,), namely
the classical vector equilibrium problem. Let A C X be a nonempty set and
f: X — VU{+ook} a vector-valued function. For F': X x X — VU {4ocox}
defined by F(x,y) = f(y) — f(z) the weak set-valued equilibrium problem
(SVEP,) means to find an element x € A such that
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(VEP,) f(y) £k f(z) for all y € A.

One can see that = € A is a solution to (VEP,) if and only if x is a weakly
efficient solution to
(PVZY WInf f(z).
TE

Let # € A be fixed. Then the corresponding optimization problem to
(VEPR,) reads as

(PV " 5) WInE{f(y) = f(w) + 04()}-

Its Fenchel set-valued dual problem is

VEP, _F*
(DV,, ®"52) WSup FeL%X v Winf{—-F; (") + I'(A)},

with
Fo(I') = WSup{I'y — (f(y) — f(z))}
yeX

= f(x) +WS;p{Fy = f)} = fl@)+ (1)
ye
This leads to the following formulation of the dual

(DVYEP. 2y WSup FeEL(JX’V) Winf{—f*(I") + T'(A)} — f(z).

Thus the gap map vV #F : A = V U {+ook} turns out to be

VEP *
= U WS r-r .
VE@) = f@)+ U WSl () - DA
It is easy to see that the property 0 € vVEF(y) + int(K) for all y € A is
equivalent to the weak duality for the vector optimization problem (PVU“,“)
and its Fenchel set-valued dual

(DVY WSup FEL:L(JX ” Winf{—f*(I") + I'(A)}.

)

On the other hand, the relation 0 € vV (z), for € A, expresses the strong
duality for the primal-dual pair (PV,2) — (DVA).

Bibliographical notes

Different to the vector duality concepts presented in the other chapters of this
monograph that are mainly based on scalarization and scalar conjugacy, in
the present final chapter we have developed a duality theory for set-valued
optimization problems based on vector conjugation. We present this approach
separately for both efficient and weakly efficient solutions because despite
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similar assertions and results, the basic notions and investigations differ in
several aspects. The part dealing with efficiency and minimality has its roots
in the paper [180] of Tanino and Sawaragi, where the notions of conjugate
map and subdifferential for vector-valued functions taking values in a finite
dimensional space R* with R” as ordering cone have been introduced. In their
book [163] Sawaragi, Nakayama and Tanino extended the approach from [180]
by working in a setting where the dual variables were represented via matrices.
On that background some first investigations have been devoted to conjugate
vector duality for finite dimensional multiobjective problems,; in particular a
vector Lagrange dual problem has been displayed.

Some aspects of conjugate maps for Hausdorff topological vector spaces
and vector duality can be found in Luc’s book [125] as well as some investi-
gations on Lagrange duality and a kind of axiomatic duality. In the paper [1]
Altangerel, Bot, and Wanka extended and applied Tanino’s and Sawaragi’s
approach by introducing a Fenchel-Lagrange set-valued dual problem besides
the Lagrange and Fenchel set-valued dual problems for constrained vector
optimization problems in finite dimensional spaces. These results have been
applied for the construction of gap functions for vector variational inequalities.

In this chapter a comprehensive and detailed theory for set-valued conju-
gate duality in infinite dimensional spaces is developed, covering, in particular,
the results contained in the before mentioned works.

The second approach concerning vector conjugation is related to the no-
tions of infimal and supremal sets of a given set based on the weak ordering
introduced by a cone with nonempty interior. The basic notions associated
with this infimum and supremum concept can be found in the paper [177]
due to Tanino. This concept is similar to the one given earlier by Kawasaki
(cf. [114]) in finite dimensional spaces. In [178] Tanino has used it for deducing
a conjugate duality theory for vector optimization problems in topological vec-
tor spaces. We notice that several kinds of supremum and infimum definitions
in multidimensional spaces have been provided in the preceding time mostly
accompanied by considerations regarding conjugate vector as set-valued du-
ality in different settings (see [40,82,94,113,146,152-154,210]).

We mention, in particular, Song’s contributions [168-170], where the ap-
proach from Tanino [178] has been extended to Hausdorff topological vector
spaces and set-valued maps, since our investigations are carried out in that
framework (see also [1, 3,4, 25]). Some recent results on this topic can be
found in [47,123,124]. The reader is referred also to a some different con-
jugation concept for set-valued optimization problems regarding duality, as
developed in [9,10].
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affine minorant, 26

cone, 11
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Bouligand tangent, 16
dual, 16
normal, 12
ordering, 13
pointed, 12
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Abadie, 256
linear independence, 256
Mangasarian-Fromovitz, 256
Slater, 80
constraints
cone, 68
geometric, 68
linear, 173, 176, 213, 216, 227, 232,
235, 244

dual (scalar)
differentiable Mond-Weir, 252, 253,
279, 293
differentiable Wolfe, 252, 253, 279,
292
Fenchel, 67, 69
Fenchel-Lagrange, 70
Lagrange, 69
Mond-Weir, 250, 276, 291, 302
nondifferentiable Mond-Weir, 251
nondifferentiable Wolfe, 251
Wolfe, 249, 276, 291, 302
dual (set-valued)

Fenchel, 337, 343, 353, 373, 377
Fenchel-Lagrange, 338, 344, 373
Lagrange, 337, 342, 373

dual (vector)

abstract linear, 175, 177

Breckner-Kolumbéan, 128

differentiable Mond-Weir, 264, 272,
299

differentiable Wolfe, 264, 271, 298

Fenchel type, 123, 130, 145, 156, 186,
195

Fenchel-Lagrange type, 146, 157, 202,
208, 209, 212, 219, 226

Gale-Kuhn-Tucker, 240

Isermann, 236

Kornbluth, 241

Lagrange type, 144, 156

Mond-Weir, 261, 270, 281, 295, 307

Nakayama, 132, 137

Wolfe, 261, 269, 280, 295, 306, 307

duality (scalar)

fractional, 290

Mond-Weir type scheme, 283
stable strong, 110

strong, 64, 74

symmetric, 283

weak, 64

Wolfe type scheme, 283

duality (set-valued)

strong, 322, 369
weak, 320, 367

duality (vector)

converse, 142, 155
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fractional, 294

linear, 173, 176, 227, 232, 235
Mond-Weir type scheme, 286
strong, 141, 154

symmetric, 285

weak, 140, 154

Wolfe type scheme, 285

element
maximal, 43, 44, 312
minimal, 43, 44, 312
properly minimal, see properly
minimal
weakly infimal, 361
weakly maximal, 46, 361
weakly minimal, 46, 361
weakly supremal, 361

Fenchel-Moreau theorem, 34
function (scalar)
K-increasing, 22
affine, 26
biconjugate, 32
concave, 19
conjugate, 30
convex, 19
directional derivative, 41
domain, 20
epigraph, 20

Fréchet differentiable, 254, 266, 273

Fréchet differential, 254
Gateaux differentiable, 41
Gateaux differential, 41
gap, 356, 380

indicator, 19

infimal value, 23, 64
invex, 255

Lagrangian, 87

lower bound, 21

lower semicontinuous, 25
perturbation, 63

proper, 20
pseudoconvex, 255
quasiconvex, 254

scalarization, 160, see scalarization

strictly K-increasing, 22
strongly K-increasing, 22
subdifferentiable, 38
subdifferential, 38

subgradient, 38

support, 20

upper semicontinuous, 25
function (vector)

K-convex, 22

K-convexlike, 24

K-epi closed, 29

K-epigraph, 22

K-lower semicontinuous, 29

domain, 22

indicator, 23

perturbation, 140

proper, 22

star K-lower semicontinuous, 29

gauge, 28
generalized interiors
algebraic interior, 14
intrinsic core, 14
quasi interior, 16
quasi interior of a dual cone, 17
quasi relative interior, 16
relative interior, 17
strong quasi relative interior, 17

hull (function)
convex, 21
lower semicontinuous, 26
lower semicontinuous convex, 28
hull (set)
affine, 10
closed convex, 15
conical, 12
convex, 11
convex conical, 12
linear, 10
hyperplane, 10

infimal convolution, 24

mapping

adjoint, 15
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linear, 11

linear continuous, 15
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Moreau-Rockafellar formula, 37

optimality conditions, 86, 339, 344
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maximal, 320, 332
minimal, 319
weakly maximal, 367
weakly minimal, 366
partial ordering, 12
perturbation variable, 64, 320, 367
problem (scalar)
composed convex, 100
conjugate dual, 64, see dual (scalar)
constrained, 68, 249
fractional, 290
general, 63, 302
normal, 65
perturbed, 63
primal, 63
scalarized, 141, 182, 196, 199, 210
stable, 65
unconstrained, 66
problem (set-valued)
k-stable, 332
constrained, 335, 372
dual, 320, 332, see dual (set-valued)
equilibrium, 380
general, 319
perturbed, 320, 367
primal, 319, 331
stable, 322, 369
unconstrained, 352, 377
variational inequality, 356
problem (vector)
constrained, 132, 137, 144, 199, 209,
261, 264, 269
dual, 140, 153, see dual (vector)
equilibrium, 382
fractional, 294
general, 140, 153, 306
linear, 173, 176, 227, 232, 235, 240,
241, 244
primal, 58, 140, 153
unconstrained, 123, 130, 181, 195
variational inequality, 356
properly minimal
in the global sense of Borwein, 50
in the sense of Benson, 50
in the sense of Borwein, 49
in the sense of Geoffrion, 47
in the sense of Henig and Lampe, 51
in the sense of Hurwicz, 48
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in the sense of linear scalarization, 52

regularity condition, 73, see constraint
qualification
closedness type, 74, 75
generalized interior point, 73
generalized Slater, 347
Kuhn-Tucker, 255

saddle point, 88
scalarization
(semi)norm, 171
general, 159
linear, 165
maximum-linear, 166
set, 168
set (conical), 170
Tchebyshev, 168
separation theorems, 17
set
absorbing, 10
active indices, 255
affine, 10
convex, 10
efficiency, 59
elements above a set, 361
elements below a set, 361
externally stable (maximal), 316
externally stable (minimal), 316
feasible, 64
maximal, 43
minimal, 43
proper efficiency, 59
weak efficiency, 59
weak infimum, 361
weak maximum, 361
weak minimum, 361
weak supremum, 361
weakly maximal, 46
weakly minimal, 46
set-valued map, 312
K-convex, 323, 365
K-convexlike, 327
K-convexlike-convex, 327
K-epigraph, 323, 365
k-biconjugate, 330
k-conjugate, 330
k-subdifferentiable, 331
k-subdifferential, 331
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k-subgradient, 331

biconjugate, 312, 363

conjugate, 312, 363

domain, 312

gap, 357, 380

graph, 312

infimal value, 368

minimal value, 321, 332

perturbation, 320

strictly K-convex, 327

strictly K-convexlike, 327

strictly K-convexlike-convex, 328

strictly- K-convexlike-C-convexlike,
348

subdifferentiable, 312, 363

subdifferential, 312, 363

subgradient, 312, 363

weakly K-upper bounded, 326, 371

solution

S-properly efficient, 160
T -properly efficient, 164

efficient, 58, 59, 319, 320, 332

optimal, 64

properly efficient, 59, 60

weakly efficient, 58, 59, 366, 367
space

bidual, 15

Fréchet, 16

Hausdorff, 14

locally convex, 15

metrizable, 14

partially ordered, 13

perturbation, 63, 140, 320, 367

topological dual, 15

topological vector, 14

topology
weak, 15
weak™, 15

Young-Fenchel inequality
scalar, 31
set-valued, 314, 363
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