elektronisches
dokument

ULB Sachsen-Anhalt

Optimization with set relations

Dissertation

zur Erlangung des akademischen Grades

doctor rerum naturalium (Dr. rer. nat.)

vorgelegt der

Mathematisch-Naturwissenschaftlich-Technischen Fakultat
der Martin-Luther-Universitat Halle-Wittenberg

von Herrn Andreas Lohne

geboren am 15. Oktober 1972 in Querfurt

Gutachterin/Gutachter:

1. Prof. Dr. Christiane Tammer, MLU Halle-Wittenberg

2. Prof. Dr. Johannes Jahn, Universitat Erlangen—Nirnberg
eingereicht am: 18.01.2005

Tag der Verteidigung: 27.05.2005

urn:nbn:de:gbv:3-000008490
[http://nbn-resolving.de/urn/resolver.pl 2urn=nbn%3A de%3A gbv%3A 3-000008490]






Acknowledgments

First of all I would like to thank Prof. Dr. Christiane Tammer and Dr. Andreas Hamel for
being great supervisors.

I'm greatly indebted to Prof. Dr. C. Zilinescu from the university ”Al. 1. Cuza” lasi
(Romania) for the many helpful suggestions, which influenced this work very positively.

Moreover, I would like to thank all my colleagues (and former colleagues) from the Institute
of Optimization and Stochastics for the many inspiring discussions and for the good working
atmosphere at the institute.

I gratefully acknowledge the ” Land Sachsen—Anhalt” and the Martin—Luther—University Halle—
Wittenberg for the financial support by a scolarship over almost three years.

Last but not least I would like to express my deepest gratitude to my parents, to my grand
parents, to my son Pascal and, most of all, to my girlfriend Jana Lippke for their great
support all the time.

Danksagung

Mein besonderer Dank gilt Frau Prof. Dr. Christiane Tammer und Herrn Dr. Andreas Hamel
fiir die sehr gute Betreuung dieser Arbeit.

Fiir die vielen sehr hilfreichen Hinweise, die diese Arbeit sehr positiv beeinflusst haben, bin
ich Herrn Prof. Dr. C. Zalinescu von der Universitdt ”Al. 1. Cuza” lasi (Ruménien) &uflerst
dankbar.

Weiterhin gilt mein Dank den Angehérigen (und ehemals Angehorigen) des Instituts fiir
Optimierung und Stochastik fiir die vielen anregenden Diskussionen und das sehr angenehme
Arbeitsklima im Institut.

Dem Land Sachsen—Anhalt und der Martin—Luther—Universitat Halle-Wittenberg mochte ich
fiir die Gewédhrung eines Graduiertenstipendiums iiber knapp drei Jahre danken.

Nicht zuletzt mochte ich meinen Eltern, meinen Grofleltern, meinem Sohn Pascal und vor
allem meiner Lebensgefahrtin Jana Lippke fiir ihre Unterstiitzung ganz herzlich danken.






Contents

Introduction
Notation

1 The closed convex sets in R?
1.1 The space F of closed subsets of RP . . . . . ...
1.2 The space C of closed convex subsets of RP . . . . . . ... ... ... ...,

1.3 Embedding subsets of C into a linear SPACE  + . v e e e e e

2 Convergence of closed convex sets
2.1 Painlevé-Kuratowski convergence . . . . . . . . . ... ... .. ... ... ..
2.2 C—Convergence . . . . . . . . v v i e e

2.3 Scalar convergence vs. C—CONVETZENCE . . . . . o o o v v v v v v v v et

3 Functions with values in C
3.1 Semi—continuity of Fvalued functions . . . . . . .ooo
3.2 Semi—continuity . . . . . ... L
3.3 Locally bounded functions . . . . . . .. .. . L oo

3.4 Convex functions . . . . . . . . . e

11

13
13
14
18

23
23
25
34

39
40
43
50
53



6 Contents

3.5 Conjugates . . . . . . .. 58
3.6 Biconjugation theorem . . . . . . .. .. L Lo oo 60
4 Duality 65
4.1 Fenchel duality . . . . . . . . .. 65
4.2 Lagrange duality . . . . . . . . . .. Lo 71
4.3 Some special cases . . . ... ..o o e 75
5 Relationship to vector optimization 77
5.1 Basicconcepts . . . . . . .. 77
5.2 Point relation vs. set relation approach . . . . . .. ... ... L. 80
5.3 On the structure of vector optimization problems . . . . . .. ... ... ... 83
Appendix 87
A Some calculusrulesof sets . . . . . . ... 87
B Partially ordered sets . . . . . . ... Lo 91
C  Ordered conlinear Spaces . . . . . . . . v v v v vt 92
Index of notation 95

Bibliography 97



Introduction 7
Introduction

Since the middle of the 80ies, set—valued optimization problems, i.e., optimization problems
with a set—valued objective map, have been investigated. This field of research is called set—
valued optimization or set optimization. The most results in the literature are based on the
following (or a similar) solution concept:

One considers a set—valued objective map F' : X = Y and a set of feasible points S C X,
where X and Y are linear spaces and Y is partially ordered by a convex pointed cone. A
pair (z,y) with z € S and y € F (%) is called a minimizer of the set—valued optimization
problem if ¢ is a minimal element of the set F'(S) := |J,cg F(z), where the minimality
notion is understood with respect to the partial ordering in the space Y. Therefore, (in this
work) set optimization based on this solution concept is called set optimization with point
relations. In this field, there are papers on optimality conditions, e.g. Corley [21], Luc [58],
Jahn and Rauh [43], G6tz and Jahn [32], Chen and Jahn [16], Crespi, Ginchev and Rocca
[22], as well as papers on duality assertions, e.g. Tanino and Sawaragi [79], Corley [19], where
only the dual problems are set—valued, and Kawasaki [44], Postolica [66], Corley [20], Luc
and Jahn [59], Song [73], where both the primal and the dual problem are set-valued. A
good survey as well as further references can be found in the book of Jahn [42]. Set—valued
optimization problems based on this solution concept naturally occur in vector optimization,
for instance, as dual problems (see e.g. Tanino and Sawaragi [79], Corley [19]). Of course,
vector optimization problems provide a very important special case of set optimization with
numerous applications. Moreover, it turned out that the answer to certain problems in vector
optimization can be found, if the vector optimization problem is considered in a set—valued
framework. For instance, by Hamel, Heyde, Lohne, Tammer and Winkler [34] a set—valued
approach is used to solve the problem of the duality gap in linear vector optimization in the
case that the right hand side of the inequality constraints is zero.

Optimization with set relations (actually ”set optimization with set relations”) provides quite
a different approach to set optimization. The basic idea is to understand the set—valued
objective map as a function f : X — P(Y) into the space P(Y) of all subsets of Y. This
space is provided with an appropriate ordering relation. Such ordering relations have been
investigated, for instance, by Young [83], Nishnianidze [64], Brink [13], Kuroiwa [49] and
Hamel [33]. In the special case that Y is a linear space, K C Y a convex pointed cone and
A, B C Y, these relations can be expressed by

A<k B & BCA+ K and A=k B & ACB-K.

In a sequence of very similar papers of Kuroiwa, e.g. [49], [50], [51], [52], [53], corresponding
optimization problems are investigated and some first steps towards a duality theory are
taken. These optimization problems are based on the following solution concept: A point
x € S is called a <x—minimal solution of the set—valued optimization problem if

(f(x) sk f(2), v €8S) = f(Z) <K f(2).

Some other results in this field are generalizations of Ekeland’s variational principle (Truong



8 Introduction

[80]) as well as Phelps type minimal point theorems (Hamel and Lohne [35]) to the framework
of these ordering relations.

This work is concerned with optimization with set relations, however, our investigations are
not based on the solution concept introduced above. Instead we use the lattice structure
of the image space P(Y') and ask for the infimum and supremum of the objective function
over the set S. Our theory is modeled on scalar optimization rather than vector optimiza-
tion. Nevertheless we show that this approach is beneficial for a better understanding of the
structures in vector optimization and set optimization with point relations, because problems
of this kind are hidden in every vector optimization and set optimization problem. Let us
proceed with a more detailed discussion.

In this work we investigate optimization problems based on set relations where we restrict
the image space of the objective function f to the family of closed convex subsets of RP, in
the following denoted by C. The space Cis equipped with an addition and a multiplication
by nonnegative reals, more precisely, it is a conlinear space (see Appendix C). The reason for
supposing convex sets is that many assertions, even in the classical theory, require convexity
of the objective function. The convexity notion in our framework, however, implies that the
values are convex sets. The convexity of the sets also ensures that the ”second distributive
law” is valid in our image space C, which is beneficial in some cases. The reason for the
closedness is that we only use convergences that do not distinguish between a set and its
closure. The space C is ordered by set inclusion. In fact, ((f ,2) is an ordered conlinear space
(see Appendix C). In contrast to that, ¢ being equipped with the orderings < or <y is
just a quasi—ordered conlinear space, because < and < are not antisymmetric. Of course,
one can switch over to equivalence classes in order to obtain antisymmetry. Then, however,
<k and <k reduce to the usual set inclusion O and C, respectively. We next observe that
our image space (C, D) is order complete (a complete lattice). Infimum and supremum of a
nonempty subset A C C can be expressed by

inf A = clconv U A and sup A = ﬂ A.
AcA AcA

This allows us to proceed analogously to the classical scalar optimization theory. We consider
a C—valued ob jective function and a set S C X of feasible points. Our goal is to determine the
sets inf,cs f(x) and sup,cg f(x) or, equivalently, the sets clconv (J,cq f(z) and (g f(2).
It is also interesting to ask for a corresponding solution concept (in the space X), however,
this is beyond the scope of this work.

Optimization based on set inclusion subsumes the classical scalar optimization theory. This
can be seen by the following simple reformulation. Consider an extended real-valued objective
function f : X — RU{—o0, +00}. Then the function f, defined by f(-) := {f(:)} + R (where
we set {+00} + Ry = ) and {—oco} + R} = R), is a C-valued function and it holds

{inf f(:z:)} +Ry = irelgf(x) and {Sup f(x)} + Ry = sup f(z).

zeS zeS zeS

On the other hand, in case we know inf,cgs f(z) € C and sup,cg f(z) € C we obtain the real
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counterparts by

inf f(z)=inf { inf f(a:)} and  sup f(x) = inf {Sup f(x)} .

zes zes z€S z€S
We observe that a scalar optimization problem can be decomposed into two components,
namely,

1. an optimization problem based on set inclusion, where the involved sets have the special
structure of A, :={s € R|s>r},r€ RU{—o0,+00}.

2. the (trivial) problem of determining the infimum of such sets.

In this manner it is interesting to compare the construction of real numbers by Dedekind
cuts.

Optimization problems based on set inclusion are also hidden in other problems such as vector
optimization problems and set optimization problems based on point relations. Similar to the
scalar case, set optimization problems can be decomposed into two components, namely,

1. an optimization problem based on set inclusion, in fact, the problem to determine the
set

F(S) =] F(x),

€S

2. the problem of determining the set Inf F'(S) of infimal or the set Min F'(S) of minimal
(efficient) points with respect to the partial ordering in Y.

We show in this work that a separate investigation of both parts leads to deeper insights into
the structure of set optimization problems based on point relations. Many assertions that
are well-known for scalar problems can be generalized to optimization problems based on
set inclusion. For instance, we will generalize a biconjugation theorem and duality assertions
of Fenchel as well as Lagrange type to this framework. In doing so, we essentially maintain
the structures of the scalar case. Putting both components together, certain parts of these
structures are lost. This is due to the fact that the second component, which is ”nontrivial” in
contrast to the scalar case, destroys the lattice structure in the sense that the set of minimal
points cannot be described with an infimum (in the sense of lattice theory) in the space Y.

The investigations on optimization problems with set relations leads to some results, which
could be of independent interest. Embedding of convex sets into a linear space has been
investigated by many authors, beginning with the paper of Radstrom [67], but only for spaces
of compact or bounded sets. We extend some results to nonbounded sets. Secondly, we
obtain some results on convergence in the space of closed convex subsets of RP. We introduce
a convergence class and investigate the relationsship to well-known convergences.

This work is organized as follows. Chapter 1 is devoted to the study of algebraic and order
theoretic properties of the ordered conlinear space (é, @, D) of closed convex subsets of RP
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(where @ is the closure of the Minkowski addition). This involves an investigation of the dual
description of a closed convex set by its support function, which leads to an assertion about
the possibility of embedding certain subsets of C into a linear space. Some results in this
context are extensively used in the subsequent chapters.

The second chapter deals with topological properties of C. We introduce a convergence class
in C , which seems to be new. We define this convergence by appropriate concepts of upper
and lower limits. A characterization by (a certain type of) convergence of support functions
is indicated. We compare our convergence with well-established concepts such as Painlevé—
Kuratowski convergence and scalar convergence.

In Chapter 3, we investigate functions with values in C. Based on the results of the second
chapter, we develop semi—continuity concepts. Moreover, we introduce the notion of a conju-
gate of a C—valued function. The main result of this chapter is a biconjugation theorem for
C—valued functions.

Chapter 4 is devoted to optimization problems with C—valued objective function and with
respect to the set relation approach. In particular, we draw our attention to duality theory.
We prove weak as well as strong duality assertions based on Fenchel as well as Lagrange
approach. The biconjugation theorem, established in Chapter 3, provides a main tool for the
proof of the strong duality assertions.

The last chapter contains a comparison of the duality results for optimization with set inclu-
sion and duality assertions in vector optimization (and set optimization with point relations).
The closest relationship between both types of problems can be shown for vector optimiza-
tion problems based on weakly minimal points. In this context, a strong duality result for
vector optimization problems is easily obtained from a duality result for a problem based on
set inclusion and vise versa. Moreover, we continue to point out that optimization problems
based on set relations are hidden in every vector optimization problem.

In the appendix we summarize some well-known facts, which could be useful for reading this
work. Part A is a collection of calculus rules for sets. In Part B we recall some fundamental
notions with respect to partially ordered sets and Part C gives the definition of an ordered
conlinear space, which is the underlying structure of the image space of an optimization
problem based on set inclusion.
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Notation

Up to a few exceptions, we frequently use the notation of Rockafellar’s ” Convex Analysis”
[1]. The following notations are not in accordance with this book. We write R (instead
of R) for the set of real numbers and N for the set of positive integers. We set Rﬁ =
{y e RP|Vie {1,...,p} 1 y; > 0} and Ry := R!. The symbol & does not mean the direct
sum, instead it will be used for the ”closed Minkowski addition”, i.e., for A, B € RP we set
A® B :=cl(A+ B). The Euclidian norm in R? is denoted by ||-|| (instead of |-|). Furthermore
we write rgT" := |J ¢ x T'(x) for the range of a function T': X — Y. By rb A we denote the
relative boundary of a set A C RP, i.e., tb A :=cl A\ri A. A cone C C RP? is said to be pointed
if its lineality space is zero, i.e., C N —C = {0}. The Euclidian (closed) unit ball is denoted
by B (instead of B). If M is a matrix, M7 denotes the transposed matrix. Further notations
are defined when they first occur. A short explanation can be found at page 95 f.
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Chapter 1

The closed convex sets in R?

In this chapter, we investigate algebraic and order theoretic properties of the space of closed
convex subsets of RP. In the following, this space is denoted by C. Equipped with the partial
ordering ”set inclusion” this space is an example for an ordered conlinear space, see Appendix
C. In particular, C is not a linear space. However, the structure of a conlinear space is rich
enough for a meaningful definition of a cone as well as a convex set.

This chapter is organized as follows. In Section 1.1, we briefly summarize some properties of
the space of closed subsets of RP. Section 1.2 is devoted to corresponding properties of the
space of closed convex subsets of RP. In contrast to the closed subsets, the second distributive
law is satisfied. Another very important aspect is that closed convex sets can be equivalently
described by its support functions. Rockafellar [1] introduced the concept of oriented closed
convex sets. This concept plays a crucial role in this work. In the third section of this chapter,
we investigate the possibility of embedding subsets of C into a linear space. We divide this
space into classes that can be embedded. These classes depend on the recession cone of the
sets. With the aid of the orientation we can re-interpret the inverse elements of the embedded

elements as sets (with opposite orientation).

1.1 The space F of closed subsets of R”

In this section we summarize some simple facts about the space of closed subsets of RP. Note
that all the assertions of this section remain valid if RP is replaced by an arbitrary linear
topological space. The space of all nonempty closed subsets of RP is denoted by F(RP) and
the space of all closed subsets of RP is denoted by F (RP). For simplicity of notation, we just
write F and F, respectively.

In F we introduce an addition & : F x F — F and a multiplication by nonnegative real
numbers - : Ry x F — F, defined by

VA,B € F: A®B:=c(A+B)=cl{yecRP|Jac A,FbeB:y=a+b},

13
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{yeRP|Jac A:y=aa} if a>0

VA F > . A:
€F a2l “ {{0} if a=0.

The latter distinction of cases ensures that 0- () = {0}. As usual, we sometimes write oA
instead of - A. For all A, B,C € F (including the empty set) and all o, 8 € R4 the following
calculus rules hold true:

(Cl)(AeB)eaC=Aa (Ba (), (C2) {0} A=A,

(C3) A B=B® A, (C4) a(BA) = (af) A,
(C5)1-A=A, (C6) a(A®B)=aAdaB,
(C7) 0- A ={0}.

This means that (.7:“ ,@, -) is a conlinear space, see Appendix C. For simplicity, we say F
is a conlinear space. The rule (C1) (in particular, if R? is replaced by an arbitrary linear
topological space) can be shown by Proposition A.4 (vii). The other rules are obvious.

The second distributive law is not valid in F. This is clear because the second distributive
law would imply that each member of F is a convex subset of RP.

The set inclusion provides a partial ordering in F such that (]3 ,C) and (.7:" , D) are ordered
conlinear spaces. Both spaces are order complete, see Appendix B. For instance, for a
nonempty subset A C (.7:" , ©), the infimum and supremum can be expressed by

INFA= ()4,  SUPA=d (A
A€A A€eA

1.2 The space C of closed convex subsets of R?

This section deals with the space of closed convex subsets of RP, which plays an important
role in the whole work. Many assertions in this section are also valid in a more general setting,
i.e., RP can be replaced by a more general space.

The space of all nonempty closed convex subsets of RP is denoted by C(RP) and the space of
all closed convex subsets of R? is denoted by C (RP). For abbreviation, we continue to write C
and C instead of C(RP) and C(RP), respectively.

In C we introduce the same addition and the same multiplication by nonnegative real numbers
asin F. Of course, these operations are closed in ¢ ,1.e., C is a conlinear subspace of F. Hence
the rules (C1) — (C7) are valid. Additionally, the second distributive law is satisfied, i.e.,

(C8) VA e C, Vo, 3>0: aADBA=(a+pB)A.

Conversely, C is the set of all members of F satisfying (C8). It is easy to see that neither
C nor C is a linear space, since the axiom of existence of an inverse element is violated.
Moreover, it is not possible to embed C into a linear space. Indeed, assuming there is an
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injective homomorphism j (an embedding) from C into a linear space L. For K := R € C
we have K = K & K. Hence j(K) = j(K) + j(K) and 0r, = j({0}) # j(K). Then there
must be an inverse element [ € L of j(K), i.e., j(K)+1 = 0r. It follows 0, = j(K) +1 =
J(K)+ 1+ j(K) = j(K), a contradiction.

Let K C RP be a nonempty closed convex cone. The set Cx C C is defined to be the set of
all elements A € C with 07A = K. The following assertions tells us that Cx C C has the
structure of a convex cone, even though C is not a linear space. The concept of a cone and
a convex set can be analogously defined as in the framework of linear spaces, for the details
see Appendix C.

Proposition 1.2.1 Cx is a convex cone in C.

Proof. Let A, B € Ck. It remains to show 07 (A @ B) = K. This is a consequence of [1,
Corollary 9.1.1] if we can verify the following condition: If 2; € 0t A and 29 € 01 B such that
21+ 20 = 0, then 21 belongs to the lineality space of A and zo belongs to the lineality space of
B. Indeed, we have 07 A = 0" B = K and the lineality spaces of A and B are equal, namely
0tTAN(—0TA) =0"BN(-0"B) = KN(—K). Hence the mentioned condition is satisfied. [J

Note that [1, Corollary 9.1.1] also implies that the addition @ in Cx C C reduces to the usual
Minkowski addition +, i.e., the closure operation is superfluous.

Rockafellar [1, Section 39] introduced the concept of orientation of convex sets in RP. A
convex set A C RP that is identified with its convex indicator function d(-|A) is said to be
supremum oriented and a convex set A that is identified with the concave function —d(-|A)
is called infimum oriented. This concept plays a crucial role in our theory. Thus we introduce
the following notation: The space C* is defined to be the space C having supremum oriented
members. By C° we denote the same space, but with infimum oriented members. Analogously,
we define C*, C°, Cj and Cj.. If not stated otherwise, the orientation is not changed while
manipulating sets. For instance, this means that C* and C° are conlinear spaces, the recession
cone of a supremum (infimum) oriented set is supremum (infimum) oriented, and so on.

The space C is now equipped with one of the reflexive, transitive and antisymmetric relations
D and C. We establish standard relations in dependence on the orientation of the members
of the space. In fact, let the standard relation be D in the space C* and C in C°. Both these
standard relations have the meaning of ”less or equal”. Since sets with opposite orientation
will be used in order to define a substitute for inverse elements in the framework of the
conlinear space C, this identification is useful to obtain the well-known formulas of the context
of linear spaces. Further motivation is given later on.

Convention 1.2.2 Throughout this work we use the following conventions.
(i) For A1, A3 € AC C* we write A; < As instead of A1 D As.
(ii) For A1, A2 € AC C® we write A} < Ay instead of A1 C As.

iii) We write ACC if the corresponding assertion is valid for both A C C* or A C C°.
(iii) P g
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For the notation A C C and A C Cx we use a convention analogous to (iii).

This convention means that certain assertions for subsets of C have to be interpreted dif-
ferently, where the interpretation depends on the orientation, and they are valid for both
interpretations. For instance, for Ay, As € A C C we write

A; D As in case that A C C*

Ay <Ay if A
=420 {AlgAgincasethatAQCO.

Of course, C* and C° (equipped with its standard relations) are ordered conlinear spaces.

Proposition 1.2.3 The spaces C* and C° are order complete and the infimum and supremum
of nonempty sets A C C* and B C C° can be expressed as follows:

sup A = Naca A inf A = clconv ey 4,
supB = cleonv Jgcp B, infB = Npes B-
Proof. Follows from the definition. O

In every order complete ordered conlinear space (Y, @, =) it is evident that
inf A @ inf B < inf(A 4 B) and sup(A + B) < sup A @ sup B, (1.1)

where A+ B := {A®@ B| Ae A, B e B}. In particular, (1.1) is valid in C* and C°. In
general, (1.1) does not hold with equality, see Example 1.2.5 below. We next show that, in
dependence on the orientation, one inequality in (1.1) is even satisfied with equality. This
equality is essential in duality theory, see Remark 3.5.4 below.

Proposition 1.2.4 For nonempty sets A, B C C* and A, B C C° it holds
inf(A+ B) = inf A® inf B and sup(A + B) = sup A @ sup B.

Proof. It holds

inf(A+B) "=£*  clconv U C = clconv U (A@ B)

CeA+B A€ A, BeB
< clconv U (A+B) = clconv (U A+ U B)
A€A, BeB AeA BeB

P g (Clconv U A + clconv U B) =" inf A@ inf B.
AcA BeB

By (1.1) (or directly) we deduce equality. The second part is completely analogous. O

In general, the latter assertion is not true for the supremum in C* and the infimum in CAO, as
the following example shows.
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Example 1.2.5 Let A, B C C*(R?), A := {Ay, Ay}, where A; := {(0,1)T} + R2, Ay :=

{(1,0)7} + R3, and B := {B}. Then, supA®supB = (41 NAz) @B ={(1,1)T} + B+ R3.
But, sup(A + B) = sup{4; & B, A, ® B} =R, i.e., sup(A+ B) # sup A @ sup B.

Ay sup A

| sup A @ sup B

A

Up to now, all the operations used did not influence the orientation of a set. We express the
change of the orientation of a set as follows: Given an oriented set A we denote by HA the
same set, but with opposite orientation. As usual, the negative of a convex set A is defined
by

—A:={yeRP| —yec A}.

By convention, if A is an oriented set, this operation does not manipulate the orientation of
A. In contrast to this, we introduce a second concept of a negative of a convex set which
does so. Given an oriented set A, we define HA being the set —A, but with the opposite
orientation. Instead of two signs, we now have four signs, namely +, —, H,H. Obviously, the
following assertions hold true:

A = BEA=8B84, —A = BEA=80A4,
A = +@BA=-0A4, HA = +BA=-3A

Clearly, an expression is independent of the order of the signs. Note that H and B are
signs but not operations. This means, the addition of contrarily oriented elements is not
defined. Nevertheless, we write ABH B := A+ (HB) and AB B := A+ (BB), if these
expressions are defined, i.e., A and B are contrarily oriented. For a given set A C C we set
BA := {HA| A € A}. It can be easily shown (Proposition 1.2.3) that

Hinf A =supHA and HsupA=infEHA. (1.2)

Further motivation for the usage of the sign H is given later on. For instance, we define
convex and concave functions with values in C and we obtain the well-known convexity—
concavity dualism for such functions, i.e., a function f : X — C is convex if and only if
Bf : X — C is concave. In the next section we embed certain subsets of C* and C° in a (the
same) linear space. There, HA gets the meaning of an ”inverse element” of A with respect to
this embedding.
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1.3 Embedding subsets of C into a linear space

Embedding of spaces of convex sets into linear spaces was already investigated by Radstrom
[67], and as remarked there, the idea seems to go back to investigations of Brunn [15] in
1889. A nice overview over the literature in this field can be found in [3]. In the literature,
compactness or boundedness assumptions to the sets are usually supposed. In this section,
we investigate spaces of unbounded convex sets, too.

The aim of this section is to embed the convex cone Cx C C into a partially ordered linear
space. In dependence on the orientation of the members of Cx we use different embedding
maps. This procedure allows us to re-interpret the inverse element of the embedding map’s
image of a member of Cx as an element of C_g having opposite orientation.

The following lemma is a refinement of [1, Theorem 13.1]. It is shown that only the set
ri (0T A)° :=ri ((07A)°) (instead of the whole space RP) is essential for the description of a
nonempty closed convex set by its support function.

Lemma 1.3.1 Let A, B C RP be a nonempty closed and convex. Then,
(i) ri(0tA)° C domd*(-]A) C (0FA)°,

() A= () {yeR| (" y) <& A},
y*€ri(0TA)°

(iii) ACB & Vy*eri(0tB)°: §*(y*|A) < 6*(y*|B),
(iv) If 0% B is pointed, then
ACB & YWy eRP\tb(0TA)°: 6 (y*|A) <6 (v*|B).
Proof. (i) As a consequence of [1, Theorem 14.2] we have cldomd*(-|A) = (0 A)°

compare [36, Theorem 2.2.4], too. Together with [1, Theorem 6.3] this yields ri (0T A)° =
ricldom 6*(-| A) C domé*(-|A) C (0T A)°.

(ii) From [1, Theorem 13.1] and (i) we obtain

A= N {ye®| <@ lA)}= () {yeR .y <5y |A)}

y*ERP y*e(0tA)°

It remains to show

V=[] {yeR| "y <8 @A)} = (] {veR| iy <oy [A4)} =Y
y*e(0+ A)° y*eri (0 A)°

The inclusion Y; C Y5 is obvious. In order to show Yo C Yj let y € Y5 be arbitrarily chosen.
It holds (y*,y) < 6* (y*| A) for all y* € ri (0T A)°. Let y* € (0T A)° and y* € ri (0T A)°, then
A7* 4+ (1= Ny* €ri(0TA)° for all A € [0,1) (compare [1, Theorem 6.1]). It follows

D" + (1= Ny"y) 0" 0" + (1= Ny'[A) A6 (77| A) + (1= 18" (y'[ A).
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By virtue of (i) we deduce that 0* (y*| A) < +oo. Letting A — 1 we obtain (y*,y) < 6* (g*| A),
ie,yeY.

(iii) It remains to show ”<=". Let y € A be given. Then we have (y*,y) < 6*(y*|A) for all
y* € R? and so (y*,y) < 6*(y*|B) for all y* € ri (0" B)°. From (ii) we obtain y € B.

(iv) Again, it remains to show "<". Let y* € RP\ (0T A)°. By (i) we obtain +oo = §*(y*|A) <
5*(y*|B) and hence y* & ri (0T B)°. This means we have ri (0T B)° C (07 A)°. Since 0" B is
pointed, we deduce that ri (0T B)° = int (07 B)° C int (07 A)° = ri (0T A)° C RP \ rb (0T A)°.
From (iii) we deduce A C B. O

The following example shows that the pointedness assumption in statement (iv) of the pre-
ceding lemma cannot be omitted.

Example 1.3.2 Let A =R?2 and B = {y € R?| y; > 1}. Then we have (0¥B)° C rb (07 4)°
and, by (i), the right—hand side of (iv) is satisfied. But A Z B.

4 A
|
|
|
|
|

(0" Ay /

The preceeding lemma is an essential tool for the proof of duality assertions for C—valued
functions. Furthermore, in the next chapter it is used to characterize a new type of conver-
gence of convex sets by convergence of support functions. As a byproduct, we obtain the
statement that Cj; and Cj can be embedded into a linear space. We first give an equivalent
characterization of the ordered conlinear spaces Cj; and C}, (where K is the neutral element,
i.e., they are cones but not conlinear subspaces of C* and C®) by certain spaces of real-valued
functions having the same domain (which depends on K). Then, the possibility of embedding
into a linear space is obvious.

Let I'}; be the space of all positively homogeneous concave functions from ri K° into R and
let 'Y, be the space of all positively homogeneous convex functions from ri K° into R. The
spaces I}, and I'}, are conlinear spaces with respect to the addition and multiplication by
nonnegative real numbers, being defined pointwise using the corresponding operation in R.
Moreover, I'}, and I'}, equipped with the ordering relation <, which is defined pointwise using
the usual < relation in R, are ordered conlinear spaces.

Theorem 1.3.3 Let K C RP be a nonempty closed convexr cone. Then,

(i) There exists a bijective map j* : Cj, — '}y such that for all A, B € C}; and all positive
real numbers a > 0 it holds

(a) j*(A+ B) = j*(A) +j*(B), (b) j* (@A) = aj*(4),
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(¢) J*(K) = Ory, (d) A2 B & j*(A) <j*(B).

(ii) There exists a bijective map j° : C° ;o — 'S such that for all A, B € C° ;- and all positive
real numbers o > 0 it is true that

(a) j°(A+ B) = j°(A) +5°(B), (b) j(ad) = aj®(4),

(¢) J°(=K) = Ors,, (d) AC B & j°(A) <j°(B).

Proof. (i) Consider the map j*, assigning to every A € Cj the negative support function
of the set A C RP, restricted to the set ri K° C RP. More precisely, 74 = j*(A) is defined by
va 111 K° — RU{—00, 400}, va(y*) := —0*(y*| A). The map j* is a function from C} into
I'};. Indeed, let A € Cj;. Since A is nonempty, we have §*(y*| A) > —oo for all y* € RP. With
the aid of Lemma 1.3.1 (i) we obtain 6*(y*| A) < +o0 for all y* € ri K°. Hence v4 = j*(4)
only attains values in R. Since support functions are sublinear and ri K° is a convex cone,
v4 = j*(A) is positively homogeneous and concave on ri K°.

Lemma 1.3.1 (ii) yields that j* : Cj; — I'}; is injective.

We next show that j* : C}; — I'} is surjective. Given some v € I'}, we define a function
d:RP - RU{+o0} by

. —~(y*) if *eriK°
d(y") = { Y(y) y
400 else.
It is easy to see that d is convex, positively homogeneous, not identically +oco and never
—o00. With the aid of [1, Corollary 13.2.1] we conclude that cld is the support function of the
nonempty closed convex set
A= ()] WeR| @y <dy)t= [\ {WeR| Wy <)}
y*eri K° y*eri K°
Applying [1, Corollary 8.3.3], taking into account the considerations in [1, page 62] and
applying Lemma 1.3.1 (ii) we obtain
074, = () 0" {yeR’ (yy) <dy)}= (] {veR ¥y <0}=K
y*eri K° y*eri K°
By definition, we have j*(A4,)(y*) = —cld(y*) for all y* € ri K°. With the aid of [1, Theorem
7.4] we have cld(y*) = d(y*) for all y* € ri K°. Hence j*(A,) = 1.
(i)(a) and (i)(b) follow from elementary properties of the supremum in R, compare [1, page
113], too. (i)(c) follows from the definition of the polar cone and of the support function.
(i)(d) is a consequence of [1, Corollary 13.1.1].

(ii) Define j°(A) := —j*(HA) and use (i). O
Let C := Ci U{0} C C* and let I, := T'% U {400k }, where 400k is an abbreviation for the

function defined on ri K° and being identically +oc. Likewise, we define é}} = Cg U{0} C ce
and T'% := T'% U {—ook }.



1.3. Embedding subsets of C into a linear space 21

Corollary 1.3.4 Theorem 1.3.8 remains valid if Cy, C° -, I'}e and I'S, are replaced by CA;(,
éiK, f‘j( and f}}, respectively.

Proof. Extend the isomorphisms j* and j¢ of Theorem 1.3.3 using the conventions j*(0)) =
+oog and j°(0) = —oog, respectively. O

Let I'x be the space of all positively homogeneous (and not necessarily convex or concave)
functions v : ri K° — R. Let ' be equipped with an addition and a scalar multiplication,
defined pointwise using the corresponding operation in R, and with an ordering relation <,
defined pointwise using the usual < relation in R. Then, the space ' is a partially ordered
linear space. Theorem 1.3.3 yields that (Cj,2) and (C®,,C) are isomorphic to convex
cones in the partially ordered linear space (I'x,<). Let j* : C}; — I'x be the injective
homomorphism which embeds Cj into I'x and let j¢ : C°, — I'x be analogously defined.
Then it easily follows that

VAeCy: 77 (A)+5°(BA) =0, VAeClk: j°(A)+ 55 (BA) =0. (1.3)

In this sense, HA can be regarded as the ”inverse element” of a nonempty closed convex set
A. However, this does not imply that Cj; UC® ;- is a linear space, because it is not a conlinear
space.

Of course, C} and CA}} can also be embedded into a smaller linear space than 'k, for instance
in the space of real-valued positively homogeneous DC-functions (e.g. [81]) being defined
on ri K°. However, the main advantage of 'k is that infimum and supremum in I'x can be
described pointwise by the infimum and supremum in R. This means that the space (I'x, <)
is Dedekind complete and for nonempty subsets A C ' it holds

A bounded above = Vy*€riK°: (supv)(y*)=sup(v(y*)),

yeA yeA
bounded bel = Yy*eriK°: (inf *) = inf ).
A bounded below Yy erl (ylgA’Y)(y ) «}2,4(7(3/ ))

Let A, B be nonempty subsets of Cx such that A is bounded below and B bounded above
(see Convention 1.2.2). Further, let j be the map which embeds Cx into the linear space I'r
(where j stands for j* or j© as defined above). Then, from Proposition B.1 we conclude that

j(inf A) < inf j(A) and j(sup B) > sup j(B). (1.4)
AcA BeB

The following proposition shows that, in dependence of the orientation, one assertion in (1.4)
even holds with equality.

Proposition 1.3.5 Let A C Cj be nonempty and bounded below and let B C Cj. be nonempty
and bounded above. Then,

J*(inf A) = jnf 7 (A) and j¢(sup B) = sup j°(B).
€A BeB
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Proof. Taking into account Proposition B.1, it remains to show that infsc4 j*(A) € T
and suppgc j°(B) € I',. This is true because the pointwise infimum (supremum) over a set

of concave (convex) functions is concave (convex), too. O

The following example shows that, in general, (1.4) is not satisfied with equality.

Example 1.3.6 Let A = {4, Ay} C C*(R?) as in Example 1.2.5. Then, j*(sup.A), j*(4;)
and j*(Ag) are functions from —int R?i- into R, given by

7 (sup A)(y*) = =0 (y*| A1 N Az) = —(yi +v3),

FAN) = =0 (A1) = —y5, T (A)(y") = =07 (y"|A2) = —ui.

Hence, sup gc 4 7*(A) # j*(sup A).

The boundedness assumptions in (1.4) are very restrictive, because the infimum with respect
to C* over a subset A C C} C C* often has a recession cone larger than K. The following
result is valid without boundedness assumptions. It is used to prove duality assertions for

~

C—valued functions.

Proposition 1.3.7 Let A:= {A; € C*| i € I} C C*, where I is an arbitrary index set. Then
1t holds

Vy* € RP: —§"(y*|inf A;) = inf{—d"(y*| 4;

IS (y*linf A7) = inf{—8" (y"[ i) },
Vy* € RP: =6 (y*|sup 4;) > sup{—6*(y*|A;) }.
iel el

Proof. Without loss of generality we can assume A C C*. We have inf;c; A; = clconv (J;o; A
Hence, the first assertion follows from the first part of [1, Corollary 16.5.1].

Since sup;e; A = (;; Ai, the second part of [1, Corollary 16.5.1] yields 6* (- |sup;c; 4;) =
cleonv {6*(-|4;) |i € I}, where the convex hull of a collection of functions is defined as
the convex hull of the pointwise infimum of the collection, i.e., clconv {(5*( ]Az) i el } =
clconv infier 0% (- |A4;), compare [1, page 37]. It follows that 6* (- |sup;e; A;) < infier 6 (- |A4;)
which proves the second assertion. O



Chapter 2

Convergence of closed convex sets

In this chapter, we introduce a convergence concept for closed convex subsets of RP, which
seems to be new. This convergence is called C-convergence. 1t is defined by appropri-
ate notions of upper and lower limits. We compare this convergence with the well-known
Painlevé-Kuratowski convergence [47], [4], [68] as well as with scalar convergence (i.e., the
pointwise convergence of support functions) of convex sets [82], [69], [70], [74]. In Chapter
3, C—convergence is used to define a meaningful concept of ”lower semi—continuous hull” of
a C—valued functions. Although C—convergence does not coincide with scalar convergence, it
can be equivalently described by convergence of support functions. In fact, we show that a
sequence { Ay}, C—converges to A if and only if the corresponding support functions con-
verge pointwise, except at relative boundary points of the domain the support function of
A, to the support function of A. This characterization of C—convergence is used in the next
chapter in order to prove a biconjugation theorem for C—valued functions.

This chapter is organized as follows. In Section 2.1 we recall some basic properties of the
well-known Painlevé-Kuratowski convergence. As mentioned in [68, page 111], the natural
setting for the study of Painlevé-Kuratowski convergence is the space F of closed subsets
of RP. Section 2.2 is devoted to C—convergence. We proceed analogously to the previous
section by introducing upper and lower limits. However, in contrast to Painlevé-Kuratowski
convergence, C—convergence is adapted to the space C of closed convex subsets of RP. We
show that, under certain assumptions, our new concepts of upper and lower limits coincide
with the well-known concepts related to Painlevé—Kuratowski convergence. In Section 2.3 we
investigate the relationship between C—convergence and scalar convergence.

2.1 Painlevé—Kuratowski convergence

In this section, we summarize some results about Painlevé-Kuratowski convergence in the
space F of closed subsets of RP. Our main reference is the book of Rockafellar/Wets [68]. We

23
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frequently use the following notation of [68]:
Na := {N CN|N\ N finite} and NZ :={N C N| N infinite} .

Let {yn},cy € RP be a sequence. Sometimes we write § = lim,en yn Or ¥, — ¢ instead of

y = limy,, o0 Y. Moreover, we write § = limy,ecn yn OT Yn N, y in the case of convergence
of a subsequence designated by an index set N € NZ or N € No. It is clear that every
subsequence of {y,},cy can be expressed by {¥n},cn, where N belongs to NZ. In case of
N € N, {yn},en denotes a subsequence of {y,},y that arises by omitting finitely many
members. For example, a subsequence of a subsequence {y, },cy (N € ./\/'cﬁ) can be expressed
by some N € Njé with N C N as {¥n}nen- An analogous notation is used for sequences in
other spaces, where the limit has to be defined appropriately.

Definition 2.1.1 ([68]) For a sequence {An},cn C F the outer limit is the set
LIMSUP A, := {y € R”| 3N € N, Vn € N, 3y, € Au < yn EANNS
The inner limit of a sequence {An}, cny C F is the set
LIMINF 4, := {y € R?| 3N € N, Vn € N, 3yn € Ay : ya LAY

The limit of the sequence exists if the outer and inner limits coincide. Then we write

LIM A,, = LIMSUP A,, = LIMINF A,,.

n—oo n—00 n—oo
In [68], the closedness of the members of the sequence is not supposed a priori. However, as
it can be seen in [68, Proposition 4.4], the outer and inner limits only depend on the closure
of the sequence’s members.

In contrast to [68], we use capital letters in the notation of the (outer and inner) limit. This
is because the notation with small letters is reserved for the (upper and lower) limit in the
space C to be defined later on. The following characterization of outer and inner limits is very
important for the considerations in the next section.

Proposition 2.1.2 ([68]) For a sequence {An},cn € F it holds

LIMSUP 4;, = N o | 4n LIMINF A, = N o U A4n
NeNo  neN NeN# neN
Proof. See [68, Exercise 4.2.(b)]. O

We observe that the characterization in the preceeding proposition can be expressed by the
supremum and infimum in the space F. According to the definition of outer and inner limits
of [68] the relation C has the meaning of ”less or equal”, i.e., the infimum is related to the
intersection and the supremum is related to the closure of the union. Hence, we can write

LIMSUP A, = INF SUPA,, LIMINF A, = INF SUP A,,. (2.1)
n—0o0 NeNs neEN n—oo NeN# neN

This characterization is the starting point in the next section.
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2.2 (C—Convergence

In the preceeding section, we have seen that Painlevé—Kuratowski convergence can be ex-
pressed with the aid of the supremum and infimum in the space F. Likewise, we introduce
corresponding concepts in the space C. This means, the supremum and infimum notions in
the following definition are based on the considerations in Section 1.2.

Definition 2.2.1 The upper limit and the lower limit of a sequence {An},cy € C* are
defined, respectively, by

limsup A, := sup inf A, and liminfA, := sup inf A,.

n— 00 NEJ\/’Cﬁ neN n—o0 NeN neN

A

The upper limit and the lower limit of a sequence {An}, oy € C° are defined, respectively, by

limsup A4, := inf sup A, and liminf A, := inf sup A4,.
n—00 NeNoo neN n—00 Ne]\/ﬁ neN

In the following, we frequently use Convention 1.2.2. For a sequence {A,}, .y € C it is evident
that

limsup —A,, = — limsup A4,, liminf —A,, = —liminf A4,
n—o0 n—o0 n—oo n—oo

limsupHA,, = Bliminf A,,, limsup HA,, = Bliminf A4,,.
n—00 n—00 n—oo n—00

”

In the space RU{—o00, +00}, we only know the latter equality (with the usual ”—” instead of

"H”), where the first two equalities are also valid in the framework of Painlevé-Kuratowski

convergence.

Proposition 2.2.2 Let {A,}, oy € C be a sequence. Then,

liminf A, <limsup A,.

n—oo n—00

Proof. Since Ny C ./\/'jé, this follows from the definition. O
The upper and lower limits can be used to introduce a convergence concept in C.

Definition 2.2.3 A sequence {An}, oy C C is said to be C—convergent to some A € C (with
the same orientation as the sequence) if

liminf A, = limsup A, = A.
neN neN

Then, the limit A is denoted by lim,en A, and we write A, — A or A, Ny

Proposition 2.2.4 (upper vs. outer limit) Let {A,}, .y C C* and {Bn}nen € C®, where
C* and C° are considered to be subsets of F. Then it holds

LIMSUP A4,, C liminf A,, LIMSUP B, C limsup B,,
n—oo n—o0 n—00 N—s00
LIMINF A, <C limsupA,, LIMINF B, C liminfB,.

n—00 Nn—00 n—00 n—00
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Proof. Rely on the definition of the upper and lower limits and (2.1). O

The following examples show that (in case of existence) the limit with respect to Painlevé—
Kuratowski convergence can be different from the limit with respect to C—convergence. It can
be seen that neither C—convergence implies Painlevé-Kuratowski convergence nor vice versa.

Example 2.2.5 Painlevé-Kuratowski convergence does not coincide with C—convergence: (i)
Let {An},en € é*(]RQ) be defined by A,, := {(yl, y2) € R?| 9o < nyl}. By an easy calculation
it can be seen that

{onp2) €RH0 < unp = LIN An # lim Ay = R

(i) Let {A,},cn € C*(R?) be defined by

A ) {w) Ry <nyr} i nisodd
" R? if n is even.
In view of (i), it can be easily seen that lim,, ., A, = R?, but LIM,, .o A, does not exist. In
fact, we have LIMSUP,, o A, = B2, but LIMINF, oo A, = {(y1,32) € R0 <3 }. (i)
Let {Ay},en € C*(R?) be defined by
{( R? < if is odd
A — y1,y2) €ER*yp <my1} if niso
" {(91792)€R2!0§y1} if n is even.

By (i), it can be easily seen that LIM,,_, 4, = {(yl, yo) €ER?|0 < yl}, but lim,,_,s A, does
not exist. In fact, we have limsup,,_, . A, = {(yl, y2) € R?| 0 < oy }, but liminf,_,. A, = R2.

Proposition 2.2.6 (Convergence of subsequences) Let {A,} C C be a sequence.

neN
Then the following statements hold true:

(i) VN e NZ - liminf A, > liminf A,,
(i) VN e NZ - limsup A,, < limsup A4,
neN n—o00

111 n — 7, en every suvsequence o n CONVETGES 10 e same limit.
iil) If A, — A, th b f{An}en to th limit
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Proof. (i), (ii) In case of {A,}, oy C C* we have

liminf 4,, = sup inf A, > sup inf 4, = liminfA4,,
neN NeNw neNNN NeN neN n—0o0

limsup 4, = sup inf A, < sup inf A, = limsupA4,.
neN NeN#E Ncy EN Neng el n—00

The case {Ay},,cy C C° is similar.
(iii) For all N € NZ it holds
(ii)
limsup 4, < limsup 4, = hm 1nf A < liminf A,,.

neN n—oo ne

Proposition 2.2.2 yields equality. O

Proposition 2.2.7 (Monotonicity of upper and lower limits) Let be given two sequences
{An}en  {Bntnen € C (with the same orientation). Then,

(i) (3N ENx, VneN:4,<B,) =  liminfA, <liminf B,,

n—oo n—oo

(i) (EIN € No, VnEN: 4, < Bn) = limsup A, <limsup B,,.

n—o0 n—oo

Proof. For example, let {An}, oy, {Bnlpen € C*. Let N € Ny such that A, < B, for all
neN. Hence, for all N € Ny, with N C N we have inf,eny Ay < infpen Bp.

(i) Given some y € liminf, o By, we conclude that

VN € Ny with NC N: ye inf B, C inf A,.
neN neN

By the definition of N, we have y € inf,cy A, even for all N € N, i.e., y € liminf, ., A,.
(i) Let be given some y € limsup,, . By,. Note that N NN € NZ for all N € NZ. Hence

VNeNZ: ye inf B,C inf A, clann,
neNNN neNNN

ie., y € limsup,,_,,, An. O

Proposition 2.2.8 Let be given a set of sequences {Ag)}neN - é, where i belongs to an
arbitrary index set I. Then it holds

(i) liminf inf A®) < 1n§ lim inf A, (i) limsup inf A < 1n§ limsup A,
n—oo el e n—oo n—oo 1€l 1€ n—oo

(iii) liminf sup Ag) > sup liminf Aﬁf), (iv) limsup sup A%) > sup limsup AT(Z).
nToe el el 0 n—oo el i€l n—oo

Proof. For all n € Nandalli el it‘holds inf;cg Av(f) < Ag). Proposition 2.2.7 yields that
lim inf,, o inf;e; Agf) < liminf, . AS) for all 4 € I. Hence (i) is true. The proof of (ii) —
(iv) is similar. O
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Remark 2.2.9 (limit of sum # sum of limits) In the space F, the supremum-oriented
version of (i) (i.e., we have to replace ”liminf” by "LIMSUP” and ”inf” by "SUP”) even holds
with equality if I is finite. This is not true in the present case, see Example 2.2.10 below.
In Kuratowski [47], the union of sets is understood as a ”"sum”. This means, for Painlevé-
Kuratowski convergence, but not for C—convergence, the limit of the ”sum” of two sequences
is equal to the ”sum” of its limits. In our framework, however, the sum is understood as the
closure of the Minkowski—addition. Nevertheless, also in this sense, limit and sum cannot be
interchanged, see Example 2.2.11 below. But, even in the space F, this is only possible by
an extension of the convergence concept to so—called "total convergence” and by additional
assumptions, see [68, Exercise 4.29]. It remains open if similar extensions are successful for
C—convergence, too. A detailed discussion about topologies for which the basic operations
in C(X) (namely (A,B) — A& B, (A,B) — inf {A,B} and (o, A) — « - A) in C(X) are
jointly continuous can be found in [4, Section 4.3]. These operations are jointly continuous
with respect to the scalar topology (which is related to the scalar convergence, see Section
2.3), but this topology is admissible (i.e., it extends the topology of the underlying space X)
if and only if X is finite dimensional, see [4, Exercise 4.3.1 (c)]. If X is infinite dimensional,
the linear topology [4] suffices all requirements. In Theorem 2.3.6 below, we give an equivalent
characterization of C—convergence by convergence of support functions. This shows that we
can interchange limit and sum at least in many special cases.

Example 2.2.10 Proposition 2.2.8 (i) — (iv) does not hold with equality (for instance, (i)
and (ii) in case of supremum orientation): Let {An},cn,{Bn}tn,en C C*(R), A, = {n},
B, = {—n}. Then lim, . A, = lim, o B, = 0, hence inf {lim, An,hmnﬂoo nt = 0.

But, inf {A,,, B,} = [-n,n] and consequently, lim,,_,, inf {A,, B,} = R.

Example 2.2.11 The sum of limits is different from the limit of the sum: Let the se-
quences {Ay}, oy and {By}, oy as in Example 2.2.10. Then § = lim, o Ay ® limy, oo By #
lim,, (A, @ B,) = {0}.

Example 2.2.12 The sum of convergent sequences is not convergent: Consider two se-
quences {An}, cn s ABntnen € C*(R?) being defined by

A — {(y1,92) €R*| y2 = ny1,52 > 0} if nisodd
" {(?Jlay2) e R?| y1 = 0,92 20} if niseven,

5 . ) AWrve) €R? [y = —ny,p0 <0} if s odd
" {(yluyZ) ERQ\MZOJJQSO} if niseven.

Then, {An}, oy converges to A= { y1,y2) € R yr = 0,92 > O} and {Bp}, cy converges to
B = {(yl,yg) ER?y1 =0,y2 < O} But, the subsequence {As2, ® Ba,},y converges to
{(yl,yg) ER?|y = O} and {A2,41 @ Bany1},ey converges to {(yl,yg) € R?| y > 0}, ie.,
{An ® Bp},,cy is not convergent.
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Proposition 2.2.13 (Sequences of singletons) Let {y,}, .y € RP be a sequence.

(i) If yn — 7 then {yn} = {7}

(ii) For {{yn}},cn S C*, llynll — +oo implies that lim sup {y,} = 0.

n—oo

(iii) Conversely, if {yn} L de C*, then A =0 or A = {j} for some ij € RP. In the latter
case we have y, — .

Proof. (i) For all N € NZ it holds 7 € cl Unen {un} € cleconv U,cy {yn}. Hence 5 €
limsup,, . {yn}. Since y, — ¥, we can write

Ve > 0, Ing(e) : clconv U {yn} C B.(9).
n>ng(e)
Hence

linrr_ligf {yn} = ﬂ clconv U {yn} C ﬂ clconv U {yn} C ﬂ B.(y) ={y}.

no€N n>ng e>0 n>no(e) e>0

This yields {g} > limsup,,_, . {yn} > liminf, o {yn} > {7}

(i) If ||lyn|| — 400, there exists N € NZ such that y,/ ||yl S y € RP. Using Proposition
2.2.6 (ii) we obtain () = liminf,cy {y,} < limsup,cn {yn} < limsup,, o {yn}-

(iii) The sequence {yn},cy has a subsequence {yn}, 5 (N € NZ) such that either y, X, ]
for some y € RP or ||y, N, oo, By (i) and (ii) we conclude that, respectively, either
lim,, ¢ {yn} = {7} or limsup,,c {yn} = @ (without loss of generality we assume {{y,}} en S
C*). Since {{yn}}n cy 8 supposed to be convergent, the result follows from Proposition 2.2.6

(iii). 0
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Sometimes, a slight generalization of part (i) of the previous assertions is useful. Taking into
account Example 2.2.11 and Example 2.2.12 this is not a direct consequence of the previous
assertion.

Proposition 2.2.14 Let {y,} C RP be a sequence and A € C. Then, y, — § implies

[y} + 4} -5 {5+ A

neN

Proof. A direct proof can be given similarly to the proof of Proposition 2.2.13 (i). Further-
more, this statement is a direct consequence of Proposition 2.3.1 below. O

In the following we restrict ourselves to supremum-—oriented sets. Of course, analogous asser-
tions can be shown for infimum oriented sets if we simultaneously switch over from ”liminf”

to ”limsup”, ”inf” to "sup” and so on.

The following characterization of the lower limit is useful in order to show further properties
of the lower and upper limits.

Proposition 2.2.15 Let {A,},cn C C* be a sequence. Then, y € liminf,_oo Ay if and only
if the following assertion holds true:

3 LA, A, G, ), 7, 25 )

: C [0,1]PT! x NP1 (RP)PFL

meN

p
= i S
j=0

Vi€ {0,1,...,p},Vm e N: Z](-m) €A m),
J

Vi€ {01 ph YmEN: K™ >m,

p
Vm e N: ZA§’”> 1.
§=0

Proof. (i) Let y € A := liminf, .o, A,. By definition we have A = (1, cycl Vi, where
Vi := conv UkZm A;. Hence y € clV,, for all m € N. This yields

Vm €N, Ve >0 Fume €Vin: ||y — vmell <e.

m):

Choosing € := 1/m we obtain a sequence {v(m)}meN, defined by v( = Upn,1/m, Which is

convergent to y € A. The sequence {v(m)}meN is a sequence of convex combinations v(™ of
elements in Z,, := Jys,, Ak. Since Z,, C RP, Carathéodory’s theorem allows us to write

p
y= lim o™, o™= Z%mz(m),

m—0o0 J
j=0

where A € [0,1], 2™ € Zy (j € {0,...,p}) and Y2 A" = 1. Since 2™ € Z, =

Uksm Ak, there exists k](-m) > m such that z](-m) € Ak;_m).
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(ii) The opposite direction can be seen as follows. For arbitrarily given n € N, we have

p p
1 (m) _(m) _ 1 (m) _(m)
y=lim > A" = Tim AT,
§=0 =" j=0
Hence y € clconv Uan Ay, for all n € N. This yields y € liminf,, .., A,. O

Remark 2.2.16 Of course, the previous proposition remains true if the condition is formu-
lated for a sequence in [0, 1]PT! x NP*! x (RP)PF! where p > p.

The following assertion is used in the following several times.

Proposition 2.2.17 Let L be a linear subspace of RP. The map T7, : c* — C*, defined by
Tr(A) = (A® L)N LY has the following properties:

(i) Fory e RP, Tr.({y}) is a singleton set,

(i) Ty : R? — R?, Tr(y) € Tr({y}) is a well-defined linear continuous operator.
(iii) Tr(A) = clTp(A), where T(A) := Uyea Tr(y).
(iv) If L is the lineality space of A C RP, then A =Tr(A)+ L.

(v) If L is the lineality space of A C RP, then the lineality space of Tr,(A) C RP is {0}, i.e.,
Tr.(A) has a pointed recession cone.

Proof. By [1, Corollary 1.6.1], there is a one-to-one linear transformation of RP onto
itself, which carries L onto the subspace L := {y € RP| Y41 = 0,Ym+2 = 0, ..., yp, = 0}, where
m = dim L. Hence, without loss of generality we can assume that L = L. Thus, the
assertions (i) — (iv) are elementary. By [1, Corollary 8.3.3], we have 07Ty (A) N =017 (A)

0 A L)N0T(-A® L)NLt =0TAN—-0tAN Lt = LN L+ = {0}, which proves (v). O

The next two theorems tell us that, under additional assumptions, Painlevé—Kuratowski con-
vergence and C—convergence coincide. For the special case K = {0}, the statement of the
next theorem can be found in [2, Lemma 1.1.9]. A noticeable simplification of part (A) of the

proof is due to C. Zalinescu®.

Theorem 2.2.18 Let K C RP be a nonempty closed convexr cone and let {A,}
a sequence such that inf, ey Ay, € Cj. Then,

*
neN < CK be

liminf A, = clconv LIM SUP A,,.

n—oo n—oo

Le-mail conversation, October 2004
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Proof. Of course, we have liminf,, . A, D LIMSUP,,_. A,, and hence

liminf A,, O clconv LIMSUP A4,,. (2.2)

n—oo n—oo

In the following we can assume that liminf, ., A, # 0, because otherwise (2.2) yields the
desired assertion.

(A) First, we prove the opposite inclusion for the special case that K is pointed, i.e., KN—K =
{0}. Let y € A :=liminf, o, A, be given. By Proposition 2.2.15 we have

3 {(Ag’”), e A (RS ), (zé’”),...,z<m>)} C [0, 1]P+! x NP+ x (RP)PH

meN
p
7=0

¥j€{0,1,...p} ,YmeN: 2™ €A m,
J
¥j€{0,1,...p},YmeN: &™ >m,
()
VYm e N: Z)\j =

Without loss of generality we can assume that

vmeN: A7 < A << | (2.4)

and H/\I(Dm)zém)H = 0 for all m € N. We can successively switch over to subsequences, again
indexed by m, such that

—

\(m)(m)
vj € {0,1,...,p}: )\g,m) TN €00,1] and H J( s y; € RP. (2.5)
A

m

@f\ <

m)
4"

Assume that the sequence {)\(m) (m)}meN is unbounded for some j € {0,1,...,p}, then it
is unbounded for j = p. Hence, there 1s a Subsequence again indexed by m, such that
H)\pm)z}(,m | = 4o0. It follows )\(m /) ™)

cones of [1, Theorem 8.2], apphed to the set inf,en Ay, we deduce that y; € K for all
j €40,...,p}. From (2.3) we deduce that

/\p Zp

’ ™, 0. By the characterization of recession

P \(m) (m)
m) _ Z )\j z; ‘
5 ]
Taking the limit we obtain 0 = Z?:o yj. Hence y, € K N —K = {0}. This contra-
dicts (2.5), which yields that ||y,|| = 1. Hence the sequence {)\g-m)z](-m) }men is bounded

for each j € {0,...,p}. Therefore, we can successively extract subsequences (again denoted
by) {/\g-m)z](-m)}meN being convergent to z; € RP.
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If \; =0, [1, Theorem 8.2] yields that z; € K. In case of \; # 0, we can assume that )\gm) # 0
for all m € N. Hence we have

(m) _ % (m) _ _%j i FEm
“ )\j — )\(m) )\('m) )\j Y
J J
ie., {z](.m)}meN, where z](-m) € Upsm An, converges to ¢; = 2;/\; € RP. Thus we find

a sequence {agn)}neN with agn) € A, having a subsequence converging to ¢;. This means

¢;j = zj/Aj € LIMSUP,,_.» Ay,. Let us assume that A\; # 0 for j € {0,...,r} and A\; = 0 for
j€{r+1,..,p}. Setting k:=>""_ ., z; we obtain

\
y= \cj+k € conv LIMSUP A, + K C clconv LIMSUP A, + K.

" n—oo n—oo
Jj=0

From Proposition A.4 (viii), A.1 (iv), A.4 (vi), A.1 (iii) we obtain

y € clconv LIMSUP A,, + K C clconv LIM SUP(A4,, + K) C clconv LIMSUP A4,,. (2.6)

n—oo n—oo n—oo

(B) We now turn to the general case, i.e., the lineality space L := K N —K of inf,en A, is
not necessarily {0}. Let Ty, : C* — C* and T}, : R? — R? be defined as in Proposition 2.2.17.
The following quantities hold true:

Tr( inf A,) 22T Tt (cl conv U Ap) ProAS @ ATED ] cony U Tr(AR)
e neN neN (2.7)
Pr. 2.2:.17 (iii) lnf TL(ATL),
n—oo

.. Pr. 2.2.17 (iii) = ,1. . Pr. A5 (i) = .
Tr(liminf A,) = cl Ty (liminf A,,) C m Tr(inf A,)

n—o0 n— oo neN

NeN
Pr. A.2 (i) (2'8)
A . (2.7) .
C ﬂ Tr(inf A,) =" liminfT77(A4,).
neN n—oo
NeN

By (2.7), we have 0" inf,, o T (A,) = TL(K). Proposition 2.2.17 (v) yields that T (K) is
pointed. Applying part (A) to the sequence {T7(A4n)},en € Cr, (k) We obtain
part (A)

(2.8)
Tr(liminf A,)) € liminf77(A,) <€ clconv LIMSUPT7(Ay). (2.9)

n—oo n—oo n—oo

Of course, we have A, + L = A, for all n € N. This yields

clconv LIM SUP Ty, (A,,) = clconv LIM SUP(A,, N LY) C clconv LIMSUP A, (2.10)

n—oo n—oo n—oo
By [1, Corollary 8.3.3], we have 07 liminf,, oo Ay = (yepr, 07 infrey Ap = K. Thus,

(2.9), (2.10)

liminf A, P 2217 ) Tr(liminf A,)+ L C  clconv LIMSUP A,, + L.
As in (2.6) we obtain clconv LIM SUP,,_, A, + L C clconv LIM SUP,,_, o Ay,. O

An analogous result for the upper and inner limits can be obtained even by weaker assump-
tions. The result is proven using the previous theorem.
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Theorem 2.2.19 Let {A,},cn € C* be a sequence such that for all N € NZ there exists
some N € NZ with N C N and some nonempty closed convexr cone K C RP such that

VneN: A, €Ck and inf A, € Ck.
neN
Then it holds
limsup A4,, = LIMINF A,,.
n—00 n—oo

Proof. Clearly, we have A := limsup,,_,,, 2 LIMINF, . A,. To show the opposite
inclusion let N € NZ be arbitrarily given. By the cluster point description of outer limits
68, Proposition 4.19] there exists some N € NZ with N C N such that {4, } neN IS convergent
(with respect to Painlevé—Kuratowski convergence). By assumption, there exists NeNt
with N C N such that 0% (inf _5 A,) = K. Of course, {A,}, 5 is convergent, too. By
Theorem 2.2.18 it follows

Pr. 2.2.6 Pr. 2.2.2
A =limsup A4, C limsupA, C IliminfA, = clconv LIMSUP A4,,. (2.11)
n—o0 neN neN neN
The convergence of {A,} _5 implies the convexity of the set LIMSUP, _5 A, (because
LIMINF, & Ay is a convex set, see [68, Proposition 4.15]). Hence we obtain

A CLIMSUP 4, C cl UA Cecl UA

neN
neN neN

Since N € /\/’i was chosen arbitrarily, it follows A C LIMINF,, . A,. O

Corollary 2.2.20 Let K C RP be a nonempty closed conver cone and let {An}, oy € Ci
a sequence such that inf,eny Ap, € Cj. Then, {An}, oy s C—convergent if and only if it is
Painlevé—Kuratowski—convergent. In case of convergence, we have

lim A, = LIM A,.

n—oo n—oo

Proof. Follows from Theorem 2.2.18 and Theorem 2.2.19. O

2.3 Scalar convergence vs. C—convergence

Convergence of convex closed sets that is determined by the pointwise convergence of the
support functions associated to the sets was investigated by many authors such as Wijsman
[82], Salinetti/Wets [70] and Sonntag/Zalinescu [74]. An overview and further references can
be found in Beer [4]. Following the article by Sonntag and Zalinescu we call this convergence
scalar convergence. A sequence {A,}, .y € C is said to be S—convergent to some Aecif

Vy* e RP: 5 (y*|An) — 0% (y*|A).
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Then we write A, 5 A In this section, we investigate the relationship between scalar
convergence and C—convergence. We start with a result of Sonntag and Zalinescu [74]. The

following extension of this result is due to C. Zalinescu?.

Proposition 2.3.1 ([74]) Let {A,} C C. Then A, 5 A implies Ay, <A

neN

Proof. For example, let {A,}, .y € C*. In [74, Proposition 1] it is shown that A, LA

implies that A = lim inf,,_.oc An.

To show that A = limsup,_,., An, let N € NZ. #. Then, A = S —limpey Ay, and so
A = liminf,cy A, > inf,ey A4, for all N € NZ. Hence we have A = lim inf,en An
SUP y  \# inf,en A, = limsup,, ., A,. It follows A = liminf, .., A, < limsup,,_,., An < A

. [
ie., A, — A.

Y

O

We next want to investigate the opposite inclusion. Assuming that C—convergence implies
scalar convergence we can deduce that the sum of two C—convergent sequences is convergent
as well. This, however, contradicts Example 2.2.12. Indeed, the sequence {A,}, .y € C in
Example 2.2.12 C—converges to A := {(y1,y2) € R*| y1 = 0,52 > 0}, but for y* = (1,0) the
sequence {6*(y*|An)},cy is not convergent. However, we can show that C—convergence implies
the pointwise convergence of the support function, except at relative boundary points of the
domain of the support function of the C-limit. Moreover, C—convergence is equivalent to this
property. We start with some auxiliary assertions.

Proposition 2.3.2 Let K C RP be a nonempty pointed closed convexr cone. Then, for y* €
ri K° and k € K \ {0} it holds (y*, k) < 0.

Proof. We have int K° # () and consequently y* € int K°. Hence there exists some € > 0
such that y* + ek € K°. This yields (y* + ek, k) = (y*, k) 4+ ¢ ||k||* < 0, hence (y*, k) < 0. O

Proposition 2.3.3 Let {A,},cy € C* such that liminf, oo A, # 0 and let {Untnen €
RP\ {0} be a sequence such that y, € Ay, for alln € N, ||yn|| — o0 and yn/ ||yn|| — k. Then,
k€ 0T liminf,, o A,.

Proof. We show that y + pk € liminf,,_,, A, for arbitrarily given y € liminf,,_,, A, and
© > 0. Using the characterization of Proposition 2.2.15, we obtain

P
Y+ pk = W%E)noo Z )\g.m)zj(m) + lim p—r0.
=0 "

Setting /\( )1 ﬁ Z;T% = Ym, kgj:% :=m and

S (m) A"
(T4 A1)

2e-mail conversation, October 2004
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we obtain
p p+1

y+uk=%@m(1+A§,ﬁ}) Xgm 2 :%@OOZA

+

<.
Il
o

By Proposition 2.2.15 and taking into account Remark 2.2.16 we obtain that y + uk €
liminf,, o A, O

Proposition 2.3.4 Let {A,}, .y C C* such that liminf, .. A, # (. Denoting by L the
lineality space of liminf,—.oc An, we define T, : C* — C* as in Proposition 2.2.17. Then,
Tr(liminf A,) = liminf T7,(A,,).

n—oo n—0o0

Proof. Set A := liminf, .o, A,. As in (2.8) we obtain Ty (A) > liminf, .., T1(A,). Tt
follows that 77, (A) > liminf, .o (An@L). For all N € N, we have inf,cy 4, < A and hence
0t (infneN An) D 0t A D L. With the aid of Proposition 1.2.4 we obtain inf,cxy (An & L) =
(infneN An) @®L =inf,cny A, for all N € N. Hence liminf,_, . (AH@L) = liminf, o A, =
A. Tt follows that Tp,(A) > liminf,, .. Tr(Ay,) > A. Of course, liminf,, .o, 77 (A,) > L+ and
so Tr(A) > liminf, 0o Tr(An) > AN LY = Tp(A). O

Lemma 2.3.5 Let {A,} C C* such that liminf,_ oo A, # 0. Then,

nGN

Vy* €11 (07 liminf A4,,)° : liminf —6*(y*|A,) = —0"(y*|liminf A,,).

n—oo

Proof. Set A :=liminf,,_. A,. From Proposition 1.3.7 we easily obtain
Vy* € RP : lim inf —8*(y*|A4,) < —0*(y*|A).

It remains to show that lim sup,,_, ., 0*(y*|A,) < 6*(y*|A) for all y* € i (0T A)°.

(A) We first prove the case that 0T A is pointed. Assume the assertion is not true. This
means there exists some y* € 1i (0t A)° such that limsup,,_, . *(y*|4,) > §*(y*|A). Hence,
there is some £ > 0 and some N € NZ such that 6*(y*|A,) > 6*(y*|A) + ¢ for all n € N. It
follows

VneN, Ty, €An: (Y yn) > (y|A) + % (2.12)

We distinguish between two cases.

(i) If there exists some N € N¥ with N C N such that y, — 7 € R? we conclude that
y € LIMSUP,, oo A, C liminf,, . A, = A. This contradicts (2.12).

(i) Otherwise there is some N € NZ with N C N such that |[y,]| # 0, ||yl — oo and
Yn/ llynll — k € RP. From Proposition 2.3.3 we deduce that k € 07 A. Proposition 2.3.2
yields (y*, k) < 0. But, from (2.12) we deduce that (y*, k) > 0, a contradiction.

(B) If 0" A is not pointed, consider its lineality space L := 0TA N (=0T A) # {0}. Let
Ty, : C* — C* be defined as in Proposition 2.2.17. Proposition 2.3.4 yields that Ty (A4) =
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liminf, o T1(An). From [1, Corollary 8.3.3] and [1, Corollary 16.4.2] we deduce that

(0+TL(4))° = (0YA)° @ L. By [1, Theorem 6.3] and [1, Corollary 6.6.2] we conclude

that ri (0777 fl))o = 11 (07 A)° + L. This implies that ri (0+TL(A))O D 1i (0T A)°. More-
-

over, from L C 0T A we conclude that L+ O (0T A)°. For arbitrary A € C it is true that
§*(y*|TL(A)) = 6* (y*|A) for all y* € L*. Since 07T, (A) is pointed, for all y* € ri (0T A4)°
(Cri (0TTL(A))° N L) we have
: * (K : * () ok part (A) * (% A X (. % A
lim sup 8* (4| An) = limsup 6°(4° | T (An) < 6° (4 [T (A) = 6° (7] ).
n—oo n—oo
This completes the proof. ]

It follows the main result of this section, an equivalent characterization of C—convergence. For
A € C we denote by rb A := A\ ri A the relative boundary of A.

Theorem 2.3.6 If {A,}, . C C and A € C, the following statements are equivalent:

(i) Au = 4,
(i) Vy* € RP\rb (0T A)° : 5 (y*|An) — 5% (y*|A).
Proof. We adopt our notation to the case {A,}, .y C C*.

(i) = (ii). By Proposition 1.3.7 we easily deduce that

Vy* € RP : 5 (y*|A) = 6*(y*|limsup A,,) < liminf §*(y*|A,). (2.13)
By Lemma 1.3.1 (i) we obtain 6*(y*|A,) — &6*(y*|A) = +oo for all y* € RP\ (0T A)°. Tt
remains to show that 6*(y*|A,) — §*(y*|A) for all y* € 1i (0T A)°. This follows from Lemma
2.3.5 and (2.13).

(ii) = (i). Let By, := infy>, Ag. Then, {By}, cy C C* and {—0*(- |Bn)}en are increasing. It
follows
Vy* € RP\1b (07 A)°: —§*(y*|A) = liminf—0*(y*|4,)

= sup inf —6"(y*|An) (2.14)
neNk>n

="' sup —6*(y*|Bpn) = lim —§*(y*|By).
neN n—0oo

Hence, for all n € N we obtain
Vy* € RP\ 1b (01T A)° : §* (y*|A) < 8 (y*|Bn). (2.15)

Since B,11 € B, and B, # ) for all n € N, there exists some ny € N such that the
lineality space of B, is constant for all n > ng. Without loss of generality we can set
L:=0tB,N—-07B, for all n € N. We next show that 0" AN —0*A = L. For y* € RP\ L+
we have §*(y*|B,) = +oo for all n € N. By (2.14) we have either 6*(y*|4) = +oco or
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y* € tb(0TA)°. Taking into account Lemma 1.3.1 (i) we obtain ri (07 A)° C L+, hence
L C 0tA. Tt follows that L C 0Y AN —0TA. Further, from (2.15) and Lemma 1.3.1 (i) we
deduce that ri (07 B,)° C (07 A)° and hence 07A C 0B, for all n € N. This yields that
0fAN—-0TACL.

Proceeding as in the proof of Lemma 2.3.5 we have (0771(A4))° = (0*A4)° & L. Since
(0FA)° C L+, it follows (017, (A))°NLL = (0FA)°. From [1, Theorem 6.5] we conclude that
ri (07T (A))° N LY =1i (0" A)°. Moreover, we have 6*(y*|A) = 6* (y*|TL(A)) for all y* € L.
For all y* € RP and all [ € L it holds 6*(y*|TL(A)) = §*(y* +1|T1(A)). Analogous assertions
are valid for B, (instead of A). Together with (2.15) we obtain §*(y*|T(A)) < 6*(y*|TL(By))
for all y* € RP \ tb (07T (A4))°. Lemma 1.3.1 (iv) yields that T (A) C Ty(B,,) for all n € N.
With the aid of Proposition 2.2.17 (iv) we conclude that A C B, for all n € N and so
AC Npen Brn = liminf,, o Ay.

On the other hand, for all y* € RP \ tb (07 A)° we have

Pr. 1.3.7 _
—0*(y*|liminf A,,) = =6"(y*|sup B,) > sup—d*(y*|Bn) G2 —0*(y*|A).
n—oo neN neN
From Lemma 1.3.1 (iii) we deduce that liminf, .. A, € A. Hence liminf, .., A4, = A. As
in the second part of the proof of Proposition 2.3.1 we obtain A = limsup,,_,, A, and hence

A, S A O



Chapter 3

Functions with values in C

In this chapter, we investigate C—valued functions, i.e., functions with values in the space ¢
of closed convex subsets of RP. In our optimization problems, based on set relations, the
objective functions are of this type. Moreover, C-valued functions frequently occur in other
fields of Optimization and Nonlinear Analysis. For instance, the sublevel map of a (epi-
)closed quasi—convex vector—valued function (compare Luc [57, Theorem 5.8 and Proposition
6.3 (i)]) and many kinds of subdifferential maps 9f(:) (e.g. the classical one [1] and that of
Clarke [18]) are C—valued functions.

The aim of our investigations is to generalize some important concepts and assertions from
Convex Analysis to the case of C-valued functions (instead of extended real-valued functions).
In doing so, we try to point out the similar structures. It turns out that certain well—
known concepts for set—valued maps, such as semi—continuity notions, are not appropriate
in this context. Therefore, we introduce some new concepts. Our semi—continuity notions
are compared with the usual notions of upper, lower, outer and inner semi—continuity of a

set—valued map.

This chapter is organized as follows. In the first section, we summarize some well-known
semi—continuity notions of set—valued maps. We point out that these concepts are adapted
to the framework of F—valued functions. In the next section, we introduce a semi—continuity
concept for C-valued functions. This concept is based on the results of Chapter 2 and seems
to be new. In Section 3.3, we present a sufficient condition, called local boundedness, such that
semi—continuity for C—valued functions (see Section 3.2) coincides with the classical concepts
based on the outer and inner limits (see Section 3.1). Section 3.4 is devoted to convex
functions. It can be seen that many assertions, which are known for extended real-valued
convex functions, can be generalized to the context of this work. So we introduce conjugates
for C—valued functions and, finally, in Section 3.6 we prove a biconjugation theorem, which is
completely analogous to the classical variant.
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3.1 Semi—continuity of F—valued functions

In this section, we summarize some well-known facts on semi—continuity of set—valued maps.
Our main reference is the book by Rockafellar and Wets [68]. Even though in [68] arbitrary
set—valued maps f : R” = RP are considered, we formulate these results only for F—valued
functions, i.e., we suppose the closedness of the values. This is no loss of generality, because
semi—continuity properties are not influenced by the closure operation to the values of the
map f, see [68, Proposition 4.4, Definition 5.4].

Although in [68] the terms outer and inner limit (instead of upper and lower limit) are used,
it might be beneficial to identify the relation C by ”less or equal”. This is suggestive by the
usage of the notation ”limsup” and ”liminf” in [68] and, furthermore, we use concepts like
supremum, infimum, epigraph and hypograph, which are based on this identification. Let us
recall the concepts of outer and inner limits as well as some of their basic properties. As in
Section 2.1, we use capital letters in order to distinguish these concepts from the new concepts
to be introduced in the next section.

Throughout this section (and this chapter) let X = R™, although many assertions are also

valid in a more general context. The notation | J for instance, means the union over all

Tp—T)

sequences converging to .

Definition 3.1.1 ([68]) Let f: X — F. The outer limit of f at z € X is defined by

LIMSUP f(z) := | J LIMSUP f(zy),

and the inner limit of f at T € X is defined by

LIMINF f(z) := (| LIMINF f(zy).

Tp—T

Note that the outer limit (and obviously also the inner limit) is always a closed subset of R?,
i.e., it belongs to F, see [68, Proposition 4.4]. Together with (2.1) this yields the following
description of outer and inner limits by the supremum and infimum in (]:' , Q).

LIM SUP f(z) = SUP INF SUP f(zn), (3.1)

T—T Tn—T NEN NEN

LIMINF f(z) = INF INF SUP f(zn).
T—T Tp—X NENO#O neN

Definition 3.1.2 ([68]) A function f: X — F is said to be outer semi-continuous (osc) at
zeX if
f(#) 2 LIMSUP f(z).

A function f: X — F is said to be inner semi—continuous (isc) at T € X if

£(z) C LIMINF f(x).

T—T

If f is osc (isc) at every T € X we simply say f is osc (isc).
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By the identification of C with ”less or equal” it is clear that outer and inner semi—continuity
can be considered as generalizations of upper and lower semi—continuity of extended real—
valued functions to the set—valued case. As noticed in [68], Choquet [17] already used the
term upper semi—continuous instead of outer semi—continuous. But, what is often called upper
semi—continuous in the literature differs from this concept, see [68, p.193 and 5.7(b)]. The
inner semi—continuity, however, is mostly called lower semi—continuity in the literature. It is
quite natural to ask for an equivalent description of semi—continuity by the ”epigraph” and
"hypograph” as it is well-known for extended real-valued functions.

Definition 3.1.3 The epigraph of a function f: X — Fis defined to be the set
epi f = {(z,4) € X x F| A2 f(a) },
and the hypograph of a function f: X — F is the set

hyp f := {(:U,A) € X x F| Agf(:r)}

Note that, for all z € X, we have (z,0) € hyp f and (z,RP) € epi f. For a characterization of
semi—continuity we need to know what is meant by closedness of the epigraph and hypograph.

Definition 3.1.4 A subset A C X x F s closed if for every sequence {(@n, Ap)}pen € A
with &, — Z € X and A, — A e F (with respect to Painlevé—Kuratowski convergence) it
is true that (Z,A) € A. The closure of a set A C X x F is defined to be the set of all
(z,A) € X x F such that there is a sequence {(xn, Ap)}, .y € A with x, — & and A, — A.
The closure of A is denoted by cl A.

neN

It follows the characterization of outer semi-continuity by the hypograph (and the graph) of
the function.

Proposition 3.1.5 For all functions f: X — F the following statements are equivalent:
(i) hyp f is closed,
(ii) f is osc,

(iii) gr f € X x RP is closed.

Proof. (i) < (ii). Follows from [68, Exercise 5.6 (c)].
(i) < (iii). See [68, Theorem 5.7 (a)]. O

Likewise, inner semi—continuity can be characterized by the closedness of the epigraph. Note
that the description by the graph fails in this case, i.e., a function f : X — F that is isc does
not necessarily have a closed graph, see [68, Fig. 5-3. (b)].

Proposition 3.1.6 For all functions f: X — F the following statements are equivalent:
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(i) epif is closed,
(ii) f s isc.
Proof. Follows from [68, Exercise 5.6 (d)]. O

We next consider the outer semi—continuous hull of a F—valued function. We observe that
the outer semi—continuous hull is defined analogously to the upper semi—continuous hull of
extended real-valued functions and it has comparable properties.

Definition 3.1.7 Let f : X — F. The outer semi—continuous hull of [ is the function
(oscf): X — F defined by
(osc f)(z) := LIMSUP f(a).

T —x

Let us collect some basic properties of the outer semi—continuous hull.

Proposition 3.1.8 Let f: X — F. Then it holds

(i) gr (oscf) =cl (grf),

(i) hyp (osc f) 2 cl (hyp f),
(iii) (osc f) is osc,

(iv) Ve € X (osc f)(z) 2 f(x),

(v) fisoscatz € X & (oscf)(z)= f(Z),

)
)
)
)
)
)

(vi) grf convex = gr (oscf) convez.

Proof. (i) See [68, page 154, 5(2) and 5(3)].
(ii) Let (z,A) € cl(hyp f). Then, there exist {z,}, oy € X and {An}, ey C F such that

T = limy 00 Tn, A = LIM,, o0 Ay, and A,, C f(x,) for all n € N. Hence,

(osc f)(z) = LIMSUP f(x) 2 LIMSUP f(zy)

T—T n—o00
O LIMSUPA, = LIM A4, = A,
n— o0 n— oo

i.e., (Z,A) € hyp (osc f).
(iii) By (i), gr (osc f) is closed. Hence, (osc f) is osc, by Proposition 3.1.5.

(iv) Choosing the special sequence x,, = x, we obtain

(osc f)(x) = LIMSUP f(2') D LHA/I_)SOEJP flxy) = LInM_%yP f(z) = f(x).

x’—x

(v) By definition, f is osc at Z if and only if f(Z) O (osc f)(Z). By (iv), this equivalent to
f(@) = (osc f)(2).
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(vi) Since gr f is convex, cl(gr f) is convex, too. Hence, the convexity of gr(osc f) follows
from (i). O

The next example shows that the opposite inclusion in assertion (ii) of the previous proposition
does not hold true, in general.

Example 3.1.9 Let f: R — .7:"(]1{) be defined by

{-1} if 2<0
f(z) = {1} if 2>0
0 if z=0.

Then, (0,{—1,1}) belongs to hyp (osc f) but it does not belong to cl (hyp f).

Remark 3.1.10 As noticed in [68], an analogous definition of the inner semi-continuous
hull, namely by (isc f)(x) := LIMINF,._, f(z'), is not constructive in the sense that (isc f)
is not necessarily isc. In the framework of C—valued functions we will have similar problems.
An example is given there.

Remark 3.1.11 In Proposition 3.1.8 (vi) we consider the convexity of gr f. Recall that gr f
is convex if and only if for all A € [0,1] and all 1,22 € X is holds f(Az1 + (1 — A)zz) 2
Af(x1) @ (1 —AN)f(z2). Having in mind that C has the meaning of ”less or equal”, this can be
interpreted as concavity of f although in the literature this property is often called convexity
of f. In view of the analogy to extended real-valued functions, Proposition 3.1.8 (vi) should
be expressed as follows: f concave = (osc f) concave.

3.2 Semi—continuity

Based on the considerations of Section 2.2 we introduce the concepts of upper and lower limits
for functions with values in C. We first show that the concept of outer limit is not appropriate
to define semi—continuity in the framework of C—valued functions. As in the previous section,
we set X = R", although many assertions are also valid in a more general context.

Example 3.2.1 Let f: R — C(R),

{-1} if =x<0
f(z) = {0} if ==
{1} if z=>0.
Then the outer semi—continuous hull of f, namely
{-1} it =<0
(osc f)(z) =< {-1,0,1} if x=0
{1} it >0,

is not convex—valued.
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This might suggest to redefine the outer semi—continuous hull as follows:

(0s¢ f)(z) := clconv LIM SUP f(a').

' —x
However, (osc f) has not necessarily a closed graph (and hence it is not osc) as the following
example shows.

Example 3.2.2 Let f: R — CA(R)7
{é} if JneN:zx e [2*2717 2*2n+1)
f@):=3¢ {=1} if  IneN:ge [22nt1 92t
0 else.

Then the modified outer semi—continuous hull (osc f) of f is obtained as

{%} if neN:zx e (2—271’ 2—2n—|—1)

N -1 if IneN:xe (272nF1 o-2n42

e D) = [{_1331] if neN:z= (Q—n )
0 else.

It is easily seen that gr (osc f) is not closed. Indeed, the sequence {(27",0)}, cy belongs to
the graph of (osc f), but its limit (0,0) does not.

We next introduce a new notion of upper and lower limits, which is adapted to the framework
of C—valued functions. In the following, we frequently use Convention 1.2.2.

Definition 3.2.3 Let f: X — C and let T € X. The upper limit of f at T is defined by

limsup f(z) := sup limsup f(x,),

T—T Tp—T N—00

and the lower limit of f at T is defined by

liminf f(z) ;== inf liminf f(x,).

r—T Tn—T N—00

The limit of f at T exists if the upper and lower limits coincide. Then we write

lim f(z) = limsup f(z) = hgjn_)l%lff(ll,‘)

T T
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In case C = é(R), these concepts coincide with the classical upper and lower limits of ex-
tended real-valued functions f : X — R U {—o00, 400} if we identify f(-) with the function
{f()Y+Ry) : X — C* (where we set {+00} + Ry = 0 and {—oc0} + Ry = R).

As in the case of F-valued functions, the upper and lower limits can be expressed by the
supremum and infimum.

Proposition 3.2.4 Let f: X — C* and & € X. Then,

limsup f(x) = sup sup inf f(z,),
T—T Tn—T NeNH ne

liminf f(z) = inf sup inf f(x,).

T—T Tn—=T Nc N, NEN

Let f: X —C° and T € X. Then,

limsup f(x) = sup inf sup f(z,),

T—T 2n—T NENoso neN

liminf f(z) = inf inf sup f(z,).
=T In =T NeNE neN

Proof. Follows from Definition 2.2.1 and Definition 3.2.3. O

In case of outer limits for F-valued functions (see Definition 3.1.1), we observe that the set
U, —z LIMSUP;, o f(z5) is always closed, i.e., the closure operation, which is implicitly
contained in the infimum in formula (3.1), is superfluous. An analogous result is valid for
C—valued functions.

Proposition 3.2.5 Let f: X — C* and & € X. Then it holds

liminf f(z) = U liminf f(x,).

Proof. We have to show that | J, _;liminf, . f(2,) is convex and closed.
(i) Convexity. Let y1,y2 € U, _zliminf, o f(zn) and A € [0, 1] be given. Hence there exist

sequences {xg)}neN C X, (i = 1,2) with 2 — % such that yi € liminf,, o f(azg)). We

define a sequence {x%g)}n ey X by
D (2 1) (2 (1) (2
(), o= (o0 20 a2 0042
Since {:ng)}neN, (1 = 1,2) are subsequences of {:ES’)}%N, Proposition 2.2.6 yields that

liminf,, f(:cgf)) C liminf, f(;vg))), (¢t = 1,2). Hence we obtain A\y; + (1 — Ny €
liminf,,_ f(a:£13)). From xﬁf’) — 7 it follows that Ay; + (1 — N)ys € UInHi liminf, o f(zn).
(ii) Closedness. Let {Ym}peny © Uy, .z liminf, oo f(zn) be convergent to some y € RP.
(m)

For all m € N there exists a sequence {x;m)}n N C X such that Z = lim,,—oo xn, ~ and
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Ym € liminf, ..o f ($7(1m)) Hence, we can construct a strictly increasing function ng : N — N

by
1
Vm € N, Ing(m) € N, Yn > no(m), Vk € {1,...,m} : H:r:g“) - :EH <

An ”inverse function” of ng : N — N can be defined by mg(n) := sup{m € N| n > ng(m)}. Of
course, mg : N — N U {—o0} is (not necessarily strictly) increasing and we have mg(n) — oo

for n — oo. Consider the sequence {7}, .y € X defined by

{Zn}pen = {xgl),:cgm, s xgmo(l)), ajgl),:ngm, s mng(Q)), . ,:17%1), :L‘g), - :U%mo(")), .. } .

where, without loss of generality, it can be assumed that mg(n) # —oo for all n € N. Clearly,
the sequence {7}, converges to Z and it has the following property:

VYm € N : {xgm)}nZHO(m) C {jn}neN.

By Proposition 2.2.6 (i), for all m € N we have lim inf, f(x%m)) C liminf,, o f(Z,) and,
consequently, the sequence {ym },,c is a subset of liminf, ... f(Z,). Since liminf, .. f(Zn)
is a closed subset of R? it follows that y € liminf, . f(Z,) C ~liminf, o f(z,). O

Tp—T

The following relationship between the outer and inner limits in F and the upper and lower
limits in C is an easy consequence of the definition. For f: X — C* we have

liminf f(z) O LIMSUP f(z) and limsup f(z) O LIMINF f(x). (3.2)

T—T T—T T—T T—T
In case of f: X — C°, it always holds

liminf f(z) O LIMINF f(x) and limsup f(z) D LIMSUP f(x).

T—T T—T T—T T—T

We next define semi—continuity concepts for functions C—valued functions.

Definition 3.2.6 A function f: X — C is lower semi—continuous (Isc) at z € X if

f(z) < liminf f(x).

r—T

A function f: X — C is said to be upper semi-continuous (usc) at Tz € X if

f(z) > limsup f(x).

T—T

A function f: X — C is said to be continuous at € X if f is simultaneously lsc and usc at
Z. If f is lsc (usc, continuous) at every T € X we say f is lsc (usc, continuous).

Of course, f is continuous at z € X if and only if f(zZ) = lim,—z f(z).

Proposition 3.2.7 Let f : X — C* and T € X. If f is isc (Isc) at T, then f is usc (osc) at
the same point.
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Proof. Follows from (3.2). O

Another benefit of our semi—continuity concept is the following characterization, which will
be used in the proof of the biconjugation theorem in Section 3.6 below. The proof is based
on the assertions of Section 2.3.

Theorem 3.2.8 Let f : X — C* and let & € dom f- Then the following statements are
equivalent:

(i) f is lsc at z,

(i) For all y* €1i (0% f(z))° the function

fye : X = RU{—00, 400}, fy* (x) == =6" (y*|f(:v))

is lsc at T.

Proof. Let be given an arbitrary sequence {z,}, .y With z,, — Z.

(i) = (ii). Let the sequence {Zy}, cy be defined by Z, := x,, and Z2,41 := Z. From (i) we
deduce that f(Z) = liminf, .o f(Z,). Lemma 2.3.5 implies that

Wy e (0° () —0" (4| F(@) = liminf —0" (5" () < lim inf 6" (4| F ().
(i) = (i). With aid of Proposition 1.3.7 we obtain

W e (0°£)° 6" (4| f(®) < liminf —5" (5" () < ~0" ("] i inf f ().
From Lemma 1.3.1 (iii) we deduce that f(z) < liminf, . f(zn)- O

The next assertion about nested lower limits is essential for an expedient definition of the
lower semi—continuous hull of a C*—valued function. An analogous assertion for the upper
limit is not true, see the Example 3.2.15 below.

Proposition 3.2.9 Let f: X — C* and z € X. Then it holds

liminf f(z) = lim inf (lim inff(w)) .

r—T r—T w—x
Proof. Clearly, we have f(x) > liminf,,_, f(w) for all z € X and hence

liminf f(z) > liminf (lim inff(w)) .

T—T Tr—T w—x

In order to show the opposite inequality let {z,}, .y With z, — Z be arbitrarily given. For
all y* €11 (0" liminf, oo f(zy))° it holds

—5* y*
n—oo \ W—Tn n—00 W— Ty,

= liminf & (y*[f(2a))

2005 (y liminf f(r,))

lim inf (lim inff(w))> Pr'zl"” lim inf <lim inf —§* (y*|f(w))>
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Lemma 1.3.1 (iii) yields that liminf, o (liminfy,—z, f(w)) C liminf,—s f(zn). Hence

liminf,, (lim infy s, f(w)) > inf, _zliminf, . f(z,) = liminf, .z f(x). O
We next introduce the lower semi—continuous hull of a C*—valued function.

Definition 3.2.10 Let f : X — C*. The lower semi—continuous hull of f is the function
(Isc f) : X — C*, defined by
(Isc f)(z) :== lin/ninff(:c').
T —T
In order to show that the lower semi—continuous hull of a function f : X — C* has similar
(but not completely the same) properties as the outer semi—continuous hull we define the
epigraph of f as well as its closedness.

Definition 3.2.11 The epigraph of a function f: X — C* is defined to be the set

epi f = {(a:,A) € X xCA> f(x)}.

Definition 3.2.12 A subset A C X x C* is closed if for every sequence {(zp, An)}pen © A
with x, — T € X and A, — A € C* (with respect to C—convergence) it is true that (Z, A) € A.
The closure of a set A C X x C* is defined to be the set of all (z,A) € X x C* such that there
is a sequence {(xn, Ap)} C A with x, — Z and A,, — A. The closure of A is denoted by

cl A.

neN

Let us collect some properties of the lower semi—continuous hull of a C*—valued function.

Proposition 3.2.13 For f : X — C* the following statements hold true:

(i) gr (1sc f) 2 cl (gr f),
(i) epi (Isc f) 2 el (epi f),

(iii) (Isc f) is Isc,

(iv) Ve e X = (Isc f)(z) < f(2),

(v) fislscatz € X < (scf)(z) = f(2),
(vi) gr (Isc f) is closed,
(vii) epi (Isc f) is closed.

Proof. (i) Let (Z,y) € cl(gr f). Then there exists a sequence { (2, Yn)},cn € gr f converging
to (z,7y). Let {yn},{y} € C*. For all n € N, we have {y,} > f(z,). Hence

Pr. 2.2.7

{g} = lim {yn} =liminf{y,} "="liminf f(z,)
> inf liminf f(2)) = lign_}i%lff(:l:) = (Isc f)(@),

), —T M—00

(3.3)
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- (2,9) € gr(Isc f).
(ii) Let (z,A) € cl(epif). Then there exist {zn},cy € X and {A,}, oy C C* such that
li

Z = limy oo Tp, A =lim,, oo A, and A4,, > f(z,,) for all n € N. Similarly to (3.3), we obtain

(z, A) € epi(lsc f).
(iii) Let € X be arbitrarily given. Then, by Proposition 3.2.9, we have

(Isc f)(z) = liirggff(x) = lim inf (liminf f(w)) = liinjgf(lsc f)(x).

r—x w—T
(iv) Choosing the special sequence x,, = = we obtain

(1sc f)(2) = liminf f(2') < liminf f(z,) = liminf f(2) = /(2).

(v) By definition, f is Isc at z if and only if f(z) < (Isc f)(Z). By (iv) this equivalent to

f(@) = (Isc f)(z).

(v1) Let {(zn, yn) tpen € gr(Isc f) with (z,,yn) — (Z,7) € X x R? be given. Proceeding as
in (i), but replacing f by (Isc f), we obtain {7} > (Isc (Isc f))(Z). From (iii) we conclude that

Isc (Isc f))(z) = (Isc f)(Z). Hence (Z,7) € gr (Isc f).

(
(vil) Let {(zn, An)},eny C epi(lsc f) with Z = limyen zp, A = limyen A,. Proceeding as in
(ii), but replacing f by (Isc f), we obtain (zZ, A) € epi (Isc (Isc f)). From (iii) we conclude that
(x, A) € epi(Isc f). O
The next example shows that neither the closedness of epi f nor the closedness of gr f implies
that f is lsc.

Example 3.2.14 Let f: R — é*(]R) be defined by

) {1/=} i 2 #0
f(m)—{ 0 if z=0.

It can be easily seen that gr f C R x R is closed. Moreover, we observe that epi f C R x é*(R)
is closed. Indeed, let {(z,, Ay)},cy € epif be a sequence converging to (0,4). (the case
T # 0 is obvious). We can assume that there is a subsequence {z,}, 5 (N e NZ) of {Zn}en
such that z, > 0 for all n € N or z,, < 0 for all n € N (otherwise we obviously have A = ().
Then, by Proposition 2.2.6, it follows A = lim,, .o A, = limsup,, ., A, > lim Sup,, . 5 A, >
liminf _g A,. Now it is easy to see that liminf g A, = () and hence A = (). Of course, it
holds (0,0) € epi f. However, f is not lsc, because (Isc f) can be easily calculated as

e ={ U1 02

In Remark 3.1.10 (due to [68]) we noticed that an inner semi-continuous hull of a F-valued
function that is analogously defined to the outer semi—continuous hull is not necessarily inner
semi—continuous. There are analogous problems with the upper semi—continuous hull of Cr-
valued functions. This is due to the fact that there is no analogous assertion to Proposition
3.2.9 for upper limits, as the following example shows.
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Example 3.2.15 For functions f: X — C*, in general, we have

limsup f(z) # limsup <lim sup f(w)> .

T—T r—7T w—x

Indeed, consider the function f : R? — C*(R), defined by

o) {lll} if 21>0
flx): {{ .

—|l=||} if =z <O.

Then it holds
{lz[[} if x1>00rwz =0

limsup f(w) := < {—|z]|]} if 21 <0
v ¢ if x;=0and zy #O0.

Hence we obtain

{0} = limsgp f(z) # limsup (hm sup f(w)) =0.

x—0 wW—x

3.3 Locally bounded functions

The concept of local boundedness of a set—valued map plays an important role in Variational
Analysis, see [68]. As an easy consequence of the definition ([68, Definition 5.14]), local
boundedness of a map f : R® = RP at & implies that f(z) is a bounded subset of RP.
This means, local boundedness is (at least locally) adapted to set—valued maps with bounded
values. Therefore we introduce a slightly generalized concept, adapted to the framework
of C*valued functions. It turns out that this concept provides a sufficient condition for
the coincidence of lower (upper) semi—continuity with outer (inner) semi—continuity. In this
section, we set X = R".

Definition 3.3.1 A function f: X — C* is said to be locally bounded at Z € dom f if there
exists a neighborhood V€ N (Z) such that the following conditions are satisfied:

(i) 0% infzey f(x) €07 f(2),

(i) Ve e VNndom f: 0% f(x) D07 f(z).

Remark 3.3.2 If f : X — C* locally bounded at Z € dom f, (i) and (ii) of the previous
definition are always satisfied with equality. (Indeed, the opposite inclusion in (i) follows
from inf,cy f(z) < f(Z) and Proposition A.9 and the opposite inclusion in (ii) follows from
(i).) In view of the embedding theorem in the form of Corollary 1.3.4 this means, locally,
the values of f can be embedded into a partially ordered linear space (extended by a largest
element) and the embedding yields a set in the linear space which is bounded below.

We next clarify the relations between our local boundedness concept and the classical one.
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Proposition 3.3.3 Let f: X — C* such that f(z) is bounded for some & € dom f. Then f
1s locally bounded in the sense of the above definition if and only if f is locally bounded in the
sense of [68] (where f is understood to be a set-valued map f: X = RP in the latter case).

Proof. In the present situation, condition (i) of Definition 3.3.1 has the meaning of
0Fclconv U,y f(z) = {0} and condition (ii) is always satisfied. This is equivalent to the
boundedness of |,y f(x). O

Theorem 3.3.4 Let f: X — C* be locally bounded at & € dom f. Then,

liminf f(z) = clconv LIM SUP f(x).

r—x r—x

Proof. Clearly, we have liminf, .,z f(x) D clconv LIM SUP,_,;z f(x). To show the opposite
inclusion let y € liminf, .z f(x) be given. Then there exists a sequence {z,},cy With z,, — T
such that y € liminf,, o f(z,). Assuming that there exists some ng € N such that f(z,) =0
for all n > ng, we obtain lim inf,,_,o f(x,) = 0, which contradicts y € liminf, .z f(x). Hence,
by {Zn, }pen = {%n}pey N dom f, we obtain a subsequence of {z,}, y. By the definition of
the lower limit, we have liminf,, . f(z,) = liminf;_,o f(zy,). By the local boundedness,
we find kg € N such that, setting K := 0% f(Z), f(zn,) and infy>g, f(2,,) belong to Ck
for all k& > ko. Theorem 2.2.18 yields y € clconv LIMSUPy_. f(zn,), hence we obtain
y € cleconv |J, - LIMSUP, . f(z,) = LIMSUP,_,; f(z). O

Tp—T

In the next example we show that the assertion of the preceeding theorem can fail if one of
the conditions in the definition of the local boundedness concept is not satisfied.

Example 3.3.5 Let f: R — C*(R) be defined by

) e i w#0
f(x)_{{o} if =0,

i.e., (ii) is satisfied, but (i) is not. Then we have

R = lim i(I)lff(l’) # clconv LIM SOUP f(z) ={0}.

Example 3.3.6 Let f: R — C*(R?) be defined by

J lyeRp=1y=1/z} if 2#£0
f($)_{{y€R2|y2:0} if x:(),

i.e., (i) is satisfied, but (ii) is not. An easy calculation shows that

{yeR)|0<yp <1} = liminf f(z) # clconv LIMSUP f(z) = {y eR?|y, =0}.
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1y
clconv LIM SOUP f(x)=f(0)  lim i(I)lf f(z)

Y

2y

The local boundedness of a function f : X — C* at a point Z € dom f also implies that
limsup,_.; f(z) = LIMINF,_; f(x) (see Corollary 3.3.9 below). However, as shown in the
next theorem, a weaker assumption is already sufficient.

Theorem 3.3.7 Let f: X — C* be a function and let & € dom f such that for all sequences
{7n}en © X with x, — T there exists a subsequence {xp, }, .y and a nonempty closed convex
cone K C RP with

VkeN: f(zn,) €Ck and ]inlf\lf(a:nk) € Cxk.
€

Then it holds
limsup f(z) = LIMINF f(x).

=T =T

Proof. Of course, limsup, ,; f(x) 2 LIMINF,_; f(z). In order to show the opposite
inclusion let y € RP\ LIMINF,_.; f(x) be given (the case LIMINF,_.; f(x) = RP is obvious).
Hence there exists a sequence {,},cny € X with 2, — Z such that y ¢ LIMINF,, . f(zn).
Every subsequence of {z,}, y is again a sequence converging to Z, hence our assumption
ensures that Theorem 2.2.19 is applicable. It follows that y & limsup,,_, . f(xn). O

The next example shows that the assertion of the previous theorem can fail if the assumption
is not satisfied.

Example 3.3.8 Let f : R — C*(R?) be defined by

B R? if <0
T =9 conv {(—1.-1), (LY} i =>0,

i.e., the condition in the previous theorem is not satisfied. Then we have

{y € R?| —1<yp < 1} =limsup f(z) # LIMI%\IFf(x) ={y¢e R?| yo = 0}.
€Tr—

r—0
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LIMINF f(z) g2

limsup f(x) |
z—0 y].

Corollary 3.3.9 Let f: X — C* be locally bounded at T € dom f. Then,
limsup f(z) = LIMINF f(x).
r—x

T—T

Proof. By the local boundedness of f at z, for every sequence {x,}, cy with z,, — Z there
exists some ng € N such that

Vn>mno: f(a,) € Cx and iilf f(zn) € Cxk,
n>ng
where K := 0" f(z). Hence, Theorem 3.3.7 yields the desired assertion. O

Corollary 3.3.10 Let f: X — C* be locally bounded at every T € dom f. Then the following
statements are equivalent:

(i) epif C X x C* is closed,

(ii) f s lsc,
(iii) grf C X x RP is closed.

Proof. (i) = (iii). Elementary (using Proposition 2.2.13 (i)).
(iii) = (ii). Proposition 3.1.5 yields that f is osc. By Theorem 3.3.4, f is lsc.
(ii) = (i). Follows from Proposition 3.2.13 (v), (vii). O

3.4 Convex functions

In this section, we investigate convex and concave C—valued functions. As a main result, we
show that semi—continuity in the sense of Section 3.2 coincides with the classical concepts of
outer and inner semi-continuity. We next introduce convex and concave C—valued functions.
We proceed analogously to the scalar case. We set X = R” even though many assertions are
also valid in more general context.
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Definition 3.4.1 A function f: X — C is said to be convex if
VA€ [0, 1], Vay, 29 € X : f()\ - r1 + (1 - )\) . 1‘2) < )\f(l‘l) &b (1 - )\) f(l‘z)

A concave function is analogously defined (replacing < by >).

The following figure shows (the graph of) a convex and a concave function f : R — C*(R).
Yy Yy

Proposition 3.4.2 A function f : X — C is convex (concave) if and only if epi f C X x ¢
(hyp f € X x C) is convex.

Proof. The proof is immediate. U

Usually, convexity of a set—valued map is defined by convexity of its graph. The relationship
is as follows.

Proposition 3.4.3 A function f : X — C* is convex if and only if gr f is likewise. A
function f: X — C° is concave if and only if gr f is convez.

Proof. Follows from the definition. O

It can be easily seen that a concave function f: X — C* and a convex function f : X — C°
do not have convex graphs, in general. Functions of this (or similar) type are called ”fans”
by Ioffe, compare [38]. In the most cases these functions have worse properties than its
counterparts (with convex graph). In Chapter 4, for instance, they occur as objective functions
of dual problems.

The following proposition shows that the values of a convex C*—valued function essentially
have the same recession cone. An analogous result for concave C*—valued functions is not
true. A systematic study of assertions of this type can be found in [54].

Proposition 3.4.4 Let f : X — C* be convex. If & € ridom f, then 07 f(x) C 0T f(Z) for
all z € dom f and 0% f(x) = 01 f(Z) for all x € ri(dom f).

Proof. Note that dom f is convex. Let x € dom f be arbitrarily given and, by hypothesis,
Z € ridom f. By [1, Theorem 6.4], there exists p > 1 such that & := uz + (1 — p)z € dom f.
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Set A:=1/u € (0,1). The convexity of f yields f(Z) D Af(z)® (1 —\)f(x). Since & € dom f
we can choose some y € f(2), hence f(z) O A{y} + (1 —\)f(z) := C,. Of course, f(z) C RP
is a nonempty closed convex set for each x € dom f. Therefore, Proposition A.9 yields
0TC, C 07 f(z). With the aid of [1, Theorem 8.1] we conclude that 07C, = 0T f(x), hence
0" f(z) €07 f(2).

Assume there is some Z € ridom f with 07 f(2) C 0 f(Z), then the first part yields 07 f(x) C
0" f(2) for all x € dom f, whence the contradiction 0% f(z) € 0T f(Z). O

Theorem 3.4.5 Let f: X — C* be convez. Then, for all x € X it holds

liminf f(z) = LIMSUP f(x).

T—T r—T

Proof.  Of course, we always have liminf, .z f(x) 2 LIMSUP,_z; f(z). To show the
opposite inclusion let y € liminf, .z f(x) be given. Hence there exists a sequence {x,},cy
with z, — Z such that y € liminf,,_,o f(z,). By Proposition 2.2.15 this can be written as

3 {(Ag’"% e AT R, (5 z<m>)}

. C [0,1]PT! x NP1 (RP)PFL

meN

p
)= Jim A
j=0

Vi€ {0,1,...p},YmeN: =™ € f(z m),
J
¥j€{0,1,...p} ,YmeN: &™ >m,
()
Vm e N: Z)\j = 1.
j=0

We define two sequences {ym },,cny € RP and {Zy, },,cny € X by
) o)
Ym = Z )\g-m zjm) T 1= Z )\g.m T (m)-
j=0 j=0 !

Then we have y,, — vy, T, — T and the convexity of f yields that

P p p
Ym = Z Agm)zj(m) c Z )\gm)f <5L‘k(m)> Cf Z)\gm)xk(m) = f(im)
=0 J=0 ! =0 ’
for all m € N. By [68, 5(1)], this means y € LIM SUP,_.z f(x). O

Corollary 3.4.6 Let f : X — C* be convex. Then the following statements hold true:

(i) (Iscf) = (osc f),
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(ii) (Isc f) is convex,

(iti) (Isc f): X — C} for some nonempty closed convex cone K C RP.

Proof. (i) Follows from Theorem 3.4.5.
(ii) f convex < gr f convex = cl(gr f) = gr(osc f) convex < osc f = Isc f convex.

(iii) Since lsc f is osc and convex, its graph is closed and convex. If dom (Isc f) = () there
is nothing to prove, otherwise, there exists some Z € ridom (Isc f). From Proposition 3.4.4
we deduce that 0" (Isc f)(z) € 07 (Isc f)(Z) =: K for all x € dom (Isc f). It remains to prove
the opposite inclusion for all z € dom (Isc f). Indeed, let § € 07 (Isc f)(Z) and § € (Isc f)(Z)
be arbitrarily chosen. By [1, Theorem 8.3] we have y + Ay € (Isc f)(z) for all A > 0 and
equivalently (0,4) € 0Tgr (Isc f). Given some x € dom (Isc f) we can choose y € (Isc f)(z).
Since (0,9) € 0T gr (Isc f), [1, Theorem 8.3] yields that y + A\§ € (Isc f)(z) for all A > 0 and
equivalently ¢ € 07 (Isc f)(z). O

Corollary 3.4.7 For some nonempty closed convex cone K C RP and a function f : X — (ff*(,
the following statements are equivalent:

(i) f is convex and lsc,
(ii) gr f € X x RP is convex and closed,
(iii) epi f C X x C* is convex and closed,

(iv) For all y* € 11 K° the function

fye : X = RU{—o00, 400}, fy* (x) == =d" (y*|f(:n))

is convex and closed.

Proof. (i) < (ii) < (iii). The equivalence of the convexity assertions follows from Proposition
3.4.2 and Proposition 3.4.3. The equivalence of the lower semi—continuity and closedness
assertions follows similarly to the proof of Corollary 3.3.10 (using Corollary 3.4.6 (i) instead
of Theorem 3.3.4).

(i) & (iv). From Corollary 1.3.4 (convexity) and Theorem 3.2.8 taking into account Corollary
3.4.6 (iii). O

Theorem 3.4.8 Let f : X — C* be convex. Then the following assertions hold true:

(i) f islsc at every T € ri(dom f),

(ii) f is continuous at every T € int (dom f).
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Proof. (i) Let z € ri(dom f) be given and let K := 07 f(z). By Theorem 3.2.8, it remains
to show that, for all y* € ri K°, fy* is Isc at z. From Proposition 3.4.4 we deduce that
0" f(z) = K for all z € ri(dom f). Hence, for all y* € ri K° it is true that z € ridom fy«,
whence, by [1, Theorem 7.4], f,+ is lsc at Z.

(ii) By [68, Theorem 5.9 (b)], f is isc at T € int (dom f). Hence, by Proposition 3.2.7, f is
usc at z. Now the assertion follows from (i). O

We close this section with some assertions with respect to local boundedness of convex func-
tions. These statements are not used in the following, however, they illuminate some addi-
tional connections between the previous assertions and known results for set—valued maps
and could be of independent interest.

Theorem 3.4.9 Let f : X — C* be convex and lsc. Then, f is locally bounded at every
Z € dom f.

Proof. Let z € dom f, V := {Z} + B and K := 07 f(z). By Proposition 3.2.13 (v) and
Corollary 3.4.6 (iii) we have 0 f(z) = K for all x € dom f. Hence, condition (ii) in the
definition of the local boundedness is satisfied. It remains to show 07 inf,cy f(z) C K. First
we show that

inf f(z) = xg/ f(@). (34)
We have to show that |J . f(x) is convex and closed. Since V' and f are convex, the set
Usev f(z) is convex. Since V' is compact and gr f is closed, we deduce that (J,y f(z) is
closed. From (3.4) it follows that

0" inf f(z)=0% ] f(2).

zeV
zeV

Let k € 07 U,y f(2) be given. By [1, Theorem 8.2], k is the limit of a sequence {\,yy}
where A\, | 0 and y, € U,cy f(2). Clearly, for all n € N there exists z,, € V such that
Yn € f(xy). Since V is bounded, we have (An@n, Anyn) — (0,k). Applying [1, Theorem 8.2]
to the closed convex set gr f C X x RP, we obtain (0,k) € 0Tgr f. With the aid of [1, Theorem
8.3] we deduce that gy + Ak € f(z+ A-0) = f(z) for all A > 0 and arbitrary gy € f(z), which
is equivalent to k € 07 f(z) = K. O

Corollary 3.4.10 If f: X — C* is conver, then f locally bounded at every T € ri(dom f).

Proof. Theorem 3.4.9 yields that Isc f is locally bounded at every z € dom (Isc f). By
Theorem 3.4.8 (i), we know that f(z) = (Isc f)(z) for all z € ri(dom f). O

Corollary 3.4.11 Let f: X — C* be convex. Then, for all € X it holds

limsup f(z) = LIMINF f(x).

T—F T
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Proof. If z € ri(dom f), this follows from Corollary 3.4.10 and Corollary 3.3.9. Otherwise,
we have limsup,_,; f(x) = LIMINF,_; f(z) = 0. O

3.5 Conjugates

In this section, we introduce conjugates of C—valued functions. We observe that a lot of
properties being well-known for the classical conjugate notion remain valid. The lack of
linearity with respect to the image space is compensated by the concept of oriented sets
against the background of the considerations on embedding, see Section 1.2 and Section 1.3.
We set X = X* = R"” even though many assertions are also valid in more general spaces.

Definition 3.5.1 Let f: X — C and c € RP. The function fr: X* — C, defined by

fe(@®) == sup {(«", 2) - {c} B f(2)},

zeX

where the set {c} is considered to have the opposite orientation of f, is said to be the conjugate
of f with respect to c. The function fi*: X — C, defined by

(@)= (fo)e,

is said to be the biconjugate of f with respect to c.

Clearly, f and f; are contrarily oriented, but f and f;* have the same orientation. For
instance, if f : X — C* and {c} € C*, we can express the biconjugate by using supremum
oriented sets only:

@) = swp L) @+ jut (- ") 0+ 5@} (35)

T*eX*
As an easy consequence of the definition we obtain the Fenchel-Young inequality
Vee X,z* € X*, ceRP: fi(z%) > (2", ) {c} B f(x). (3.6)

The following proposition collects some further properties of conjugates.

Proposition 3.5.2 Let f, fi, f2: X — C (with the same orientation) be given. Then, for all
c € RP the following statements hold true:

(i) f* is convex and Isc (even if f is not),
(i) f** is convex and lsc,
(iii) fr < fo= (f)E = (f2),
(iv) f1 < fo= (fU)T < (F2)F7,
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(v) [ </,

(vi) f& = f=%

Proof. (i) and (ii). Convezity. For all A € [0,1] and all x7, 25 € X* it holds

fo (At + (1= N)3)

_ spd Gt 4 (1= Nt @) {0} B fa >}
rxeX

— sup{ Ak {0} B I@) & (1= N (eh0) 1B 1)

< sup {A(<xi,x1> (e} B fa) ® (1 — A) (a3, 2) {e} B f(wz))}
z1,02€X

- {A(<w”f,x1> (e f<:c1>)} & sup {(1 N)((a32) (e} B f(:vz))}

r1€X ro€X

= MI(al) @ (1= A f2(x3).

Lower semi—continuity. For all £* € X™* it holds

liminf f7(z*) = inf liminf sup{ ;) {c} B f(z)}
T*—T* Ty —IT* n—oo reX
Pr. 2.2.8 (iii)
> mf _sup liminf{(z}, z) {c} B f(x)}
Pr.22.14 sug{ (z*, ) C}Elf(x)} = fXz").
Te

(iii) and (iv). Since f; < fy implies Bf; > Bfs, this is obvious.
(v) From (3.5) we deduce
) = sup {wa b+t (- (070 4+ 1)}
T*eX* z'eX

< s {Ead - @ @+ @) = fa)

r*eX*
(vi) Replace (z,z*) {c} and (z*,2’) {c} in formula (3.5), respectively, by (x, —z*) {—c} and
(—x* 2"y {—c}. O

Example 3.5.3 (set—valued support function) The following set—valued map is often
used in the literature. Given a subset S C X, the set—valued indicator function is defined by

AE|S) ::{ {0y if zes

0 else.

If A(-]S) is considered to be a function with values in C*, A(-|.S) is convex if and only if the
set S is likewise. The conjugate of A(-]S) : X — C* with respect to ¢ € R? is the function
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AX(-]S): X*—C°,
AL(z*]S) = 8161153{@*7@ {c}} = [-0" (2", =9), 0" (=", 9)] - {c},

where {c} € C° and, by convention,

VaeR: [—o0,0]{c} = (-o0,a]{c} = | J (M c}),

A<a
VaeR: [a,+od]{c} = [a,+00) {c} = | ] (A {e}),
A>a
[—o00, +00] {c} := (=00, +00) {c} =R {c} = | J (M {¢}),
AER

[+00, —o0] {c} := 0 (this case occurs if S = ().

In order to emphasize the analogy to the scalar case, A%( - |S) is called the (set-valued) support
function (with respect to ¢ € RP) of f. If S is closed and convex, one can easily verify (using
[1, Theorem 13.1]) that the biconjugate AX*(- |S) is equal to A(- |S). Of course, this is also
a consequence of the set—valued biconjugation theory to be developed in the next section.

Remark 3.5.4 An axiomatic approach to duality and conjugation was given by Martinez—
Legaz and Singer [62]. Recently, this theory was extended up to the framework of complete
lattices, see [26], which is general enough in order to apply these results to optimization with
set relations. The spaces C* and C° can be considered as two complete lattices. The change of
orientation corresponds to the bijection s in [26]. In axiomatic duality a so—called ” condition
inf-d” plays a crucial role. In our framework this is condition is equivalent to the requirement
that (1.1) is satisfied with equality. Another observation is that in [26, Theorem 4.1] coupling
functions with a special form are considered, which corresponds to the form of our coupling
functions, namely (-, -) {c}.

3.6 Biconjugation theorem

In this section, we prove a biconjugation theorem for functions f : X — C*. In the next
chapter, this result is used to prove strong duality assertions for convex optimization problems
based on set relations. As in the previous section, we set X = X* = R". We begin with an

auxiliary assertion.

Lemma 3.6.1 Let K C RP be a nonempty closed convex cone which is not a linear subspace
of RP. Then it holds
(yeriK Ay  eriK®) = (y,y") <0.

Proof. Assume the contrary. By the definition of the polar cone, this means that there
exists g € ri K and g* € ri K° such that (g, 7*) = 0. We show that

Yy* e K°: (y,y") =0. (3.7)
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Assuming that (3.7) is not true, we find some g* € K° such that (y,7"*) < 0. Since g* € ri K°,
there exists some p > 1 such that g* := pg* + (1 — p)y* € K°. Hence (y,3*) > 0, which
contradicts g§* € K°.

With the aid of (3.7) and the bipolar theorem [1, Theorem 14.1] we obtain —y € K°° = K.
Since K is a convex cone and § € K N (—K), we have K = K + {—y}. From y € ri K we
conclude 0 € ri K + {—gy} =ri (K + {—y}) =ri K. This implies lin K = aff K = K, i.e. K is
a linear subspace of RP, a contradiction. ]

In order to formulate the biconjugation theorem, the vector ¢ € RP, which is involved in the
definition of the biconjugate, has to be chosen appropriately. Therefore we define the set Cy,
which depends on the function f: X — é*, as follows:

K;:= inf 07 f(z),

x€dom f
Ch e riKyU—-riK; if Ky CRPisanot linear subspace of R? or Ky = RP
F= R\ K/ if Ky CRPis a linear subspace of RP or Ky = 0.

Let us enumerate some basic properties of the sets Ky and Cy. These statements easily follow
from the definition and some results of Section 3.4.

(i) Cf is nonempty,
(ii) If f(-) =0, then Cy = RP,

(iii) If f(x) = R? for some x € X, then Cy = RP (this case does not occur in Theorem 3.6.2,
but in Corollary 3.6.3),

(iv) If f: X — Cf, then K = K,
A4 is convex, then =07 f(x) for all z € ridom f,
If fi hen Ky T f(x) for all idom f

(vi) If f is convex and lsc, then Ky = 07 f(z) for all € dom f.
It follows the main result of this section and one of the main results of this work.

Theorem 3.6.2 (Biconjugation theorem) For all functions f : X — C*\ {RP} the fol-
lowing statements are equivalent:

(i) f is convex and Isc,
(ii) For all c € Cy it holds f = fr*,

(iii) There exists ¢ € RP such that f = f}*.

Proof. If f is identically () we directly conclude that f = fi* for all ¢ € Cy = RP and, of
course, f is convex and lIsc. Therefore, dom f is assumed to be nonempty, and hence Ky # 0.
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(i) = (ii): From Corollary 3.4.6 (iii) and Proposition 3.2.13 (v) we deduce that x — 07 f(z)
is constant on dom f, i.e., setting K := Ky, we have f : X — CA} From Corollary 3.4.7
we deduce that for all y* € ri K° the function fy« : X — RU {—o0,+oc}, fy(z) =
—0* (y*| f (:1:)) is convex and closed. By a classical biconjugation theorem, e.g. [1, Theorem
12.2], it follows that

Vy* €riK° : for = T35 (3.8)

Let x € X and ¢ € C} be arbitrarily chosen. In dependence on K # RP, we distinguish
between two cases.

(A) Let K C RP? be a not a linear subspace of RP. In view of Proposition 3.5.2 (vi) we can
assume that ¢ € ri K. For arbitrarily given y* € ri K°, Lemma 3.6.1 yields that (y*,¢) < 0.
Hence there exists ay« > 0 such that (o,+y*,c¢) = —1. This can be rewritten as

VeeR: —6*(ayy*[{t c}) = — (ayy* t-c) =t. (3.9)

For o := ay» > 0 we have

a- (=6 W' |f (@) = 6" (ay*|f(z) = fay(x) = fi.(a)

= xflelg*{<xax*>+$i/r€1£({—<x*,$/>+fay*($/)}}
2 sup {07l ) ) + {8 (o] - o0 () - 6 o 1)
= swp Lo (el e ) + it (07 ('] - (o) )+ £}
2 sup {6y o) () 0 (o |t (- (o) )+ 1001 )|
= sup {0 (et + i (- G e+ 5600 )}
LT o (o] sup (e + i (- ) (0450} )
o

2 (| @) = a (<8 (@)

It follows that 0*(y*|fX*(x)) < &*(y*|f(x)) for all y* € ri K°. If f(x) = () we conclude that
8*(y*| f2*(x)) = —oo for some y* and hence f**(x) = (. If x € dom f, we have 0T f(z) = K.
Hence, by Lemma 1.3.1 (iii) we deduce that f(z) < f¥*(z). Finally, 3.5.2 (v) yields f(z) =
fe ().

(B) Let K C RP be a linear subspace of RP and let ¢ € RP\ K. Letting {c} € C*, we define the
set B := R, {c} € C*. Consider the function f: X — C*, f(z) := f(z) + B (by [1, Corollary
9.1.2] this sum is closed). Of course, f is convex and Isc and f(z) # RP. For & € dom f, [1,
Corollary 9.1.2] yields K := 0" f(z) = 0 f(z) + B = K + B. In particular, K is not a linear
space and ¢ € ri K. Therefore, f satisfies the assumptions of case (A). For arbitrary x € X it



3.6. Biconjugation theorem 63

follows
f@+B = f@) "=V @)
= sup {(w,x*>{c}+ inf {— (z*,2") {c}—i—f(x’)—i—B}}
TFEX* r'eX
Pr. 1.2.4, (1.1)
<" prweB < ).
By the same arguments (replace ¢ by —c) we obtain f(z)— B < f*(z) = f¥*(x). Together we

have (f(z)—B)N(f(z)+B) < f¥*(x). It remains to show that f(z) < (f(x)—B)N(f(x)+B).
Let y € (f(z) + B) N (f(x) — B) be given (the case f(z) = () is immediate). This means
y =1y1 +ric =1y —roc for y1,y2 € f(x) and real numbers 1,7 > 0. If r1 + ro = 0 there is
nothing to prove. For r; + o > 0 it follows

T2
Y= (y1 +r1c) + (y2 — roc) =

) 1
y1 +
T+ 7o 1+ 7o T+ 72 1+ 7o

Y2 € f(:E)

Hence f(x) < f*(x) and Proposition 3.5.2 (v) yields equality.
(ii) = (iii): Since Cf is always nonempty, this is obvious.

(iii) = (i): Follows from Proposition 3.5.2 (ii). O

It follows a local variant of the biconjugation theorem. In this assertion, the assumption
f(x) # RP can be omitted.

Corollary 3.6.3 Let f : X — C* be convex and let & € dom f. Then, the following state-
ments are equivalent:

(i) fislscatx € X,
(ii) For all c € Cy it holds f(z) = fX* (%),

(iii) There exists ¢ € RP such that f(z) = fX*(z).

Proof. (i) = (ii). If f(z) = RP, Proposition 3.5.2 (v) yields that f(z) = fi*(z) = RP
for all ¢ € C¢ (= RP). Therefore let f(z) # RP. By Corollary 3.4.6 and Proposition 3.2.13
(iii), (Isc f) : X — C* is convex, lsc and C}}—V&lued for some nonempty closed convex cone
K CRP. Since f is Isc at T € dom f we obtain K = 0% f(Z) # RP. Hence (Isc f)(x) # RP for
all z € X. Theorem 3.6.2 yields (Isc f) = (Isc f)z* for all ¢ € C(i 5). Using Proposition 3.2.13
(iv) and Proposition 3.5.2 (iv) we conclude that f(z) = (Isc f)(z) = (Isc ) *(z) < f¥*(x).
Proposition 3.5.2 (v) yields that f(z) = f*(z) for all ¢ € Ciscf). It remains to show that
Cose ) = Cf. Therefore, we show that K = Ky (= infyeqom 01 f(2)). Since K = 0% f(z)
we have K > Ky. From (Isc f) < f we conclude that K = 07 (Isc f)(z) < 07 f(z) for all
x € dom f. Hence K < Ky.

(ii) = (iii). Since Cf is always nonempty, this is obvious.

(iii) = (i). By Proposition 3.5.2 (ii), f&* is Isc. From f* < f we obtain liminf, .z f7*(z) <
liminf,_z f(z). Hence f(z) = fX*(z) < liminf,_z f;*(x) < liminf, .z f(x). O
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Finally, we express the biconjugation theorem by conventional notations. The set Cy is defined
as above, but in the definition of Ky, 07 f(z) is replaced by 07 (clconv f(z)) (in order to have
a correct definition of Cy for a set-valued map f : R" = RP, which has not closed convex

values a priori).

Corollary 3.6.4 Let f: R™ = RP be a set—valued map with nonempty graph and f(x) # RP
for all x € X. Then, the following statements are equivalent:

(i) gr f is closed and conver,

(ii) For all c € Cf it holds

VeeR": f(zx)= ﬂ {(x,x*>{c}—clconv U {<x*,x'>{c}—f(:n’)}},

T*eR” x/eR"
(iii) There exists ¢ € RP such that f can be expressed as in (ii).

Proof. Follows from Theorem 3.6.2 and the results of Section 3.4. O



Chapter 4

Duality

In this chapter, we investigate optimization problems with C-valued ob jective function. Given
an objective function f: X — C and a set S C X of feasible points, we are interested in the

sets infyeg f(z) and sup,egq f(2).

We already know that these problems are not of the same type, because one of them involves
the union and the other one the intersection. In this chapter, we prove weak as well as
strong duality assertions. In order to obtain strong duality it is essential to start either
with an infimum problem for C*valued functions or with a supremum problem for C°—valued
functions. Otherwise, it seems to be not possible to obtain comparable duality assertions,
see Remark 4.1.4 below. However, the other type of problem occurs as the dual problem.
Exemplary, we consider primal problems with C*—valued functions.

The main tool for proving strong duality assertions is the biconjugation theorem developed in
Section 3.6. We consider a Fenchel duality approach as well as a Lagrange duality approach.
The problem formulation as well as the proofs are very analogous to the well-known scalar
case. In the last section of this chapter, we calculate some special cases.

4.1 Fenchel duality

In this section, we prove weak and strong duality assertions for optimization problems with C*—
valued objective function. We speak about Fenchel duality because our duality theorem has
the same structure as the classical Fenchel duality theorem for extended real-valued functions,
for instance, see [1, Theorem 31.1] or [10, Theorem 3.3.5]. This means, for instance, that the
dual problem of a given problem of the form inf,ex{f(z) — g(x)} (or similar) is expressed
by the conjugates of f and g. In contrast to that, this structure gets lost in many other
generalizations of the classical Fenchel duality, for instance, see [78]. In this section, we set
X =X*"=R"and U = U* = R™, because our main attention is drawn to the image space.
Nevertheless, an extension to more general spaces should be possible. As in the scalar theory,
the constraint qualification has to be strengthened in case of infinite dimensional X and U.

65
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For given functions f : X — C* and g : U — C*, a linear map A : X — U and a vector
c € RP let

p: X —C" and d.:U*—C*

be defined, respectively, by
p(z) = f(z) @ g(Az) and de(u”) = B(fI(A"") @ g7 (—u")).
We consider the following optimization problems, the primal problem

(P) P:= inf p(2),

and the dual problem associated to (P)

(D¢) D, := sup d.(u").
u*eU*

Analogous to the scalar optimization theory, we introduce the value function by
U — C, ;= inf Az —u)}.
v:U — v(u) = inf {f(2) ® g(Az —u)}
The following proposition collects some properties of the value function.

Proposition 4.1.1 The value function v : U — C* has the following properties:

(i) If f and g are convex, then v is convet,

(iii) Ve e RP, Vu* € U* : v} (v*) = Bd.(u"),
(iv) Ve e RP 1 0}*(0) = D..
Proof. (i) For arbitrary u;,us € U and X € (0,1) it holds

A(ug) @ (1 — Nv(ug)
= )\xllléfx{f(xl) ®g(Azy —u1)} @ (1 - N) leIég({f(.’L'Q) ® g(Azg — uz)}
PrL®tnf X{)\f(:vl) D Ag(Axy —up) f(z1) (1 = A)f(x2) ® (1 — N)g(Azxe — u2)}

T1,T2€

f, g convex

> inf {f(/\a:l + (1= Naz) ® g(A(Azy + (1 — Nag) — (Aug + (1 — )\)UQ))}

r1,r20€X

= mlg)f({f () ®g(Az— Aur + (1= Nu2))} = v(ug + (1= Nug).

(ii) Obvious.
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(iii) Let ¢ € RP ({c¢} € C*) and u* € U* be given. Then we have

vi(u*) = EEB{EE(U*,W {c} Bo(u)}
2 E’qjg[f]{ —u*,u) {c} 4+ v(u)}

- Einf{(—u*,u> {c}+£g)f({f(w)@g(AfB—U)}}

Pr L2 E;g(f];gf{ —u*,u) {c} + f(z) ® g(Az — u)}

TR Ginf inf {( f@) = (A", 2) {c}) @ (9(Az —u) = (—u", Az — u) {c})}

zeX uelU
Pr._14244 k% % !/
= 1nf{f (A*u*, x {c}}@ElllréfU{g —(—u*,u') {c}}
= fAW)@g(-u) = Bd(u)
(iv) It holds v?*(0) = sup,-cp- Bui(u*) L supy.cy- de(u*) = D,. O

It follows the main result of this section. This assertion was announced in the form of Corollary
4.1.3 in [55] and is to be published in the present form in [56]. We present two different proofs,
the first one makes use of the biconjugation theorem developed in Section 3.6 and the second
one is a ”direct proof” using a scalar duality theorem.

Theorem 4.1.2 (Duality theorem) The problems (P) and (D.) (with arbitrary ¢ € RP)
satisfy the weak duality inequality, i.e., D, < P.

Furthermore, let f and g be convezx, let
0 € ri(domg — A dom f) (4.1)

and, in dependence on K := 0T P, let the element ¢ € RP be chosen as follows:

(i) ceriK U—-ri K, if K CRP is not a linear subspace of RP or K = RP,

(ii) ce RP\ K, if K C RP is a linear subspace of RP.
Then, we have strong duality, i.e., D. = P.

Proof. Consider the value function v : U — C* of problem (P). By Proposition 4.1.1 (i),
(iv), for all ¢ € RP we have P = v(0) and v}*(0) = D,. Since v}* < v, we obtain the weak
duality inequality. From Proposition 4.1.1 (i) we conclude that v is convex. It is easy to check
that domv = dom g — Adom f. By virtue of (4.1), this implies 0 € ridomv. Theorem 3.4.8
(i) yields that v is Isc at 0. By Proposition 3.4.4, we conclude that K = 0t P = 07v(0) =
infuedoms 0T v(u), i.e., the choice of the vector ¢ by (i) and (ii) ensures that ¢ belongs to the
set Cy, defined in Section 3.6. The local variant of the biconjugation theorem (Corollary
3.6.3) yields that v(0) = v}*(0), i.e., we have strong duality. O



68 Chapter 4. Duality

We continue with a second proof of Theorem 4.1.2 wherein the strong duality assertion is
obtained from a corresponding scalar strong duality result using the embedding procedure as
in the proof of the biconjugation theorem. This proof is independent of the considerations
about semi—continuity in Chapter 3 and it was already published in the author’s paper [56].

Second proof of Theorem 4.1.2. The weak duality can be proven as above or by the
Fenchel-Young inequality (3.6). The proof of the strong duality assertion is organized as
follows. We start with case (i). Then we show that case (ii) is a consequence of case (i).

(i) In case of K = RP there is nothing to prove because the strong duality immediately follows
from the weak duality assertion. Therefore, let K C RP be not a linear subspace of RP. It is
easy to verify that D. = D_.. Hence it suffices to consider the case ¢ € ri K.

With the aid of Proposition 1.3.7 it follows that

Yyt €RY: —67(y"|P) = =6" (y| inf p(x)) = inf {=0"(y"| p(2))}-

By the extended real-valued functions fy* : X - RU{-00,+00} and gy» : U — R U
{—00, +00} being defined, respectively, by fy«(z) := —* (y*\ f(x)) and gy (u) := —0* (y*| g(u))
this can be rewritten as a collection of scalar optimization problems

vyt ERP: —3(y"|P) = inf { o (@) + g (An)} (4.2)

The convexity of f and g implies the convexity of fy* and gy+, respectively. Clearly, we
have dom f = dom f,« and domg = dom gy+. Hence, (4.1) implies that 0 € ri (dom gy» —
A dom fy+). A scalar duality theorem, for instance [10, Theorem 3.3.5], yields that

Vy* € RP: —§*(y*|P) = sug {—Foe (A"u™) — g (—u*) } . (4.3)
u*e *

Let y* € ri K° be arbitrarily given. Since ¢ € ri K, Lemma 3.6.1 yields that (y*,c) < 0.
Hence, there exists oy« > 0 such that (a,~y*,c) = —1. This can be rewritten as

VteR: —0"(ayy*|{t-c}) = —(apy*,t-c) =t (4.4)



4.1. Fenchel duality 69

For a := ay+ > 0 and letting {c} € C* we have

(4.3)

o (<0 (IP) = =0 (o 1P) = sup (= (AT = gy (-u))
- USEB*{;&% {44 2) + foye (@)} + 10 {(u",0) + Goy <u>}}

s Lot (0 o' (000 (6) 7 (o7 7))
+ inf {—5* (ay*|<u*,u) {e}) —6* (ay*’g(u))}}
= usgg{ 1nf{ 5 (ay ! (A'u*, z){c}+f(2))} + lnf{ 5 (ay* ‘ (u*, up{c} + g(u ))}}

=8 (o]t (-~ (A% ) b+ ))) - 0 (o] inf {00 0 +atw)})

= sup{ 5*<
u*eU*

sup {mf{ (A, z) {e} + f(2)} & inf {(u",u) {c} + g(u )}}>

v B e e + @) @ e o)) )

u*eU*

— <a sup {ElfC (A*u™) @ By (—u )}>
u*eU*

= —0"(aID.) = a- (=5 (YD)

It follows that 0*(y*|D.) < §*(y*|P) for all y* € ri K°. Lemma 1.3.1 (iii) yields P D D.. By
the weak duality inequality we obtain P = D..

(ii) Let K C RP be a linear subspace of RP and let ¢ € RP\ K. Consider the set B := R, {c} C
C*. We define a new objective function by p : X — C*, p(z) := p(z)®B = f(x)® (9(Az)® B).
By Proposition 1.2.4, we have P := inf ey p(z) = (inf,ex p(z)) ® B = P® B. With the aid of
[1, Corollary 9.1.2] we conclude that P = P&B =P+Band K :=0"P=0"P +B = K+B.
Clearly, K is not a linear space and ¢ € ri K. It is an easy task to show that § : U — C*,
g() :=g(-) ® B is convex and (4.1) remains true for the new problem, hence, we have strong
duality by part (i) of this theorem. For the conjugate ¥ : U* — C° of § it holds

gow’) = Binf {— (") {c} @ g(w) @ B} "L g2(u) & BB,

Hence, the dual objective function d : U* — C* for the problem inf,cx p(x) is given by
do(u) = BfH(A"0") & Bgi(~u*) © B = do(u”) & B.

Since 0 € B we deduce that d. < d, hence D, := SUD e+ Jc(u*) < D.. The strong duality
assertion for the problem inf,cy p(x) yields P+ B = P < D, < D,. Likewise (replace ¢ by
—c), it follows P — B < D_. = D,.. Hence, (P + B) N (P — B) < D.. As in the last part of
the proof of Theorem 3.6.2 we can show that P < (P+ B)N (P — B), hence we have P < D..
By the weak duality assertion it follows P = D.. O
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We next express the preceeding theorem by conventional notations. Although the analogy
to the scalar theory is more difficult to see, this form could be more convenient for possible
applications. Moreover, we try to avoid the convex hull and closure operations if they are
superfluous. Let f : R™ = RP be a set—valued map. We say f has closed (convex) values if
f(x) € R? is closed (convex) for all z € R™. Clearly, if f has a closed (convex) graph, then
f has closed (convex) values. The opposite implication is not true, in general. The map f
has closed values and a convex graph if and only if f can be interpreted as a convex function
f:R" - C*.

Corollary 4.1.3 For given set—valued maps f: R™ =3 RP and g : R™ = RP, a linear map
A: R" - R™ and a vector ¢ € RP, we have

U (@) +9(az)) € <U (f(@) = (A, 2) {e}) + | (9(w) + (u",u) {C}))-
zeR? u*eR™ “reRn™ ueR™

If f and g additionally have convex graphs and closed values and satisfy the condition 0 €
ri (dom g — A dom f) and, in dependence on K := 0" (clconv |, ¢ (f(z)+g(Ax)), the vector
c € R? is chosen as in Theorem 4.1.2, we have strong duality, i.e.,

o | (f@)+g(Az)) = c1< U (@) = (A, 2) {c})+ | (9(w) + (u* ) {c})>.

TeR™ u*eR™ TeR™ ueR™
Proof. For all u* € R™, we have

U (F@) +9(4)) = [J (fl@) = (A" 2) {c} + g(Az) + (u", Az) {c})

TeR™ z€R™
< U (f@) — @2y {eh) + | (9(w) + (u*,u) {c}).
Tz€R™ u€R™

Taking the intersection over all u* € R we obtain the weak duality inclusion.

Let f and g have convex graphs and closed values. This means f and g can be interpreted as
convex functions f: R" — C* and g : R™ — C*. In the present case, we can show that

inf {f(x)® g(Az)} =l LEJX ) + g(Ax)). (4.5)

Indeed, by elementary arguments we deduce that P := {J,cy ¢l (f(z) + g(Az)) is convex.
Furthermore, from Proposition A.2 (ii) we conclude that cl |J,cx clp(z) = cl U,cx p(2),
where p(x) = f(z) + g(Ax). Together we obtain (4.5). By analogous arguments the right—
hand side of the strong duality equality equals D, in Theorem 4.1.2. O

Remark 4.1.4 It seems to be not possible to obtain comparable duality assertions if we start
with an infimum problem with a C°~valued objective function. The reason for that seems to
be that (1.1) is not satisfied with equality in this case. Equality in (1.1) is equivalent to the
condition ”inf-d”, which plays an important role in the axiomatic duality theory by Getén,
Martinez—Legaz and Singer [26].
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4.2 Lagrange duality

This section is devoted to Lagrange duality of optimization problems with C*—valued ob jective
function and set—valued constraints. As before we set X = X* =R" and U = U* = R™.

Let f: X — C*, let G : X = U be a set—valued map and let Cyy C U be a nonempty closed
convex cone. We consider the following optimization problem:

(P) P = %relgf(x), S:={z e X|Gx)N-Cy #0}.

Constraints of this type have been considered by many authors such as [7], [20], [57], [32],
[41], [22]. We next recall the notion of C—convexity. In the following, this concept is used to
describe convexity with respect to the constraints.

Definition 4.2.1 (e.g. [41]) Let X, Y be real linear spaces and let C C'Y be a convex cone.
A set—valued map H : X =Y is said to be C—convex if

Va1,m0 € X, VA €]0,1] : H(Az1+ (1= Nazg) + C 2 XH (1) + (1 — N H(x2).

The Lagrangian of the problem (P) (with respect to ¢ € RP) is defined by
L.: X xU*— é*a Lc(xv U*) = f(l‘) @ EA; (u*‘ —Cy — G(x))a

where Az( ’ -Cy -G (x)) : U* — C° is the set-—valued support function (see Section 3.5) of
the set —Cy — G(x). Hence, the Lagrangian can be expressed (for {c} € C*) by

Lo(z,u*) = f(z)® inf {(u*,u) {c}}.

uweG(z)+Cy

Perhaps, this definition looks a little unusual. If f is an extended real-valued function and
G a vector-valued function, our constraint reduces to G(z) € —Cy (or G(z) <¢, 0) and the
Lagrangian is usually defined by L(z,u*) := f(x) + (u*, G(x)), but only those u* € U* are
involved into the theory that belong to —C7,. If we define the Lagrangian analogously to
above by L(z,u*) := f(z) — 6" (u*| — Cy — G(x)) (using the convention —oo + 0o = +00), we
obtain

Liw,u*) = f() + (u*, G(a)) - *(u*| - Cu),

where the support function of —Cy; has the simple form

. _ 0 if u* € —Cp
0 (u | CU) _{ +o0o else.

The set—valued support function, however, has a more complicated form, namely, letting L
be the lineality space of Cf; and {c} € C°, it can be expressed by

Ry-{c} if uw eCH\L
R_-{c} if we-Cy\L
0 it wel
R-{c} else.

A (u*‘ - C’U) =
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This means, we do not obtain a meaningful analogue to the Lagrangian in the classical form.
By Proposition 1.2.4, the Lagrangian can be written as

Liwat) = f@) o int {0 (@} o it furwe],

ueG(

where {c} € C*. An easy calculation shows that

Ry-{c} if w'e-Cy\L
R_-{c} if weCy\L

} febey if uw el
R-{c}  else,

L.(z,u*) = f(z)® | inf (u*,u), sup (u*,u)
u€G(z) u€G(x)

where the interval [a, 8] for a, f € RU {—00,+00} is defined as in Section 3.5.

In the scalar theory we re—obtain the original problem from the Lagrangian by taking the
supremum over all u* € U* (or all u* € —Cf;). A corresponding result is given in the following
two propositions.

Proposition 4.2.2 For all x € S and all c € RP it holds

sup Lc(z,u*) = f(z).
u*eU*

Proof. From z € S we deduce that 0 € —Cy — G(x). For arbitrary ¢ € R? it holds

(1.1)
sup Le(z,u") < f(z)® sup BAL(u*| - Cy — G())
u*eU* u*eU*

= f(x)EBAZ*(O‘—C’U—G(a:))

Pr. 3.5.2 (v)

29 pa) o A0] - Cu - Ge)) = £(o).
Since L(x,0) = f(x), it follows that sup,«cy« Le(z, u*) = f(z). O

The preceeding proposition clarifies the relation between the problem (P) and the Lagrangian
only for feasible points x € S. It remains the question what happens if x is not feasible. By the
analogy to scalar optimization, we expect that sup,-¢« Le(2, u*) = (0 in this case. This can
be shown under additional assumptions to the constraints and to the choice of ¢ € RP. Note
that the following proposition is not used in the proof of the duality theorem. In particular,
the additional assumption 07 G(z) N —Cy = {0} in the following proposition is not necessary
for duality assertions.

Proposition 4.2.3 If for some x € dom f Ndom G the condition 0YG(x) N —Cy = {0} is
satisfied, then for all c € RP\ —0% f(z) it holds

sup Le(z,u™) =
u*eU*

flz) of xesS
0 else.
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Proof. The case x € S follows from Proposition 4.2.2. Let z # S, i.e., G(x) N —Cy = 0.
Since 0T G(x) N —Cy = {0}, the separation theorem [1, Corollary 11.4.1] yields the existence
of some u* € U* such that

alz,u”) = inf (a*,u)> sup (a*,u)>0. (4.6)
ueG(z) ue—Cpy

Assuming that there exists some u € —Cy such that (a*,u) > 0, we get sup,c_¢,, (0, u) =
+00. This contradicts (4.6) because we supposed G(z) # (. Hence u* € —Cp,. Of course,
it is true that sup,«cp+ Le(z, u*) > supysg Le(z, Au*). Therefore, it remains to show that
supysg Le(x, Aa*) = 0. Since @* € —Cf;, an easy calculation shows that L.(z, A\a*) C f(z) ®
[Aa(x,u*), +00] {c} . Hence it remains to show that

N (70 © Pata), +ox1 e} ) 0.

A>0

Assume the contrary, i.e., there exists some y € RP such that
VA>0: ye f(z)® [Ma(x,u"),+o0]{c}.
Hence, for all n € N we have y € f(x) + [na(z,u*),+o0] {c} + %IB%. Consequently,

Vn eN, Jy, e{y}—i-%IB%, Jpn >n-alx,u”) >0:  y, — ppc € f(x).

It follows
1 Yn n—00
—(Yn — pn ) = — "= —c.
Hn Hn,
By [1, Theorem 8.2] this implies —c € 0" f(z), a contradiction. O

The next example shows that the assumption 0TG(z) N —Cy = {0} cannot be omitted in
the preceeding proposition. However, this assumption is fulfilled in many important special
cases, such as for vector—valued or compact—valued functions G.

Example 4.2.4 Let f, K and ¢ as in Proposition 4.2.3 and let 0 € dom f. We set A :=
{:p ERZ |z > i}, G(z) :={z}+ A and Cy := {u € R?*| uy > 0}. Then we have Cj,\ {0} =

{u* € R*| uj < 0,u} = 0}. An easy computation shows

Ry -{c} if wuw"e-Cp\{0}
R_-{c} if wu*eCy\{0}
0 if w=0

R-{c}  else

L.(0,u") := f(0) +

It follows that sup,.cp+ Le(0,u*) = f(0) # 0, but G(0)N —Cy =0, ie.,0¢& S.

We next define the dual problem. The dual objective function is defined by

¢ U" = C~, Gc(u*) == xlg;Lc(x,u ).
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The dual problem associated to (P) is defined by

(Dc) D, := sup (z)c(U*)
u*eU*

As in the scalar optimization theory, we introduce the value function by

v:U — C*, v(u) = inf{f(z)zeX: (Gx)—{u})N-Cy #0}
= inf{f(z)|z e X: ueG(x)+Cy}.

The following proposition collects some properties of the value function.

Proposition 4.2.5 The value function v : U — C* has the following properties:

(i) If f is conver and G is Cy—convex, then v is conver,
(i) v(0) =
(iii) Ye e RP, Yu* € U*: v} (u*) = Boe(—u*),
(iv) Ve e RP: vX*(0) = D,.

Proof. (i) For arbitrary uj,us € U and X € (0,1) it holds

Av(ug) @ (1 — N)v(uz)
= A inf{f(ml)}xl ceX: wuy EG(m1)+C’U}
@ (1-2X) inf{f(xg) ‘xg € X: ug € G(xa) + CU}
Pr. 124 inf{)\f(l‘l) D (1 — )\)f(l‘g) ’$1,:L’2 eX:u € G(l‘l) + Cy,uq € G(ZEQ) + CU}
S f ey (1= N)a) | 21, 22 € X 5 dug+(1— A)uz € G(Azy +(1—N)z) + iy }
inf{f(z) |z € X : My + (1 —Nug € G(z) + Cy}
= v(Aur + (1 = Nug).

IV

(ii) Obvious.
(iii) Let ¢ € RP (where {c} € C*) and u* € U* be given. Then,

) = Bt {(u ) e+ o(w)

= Einf{(—u*,u){c}—{—inf{f(:c)‘:ﬁeX: uEG(:E)—{—CU}}
L Binf{(—u*,u) {c} + f(z) [z € X,ucU: ue G(z)+Cy}

— Elinf{uecinf {(—u*,U>{c}+f(x)}}

rzeX (z)+Cu

Prol24 oo.p {f(m) ) UEGinf {(—u*, u> {c}}} = E|¢c(—u*).

rzeX (z)+Cu

(iv) It holds v*(0) = sup,.cp+ B (u*) & sup,-cy f(—u*) = sup,ecpe 95(w*) = Do O
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Since C* is order complete, we have

Ve e RP : inf L.(x,u*) < inf Lo(z,u*), 4.7
‘ S, B belo) < g map, eloe) o

even if L. is replaced by an arbitrary function from X x U* into C*. By Proposition 4.2.2 we
know that inf,c x sup,cy+ Le(z, u*) < P. Hence, (4.7) yields weak duality between (P) and
(Dc), i.e., D, < P. Furthermore, it is easy to see that strong duality (i.e., P = D.) implies
that (4.7) is satisfied with equality. It follows the main result of this section, a strong duality
theorem.

Theorem 4.2.6 Let f be convex and let G be Cy—convez, let
G(dom f) N —int Cy # 0, (4.8)

and, in dependence on K := 0T P, let the vector ¢ € RP be chosen as follows:

(i) ceriKU—r1iK, if K C RP is not a linear subspace of RP or K = RP,

(ii) ce RP\ K, if K C RP is a linear subspace of RP.
Then, we have strong duality, i.e., D. = P.

Proof. The proof is exactly the same as the (first) proof of Theorem 4.1.2, but using
Proposition 4.2.5 instead of Proposition 4.1.1. ([l

4.3 Some special cases

In this section, we indicate some special optimization problems and calculate the correspond-
ing dual problem. We consider the problem of minimizing a convex function f : R" — C*
with respect to a nonempty closed convex set S C R™. This problem can be formulated as
inf Az | S
inf {7() +A(]S)},
where A(-|S) : R" — C* is the set-valued indicator function, defined in Section 3.5. Recall

that its conjugate A*(-|S) : R” — C° was already considered in Section 3.5 and in Section
4.2.

As a special case for the function f, let us consider f(z) = {M -z}, where M is a real p x n
matrix. An easy computation shows that

fi(z*) = U {(M— c- (w*)T) af} =: (M— c- (a;*)T) -R™.

reR”™

In the special case of n = p (recall that C* = C*(RP)) and M := I being the n X n unit matrix,
Corollary 4.1.3 yields the following dual description of a nonempty closed convex set S C R™.



76 Chapter 4. Duality

In contrast to the usual dual description S = [\ .cpn {2z € R"| (2%, ) < 6*(2*[5)}, we have
a different parameterization in the following formula, i.e., the same z* may generate different
sets. This parameterization depends on the choice of ¢. If 07 S is not a linear subspace of R,

for all ¢ € ri (07S) it holds
S = ﬂ <(I —c- (x*)T) .R" + [_5*(55*7 —5),5*(z*, S)] . {C}) (4.9)
r*eR™

Moreover, if 0FS is a linear subspace of R™, (4.9) is valid for all ¢ € R™\ 07S. Note that in
(4.9) the constraint qualification (4.1) is superfluous, see Remark 4.3.1 below.

We next turn to the case of linear inequality constraints. Let A be a real m x n matrix and
b € R™ a given vector. We write u < v if v —u € R, Consider the problem

ing {Mz}, S={zxeR" Az >b}. (4.10)
Te

In problem (P) in Section 4.1, we set g(-) = A(-]S), where S := {u € R™| u > b}. The
(set—valued) support function of S (where {c} € C°) can be expressed by

Aiw'S) = |J(w ) {e}) = [ (" u+0){c})

u>b u>0
= {e- @) b} + [ (' u) {c}) = {c- ()" b} + AL (uw*|RT),
u>0

where

Ry -{c} if u* € R\ {0}
R_-{c} if u* € R™\ {0}
{0} if u* =0

R-{c} else.

Note that Af(u*|RT) = —A%(—u*| RT), hence the dual objective function d, : R™ — C* (see
Section 4.1) is given by

de(u*) =B(M —c- (AT -u*)T) - R"8 {c- (u*)" - b} B AZ(u*|RT).

AL(u*[RY) =

By Theorem 4.1.2 (Fenchel duality theorem) we obtain the following strong duality assertion.
Since S is polyhedral, we have infyeg {Mz} = U,cg {Ma} = M -S. Let K := 07 (M - S).
If there exists some x € R"™ such that Az > b, then, for all ¢ € ri K if K is not a linear
subspace of RP and for all ¢ € RP \ K if K is a linear subspace of RP it is true that (we omit
the orientation)

M-S= () ((M —c- (AT w)T) R+ {c- (uh)T b} + AZ(u*|RT)). (4.11)

u*€eR™

Remark 4.3.1 In Theorem 4.1.2 (Fenchel duality theorem) we suppose the constraint quali-
fication (4.1). In the second proof of this theorem we use this condition in order to obtain the
corresponding condition for the scalar problems (4.2). If all these problems are polyhedral,
(4.1) can be replaced by dom g N Adom f # 0, compare e.g. [10, Corollary 5.1.9]. Hence, in
(4.9) and (4.11) the constraint qualification reduces to S # ().



Chapter 5

Relationship to vector optimization

In this chapter, we discuss the relationship between the duality theory developed in the
previous chapter and duality theory in vector optimization and set optimization with point
relations. Duality assertions for vector optimization problems have been investigated by many
authors such as Gale, Kuhn and Tucker [24], van Slyke and Wets [72], Breckner [12], Zowe
[86], Brumelle [14], Gerstewitz (Tammer) [25], Jahn [39], [40], [41], Sawaragi, Nakayama and
Tanino [71], Gopfert and Gerth (Tammer) [28], Gopfert and Nehse [30], Tammer [75], Bot,
and Wanka [11] and many others. References with respect to the extention to set—valued
objective maps are already enumerated in the introduction.

Duality for vector optimization problems (and the extension to set optimization problems with
point relations) have been developed in a very general setting, so the image space is often
a general linear topological space. In contrast to this, up to now, our duality results have
been developed for finite dimensional ”image spaces” only (more precisely, the image space
is based on a finite dimensional space). So our comparison is made in a finite dimensional

context.

This chapter is organized as follows. We start with recalling some notions such as that of
a supremal and an infimal set and we collect some related auxiliary assertion. The second
section is devoted to a comparison of duality assertions of both types of set optimization
problems, i.e., a comparison between point relation approach and set relation approach. In the
last section, we continue the discussion about the structure of vector optimization problems,
started in the introduction. We use the duality results of the previous chapter in order to
give an alternative representation of a vector optimization problem.

5.1 Basic concepts

In this section, we recall some basic concepts of vector optimization and prove some auxiliary
assertions that will be used in the following two sections. Throughout this section, let C' C RP
be a closed convex pointed cone with nonempty interior. The cone C' has the meaning of the

7
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ordering cone in the following sense:
Y1 <y y—y €C and y1 < Y2 = y2 —y1 € intC.

The duality assertions considered in Section 5.2 below are mainly based on the concepts of
supremal and infimal sets, which seem to be due to Nieuwenhuis [63] and was extended by
Tanino [77]. The notion of an infimal point is closely related to the concept of a weakly
minimal point (or weakly efficient point), for instance, see [63],[40],[77],[57]. Given a set
A CRP, a point y € RP is said to be a weakly minimal point of A if

yeA and {y} —intC)NA=0.

The set of all weakly minimal points of A is denoted by wMin[A, C] or simply by wMin A. A
point y € RP is said to be an infimal point of A if

y¢€A+intC and {y} +intC C A+ intC.

The set of all infimal points of A is denoted by Inf[A, C] or by Inf A. Likewise, by replacing
C by —C, we define weakly maximal points and supremal points of A as well as the sets
wMax[A4, C] and Sup[A4, C].

In contrast to [77], we avoid the extension of the space R? by two imaginary elements 400
and —oo, because this makes the proofs a little bit easier. As a consequence, it may happen
that the infimal set is empty. In particular, we have Inf[(), C] = 0 (instead of Inf[(}, C] = +o00)
and Inf[A, C] = 0 (instead of Inf[A,C] = —o0) if A+ C = RP. Otherwise, the infimal set is
nonempty, see [63, Theorem I-18].

We next summarize some properties of supremal and infimal sets.
Proposition 5.1.1 ([63],[77]) Let A C RP. Then it holds
(i) Inf[A,C] = Inf[cl A4, C],
(ii) Inf A = wMincl (A + int C),
(iii) fA+C#Y, then A+intC =Inf A+int C.

Proof. (i) See [63, Theorem I-15] or apply Proposition A.8.
(ii) See [77, Proposition 4.3] or apply Proposition A.8.
(iii) See [77, Proposition 4.4]. O

Similar to the relation <, discussed in the introduction, we define a relation in P(RP) by
A=cB & BCcl(A+O).

Of course, this relation is reflexive and transitive, but not antisymmetric. In the following
two corollaries we present some simple properties concerning infimal sets.
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Corollary 5.1.2 Let A C B C RP such that B+ C # RP. Then, Inf B 5¢ Inf A.

Proof. Let y € Inf A. By Proposition 5.1.1 (iii) we conclude that {y} +intC C A+int C C
B +intC = Inf B+ int C. Letting ¢ € int C, for all A > 0 we have y + Ac € Inf B + int C,
hence y € cl(Inf B +int C) C cl (Inf B + C). O

Corollary 5.1.3 Let A, B C RP. Then,
(InfB <¢c Inf A, Inf A <¢ Inf B) = Inf A = Inf B.

Proof. We can assume that Inf A and Inf B are nonempty, hence A+C # Y and B4+C # Y.
Using Proposition A.8, we obtain Inf A + int C' = Inf B + int C'. Proposition 5.1.1 (iii) yields
A+ intC = B +int C. Hence, the result follows from the definition of the infimal set. O

We close this section with two results on the existence of weakly minimal elements of closed
convex subsets of R?.

Proposition 5.1.4 Let A C RP be a nonempty closed convex set with RP # 0t A D C. Then,
Ve € int C : A =wMin[A,C] + Ry - {c}.

Proof. ”2”. wMin[A,C]+R; - {c} CA+C CA+0tA=A.

"C”. For given y € A, define « := inf{y € R| y +yc € A}. If « = —o0, we conclude that
—c€0TA. Hence, 0 =c—ce€intC+0"A Cint 0" A. This contradicts 0T A # RP. Hence we
have —oo < a < 0. The closedness of A implies that ¢/ := y + ac € A. We next show that v/
even belongs to wMin[A, C]. Assuming the contrary yields some y” € ({¢/} —int C) N A. We
have y” = y' — ¢’ for some ¢’ € int C. Furthermore, there exists some § > 0 such that ¢’ :=
cd —dc € int C. Hence we obtain ¢ := 4"+’ € A+ C C A+ 0T A = A. On the other hand
we have ' =y —dc =y + (a« — §)c € A where (o — §) < a. This contradicts the minimality
of a. Consequently, we obtain y’ € wMin[A4, C] and hence y € wMin[4, C] + Ry - {c}. O

Proposition 5.1.5 Let A C RP be a nonempty closed convex set with 07 A D C. Then, for
ally € RP\ A and all ¢ € int C' there exists some o > 0 such that y + ac € wMin[A, C].

Proof. Let y € RP\ A and ¢ € int C be given. Define the set B := {y} + Ry {¢}. Assume
that AN B = (). Then, the separation theorem [1, Theorem 11.3] implies the existence of
some y* € RP \ {0} such that

—oo < sup (¥, a) < inf (y*,b) < oc. (5.1)
acA beB

By Lemma 1.3.1 (i) we know that y* € (0t A)°. Since 07A D C, we obtain (07A)° C
C° and hence y* € C°\ {0}. Proposition 2.3.2 yields that (y*,¢) < 0. It follows that
infye g (y*,b) = —o0, which contradicts (5.1). Hence, we have AN B # (). Consequently, there
exists some & > 0 such that § 4+ a¢c € A. From Proposition 5.1.4 we deduce that there exists
g € wMin[A, C] and & > 0 such that §+ac¢ = y+ ae. It remains to show that a :=a—a > 0.
Assuming the contrary, we obtain § € wMin[A,C]+C C A+ 0T A = A, a contradiction. [
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5.2 Point relation vs. set relation approach

The aim of this section is to show that a strong duality assertion with respect to set relation
approach follows from a strong duality assertion with respect to point relation approach and
vice versa. This is expressed by the ”equivalence theorem”, which states that, without the
typical constraint qualification, both types of strong duality assertions are equivalent. We
begin with the definition of the dual pair of set optimization problems with point relations.
Of course, as a special case we can consider vector optimization problems instead.

For given set—valued maps F': R” = RP, G : R" = R™, a closed convex pointed cone C' C RP
with nonempty interior and a nonempty closed convex cone Cyy C R™, we define a primal set
optimization problem by (the superscript "PR” stands for ”point relation”)

(PPR) P = Inf[U F(x),C}, S:={zeR"| Gx)N—-Cy # 0}.

€S

For given ¢ € RP, consider the Lagrangian L. : R” x R™ = RP, defined similar to the
Lagrangian L. : R" x R™ — C* in Section 4.2, by

Le(z,u®):=F@)+C+ |J {@,u{c}}.

ueG(x)+Cy

The dual objective function ®. : R™ = RP is defined by

O, (u*) := Inf U Le(z,u*),
TER™

and the dual problem associated to (PTR) is as follows:

(%) De=Sup |J @),

u*eR™

Let us first prove some auxiliary assertions.

Proposition 5.2.1 Let X be an arbitrary set and H : X = RP be a set—valued map. Then
it holds

(i) (U wMin H () —intC> N (ﬂ H(z)) =0,
reX reX
If H has nonempty closed convez values and 0T H(x) D C for all x € X, then it holds

(ii) ( |J wMin H(z) — int 0) U <ﬂ H(m)) =R,

zeX zeX

(iii) Sup U Inf H(x) = wMin ﬂ H(x).
z€X zeX
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Proof. (i) Assume there exists some y € (|, x wWMin H(z) —int C) N ((,cx H(z)). Hence
there is some Z € X such that y € (wMinH(z) — intC') N H(Z). Consequently, there
exists some § € wMin H(Z) such that y € {g} — intC. Since y € wMin H(z) we have
({y} —int C) N H(Z) = 0 and hence y ¢ H(Z), a contradiction.

(ii) Let y € RP\(,cx H(z). Then there exists some Z € X such that y ¢ H(Z). Let c € int C
be given. By Proposition 5.1.5 there exists a > 0 such that y + ac € wMin[H (z), C]. Hence,
Y € Uyex wMin H(z) — int C.

(iii) By Proposition 5.1.1 (ii) we have Inf H(z) = wMincl (H(z) + intC). By virtue of
Proposition A.3 (iii) and A.10 and since C' C 07 H(z) it follows Inf H(z) = wMin H(z). Let
y € Sup U, x Inf H(z) = Sup|J,cx wMin H(x). By the definition of the supremal set this is
equivalent to

y & UwMinH(x)—intC', {y} —intC C UWMinH(CL‘)—thC
rzeX reX

By (i) and (ii), this is equivalent to

ye () H), ({y} —intC) N <ﬂ H(a:)) =0,

zeX rzeX
ie.,yewMin(,cx H(x). O

We next investigate convex problems. We suppose that the objective map F' is C—convex
(see Definition 4.2.1) and, as in Section 4.2, the map G is supposed to be Cy—convex. Of
course, F is C—convex if and only if f(-) := cl (F(-) 4+ C) is convex function f : R® — C* (see
Corollary 3.4.7). Furthermore, if G : R” = R™ is Cy—convex, we deduce that for all u* € R™
the map
gu*(') =cl U (<U*7u> {C})
ueG(-)+Cuy

can be interpreted as a convex function g, : R” — C*. Consequently, we have the following
relationship between the objective function ®. of problem (DY®) and the objective function
¢. of problem (D.), defined in Section 4.2.

Proposition 5.2.2 If F' is C—convexr and G is Cy—convex, we have

Vu* € R™ : O (u*) = Inf ¢ (u™).

Proof. For arbitrary u* € R™ it holds

D (u¥) = Inf U L(z,u*) = Y Infel U L(x,u®)
zeR? rER"?
Pr. A.2 027 A.4 (vii) Inf Cl U (f(x) ® Gur (x))
TeR™

f, g+ convex

= Inf ian L(z,u*) = Infoc(u”). .
TzER™

We now compare strong duality between the problems (PYR) and (DPR) with strong duality
between the problems (P) and (D), defined in Section 4.2.
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Theorem 5.2.3 (Equivalence theorem) Let F' be C—convex and let G be Cy—convex. If
S # 0, then for all c € R? the following strong duality assertions are equivalent:

(1) Inf U:):ES F(JJ) = Sup Uu*eRm q)c(u*)i
(ii) infres f(x) = supy-cpm Pc(u”).

Proof. The C—convexity of F' and the Cy—convexity of G' imply that the set |J, g f(x) is
convex, hence

Inf | J F() pr oLt wMincl (| J F(z) +int C)
TE€S zeS
Pr. A.1 (iii), A:Q (iii), A.4 (vii) wMin cl U f(l') _ wMin inf f(x)
»eS z€eS

Moreover, taking into account that 0 ¢.(u*) 2 C' for all u* € R™, we have

Sup U P (u*) "= Sup U Inf o (u) " "Z' “ wMin sup Ge(u”).

u*€eRm™ u*ER™M u*eR™

We directly conclude that (ii) implies (i). In order to show the opposite inclusion, let (i)
be satisfied. Note that S # () implies that 0T inf,cg f(z) 2 C and by the weak duality
inequality it follows that 07 sup,«cpm ¢c(u*) 2 C. If inf,ecg f(x) # RP, Proposition 5.1.4
yields (¢ € int C)

inf f(r) = wMin inf f(z) + R" - {c} = wMin sup ¢.(u*) +R"-{c} = sup ¢.(u*),
zes zes u*€R™ u*€R™

otherwise (ii) follows from the weak duality inequality of Section 4.2. O

Finally, we prove a duality theorem for the problems (PPR) and (DL'R) by applying the duality
theorem of Section 4.2, which is based on set relation approach.

Theorem 5.2.4 (Duality Theorem) For the problems (PYR) and (DER), for all c € R it
holds weak duality, i.e.,

(D, —intC)N P = 0.

If, additionally, F is C—convex and G is Cy—convezr and the constraint qualification

G(dom F') N —int Cyy # 0 (5.2)

is satisfied, for all c € int C, we have strong duality between (PTR) and (DFR), i.e., P = D.,.
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Proof. Weak duality. It holds

D, —intC = Sup U O (u")—intC C U O (u*) —int C
u*eR™ u*€R™
= U Inf U Lo(z,u*) —int C

u*eR™ xeR™

oSt U wMin cl ( U Le(x,u®) + int C> —intC

u*eRmM rERM
Pr. A.1 (iii), A.2 (iii), A.4 (vii . H .
r (iii) L2 (iii) (vii) U wMin cl U LC(JZ', u*) —intC —- Al-
u*€eR™ TER™

On the other hand, we have

P = Inf|JF()"™ =" wMincl (U F(z) +int C) Co |J(F@)+0).

zeS €S €S

For x € S and arbitrary u* € R™, it is easy to check that F(z) + C C L(x,u*) and hence
F(z) 4+ C C yerm L(z,u*). Using a (very easy to prove) weak duality assertion analogous
to that in Section 4.2, but for F—valued functions, we obtain

PCcl U ﬂ Le(z,u*) Ccl U ﬂ Le(z,u*) C ﬂ cl U L(z,u*) =: Ay

reS u*eR™ TrER™ u*eR™ u*€R™  xeRn
Proposition 5.2.1 (i) yields that A; and Ay are disjoint. Hence (D, —int C) N P = (.

Strong duality. It is easy to verify that the assumptions of Theorem 4.2.6 are satisfied. For
instance, we have K := 0" inf,cs f(x) 2 C. Since ¢ € int C' we deduce that either K = R?
or K C RP is not a linear subspace of RP and ¢ € ri K. Theorem 4.2.6 yields strong duality
between (P) and (D). Hence the result follows from Theorem 5.2.3. O

5.3 On the structure of vector optimization problems

In this section, we discuss the structure of a vector optimization problems and set optimization
problems with point relations. We already started this discussion in the introduction.

Let C' C RP be a closed convex pointed cone and A C RP. Recall that an element y € A is
said to be minimal (or efficient) if y € A and ({y} — C\ {0}) N A = (). The set of all minimal
elements of A is denoted by Min[A, C].

Let F' : R®™ == RP set—valued objective map and let S C R" a set which describes the
constraints. Then we are interested to know the set

Min[ U Fla), C], (5.3)

zesS

We observe that problem (5.3) consists of the following two components:
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(i) A:=,cgF(x) (an optimization problem based on set inclusion),

(ii) Min[A,C] (the determination of the set of minimal points).

Note that the union in (i) can be interpreted as the infimum in the ordered conlinear space

N

(P(RP), D) of all subsets of RP.

We next investigate convex problems. Recall that a set—valued map F' : R™ = RP is said to
be C'—closed (e.g. [57]) if gr (F(-) + C) is closed. It is easy to verify that F' is C—convex (see
Definition 4.2.1) and C—closed if and only if f(-) := cl (F(-) 4+ C) can be interpreted as a lower
semi—continuous convex function f : R” — C* (see Corollary 3.4.7). Moreover, the following
assertion holds true.

Proposition 5.3.1 Let F' be C'—convex and C—closed and let S C R"™ be convex and compact.
Then,
Mi F = Min | inf .
m[ U (:C)jC} 1n[;r€15f(x),0]

zeSs

Proof. We show that the set P :=|J, g F'(z) + C is convex and closed. Indeed, let y; € P,
(1 = 1,2). It follows y; € F(z;) + C for some z; € S, (i = 1,2). Hence Ay; + (1 — N)y2 €
MFE(z1)+C) + (1= N)(F(z2) + C) € F(Az1 + (1 — A)z2) + C C P. To show the closedness,
let {yn},eny © P with y,, — 7 be given. Then there is a sequence {z,},y € S such that
(Zn,yn) € gr (F(-) + C). Since S is compact we can choose a convergent subsequence z,, —
z € S. Since gr (F(-)+C) is closed, we deduce that (z,7) € gr (F(-)+C), i.e.,§ € F(z)+C C
P. Hence we have P = clconv P = clconv |J,.¢(F(z) + C) = clconv (J,cgcl (F(x) + C) =
infycs f(x). As an easy consequence of the definition of minimal elements we always have
Min[A, C] = Min[A + C,C] (for this, C' has to be pointed). It follows that Min[P,C] =
MinlU, ¢ F(2) + C,C) = MinlU, cs F(2),C).

O

As in Section 4.2, let G : R™ = R™ be a set—valued map, Cy C R™ a nonempty closed convex
cone and S := {z € R"| G(x) N —Cy # (0}. Using the strong duality assertion of Theorem
4.2.6 we obtain an equivalent characterization of the problem (5.3). For simplicity we suppose
that C has a nonempty interior.

Corollary 5.3.2 Let F' be C—convex and C—closed, let G be Cy—convez, S compact, ¢ € int C
and G(dom F) N —int Cyy # (0. Then,

Min[ U F(x),C] :Min[ N (bc(u*),C’].
xeS u*eR™
where ¢. : R™ — C* is the dual objective function of problem (P) for f(-) := ¢l (F(:) + C),
defined in Section 4.2.

Proof. By Proposition 5.3.1 we know that Min [|J,cg F(z),C] = Min[inf,eg f(x),C],
where the convexity of S is an easy consequence of the Cy—convexity of G. In order to get
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infyes f(2) = supyscpm ¢c(u*) we apply Theorem 4.2.6. The assumptions of Theorem 4.2.6
are easy to verify, for instance, we have K := 07 inf,cg f(x) 2 C. Since ¢ € int C' we deduce
that either K = RP or K C RP is not a linear subspace of RP and ¢ € ri K. O

We close this work with an illustration how duality of optimization problems based on set
inclusion can be used to sandwich the infimal set of a vector optimization problem. In scalar
optimization we can use approximate primal and dual problems in order to get upper and
lower bounds for the infimum of the original problem. For instance, we can take the infimum
(supremum) over finitely many primal (dual) feasible points in order to obtain such bounds.
Let us proceed analogously. Instead of the problems (P) and (D.), defined in Section 4.2, we
consider the following approximate problems

P:= inf f(x), SCS; D.:= sup ¢c(u*), Sp CR™.
zeS U*EgD

By the weak duality we always have l~?c <D.<PX< P. If 150 + C' # RP, Corollary 5.1.2
yields that
Inf D, <¢c Inf D, <¢ Inf P <¢ Inf P.

Of course, if F' is C—convex we have

Inf P = Inf inf f(x) = Inf<U F(x)+ c) =1Inf | J F(z) =: Inf F(S).
* z€S z€S

Hence the set Inf F'(S) is sandwiched in the following sense:

Inf D, <¢ Inf F(S) <¢ Inf P.

INF D,
By Corollary 5.1.3, strong duality between (P) and (D) implies that

Inf D, = Inf F'(S) = Inf P.
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Appendix

A Some calculus rules of sets

For the convenience of the reader we collect some simple calculus rules for sets. Of course,
these rules are involved in many books (but unfortunately not all in one). Therefore, we
present the most assertions with proof. Furthermore, in case of inclusions, we show that the
opposite inclusion is not true, in general.

Proposition A.1 Let X be a linear space, let A;, A, B C X and let I be an arbitrary index
set. Then,

(i) conv (N;ey Ai € (;erconv A;,

(i) conv ;e Ai 2 U, conv A;,
(iii) U;e;(4i +B) = (Uie] AZ) + B,

() Mies(4i + B) 2 (mie, Ai) B,

(v) conv (A + B) = conv A + conv B.

Proof. The proof of (i) — (iv) is immediate, (v) can be found in [60]. O

In general, (i), (ii) and (iv) does not hold with equality as the following examples show:
(i) A1 ={0,2}, Ay = {1}.

(ii)) Ay ={0,1}, Ay = {2,3}.

() 41 = {0}, 45 = {1}, B = [-1,1].

Proposition A.2 Let X be a topological space, let A;;, A,B C X and let I be an arbitrary
index set. Then,

(i) el MNier Ai C MNier 4,

87
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(iii) cl U;er Ai = cl Ujer el A;,

(iv) cl(AUB) =clAUclB.

Proof. (i) cl (,c; Ai € cl[);c;clA;. Since (o7 cl A; is closed, cl (), clA; = ;e cl A;.
(ii) For all i € I we have cl | J;c; A; 2 cl A;. Hence cl ;e Ai 2 Uercl As

(iii) From (ii).

(iv) Since cl AU cl B is closed, this follows from (iii). O

To see that, in general, (i) and (ii) does not hold with equality consider the following examples:
(1) Ay = (07 1)7 Ay = (172)
(i) I =N, A; = {1/i}.

Proposition A.3 Let X be a linear topological space and let A C X be convex. Then,

(i) cl A is conver,
(ii) int A is conver,

(ili) int A # 0 implies that cl A = cl(int A) and int (cl A) = int A.

Proof. For instance, see [46]. O

Assertion (iii) of the previous proposition, in general, does not hold for nonconvex sets. For
instance, consider A = [0,1] U {2} and A =R\ {0} C R, respectively.

Proposition A.4 Let X be a linear topological space, let A;, A, B C X and let I be an
arbitrary index set. Then,

(i) clconv A D convel A,
(ii) clconv A = clconvecl A,

(iii) cleonv (;c; Ai € (e clconv A;,

)

)

)

(iv) cleconv (J;c; Ai 2 U, clconv A;,
(v) cleonv (J;c; Ai = clconv ;¢ clconv A;,
(vi) cl(A+B) DclA+clB,

(vii) cl(A+ B) =cl(clA+clB),

(viii) clconv (A + B) D clconv A + clconv B,

(ix) clconv (A + B) = cl(clconv A + clconv B).
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Proof. (i) clconv A D cl A. Since clconv A is convex, we have clconv A D conv cl A.

ii) Follows from (i).

iii) Since (V;c; Ai € ;7 clconv A; and [);c; clconv A; is closed and convex.

iv) For all i € I it holds clconv (J;c; A; 2 clconv A;. Hence (iv) is true.

v) From (iv).

(vi) Let € clA+cl B, ie., x =a-+bwith a € clA and b € cl B. Let B be a neighborhood
base of the origin of X, formed by balanced absorbing sets (for instance, see [31]). Then,
for A C X it holds clA = N{A+ V|V € B}. Let V € B be given. By the definition of a
topological linear space there exists W € B such that W + W C V. For such W € B there
exists a € A and b € B such that a—a € W and b—b € W. Hence (a+b) — (a+b) € V. Let
us sum up these facts: For all V' € B there exists y ;== a+b € A+ B such that z —y € V|,
i.e., x € cl(A+ B). Consequently, we have clA+clB C cl(A+ B).

(vii) From (vi).

(
(
(
(

(viii) From (vi) and Proposition A.1 (v).
(ix) From (viii). O

In general, (i), (iii), (iv), (vi) and (viii) do not hold with equality:

(i) A= {QZ € ]R2| To > 1/.%1, xr1 > 0} U {0,0}

(iii) Ay ={0,2} , Ay = {1,3}.

(iv) Ay ={0} , Ay = {1}.

(vi) and (viii). A= {z € R*|z3 > 1/z1, 21 >0}, B={z € R} 2, =0,2; < 0}.

Proposition A.5 Let XY be arbitrary sets, let A; C X, let I be an arbitrary index set and
T:X —Y a function. Then,

(i) T(Uie[ Ai) = Uie] T(A),

(i) T(miel Ai) c ﬂie]T(Ai)-

Proof. (i) T(Uie[ Ai) = U{T(x)] z € Uies Ai} = Uier Upea, T(@) = Uie; T(As).
(i) y € T(Nyes Ai) = Viel: yeT(A) = Nier T(A). O

To see that, in general, (ii) does not hold with equality, let T : R — R, T'(x) = ||z||, A1 = R,
Ay =R_.

Proposition A.6 Let X,Y be linear spaces, let A C X and let T : X — Y be a linear
operator. Then, convT(A) = T'(conv A).

Proof. Follows from the definition of the convex hull (by convex combinations). O

Proposition A.7 Let X,Y be normed spaces, let A C X and let T : X — Y be a linear

continuous operator. Then,
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(i) T(clA) CclT(A),
(ii) T'(clconv A) C clconv T (A),

(iii) clT'(clconv A) = clconvT'(A).

Proof. (i) Let y € T(cl A). Then there is some = € cl A such that y = T'(x). There exists a
sequence {an}, .y € A with a, — 2. Hence T'(a,) — y, i.e., y € clT(A).

(ii) Follows from (i) and Proposition A.6.

(iii) Follows from (ii) and Proposition A.6. O

In order to see that, in general, (i) and (ii) do not hold with equality consider the set A =
{x €ER?| 29 > 1/m1, 11 > O} and the operator T': R? — R, T'(z) = 1.

Proposition A.8 Let X be a linear topological space, A;B C X and int B # 0. Then,
A+int B=clA+ int B.

Proof. Of course, A+int B C cl A+int B. To show the opposite inclusion let y € ¢l A+int B.
We have y —a € int B for some a € cl A. For all neighborhoods N of 0 there exists some a € A
such that —a € {—a}+ N. Since int B is nonempty and open, there exists some neighborhood
N of 0 such that y —a € {y —a} + N Cint B. O

Proposition A.9 Let A,B C RP be nonempty closed convex sets. Then, A C B implies
0tTACO0"B.

Proof. [1, Corollary 8.3.3] yields 0t A=0"(ANB)=0"AN0TB C 0" B. O

The previous assertion is not true for nonclosed sets, in general. For instance, setting A :=
{z € R*| 21 > 0,22 > 0} and B := AU{0,0}, we obtain 0*A =R? and 0" B = B.

Proposition A.10 Let A, B C R? be convexr and let int B # (0. Then it holds

A+int B =int (A + B).

Proof. Of course, A+int B C A+ B. Since A+int B is open, it follows A+int B C int (A+B).
Without loss of generality we can assume A # (). Hence we have int (A + B) # 0. The
definition of the relative interior of a convex set implies int (A+ B) =i (A+ B), int B=r1i B
andri A C A. Finally, from [1, Corollary 6.6.2] it follows int (A+B) =ri (A+B) =ri A+ri B =
riA+int B C A+ int B. O

In the previous assertion the assumptions to A and B cannot be omitted as the following

examples show.

(i) AABCR? A=B, B={0} (int B=10). Then ) = A +int B # int (A + B) = int B.
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(i) A,B C R?, A = conv {(0,1)7,(0,-1)"}, B = B U conv {(1,0)7,(2,0)T} (B is not
convex). The point (0,3/2)T belongs to int (A + B), but it does not belong to A + int B.

(iii) A, B C R?, A =conv {(-1,1)7,(-1,-1)T} Uconv {(1,1)T,(1,-1)T}, B =B (A is not
convex). The point (0,0)7 belongs to int (A + B), but it does not belong to A + int B.

B Partially ordered sets

In this section, we recall some basic ideas with respect to partially ordered sets, which can
be found, for instance, in [6] or [84].

Let (Y, <) be a partially ordered set, i.e., Y is equipped with a reflexive, transitive and
antisymmetric relation.

If V is a subset of Y and the point yy € Y satisfies v < yg for all v € V| then yq is called an
upper bound of V. The subset V' is now said to be bounded abowve.

If yo € Y is an upper bound of V such that yg < y for any other upper bound y € ¥ of V,
then yg is called least upper bound or supremum of V' and is denoted by supV. If V has a
supremum, then it is uniquely defined. This is an easy consequence of the antisymmetry of
the relation <.

The definitions of bounded below and lower bound are analogous. The greatest lower bound or
infimum is defined analogously and is denoted by inf V.

A partially ordered set Y is said to be order complete (or a complete lattice) if every subset
of Y has a supremum and an infimum. If Y is order complete and V = (), then supV = inf Y’
and inf V = supY. The set Y is called Dedekind complete if every nonempty subset of Y
which is bounded above (bounded below) has a supremum (infimum). Note that for Dedekind
completeness an one-sided condition is already sufficient, this means Y is Dedekind complete
if and only if every nonempty subset of Y which is bounded above has a supremum [84,
Theorem 1.4]. An element g € Y is called the largest element of (Y, <) if y <gforally €Y.
The smallest element is defined analogously. If (Y, <) has a largest (smallest) element, then
it is uniquely defined.

Let (Y, <), (Y*,<*) be Dedekind complete partially ordered sets with Y* C Y and such that
< and <* coincide on Y*. We denote the supremum (infimum) of a subset V' C Y with
respect to (Y, <) by supV (inf V') and the supremum (infimum) of a subset V' C Y* with
respect to (Y*, <*) by sup* V' (inf* V).

Proposition B.1 If 0 # V C Y* is bounded above, then supV < sup*V. Under the
additional assumption supV € Y* we even have equality.

Proof. By hypothesis, the set V' C Y* is bounded above (with respect to (Y*,<*)).
Hence V' C Y is bounded above (with respect to (Y, <)). Since V' is nonempty and (Y, <) and
(Y*, <*)) are Dedekind complete, sup V' and sup* V' exist. Of course, sup* V' € Y* is an upper
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bound of V' with respect to (Y, <). By the definition of the supremum we get sup V' < sup* V.
The second assertion follows from the definition. O

C Ordered conlinear spaces

The concept of an ordered conlinear space provides the theoretical background of this work
and seems to be the natural framework for convexity rather than linear spaces. A systematic
study of this concept can be found in Hamel [33]. Similar concepts like semi-linear spaces
and almost linear spaces are also discussed there. Here we just give some definitions.

Definition C.1 ([33]) A set Y equipped with an addition + : Y XY — Y is said to be a
(real) conlinear space (Y, +) if the following axioms are satisfied:

(C1) (Y,+) is a commutative monoid with neutral element 0, i.e.,

(1) Yy, 92,3 €Y 1 y1+ (y2 +y3) = (y1 +y2) + ys,
(i) eY,VyeY :y+0=0+y=uy,
(iii) Vyl,yg eY: Y1 +y2=Yy2+yi.

(C2) There is mapping from Ry XY into Y, assigning o > 0 and y € Y the product ay :=
a-y €Y such that the following conditions are satisfied:

(i) Yy e Y,Va, >0 a-(B-y) = (af) -y,

(i) Vye Y : 1-y=uy,

(iii) Vvye Y : 0-y=46.

(iv) Va > 0,Yy1, 12 € Y : a-(y1 +y2) = (a-y1) + (- y2).
Definition C.2 ([33]) Let (Y,+) be a conlinear space and < a partial ordering on'Y satis-
fying the following conditions:

(01) (y1,92,y €Y, 1 <w2) = wm+y<y+y,
(02) (y, 2 €Y, 1 <wy2, @ >0) = oy < ayp.

Then, (Y,+,<) is called an ordered conlinear space.

Definition C.3 ([33]) Let (Y,+) be a conlinear space. A subset V-CY is said to be convex
if vi,ve € V, X € [0, 1] implies that vy + (1 — Nvg € V.

In [33], a cone in conlinear space Y is defined to be an element y € Y satisfying ay = y for
all a > 0. In contrast to this, we define a cone in Y as a subset of Y, because this definition
is closer related to the usual definition of a cone in linear spaces.
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Definition C.4 Let (Y,+) be a conlinear space. A subset V. C Y is said to be cone if
v € V,a >0 implies that av € V.



94

Appendix



Index of notation

N

RP

Il

R

Ry

a,]

(a,b)

clA

int A

riA

rb A

conv A

lin A (aff A)
Ko

It

0TA

F(F)

¢ (C)

Cx

Ck
C*,C*,C, Ck
C®,C°,CS,C%
Ik

Iy

I

i

5

NE

Noo

inf (INF)

sup (SUP)
lim inf (LIM INF)
lim sup (LIM SUP)

positive integers

p—dimensional Euclidean space

Fuclidean norm in R?

non—negative orthant of R?

equals R}r

closed interval in R

open interval in R

closure of the set A

(topological) interior of the set A

relative interior of the set A

relative boundary of the set A

convex hull of the set A

linear (affine) hull of the set A

polar cone of a nonempty cone K C R?
orthogonal space of a linear subspace L C RP (Lt = L°)
recession cone of a nonempty convex set A C RP
set of (nonempty) closed subsets of R

set of (nonempty) closed convex subsets of RP
set of all A € C with 0TA =K

Cr U {0}

C .C,Cr,Cr, but with supremum oriented members
C,C,Cx,Cr, but with infimum oriented members
set of positively homogeneous real-valued functions defined on ri K°
set of convave members of I'x

set of convex members of 'k

I'}, extended by a largest element +oog

I'Y, extended by a smallest element —oog

set of all neighborhoods of x

set of infinite subsets of N

set of cofinal subsets of N

(alternative concept of) infimum

(alternative concept of) supremum

(alternative concept of) lower limit

(alternative concept of) upper limit
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lim (LIM)
Inf[A, C]
Supl[A4, C]
Min[A, C]
Max[A, C]
wMin[A4, C|
wMax[A, C]
Inf A (Sup A)
Min A (Max A)
wMin A (wMax A)
@

H

==

epi f (hyp f)
grf

dom f

rg f

isc f

osc f

Isc f

usc f

5(:14)

5*(-14)
A(]4)
Az(4)

f )

fe()

Index of notation

(alternative concept of) limit

infimal set of A (with respect to the ordering cone C)
supremal set of A (with respect to the ordering cone C)

set of minimal (= minimal efficient) elements of A

set of maximal (= maximal efficient) elements of A

set of weakly minimal (= minimal weakly efficient) elements of A
set of weakly maximal (= maximal weakly efficient) elements of A
= Inf[A, C] (= SuplA4, C])

= Min[4, C] (= Max[A4, C])

= wMin[4, C] (= wMax[A, C])

closed Minkowski addition

(Minkowski addition with) change of orientation

equals "H-"

epigraph (hypograph) of a function f

graph of a map f

(effective) domain of a map f

range of a map f

inner semi—continuous hull of f

outer semi—continuous hull of f

lower semi—continuous hull of f

upper semi—continuous hull of f

(convex) indicator function of A C RP

support function of A C RP

set—valued indicator function of A C RP

set—valued support function of A C RP with respect to ¢ € RP
the conjugate of a real-valued function f

the conjugate of a C—valued function f
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