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Abstract

The aim of this paper is to develop a conjugate duality theory for convex set—valued
maps. The basic idea is to understand a convex set—valued map as a function with values
in the space of closed convex subsets of RP. The usual inclusion of sets provides a natural
ordering relation in this space. Infimum and supremum with respect to this ordering
relation can be expressed with aid of union and intersection. Our main result is a strong
duality assertion formulated along the lines of classical duality theorems for extended

real-valued convex functions.
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1 Introduction

Set—valued optimization problems have been investigated by many authors, see Jahn [8] and
the references therein. Furthermore, set—valued maps naturally occur in vector optimization.
Tanino [18] gave a nice summary of the theory of conjugate duality in vector optimization
using set—valued maps. In Hamel et al. [6] a set—valued approach is used to solve the problem
of the duality gap in linear vector optimization in the case b = 0.

Optimization with set relations provides a quite different approach to set—valued opti-
mization. The main idea is to understand the set—valued objective map f : X = Y as a
function f : X — 75(Y) into the space 75(Y) of all subsets of Y. This space is provided
with an appropriate ordering relation. Kuroiwa [11] used such ordering relations in order to
formulate corresponding optimization problems. In Jahn [8], these relations are called KN
partial orderings because the basic idea can be already found in Nishnianidze [16]. Jahn [8]
designated the KN partial ordering approach to be promising in set—valued optimization.

In this paper we will investigate convex problems in this context. It turns out that the
KN partial ordering can be replaced by the usual inclusion of sets in order to describe all
the relevant assertions in the paper’s framework. This is due to the fact that the KN partial
orderings are not antisymmetric, in general. In order to obtain antisymmetry it is necessary
to switch to equivalence classes. Choosing appropriate representatives of these equivalence

classes is the same thing as using the usual inclusion of sets instead of the KN partial orderings.



A more detailed discussion can be found in [14]. Infimum and supremum with respect to the
relation ”inclusion of sets” are expressed via union and intersection. We develop a set—valued
conjugate duality theory, based on the relation ”inclusion of sets”, and we proceed completely
analogous to the scalar theory of conjugate duality. This work is organized as follows.

In the next section we investigate the structure of the objective function’s image space,
namely the space of closed convex subsets of RP. We observe that this space is not a linear
space. Moreover, it is not possible to embed this space into a linear space. However, as we will
see in the third section, certain subsets of this space can be embedded. Essentially, a convex
function only attains values in such a subset. This ensures the linearity of the image spaces
which is usually needed in duality theory. Furthermore, it is necessary to observe whether
infimum and supremum are changed while the embedding procedure. We observe that the
infimum is not changed, but the supremum is so. At the first glance, this problem seems
to be asymmetric in this sense. With aid of the concept of oriented sets, due to Rockafellar
[1], the symmetry can be re-established. For the details we also refer to [14]. In Section 4
we develop the duality theory. Weak and strong duality assertions will be proved. The last
section is devoted to some examples.

As for prerequisites, the reader is expected to be familiar with Rockafellar’s ” Convex
Analysis” [1]. Up to a few exceptions, we frequently use the notation therein. The following
notations are not in accordance with Rockafellar’s book. The symbol @ does not mean the
direct sum, because it will get an other meaning. If A is a real m X n matrix, rg A :=
{Az € R™| 2 € R"} denotes the range of A and AT is the transposed matrix. Further we
write R? := {z e R*| Vi € {1,...,n} : 2; > 0}, R” := —R"} and R; :=RL.

The main results of this paper were announced in [13].

2 The structure of the image space

Throughout the paper, Y stands for the Euclidian space RP, where p is a positive integer.
The space of all nonempty closed convex subsets of Y is denoted by F(Y'). For simplicity of
notation, we write F instead of F(Y). In F we introduce an addition & : F x F — F and a
multiplication with nonnegative real numbers - : R, x F — F, defined by

VA BeF: A®B:=cl(A+B)=cl{a+blac Abec B},

VAeF,a>0: aA:=a - A:={aalac A}.

Clearly, both operations are well-defined and for all A,B,C € F and all o, € Ry the

following calculus rules hold true:

(S1) (Ae@B)aC=As (Ba(C) (52) {0} @ A=A,

(S3) A B=B® A, (S4) a(BA) = (af) A

(Sh) 1- A=A, (S6) « (A@B)—aA@aB
(S7) 0- A = {0}, (S8) aAd A= (a+p)A



In Hamel [5], a set (W, @, -) is called a conlinear space if the axioms (S1)—(S7) are satisfied. In
this manner F is conlinear space where, additionally, the second distributive law (S8) holds
true. For further concepts of this type refer [5], [10] and the references therein. It is easy
to see that F is not a linear space, since the axiom of the existence of an inverse element
is violated. Moreover, it is not possible to embed F into a linear space. Indeed, assuming
there is an injective homomorphism j (an embedding) from F into a linear space L. Given a
nonempty closed convex cone K C Y such that K # {0} we have K € F and K = K ® K.
Hence j(K) = j(K) + j(K) # 0. Then there must be an inverse element | € L of j(K), i.e.
JK)+1=0. It follows 0 = j(K) + 1= j(K) + 1 + j(K) = j(K), a contradiction.

Although, F is not a linear space nor can it be embedded into a linear space, its structure
is rich enough to define the concept of convexity and that of a cone. A subset A C F is said
to be convezr if A, B € A implies that A\A + (1 — \)B € A for all A € [0,1]. A subset A C F
is said to be a cone if A € A implies that A € A for all a > 0.

Rockafellar [1, Section 39] introduced the concept of orientation of convex sets in RP.
A convex set A which is identified with its convex indicator function 0(-|A) is said to be
supremum oriented and a convex set A which is identified with the concave function —d( - |A)
is called infimum oriented. This concept will play a crucial role in our theory. Thus we
introduce the following notation: The space F* is defined to be the space of all nonempty
closed convex subset of Y having supremum orientation. By F° we denote the space of all
nonempty closed convex subset of Y having infimum orientation. If not stated otherwise,
the orientation is not changed while manipulating sets. For instance, this means F* and F°
are conlinear spaces, the recession cone of a supremum (infimum) oriented set is supremum
(infimum) oriented, and so on.

Let K C Y be a nonempty closed convex cone. The set Fx C F is defined to be the set
of all elements A € F with 0" A = K. If these sets additionally have an orientation we write
F and Fy,, respectively.

Proposition 2.1 Fx s a convex cone in F.

Proof. Let A,B € Fk. 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 23 € 0t A and 2z € 07 B such that
21+ zo0 = 0, then 21 belongs to the lineality space of A and z5 belongs to the lineality space of
B. Indeed, we have 0T A = 0" B = K and the lineality spaces of A and B are equal, namely
0tAN(—0tA) =0"BN(—-0"B) = KN(—K). Hence the mentioned condition is satisfied. [J

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

The space F is now equipped with one of the reflexive, transitive and antisymmetric
relations O and C. We establish standard relations, in dependence of the orientation of the
members of the space. In fact, let the standard relation be D in the space F* and C in F°.

Both these standard relations should have the meaning of ”less or equal”. This identification



makes it easier to distinguish between convex and concave functions with values in F (which
will be defined below).

We observe the following relation between the conlinear structure and the ordering struc-
ture in (F, D) and (F, C).

VA,B,C,D € F,Va€R,: ADB,C2D = a(A®C)Da(BaD).

In [5], a conlinear space equipped with a partial ordering and satisfying the latter condition
is called a partially ordered conlinear space. This means our spaces F* and F° (with its
standard relations) are partially ordered conlinear spaces.

We now repeat some concepts with respect to partially ordered sets, see for instance [19].
Moreover, we illustrate some crucial facts according to these concepts by simple examples.
If (W,<) is a partially ordered set, V is a subset of W and the point wy € W satisfies
v < wg for all v € V, then wy is called an upper bound of V. The subset V is now said to be
bounded above. The definitions of bounded below and lower bound are analogous. Note that
the boundedness depends on the ”basis set” W. For instance, letting W = R, ordered by the
usual ordering <, the open interval V' = (0,1) is bounded. If we take instead W = (0, 1),
then the same set V' = (0,1) is not bounded. If wy € W is an upper bound of V' such that
wo < w for any other upper bound w € W of V, then wq is called least upper bound or
supremum of V and is denoted by sup V. If V has a supremum then it is uniquely defined.
This is an easy consequence of the antisymmetry of the relation <. The greatest lower bound
or infimum is defined analogously and denoted by inf V. Supremum and infimum of a set
V C W also depend on the ”basis set” W as the following example shows. As above, let
W =R and V = (0,1). Then supV = 1. If we have W = {r e R| r <1V r > 2} instead,
sup V' = 2. In the case where W = {r € R| r < 1V r > 2}, the supremum of V' does not exist.
A partially ordered set W is said to be order complete if every subset of W has supremum
and infimum. If W is order complete and V = (), then supV = inf W and inf V' = sup W.
The set W is called Dedekind complete if every nonempty subset of W which is bounded
above (bounded below) has a supremum (infimum). Note that for Dedekind completeness an
one-sided condition is already sufficient, this means W is Dedekind complete if and only if
every nonempty subset of W which is bounded above has a supremum [19, Theorem 1.4]. An
element w € W is called the largest element of (W, <) if w < w for all w € W. The smallest
element is defined analogously. If (W, <) has a largest (smallest) element, then it is uniquely

defined. The examples given above motivate the following theorem.

Theorem 2.2 Let (W, <) and (W*,<*) be Dedekind complete partially ordered sets with
W* C W and such that < and <* coincide on W*. Denote the supremum (infimum) of a
subset V. C W with respect to (W,<) by supV (inf V') and the supremum (infimum) of a
subset V. C W* with respect to (W*,<*) by sup* V' (inf* V). Then it holds.

(i) 0 #V CW* bounded above = supV <sup*V,



(i) @ #V C W* bounded below = inf*V <infV.

Under the additional assumption supV € W* it even holds equality in (i). The same is true
in (i) if inf Ve W*.

Proof. (i) By hypothesis, the set V' C W* is bounded above (with respect to (W*, <*)).
Hence V' C W is bounded above (with respect to (W, <)). Since V is nonempty and (W, <)
and (W*,<*)) are Dedekind complete, sup V' and sup* V' exist. Of course, sup*V € W*
is an upper bound of V with respect to (W, <). By the definition of the supremum we
get supV < sup* V. (ii) Analogous. The second statement follows immediately from the

definition of supremum and infimum. O

Let us apply the concepts introduced above to the spaces F* and F°.

Proposition 2.3 The spaces F* and F° are Dedekind complete and the infimum and supre-

mum can be expressed as follows:

i)  0+#ACF* bounded above sup A = [\gea 4,

inf A = cleonv (J e 4 4,

"
(i) 0#£ACF
(

i) 0 #ACF°

=
=
= supA =clconv o4 4,
=

(iv) 0 # A C F° bounded below inf A =y A

Proof. (i) Set S := (\4e4A. Let A be an upper bound of A, i.e. A D A for all A € A.
Hence S # ). Of course, S is convex and closed. Thus, S belongs to F*. For all A € A we
have A D S, i.e. S is an upper bound of A. Let S € F* be another upper bound of A, i.e.
for all A € A it holds A O S, then it follows Naca A2 S,ie. §DOS.

(ii) Set I := clconv (Jy ey A. Of course, I € F*. For all A € A we have I DO A, ie. I
is a lower bound of A. Let I € F* be another lower bound of A, i.e. for all A € A it holds
I D A, then it follows I O |J aeq A Since I is closed and convex, we obtain I O I. The same

reasoning applies to (iii) and (iv). O

In many situations, it is convenient to extend a Dedekind complete partially ordered set by
a smallest or largest element in order to obtain an order complete set. In F* there already
exists a smallest element, namely Y € F*. Therefore, we extent the space F* only by a largest
element. Intuitively, we denote this element by (). Then we have A D () for all A € F. This
new element is also provided with an orientation, in this case with supremum orientation.

Addition and multiplication with this new element are defined as:
VAe FU{D}: ApD=0pA=0, Va>0: a-0=0, 0-0={0}.

The resulting order complete conlinear space is denoted by F*. In the same way the space
F? is extended by a smallest (infimum oriented) element () and the resulting order complete

conlinear space is denoted by Fe.



In every order complete partially ordered conlinear space (W, @, -, <) it is evident that
inf(A+ B) > inf A @ inf B and sup(A + B) < sup.A @ sup B, (1)
where A+ B:={A® B| A€ A, B € B}. In general, it does not hold equality in (1).

Example 2.4 Let Y = R? K = R%, B(z,r) := {z €R?| [z —z||<r}, A B C F*,
= {{(0,1)"} + K, {(1,00T"} + K}, B : { (0 oT 1)+ K}. Then, supA @ supB =
(O, )"} + K)n ({(1,007} + K)) + (B((0,0)7,1) + K) = B((1,1)7,1) + K. However,
sup(A+B) = sup{B((0,1)",1)+ K, B((1 0) )+K} = (B((0, )T, 1)+K)N(B((1,0)",1)+

K) K DIB%((l nT, 1) + K. Hence sup(A + B) # sup A @ sup 5.

However, for the infimum in F* and supremum in F°, (1) holds even with equality.
Proposition 2.5 For nonempty sets A, B C F* and C,D C F° it holds
inf(A+ B) =inf A® inf B and sup(C + D) = supC @ supD.

Proof. For nonempty subsets A, B C Y it holds conv A 4+ conv B = conv (A + B), see for
instance [9]. Furthermore, it is easy to check that cl(clA + ¢l B) = ¢l (A + B). Hence, we
conclude cl (clconv A 4 clconv B) = clconv (A + B). This yields

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

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

= cl (Clconv U A + clconv U B> PR 23 inf A @ inf B.
AeA BeB

By (1) (or directly) we deduce equality. The second part is completely the same. O
The following definitions of convex and concave functions are clear having in mind that

both the standard relation D in F* and C in F° have the meaning of "less or equal”. Let X

be a linear space and C' C X convex. A function f: C' — F* is said to be convez if
VAe 0,1, Ve,ue C: fA-z+(1—=X)-u) 2Af(x)d(1—=A) f(u). (2)

However, if a function f : C — F° satisfies (2) it is said to be concave. Analogously, a
function f : C' — F* is concave and a function f:C— F° is convez if the following dual
condition is satisfied:

VAe 0,1, Vz,uec C: fA-z+(1—=X)-u) CAf(x)B(1—-N) f(u). (3)

At the first glance, a convex function f : ¢ — F* does not subsume the important case of
an extended real-valued convex function. In Example 4.3 below, however, we will see that

extended real-valued problems are equivalent to special set—valued problems.



Up to now, all the operations used did not influence the orientation of a set. We want to
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 as

—A={yeY| —ye 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=88A, A = BBA=8HA,
HA = +@BA=-BA4, HA = +BA=_-HA.

Clearly, an expression is independent of the order of the signs. Note that H and H are signs
but not operations. This means, we must be careful with adding elements A € F* with
elements B € F°, up to now such an operation is not defined (later it will be defined for
special cases). Nevertheless, we write AB B := A+ (HB) and AH B := A+ (BB), if these
expressions are defined, i.e. A and B have opposite orientation. If (* is the largest element
in F* and 0° is the smallest element in F°, then let us use the convention B@°® = (*. Thus
we obtain the well-known convexity—concavity dualism also for convex functions with values
in F. A function f : C — F* is convex (concave) if and only if Bf : C — F° is concave
(convex). For a given set A C F* and using the notation BA := {HA| A € A}, it can be
easily shown (Proposition 2.3) that

Hinf A =supBHA and HsupA=infBHA. (4)

A further motivation for the usage of the sign H will be given in the next section.

3 Embedding the space F into a set of linear spaces

Embedding of spaces of convex sets into linear spaces was investigated by Radstrém [17]. For
further details, also compare [2] and the references therein.

The aim of this section is to embed the convex cone Fx C F into a partially ordered linear
space. In dependence of the orientation of the members of Fx we use different embedding
maps. This procedure allows us to re-interprete the inverse element of the embedding map’s
image of a member of Fx as an element of F_ i 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 via its support function.



Lemma 3.1 Let A be a nonempty closed convex subset of RP. Then

A= () {eY| @y <6 lA)}.
y*eri (0+A)°

Proof. As a consequence of [1, Theorem 14.2] we have cldomé*(-|A) = (07 A)°, compare
[7, Theorem 2.2.4], too. Together with [1, Theorem 6.3] this yields

ri (0T A)° =ricldom *(-|A) C dom§*(-|A) C (0T A)°. (5)
By [1, Theorem 13.1] and (5) we obtain

A= N{yeYl < @lA)}= (] {veYl| Wy <5 A}
y*€RP yre(0+ A)°

It remains to show

Vie=() {weY| )< @A)} = (] {veY| 'y <5 ylA)} =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
MY+ (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).

By virtue of (5) we deduce that 6" (y*| A) < +oo. Letting A — 1 we obtain (7*,y) <

0* (g*| A), ie. y € V7. O

With aid of the preceeding lemma we are able to give an equivalent characterization of the
partially ordered conlinear spaces Fj and Fj, (the axioms (S1) — (S8) are satisfied, if we
replace {0} by K, i.e. K is the neutral element). Let I}, be the space of all positively
homogeneous concave functions from ri K° into R and let I'}, 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 with nonnegative real numbers, defined
pointwise using the corresponding operation in R. Moreover, I'} and I'},, equipped with the
ordering relation < defined pointwise using the usual < relation in R, are partially ordered

conlinear spaces.

Theorem 3.2 Let Y = Y* = RP and let K CY be a nonempty closed convex cone. Then

the following assertions hold true:

(i) There exists a bijective map j* : Fj, — I'}e such that for all A, B € F}j, and all positive

real numbers o > 0:

(a) j*(A+ B) = j*(A) +j*(B), (b) j* (@A) = aj*(4),

(¢) 7*(K) = Ory, (d) A2 B < j*(A) <j*(B).



(ii) There exists a bijective map j° : F°p — IS such that for all A,B € F°) and all

positive real numbers o > 0:
(a) j°(A+ B) = j°(4) + j°(B), (b) j°(ad) = aj°(A),

(¢) 5°(=K) = Org, (d) AC B < j°(A) < j°(B).

Proof. (i) Consider the map j* which assigns every A € Fj. the negative support function
of the set A C Y, restricted to the set ri K° C Y*. More precisely v4 = j*(A) is defined
as y4 : 1iK° — R U {£o0}, va(y*) := —=0*(y*| A). Of course, j* is a function. Moreover,
J* is a function from F7 into I'}. Indeed, let A € Fj. Since A is nonempty, we have
0*(y*| A) > —oo for all y* € Y*. With aid of (5) we obtain 6*(y*| A) < 400 for all y* € ri K°.
Hence y4 = j*(A) only attains values in R. Since support functions are sublinear and ri K° is a
convex cone, y4 = j*(A) is positively homogeneous and concave on ri K°. Hence j*(A4) € I').

J* : Fj. — I’} is injective. Indeed, let A, B € Fj such that j*(A4) = j*(B). Note that A
and B are nonempty, closed, convex and 0v A = 0"B = K. Lemma 3.1 yields A = B.

J*  Fj — I') is surjective. Indeed, given an element v € I'},. Define d : Y* — RU{+o0}
as

. —y(y*) if y* eriK°
dy") = {
400 else.
Then d is convex, positively homogeneous, not identically +o0o and d > —oo. With aid of [1,

Corollary 13.2.1.] we conclude cld is the support function of the nonempty closed convex set

A= () {yeYl @y <dy)t= () weYl ¥y <}
y*eri K° y*eri K°
Applying [1, Corollary 8.3.3.], taking into account the considerations in [1, page 62] and
applying Lemma 3.1 it follows

074, = (] 0" {yeY| (' y <dy )= () {yeY| 'y <0}=K
yreri K° yreri K°
By definition, we have j*(A,)(y*) = —cld(y*) for all y* € ri K°. With aid of [1, Theorem
7.4.] we have cld(y*) = d(y*) for all y* € ri K°. Hence j*(A,) = 7.
(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*(BA) and use (i). O

We now extend the space Fj; by a largest (supremum oriented) element () in the same way as
described in Section 2. The resulting space is denoted by .7:'}‘( We also extend the space I'j
by a largest element +o0o, which is defined to be a function from ri K° into R U {+o0} which
is identically +o00. Analogously, we define the spaces Fo x and f‘% using smallest elements ()

(infimum oriented) and —oo, respectively.



Corollary 3.3 Theorem 3.2 remains valid if Fj., F°y, I} and 'S are replaced by .7:";(,
ffK, FK and 'S %, respectively.

Proof. Extend the isomorphisms j* and ;¢ of Theorem 3.2 using the conventions j*(f)) = 400
and j°()) = —oo, respectively. O
The following proposition collects some simple auxiliary assertions.

Proposition 3.4 Let A, B, K C RP be nonempty closed convex sets and let K additionally

be a cone. Then the following statements hold true:
(i) A C B implies 0t A C 0" B.
(i) 0" (A®e B K) = K implies 0t (A® K)=0"(Ba K) =K.
(iii) If A C F* is nonempty and K := 07 (inf A), then 07 (A® K) = K for all A € A.

Proof. (i) Let A C B. [1, Corollary 8.3.3.] yields 07T A=0"(ANB)=0"AN0"B C0"B.
(ii) Let a € A and b € B. Then we have {a} + {0} + K C {a} + B& K C A® B® K. By (i)
it follows K C 07 (B ® K) C K. Hence 07(B @ K) = K and, analogously, 0" (A& K) = K.
(iii) Let a« € A € A. By [1, Theorem 8.1] we have {a} + K C A® K C (inf A) ® K = inf A.
By (i) it follows K C 0t (A& K) C K. O

Corollary 3.5 Let A C F* be nonempty with K := 07 (inf A) and let j* : Ff — T the
isomorphism of Theorem 3.2. Then it holds

P (inf (A@ K)) = inf j" (A K).

I plAS ) = il 7" (4@ K)

Proof. Let A € A be arbitrarily given. With Proposition 3.4 (iii) we obtain 0" (A® K) = K,
ie. Ad K € Fy. With aid of Theorem 3.2 (i)(d) we get

VAe A: 1nf(A€BK) DABGK
= VAecA: ](lnf A@K)g (A@K)
= j(lnf(A@K)<1nf]( K).

On the other hand, Theorem 3.2 yields
VAe A: inf (A K) < j*(A® K)
AcA
= VAcA: (j*)_ljnaj*(A@K)QAEBK
€

")l inf F(A® K) D inf (A® K

= ()7 b (A8 K) 2 inf (A8 K)
inf 7 (A® K) < j*(inf (A® K)).

> plirae ) <y (pf(4e )
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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 'k is a partially ordered
linear space. Theorem 3.2 yields that (F, D) and (F° j, C) are isomorphic to convex cones in
the partially ordered linear space (I'r, <). Let j* : Fj. — I'k be the injective homomorphism
which embeds F} into I'x and let j° : F°, — I'x be the injective homomorphism which
embeds F° ;- into I'x. Then it easily follows that

VA e Fr: j5(A)+j°(BA) =0, VAe Fr: j°(A)+5°(BA) =0. (6)

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

The next Proposition tells us that the supremum and infimum in I'x coincide, respectively,

with the supremum and infimum taken pointwise.
Proposition 3.6 The space (I'x, <) is Dedekind complete. For ) # A C (T'k, <) it holds

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

yeA
bounded bel = Vy*eriK°: (inf *) = inf ).
A bounded below y*eri (;IelAv)(y ) ;IelA(’Y(y )
Proof. The proof is immediate. O

We introduce the following notation: Let A C (I'}, <). Clearly, it follows A C (I'x, <). We
write inf* A and sup* A if A is considered to be subset of (I'};, <) and we write inf .4 and
sup A if A is considered to be subset of (I'x, <). Analogously, we define inf® A and sup® A
for a subset A C (I'}, <) € (I'k, <). Theorem 2.2 yields the following implications:

0 # AC (I'x, <) bounded below = iI:fA <inf A, (7)
0 # AC (I'y, <) bounded below = inf A <inf A, (8)
0 # AC (I, <) bounded above = sup.A < sup.A, (9)
0 # AC (I'%,<) bounded above = sup.A < supA. (10)

The following proposition shows (7) and (10) are even satisfied with equality.

Proposition 3.7 If A C (I'}, <) is nonempty and bounded below and B C (I'}, <) is
nonempty and bounded above, then inf* A = inf A and sup® B = sup B, respectively.

Proof. Taking into account Theorem 2.2 it remains to show that inf A € I'}, and sup B € I'},,
respectively. This is true because the pointwise infimum (supremum) over a set of concave

(convex) functions is concave (convex). O

The following example shows that, in general, (8) is not satisfied with equality.
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Example 3.8 Let Y =R?, K =R, A CT%, A= {y1,7}, where

vyt € imtR? : n(y*) = — ({0, )"}) = -5, @) =— @ {(1,07}) = -y

Then, we have sup A = 7, where 7 : intR2 — R is given by J(y*) = max;—12 {vi(y*)} =
max {—y5, —y:}. However, we have sup* A = 4, where ¥ : int R? — R is given by

S(y7) = =6 <y

(O +R) n ({(1.0)"} + Ri)) == A0} =1 +3).
Thus, sup.A # sup* A.

An analogous example could be given to show that, in general, (9) does not hold with equality.

We close this section with some auxiliary assertions.

Lemma 3.9 Let Y = RP and let K CY 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. Taking into account the definition of the polar cone this means
there exists ¢y € ri K and y* € ri K° such that (y,3*) = 0. It follows

VyeK: (y,7%) =0. (11)

Assuming that (11) is not true, there is some y € K such that (g,y*) < 0. Since g € ri K
there exists some p > 1 such that § := py+(1—p)y € K. Hence (g, y*) > 0 which contradicts
y* e K°.

With aid of (11) we obtain —gy* € K°. Since K° is a convex cone and g* € K°N(—K°) we
have K° = K°+{—y*}. With g* € ri K° we conclude 0 € ri K° + {—¢y*} =i (K°+{-7"}) =
ri K°. This implies lin K° = aff K° = K°, i.e. K° is a linear subspace of RP. From this we
deduce that the bipolar cone K°° is also a linear subspace of RP. The bipolar theorem [1,
Theorem 14.1] yields K = K°°, i.e. K a is linear subspace of RP, a contradiction. (]

Proposition 3.10 Let X = R"™ and let f : X — F* be convex. If xg € ridom f, then
0% f(x) COT f(xo) for all z € dom f.

Proof. Note that dom f is convex. Let x € dom f be arbitrarily given and, by hypothesis,
xo € ridom f. By [1, Theorem 6.4], there exists p > 1 such that z := pxo+ (1 — p)z € dom f.
Set A :=1/p € (0,1). The convexity of f yields f(z9) 2 Af(x)@®(1—\)f(Z). Since & € dom f
we can choose some § € f(Z), hence f(zg) 2 Af(z) + (1 — A){y} := C. By hypothesis,
f(x) C RP is a nonempty closed convex set for each € dom f. Therefore Proposition 3.4 (i)
yields 07C C 0% f(xp). With aid of [1, Theorem 8.1] we conclude that 07C' = 07 f(z), hence
0% f(z) € 0" f(xo). .

12



In this form, the preceeding proposition will be used in the proof of the duality theorem.
Moreover, as an easy consequence (see [12] for analogous assertions) we obtain that x ——
07 f(2) must be constant on ridom f. In view of Theorem 3.2, this means that, with respect
to the set ridom f, the values of a convex function f : X — F* can be embedded into a linear

space.

4 Conjugate Duality

Let X = X*=R", U =U*=R™ Y =RP and let f: X — F* be a function. Recall that
both the standard relation D in F* the standard relation C in F° have the meaning of ”less
or equal”. Therefore we will write < instead of O and C in order to emphasize the analogy
of our statements to the well-known scalar case. So, the interpretation of < depends on the
orientation of the sets being compared.

Let ¢ € Y and let {¢} be infimum oriented. A function f*: X* — F°, defined by

fe(@®) == sup {{z", z) - {c} B f(2)}

zeX

is said to be the conjugate of f with respect to c¢. From (1) we conclude that f is convex
(even if f is not). As an easy consequence of the definition of f* we obtain the Fenchel-Young
inequality

Vee X,z*e€ X", ceY: fi(z*)> (z",x) -{c} B f(x). (12)

For functions f: X — F* and h: X — F* it is evident that
(Ve X: f(z) <h(z)) = (Va"eX*VeeY: fi(z")>hi(z")). (13)

It follows the main result of this paper, a duality theorem for functions with values in the

space of closed convex subsets of Y = RP.

Theorem 4.1 (Duality theorem) For given functions f: X — F*andg: U— F*, a

linear map A: X — U and a vector c€ Y, let
p: X —>F and d.:U"— F*
be defined, respectively, by
p(x) = f(o) ® g(Ar)  and  de(u*) = B(f(ATu") ® g:(—u")).
These functions satisfy the weak duality inequality

D, := sup d.(u*) < inf p(z) =: P. (14)
u*eU* zeX

Furthermore, let f and g be convez, let
0 €ri(domg — A dom f) (15)

and, in dependence of K := 0% P, let the element ¢ € Y be chosen as follows:
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(i) ceriK, if K CY is not a linear subspace of Y or K =Y,
(i) ce Y\ K, if K CY is a linear subspace of Y,
Then, we have strong duality, i.e. D, = P.

Proof. Let x € X, u* € U* and ¢ € Y be arbitrarily given and set u := Az. With aid of

the Fenchel-Young inequality (12) we obtain the weak duality inequality (14) as follows:
de(u*) = B(fI(ATu") @ gi(—u"))

(f(z) B <ATu*,:):> {c}) @ (9(Az) B (—u*, Az) - {c})

= (f(z) ® g(Az)) B (u", Az) - {c} B (u", Az) - {c} = p(x).

The proof of the strong duality assertion is organized as follows. We start with case (i). Then

IN

we show that case (ii) is a consequence of case (i).

(i) In case of K =Y there is nothing to prove because the strong duality immediately
follows from the weak duality assertion. Therefore, let K C Y be not a linear subspace of Y’
and let ¢ € ri K. Proposition 2.5 yields

P=P+0"P=P+ K = inf p(z) + K = inf (p(z) ® K).
rzeX zeX

By Proposition 3.4 we know that f(z) ® K € Fj for all x € dom f. The analogous assertion
for g is more complicated. With the same arguments we can only conclude that g(u)® K € Fj;
for all u € dom gNrg A. With aid of (15) and [1, Theorem 6.6] we obtain the existence of some
up € ridom gNri(Adom f) C ridomg N rg A, this means ug € ridom g and 0% (g(ug) ® K) =
K. Proposition 3.10 yields that 0% (g(u) ® K) C K for all u € domg. Hence g(u) ® K € Fj
for all w € domg. Define the functions f : X — _7:"[*< and g : U — .7:"[*( by f:= f @ K and
g := g &® K, respectively. By Corollary 3.5 and Corollary 3.3 we obtain

7*(P) = j*( inf (p(z) © K)) = inf j*(p(z) & K) = inf {j*o f(z) +j" o g(Az)}.

Corollary 3.3 yields that (%o f) : X — f‘} and (j*og):U — f}( are convex. In Proposition
3.7 it is shown that the infimum of a bounded subset of F7, does not change while embedding
7 into the linear space I'k.. As shown in Proposition 3.6 the infimum of a subset of ' can

be calculated pointwise for all y* € ri K°. Hence, we can write
WK (P = i { (T (1) + (3 (A2) ) (16)

where the extended real-valued functions fy« : X — RU {400} , fy=(z) = j*(f(2))(y*)
and gy : U — RU {+o00} ,gy-(u) := j*(g(u))(y*) are convex for all y* € ri K°. Clearly,
for all y* € ri K° it holds dom f = dom f,« and dom g = dom gy+. Hence, (15) implies that
0 € ri(dom gy — A dom fy+) for all y* € ri K°. A scalar duality theorem, for instance [3,
Theorem 3.3.5], now yields that

Yy eriK®: §*(P)(y*) = Sup_ {~fr-(ATu*) — g (—u™)} . (17)
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By hypothesis, we have given ¢ € ri K, where the set {c} is understood to be infimum oriented.
Hence B {c} + K € Fj;. Let y* € ri K°. Since K is not a linear space, Lemma 3.9 yields that
(y*,c) < 0. Hence there exists ay+ > 0 such that (a,~y*,c) = —1. By the definition of j*
the proof of Theorem 3.2 this can be rewritten as

VteR: j5(B{t-c} + K)(ayy") = — {apey*,t-c) — su};; (ay=y™,yy =t (18)
ye

For all y* € ri K° and o := ay» > 0 we have

aj (P)(y) PeL e 7" (P)(ay”) v USEB{ oy (ATu*) — Toy (")}
Det. Conjugate ufgg* {;g)f( {- <ATu*, ) + foy-(z)} + Jlellf] {(u*, u) + Gy (u)}}
Dy Lt (7B (- (AT ) )+ )
+ inf {7 (B {(u",u) -} + K) (ay") + 5" (u )(ay*)}}
e L (g (BT ) () + 7)) oy
+j*<525{5 —u*,u) {c} + g(u }>( }
@ s {5t (Bew (4t a) (8 7)) )
(ay

)

+ 5 <Esup{ —utu) te} Bglu }>
uelU
Cor. 3.3, g- 3.6, (9 ( sup {El sup{<ATU* a:> {c} B f(x)}
u*eU*

® Bsup{(—u*,u){c} Bg(u })

uelU

Def Comueate ik < sup {Bf; (A7) & Eﬁj(—uﬂ}) (™)

u*eU*

"L ag( s (BRAT) e S50} ) 0

u*eU*

Since y* € ri K° was arbitrarily chosen and « > 0 in the last quantity, Theorem 3.2 implies
P < sup {Bf(ATu*) ®Bg;(—u*)}.

u*eU*
Note that K is a nonempty closed convex cone, hence 0 € K. In case of supremum orientation,
this means K < {0}. It follows that f(x) < f(x) for all x € X and g(u) < g(u) for all u € U.
By (13), we deduce that f(z*) > f*(z*) for all * € X* and ¢ € Y and g} (u*) > g} (u*) for
all u* € U* and ¢ € Y. Hence, for all u* € U* we have

Bfe (ATu") @ By (—u*) < Bf(ATw") @ Bgz(—u").
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Taking the supremum over all ©* € U* we obtain

P < sup {Bf(ATw) @ Bgi(—u)} < sup {B):(ATu") @ Bgl(—u)} = D.
u*eU* u*eU*
Together with the weak duality inequality this yields P = D..

(ii) Let K C Y be a linear subspace of Y and let ¢ € Y\ K. Consider the supremum
oriented set B := B {c} R,. We define a new objective function as p : X — F*, p(x) := p(x)+
B = f(z)®(g(Ax)+ B). By Proposition 2.5, we have P:=inf,cx p(z) = (infmeX p(x)) +B =
P 4 B. With aid of [1, Corollary 9.1.2] we conclude that K := 0tP =0tP + B = K + B.
Clearly, K is not a linear space and ¢ € ri K. It is an easy task to show that g : U — F,
g := g + B is convex and (15) remains true for this new problem. Hence, by part (i) of this
theorem, we have strong duality for this new problem. Let us calculate the conjugate function
gy U* — F° for the function §. By the definition of the conjugate and by Proposition 2.5 it

follows

ge(u®) = 225{<u,u*>{0}5(9(w+3)}

= 21618{(<u,u*) {c}Bg(v)) BB} = g;(v*) ® BB.

Hence, the dual objective function d : U* — F* for the problem infgcx p(zx) is given by

do(u*) = Bf (ATu*) @ By} (—u*) @ B.
With aid of (1) and since 0 € B we deduce

d.:= sup Jc(u*) < sup d.(u*)®B=D.® B < D,.
u*eU* u*eU*
The strong duality assertion for the problem inf,cx p(x) yields P+ B = P < D.. Analogously
(replace B by —B) it follows P — B < D,.. Hence, we obtain (P 4+ B)N (P — B) < D..
We next show that P < (P 4+ B) N (P — B). By the definition of the space F, P is a
convex subset of Y. Let y € (P+ B) N (P — B) be given. This means y = p; +ric = pa — rac
for some elements pi1,ps € P and real number 71,79 > 0. If r; + ro = 0 there is nothing to

prove. For r; 4+ 79 > 0 it follows

T9 1 T9 9 1

py € P.

+ = +ric) + —Toc) = +
7”1+7“2y 7’1+T2y 7’1+T2(p1 1) 7‘1+7’2(p2 2) 7‘1+7’2p1 T+ 12

Hence, P O (P + B)N (P — B), this means P < (P + B)N (P — B).
Together we have shown that P < D.. Taking into account the weak duality assertion it

follows P = D, and the theorem is also proven for the case (ii). 0

We next express the preceeding theorem by conventional notations. Although the analogy to
the scalar theory is more difficult to see, this form is more convenient for applications. Let
f:R™ = RP be a set—valued map. As usual, the set gr f = {(z,y) € R" x RP| y € f(x)} is
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called the graph of f. We say f has closed (convex) values if f(x) C RP is closed (convex) for
all x € 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 convex function f : R™ — F*.

Corollary 4.2 For given set—valued maps f : R®™ = RP and g : R™ = RP, a linear map

A: R" — R™ and a vector ¢ € RP, we have
U {f@ +gax)} c {U {f) = (A" 2) {c}} + | {9() + (u*,w) {c}}}.
zeR” u*€R™ *zeRn" ueR™

If, furthermore, f and g have convex graphs and closed values and satisfy the condition 0 €
ri (dom g— A dom f) and, in dependence of K := 0% (cl U, (f(z)+9(Ax)), the vector c € RP

is chosen as in Theorem 4.1, we have strong duality, i.e.

cl U {f(z)+g(Ax)} = ﬂ cl{ U {f(z)—(ATu* 2) {c}} + U {g(u)+ (u ,u>{c}}}

rER”™ u*eR™ TzER™ u€R™

Proof. For all u* € R™, we have

U (@) +9(4x)y = |J {f@@) = (ATu"2) {c} + g(Ax) + (u*, Az) {c}}

reR™ zeR”
< U {f@ - @2y {ctt+ | {o) + (' u){c}}.
reR™ u€eR™

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” — F* and g : R™ — F*. The expression inf,cx {f(z) ® g(Ax)}
in Theorem 4.1 has the meaning of clconv | J,cy cl {f(z) + g(Az)}. We next show that this

expression can be simplified in the present case, namely
inf {7(x) @ g(An)} =l | /(@) + g(An)} (19)
* reX
The set P := |J,cxcl {f(z) + g(Ax)} is convex. Indeed, let y1,y2 € P. Hence there exist
x; € X (i =1,2) such that y; € cl (f x;) + g(Ax;) ) For all A € [0, 1] it follows
A+ (1= Ny € Ael(f(z1) + g(Azy))
= cd(A\f(z1) + (1 =Nf
C cd(f(Aar+(1- Nz

+( cl (f(z2) + g(As))
(xz)Hg(Axl) (1—N)g(Ax))
2) + 9(A(Az1 + (1 = N)z2))) C P.

We show that cl ¢y clp(z) = cl U,cx p(x), where p(x) = f(z) + g(Az). Clearly, we have
cl Uexclp(z) 2 c Uyex p(x). Let § € U ex clp(x). Then there exists some z € X and a
sequence y; — ¢ such that y; € p(Z) C |J,cx p(z). Hence § € cl U, cx p(x). This means we
have (J,cx clp(z) C cl U,cx p(z) and taking the closure on both sides the desired assertion
follows. Together we obtain (19).
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By analogous arguments the right—hand side of the strong duality equality equals the
expression sup,«cp+ BfF (ATu*) ® Bgf(—u*) in Theorem 4.1. Hence, this equality holds true.
O

In the next example we show that the duality theorem for extended real-valued convex func-
tions (which was used in the proof) follows from the set—valued duality theorem by a simple

reformulation of the problem.

Example 4.3 Let f : R" — RU {400} and g : R — R U {400} be convex functions
satisfying the condition 0 € ri(domg — A dom f). A given extended real-valued problem
P = infyepn (f(2) + g(Az)) can be rewritten as P = inf |, cgn ({f(2)} + {9(Az)} + Ry).
Consider the inner (set—valued) problem. It is easy to see that (15) is satisfied for this problem.
If P is finite, we have K = RT. Hence the choice ¢ = 1 is possible in order to obtain strong
duality by Corollary 4.2. With some simple calculations (using Corollary 4.2) we obtain
P = inf Uy epo ({F(@)} + {g(A0)} + By) = inf (e ({—F (AT} — {g"(—u")} + Ry),
where f* and ¢g* are the classical conjugate functions of f and g. It is an easy task to show
that inf (. cgm ({—f*(ATu*)} — {g"(—u*)} + Ry) = supy-cpm (—f*(ATu*) — g*(—u*)). The
latter expression is exactly the classical dual problem for the extended real-valued problem.

Optimization problems with set relations naturally occur in vector optimization (see for in-
stance [15], [4]) and in set-valued optimization in the sense of [8]. Let p: X — Y U {400}
orp: X =Y, and let C CY be a closed convex and pointed (C N —C = {0}) cone. Usually
one asks for the set Eff [P;C] of efficient points of the set P := (J, .y p(z) with respect to
C. Using the set—valued duality assertions of Corollary 4.2, this problem can be equivalently

Eff [ U p(m);C:| :Eff[ N dc(u*);C].

zeX u*eU*

expressed as

In this manner it is also interesting to investigate the relation to duality assertions in vector

optimization, for instance those of Tanino [18]. For this, we refer to forthcoming papers.

5 Some special cases

We consider the problem of minimizing a convex function f : X — F* with respect to a

nonempty closed convex set D C X. This problem can be formulated as follows.

xig)ff(f (z) + g(Ax)),

where A : X — X is the identity map, and g : X — F* is the ”set—valued indicator function”,

defined as
0 if rzeD
g(x) = {0y
0 else.

18



The conjugate function g7 : X* — F° of g can be understood as ”set—valued support function”

of the set D. It is given by

gi(a®) = | {(@",2) {c}} = [-6"(2",—D), 5" (z*, D)] - {c} .
zeD
As a special case for the function f, let us consider f(z) = {C' - x} where C is a real p x n

matrix. An easy computation shows that

i@ = e @) =) a) = (e )T - 0) R
zeX
In the special case of X =Y = R" and C := [ being the n x n unit matrix, Corollary 4.2
yields the following dual description of a nonempty closed convex set D C R™. If 07D is not
a linear subspace of R", for all ¢ € ri (0T D) it holds

D= () (- @) 0B+ [-6",~D)(", D) - ). (20)
*ER™
Moreover, if 0% D is a linear subspace of R™, (20) is valid for all ¢ € R™\ 0T D. Note that in
(20) the constraint qualification (15) is superfluous, see Remark 5.1 below.
We next turn to the case of linear inequality constraints. Let A be an m X n matrix and

b € R™ a given vector. We write u < v if v —u € R, Consider the problem
inf {Cz}, D={reX|Ax>b}. (21)
zeD

Recall that inf,cp {Cx} has the meaning of clconv J,cp{C2} =J,cp{Cx} =:C-D. We

introduce g : U — F* as
0 if u>b
9(u) = { 0}

0 else.

Thus, (21) can be rewritten as inf,cx ( flx) + g(Ax)). Some simple calculations yield

gw) = Ul w{e) = ' utd){c}}

u>b u>0

= {c- @) b} + J{w u){c}} = {c- ()" b} + h(u),

u>0
where
{c} - R_ if u* € R™\ {0}
{c} Ry if u* € R\ {0}
{0} it wr=0
{c} R else.

hw*) = J {(u" u) {c}} =

u>0

Note that h(u*) = —h(—u*), hence, the dual objective function is given by
de(u*) = (C —c- (A* - ")) - R* + {c- (u*)T - b} + h(u*).
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By Theorem 4.1 we obtain the following strong duality assertion. Let K := 07 (C - D). If
there exists some x € X such that Az > ¢, then, respectively, for all ¢ € ri K if K is not a

linear space and for all ¢ € Y\ K if K is a linear subspace of Y it is true that

c-D= () ((c —c- (AT )T R* + {c- (u*)T - b} + h(u*)>. (22)

r*eX*
Remark 5.1 In Theorem 4.1 (duality theorem) we suppose the constraint qualification (15).
In the proof of this theorem we use this condition two times. First, it is used to show that
07 (g(u) ® K) C K for all u € domg. In all the examples of this section this is given directly.
Secondly, we use (15) in order to obtain the corresponding condition for the scalar problems
(16). If all these problems are polyhedral, (15) can be replaced by domg N Adom f # 0,

compare e.g. [3, Corollary 5.1.9]. Hence, in (20) and (22) the constraint qualification reduces
to D # (.
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