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ON DERIVATIVES OF SET-VALUED MAPS AND OPTIMALITY
CONDITIONS FOR SET OPTIMIZATION

DAISHI KUROIWA

ABSTRACT. We consider a set-valued optimization problem, which is an opti-
mization problem with a set-valued objective map. We know that there are two
types of criteria for solutions of the problem, one is the criterion of vector op-
timization and the other is the criterion of set optimization. In this paper, we
consider a set optimization problem and investigate first order optimality con-
ditions by using directional derivatives based on an embedding idea. Also we
observe optimality conditions when the object set-valued map satisfies certain
convexity assumptions.

1. INTRODUCTION

Throughout the paper, let E be a locally convex topological vector space over
R, let K be a closed convex cone in F, and assume K is solid and pointed, that is,
intK # () and K N (—K) = {0} where 6 is the null vector of E. We define an order
relation < on F by

zyeklk, <y if y—ze K.

For a given set-valued map F from a set X to E, we consider the following

set-valued optimization problem:

(P) Minimize F(x) subject to z € X.
There are two types different criteria of solutions for the problem (P), one is the
criterion of vector optimization (VP), and the other is the criterion of set optimiza-
tion (SP). The criterion of (VP) is based on comparisons of all elements of all values
of F', with respect to <, and an element zg € X is said to be an efficient solution
of (VP) if there exists yo € F(xg) such that (yo — K) N U,ex F(x) = {yo}, or
equivalently,

veX, yeF(z), y<y = yo <y

The problem (VP) has been researched and developed by many authors, for exam-
ple, see [2].

On the other hand, the criterion of (SP) is based on comparisons of all values
of I’ with respect to a binary relation < on 2F , which is called a set relation. For
example, the following are set relations: for given nonempty subsets A, B of F,
A < B means,

(1) Ve e A,Vy € B, z < y;
(2) 3z € A such that Vy € B, z < y;
(3) Yy € B, 3z € A such that z < y;
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(4) Jy € B such that Vz € A, z < y;
(5) Vo € A, Jy € B such that x < y;
(6) dx € A, Jy € B such that x < y.

An element zp € X is said to be a solution of set optimization (SP) with respect to
set relation < if

xe€ X, F(z) X F(xg) = F(x9) <X F(x).

The problem (SP) is introduced by the author, and has been developed now, see
[3, 4]. Though there are various types of set relations on 2¥, we define the following
set relation §le for A, B € 2F,

A<t B if cl(A+K) D B, cf (3)
and we observe the following notions of solutions in this paper.

Definition 1.1. An element zp € X is said to be a minimal solution of (SP) with
respect to SZK if

reX, F(x) <k F(zg) = F(xo) <k F(2).

The aim of the paper is to define directional derivatives of set-valued maps, and
to consider first order optimality conditions for the set-valued optimization prob-
lem (SP). At first, we introduce an embedding space into which our minimization
problem (SP) is embedded in Section 2; results of the section are studied in [5], and
based on the embedding idea, we define directional derivatives of set-valued maps in
Section 3. We give results about necessary and sufficient optimality conditions by
using the directional derivatives in Section 4, and finally we observe optimality con-
ditions under convexity or pseudoconvexity assumptions of the set-valued objective
map in Section 5.

2. INTRODUCTION AND PRELIMINARIES: AN EMBEDDING IDEA

In this section, we introduce an ordered vector space V in which a certain subfam-
ily G of 2F is embedded; all results of this section are studied in [5]. By using these
results, we define directional derivatives of set-valued maps in the next section.

A subset A of FE is said to be K-convex if A + K is convex, and A is said to be
K*-bounded if (y*, A) is bounded from below for any y* € KT, where K™ be the
positive polar cone of K, that is

K*={y" € E*| (y*,k) > 0,Vk € K}.

Let G be the family of all nonempty K-convex and K -bounded subsets of . Then
the following lemmas hold:

Lemma 2.1. For any A, B€ G,
cl(A+ K) D B if and only if inf (y*, A) < inf (y*, B) for all y* € K.

Lemma 2.2 (cancellation law). For any A, B, C € G,
A+ C+K)=cl(B+C+ K) if and only if (A + K) = cl(B + K).
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Define a binary relation = on G2: for each (4, B), (C, D) € G2,
(A,B)=(C,D) if cl(A+D+K)=cl(B+C+K).

We can check = is an equivalence relation on G2 by using the cancellation low.
Denote the quotient space G%/= by V), that is

V={[A,B]| (4,B) € ¢},
where [A,B] = {(C,D) € G*> | (A,B) = (C,D)}, and define addition and scalar
multiplication on V as follows:
(A, B] +[C, D] = [A+C, B + DJ,
. [ DA,AB] it A >0
A-[4, B] —{ (=\)B, (=NA] if A <0,

then (V,+, - ) is a vector space over R. Define
u(k) = {14, BleV B <k 4},

then it is a pointed convex cone in V, and order relation =<, x) on V is defined as
follows:

Note that set optimization problem (SP) can be regarded as a vector optimization

problem by an embedding idea. Assume that F is a map from X to G. Then zg € E
is a minimal solution of (SP) with respect to <k if and only if

o F(X) N (pol'(xo) — u(K)) = {poF(z0)},

where ¢ is a function from G to V defined by ¢(A) = [A,{#}] for all A € G.
Finally, we introduce a norm |- | in a subspace of V. Let W be a base of KT,
that is R.W = K, and 0" ¢ W. From Lemma 2.1,

|[Aa B” = Sup |1I1f <y*7 A> — inf <y*7 B>|
y*eW
is well-defined for any [A, B] € V, and it is a norm in
V(W) ={[A, B] € V| |[A, B]| < oo}
Also p(K) is closed in the normed space (V(W), |- |).

3. DIRECTIONAL DERIVATIVES OF SET-VALUED MAPS FOR SET OPTIMIZATION

Based on results in previous section, we define directional derivatives of set-valued
maps for set optimization. In the rest of the paper, additionally assume that X is a
convex set of a normed space (Z, | - ||) over R, F' is a map from X to G, and W is a
w*-closed convex base of K satisfying V = V(W), that is, |[A, B]| < co whenever
[A,B] € V.

Now we define directional derivatives CF(x,d) and DF(x,d), and give examples
of these derivatives:
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Definition 3.1. Let x € X and d € Z. Then

CF(z,d) = {[A, BleV |3} 10 st. /\1k[F(J: + Med), ()] — [A,B]}

is said to be V-directional derivative clusters of F' at x in the direction d. If CF(z,d)
is a singleton, then the element is written by DF(z,d) and called V-directional
derivative of F' at x in the direction d, and F' is said to be V-directional differentiable
at z in the direction d.

Example 3.2. Let ' : R — 2%% he a set-valued map defined by
F(x) = co{(lz], —|z| + 1), (=|2| + 1, [z])}, VzeR,

and let K = R% = {(z1,22) | 1,22 > 0}. Then F is V-directional differentiable at
all points in all directions. When xy = 0,

DF(zo,d) =[{(0,0)}, |d| co{(1,—-1),(-1,1)}], VdeR,
when 0 < zg < %,

e ={ il 5 i o) wazo

and when xg = %,

DF(zg,d) = [|d|co{(1,-1),(=1,1)},{(0,0)}], VdeR.
Note that the left part of DF(x,d) shows the rate of increase of value of F' at xg

in the direction d, and the right part shows the rate of decrease.

Example 3.3. A set-valued map F : X — 2F defined by

i€l
where ¢ is a function from X to E which is directional differentiable at x¢g € X in
the direction d € Z, I is a nonempty finite set, and for each i € I, r; is a function

from X to (0,00) which is directional differentiable at = in the direction d, and
A; € G. Then F is V-directional differentiable at xg in the direction d, and

DF(z9,d) = [g'(z0,d), {6} + Y ri(wo, d)[A;, {6}]

icl

= |4¢'(zo,d) + Z ri(xo,d)A;, — Z ri(xo,d)A;

iel (d) iel_(d)
where I, (d) = {i € I | ri(zo,d) > 0} and I_(d) = {i € I | ri(zo,d) < 0}.

4. OPTIMALITY CONDITIONS OF A SET OPTIMIZATION PROBLEM

The purpose of this section is to observe optimality conditions for minimal and
weak minimal solutions of (SP) by using the directional derivatives defined in the
previous section. At first, we define a binary relation on G: for A, B € G,

A <% B if 3V C E: aneighborhood of § st. A+ K DB+ V.

Then we have the following lemma:
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Lemma 4.1. For any A, B € G, [A, B] € Intu(K) implies B <% A, where Intu(K)
is the set of all interior points with respect to (V,|-|). The converse implication
holds when topological vector space E is normable.

Proof. 1f [A, B] € Intu(K), then there exists € > 0 such that [A, B] + eld C pu(K),
where

U=A{lC,DleV||C,D] <1}.
Since int K # ), we can find p € K and a convex neighborhood V of 6 in E such that
p+V C K. Let V) = WV, then we obtain B+ K D A+ V} since [Vp, {0}] € eU.
Hence we have B <ZK A.

Conversely, if B <lK A, then there exists a neighborhood of V of 8 such that
B+K D A+V. Since W is a w*-closed convex base of KT, then M := infy-cw ||y*||
is positive by using separation theorem. Choose a positive number ¢ satisfying
37U C V, where U is the unit ball of E, then B+ K > A+ 55U. Now we can verify
that [A, B] + e C p(K). Indeed, for all [C, D] € el, by using Lemma 2.1,

inf (y*, B+ D) = inf(y*, B) +inf (y*, D)
inf (y*, A) + inf (y*, SU) +inf (y*,C) + ¢
= inf <y*7A + C>>
for any y* € W. Since W is a base of K+, by using Lemma 2.1 again, we have
cd(B+D+K)DA+C,

and consequently, [A, B] + eld C p(K). This completes the proof. O

IN

Definition 4.2. An element oy € X is said to be a weak minimal solution of (SP)
if
Ar € X s.t. F(z) <4 F(xo).
Moreover, we define local solutions of (SP).

Definition 4.3. An element xy € X is said to be, a local minimal solution of (SP)
if there exists N a neighborhood of zy such that

re NNX, F(x) SlKF(xo) = F(x) SZKF(x),

and a local weak minimal solution of (SP) if there exists N a neighborhood of
such that
Ar e NN X s.t. F(z) <k F(zo).

Now we have a result of a necessary condition of local weak optimality of (SP).
Theorem 4.4. If xo be a local weak minimal solution of (SP), then we have
CF(zg,x — z0) N (—Int u(K)) =0, Vi € X.

Moreover, if F' satisfying the following condition: for any x € Z and any open set
V' of E satisfying F(x) + K DV, there exists a neighborhood Y of x such that

Flyy+ KDV, Yyey,
then we have

CF(xo,d) N (~Int pu(K)) =0,  Vd € Tx(xo) =cl  J
A>0

X—.Z‘(]
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Proof. Assume that z( is a local weak minimal solution of (SP) and there exists
x1 € X \ {xo} such that

CF (w0, 21 — o) N (—Intp(K)) # 0.

Let [A, B] be an element of CF(xg,z1 — z9) N (—Intu(K)). By definition of V-
directional derivative clusters, there exists {Ax} C (0,00), which converges to 0,
such that
1
)\—k[F(:co + Mg (1 — 20)), F(x0)] — [A,B], k — oo,
then we have F(zg + A\, (21 — 20)) <t F(z0) and xg+ A (21 —20) € X for sufficient
large k. This is a contradiction.

Next we show the latter part of the theorem. Assume that there exists a nonzero
vector dy € Tx (xo) such that

CF(0,do) N (~Intu(K)) # 0,

then we can choose A9 > 0 such that F'(z¢ + Aodp) <ZK F(xp) in the similar way,
that is

F(xg+ Mdo) + K D F(xo)+V

for some open set V of E. By using the assumption, there exists a neighborhood Y
of xg 4+ Apdp satisfying

Fly)+ K D F(zo)+V, VyeY.
Now we can find d € [, @ such that zo + \pd € Y, hence
F(zo+ Mod) + K D F(zo) +V,
that is, F'(xo + Aod) <% F(z0). This is a contradiction. O
Also we have a result of a sufficient condition of local optimality of (SP).

Theorem 4.5. Assume that Z is a finite dimensional space, and F is V-directional
derivative at xg € X in each direction. Moreover, we assume that

1
DF(Q}(), d) = ltll%l X[F(l‘o + /\d), F(.%'())]

converges uniformly and continuous with respect to d on the unit ball. If

DF('CUOad) g_M(K)v VdETX(xO)\{H}a
then xq is a local minimal solution of (SP).

Proof. If xp is not local minimal solution of (SP), then there exists a sequence
{x,} C X converges to zy such that F(z,) <l F(z¢) and F(zo) €4 F(z,). For
all n € N, since x,, # xo, let d, = (5, — x0)/||xn — zo||. Then we can choose a
subsequence {d,,} of {d,} and dyp € R" such that ||do|| =1 and d,; — dp. Now we
show

1

Tz — 2ol [F (), F(20)] — DF (0, do).
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Indeed, for any € > 0, there exists A9 > 0 such that for any A € (0, \¢) and for any
d € R™ with ||d|| =1,

‘i[F(wo + Ad), F(z0)] — DF (=, d)‘ <

Also there exists k € N such that, for any n’ > k,
|DF (z,d,) — DF (z,do)| < % and |z, — x| < Ao,

| ™

therefore, for any n’ > k,

1
L (F(aw), Fz0)) - DF(z0,do)| < e.
[
Since )
T [F(zw), F(x0)] € —pu(K),
[0 — ol
and p(K) is closed, then we have DF(zg,dy) € —u(K). However this is a contra-
diction, because dy € Tx(x¢) \ {#}. This completes the proof. O

Example 4.6. We discuss Example 3.2, in the standpoint of the above optimality
conditions. At first, we can check easily that no (global) minimal, and no (global)
weak minimal solution of (SP), 0 is the only local minimal solution of (SP), and for
each x € R, z is a local weak minimal solution of (SP).

When zo = 0, DF(z9,d) € —p(K) holds if and only if

R3O |d|co{(1, 1), (=1, 1)},

but it does not hold when d # 0. From Theorem 4.5, we have xg is a local minimal
solution of (SP). Also when 0 < zg < 3, DF(z¢,d) € —u(K) holds if and only if

R2 > |d|co{(1,-1),(—1,1)}, if d >0,
R% + |d|co{(1,—1),(—1,1)} 2 (0,0), ifd<D0.

and R?2 + |d|co{(1,-1),(-=1,1)} > (0,0) is always true when d < 0. This is
consistent with Theorem 4.5, since zg is not local minimal solution. Moreover,
DF(xg,d) € —Intu(K) holds if and only if

(0,00)% D |d| co{(1,—1),(=1,1)}, ifd>0
{ (0,00)% + |d| co{(1,-1),(~1,1)} 3 (0,0), ifd<0

does not hold for each d € R. This is also consistent with Theorem 4.4, since xq is
a local weak minimal solution of (SP).

5. CONVEXITY AND PSEUDOCONVEXITY OF SET-VALUED MAPS AND GLOBALITY
OF SOLUTIONS

In this section, we observe local and and global minimal solutions when the
objective map is convex or pseudoconvex. At first, we introduce the convexity of
set-valued maps for set optimization.

Definition 5.1. A set valued map F' from X to G is V-convex if, for any x, y € X,
A€ (0,1),
cA(F(1=Nz+Ay)+ K) D (1—=XNF(x)+ \F(y).
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Clearly the inequality is equivalent to
o F((1 =Mz + Xy) Zuir) (1= A) - poF () + A poF(y),
that is, V-convexity is strongly connected with the cone convexity, see [2]. The

convexity of set-valued maps assures local minimal solutions are also global ones.

Proposition 5.2. Assume that F is V-convez. If xg € X is a local minimal solution
of (SP), then it is also minimal solution of (SP), and moreover if xo € X is a local
weak minimal solution of (SP), then it is also weak minimal solution of (SP).

Proof. If xy € X is a local minimal solution of (SP), and there exists z; € X such
that
F(1) < F(ao) and F(xo) £l F(a1),
then, for each A € (0,1), we have
F((1 = N)mo + Az1) <k (1= N F(z0) + AF(21) < F(0),
and also,
F(w0) £ F((1 = Nao + Azy)
for all A € (0,1). When we choose X sufficiently small, the above formula contradicts
with xp € X is a local minimal solution of (SP). If zp € X is a local weak minimal
solution of (SP), and there exists z1 € X such that F(z;) <% F(z¢), we can choose
a neighborhood V' of § satisfying
F(z1)+ K D F(xg)+ V.
From the convexity, for each A € (0, 1), we have
c(F((1=XNxo+ Ax1) + K) D (1= AN F(xo) + AF(x1) D F(xg) + AV.
This contradicts with xy € X is a local weak minimal solution of (SP). O

Then we have a corollary concerned with a sufficient condition of optimality.

Corollary 5.3. Under the same conditions in Theorem 4.5, if F is V-convez, then
xo is a global minimal solution of (SP).

When F' is V-convex, if x € X and z + td € X for some t > 0,
A S [F(@ + Ad), F(a)
is increasing on (0,t] with respect to <, (xy. Therefore if CF(x,d) # 0, then F is
V-directional differentiable at x in the direction d and
[F(x +d), F(z)] =z k) CF(z,d),

see [5]. By using the property, we have a result concerned with a sufficient condition
of weak optimality.

Theorem 5.4. Assume that topological vector space E is normable, and F is V-
convex and V-directional differentiable at xqg in the direction v — xq for any x € X.
If the condition

DF(zg,z —x0) € —Intu(K), VeeX

holds, then xq is a global weak minimal solution of (SP).
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Proof. If x¢ is not, then there exists x € X satisfying F'(x) <ZK F(x), and then
[F(2), F(20)] € ~Tntpa(K)
from Lemma 4.1. Since F' is V-convex, we have
[F'(x), F(z0)] =ux) DF (w0, — 20),
and hence DF(zg,x — x9) € —Intp(K). This is a contradiction to the assumption
of this theorem. O

Next, we define the pseudoconvexity of set-valued maps for set optimization.

Definition 5.5. F issaid to be V-pseudoconvex if, for any z, y € X, CF(x,y—x) #
(¢ and
CF (2, — 2) N (—Tntp(K)) = § = [F(y), F(2)] & ~Tnty(K).

It is clear that F' is V-pseudoconvex when F' is V-convex and V-directional dif-
ferentiable. If F' is a real-valued differentiable function, since CF(z,y — x) =
(VF(x),y — x) and —Intu(K) = (—o00,0), the implication is equivalent to

(VF(z),y —x) 2 0= F(y) = F(x),

this is the condition of the usual pseudoconvexity. Next we have a perfect charac-
terization between V-pseudoconvexity and local weak minimality of (SP).

Theorem 5.6. Assume that topological vector space E is normable and F is V-
pseudoconver. Then xq is a local weak minimal solution of (SP) if and only if the
following condition holds:

CF(xg,x — o) N (—Intu(K)) =0, Ve X.

Proof. 1t is clear that if z¢ is a local weak minimal solution of (SP) then the condition
CF(xg,x—x0)N(—Intp(K)) = 0 holds for all x € X from Theorem 4.4. Conversely,
assume that the condition CF(zo,z — z0) N (—Intu(K)) = 0 holds for all x € X,
then from the definition of V-pseudoconvexity, we have [F(y), F(z)] € —Intu(K)
for any z € X. If x( is not local weak minimal solution of (SP), there exists z; € X
such that F(x1) <t F(z0), then [F(21), F(20)] € —Intu(K) from Lemma 4.1. This
is a contradiction. O

Example 5.7. Let g : (0,1) — R?, r: (0,1) — R defined by
g(gj) :(I‘,l—CC), T(ﬂ?) :min{x,l—x}, Vr € (07 1)5
let F : (0,1) — 2% defined by
F(z) = g(z) + (@)U, Va € (0,1),
where U is the unit ball in R?, let K = R? = {(z1,22) | z1,22 > 0}, and choose W
be a closed convex base of K. Then we can check that the map F is V-convex,
and % is the unique minimal solution and every points of (0,1) are weak minimal

solutions of the set optimization problem.
Also we can calculate directional derivatives:

[{(d,—d)}, |d|U] if (z,d) € (0, 3] x (—00,0) U[L,1) x [0, 0),
if (x,d) € (0,3) x [0,00) U (3,1) x (—00,0),
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and we have

(i) {(d,—d)},|d|U] € —u(K) if and only if (d,—d) + K D |d|U,

(i) [{(d,=d)},|d|U] € —Intu(K) if and only if (d, —d) + intK D |d|U,
(iii) [{(d,—d)}+1|d|U,{(0,0)}] € —p(K) if and only if (d, —d)+|d|U + K > (0,0),
(iv) [{(d,—d)}+1d|U,{(0,0)}] € —Intu(K) if and only if (d, —d) + |d|U +int K >

<O7 O)a

from Lemma 4.1. It is easy to show that conditions (i), (ii), and (iv) do not hold
when d # 0, but condition (iii) always holds. These results show us, % is the unique
minimal solution from Theorem 4.5 and Corollary 5.3, and every points of (0,1) are
weak minimal solutions from Theorem 5.4 or Theorem 5.6.

Acknowledgements. The author is grateful to the anonymous refree for many
comments and suggestions improved the paper.

REFERENCES

[1] H. Radstrom, An embedding theorem for spaces of convex sets, Proc. Amer. Math. Soc. 3
(1952), 165-169.

[2] D. T. Luc, Theory of Vector Optimization, Lecture Notes in Economics and Mathematical
Systems, 319. Springer-Verlag, Berlin, 1989.

[3] D. Kuroiwa, Ezistence theorems of set optimization with set-valued maps, Journal of Informa-
tions & Optimization Sciences 24 (2003), 73-84.

[4] D. Kuroiwa, Existence of efficient points of set optimization with weighted criteria, Journal of
Nonlinear and Convex Analysis 4 (2003), 117-124.

[5] D. Kuroiwa and T. Nuriya, A generalized embedding vector space in set optimization, Proceed-
ings of the Forth International Conference on Nonlinear Analysis and Convex Analysis, W.
Takahashi, T. Tanaka (eds), Yokohama Publishers, Yokohama, 2006, pp. 297-304.

Manuscript received November 5, 2007
revised March 2, 2009

Daisar Kuroiwa
Department of Mathematics and Computer Science
Interdisciplinary Faculty of Science and Engineering
Shimane University, Japan

E-mail address: kuroiwa®math.shimane-u.ac. jp



