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Abstract

In this paper, higher order generalized contingent epiderivative and higher order generalized adjacent
epiderivative of set-valued maps are introduced. Necessary and sufficient conditions for Henig efficient
solutions to a constrained set-valued optimization problem are given by employing the higher order gener-
alized epiderivatives.
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1. Introduction

There has been an increasing interest in optimality conditions of set-valued optimization
problems since many optimization problems encountered in economics, engineering and other
fields involve vector-valued mappings (or set-valued mappings) as constraints and objectives
(see [7,12]). Until now, various derivative-like notions have been proposed to express these opti-
mality conditions. In [4], Corley investigated first order Fritz John type necessary and sufficient
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conditions for general set-valued optimization problems by virtue of Clarke tangent derivative
and contingent derivative (see [1]). In [6], Jahn and Rauh introduced a single-valued map as a
contingent epiderivative of a set-valued map and obtained an unified necessary and sufficient
condition. But the existence of the contingent epiderivative of a set-valued map in a general
setting is still an open question. To overcome the difficulty, Chen and Jahn [3] introduced a gen-
eralized contingent epiderivative of a set-valued map which is a set-valued map. They proved
that the generalized contingent epiderivative exists under standard assumptions and obtained an
unified necessary and sufficient condition. In [9], Jahn and Khan investigated optimality condi-
tions of local proper minimizers, local weak minimizers and local strong minimizers for general
set-valued optimization problems by using the generalized contingent epiderivative. In [5], Gong
et al. investigated necessary and sufficient conditions for five kinds of properly efficient solutions
of a set-valued optimization problem with constraints by virtue of so called contingent epideriv-
ative, Clarke tangent epiderivative and radial epiderivative. In general, since the epigraph of a
set-valued map has nicer properties than the graph of a set-valued map, it is advantageous to
employ the epiderivatives in set-valued optimization.

Recently, Jahn et al. [8] introduced second-order contingent epiderivative and generalized
contingent epiderivative for set-valued maps and obtained some second-order optimality condi-
tions based on these concepts. In [10], Li et al. studied some properties of higher order tangent
sets and higher order derivatives introduced in [1] and then obtained higher order necessary and
sufficient optimality conditions for set-valued optimization problems in terms of the higher order
derivatives. By using these concepts, they also discussed higher order Mond—Weir duality for
set-valued optimization in [11].

Motivated by the work reported in [3,5,8,10], we introduce the definitions of higher order gen-
eralized contingent epiderivative and higher order generalized adjacent epiderivative. Then, we
discuss their some properties under the condition that set-valued maps are cone-convex. Finally,
based on the higher order generalized adjacent epiderivative and contingent epiderivative, we in-
vestigate higher order necessary and sufficient optimality conditions for Henig properly efficient
solutions of a set-valued optimization problem with constraints.

The rest of the paper is organized as follows. In Section 2, we collect some concepts and
recall the definitions of the higher order tangent sets and some of their properties. In Section 3,
we introduce the definitions of the higher order generalized contingent epiderivative and adjacent
epiderivative. Then, we discuss the existence theorem and their properties. In Section 4, we intro-
duce a constrained set-valued optimization problem and the concept of a Henig efficient solution,
and then obtain higher order necessary optimality conditions of the set-valued optimization prob-
lem. In Section 5, we establish higher order Fritz John type necessary and sufficient optimality
conditions of the set-valued optimization problem.

2. Mathematical preliminaries and higher order tangent sets

Throughout this paper, let X, Y and Z be three real normed spaces, where the spaces Y and Z
are partially ordered by nontrivial pointed convex cones C C Y and D C Z, respectively. We also
assume that Y* is the topological dual space of Y, S is a nonempty subset of X and F:S§ — 2V
and G : S — 27 are two given set-valued maps. The domain, the graph and the epigraph of F are
defined by

dom(F) = {x € S: F(x) #0},
graph(F) = {(x,y) eXxY:xeSs, yeF(x)},
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epi(F)={(x,y)eX xY: x€S, ye F(x)+C}.

The profile map Fy : S — 2Y is defined by F (x) = F(x) 4 C, for every x € dom(F). Let S be
convex. The map F is said to be C-convex on S, if, for any x1, x> € S and A € [0, 1],

AF(x1)+ (1 =2 F(x2) C F(hx1 + (1 —Mx2) + C.

It is well known that if F' is C-convex on S, then epi(F') is a convex subset in X x Y. Let C* be
the dual cone of cone C, defined by

C*={reY* A(y)>0forallyeC}.
Denote the quasi-interior of C* by C?ie.,
C'={reY* Ay)>O0forallye C\{6}}.

Let M be a nonempty set in Y. Denote the closure of M by cl(M) and the interior of M by
int(M). The cone hull of M is defined by

cone(M)={ty: t >0, y e M}.
A nonempty convex subset B of the convex cone C is called a base of C, if
C =cone(B) and 0 ¢cl(B).

It follows from [7, Lemma 3.3] that C* # @ if and only if C has a base. Suppose that C has a
base B. Denote

C.(B)=cone(B+¢eU) forall0<e <3,

where 6 = inf{||b||: b € B} and U is the closed unit ball of Y. It follows from [2] that, for § > 0,
cl(int C. (B)) is a closed convex pointed cone and C \ {#} CintC¢(B) forall 0 < e < 4.
Let C be a convex cone with base B. Denote

C2(B)={feC* inf{f(b): be B} >0}.

By the separation theorem, C(B) # @ (see [5]). Obviously, C*(B) C C*.

Let m be a positive integer, X be a normed space supplied with a distance d and K be a
subset of X. We denote by d(x, K) =infyeck d(x, y) the distance from x to K, where we set
d(x,?) = 4o00. Now let us recall the definitions of the higher order tangent sets in [1].

Definition 2.1. (See [1].) Let x belong to a subset K of a normed space X and vy, ..., v,_1 be
elements of X.

(i) We say that the set

T[({m)(-x3 Uly-nns Um—l)
) K—x—hvy—-—h""ly, 4
= limsup
h—0+ h™
. K—x—hvy—-—h"ly,_,
= {yeX l}lfg})rﬁd(y, o =0

is the mth-order contingent set of K at (x, vy, ..., Uy—1).
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(i) We say that the set

b
TK(m)(-xv Uly-ens Um—l)
. K—x—hvy—- ="y,
= liminf
h—0t hm
K—x—hvy—-—h" "y,
=1{yeX| lim d|y, =0
{y |h»o+ (y h™m
is the mth-order adjacent set of K at (x, vy, ..., Vpy—1).
Remark 2.1.
(a) The following inclusion holds:
T (6, 01,y Une) C T (6, V1, -y Umt)
K—x—hvy—-—h" 1y,
C cl( U o .

h>0

(b) [1, p. 172] They are closed subsets satisfying, for any A > 0,

T[({m)(x’ Avq, szz, e, A-’n_lvmfl) = )\mTI((m)(x, V1, V2, .. Un_1),
and
T,i(m)(x, v, A, )J"_lvm_l) = )»mTIg(m)(x, V1,02, ey Un1).

From [10, Propositions 3.1 and 3.2], we have the following results.

Proposition 2.1. If K is convex, then T;(m) (x0, V1, ..., Up—1) IS convex.
Proposition 2.2. If K is a convex subset and vy, vy, ..., vy,—1 € K, then

b

TK(m)(XO, Ul — X0, -+ -5 Um—1 — X0)
= T,((m)(xo, Ul = X0s - -+ Um—1 — X0)
K —xo—h(vi —x0) — - —h" Y (v_1 —x
=cl<U 0 — h(vi — xo) (Vm—1 0)).
hm
h>0

Corollary 2.1. If K is a convex subset and vy, vy, ..., vy—1 € K, then the set T,((m)(xo, v — X,

..o, Upm—1 — XQ) IS convex.
3. Higher order generalized epiderivatives

In [3], Chen and Jahn introduced first-order generalized contingent epiderivative of a set-
valued map. Recently, Jahn et al. [8] introduced second-order epiderivatives for set-valued maps
and obtained some optimality conditions. In this section, we introduce the definitions of mth-
order generalized contingent epiderivative and adjacent epiderivative, and then investigate their
properties under the condition that the set-valued mapping is C-convex.
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Definition 3.1. Let H C Y. y € H is said to be a minimal point of H if H N (y — C) = {y}. The
set of all minimal elements of H is denoted by Min¢ H. If H = @, we define Min¢c H = 0.

Let X, Y be normed spaces and F : X — 2Y be a set-valued map.

Definition 3.2.
(i) The mth-order generalized contingent epiderivative Dém)F (X0, YO, U1, V15 +vvr Um—1, Up—1)
of F at (xq, yo) € graph(F) for vectors (u1,v1),..., (Um—1, Um—1) 1s the set-valued map

from X to Y defined by
Dém)F('xO’yOvulav]7"'7um71’vYﬂ*1)('x)
=Minc{y e Y |ye D" Fy(xo, yo,u1, vis....thm-1, Vm—1)(x)}

=Minc{yeY|(x,y) e Te(;?()F)(XO, YO, UL, VL, .oy U1, Um—1) },

x € dom[D"™ Fy (x0, yo, 1, V1, -+, Um—1, Vm—1)].

(i) The mth-order generalized adjacent epiderivative Dz(m)F (X0, Y0, U1, Uy« vy Um—1, Uy—1)
of F at (xq, yo) € graph(F) for vectors (u1,v1),..., (Um—1, Um—1) is the set-valued map
from X to Y defined by

D™ F (x0, Y0, U1, 01, -y U1, U 1) (X)
=Minc{y €Y |y e D""™ Fyi(xo, yo, u1, Vi, ..., Um—1, tm—1)(x)}
. b
=Minc{yeY|(x.y) € Tep(i'f})(xo, YO, UL, VL, -y U1, Um—1) },
X € dom[Db(m)F+(XO,yo,u1, VLo ooy Um—1, Um—1) .

Now we give two examples to explain Definition 3.2.

Example 3.1. Let F: [0, +00) — 2R be a set-valued map given by

F(x)={01.y) € R*|2x <yf +» <2(x —y1 — »)*}
and C = R2. Take a point (x°, (y?, y9)) = (0, (1, —1)) € graph(F). Then,

Toraph(r) (2%, (37 33)) = { (u. (v1, v2)) € R | 2u < 201 + 02 <O},
and

Tepicry (x° (073)) = { (11, (1, v2)) € R | 2u <201 + v}
Take (U, (07, v9)) = (=1, (=1,0)) € Tepicr) (%, (37, ¥3)). Then,

Tygapncry (0 (1 99). %, (00, 09)) = Tt (2. (57 58). %, (0. 09))

= {(u (v1, vz)) e R’ } 2u <2v1+ vy + 1}.

Thus, we have

DgF(xO, (y?, y(z)))(u) ={(i,n) e R? |2u=2vi+ v}, ueRr,
and

Dé(f)F(xO, (y?, y(z)), ul, (v(l), vg))(u) ={(v,m) € R? |2u=2vi+v2+1}, ueRr.
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Example 3.2. If F: X — Y is a single-valued map which is twice continuously differentiable
around a point xg € K C X, then the second-order contingent derivative of the restriction F|g
of F; to K at x in a direction u is given by the formula

1
D@ (Fy|k)(x0, F(x0), u1, VF (x0)(u1)) (x) = VF (x0)(x) + 5v2F<xo)(u1, up) +C,

whenever x € TI((Z) (x0,u1) and V™ F(xg), (m = 1,2) denotes the mth-order derivative of F
at xo. It is empty when x ¢ TI((Z) (xg, u1).
The proof of this fact is similar to the proof of [1, Proposition 5.6.2]. Then, we have

1
D (Fli) (%o, F(x0), w1, VF (o)) (x) = VF (x0) (x) + 5 V2F (o) (1, ),
whenever x € TI((Z) (x0, u1). It is empty when x ¢ TI((Z) (x0,u1).
Definition 3.3. (See [12].)

(i) The cone C is called Daniell, if any decreasing sequence in Y having a lower bound con-
verges to its infimum.
(ii)) A subset H of Y is said to be minorized, if thereisa y € Y so that H C {y} + C.
(iii) The domination property is said to hold for a subset H of Y if H C Minc H 4 C.

Now we give an existence theorem of D(m)F and Db(m)F

Theorem 3.1. Let C be a closed pointed convex cone and let C be Daniell.

(1) Suppose that for every x e .Q = dom[D(m)F+(xo,y0,u1, Uly oo U—1,Um—1)], the set
Px):={yeY|(x,y)e TPI(F)(xO V0, UL, U1y« - vy Um—1, Um—1)} is minorized. Then for all
X € £2, D[E,m)F(xo, VO, ULy ULy« vy Um—1, Um—1)(X) exists.

(i) Suppose that for every x € 2 := dom[Db(m)FJr(xo,yo,ul, Vly ooy U—1,Um—1)], the set
Px):={yeY|(x,y) e Tep(l(})(xo, VO, UL, V1y e v vy U—1, Um—1)} is minorized. Then for all
x €S2, Dz(m)F(xo, VOs UTs V1y e v vy Um—1, Um—1)(X) exists.

Proof. From Remark 2.1(b) we know, mth-order contingent set and mth-order adjacent set are
closed. Then we can prove it as the proof of Theorem 2 in [3]. O

Now we discuss a crucial proposition of mth-order generalized adjacent epiderivative and
contingent epiderivative. By using the basic idea of Theorem 4.1 in [10], we have the following
result.

Proposition 3.1. Let F be C-convex on a nonempty convex subset E C X. Let xg € E, yg €
F(xo), uy,...,um—1 € Eand vi € Fu1) +C,...,vm—1 € Flupy—1) + C. If Dz(m)F(xo,yo,
up — xgp, V| — yo,...,um_ — X0, VUm—1 — Y0)(x — x0) # @ and the set P(x — xo) :={y €Y |
(x —x0,y) € Tp](F)(xo Y0, U] — X0, V1 — Y0, - -+ » Un—1 — X0, Um—1 — Y0)} fulfills the domination
property for all x € E, then for all x € E,

F(x) = yo C D™ F (X0, Y0, 1 — X0, V1 = Y0, - - -» hm—1 — X0, Um—1 — Y0)(x — x0) + C.
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Proof. Take any x € E and y € F(x). For arbitrary sequence {1,} C (0, 1) with 1, — 0, since
E is convex and F is C-convex, we have

A A Am
xo+—(x—xo)— 1— 2 )xo+ *+x€E,
2 2
x0 + AT N1 — x0) = (1 = A" Nxo + A" upy € E,

and

A A Ay M
Yo+ = (v = o) = (1—7”>yo+7”y€F<xo+7"(x—xo)> +C

Y0+ AT W1 —yo) = (1= AN yo + A7 uy_t € Fxo + A0 (-1 — x0)) +C

Consequently by the convexity again we get

m—1 Am
xo+ (Mm—l—XO)+2—';(X—XO)€E,
and
m—1 Am
Yo+ "2 (Wm—1—yo) + Z—Z(y = y0)

)\’m—l An
€ F(Xo + "2 (Um—1 — x0) + 2—;(36 —XO)) +C

Proceed with the above process, we have the following sequence {(x,, y,)} satisfying

m—1 m

Xn-=x0+_(’41_x0)+ “+ St Um—1 = X0) + S (v —xo) € B,

and

m—1 m

) An Ay Ay
Yni=Yyo+ 7(”1 —yo)+---+ 2’”—*1(1)’"_1 —yo) + 2_’"(y —y0) € F(x,) +C.

Hence, (x,, y,) € epi(F). Moreover, we obtain

— — —xXp U
)“”(M]ZXO’UIZyO) Am l(uml 0 Un—1— yO)

(xna yn) - (X(), )’O) - om—1 > om—I

A
1
= z—m(x X0,y = Y0)-
It follows that

1
z—m(x X0,y — Y0)

T[,(,&)((Xo, y0), %(lﬂ — X0, V1 = Y0), -+ zm—l_l(um—1 — X0, Un—1 — yo)>'
By Remark 2.1(b), we have
(x = x0,y = Yo) € pl(F)(XO Y0, U1 = X0, V1 = Y05 -+ -, Um—1 = X0, Um—1 — Y0),
i.e., y — yo € P(x — xp). By the definition of Dg(m)F and the domination property, we have

P(x — x0) C D} F(x0. Y0, 1 = X0, V1 = Y0, - - Um—1 — X0, Um—1 — Y0) (x — x0) + C.
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b
Thus, F(x) — yo C Dg(m)F(xo, Y0, U1 — X0, VI = Y05 -+« Um—1 — X0, Um—1 — Y0)(x — x0) + C.
The proof is complete. 0O

Corollary 3.1. Let F be C-convex on a nonempty convex subset E C X. Let xog € E, yo € F(xp),

Uty ..., uy—1 € Eand vi € Fluy) +C,...,vu—1 € F(uyy—1) + C. IfDi,m)F(xo,yo,ul — X0,
UL = Y05 -+ +» Um—1 — X0, Um—1 — Y0) (X — X0) # ¥ and the set P(x —xo) :={y €Y | (x — X0, y) €
Te(p”il()F) (x0, Yo, U1 — X0, U1 — Y05 - - - s Um—1 — X0, Um—1 — Y0)} fulfills the domination property for

all x € E, then forall x € E,

F(x) = yo C D{" F(x0, Y0, 1 = X0, U1 = Y0, -+ hm—1 = X0, Um—1 — Y0) (x — X0) + C.

Proof. Since F is C-convex and (u;,v;) € epi(F), i =1,...,m — 1, by Proposition 2.2, we
b

get that Te(;'f()F)(XO, Y0, U1 = X0, VI = Y0, -+ s Um—1 = X0, Um—1 — Y0) = TCI,%):)(XO, Yo, i1 — Xo,

V1 — Y0, ..., Um—1 — X0, Um—1 — Yo). It follows from Proposition 3.1 that

F(x) = yo C D™ F (X0, Y0, 1 — X0, V1 = Y0. - -+ Um—1 — X0, Um—1 — Y0)(x — Xo) + C.
Thus, the proof is complete. O

4. Set-valued optimization and higher order optimality conditions

In this section, we introduce a set-valued optimization problem, and then establish higher
order necessary optimality conditions of the set-valued optimization problem by virtue of the
mth-order generalized adjacent epiderivative and contingent epiderivative. Consider the follow-
ing constrained set-valued optimization problem (GVOP):

min  F(x)
st. xeS, Gx)N—-D#A.
A triple (x,y,z) € § x Y x Z is said to be feasible if x € dom(F) Ndom(G), y € F(x) and
ze G(x)N—=D.
Set

A={xeS: G(x)N—D# P} and F(A) = U{F(x): x € A}.

The notation (F, G)(x) is used to denote F(x) x G(x). The notations F4 and G 4 are used to
denote the restriction of F to A and G to A, respectively.

Definition 4.1. (See [2].) Suppose that C has a base B. A pair (xg, yo) wWith xo € A and yg €
F(xp) is called a Henig efficient solution of (GVOP) if for some 0 < ¢ < 8,

(F(A) — yo) N —intC,(B) = 0.
Theorem 4.1. Suppose that C has a base B and int D # (. Let (u;, v; — yo, w;) € X X (—=C) x

(=D),i=1,...,m— 1. Let (x0, yo) € graph(F) and 6 = inf{||b||: b € B}. If (x0, yo) is a Henig
efficient solution of (GVOP), then for some 0 < & < § and for any zo € G(xo) N —D,

[DZ™ (F, G)(x0, Y0, 20, 1 = X0, V1 = Y0, W1 = 20, -+, Um—1 = X0, Un—1 = Y0,
Wm—1—20)(x) + C x D+ (6y,20)] N —int(C¢(B) x D) =4, (1)
for all x € £ := dom[Dy™ (F, G)(x0, Y0, 20, U1 — X0, V1 — Y0, WI — Z0s---, Up—1 — X0,

Upm—1 = Y0, Wm—1 — 20)]-
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Proof. Since (xo, yo) is a Henig efficient solution of (GVOP), then there exists 0 < & < § such
that

(F(A) — yo) N —intCe(B) = 0. 2)
Assume that the result (1) does not hold. Then there exist x € 2, (y,z) € Y x Z, ¢g € C and
dy € D such that

(y,2) € D™ (F, G)(x0, Y0, 20, 1 = X0, V1 = Y0, W1 =20, -+,

Um—1 = X0, Un—1 = Y0, Wm—1 — 20)(X), (3)
and

(v, 2) + (co, do) + By, z0) = (¥ + co, 2 + do + 20) € —int(Cs(B) x D). 4)
It follows from (3) and the definition of the mth-order generalized adjacent epiderivative that

b(m)
(X, ¥, 2) € TopicF, ) (X0, Y05 20, U1 — X0, VI = Y0, W1 = 20, -

Upm—1 — X0, Un—1 — Y0, Win—1 — 20)-

So, for any sequence {h,} with h,, — 07, there exists {(xn, Yu, 2n)} With (X, Yu, 2n) € epi(F, G)
such that

(Xn, Yn> 2n) — (X0, Y0, 20)  hn (1 — X0, V1 — yo, w1 —20)

hy hy
hm—l L= , - , 11—z
_hy T (um—1 — xo0 vzml Y0, Win—1 — 20) S y.2). )
n
From (4) and (5), there exists sufficiently large N > O such that &, +--- 4+ A}’ <1 and
(V> 2n) — (30, 20) — hn (V1 — Yo, w1 — 20) — -+ — W2 (V1 — Yo, Wm—1 — 20)
hy

+ (co. do) + By, z0) € —int(Ce(B) x D), forn>N.

It follows from &, > 0, C.(B) and D are cones that

Vi = Y0 = hn (V1 = ¥0) = -+ = ' (Vw1 = yo) + o € —int Ce(B),
forn > N, (6)
and
Zn =20 — hn(wy —20) — -+ — K™ Nwpm_1 — 20) + h™z0 + h™dp € —int D,
forn > N. @)
Since v; —ype —C,i=1,...,m —1,and C is a convex cone,

hn (V1 = ¥0) + -+ + by~ (w1 = yo) € —C.
Then, by (6), we have

yn— Yo+ hyco€ —intCe(B) — C = —int Co(B),
and

Yp—yo € —intCe(B) — C = —intCy(B), foralln > N.
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Similarly, it follows from zg, w1, ..., w;;,—1 € —D and D is a convex cone that
(1—hy— - =m0 = M) z0 + hgwi + -+ wp_y € —D.
Then, from (7), we get
Zn € —intD — D=—intD, foralln>N.

Since (x,, Yn, 2n) € epi(F, G), there exist y, € F(x,) and z,, € G(x,) such that y, € y, + C and
Zn € Zn + D. Then, foralln > N,

Yn=Y0€yn—C —yo C—intCe(B) — C =—intCe(B),
and

In€zn—DC—intD — D= —intD.
So, (xn, ¥n, Zn) is a feasible triple for every n > N and y, — yp € —intC.(B), which contra-
dicts (2). Thus, (1) holds and the proof is complete. O

From the proof process of Theorem 4.1, we have the following result.

Theorem 4.2. Suppose that C has a base B and int D # (. Let (u;, v;, w;) € X X (—=C) x (=D),
i=1,...,m—1. Let (xo, yo) € graph(F') and § = inf{||b||: b € B}. If (x9, yo) is a Henig efficient
solution of (GVOP), then for some 0 < ¢ < § and for any zg € G(xg) N —D,
[Dz(m)(Fv G)(-x()s )70, ZO? ulv vla wl’ ] Mmfl, Umfl, lefl)(x) + C X D + (QY’ ZO)]
n-— int(Cg(B) X D) =0,
Jorall x € dom[Dz(m)(F, G) (X0, Y0, 20, U1, V1, W1, -+ Un—1, Um—1, Win—1)]-
Remark 4.1. If we use mth-order generalized contingent epiderivative instead of the mth-order

generalized adjacent epiderivative in Theorems 4.1 and 4.2, then the corresponding results for
mth-order generalized contingent epiderivative still hold.

Now we give an example to illustrate the necessary optimality conditions for the mth-order
generalized contingent epiderivative, where we only take m =1, 2.

Example 4.1. Suppose that X =Z =R, S=[0,11C X, Y = R>, C=R? and D = R;. Let
F:S — 2" be a set-valued map with

Fo)={On.y2) € R | y{ +y3 <%},
and G : S — Z be a constant-valued function with
G(x)=0.
Consider the following constrained set-valued optimization problem (GVOP):

min  F(x),
st. xeS, Gx)N—-D#A.

Assume that B = {(&1, &) € R? [€1+& —1=0, & >0, & > 0}. Obviously, B is a base of C
and § = inf{||0|: b€ B} = 4 Let C.(B) = cone(B + eU) for all 0 < ¢ < §, where U is the
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closed unit ball of Y. We can easily verify that Co(B) C {(£1,&) € R% | & + & > 0} for all
0 <& <38, sothat —intCo(B) C {(£1,&) € R? | &) + & < 0}.
Let (xo, yo) = (1, (—v/2/2, —+/2/2)) € graph(F). It follows from the definition of A that
A =10,1]. Then, F(A) = {(51,62) € R* | & + & < 1} and F(A) — yo = {(€1, &) € R* |
(& — )2 + (5 — ¥2)2 < 1). Thus, (F(A) — yo) N —intCo(B) = @ and the point (xo, yo)
is a Henig efficient solution of (GVOP). Take zo =0 € G(x9) N —R. We have
Tepi(F,G) (X0, Y0, 20)
={(u, €1,8),65) e RX R xR | &1+ &> —v2u, & >0, u <0},
Dg(Fa G)(.XO, YO, ZO)(“)
={(¢1.8).6) e R*x R|& + & =—V2u, & =0}, ueR_,
and
dom[ D, (F, G)(x0. y0.20)] =
Thus,

[Dg(F, G)(x0, Y0, 20) () + R% x R+ +((0,0), 0)] N —int(C.(B) x D)
={(1.£).86) e R”* x R | & + & > —v2u, £ >0} N —int(C.(B) x D) =4,
for all u € dom[ D (F, G)(x0, yo, z0)] and the 1th-order necessary optimality condition holds.

Take u; = l—l—*/—i, vi=(—1-— “/_ ‘/—) and w; =0€ —R4+.Then, u; —x9 = 4, v —Yyo =
(—1,0) € —Ri, and w; —z0 = 0. We have

Te(pl)(p ) (X0, Y0, 20, U1 — X0, V1 — Yo, W1 — 20)
={(u. (61.£).65) e Rx R* x R | &1+ &> —vV2u +~2/4, & >0, u <0},
D (F, G)(x0, ¥0. 20, U1 — X0, V1 — Yo, w1 — 20) (1)
={(€1.8).8) e > x R | &1 + & = —V2u+~2/4, & =0}, ueR_,
and
dom[ D (F, G)(x0, y0. 20, 1 — X0, v1 — Yo, w1 — 20)] = R_.
Thus,
[DP(F. G)(x0. yo. 20, u1 — X0, v1 — yo. w1 — 20)() + RY x Ry + ((0,0),0)]
N —int(C,(B) x D) =0,
for all u € dom[Déz)(F, G)(x0, Yo, z0, U1 — X0, V1 — Yo, w1 — zo)] and the 2th-order necessary
optimality condition holds.

5. Higher order Fritz John type optimality conditions

In this section, we establish higher order Fritz John type necessary and sufficient optimality
conditions of the set-valued optimization problem by virtue of the mth-order generalized adjacent
epiderivative and contingent epiderivative. Firstly, we state two results in [5].
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Lemma 5.1. (See [5].) For any ¢ € (0, 8), Co(B)* \ {6y+} C C*(B).
Lemma 5.2. (See [5].) Forany f € C2(B), there exists 0 < & < § with f € Ce(B)*\ {0y}
Theorem 5.1. Suppose that the following conditions are satisfied:

(1) F and G are C-convex and D-convex on the convex set S, respectively;

(1) (i, vi —yo,wj) € X X (—C) x (—D),i=1,...,m — 1 and (xg, yo) € graph(F);

(iii) C has a base B, int D # () and § = inf{||b||: b € B};

(iv) P(x):={(y,2) €Y x Z | (x,y,2) € ngﬂ,@)(myo,zo,ul — X0, V1 — Y0, WI — 205 -5
Um—1 — X0» Um—1 — Y0, Wm—1 — 20)} fulfills the domination property for all x € S and
(Oy,0z) € P(0x);

(v) (x0, y0) is a Henig efficient solution of (GVOP).

Then, for any zo € G(xo) N —D, there exist . € C®(B) U {0y+} and . € D*, but not both being
zero functionals, such that

n(zo) =0 and A(y)+pu(z) =0,

b
Sor all (y,2) € Dg(m)(F, G)(x0, Y0, 20, U1 — X0, V1 — Y0, W1 — 205 - - +» Um—1 — X0, Un—1 — YO,
Wp—1 — 20)(x) and x € 2 := dom[Dg(m)(F, G)(x0, Y0, 20, 1 — X0, V1 — Y0, Wl — Z05---,
Um—1 — X05 Um—1 — Y0, Wm—1 — 20)].

Proof. Let zg € G(xg) N —D. Define

M = ] D} (F,G)(x0, 0. 20, u1 — X0, V1 — Y0, Wi = 20, - - -
xef2

Um—1 — X05 Um—1 — Y0, Wm—1 — 20)(x) + C x D + (8y, 20).

First we prove that M is convex by proving that Mo = M — (fy,zp) is convex. Let
(yi»zi) € Mo, i =1,2. Then there exist x; € £, (y/,z}) € Dg(m)(F, G)(x0, Y0, 20, U1 — X0,
V1 — Y0, W1 — 205 -+ > Um—1 — X0, Um—1 — Y0, Wm—1 — 20)(x;) and (¢;, d;) € C x D such that

ivzi) = (¥, 2)) + (cindp), i=1,2.

By the definition of Dz(m) (F, G), we have

Ly b
(xi, ¥+ 27) € Tysi( .y (X0, Y0, 20, U1 = X0, U1 = Y0, W1 = 20, - - -,
Um—1 — X0, Um—1 — Y0, Wm—1 —20), {=1,2.

Since F and G are cone-convex, so is the map (F, G). Hence the epigraph epi(F, G) is a con-

s b(m)
vex set. Thus by Proposition 2.1, Tepi(F’G)(xo, Y0, 20, U1 — X0, V1 — Y0, W1 — 205 - - - » Um—1 — X0,

Um—1 — Y0, Wyu—1 — 20) is a convex set. Therefore for any ¢ € [0, 1],
b(m)
t(x1,y1,21) + (1= D)(x2, ¥5, 25) € Topifr ) (X0, Yo, 20, U1 — X0, V1 = Y0, W1 = 20, - - -
Um—1 — X05 Um—1 — Y0, Wm—1 — 20)-

By the domination property, we have
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t(v1,21) + (1= 0)(v3. 25)
€ D™ (F, G)(x0. 0. 20, U1 — X0, V1 — Y0, W1 — 20 - - - »
Um—1 — X0, Um—1 — Y0, Wm—1 — 20) (tx1 + (1 — 1)x2) + C x D.

Then, 7(y1,z1) + (1 =) (y2,22) =1 (¥}, 2)) + (1 =) (¥5, 25) + 1 (c1, dr) + (1 = 1)(c2, da) € M,
i.e., My is convex. Thus, M is convex. By Theorem 4.1, it is clearly that

M N —int(C.(B) x D) = .

By the separation theorem for convex sets, there exist A € Y* and u € Z*, not both zero func-
tionals, and a real number y such that

A+ @) <y <AQY)+u(z), forallye—intCy(B), z€—intD, (y3,2) e M. (8)
It follows from (y, z) € —int(C.(B) x D) and (8) that

A(y)+u(z) <0, forallye —intCe(B), z€ —intD, )
and

0<A(Y) + @), forall (y,2)eM. (10)
Then, by (9), we have

A(y) <0, forally e —intCq(B),
and

w(z) <0, forallze —intD.

Thus, A € C¢(B)* and . € D*. By Lemma 5.1, A € C2(B) U {fy+}. Since P(x) fulfills the
domination property for all x € S,

P(x) € D" (F, G)(x0, Y0, 20, U1 — X0, V1 = Y0, W1 — 20, -,
Um—1 — X0s Un—1 — Y0, Wm—1 —20)(x) + C x D, forall x € £2.
Then, we have

L Py €M — 0y, 20).
xXeR

It follows from (0y, 67) € P(fx) that
(Oy,0z) € M — (0y, 20),

i.e.,
(Oy,z0) e M.

From (10), we have

1 (z0) = 0. (11
It follows from zg € —D and p € D* that
m(zo) <0. (12)

Then, by (11) and (12), we get
n(zo) =0.



S.J. Li, C.R. Chen/J. Math. Anal. Appl. 323 (2006) 1184—1200 1197

Thus, it follows from (10) that
AY) +u(z) =0,
b
for all (y,z) € Dg(m)(F, G)(x0, Y0, 20, U1 — X0, V1 — Y0, W1 — 205 -+ - Um—1 — X05 Um—1 — Y0s
Wm—1 — 20)(x) and x € £2. The proof is complete. O
Similarly as in the proof of Theorem 5.1, we have the following result.

Theorem 5.2. Suppose that the following conditions are satisfied:

(1) F and G are C-convex and D-convex on the convex set S, respectively;
(1) (i, vi,wij) e X x (—C) x (—=D),i=1,...,m — 1 and (xo, yo) € graph(F);
(iii) C has a base B, int D # () and § = inf{||b||: b € B};
(v) P@) = {(3,0) € ¥ x Z | (x,3,2) € Tk (X0, 0, 20, 11, V1, Wi, -y 1, U1,
wm—1)} fulfills the domination property for all x € S and (6y,0z) € P(0x);
(v) (x0, y0) is a Henig efficient solution of (GVOP).

Then, for any zp € G(x0) N —D, there exist A € C?(B) U {0y+} and n € D*, but not both being
zero functionals, such that

w(zo) =0 and A(y)+ u(z) 20,
for all (y? Z) G Dz(m)(F5 G)(-x07 y()’ Z()a ula U], w17 M) umfl, Umflv wmfl)(x) and

X e dOm[D;(m)(F, G)(.X(), }70, ZO? Ml, Ulv wlv sy um—ls Um—la wm—l)]~

Remark 5.1. If F and G are C-convex and D-convex on the convex set S, respectively, it follows
from Proposition 2.2 that

D{™ (F, G)(x0. Y0. 20, U1 — X0, V1 — Y0, W1 — 20 - - - » Um—1 — X0. Um—1 — Y0
W1 — 20)(X)
b
= D" (F, G)(X0. Y0, 20+ U1 = X0, V1 = Y0, W1 = 20s - - -+ Um—1 — X0, Un—1 — Y0,

Wm—1 — 20)(xX),

for any x € £2. Thus, if we use mth-order generalized contingent epiderivative instead of the
mth-order generalized adjacent epiderivative in Theorem 5.1, then, the corresponding result for
mth-order generalized contingent epiderivative still holds.

The following example illustrates the Fritz John type necessary optimality conditions for the
mth-order generalized contingent epiderivative. Here we only take m =1, 2 yet.

Example 5.1. Suppose that X =Y =Z =R, S=[-1,1]c Xand C=D =R, .Let F: § — 27
with

Fo={yeR|x*<y<1},
and G : S — Z be a real-valued function with

G(x)=2x—1.
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Naturally, F and G are two R -convex functions on the convex set [—1, 1], respectively. Con-
sider the following constrained set-valued optimization problem (GVOP):

min  F(x),
st. xeS, Gx)N—D#4.
By the definition of A, we have
A={xe[-1,11|Gx)N—Ry #0} ={xe[-1,1]|2x =1 <0} =[-1,1/2],
and
F(A) = U F(x)=10,1].
xe[—1,1/2]

Obviously, B=1isabase of C and § = 1. Let C.(B) =cone(B + ¢U) for all 0 < ¢ < §, where
U is the closed unit ball of R.

Let (xg, yo) = (0, 0) € graph(F). Since (F(A) — yg) N —int C¢(B) = @4, the point (xq, yo) is
a Henig efficient solution of (GVOP). It follows from the definitions of F and G that

epi(F,G):{(x,(y,z))eRsz|y>x4, z22x—1, —1 <x<1}.
Take zo = —1 € G(x9) N —R4. Then, we have

Tepi(F.G) (%0, Y0, 20) = {(x, (.2)) € R x R* | y >0, z > 2x},
and

Dy (F, G)(x0, y0,20)(x) = {(v.2) e R*| y =0, z=2x}, x€R.

Let P(x) ={(y,.2) € R? | (x,y,2) € Tepi(F,G) (X0, Y0, z0)}. It is easy to verify that P (x) fulfills
the domination property and (0, 0) € P(0). Then, by Remark 5.1, we have that the conditions of
Theorem 5.1 are satisfied. Take A > 0 and p = 0. Thus, for any (y, z) € Dg(F, G)(x0, Y0, 20) (x)
and x € R, we have

A(Y)+u(z)=0 and pu(z0) =0,

which shows that the 1th-order Fritz John type necessary optimality condition of Theorem 5.1
holds.

Take u1 =1/4, v =0, and wy = —1/2€ —R4. Then, u; —xo=1/4, vi —yo=0€ — R,
and w; — zo = 1/2. We have

2

Te(p')(F,G)(xo, Y0, 20, 41 = X0, v1 = 30, w1 = 20) = {(x, (7, 2)) € R x R* | y >0, 2> 2x},

and
D (F, G)(x0. 0. 20, U1 — X0, V1 — Y0, w1 — 20)(x)

={(.2) € R?| y =0, z=2x} = Dy(F, G)(x0. Y0, 20)(x), x € R. (13)

Hence, it follows from (13) that the conditions of Theorem 5.1 are satisfied for D£,2)(F , G)(xo,
Y0, 20, U1 — X0, V1 — Yo, W1 — Z0)- Simultaneously, take A > 0 and © = 0. We have that the 2th-
order Fritz John type necessary optimality condition of Theorem 5.1 holds.

Now we give sufficient conditions involving multiplier rule for the problem (GVOP).



S.J. Li, C.R. Chen/J. Math. Anal. Appl. 323 (2006) 1184—1200 1199

Theorem 5.3. Suppose that the following conditions are satisfied:

(1) F and G are C-convex and D-convex on the nonempty convex set S C dom(F) N dom(G),

respectively;,

) A={xeS Gx)N-—-D #0}, uy,....,up—1 € A, v1 € Flup) + C,...,vy—1 €
Funu—1)+C, wi € Guy)+ D,...,wyu—1 € Gup—1) + D, (x0, yo) € graph(F) and B
is a base of C;

(iff) P(x—x0) :={(y,2) € ¥ X Z | (x=X0,,2) € Tyni(}. & (X0, Y0, 20, U1 = X0, V1 = Y0, Wi — 20,
cey Um—1 — X0, Un—1 — Y0, Wm—1 — 20)} fulfills the domination property for all x € S;

(@iv) There exist zg € G(xg) N —D, A € C®(B), and . € D* such that

u(zo) =0 and A(y)+ u(z) =0,

b
for all (y,2) € Dg(m)(FAvGA)(XO,.YOsZO,Ml — X0,V1 — Y0, WI — Z0s--+sUm—1 — X0,
Um—1 — Y0, Wm—1 — 20)(x — xg) and x € A.

Then (xg, yo) is a Henig efficient solution of (GVOP).

Proof. Since A € C2(B), by Lemma 5.2, there exists € € (0, §) such that A € Co.(B)* \ {0y+}.
Assume that

(F(A) — yo) N —intC,(B) # 0. (14)
Then, there exist x’ € A and y' € F(x") such that y' — yg € —int C,(B). Since x’ € A, there exists
7/ € G(x’) N —D. By the domination property and Proposition 3.1, we have

O = 0,2 = 20)

€ D" (Fa, G 4)(x0, Y0, 20, U1 — X0, V1 — Y0, W1 = 20, - - -,
Um—1 = X0, Un—1 = Y0, Wim—1 — 20) (X" = x0) + C x D.
Thus,
MY —yo—c)+u@ —zg—d) =0, foranyceC, deD. (15)

Since y' — yp € —intC¢(B), then y' — yg—c € —intC.(B) — C = —int C¢(B), and A € C.(B)*\
{Oy+}, hence A(y' — yo — ¢) < 0. Since 7’ € G(x') N —D, u(zg) =0 and u € D*, we have u(z' —
70 —d) = pu(z') — u(d) <0. Thus,

A —yo—o)+u@ —z0—d) <0,

which contradicts (15). Then, (14) does not hold, namely, (F(A) — yp) N —int C;(B) = . Thus,
(x0, ¥0) is a Henig efficient solution of (GVOP) and the proof is complete. 0O

Theorem 5.4. Suppose that the following conditions are satisfied:

(1) F and G are C-convex and D-convex on the nonempty convex set S C dom(F) N dom(G),
respectively,

i) A={xeS G&x)N-D#B}, up,....u;m—1 € A, vy € Fluy) + C,...,vp_1 €
F(upm—1)+C, w €Guy)+D,...,wu—1 € Glum—1) + D, (x0, yo0) € graph(F) and B
is a base of C;
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(iii) P(x—x0):={(y,2) €Y X Z|(x—x0,y,2) € Te(p"{()F,G)(xo, Y0, 20, U1 — X0, V1 — Y0, W1 — 20,

ceoy Um—1 — X0, Un—1 — Y0, Wm—1 — 20)} fulfills the domination property for all x € S;
(iv) There exist zo € G(xg) N —D, A € C®(B), and . € D* such that

w(zo) =0 and A(y)+u(z) 20

for all (y,2) € D™ (Fa, G a)(X0, Y0, 20, U1 — X0, V1 — Y0, W1 — 205 -+ s Um—1 — X0,
VUm—1 — Y0, Wm—1 — 20) (X — Xp) and x € A.

Then (xo, yo) is a Henig efficient solution of (GVOP).

Proof. The conclusion can be directly obtained similarly as in the proof of Theorem 5.3 and
Corollary 3.1. O
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