Hindawi Publishing Corporation
Journal of Applied Mathematics

Volume 2012, Article ID 691018, 19 pages
doi:10.1155/2012/691018

Research Article

Higher-Order Weakly Generalized Epiderivatives
and Applications to Optimality Conditions

Qilin Wang® and Guolin Yu?

I College of Sciences, Chongqing Jiaotong University, Chongging 400074, China
2 Research Institute of Information and System Computation Science, Beifang University of Nationalities,
Yinchuan 750021, China

Correspondence should be addressed to Qilin Wang, wangql97@126.com
Received 8 February 2012; Accepted 1 April 2012
Academic Editor: C. Conca

Copyright © 2012 Q. Wang and G. Yu. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The notions of higher-order weakly generalized contingent epiderivative and higher-order weakly
generalized adjacent epiderivative for set-valued maps are proposed. By virtue of the higher-order
weakly generalized contingent (adjacent) epiderivatives, both necessary and sufficient optimality
conditions are obtained for Henig efficient solutions to a set-valued optimization problem whose
constraint set is determined by a set-valued map. The imposed assumptions are relaxed in
comparison with those of recent results in the literature. Examples are provided to show some
advantages of our notions and results.

1. Introduction

In the last several decades, several notions of derivatives (epiderivatives) for set-valued maps
have been proposed and used for the formulation of optimality conditions in set-valued
optimization problems. By virtue of contingent derivative (see [1]), Corley [2] investigated
first-order Fritz John type necessary and sufficient optimality conditions for set-valued
optimization problems. Jahn and Rauh [3] proposed the contingent epiderivative of a set-
valued map and then obtained an unified necessary and sufficient optimality condition
by employing the epiderivative. The essential differences between the definitions of the
contingent derivative and the contingent epiderivative are that the graph is replaced by the
epigraph and the derivative is single-valued. Chen and Jahn [4] introduced a notion of a
generalized contingent epiderivative of a set-valued map and then established an unified
necessary and sufficient conditions for a set-valued optimization problem. Lalitha and Arora
[5] introduced a notion of a weak Clarke epiderivative and used it to establish optimality
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criteria for a constrained set-valued optimization problem. As to other concepts of derivatives
(epiderivatives) of set-valued maps and their applications, one can refer to [6-15]. Recently,
second-order derivatives have also been proposed, for example, see [16, 17].

Until now, there are only a few papers to deal with higher-order optimality conditions
and duality of set-valued optimization problems by virtue of the higher-order derivatives or
epiderivatives introduced by the higher-order tangent sets. Since higher-order tangent sets
introduced in [1], in general, are not cones and convex sets, there are some difficulties in
studying higher-order optimality conditions for general set-valued optimization problems. Li
et al. [18] 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 under cone-concavity assumptions. By
using these higher-order derivatives, they [19] also discussed higher-order Mond-Weir
duality for constrained set-valued optimization problems based on weak efficiency. Li and
Chen [20] proposed higher-order generalized contingent (adjacent) epiderivatives of set-
valued maps and, then obtained higher-order Fritz John type necessary and sufficient
conditions for Henig efficient solutions to a constrained set-valued optimization problem.
Wang and Li [21] introduced generalized higher-order contingent (adjacent) epiderivatives
of set-valued maps, and then investigated both necessary and sufficient conditions for Henig
efficient solutions to set-valued optimization problems by employing the generalized higher-
order contingent (adjacent) epiderivatives. Chen et al. [22] introduced higher-order weak
contingent epiderivative and higher-order weak adjacent epiderivative for set-valued maps,
and then investigated higher-order Mond-Weir type dual, higher-order Wolfe type dual,
and higher-order optimality conditions to a constrained set-valued optimization problem by
employing the higher-order weak adjacent (contingent) epiderivatives and Henig efficiency.

Motivated by the work reported in [5, 18-22], we first introduce the notions of
higher-order weakly generalized contingent epiderivative, higher-order weakly generalized
adjacent epiderivative for set-valued maps and generalized cone-convex set-valued maps.
Second, we discuss some properties used in this paper and the existence of higher-order
weakly generalized contingent epiderivative and higher-order weakly generalized adjacent
epiderivative. Finally, based on higher-order weakly generalized contingent (adjacent)
epiderivatives and Henig efficiency, we discuss higher-order optimality conditions to a
constrained set-valued optimization problem.

The rest of the paper is organized as follows. In Section 2, we collect some of the
concepts and some of their properties required for the paper. In Section 3, we define higher-
order weakly generalized contingent epiderivative and higher-order weakly generalized
adjacent epiderivative of set-valued maps and study existence and some properties of them.
In Section 4, we establish higher-order necessary and sufficient optimality conditions to a
constrained set-valued optimization problem.

2. Preliminaries and Notations

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 closed convex cones C C Y and D C Z with
int C#0 and int D # 0, respectively. We assume that Ox, 0y, 0z denote the origins of X, Y, Z,
respectively, Y* denotes the topological dual space of Y, and C* denotes the dual cone of C,
defined by C* = {9 € Y* | ¢(y) > 0,Vy € C}. Let M be a nonempty set in Y. The cone
hull of M is defined by cone(M) = {ty | t > 0,y € M}. Let E be a nonempty subset of X,
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and F : E — 2¥ and G : E — 27 be two given nonempty set-valued maps. The effective

domain, the graph, and the epigraph of F are defined, respectively, by dom(F) = {x € E |

F(x)#0}, gph(F) = {(x,y) e XxY |x € E,y € F(x)} and epi(F) = {(x,y) e X xY | x €

E,y € F(x) + C}. The profile map F, : E — 2Y is defined by F.(x) = F(x) + C, for every

x edom(F).Letyo €Y, F(E) = Uyep F(x) and (F-yo)(x) = F(x)—{yo} ={y-vyo | y € F(x)}.
A nonempty convex subset B of the convex cone C is called a base of C, if

C = cone(B), Oy ¢ cl(B). (2.1)
Suppose that C has a base B. Denote

C%(B) = {f eC*:inf{f(b) : b€ B} > 0}, 02
C:(B)=cone(B+el) VY0<e<§6, .

where 6 = inf{||b]| : b € B} and U is the closed unit ball of Y. It follows from [23] that, for
6> 0, cl(int C¢(B)) is a closed convex pointed cone and C\ {0y} C int(C.(B)) forall 0 < € < 6.

Definition 2.1. Let F : E — 2¥ be a set-valued map, xq € E, yo € F(x).

(i) F is said to be C-convex on a convex set E, if epi F is a convex set.

(ii) F is said to be generalized C-convex at (xo,yo) on E, if cone(epi F — {(x0,¥0)}) is
convex.

Obviously, if F is C-convex on convex set E, then F is a generalized C-convex at (xg, 1) on
E. But the converse does not hold. For Example, let E = [-1,1], F(x) = {y € Ry > x*3}, for
all x € E,(x0,y0) = (0,0) € gph(F). F is generalized R,-convex at (xo,1o) on E, but F is not
R,-convex.

Definition 2.2. An element y € M is said to be a minimal point (resp., weakly minimal point)
of Mif Mn({y}-C) = {y} (resp., MN ({y} —intC) = @. The set of all minimal points (resp.,
weakly minimal point) of M is denoted by Min,M (resp., WMin.M).

Suppose that m is a positive integer, X is a normed space supplied with a distance d
and K is a subset of X. We denote by d(x,K) = inf,exd(x, y) the distance from x to K,
where we set d(x, () = +oo.

Definition 2.3 (see [1]). Let x belong to a subset K of a normed space X and u, ..., U1 be
elements of X. One says the following

(i) The subset

-1
(m) e K=x—huy - —h"" Uy
Ty (x,u1, ..., Um1) —11mhlil(f)+ T

B . K-x—hu—-—h" " upq\ _
= {y €EX| hlgr&+d<y, T > = O}

is the mth-order contingent set of K at (x,u1,...,Up-1).

(2.3)
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(ii) The subset

K-x-hu - —h" Wy,
hm

. K-x-huj—-—h"u,
= X | limd =
{ye | i, <y’ @ > O}

is the mth-order adjacent set of K at (x, 11, , Up-1).
From Proposition 3.2 in [18], we have the following result.

T[(<m) (x/ VY, umfl) = hm hing

Proposition 2.4. If K is convex, x € K, and u; € X,i=1,...,m—1, then T;(m)(x, Uy, .. Upm) IS
convex.

3. Higher-Order Weakly Generalized Epiderivatives
Definition 3.1 (see [21]). Let x belong to a subset K of X and uy, ..., u,-1 be elements of X.

(i) The subset

- — e pm-1
G—Tém) (x,u1,...,Up-1) =limsup cone(K — x) — hu Pt
h—0* hm
— — e pm-1
- {y € X | lim inf d<y, cone(K ~x) ~hi h ”m1> - 0}

h— 0+ hm

(3.1)
is said to be the mth-order generalized contingent set of K at (x, u1, ..., Um-1).
(ii) The subset
— — e pm-1
G—le(m) (x,u1,...,Up1) = lim inf cone(K — x) — hin R
h—0+ hm
— — . pm-1
_ {y € X | lim d<y, cone(K — x) — huy h um_1> _ 0}
h— 0+ hm

(3.2)

is said to be the mth-order generalized adjacent set of K at (x, uy, ..., Upm-1).

Remark 3.2.

(i) The following inclusion holds:

G—TIb((m) (x,u1,...,Um) C G—TI(;") (X, U1, ..., Upmr). (3.3)
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(ii) Both G-Tém)(x, Ui,..., Up1)and G-leém) (x,u1,...,Up) are closed.
(iii) If cone(K — {x}) is convex, then G—leém) (x,u1,...,Up-1) is convex.

(iv) If cone(K — {x}) is convex, and uy, ..., u,-1 € K, then

G—TI(<m>(x, UL =X, .. Uy —X) = G—T;(m)(x, UL =X, ..., Upq — X). (3.4)

Definition 3.3. Let (xo,yo) € graph(F), (u;,v;) e XxY,i=1,2,...,m-1.

(i) The mth-order weakly generalized contingent epiderivative Dg’%F (x0, Yo, u1,v01,...,
Um-1,Um-1) Of F at (xo,y0) with respect to (in short, w.r.t.) vectors (ui,v1),...,
(Um-1,0m-1) is the set-valued map from X to Y defined by

DEUW—ZF(XO/:VOIULUL- o U1, U1 ) ()
(3.5)

= WMCin{y €Y:(xy)e G-Té;:F) (x0, Yo, U1, 01, -, U1, V1) }

(ii) The mth-order weakly generalized adjacent epiderivative D%?F (x0, Yo,u1,01, -,
Um-1,Um-1) Of F at (xo,10) w.r.t. vectors (u1,v1), ..., (Um-1,Um-1) is the set-valued
map from X to Y defined by

D F (X0, Yo, U1, 01, -« et Ot ) (%)
. o) (3.6)
= WMCm{y eY:(xy)e G-Tepi(F) (x0, Yo, u1, 01, - -, Um-1, Um-1) }

To compare our derivatives with well-known derivatives, we recall some notions.

Definition 3.4 (see [22]). Let (xo,y0) € graph(F), (u;,vi) e XxY,i=1,2,...,m—-1.

(i) The mth-order weakly contingent epiderivative Dz(um)F (x0, Yo,u1,01,*** Um-1, V1)
of F at (xo,y0) w.r.t. vectors (u1,v1), ..., (Um-1, Um-1) is the set-valued map from X
to Y defined by

DT(Um)F(xO/ ]/O, ul/ Ul/ ey umflr vm—l) (x)
(37)
= WMCin{y €Y:(x,y)e Te(;zp) (x0, Yo, 1,01, ..., Um-1, Om-1) }
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(ii) The mth-order weakly adjacent epiderivative D%m)F (x0, Yo,u1,01, - . ., Um-1,Vm-1) Of
F at (xo,y0) w.r.t. vectors (u1,v1),..., (Um-1,VUm-1) is the set-valued map from X to
Y defined by

D%m)F(xOr yO/ U, Vi, .o, Um-1, Umfl) (x)
(3.8)

= WN[Cin{y eY: (x,y) S T:I(J;'Z;:)(XO,yo,ul,Ul,' .. ,um_l,vm_l)}.

Definition 3.5 (see [20]). Let (xo,yo) € graph(F), (u;,vi) e XxY,i=1,2,...,m—1.

(i) The mth-order generalized contingent epiderivative ngm)F (x0, Yo, u1,01, ..., Um-1,
vm-1) of F at (x9,y0) € gph(F) w.rt. vectors (u1,v1),..., (Um-1,Vm-1) is the set-
valued map from X to Y defined by

Dém)F(XO/ Yo, U1,01,... rum—lrvm—l) (x)

= Mcin{y €eY:(xy)e Té:ile) (%0, Yo, 41,01, - -+, Um-1,Vm-1) }, (3.9)

x € dom [D("‘)F+ (x0, Yo, U1, 01, ..., Um-1, vm_l)] .

(ii) The mth-order generalized adjacent epiderivative D;(m)F (x0, Yo, 1,01, ..., U1,
Um-1) of F at (xo,y0) € gph(F) w.rt. vectors (u1,v1),..., (Um-1,Um-1) is the set-
valued map from X to Y defined by

D;(m)F(xOr Yo, U1, V1, -« o, U1, U1 (X)
= Mcin{]/ eY: (x, y) € T:g(ll)c) (xo,yo, uy, vy, "f”m—l'vm‘l) }’ (3.10)

x € dom [D"(m)F+ (x0, Yo, U1, 01, .. .,um_l,vm_l)].

We now discuss the properties of the mth-order weakly generalized contingent
epiderivative and adjacent epiderivative, for which we recall the following definitions.

Definition 3.6 (See [5, 24]).
(i) The cone C is called Daniell, if any decreasing sequence in Y having a lower bound
converges to its infimum.
(ii) A subset M of Y is said to be minorized, if there exists a y € Y such that M C {y}+C.

(iii) The weak domination property is said to hold for a subset H of Y if H ¢ WMin.H +
intCU {0Oy}.
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Using properties of higher-order tangent sets [1], we have the following result.

Proposition 3.7. Let (x9,y0) € gph(F), u; € X,v1 € Y. If thesets {y € Y | (x — xo,
y) € G_Te(g;ZF) (%o, Yo, Ui, 01, -, Um-1,Om-1) } and {]/ €Y | (x—xo, y) € G‘T:ggs)(xo/]/o,ul,vl,---,
Um-1, Um-1) } fulfill the weak domination property for all x € E, then for any x € E,

(i) DY F(x0, Yo, 1,01, - .., -1, Um-1) (x=20) € DY (xo, Yo, 1, 01, ..., U1, Um-1) (X =
XO) + C,

(11) D‘fum)P(xOI Yo, U1,01,... ,um_l,vm_])(x_XO) c DZ(Un:l;F(xO/ Yo, U1,01,..., um—llvm—l)(x_
Xo) +C,

b b
(111) Dg(m)F(XO/ Yo, U1,01,..., Um-1, Um—l) (x_xo) c DZL(ZZ')F(xOI Yo, U1,01,..., Um-1, Um—l) (x_

XO) + C,

. b b
(1V) D‘agm)F(xOr Yo, U1,01,-- ., Um-1, Um—l) (x—XO) c Dugf?F(xO/ Yo, U1,01,-.., Um-1, Um—l) (x_
X()) +C.

Remark 3.8. The reverse inclusions in Proposition 3.7 may not hold. The following examples
explain the case, where we only take m = 1,2.

Example 3.9. Let X =R, Y = R2,E=R,,C = R2, F(x) = {(y1,y2) € R? : y1 > x*3,y, > 0}, for
all x € E, (x0,y0) = (0,(0,0)) € gph(F). Then,

Tepicr) (%0, 40) = Tepir) (0, 40) = { (%, y) | x =0, y1 € R, y2 € R.},

(3.11)
G-Tepi(r) (X0, Yo) = G_Tgpi(F) (x0,40) = Rx (Ri x Ry).
Hence, for any x € R, \ {0},
DgF (x0,y0) (x = x0) = DyF (0, y0) (x = x0) = 0,
Dy F (x0, o) (x = x0) = D}, F (x0, o) (x = x0) = 0,
Do F (x0,y0) (x = x0) = D}, . F (x0, ¥0) (x = x0) (3.12)

={(12) eR[y1=012€ R}

U {(ylzyZ) ER |y €ER,, o = 0}.

Example 3.10. Suppose that X = R,Y = RL,E = X,C = R2. Let F : E — 2F be a set-
valued map with F(x) = {(y1,y2) € R? | y1 > x*,y2 > x?}, (x0,0) = (0,(0,0)) € gph(F)



8 Journal of Applied Mathematics

and (#,0) = (1,(0,0)). Then T2 1, (xo, yo,u,v) =

@
G- Tepl(F

epl(F)(xo,yO,u v) = Rx (R; x [1,+0)),

)(xo,yo, u,v) = G- ngzF (x0, Yo, u,v) = R x (Ry x R;). Therefore, for any x € E,

ngz)F(xo,yo,u,v) (x —x0) = DZ,Q)F(xo,yo,u, v)(x - x0) = {(0,1)},
DS F(x0, yo, u,0) (x - x0) = DiPF (%0, o, 4, 0) (x — xo)
={(0,y2) ly221}U{(y1,1) | 11 20}, (3.13)

DL F (x0, Yo, 1,0) (x = x0) = D3 F (%0, yo, 4, 0) (x = Xo)
={(¥1,0) |1 20} U {(0,32) | y2 > 0}.

Example 3.11. Let X = R,Y = R, E = X,C = R%, F(x) = {(y1,v2) € R> : y1 > x*/3,y, € R}, for
all x € E, (xo,y0) = (0,(0,0)) € gph(F), and (u,v) = (1, (0,0)). Then,

Tép1(F) (xo’ Yo, u, ’U) ep1(F) (.X'(), Yo, U, ’U) @,
(3.14)
2 2)
G- Te(pi (F) (.X'o, Yo, U, U) =G- Te}(n(p) (xO/ Yo, u, U) =R x (R+ X R)
Hence, for any x € E,

D(Z)F(x _ _ Db(z)F B i

8 0, Yo, 4, 0) (X = xp) = o (x0, yo,u,v)(x = x0) =0,

D(2)F _ _ Db(z)F B 0

w F(x0,Y0,u,0)(x — x0) = Dz F(x0, Yo, 1,0) (x — x0) = 0,
(3.15)

D oF (x0, yo,u,v) (x = x0) = Db()F(XO,yo,u,v)(x x0)

= {(ylfyz) ER |y =0, € R}.
We now discuss the existence of the mth-order weakly generalized contingent

epiderivative and adjacent epiderivative.

Theorem 3.12. Let C be a closed convex-pointed cone and let C be Daniell.

i) If theset P(x) :={y €Y : (x,y) € G-T epl(F) (x0, Yo, U1, 01, ..., Um-1,Vm-1)} is minorized

for every x € dom(P), then D,(J,”g(xo,yo, U1, 01, -, Um-1,Om-1)(x) exists for all x €

dom(P).

(ii) If theset Q(x) =={y € Y : (x, y) € G- TEEI(F)(xO,yO,ul,vl, oo, U1, Um-1) } 1S minorized
for every x € dom(Q), then D (xo, Yo, U1, 01, , Um-1, Um-1)(X) exists for all x €
dom(Q).

Proof. From Remark 3.2 (ii), we know that mth-order generalized contingent set and mth-
order generalized adjacent set are closed. Then we can prove them as the proof of Theorem 3.1
in [22]. O
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Now we discuss some crucial propositions of the mth-order weakly generalized
contingent epiderivative and adjacent epiderivative.

Proposition 3.13. Let xg € E, yo € F(x9), (u;,vi) € {Ox} x C. If the set P(x — x9) = {y € Y |
(x —x0,y) € G—Te(;'ile)(xg, Yo, U1, 01, .., Um-1,Um-1)} fulfills the weak domination property for all
x € E, then for all x € E,

F(x)—{wo} C Dg’i)gF(xo, Yo, U1, V1, - .., Um-1, Om-1) (X = x0) + C. (3.16)

Proof. It follows from Proposition 3.9 in [21] and the weak domination property of P(x — xo)

that the result holds. O
From the proof process of Proposition 3.13, we have the following result.

Corollary 3.14. Let xo € E, yo € F(x0), (u;,v;) € {Ox} x C. If the set P(x — x¢) := {y € Y |
(x —x0,y) € G—TS;Z'(’)F)(xO,yO,ul, U1, ..., Um-1,Um-1)} fulfills the weak domination property for all
x € E, then forall x € E,

F(x)-{yo} C D%Tg)l-"(xo,yo, U1, 01, .o Um1,Om-1) (X — x0) + C. (3.17)

Remark 3.15. Since the cone-convexity and cone-concavity assumptions are omitted,
Proposition 3.13 improves [18, Theorem 4.1], [20, Proposition 3.1] and [22, Proposition 3.1].

Proposition 3.16. Let E be a nonempty subset of X, xo € E, yo € F(xo), and let u; € E,v; €
F(uj))+C,i=1,2,...,m—1.If F is generalized C-convex at (xo,yo) on E, and the set Q(x — xp) :=

{lyeY|(x-xo,y) € G—Té;zp) (x0, Yo, U1 — X0, V1 — Yo, - - -, Um-1 — X0, Um-1 — Yo) } fulfills the weak

domination property for all x € E, then for any x € E,
F(x) - {yo} C Diunf{gl:(xofyo,ul = X0, 01 = Yo, .-, Um-1 — X0, Um-1 — Yo) (x —x0) + C.  (3.18)

Proof. Take any x € E, y € F(x) and a sequence {h,} with h, — 0*. Since F is generalized
C-convex at (xg, yo) on E, cone(epi(F) — {(x0,Y0)}) is convex, and then

(11 = x0,01 = o) ++++ + WP (U1 — X0, V-1 — Yo) € cone(epi F — {(xo0,10)}). (3.19)
It follows from h,, > 0 and cone(epi F — {(xo, ¥0)}) is a convex cone that

(X, Yn) = hp (w1 — X0, 01 = o) + -+ + W (U1 — X0, V-1 — Yo)
(3.20)

+h)'(x = x0, - yo) € cone(epi F — {(x0,10)})-
We obtain that

nsYn _hn - 7 - ___._h,rqn—l m-1 — rYm-1—
(x—xo,y—yo):(x Yn) = hu(u1 = x0,01 yO)hm (Um-1 = X0, Um-1 yO), (3.21)
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(x = %0, = Yo) € G-Temttp (X0, Yo, th1 = X0,01 = Yo, - -, U1 = X0, V1 — Yo), (3.22)

that is, v — yo € P(x — x¢). By the definition of mth-order weakly generalized contingent
epiderivative and the weak domination property, we have

P(x-x9) C Dg’f)g (x0, Yo, u1 — X0, V1 = Yo, - - -, Um-1 — X0, Um—-1 — Yo (x — x0) + C. (3.23)

Thus,
F(x) = {yo} C D;,"i)sf(xolyo,ul = X0, 01 = Y0, .-, Um-1 — X0, Um-1 — Yo) (x —x0) + C,  (3.24)

and the proof is complete. O

Remark 3.17. Since the cone-convexity assumptions are replaced by generalized cone-con-
vexity assumptions, Proposition 3.16 improves [18, Theorem 4.1], [20, Proposition 3.1] and
[22, Proposition 3.1]. The following example explains the case, where we only take m = 2.

Example 3.18. Let X = R, Y = R’,E = [-1,1],C = R?, F(x) = {yi,y2) e R y1 2 x2/3,y2 >
x2/3}, for all x € E and let (xo, yo) = (0, (0,0)) € graph(F).

Naturally, F is generalized C-convex at (xg, o) on E, and F is not C-convex on E. Let
u=1v=(1,1) € F(1) + C. Then

2
TEpi(F) (xO/ yO/ u-x9,0— yo) = 01

(3.25)
G-Tioir) (o, yo,u=x0,0 - y0) = { (x,y) € Rx R | y1 2 %, 2 x}.
Hence, the conditions of Proposition 3.16 are satisfied. For any x € X,
DP'F (xo, yo, u — x0,v = Yo) (x = xo) = D& F (x0, Yo, U~ X0, = o) (x = Xo) = 0,
D F(x0, o, u — X0,0 = yo) (x = x0) = {(y1,yz) ER |y1=x,1> x} (3.26)

u {(y1,yz) ER |y 2xy= x}-
Thus, for any x € E,
F(x)-{yo} c D,(”"f)gl-"(xo, Yo, U1 — X0, 01 = Yo, - -, Um-1 — X0, Um-1 — Yo) (x = x0) +C.  (3.27)

Since F is not C-convex and C-concave on E and Téﬁzm (x0, yo,u — x0,v — yo) = @, the
assumptions of [18, Theorem 4.1], [20, Proposition 3.1] and [22, Proposition 3.1] are not
satisfied. Therefore [18, Theorem 4.1], [20, Proposition 3.1] and [22, Proposition 3.1] are

unusable here.
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Corollary 3.19. Let E be a nonempty convex subset of X, x,xo € E, yo € F(xo). Let u; € E,v; €

F(uj))+C,i =1,2,...,m— 1. If F is generalized C-convex at (xo,Yyo) on E, and the set {y € Y |

(x—x0,y) € G—T:gi’(l;) (x0, Yo, U1 —X0, V1= Yo, - - -, Um—1 — X0, Um—1 — Yo) } fulfills the weak domination

property for all x € E, then

F(x) - {yo} C D%T;P(xoryol U —Xx0,01 = Yo,--+, Um-1 — X0, Om-1 — yo)(x -xo) +C. (3.28)

4. Higher-Order Optimality Conditions

In this section, we discuss the higher-order optimality Conditions of Henig efficient solutions
for constrained set-valued optimization problems. The notation (F, G)(x) is used to denote
F(x) x G(x). Firstly, we recall the definition of interior tangent cone of a set and state a result
regarding it from [16].

The interior tangent cone of K at xy is defined as

ITk (x0) ={ueX |31 >0,Vt€ (0,4),Vu' € Bx(u,\), xo +tu' € K}, (4.1)

where By (u, ) stands for the closed ball centered at u € X and of radius A.

Lemma 4.1 (see [13]). If K € X is convex, xo € K, and int K #(, then

ITin k (x0) = intcone(K — {xp}). (4.2)

Consider the following set-valued optimization problem:

{min F(x),
(SP) (4.3)
st. Gx)N(-D)#0,x€E,

let K := {x € E| G(x) N (-D) #0} and F(K) := U,ex f(X). Let xo € K,yo € F(x0), (x0,Y0) is
said to be a Henig efficient solution of problem (SP), if for some € € (0, 6),

(F(K) = {yo}) N (-int(C¢(B))) = 0. (4.4)
Lemma 4.2 (see [13]). Let xo € K,y € F(x). If there exists ¢ € C*(B) such that
$(v) 2 p(w),  Vy€eF(K), (4.5)

then (xo, yo) is a Henig efficient solution of problem (SP).
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Theorem 4.3. Suppose that C has a base B. Let (u;, v;,w;) € X x (-C) x (-D), i=1,2,...,m-1,
Yo € F(xo), zo € G(xo) N (=D), 6 =inf{||b|| : b € B}. If (x0, yo) is a Henig efficient solution of
(SP), then there exists € € (0,06) such that

I:D'fu”i)g(F/ G) (xO/ Yo, 20, U1, 01, W1 +2Zo,0 0, Um—1, Om-1, Wiy-1 + ZO) (x)
(4.6)
+(0y, 20)}] N=int(Cc(B) x D) = .

forall x € X.

Proof. Since (xo, o) is a Henig efficient solution of (SP), there exists an € € (0, 6) such that
(F(K) = {yo}) N—int(Ce(B)) = 0. Then

cone(F(K) +C - {yo}) n—int(C¢(B)) = 0. (4.7)

If Dfuni)g(Fl G) (xOI yO, ZO/ ul/ Ul, wl + ZO/ cecy umflr vmflr wn171 + ZO) (x) = 0 for some

x € X, then the result (4.6) holds trivially. So we next prove that for any x € Q : =
dom[D,(U"i)g(F, G)(x0, Yo, 2o, U1, V1, W1 + Zo, - - ., Um-1, Um-1, Wim-1 + Zo)], the result (4.6) holds.
Assume that (4.6) does not hold. Then there exist x € Q and (,z) € X x Y such that

(y,z) € Di,,"ig(F, G) (0, Yo, zo, U1, V1, W1 + Z0, - . ., U1, U1, W1 + 20) (X),  (4.8)

(¥,2z) + (Oy, z9) € —(int(Ce(B)) x int D). (4.9)
It follows from (4.8) and the definition of mth-order weakly generalized contingent

epiderivative that there exist sequences {h,} with h, — 0" and {(Xu, ¥n, zn)} C
cone(epi(F, G) — {(x0, Yo, z0)}) such that

(Xn, Yn, Zn) — hu(u1, 01, w1 + 20) = -+ = K (U1, U1, Wine1 + 2Z0)
hy

— (X,7,2). (410

From (4.9) and (4.10), there exists a sufficiently large Ny such that

Yn —hpv1 — - = h,’f‘lvm_l € —int(C.(B)), forn> Ny, (4.11)
_  zZp—ha(wi +20) — - = KN (W1 + 20)
Zp =
hy!
_ hn L hnm71 Zn — hnwl T hzqilwm—l - (412)
B hy! Fop+ - + BT TR )T E

€ —(int D + zp) C —intcone(D + zj).

Since vy,...,0;,-1 € =C, h,, > 0 and C is a convex cone,

hyo1+---+ h,’f‘_lvm,l e —C. (413)
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By (4.11) and (4.13), we get

Yn € —int(Ce(B)), for n> Nj. (4.14)

According to (4.12) and Lemma 4.1, we obtain =z € ITintp(—20). Then, it follows from the
definitions of ITyyp(—zo) that A > 0, for all £ € (0,1), for all ¥’ € Bz(-z,1),—zo + tu’ € intD.
Since h, — 0* and (4.12), there exists a sufficiently large N, such that

hy
—2 ——€(0,1), forn> Ny,
By + -+ Rl
- (4.15)
—zZo + —”1(—En) eint D, forn> N>,
hy +---+hy~
that is,
—h ey
En ~ ¥ n_Wml o it D, forn> Ny (4.16)
By + -+ Rl
It follows from h,, > 0, w;, ..., w,,—1 € —D and D is a convex cone that
zy, € —intD, for n > N. (4.17)

Since z, € cone(G(x,) + D — {zo}), there exist A,, > 0,2z, € G(x,) and d, € D such that
zn = Ay (Z, + dyy — 20). It follows from (4.17) that Z,, € G(x,) N (=D), for n > N, and then

x, € K, forn> N,. (4.18)

Then it follows from (4.14) that
Yn € cone(F(K) + C - {yo}) N—int(Ce(B)), for n>max{Ni, N>}, (4.19)
which contradicts (4.7). Thus (4.6) holds and the proof is complete. O

From D + intD C intD,C + intC.(B) C intC.(B) and Theorem 4.3, we have the
following corollary.

Corollary 4.4. Suppose that C has a base B. Let (u;, v;, w;) € X x (-C) x (-D),i=1,2,...,m—-1,
Yo € F(xo), zo € G(xo) N (=D), 6 = inf{||b|| : b € B}. If (x0,y0) is a Henig efficient solution of
(SP), then there exists € € (0,06) such that

[DEZ?g(F, G) (%0, Yo, z0, U1, V1, W1 + Z0, - - -, U1, V1, Win-1 + Z0 ) (X)

(4.20)
+C x D + {(0y, zo) }] N (=int(C.(B) x D)) = 0.
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Theorem 4.5. Suppose that C has a base B, 6 = inf{||b|| : b € B}. Let yo € F(xo), (u;, vi — Yo, w;) €
X x(=C)x(-D),i =1,2,...,m— 1. If (xo, yo) is a Henig efficient solution of (SP), then for some
€ € (0,06) and for any zy € G(xp) N (-D),

[DEUT;(F,G) (x0, Yo, 2o, U1 — X0, V1 — Yo, W1 — Z0, - - -, Um—1 — X0, Um-1 — Y0, Wm-1 — Z0) (X)

+C x D + {(0y, z0) }] N —int(Ce(B) x D) = 0.
(4.21)

Proof. If Dg'-’;(F, G) (x0, Yo, zo, U1 = X0, V1 = Y0, W1 = Z0, - - - , Um-1 = X0, Um-1 = Y0, Win-1 = Z0) (X) = @
for some x € X, then the result holds trivially. So we suppose that for any x € Q :

= dom[D{"(F,G)(x. - - - - - -

w-g (£, 0,40, 20, U1 = X0, V1 = Yo, W1 — Z0,- -+, Um-1 — X0, Um-1 = Yo, Wm-1 = Z0)].
Then the proof of the fact follows on the lines of [20, Theorem 4.1] by using mth-order
weakly generalized contingent epiderivative instead of mth-order generalized adjacent
epiderivative. O

Theorem 4.6. Let (u;, v;, w;) € Xx(-C)x(-D),i=1,2,...,m-1,yo € F(xp), zo € G(x9)N(-D),
let B be base of C and 6 = inf{||b|| : b € B}. Suppose that the following conditions are satisfied:

(i) (F, G) is generalized (C, D)-convex at (xo, Yo, zo) on nonempty set E,

(ii) the pair (xo, yo) is a Henig efficient solution of (SP),

(ii)) P(x) = [(y,2) € (LZ) | (x-x,y2) € GTo. (X, yom,01,w1 +

Z0, -+, U1, Um-1,Wm-1 + 20)} fulfills the weak domination property for all x € E,
(OY, OZ) € [D‘I(A)ni)g(Fr G) (xOI ]/0/ Zo,U1,01, W1 + Zg,- .., U1, Om-1, Wip-1 + ZO)] (OX)

Then there exist ¢ € C2(B) and ¢ € D* such that

B(y) +¢(z)> 0, (20) =0, (4.22)

fOT all (y/ Z) € A(x) = DI(A)ni)g(Fl G) (xO/ Yo, Z0,U1,01,W1 + 2o,y Um-1,Om-1, Wm-1 + ZO)(x) and
x € Q:=domA.

Proof. Let zg € G(xp) N (=D). Define

M = | JA(x) + Cx D + (Oy, z0). (4.23)
xeQ

By the similar line of proof for convexity of M in Theorem 5.1 in [20], we obtain that
M is a convex set. It follows from Corollary 4.4 that

M N (—(int(cone(el + B)) x int D)) = (. (4.24)

By the separation theorem of convex sets, there exist ¢ € Y* and ¢ € Z*, not both zero
functionals such that for all (y,z) € M, (y, z) € —(int(cone(eU + B)) x int D), we have

P(@) +¢((2) > d(y) + (). (4.25)
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It follows from (4.25) that

¢(y) <¢(z), VY(y z) € —int(cone(el + B)) x int D, (4.26)
¢@)+9() >0, V(yz)eM. (4.27)

Whence
$(y) +y(2) 20, (4.28)

forall (y,z) € A(x) and x € Q.
From (4.26), we obtain that ¢ is bounded below on the int D. Then ¢(z) > 0, for all
€ int D. Naturally ¢ € D* and

$(b) > p(u),  VbeBucell (4.29)

Since U is symmetry, there exists a ug € el such that ¢(ug) = t > 0. Then ¢ € C*(B).
From (4.27) and condition (iii), we have ¢ (z) > 0. Since zy € —D and ¢ € D*, ¢ (zp) <
0.So

#(z0) =0, (4.30)

and the proof is complete. O

Remark 4.7. We notice that a Kuhn-Tucker type necessary optimality condition in Theorem 4.6
is obtained under weaker assumptions than those assumed in [20, Theorem 5.1] and [22,
Theorem 6.1]. The following example explains the case, where we only take m = 2.

Example 4.8. Supposethat X =Y =Z=R,E=X, C=D=R,, B=({2}.LetF:E — 2Y bea
set-valued map with

F(x)={yER:y2x2/3}, x€E, (4.31)
and G : E — Z be a set-valued map with
G(x) = {zeR:sz4/5}, x € E. (4.32)

Letxo=0€ E,yo =0 € F(xg),z0 =0 € G(xp). Naturally, (F, G) is generalized C x D-convex at
(x0, Yo, z0) on E. Consider the following constrained set-valued optimization problem (4.6):

min, F(x),
(4.33)
s.t. x € E,G(x) N (=D) #0.
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By definition, (xo,10) is a Henig efficient solution of (4.6). Take (u1,v1,w1) = (-1,0,0) €
gph(Dy-4 (F, G)(x0, Yo, Z0))- By directly calculating, we have

G-Te(;z(ﬁc) (x0, Yo, 2o, U1, 01, W1 + 20) = {(x, y,z) EExR*:y>0,z> 0},
(4.34)
(OY/ OZ) € Dgzg(F/ G) (XO/ Yo, Zo,U1,01, W1 + ZO) (OX)
Then, the conditions of Theorem 4.6 are satisfied, and
D'gzg(F/ G) (x0, Yo, zo, U1, v1, w1 + 2o) ()
(4.35)

={(y,z)GR2zy=0,220}U{(y,z)€R2:y20,z=0}.

Simultaneously, take ¢ = 1 € C2(B) and ¢ = 1 € D*. Obviously, the 2nd-order necessary
optimality condition of Theorem 4.6 holds.

Since neither F nor G is Ri-convex on nonempty convex set E and
Te(g(RG) (x0, Yo, 20,1 — X0,v1 — Yo, w1 — Z9) = @, the assumptions of [20, Theorem 5.1]
and [22, Theorem 6.1] are not satisfied. Therefore [20, Theorem 5.1] and [22, Theorem 6.1]
are unusable here.

As a direct consequence of Theorem 4.6, we get the following corollary.

Corollary 4.9 (See [21]). Let (u;, vi,w;) € X x (-C) x (-D),i=1,2,...,m -1, yo € F(xp), let B
be base of C and 6 = inf{||b|| : b € B}. Suppose that the following conditions are satisfied:

(i) F and G are C-convex and D-convex on nonempty convex set E, respectively,
(ii) the pair (xo, yo) is a Henig efficient solution of (SP),

(111) (OY/ OZ) € [G - D(m) (FI G) (xOI Yo, 20, U1,01, W1 + 20,y Um-1, Om-1, Wm-1 + ZO)] (OX)r
forany zo € G(xp) (D).

Then for any zo € G(xo) (\(~=D), there exist ¢ € C*(B) and ¢ € D* such that
d(y) +¢(2)> 0,  ¢(z) =0, (4.36)

for all (y,z) € G-D™(F,G)(xo, Yo, 20, U1, 01, W1 + Z0, - - - , U1, V-1, W1 + Z0) (x) and x € Q :
= dom G-D™(F, G)(xo, Yo, Zo, U1, V1, W1 + Z0, - - - , U1, U1, Win-1 + Z0)-

Theorem 4.10. Suppose that C has a base B. Let x,x9 € E, yg € F(xo),z0 € G(x) (=D). Suppose
that the following conditions are satisfied:

(i) u; € E,vie F(u;) +C,w; € G(w;) +D,i=1,2,...,m-1,
(ii) (F, G) is generalized C x D-convex at (xo, Yo, zo) on E,

(iii) if the set {(y,z) € (Y,Z) | (x —x0,Y,2) € G'Te(;ﬁzp,@ (x0, Yo, Zo, U1 — X0, V1 — Yo, W1 —

Z0, -+« Um—1—X0, Um—1—Y0, Wm-1—20) } fulfills the weak domination property forall x € E,
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(iv) there exist ¢ € C*(B) and ¢ € D* such that

P(y) +¢(2) 20,  ¢(z0) =0, (4.37)

for all (y,z) € DS, (F,G)(x0, Yo, z0, 11 = X0, 01 = Yo, W1 = Zo, - - ., Ut — X0, V1 — Yo, Win1 —
zo)(x — x9), for all x € K.
Then the pair (xo,Yyo) is a Henig efficient solution of (SP).

Proof. It follows from Proposition 3.16 that

(¥y-vo,z-20) € D;;"i)g(l:, G) (x0, Yo, zo, U1 — Xo, V1 — Yo, W1 — Zo, - - -,

(4.38)
U1 — X0, Um-1 — Y0, Wm—1 — 20) (X —x0) + C x D,
forall (y,z) € (F,G)(x), x € K. Then,
d(y-yo) +¢(z—20) 20, Y(y,z) € (FG)(x). (4.39)

Thus, for any x € K, there exists a z € G(x) with z € —D such that ¢(z) < 0. It follows from
¢(z0) = 0 and (4.39) that

¢(y) =2 ¢(y), Yy e F(K). (4.40)

Whence it follows from Lemma 4.2 that (xo, yo) is a Henig efficient solution of (SP). O

Similarly as in the proof of Theorem 4.10, it follows from Proposition 3.13 that we have
the following result.

Theorem 4.11. Suppose that C has a base B. Let x,x9 € E, yg € F(xo),z0 € G(x) (=D). Suppose
that the following conditions are satisfied:

(1) (uj, v, w;) € {0x} xCxD,i=1,2,...,m-1,

(11) Ifthe set {(yrz) € (Y,Z) | (x - xO/ylz) € G_Tégzzplc)(xO/yOrulrvlr---rum—lrvm—l)}

fulfills the weak domination property for all x € E,
(iii) there exist ¢ € C*(B) and ¢ € D* such that

p(y) +¢(2) 20,  ¢(z0) =0, (4.41)
forall (y,z) € Dg'ig(F, G)(x0, Yo, 2o, U1, V1, W1, - - ., U1, V-1, Wm-1) (X = Xo), for all x € K.
Then the pair (xo, yo) is a Henig efficient solution of (CP).
Remark 4.12.

(i) Since Theorem 4.11 does not involve the convexity, it improves [20, Theorem 5.4]
and [22, Theorem 6.2].
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(ii) If we use mth-order weakly generalized adjacent epiderivative instead of the mth-
order weak generalized contingent epiderivative in Theorems 4.3, 4.5, 4.6, 4.10 and
4.11, then the corresponding results for mth-order weakly generalized adjacent
epiderivative still hold.
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