Journal of Nonfinear

Analysis and

Optimization :

Theory . i
Journal of Nonlinear Analysis and Optimization o
Vol. 7, No. 2, (2016), 1-16 Sdtr i Clif
ISSN : 1906-9685 f’*’f"i"::”
http://www.math.sci.nu.ac.th wmw_

OPTIMALITY CONDITIONS FOR WEAKLY EFFICIENT SOLUTION OF
VECTOR EQUILIBRIUM PROBLEM WITH CONSTRAINTS IN TERMS OF
SECOND-ORDER CONTINGENT DERIVATIVES

TRAN VAN SU*

Department of Mathematics, Quangnam University, Tamky, Vietnam

ABSTRACT. In this paper, we present second-order necessary and sufficient optimality
conditions for weakly efficient solution of a vector equilibrium problem with constraints (in
short, VEPC ) in terms of second-order contingent derivative and second-order asymptotic
contingent derivative. With this purpose, we impose the objective functions, either all them
are twice Fréchet differentiable at optimal point or the Fréchet derivatives are calm at optimal
point or the profile mappings has the cone-Aubin properties. Besides, we also can invoke
constraint qualifications of the Kurcyusz - Robinson - Zowe (KRZ) type. Our paper point
out new improvements from the known results of Gutierrez, Jiménez and Novo (2010) and
Khanh and Tung (2015); see [8], [10] in cases of single-valued optimization and give some
discusses about it.
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1. INTRODUCTION

The vector equilibrium problems generalize many well-known problems in the
optimization theory as vector complementarity problems, vector saddle point prob-
lems, vector optimization problems and vector variational inequality problems. On
second-order optimality conditions involving the above problems have been widely
investigated by many researchers, see, for instance, Aubin and Frankowska [1];
Jiménez and Novo [2], [6], [7]; Guerraggio et al. [3], [4]; Luu [5]; Gutierrez et
al. [8]; Khanh et al. [9], [10]; Clarke [13]; Morgan and Romaniello [15]; Su [16],
[17], [18] and the references therein. On using set-valued radial second order direc-
tional derivatives, Gutierrez, Jiménez and Novo [8] obtained second order necessary
optimality conditions in primal forms through second order derivatives and sec-
ond order sufficient optimality conditions in dual forms with "envelope- like effect”
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through Fritz John type Lagrange multiplier rule. On using multivalued second
order contingent derivatives, Khanh and Tung [10] recived Karush-Kuhn-Tucker
(KRZ) second order optimality conditions for the multivalued vector optimization
problems with attention to the "envelope- like effect”. Luu [5] obtained higher order
necessary and sufficient optimality conditions for strict local pareto minima via the
higher order Studniarski’s derivatives. In case the functions considered in C'*'!, the
authors Guerraggio and Luc [2], [3] have established optimality conditions for vec-
tor optimization problems in terms of the second-order contingent cones. Khanh
and Tuan [9] have dealt with necessary and sufficient optimality conditions for both
weak efficiency and firm efficiency in multivalued optimization problems in terms
of the second order Hadamard directional derivatives.

We can apply the obtained result in Khanh and Tung [10] to the (local) weak effi-
ciency of vector equilibrium problem with constraints. Therefore, we need discuss
to improve the obtained result in [10] for (local) weakly efficient solution in case
of single-valued is very necessary. Motivated by this arguments, in this papers
we consider the vector equilibrium problem with constraints VEPC with datas are
single-valued, in which Fréchet derivatives at an optimal point are calm at that
point or objective functions are twice Fréchet differentiable at optimal point that.
We use the second-order contingent derivatives for functions to establish the nec-
essary and sufficient optimality conditions for (local) weakly efficient solution to the
problem VEPC with attention to the "envelope-like effect".

In this article, the following vector equilibrium problem with constraints VEPC
is considered: let X,Y and Z be real Banach spaces, C' be nonempty subset of X,
(2 C Y be a closed convex cone with its interior nonempty, which defines a partial
order on Y, where cone () is not necessarily pointed, and let S C Z be a convex cone
in Z. Given a bifunction ' : X x X — Y and a constraints function g : X — Z
such that F(z,z) =0 Va € X. Our problem here is finding T € K satisfying

F(z,z) & —intQ VzeK, (VEPC)
where

K={zeC:g(x)e-S}
is called a feasible set of problem VEPC. A vector T solved (VEPC) is called a weakly
efficient solution of VEPC. If there exists a neighborhood U of T such that

F(@,z) ¢ —intQ Vaxe KNU,

then vector 7 is called a local weakly efficient solution of VEPC. If 7 is a local weakly
efficient solution or a weakly efficient solution of VEPC then we write Z is a (local)
weakly efficient solution of VEPC.

The remainder of this paper is organized as follows. After some preliminaries and
definitions, Sect. 3 deals with the second-order necessary optimality conditions for
efficient solutions of problem VEPC in terms of contingent derivatives. Besides,
we also give some discusses. In Sect. 4, we present the second-order sufficient
optimality conditions using Fritz John type Lagrange multiplier rule for efficient
solutions of problem VEPC.

2. PRELIMINARIES AND DEFINITIONS

From now on, if not otherwise stated, X = R"”,Y = R™ and Z = RP, where R
(N, respectively) denotes the space of all real (natural, respectively) numbers. For
A C X, as usual, we denote intA, c/A and bd A instead of the interior, closure and
boundary of A, respectively. The cone generated by A is given as coneA = {ta : t >
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0, a € A}. The dual cone of A is defined as At ={£ € X* | ({,q) >0 VaeQ},
where (., .) denotes the coupling between the space X and the dual space X*
of X, Bx denotes the open unit ball of X, and Bx(z,d) denotes the open ball
centered at x € X and radius § > 0 (similarly for other spaces). We also denote by
Sg@@) := cone(S+g(Z)), where T € X such that g(Z) € —S. Then it is not difficult to
see that S;(E) ={ne St : (£ g(x)) =0}. Let F: X — 2Y be a set-valued mapping

from X into 2¥, where 2 indicates the family of all subsets of Y. The effective
domain, graph and epigraph of a set-valued mapping F' are given respectively as

domF = {z € X | F(x) # 0},

graphF = {(z,y) € X xY |y € F(2)},

epiF' = {(z,y) € X XY : x € domPF, y € F(z) + Q}.
We denote by F(A) = |J F(a) and the profile mapping F; : X — 2Y is defined

acA

as Fy(z) = F(z)+ Q (Vz € X). If F is a single-valued mapping then we write f
instead of f + @). Let the mappings f: X = Y, g : X — Z, let us define a new
profile mapping (f1, g+ )(z) = (f(2)+Q) x (g(x)+S) (Vz € X), where Z is partially
ordered by S, and moreover (f,g)(x) = (f(z),g(z)) (Vz € X). Recall (see [10]) that

f+ is said to be Q— Aubin at (Z, f(T)) if and only if there exists neighborhoods U
of T, V of f(T), and L > 0 satisfying

(/+(2) V) € fo (') + Q + Lz — 2’| By ¥a,a' € U.
The profile mapping g has property S— Aubin at (Z, g(T)) is similarly defined.

Next, let us provide the definitions about the contingent sets, which will be
needed in this paper

Definition 2.1. ([8, 10, 17]) Let M be a subset of X and let z,u € X.
(i) The contingent cone (resp., adjacent cone and interior tangent cone) of M at T
is
T(M,7)={z € X :3t, - 07,3z, — x such that T + t,z, € M V n € N},
(resp.,A(M7§) ={reX:Vt, = 07,3z, — v such that T + t,z,, € M ¥V n € N},
IT(M,Z) ={x € X :¥t, — 0",Vx, — z such that T + t,x, € M ¥Vn large}).

(ii) The second-order contingent set (resp., adjacent set and interior tangent set) of
M at 7 in direction v is

1
T?(M,%,u) = {x € X : 3t,, — 0T, 3x,, — z such that T—l—tnu—l—gtimn € MV neN},
(resp., A*(M,Z,u) = {x € X :Vt, — 07,3z, — 2 such that
1
f+tnu+§t,%xn € M ¥V n €N},
IT*(M,Z,u) = {x € X :Vt, — 0",Vx, — = such that

1
T+tou+ —t2x, € MVn Iarge}).

2 n
(iii) The asymptotic second-order contingent set of M at Z in direction u is
1" t
T (M,z,u)={x € X :3I(ty,rn) = (017,07), = — 0T, Iz, — 2 such that
T'n

1
T+ tou + itnrnxn € MV neN}
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We say that M C X is a second-order derivative at (7, u) if and only if
T?(M,Z,u) = A*(M, 7, u).
It is well known that if T ¢ cIM then all the above tangent sets are null. More-
over, if u ¢ T'(M, ) then all the above second-order tangent sets are null.

Proposition 2.2. ([12], Proposition 2.2) Let M C X be a convex set, T € M and
v € T(M,Z), then

T%(M,Z,v) + T(T(M,Z),v) C T*(M,T,v). 2.1)
Additionally, if 0 € T?(M,Z,v) (in particular, when M is polyhedral), then
T?(M,Z,v) = T(T(M,Z),v).

We suppose that A2 (M,Z,v) # 0. As X is reflexible space, making use of Propo-
sition 2.1 (iv) [10], it follows that clIT?(M,=,v) = A?(M,7,v) and

A2(M,Z,v) + T(T(M,Z),v) C A%*(M,Z,v). (2.2)
Definition 2.3. ([1, 17]) Let f : X — Y be a single-valued mapping and let T € X,

(u,v) € X x Y.
(i) The contingent derivative of f (resp., f;) at a point  is defined as

graph(D. /(7)) = T(graph(f), (7. /(7))
(resp., graph(De(f+)(@. /(7)) = T(epi(f), (. /(z))).

(ii) The second-order contingent derivative of f (resp., f) at a point T in direction
(u,v) is defined as

graph (D2 (@, /(7). u,v)) = T*(graph(f), (7, (@), (u,))
(resp., graph(D2(f1)(@, /(7). u,v)) = TX(epi(f), (7, / (), (u,v)).

The second-order adjacent derivatives D22 f (7, f(Z), u,v) and D%2(f1) (7, f(Z),u, v)
are similar, with A? replacing 7.
(iii) The second-order asymptotic contingent derivative of f (resp., f) at a point T
in direction (u,v) is defined as

graph (D, f (@, f(%),u,v)) = T" (graph(f), (7, £ (&), (u,v))
(resp., graph (D] (+)(@, f(Z),u,v)) = T" (epi(f). (7. £ (@), (u.v).
By definitions, it can easily be seen that for each (u, v, w) € X xY X Z, we obtain
D2f(@, f(2),u,v)(x) + Q C DA(f4)(@, f(@),uv)(@) YoeX,  (23)
which means that

dom (D2 f(Z, f (®),u,v)) C dom(D2(f})(E. f(T),u,v)).

The case of the profile map (f, g+ ), one has the following inclusion holds for all
reX

Di(f+.94) (@, (f.9)(@), u, (v,w))(x) CDZ(f+)(T, f(T),u,v)(x) (2.4)
X Dg(ng)(fa g(T)v U, ’LU)(CU)
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Definition 2.4. ([14]) A mapping f : X — Y is said to be m-calm at 7 if there
exist a neighborhood U of ¥ and L > 0 such that

If(z) = f@I < Lljz —z|™ Vzel,
where || . || denotes a norm in Banach spaces.

Of course, if f is m-calm then f is continuous at that point. When m = 1, 1—
calmness is called simply calmness. If f is 1-calm then it also can be called "calm"
or "stable" (see [2]). If, in addition, ||f(z) — f(2')|| < L|jlx — 2|| V x,2’ € U, then
we say that f is Lipschitz around 7. If for each T € X there exists a neighborhood
U of  such that f is Lipschitz around T, we will say that f is locally Lipschitz on X.

If f is Lipschitz around 7, making use of the obtained result in [2], then one gets f
is steady at T, which yields that f is calm at Z.

Finally, let us denote by ¢,, — 0% instead of a sequence of positive numbers with
limit O and for each 7 € K, the mapping f = Fz: X — Y.

Proposition 2.5. ([9], Lemma 2.3) LetT € X and assume, in addition, that S closed
convex. If g(T) € —S and lim @=9@) ¢ _intg @) then z, € —S for n large
t,—0t tn 9
enough.
It is not hard to see that Proposition 2.5 is still holds if the closedness of cone S
is deleted.

3. SECOND-ORDER NECESSARY OPTIMALITY CONDITIONS

In this subsection, we establish some second-order necessary optimality condi-
tions in dual and primal forms for (local) weakly efficient solution of VEPC in terms
of second-order contingent (or adjacent) derivatives.

Proposition 3.1. Let T € C be a (local) weakly efficient solution to the prob-
lem VEPC. Then, for every u € X, v € D.(f1)(%, f(ZT))(u) N (=bdQ), and w €
Do(g+)(. (%)) (w) N (~S), we have

DZ(f+4,94)(@ (f,9)(T), u, (v,w))(x) NIT(=Q,v) X —int(Sy)) =0 (3.1)
Jorallz € IT?(C,%,u). Furthermore:

() If, in addition, (f,g) has Fréchet derivative (V f(Z), Vg(Z)) which is stable at T
then for allw € A%(C,T,v), (3.1) is fulfilled.

(i) If, in addition, f4 is Q— Aubin at (T, f(T)) and one of the following two conditions
is satisfied

(D) g+ is S— Aubin at (T, ¢(T));
(1) g satisfies (i).
Then one has
DZ(f+)(@, f (@), u,0) () x D2*(94)(T, g(T), u, w)(x) (3.2)
NIT(—Q,v) x —int(Syz)) =0 Vo € A*(C,7Z,u).
Proof. We fixed u € X, v € D.(f,)(z., /(2))(u) N (~bdQ), w € Delg)(.9(2)(w).
Assume, to the contrary, that there exists x € IT?(C, T, u) such that the left-hand

side of (3.1) is nonempty. On finds (y,2) € D?(f1,9+)(, (f,9)(@),u, (v,w))(x)
such that y € IT(—Q,v) and z € —int(Sy(z)). By definitions it holds that

(z,y,2) € T*(epi(f,9), (T, (f,9)(@)), u, (v,w)),
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which is equivalent to 3t,, — 0", 3z,, — = and 3(yn, z,,) — (v, 2) satisfying

1 1
f(@) +tov + itiyn € f+(T +thu + itizn)a

1 1
9(T) + thw + §tizn € g+ (T +thu+ 5153137”)
Taking s, € S and 2}, := g(T + t,u + %t%mn) + 8, — t,w such that z, = ’Z;%tgz@) —
2°'n
z € —int(Sy)) as 27't2 — 0. Making use of Proposition 2.5, we get 2, € —S for
n sufficiently large, which yields that g(Z + t,u + $t2z,) € —S for n sufficiently
large. Note that z € IT?(C, T, u), it implies that

1
T+ thu+ itixn € K for n large enough. (8.3)
By a similar argument as in the proof of Proposition 3.1 [10], we deduce that
1
f@+tyu+ §tixn) € —int@ for n large enough. (3.9

Combining (3.3)-(3.4), it yields that * € K is not a (local) weakly efficient solution
for VEPC. In view of the initial assumptions, it follows that (3.1) holds for all z €
IT?(C,Z,u).

Case (i). If, in addition, (f,g) has Fréchet derivative (Vf(Z), Vg(T)) which is
stable at 7, then by an argument analogous to that used for the above results,
with A? replacing IT2, we deduce that, for the preceding sequence t,,, there exists
x), — = such that

1
T+tou+ —t2z, €eC YneN.

27LTL

We put 2]} := g(T + tou+ 3t22),) + s, — t,w. According to the initial assumption it
follows that Vg(Z) is continuous at T and hence g Lipschitz around Z. Then there

exists L, > 0 such that

!

)

i 172 9(x) 2y —g(@) H ~ b H 9(T + tyu+ $t2xy,) — g(T + tyu + St2a),
n—o0 2_175% 2_1t% n—;o0 2_125,%
< lm L H (T + thu + %t%mn) —(T+thu+ %tim;)
~ oo 9 2_1t72L
= nh_>moo Lgllwn — b,
< tim_Ly(lan — o + o — ) = 0.
Hence, Zé__f’t(f) — z € —int(Syz)), since Zé:ft(f) — z. A consequence is
1
T+ tyu+ Z? x;l € K for n large enough. (3.5)

2 n
Again choosing sequence (g,)n,>1 C @ such that
F@+tnu+ 5t320) + o — tn

v
n = e —y € IT(-Q.v).

By repeating the above proofs, with f replacing g, we obtain as follows (note that
IT(—Q,v) = IT(—intQ,v))

T+ thu+ 2622 ) + g, — tyv
TARES i L ;f{t;) In "% _, y € IT(—intQ,v).
n




OPTIMALITY CONDITIONS FOR WEAKLY EFFICIENT SOLUTION 7
Therefore for n large enough,
1 2,/ :
thv + Qtnyn € —int@,
which implies that
1
f@+thu+ §tix;) € —int@ for sufficiently large n.

This together with (3.5), it yields that T is not a (local) weakly efficient solution to
the VEPC. From here we conclude that (3.2) holds for all x € A%(C, T, u).

Case (ii). Letusdenoteby M = {z € X : g(z) € —S}, and assume that f is Q—
Aubin at (Z, f(Z)) and g, is S— Aubin at (Z, g(Z)). Then for every z € A?(C, T, u),
two cases can occur as follows:

Casel. x €1 TQ(M , T, u) then by direct using result (I) of Proposition 3.2 ([10],
p. 74), with {f} replacing F, yields that D2(f,)(%, f(Z),u,v)(z) N IT(-Q,v) = 0.
Thus condition (3.2) is valid.

Case 2. x ¢ IT?(M,Z,u) and let us may be assumed to the contrary that
there exists y € D2%(g1)(Z, g(T), u,w)(z) sao cho y € —int(Sy)). By definitions,
we have (z,y) € A?(epi(g), (T,9(T)),u,w) and this leads to the following result:
Vi, = 07, 3 (@0, yn) — (z,y) and I s, € S such that for all n > 1,

1 1
9(T) + tyw + §t721yn cgr(@T+tyw+ itimn)
As g4 is S— Aubin at (T, g(T)), thus 3U, IV (neighborhoods of T and ¢(T), resp.,)
and 3L > 0 such that
g+(@)NV Cg(@)+ Ll|jx —2'||cl Bz + S Vux,2' € U.

For every ), — x, there exists N > 0 such that, foralln > N, T+t,u+ %tixn, T+
tou 4 %tsz; el, g(T) + t,w+ %t%yn € V, and moreover

nsn

1 1 1
9+ (T + thu + §t3xn) NV Cg(T+thu+ §t2x/ )+ iti”rn —al|lel Bz + S.
Consequently, for alln > N,

1 1 1

9(T) + thw + §tiyn €g(T+tyw+ §tix;L) + §t%||xn —a ||l Bz + S,

which is equivalent to, for sufficiently large n, there exists b,, € cIlBz and s], € S

such that

9(T + thw + %t%x;) + 8p — thw — g(T)
2112

Yn — |20 — 2, ||br, = — .

By repeating the preceding proofs, we obtain

1
g(T +tow+ =t?z)) € —S for n large enough,

271’ﬂ

or for large n, T + t,w + 3t2z], € M. By the definition of IT?, x € IT*(M,T,u),
and this is a contradiction. Finally, we consider g has Fréchet differentiable Vg(7)
which is stable at 7, then by repeating the proof of cases (i) and (ii), we arrive at the
contradiction.

As was to be shown. O
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Proposition 3.2. Consider problem VEPC with X,Y and Z are real Banach spaces
and T € K is a (local) weakly efficient solution of VEPC. Assume, in addition, that
(f,9) has Fréchet derivative (V f(T), Vg(T)) which is stable at T. Then, for every
we X, v € Do(f4)(@. £(@))(u) N (~bdQ), and w € Do(g1)(F, g(F))(w) N (~cl Sycz)).
we have

Dg(f+vg+)(jv (fv g)(f),u,(v,w))(w) N IT(_vi) X ITz(_Svg(T)’w) = (Z)
Ve A*(C,Z,u).

Proof. Repeat the proof of Proposition 3.1 in the case (i), with IT?(—S, (%), w)
replacing —int(Sz) and A?(C,7Z,u) replacing IT?(C,T, u), we conclude.
As was to be shown. 0

Note 3.3. (i) Proposition 3.1 is still true if X and Y are real Banach spaces. Because
in the proof we only use to the result of Proposition 2.5 in sense that Z is an finite-
dimensional space. Moreover, if we replace the profile mapping (f,g+) with a
single-valued mapping (f, g), then the statements in Propositions 3.1, 3.1 (i) and
3.2 are still not changed.

(ii) If both f and g are twice Fréchet differentiable at Z, then (i) in Proposition 3.1
and the statement in Proposition 3.2 are still valid. Since in this case V f(Z) and
Vg(T) are stable at .

(iii) If f+ is @— Aubin at (7, f(Z)) and g4 is S— Aubin at (7, g(T)) then by making
use of Proposition 3.2 of Khanh (2015) et al. ([10], p. 74), we deduce that for all
x € A%(C, T, u),

D (f+)(@, f(@),u,v)(x) x DZ*(g+)(T, 9(T), u, w)(w)
NIT(-Q,v) x IT*(—=S,9(%),w) = 0.

In particular, under suitable assumptions, with ©« = 0,v = 0,w = 0, we obtain
the first-order necessary optimality conditions in the primal forms respectively as
follows:

De(f+,94)(@, (£,9)(@)) () N (= int(Q x Sy(z))) = 0;
De(f+)(@, f(@))(x) x De(g+)(@, 9(7))(2) N (= int(Q x Sy))) = 0.

Notice that in many well known second-order necessary conditions, such a critical
direction w is not mentioned. For example, w is only in —cone(S + ¢(Z)); see [9],
[10], etc.

(iv) Since IT?(C,%,u) C A%(C,T,u), hence Proposition 3.2 improves Proposition
3.1 (i) in ([10], p. 73) in the case of single-valued optimization. It should be noted
here that —int(Sys)) and IT%(—S, g(T), w) in Propositions 3.1 and 3.2 play an
important role in establishing necessary optimality conditions in the dual form,
see, for instance, Theorems 3.1-3.3 below.

Theorem 3.1. Consider problem VEPC with X,Y and Z are real Banach spaces and
T € K is a (local) weakly efficient solution of VEPC. Assume, in addition, that (f, g)
has Fréchet derivative (V f (Z), Vg(T)) which is stable at T. Then, for every u € X,
v € D(f4)(@ £(7)(u) N (~bdQ), and w € De(g (T, 9(7))(w) O (P), the following
assertions are holds:

() If P = —S and suppose, furthermore, that dim(Z) < +oco then for all x €
A%(C,Z,u) and forall(y,z) € D2(f+,9+)(Z, (f,9)(@),u, (v,w))(x), thereexist (\,n) €
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Q" x N(=5,9(x)) \ {(0,0)} satisfying
(A, v) =0;
Ay)+(n,z) = 0.
(i) If P = —cl Sy and Z is reflexible Banach space, then for all x A%(C, T, u)
and for all (y,z) € DZ(f+,9+)(, (f,9)(T), u, (v,w))(x), there exist (A\,n) € Q* x
N(=5,9(@)) \ {(0,0)} satisfying
(A v) = (n,w) =0;

Ay) +(n,2) = sup (n,a).
a€A?(—-5,9(T),w)

Proof. (i) We observe Proposition 3.1 (i) see that V x € A%(C, T, u),
Di(f+,9+4)@, (f,9) @), u, (v,w))(2) NIT(=Q,v) X ~int(Sym) = 0.
Therefore, for all (y, 2) € D2(fy,g+)(%, (f,9)(T),u, (v,w))(x), it yields that
(y7 Z) ¢ IT(_QaU) X _Znt(Sg(E))

By the standart separation theorem, one finds (A, n) € (Y x Z)* \ {0} satisfying

Ny)+(n,2) > (Na)+ (n,b) VaelT(-Q,v) Vbe —int(Sym)). (3.6)
It can be seen that (), a) < Oforalla € IT(—Q,v) = —int(Q,). Since \ is a continu-
ous linear mapping on Y, hence (\,a) < 0foralla € —clint(Q,) = —cl cone(Q+v).
This leads to A € Q" and (\,v) = 0. Similarly, one obtains n € N(—5S,g(7)).

Again taking the closures of IT(—Q,v) and —int(Syz)) in (3.6), and then taking
a = b = 0, we obtain the result.

(ii) In the similar way as above, one obtains the following inequality
Ny)+ (n2) > (Na)+ (n,b) YaelIT(—Q,v) Vbe IT?(-S,g(Z),w),

which yields that A € QT, (\,v) = 0. By repeating the proof in Theorem 3.1 of
Khanh (2015) et al. ([10], p. 78) and obtain the remains results, and the claim
follows. U

An example is provided to illustrate for the obtained results, which can be stated
as follows.

Example 3.4. Let X =Y =R* Z =R, C=Q =R?,5 =R, T = (0,0), and the
mappings f, g be given respectively as

flx,y) = (y?> — 2%,y — x) for all (x,y) € X.,

g(z,y) =z —yforall (z,y) € X.

Then the feasible set of VEPC is K = {(z,y) : y > = > 0}. It is clear to verify
that 7 = (0, 0) is a weakly efficient solution to the VEPC. One gets (f, g) is Fréchet

differentiable at T and its Fréchet derivatives (V f@) = ( % ), vy(@) = (_11)),
which does stable at Z. For every v € X, v € D.(f+)(ZT, f(ZT))(u) N (—bdQ), and

w € D¢(9+)(Z, 9(T))(u) N (=S5), by directly calculating, we obtain the result u =
(a,a),v =w =0 for all a« € R. Two cases can occur as follows:

Case 1. Consider a = 0 and this implies that A(C,T,u) = R%. For all z € R%
for all (y,2) € D?(fv,9+)(@, (f,9)(@),u, (v,w))(x), it follows that y; > 0, yo >
Ty —x1 and z > 1 — x2. We pick (A, n) = ((1,0),0) € QT x N(-S,¢(7)) \ {0}, then
<)‘7y> + <7772> > Y1 > 0.
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Case 2. Consider a # 0 and this implies that A?(C, 7, u) = R2. Forall x € R?, for
all (y, z) € D2(f+,9+)(Z, (f,9)(T),u, (v,w))(z), it follows that y; > 0, y2 > x3 — 11
and z > x1 — xa. Let (), 77) be given as in case 1 and the desired conclusion follows.

As ¢(T) = 0 thus fcl( 9@) = —S. dim(Z) = 1yields Z is reflexible. In this
sense, we have A?(—S, g(T),w) = —S and n € N(—S, g(T)) yields n € S* and this
leads to

sup (n,a)y <0.
a€A?(—S,9(T),w)

From the assumption (i) it leads to (ii) be completely checked.

Theorem 3.2. Under the assumptions of Theorem 3.1 and assume, furthermore, that
there existu € X, v € D.(f+)(, f(T))(u) N (=bdQ), and w € D.(9+)(Z, g(T))(u) N
(P) such that D?(f+,9+)(Z, (f,9)(@),u, (v,w))(A%(C,Z,u)) is a convex set. Then
the following assertions hold:

@ If P = —S and dim(Z) < +oo then there exists a common (\,n) € Q1 x
N(=S,9(7)) with (A\,n) # (0,0) satisfying (\,v) = 0 and

Ay)+(nz) 20

Vo e A2(C,T,u), Y(y,2) € DX(f+,94) T, (f,9)(T),u, (v,w))(@).
Moreover, A # 0 if the following qualification condition of the KRZ type is satisfied:

{z € Z : (y.2) € cone(DI(f+,94) (T, (£,9) (@), u, (v,w))(4*(C,7, U)))} + 8@ =2

(i) If P = —cl Sy(z) and Z is reflexible Banach space, then there exists a common
(A, ) € QT x N(=S,9(T)) with (A, n) # (0,0) satisfying (\,v) = (n,w) = 0 and
Ay +(m,2) = sup (n,a),

a€A?2(—-8S,9(T),w)

Vz e A2(C7§7u)7 V(y,z) € D?(f+a9+)( (f7 )( ) (U w))(aj)
Moreover, A # ( if the following qualification condition of the KRZ type is satisfied:

{Z S (ya Z) GCone(Dz(f+,g+)(T, (fa g)(f), U, (an))(Az(Cvfa u))

~ {0} x A?(—S,g@),w))} + Symy =2

Proof. (i) By taking into account Proposition 3.1 (i), we get

Dg(f+a g+)(f7 (fa g)(f)v U, (Ua ’LU))(A2(C, f)7 U) N ( - Zﬂt(Qu)) X ( - /Lnt(Sq(f))) = @
By using a separation theorem, one finds (A, 7) € (Y x Z)* \ {0} such that

inf . ((A, y) + (n, Z>)

(y,z)EDE(ﬂr,g+)(E,(f,g)(m)m,,(v7w))(A2(C,w),u
> sup (()\, a) + (n,b}).
(@b)e(=int(Q.)) x (~int(S,=))
Similar to the proof of Theorem 3.1 (i), we ensure that (A,n) € Q1T x N(—=S,¢(%)) \
{(0,0)} satisfying (A, v) = 0 and

(o) +n2)) =0,

inf
(y,z)EDg(f+,g+)(5,(ﬁg)(f)7u,(v,w))(A2(C,E),u)

which leads to a conclusion.
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Let us next show that A # 0 under the qualification condition of the KRZ type.
In fact, if it were not so, then we have n € N(—S, g(Z)) \ {0} and moreover

(n,2) >0 ¥(y,2) € cone(D2(f+,9:)(, (f,9)(®), u, (v, 0))(A%(C,F,u))).
It is not difficult to see that
M,20) >0 Vzo€Z.
A consequence is 77 = 0 and this is a contradiction. So, we have shown that A # 0.

(ii) It is processed similar as in the proof of (i), and the claim follows. U

Theorem 3.3. Let X,Y, Z,C, K,Z and f be given as in Theorem 3. 1. Then, for every
we X, v e Dolf)@, F@)(u) N (~bdQ), and w € Do(g:)(F,g(F))(u) N (P), the
following assertions are holds:

() If P = —S and suppose, furthermore, that dim(Z) < +oo, fi is Q— Aubin at
(7, f(Z)) and (I) or (I1) in Proposition 3.1 (ii) is fulfilled, then for allz € A?(C, T, u)
and for all (y,2) € D2(f,)(, f(z), u,v)(x) x DE2(g.)(7, 9(x), u,w)(x), there exist
(A,m) € QT x N(=5,g(x)) with (A, n) # (0,0) satisfying

(A, v) =0 and (A y)+ (n,z) > 0.

In particular, for (u,v,w) such that

(DS(f_;,_)(f, f(f)7 u, ’U)’ D2’2<g+)(f7 g(f), u, w)) (A2(Ov f)? U)
is convex, there exists a common (A1) € QT x N(=5,¢(Z)) with (\,n) # (0,0)
satisfying
(A v) =0 and (\y)+ (n,2) >0

Sfor all (x,y, z) mentioned in (i) above.
Furthermore, A # 0 if the following qualification condition of the KRZ type is
satisfied:

{262 (5,2) € cone(DA(f+, 90) (T, (£, 9) @), w, (0,0)) (A(C, 7)) } + Sy = Z.

(ii) If P = —cl Syz) and suppose, furthermore, that Z is reflexible Banach space, f.
is Q— Aubin at (%, f(T)), g+ is S— Aubin at (Z,g(Z)), then for all z € A%*(C,Z,u)
and for all (y,z) € D%(f)(T, f(T),u,v)(z) x D%%(g4)(T, g(T), u, w)(x), there exist
(A,n) € QT x N(=S,9(z)) with (A, n) # (0,0) satisfying

m,

<>‘7U> - < w> =0 and <)‘7y> + <7732> > sup <77aa>'

a€A2(—5,9(F),w)

In particular, for (u,v,w) such that
(D2(14)(@, £(@), u.v), DE2(94) @, 9(7), u,w) ) (A%(C,7), )

is convex, there exists a common (\,n) € Q1 x N(=S,g(T)) with (\,n) # (0,0)
satisfying

(Av) = (nw) =0 and (\,y)+ (n,2) > sup (n,a)
a€A?(—S,9(T),w)

Sor all (z,y, z) mentioned in (ii) above.
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Furthermore, A # 0 if the following qualification condition of the KRZ type is
satisfied:

{z € Z : (y,2) €cone(DI(f+,94) @, (f,9) (@), u, (v,w))(A*(C, T, u))

— {0} x A?(—S,g(f),w))} + Sy = Z.

Proof. Case (i): It is proved similarly as in preceding Theorems 3.1 (i) and 3.2 (i).
Case (ii) is a direct consequence of Theorem 3.2 ([10], p. 78), with (f, g ) replacing
(F1,G4), where F, G are set-valued mappings. The proof is completed. 0

Note 3.5. (i) The result in article [10] of Khanh and Tung (2015) is extended from
the result is well known in references of [10]. However, the case w € —S is not
mentioned in article [10]. Consider the case w € —cl S ¢(z), We provide assumptions,
which involving f and ¢, such as f and g are Fréchet differentiable at T whose its
Fréchet derivatives at T stable at that point, then Theorems 3.1 (ii) and 3.2 (ii) in
our article are better than Theorem 3.1 of Khanh (2015) et al. ([10], p. 77) in case
F = {f}. It also can be seen as a good improvement one of the results in this
article when we considering problem VEPC with data is single-valued functions.

(ii) Since IT?(C,%,u) C A?(C,7,u), hence in single-valued optimization, Theo-
rem 3.3 improves Theorem 3.2 in [10] in the case, either g has Fréchet derivative
Vg(Z) which is stable at Z, or g is twice Fréchet differentiable at T.

4. SECOND-ORDER SUFFICIENT OPTIMALITY CONDITIONS

In this subsection, we establish second-order sufficient optimality conditions for
local weakly efficient solution for VEPC, where () and S are closed cones (possibly
nonconvex with empty interior). We set

ut ={we X : <uw>=0};
A(T) = {(A,n) €Y X Z : A\ Vf(T)+m0Vg(@) =0,
NeQF, e N(=S.9(@). (An)# (0,0)}.

Theorem 4.1. LetT € C, f = F(T, .), Q be pointed (Q N (—Q) = {0}). Suppose
that V f (Z) and Vg(T) are calm at T and all the following conditions are fulfilled:

(@ Forallu € T(C,Z)N{u € X : Vf(T)(u) € —Q}\{0}, D.f(ZT)(u)N(—intQ) = 0
and Dog(z)(u) N T(—S, () # b

(i) Forallu € T(C,Z)N{u € X : Vf(ZT)(u) € —Q}\{0},v € D.f(ZT)(u)N(—bdQ)
and w € D.g(Z)(u) NT (=S, g(T)), we have

@VxeT*C,z,u), vy, 2) € D2(f,9)(Z, (f,9)(T),u, (v,w))(x) such that z €

T?(-S, g(T),w), there exists (\,n) € A(T) satisfying

ANy)+(m,2) > 0;

)V € T"(C,z,u)Nu\{0},Y (y, 2) € D, (f,9)(@, (f.9) (@), u, (v,w))() such
that z € T" (=S, g(T), w), there exists (\, ) € A(T) satisfying

MNyy+(n,z) > 0.

Then 7 is a local weakly efficient solution to the VEPC.
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Proof. Assume to the contrary, that * € K is not a local weakly efficient solution
to the VEPC. Then there exists sequence (z,),>1 C K \ {Z} C C\ {Z} such that
T, — T and

f(zn) — f(Z) € —intQ Vn>1; 4.1)
9(wn) —9(T) € =5 —g(x) Vn=>1 (4.2)
Making use of Lemma 4.1 (i) ([10], p. 83), we get t,, = ||z, — Z|| — 0T and
U = f””t_f SueTCEN{ueX : |u =1}.
We pick v = Vf(Z)(u), w = Vg(T)(u). It is not difficult to see that v € D, f(T)(u) N
(—Q)andw € T(—S, g(%))ND.g(T)(u). Thus we have shown that u € T(C,Z)N{u €
X 2 vf(@)(u) € QI \{0}, v € D.f(F)(u) and Dg(7)(u) N T (=5, g(7)) # 0. By

))
the hypotheses of (i), v ¢ —int(Q, which yields that v € D, f(T)(u) N ( bdQ).
In other words, we pick sequence (wn)nzl, where
T, — T —thu

SR VYn > 1.

Wy =

Two cases can occur as follows:

(D (wn)n>1 is bounded. As dim(X) < 400, thus (taking a subsequence if neces-
sary) there exists the limit of sequence (wn)nZh and assuming that w, — =z € X.

We setting

(9)w) = F.9@ ~talww)
2-1¢2
In view of the proof of Proposition 2 ([8], p. 204), we deduce that (yn, 2y )n>1 is
bounded, and therefore, there exists a subsequence, denoted in the same way
(Y, Zn)n>1 converging to some (y,z). By definitions, we have z € T%(C,Z,u) be-
cause r, € C (Vn), z € T*(—S, g(T), w) is due to g(x,) € —S (¥n), and moreover
(y,2) € D%(f,9)(Z, (f,9)(T),u, (v,w))(z). On the other hand, by hypotheses (a),
there exists (A, 7) € A(Z) such that

(Ay)+(nz) > 0. (4.3)
It follows from Equation (16) ([8], p. 210) that

\v)y =0, (n,w)=0.

(yna Zn) =

Furthermore,
f(zn) — f(@)

4.1) <
. 2112

€ —int@Q Yn>1,
which is equivalent to

2
Yn + t—v € —intQ Yn > 1.

n

Because (\,v) =0 and A € QT NY*, hence
lm (A yn) = (A y) <O0. (4.4)

n—-4oo

Similar to (4.1), one has

g(xn) — 9(T) —thw 2w
9—172 + : € =S¢ Vn =1,
n n

which is equivalent to

2
Zn + ?w € —Sg(g) Vn>1.
n
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Because 1 € N(—S,g(T)) yields that 17 € (Syz))". This together with the fact
that (n,w) = 0, and by taking limit, we have (1, z) < 0. Therefore (see Eq. 4.4)
(A y) + (n, z) <0, which conflicts with (4.3).

(ID) (wn)n>1 is unbounded: Let us may assume that ||w,| — +oo and

Wp=-—" sz eXn{ueX |[u =1).

[lwnll

For the preceding sequence t,, we choose a new sequence 7, = t,|w,|Vn, then

easy to check that r, — 07T, :—" — 07 and moreover

1
Ty =T+ thu+ §rn,t"Wn Vn>1.

Considering sequences

(f,9)(@n) = (f,9)(@) — tn (v, w)
2=,

In the similar way as in (I) (can seen in the proof case (ii) in Theorem 3 ([&8], p.

217-218), we conclude that z; € T" (C,Z,u) Nu' \ {0} and moreover, (y;,21) €

D.(f,9)&, (f,9)(Z),u, (v,w))(x:) and z; € T (=S, g(T), w). Therefore there exists

(A,m2) € A( ) satisfying

(Y 2) = — (y1, 21)-

(A, y1) + (m, 21) > 0.
Similarly to the preceding proof, (A\,v) =0, (n,w) =0,y + %: € —intQ VYn>1,
zl + 3—:’ IS 9(@) Vn > 1, which leads to a contradiction. Froni there we conclude
that the proof of Theorem 4.1 is complete. U

Corollary 4.1. LetZ € C, f = F(Z, .), Q be pointed (Q N (—Q) = {0}). Suppose
that V f(Z) and Vg(T) are calm at T and (v, w) = (Vf(f)(u), Vg(f)(u)). ThenT is
a local wealkly efficient solution to the VEPC if

WV € T*(C,z,u), VY (y,2) € DX(f,9)(Z,(f 9)(T),u, (v,w))(x) such that z €
T%(—S, g(T), w), there exists (\,n) € A(T) satlsfylng N y)+(n,z) > 0

@V e T"(C7,u)Nut\{0},V(y,2) € D (f,9)(x, (f,9)(@),u, (v,w))(x) such
that z € T" (=8, g(T), w), there exists (\, 1) € A(T) satisfying (A, y) + (n,z) > 0.

Proof. 1t is directly inferred from the proof of Theorem 4.1 and the claim follows. [

Note 4.2. (i) Because 1) € Sy(z) and (1, w) = 0, hence 7 € (cone(cone(S +9(@)) +

+
w)) . Furthermore, it is well known that

A%(=8,9(T),w) C cl(cone(cone(—S—g(E))—w)) = —cl(cone(cone(S—i—g(f))—i—w)),

which yields that Sup,e a2(_ s 4(7),w) (7, @) < 0. From the fact that (A, y) + (1, 2) > 0,
it implies that

(ANy)+(n,2) > sup (n,a). (4.5)

a€A?(—S,9(T),w)

When (—S) is second-order derivative at (g(Z), Vg(T)u), i.e., T?(—=S,g(T),w) =
A?(—8, g(T), w) for allu € X, the necessary optimality conditions in above Theorem
4.1 only differs from (4.5) in the substitution of ” > ” for 7 > ”. In this case, it
will be said that second-order sufficient optimality conditions are very close to the
second-order optimality necessary conditions.
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(ii) The set A(E) in Theorem 4.1 is also called the set of all Fritz John type
multipliers.

Theorem 4.2. LetT € C, f = F (7, .), Q be pointed (Q N (—Q) = {0}). Suppose
that f and g are twice Fréchet differentiable at T and all the following conditions are
Julfilled:
() Forallu € T(C,Z)N{u e X : Vf(T)(u) € —=Q} \ {0}, D.f(T)(u) N (—intQ) =0
and D.g(T)(u) NT(-S, g(F)) # 0;
(i) Forallu € T(C,Z)N{u € X : Vf(T)(u) € —Q} \ {0}, v € D.f(T)(u) N (—bdQ)
andw € D.g(Z)(u) NT(—-9,g(T)), we have

@V z € T?(C,Z,u) forwhich (V f(Z)(z)+ V2 f () (u, u) vy(T )(:U)+V2 (@) (u,u)) €

DZ(f,9)@, (f.9)(@), u, (v,w))(z) suchthat Vg(z) () +V9(T)(u,u) € T*(=5, g(T), w),
there exists (\,n) € A( ) satisfying

N V@) (@) + V2 (@) (w,u)) + (0, Vg(@)(2) + V2g(@)(u, u)) > 0;

(b)Y € T'(C,%,u) Nt \ {0} for which (v f(Z)(x) + V*f(@)(u,u), Vg(z)(x) +
Vzg( )(w,w) € D (f,9)(7, (f.9)(@), u, (v,w))(x) suchthat Vg(T)(z)+V?g(T)(u, u) €
T" (=S, g(T),w), there exists (\, 1) € A(Z) satisfying

N V(@) (@) + V(@) (u ) + (0, V9(@) (2) + V29(T) (u,u)) > 0.
Then T is a local weakly efficient solution to the VEPC.

Proof. 1t is well-known that, when f and g are twice Fréchet differentiable at T,
then for (v,w) = (Vf(Z)(u), Vg(T)(u)), one has (see [8])

DX (f.9)@, (f,9)@), u, (v,w))(x) = {(Vf(@)(@)+V*f(@)(u, v), Vg(@)(2)+Vg(@)(u,u))}.

Repeat the proof Theorem 4.1, and the claim follows. t

Corollary 4.3. LetT € C, f = F(Z, .), Q be pointed (Q N (—Q) = {0}). Suppose
that f and g are twice Fréchet differentiable at T and (v, w) = (Vf(f)(u), vy(T) (u)) .
Then T is a local weakly efficient solution to the VEPC if

WV x e T?(C,T,u) for which

(VF@)(@2)+ V2 (@) (w,u), Vg(@)(2)+g(@)(u,u)) € DI(f,9)(@, (f,9)(@),u, (v,w))(x)

such that Vg(Z)(z) + V?g(Z)(u,u) € T?*(=S,g(Z),w), there exists (\,n) € A(T)
satisfying

N V@) (2) + V(@) (u,u) + (n, Vg(T)(z) + V2g(T) (u,u)) > 0;
@VazeT (C,zu) Nut\ {0} for which
(V@) (@)+92f (@) (u,u), Vg(@)(2)+V2g(@)(u,u)) € D, (f,9), (f,9)(T),u, (v,w))(x)

such that Vg(z)(z) + V2g(T)(u,u) € T (=S, g(T),w), there exists (\,n) € A(T)
satisfying

N VI@)(2) + V(@) (u,u) + (0, Vg(@)(2) + Vg(T)(u,u)) > 0.

Proof. Repeat the proof Theorem 4.2 and we arrive at the conclusion. O
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Note 4.4. Note that the condition

X V@) (@) + V@) (u,u) + (0, Ve(@) (@) + V29(@) (w, 1)) > 0
is implied by the following condition

N V@) (@) + V2 F(@) (u,0))+(n, Vg(T) (2) + V29(T) (u,u)) > sup  (n,a).
a€T?(—S,9(T),w)

Note 4.5. In case the objective functions are considered with vector values, the
difference between Theorem 4.1 [10] and our results lies in A(Z) and A?(z), where

A%w) = {(4.2) : (1,2) € DAF.9)@ (£,9) @), 0, 0)) @), (2.9, 2) € (wv,w)* |,
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