J. Nonlinear Var. Anal. 9 (2025), No. 1, pp. 111-131
Available online at http://jnva.biemdas.com
https://doi.org/10.23952/jnva.9.2025.1.07

VARIATIONAL SETS AND APPLICATIONS TO SENSITIVITY ANALYSIS

QILIN WANG!*, MAOYUAN LV!, CONG FAN!, JEN-CHIH YAO?, YUWEN ZHATI?

LCollege of Mathematics and Statistics, Chongqing Jiaotong University, Chongging 400074, China
2Center for General Education, China Medical University, Taichung 40402, Taiwan
38chool of Mathematics and Statistics, Ningxia University, Yinchuan 750021, China

Abstract. In this paper, we first develop the chain and sum rules of the first-order variational sets of
type 2. Then, by virtue of the variational sets of type 2, we investigate the sensitivity of variational
inequalities. Finally, in terms of these sets, we establish sensitivity results for parametric set-valued
equilibrium problems under the weak efficiency. Several examples are provided to illustrate our main
results.
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1. INTRODUCTION

Sensitivity analysis, which is of great importance in optimization and some related fields in
applied mathematics, mainly concerns derivatives of solution/optimal-valued maps to perturbed
optimization problems, which provides quantitative information as regards the perturbation map
of a parameterized vector optimization problem when it is perturbed. Therefore, the concept of
generalized derivatives plays an essential role in this topic. In set-valued optimization problems,
since the classical derivatives do not exist in some cases, it is particularly important to consider
the generalized derivatives to replace the classical derivatives. Thus some new generalized
derivatives were used to discuss sensitivity. In [1, 2, 3, 4], the sensitivity results for paramet-
ric multi-objective optimization problems were discussed via radial derivatives or contingent
derivatives. By virtue of higher-order adjacent derivatives, Wang and Li [5] obtained some re-
sults on higher-order sensitivity analysis in nonconvex vector optimization. By using variational
sets, Anh and Khanh [6] obtained some results on sensitivity analysis for nonsmooth vector op-
timization. With the aid of the higher-order contingent derivatives and a separation theorem
for convex sets, Xu and Peng [7] obtained some results on higher-order sensitivity analysis in
set-valued optimization. Xue et al. [8] investigated sensitivity analysis for a parametric vector
variational inequality problem by using generalized differentiation. Anh and Thinh [9] estab-
lished sensitivity analysis for the solution map of the parametric inclusion with the help of
higher-order generalized (weak) tangent epiderivatives.
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Variational sets were first introduced and applied in [10]. Since the image of the variational
sets is larger than that of some known generalized derivatives, it is difficult to obtain the neces-
sary optimality conditions through separation technology and more strict than the existing re-
sults; see [10, 11]. Vector equilibrium theory is an important part of nonlinear analysis. Vector
variational inequality, vector optimization, and vector complementarity are special cases of vec-
tor equilibrium. Recently, the vector equilibrium problem has been studied extensively. How-
ever, some important results are mainly about the solution existence (see, e.g., [12, 13, 14, 15]),
stability analysis (see, e.g., [16, 17, 18]), optimality conditions (see, e.g., [19, 20, 21, 22, 23]).
To the best of our knowledge, up to now, few sensitivity analysis results were obtained for vec-
tor equilibrium problems. Anh [24] proposed a parameterized vector equilibrium problem via
the sum of two given set-valued maps and studied sensitivity analysis for this problem in terms
of the second-order contingent derivatives. By using the S-derivative of a set-valued map, Deng
and Zhao [25] investigated the sensitivity analysis in vector equilibrium problems. In view of
rn > 0 in the definition for variational sets of type 2 and r, — 0" in the definition for variational
sets of type 1, the existence condition for variational sets of type 2 is weaker than that of type
1. The chain and sum rules for variational sets of type 1 were given in [26]. Observe that the
chain and sum rules for variational sets of type 2 are not perfect, we in this paper establish the
chain and sum rules for variational sets of type 2 from a different perspective (from that in [27]).
This also motivates us to apply these rules to the sensitivity analysis of variational inequalities.
Inspired by [26, 27], we investigate the sensitivity analysis in parametric set-valued equilibrium
problems under the weak efficiency by using variational sets of type 2. We also mention here
that there is a significant difference between this paper and [26, 27] in terms of derivatives,
which further facilitates our research.

The organization of this paper is as follows. Section 2 is devoted to some definitions and con-
cepts needed in the sequel. In Section 3, we obtain the chain and sum rules for variational sets
of type 2. In Section 4, we establish the first-order sensitivity results of variational inequalities.
In Section 5, we study the sensitivity of these sets to parameter set-valued equilibrium problems
in the sense of weak efficient solutions. Some conclusions are discussed in Section 6, the last
section.

2. PRELIMINARIES

Throughout this paper, let X, Y, and Z be three normed spaces, By be used to denote the
closed unit ball in ¥, and Oy, Oy, and Oz be used to denote the original points of X, Y, and
Z, respectively. We denote by % (xp) the set of all neighborhoods of xy. For B CY, intB and
clB stand for the interior and closure of B, respectively. Let C C Y be a closed convex cone,
¢ CintCU{0y} be a closed convex cone, N be the set of natural numbers, R be the set of real
numbers, and R be the set of nonnegative real numbers. A nonempty convex subset E C C is
called a base of C if Oy ¢ clE and C = coneE :={re | r > 0,e € E}. If E is compact, then C is
said to have a compact base E. Clearly, the cone C has a compact base if and only if CN dBy is
compact. If Y is a finite dimensional space, then C has a compact base. If C has a convex base,
then C is convex and pointed. Moreover, we use the following cones,

coneyB:={rb|r>0,beB}, C":={y" €Y" | (y*,c) > 0,Vc € C} (dual cone).
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When C is solid (i.e., intC # 0),by € B is said to be a weak efficient point of B, denoted by
by € WMincB, if (B— {bo}) N (—intC) = 0. Let F and S : X — 2¥ be two set-valued maps,
where X is the space of perturbation parameters and Y be an objective space ordered partially
by a closed convex cone C. A nonempty subset B is said to have the weak domination property
(see [6]) if BC WMincB +intCU{0Oy }. For a set-valued map F : X — 2, the domain and graph
of F are defined by domF := {x € X | F(x) # 0} and grF := {(x,y) e X xY |y € F(x)}. The
so-called profile map of F is the map (F +C)(x) := F(x) +C. The so-called closure map of F is
the map clF defined by gr(clF) :=cl(grF). B has the weak domination property around xy € X
with respect to C iff there exists a neighborhood V of xo € X such that F(x) € WMincF (x) +C.
The Painlevé-Kuratowski upper limit is defined by

LimsupF (x) :={y €Y | 3x, € domF, y, € F(x,) s.t. x, — X0, yp — ¥, ¥n € N},
xixo
where x £> Xxo means that x € dom F and x — xg. The Painlevé-Kuratowski lower limit is

LiminfF (x) := {y € Y | Vx, € domF, y, € F(x,) s.t. x, — Xxo, y» — Y, Vn € N}.

X—X0

If LimsupF (x) = LiminfF (x), then this value is called the Painlevé-Kuratowski limit of F at x
F

xixo X—X0
and denoted by LimF (x).
XEHCO

Definition 2.1. [28] Let H be a nonempty subset of X, x € H, and u € X. The contingent cone
of H at x is defined by T(H,x) :={u € X | Ir, = 0", Ju,, — u, s.t. x+ryu, € H, Vn € N}.

Definition 2.2. [29] Let H be a nonempty subset of X, x € H, and u € X. The radial cone of H
at x is defined by R(H,x) :={u € X | Ir, >0, Ju, — u, s.t. x+rpu, € H, Yn € N}.

Definition 2.3. [4] Let F : X — 2 be a set-valued map and (xo,y) € grF. The first-order
radial derivative of F at (xg,yo) is a set-valued map DgF (xg,yo) : X — 2¥ defined by

DgF (x0,v0)(u) :=4{veY | Ir, >0, I(up,vn) — (u,v),s.t. yo+ ryvn € F(xo+ rpuy,), Vn € N}.
According to Definition 2.3, one has Oy € DgF (xo,y0) (Ox).

Definition 2.4. [10] Let F : X — 2! be a set-valued map and (xo,yo) € grF.
(i) The first-order variational set of type 2 of F at (xg,yo) is defined by

W (F, (x0,30)) := Limsup (cone-. (F (x) - yo))-

F
X—rX0
(ii) The first-order lower variational set of type 2 of F at (xo,yo) is defined by

W(F, (x0,0)) := Liminf(cone (F (x) —yo))-

X—X0

F is said to have the first-order proto-variational set of type 2 at (xo,yo) iff

W(F, (x0,y0)) = W(F, (x0,y0)).
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(iii) The first-order variational set of type 1 of F at (xg,yo) is defined by

. 1
V (F,(x0,y0)) := lesup; (F(x)=yo),
F
o

where x £> Xxo means x € domF and x — xg.
According to Definition 2.4, one has Oy € W (F, (xq,y0)) -

Remark 2.1. Definition 2.4 can be also expressed equivalently as follows:
(1) W(F,(x0,y0)) ={veY|3r, >0, I(xn,vn) = (x0,v),8.L. Yo+ ravy € F(x,), ¥n € N};
(ii) W(F,(x0,y0)) ={v €Y |Vr, >0, I(xn,vn) = (x0,v),8.t. Yo+ rnvn € F(x,), Vn € N},
(iii) V(F,(x0,y0)) =4{v €Y | Ir, — 0", I(xy,v) = (x0,V),8.1. yo+ rnvn € F(x,), Vn € N}.

It is clear that W (F, (xo,y0)) € V (F, (x0,¥0)) € W (F, (x0,0)) -
However, the reverse conclusion not necessarily hold; see the following example.

Example 2.1. Let X =Y =R,C =R, and F : X — 2 be defined by F(x) = {x*}. Tak-
ing (x0,y0) = (0,0), one has W (F, (xo,y0)) = {0} and V (F, (x0,y0)) = R, which imply that
V (F,(x0,y0)) Z W (F,(x0,¥0)). Taking (xo,y0) = (1,0), one sees that V (F, (xo,y0)) = 0 and

W (F, (x0,¥0)) = R, which imply that W (F, (x0,y0)) € V (F, (x0,¥0))-

Definition 2.5. [30] Let M C X be a convex subset and C be a closed convex cone. The map
P : M — 2" is said to be C-convex on M if, for all x;,x, € M and A € (0,1),

AP(x))+(1=A)P(x2) CP(Ax;+ (1 —A)xp)+C.
Inspired by [24], we propose the following definition.

Definition 2.6. Let F and S : X — 2¥ be two set-valued maps. F is said to be C-dominated by
S near x iff F(x) C S(x) + C for all x € X in some X € % (xp).

Let yg € S(xo) and F be C-dominated by S near xy. Since S(x) C F(x) for all x € U, then
S(x)+C =F(x)+C forall x € U. Thus W(F +C, (x0,y0)) = W(S+C, (x0,¥0))-

Definition 2.7. [6] Let F : X — 2¥ be a set-valued map and (xo,yo) € grF. The first-order
singular variational set of type 2 of F at (xg,yp) is defined by

(1)
we=l (F,(x0,y0)) : = Limsupcone_, (F (x) —yo)

F
X—X0
={yeY |3, £ xo, I, — 07,
Ty, € coney (F (x,) — o), 8.t. Ayyn — y, Vn € N}.

Lemma 2.1. [6] Let xo € S and yo € S (xg) . Let C C intCU {0y} be a closed convex cone with
a compact convex base, and F fulfill the weak domination property around xo with respect to C.

Then W (S—l—é, (X(),y())) =W (F —|—é, (XOJO)) .

Lemma 2.2. [6] Let C C intC U {0y} be a closed convex cone with a compact convex base.
Then
WMinc W (F +C, (x0,y0)) € W (F, (x0,)0)) - (2.1)
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Lemma 2.3. [6] Let C C intCU {0y} be a closed convex cone with a compact convex base.
Suppose that either of the following conditions holds:

(i) W (F +C, (xo,yo)) has the weak domination property;
(ii) W= (F, (x0,0)) N (=C) = {0y }.
Then WMiIle (F + é, (X(),y())) = WMinCW(F, (X(),y())) .

Now we illustrate the relation between the variational set of type 2 of F and that of S.

Proposition 2.1. Let (xo,vo) € grS, C CintCU {0y} be a closed convex cone with a compact
base, and F have the weak domination property around xqo with respect to C. Suppose that
either of the following two conditions holds:

(i) W(F +C, (x0,y0)) has the weak domination property;
(ii) WU (F, (x0,y0)) N (—C) = {0y }.
Then
WMinc W (F, (x0,Y0)) € W (S, (x0,0)) - (2.2)
Proof. From Lemma 2.3, we have WMinc W (F, (xo,y0)) = WMinc W (F +C, (x0,Y0) ), which
together with Lemma 2.1 yields WMinc W (F, (xo,y0)) = WMinc W (S+C, (x0,¥0)) . In view

of (2.1), we find from Lemma 2.2 that WMinc W (F, (x0,y0)) € W (S, (x0,Y0)) - This completes
the proof. 0

Under the conditions of Proposition 2.1, the inverse inclusion relation of (2.2) may not nec-
essarily hold, which can be seen via the following example.

Example 2.2. Let X =R, Y =R?, C=R%, and F : X — 2 be defined by
Flx) = ({0} x R)U (R x {0})U{(x0,y0) €Y |xZ+y3 =1}, ifx=0,
0, if x #0.
Then
((=e0,=1) x{0}) U ({0} x (—eo,—1))U
S(x) =< {(x0,y0) €Y | x5 +y5=1,x<0,y <0}, ifx=0,
0, if x #£0.
Since W(F,(0,(—1,0))) = (R+ x R)U(R_ x {0}),
WMincW (F, (0,(—1,0))) = ({0} x R_)U(R_ x {0}).
However, we have
W(S,(0,(=1,0))) = (R— x {0}) U{(x0,y0) €Y | yo < —x0,x0 > O}.
Hence, W(S, (0,(—1,0))) € WMinc W (F, (0,(—1,0))).

To see the inverse inclusion relation of (2.2) in Proposition 2.1, we impose three conditions
as follows.

Proposition 2.2. Let (xo,y0) € grF, let C have a compact convex base. Assume that the follow-
ing conditions are satisfied:

(i) F is C-dominated by S near xo;

(ii) F has the first-order proto-variational set of type 2 at (xo,Y0);



116 Q. WANG, M. LV, C. FAN, J.C. YAO, Y. ZHAI

(iii) for all x € X in some X € U (xp), m — e € intCU (—intC), Vm,e € F(x), m # e.
Then
W(S, (x0,y0)) € WMinc W (F, (xo,y0))- (2.3)

If, additionally, the conditions in Proposition 2.1 are fulfilled, then (2.3) becomes an equality.

Proof. First, we prove that S(x) is a single point set for all x € X in some X € % (x¢). Indeed,
if m,e € S(x), then m,e € F(x). Suppose that S(x) is not a single point set. Then, for any
m,e € S(x) C F(x) with e # m, according to assumption (iii), one has m — e € intCU (—intC),
that is, m — e € intC or m — e € —intC. It is clear that m — e # Oy.

To prove that S(x) is a single point set, we divide m — e into two cases.

Case I. If m — e € intC, then (S(x) — {m}) N (—intC) # 0, which contradicts m € S(x).

Case II. If m — e € —intC, then (S(x) — {e}) N (—intC) # @, which contradicts e € S(x). So,
it is obvious that S(x) is a single point set for all x € X in some X € % (xo).

Next, we prove inclusion relation (2.3). Let v € W(S, (xp,y0)). Then, there exist sequences
{rn} with r, > 0 and {(x,,v,)} with (x,,v,) — (x0,Vv) such that

Yo+ TnVn € S(xn) - F(Xn), Vn € N. (2.4)

Suppose to the contrary that v & WMinc W (F, (xo,v0)). Then, (W (F, (x0,y0)) — {v}) N (—intC) #
0. It follows that there exists v € W (F, (xo,yo)) such that v—v € intC. Since S has the first-order
proto-variational set of type 2 at (xo, o), for the preceding sequences {r, } and {x,}, there exists
a sequence {v,} with v, — v such that

Yo+ ravy € F(x,), Yn € N. (2.5)
Since F is C-dominated by S near xo, one sees that there exists X’ C % (xo) such that
F(x) CS(x)+C, Vxe X' (2.6)

It is easily seen that there exists a natural number N > 0 such that x, € X NX’, Vn > N. Thus
it follows from (2.5) and (2.6) that yo + r,v, € S(x,) + C for all n > N. Since S(x) is a single
point set, it follows from (2.4) that yo + r,v, — (yo + rnvi) = rn(Vy — vy,) € C forall n > N. Since
vp, — vy, — v—v and C has a convex base, one obtains v — v € C, which contradicts v —V € intC.
Thus v € WMin¢c W (F, (x0,y0)) and (2.3) holds. The rest of the proof follows from Proposition
2.1. Hence, this completes the proof. U

To explain Proposition 2.2, we provide the following example.

Example 2.3. Let X =Y =Rand C=C =R,. Let F : X — 2" be defined by F(x) = {x?} if
x>0; F(x) =0if x <0. Then S(x) = {0} if x > 0; S(x) =0 if x < 0. Let (xg,y9) = (0,0) € grF.
It is easy to see that W(F, (0,0)) = R.. Thus WMinc W (F, (0,0)) = {0}. We also have

W(S,(0,0)) = {0}, W(F +C,(0,0)) =R,
w=U(F,(0,0)) = R, WMinc W (F +C, (0,0)) = {0},
w=(F,(0,0)) N (~=C) = {0}.

Thus W (S, (0,0)) = WMinc W(F, (0,0)), and Proposition 2.2 holds.
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3. CHAIN AND SUM RULES

In this section, we establish the chain and sum rules of variational sets of type 2. We first
recall some definitions from [19, 27].

Definition 3.1. [19] Let  : X — 2" be a set-valued map and x € dom 1. [ is said to be closed at x
if I(x) = (clI)(x). I is said to be compact with respect to its domain if any sequence {(x,,y,)} C
grl has a convergent subsequence as soon as {x, } is a convergent sequence.

Definition 3.2. [27] Let L: X x Z — 2" be a set-valued map, ((x0,20),v0) € grL, and w € Z.
The first-order quasi-variational set of the set-valued map L of type 1 at (xp,zo) with respect to
w is the set

Vy(L, (x0,z0[w]),y0) :=={veY |3, — 0%, 3(xn, Vi, wn) — (x0,v, W),
s.t. Yo+ hyvy € L(xy,20 + hpwy), Vn € N}

Inspired by the radial cone in [29], we propose the following definition.

Definition 3.3. Let L: X x Z — 2" be a set-valued map, ((xo,z0),y0) € grL, and w € Z.

(i) The first-order radial-variational set of the set-valued map L at (xq,zo) with respect to w is
the set

W(L, (x0,20[w]),y0) :={v €Y | Iry > 0, I(xn, Wn,vn) = (x0,w,v),
s.t. Yo+ ravn € L(x4,20 + rawn), Vn € N}
(1) The map L is said to have the first-order semi-radial-variational set with respect to w if
Wy (L, (x0,20[W]),¥0) :={v €Y | Vrn > 0, V(xu,wn) — (x0,w), vy, = v,
s.t. Yo+ ravn € L(xy,20 + rawn), Vn € N}

Let F: X —2Y and G™! : Z — 2¥ be two set-valued maps. For a chain rule, we define a
resultant set-valued map C : X x Z — 2V as follows:

C(x,2) :=F(x)NG 1 (2). (3.1)
Then, domC = grGoF.
Proposition 3.1. Let (x0,20) € grGoF, w € Z, C defined by (3.1) be closed at (xq,z9), and
DrG(x,y)[T] be defined by | J;cr DrRG(x,y)(t) forallx € X, y €Y, and T C X. Suppose that the
following condition is satisfied, for all yy € C(x9,z0),
W (F, (x0,0)) N\DRG ™" (20,y0) (W) S W (C, (x0,20[W]) , 0) (3.2)

Then
U DrG30.20) W (F,(x0.30))] € W (GF. (x0.50)- 53)
Y0€C(x0,20)
If, additionally, Y is finite dimensional, G and F are compact with respect to their domains, and
the following assumption is satisfied, for every yo € C (x0,20),

V4(C, (x0,20[0z]),y0) = {Oy }, (3.4)

then
CL(J )DRG(yo,zO) (W (F, (x0,50))] =W (GoF, (x0,20)) - (3.5)
YoeC(x0,20



118 Q. WANG, M. LV, C. FAN, J.C. YAO, Y. ZHAI

Proof. First, we prove (3.3). Let w € Uy ec(xy z) PRG (30, 20) [W (F, (x0,¥0))]. Then there ex-
ists yo € C (xo,20) such that w € DrG (yo,20) [W (F, (x0,¥0))] - It follows that v € W (F, (xo, o))
with w € DrG (y9,20) (v). We see that there exist sequences {r,} with r, > 0 and {(v,,w,)}
with (v,,w,) — (v,w) such that zo + r,w, € G (yo+r,vs), which implies that yg + r,v, €
G (20 +rawn),ie., v € DRG ™! (z9,y0) (w). It follows from (3.2) that v € W (C, (x0,20[w]) , o) -
In view of Definition 3.3, one sees that there exist sequences { (X, Vn, Wy)} with (X, vy, Wy,) —
(x0,v,w) and {z,} with #, > 0 such that yo +1,v, € C (X,z0 +1,Wy) , which implies that

20 HtaWy € G(tnvn +y0) (GOF)< )

i.e,weW(GoF,(xg,z0))- So (3.3) holds.

Next we prove the inverse inclusion relation of (3.3). Let w € W (GoF, (x¢,20)). To prove
w € Uypec(xo,20) PRG (V0520) [W (F, (x0,¥0))], we divide w into two cases.

(i) If w = 0z, then 0z € Uy cc(xy.20) PRG (0,20) [W (F, (x0,y0))] -

(ii) If w # Oz, then there exist sequences {r,} with r, > 0 and {(x,,w,)} with (x,,w,) —
(x0,w) such that zg + r,wy, € (Go F) (x,) ,, that is, there exists a sequence {y,} with y, € F(x,)
such that zg + r,w, € G(y,). Since F and G are compact with respect to their domains and
Xn — X0, {yn} has a subsequence (denoted by the same notion y,) converging to some y, which
implies that {z,}, z, = zo + r,wy, also has a convergent subsequence (denoted by z,) with the
limit point Z. Since r, > 0, z, — Z, and w,, — w # 0z, we see that r,, converges to some k > 0.

To prove w € Uyec(x.z0) PRG (¥0,20) [W (F, (x0,0))], we divide k into two cases.

Case I. Let yg € C(xp,z0) and set v, = ynr;nyo with v,, — y—% If k > 0, then yo + r,v, € F(xy)
and zo+r,w, € G(yo+r,v,), which means that y—% € W(F, (x0,y0)) and w € DrG(y0,20) (_T)
Thus, w € UyoEC(xo,Zo)DRG (YO;ZO) [W (F, (Xo,yo))] .

Case IL. If kK = 0, we see that y, € C(x,,20 + rawy), i.€., (Xu,20 + raWn,yn) € grC, which
implies that (xp,z0,y) € cl(grC) = gr(clC). Hence, y € cl1C(xo,z0) = C(x0,20), since C is closed
at (x0,20). Suppose that y, =y for all n € N. Then Oy € W (F, (xo,y)) and w € DG (¥,20) (Oy).
This demonstrates w € Uy ec(xy,z) PRG (Y0, 20) [W (F, (x0,50))] - Suppose that y, # y for all
n € N. Setting s, = ||y, — || and v, = y” Y one obtains that s, — 0% and the sequence {vn} or
some subsequence has a limit v with HvH =1, since Y is finite dimensional and ||v,|| = 1. We
can conclude that {{*} does not converge to 0. In fact, if {{*} converges to 0, then ¥+ s,v, =
Yn € C(Xn,20 + sn({*wy)), which yields that v € V4 (C, (x0, 20 [Oz]) y), a contradiction with (3.4).
Thus {j—z} is bounded and then {j—’;} (taking a subsequence if necessary) has a limit ¢ > 0. For
all n € N, one has

Y+ (r_vn> =Yn € C(xn;ZO+ran)-

n

Therefore, gv € W (C, (xo,20[w]),y) . It follows from the definition of W (C, (xq,z0[w]),y) that
qv € W (F,(x0,¥)) and w € DG (¥,20) (qv) . Then

we | DrG(yo.z0) [W(F, (x0,0))] -

¥0€C (x0,20)

From (i) and (ii), we know that the inverse inclusion relation of (3.3) holds. Hence, (3.5) holds,
and the proof is complete. U
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We remark here that [27, Proposition 3.8] demonstrates the chain rule with inclusion rela-
tions, while Proposition 3.1 demonstrates the chain rule with equality relations. Furthermore,
the conditions of Proposition 3.1 are different from those in [27, Proposition 3.8]. To explain
Proposition 3.1, we provide the following example.

Example3.1. LetX =Y =Z=R,weY,F:X — 2" and G:Y — 27 be two set-valued maps
defined by

{1}, ifx=0, {0}, ify=0.
For the chain rule G o F, we obtain

F(x>:{{0}, ifx£0, o) :{[0,1], ify£0,

R\{0}, ifze (0,1],
G l(z) ={R, ifz=0, and
0, otherwise;

{0}, ifx#0,

(GoF)(x) = {[0, 1], ifx=0;

{0}, ifx#0andz=0,
C(x,z) =< {1}, ifx=0andze€]0,1],
0, otherwise.
Let (x0,20) = (0,0) € gr(GoF). Then C(xp,z0) = {1}. For any yy € C(xp,z0), we have
W (F, (x0,50)) =R, DrG ™" (z0,y0) (W) =R,
W (C, (x0,20[w]) ,y0) = R, V4(C, (x0,20[0]) y0) = {0},
W (GoF,(x0,20)) =Ry, DrG (y0,20) [W (F, (x0,y0))] =R
It is obvious that conditions (3.2) and (3.4) hold in Proposition 3.1, and
U DrG(v0,20) [W (F, (x0,50))] =W (GoF, (x0,20))-
Y0E€C(x0,20)
Thus Proposition 3.1 holds.

We now discuss the sum rule of two set-valued maps M, N : X — 2Y  For (x,z) EX XY,
setting S(x,z) := M(x) N (z—N(x)), one has dom S = gr(M + N).

Proposition 3.2. Let (xg,z0) € gr(M+N), v €Y and S be closed at (xq,z9). Suppose that the
following condition is satisfied, for all yy € S (x0,20),

W (M, (x0,y0)) N [v =W (N, (x0,20 — y0))] €W (S, (x0,20[v]),0) - (3.6)

Then
U (WM, (x0,0)) + W (N, (x0,20 — y0))) SW (M+N, (x0,20))- 3.7)
YoE€S(x0,20) .
If, additionally, Y is finite dimensional, M and N are compact with respect to their domains,
and the following assumption is satisfied, for every yy € S (x0,20),

Vy(S, (x0,20[0y]),y0) = {0y}, (3.8)

then
SL(J )(W(M7<x0>y0))+W(N>(x0aZO_YO))):W(M—l-N,(XQ,Z())). (3.9)
Yo€S(X0,20
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Proof. We first prove (3.7). Let v € Uy es(x,20) (W (M, (x0,50)) + W (N, (x0,20 — ¥0))). Then
there exists yg € S (xo,20) such that v € (W (M, (xo,y0)) +W (N, (x0,20 —¥0)))- It follows from
(3.6) that there exists some w € W (M, (xg,y0)) such that w € W (S, (x,z0[v]),y0) - Then, there
are sequences {r,} with r, > 0 and {(x,,v,,wy)} with (x,,v,,w,) — (x0,v,w) such that yo +
FaWn € S (X, 20 + ravn) , which implies that zo+r,v, € (M+N) (x,),i.e.,vEW (M + N, (x0,20))-
So (3.7) holds.

Next we prove the inverse inclusion relation of (3.7). Let v e W (M + N, (xo,z0)) - To prove
v € Uypes(ro.0) (W (M, (x0,50)) +W (N, (x0,20 — y0))), we divide v into two cases.

(i) If v = Oy, one has Oy € Uyyes(xg.z0) (W (M, (x0,50)) +W (N, (x0,20 —0))) -

(i) If v # Oy, then there exist sequences { (x,, v,) } with (x,,v,) — (xo,v) and {r,} with r, >0
such that zo + r,v, € (M +N) (x,,) . Therefore, there exist y1, € M(x,) and y,, € N(x,) such that

20+ Ve = Yin +Yon- (3.10)

Since M and N are compact with respect to their domains and x, — xo, {yin}(i = 1,2) have
subsequences denoted by the same notions y;, converging to y;(i = 1,2). Since r,, > 0, yi, —
yi(i=1,2) and v, — v # Oy, we see from (3.10) that r,, converges to some g > 0. To prove

ve |J (WM, (x0,50))+W (N, (x0,20—0))) » (3.11)
Y0€S(x0,20)

we divide g into two cases.

Case I. g > 0. Let yg € S(x9,20). Setting vy, = yl”r—;yo with vy, — % and v,

with vy, — 27E070) one hag Yo+ avin € M(x,) and zo — yo + rnvan € N(x,,), which together

with (3.10) yields v, = vy, + v2,. Thus

_ y2n—(20=y0)
— .

Y1—=Y0 _ =5 Y2 —=1Zo—Yo
g EW(Ma (XOJO)), %

€ W(N, (x0,20 —Y0))

and
L, YL Yotya— (zo—0)
8

Thus (3.11) holds when g > 0.

Case II. If g = 0, then yy,, € S(x4,20 + raVn), i-€., (Xn,20 + FnVi,Y1n) € grS, which implies
that (xo,20,y1) € cl(grS) = gr(clS). Hence, y; € clS(x0,20) = S(x0,20), since S is closed at
(x0,20). If y1, = y; for all n € N, then Oy € W (M, (xo,y1)) and v € W (N, (x0,z0 —y1)). Thus
(3.11) holds. Suppose y1, # yi for all n € N. Setting s, = [[y1, — y1|| and k, = H2=L, one sees
that s, — 0" and the sequence k, or some subsequence has a limit k with ||k|| = 1, since Y is
finite dimensional and [k, || = 1. We can conclude that {{* } does not converge to 0. In fact, if
{g—:} converges to 0, then y; + s,k;, = y1, € S(xn,20 + sn(Z—Zvn)) Since ;—Zvn — Oy, one obtains
k € V,4(S, (x0,20[0y]),y1), which contradicts (3.8). Thus {32} is bounded, and then {;*} (taking
a subsequence if necessary) has a limit g > 0. It follows that, for all n € N,

S
Yi+rg (r—"kn> =Yin € S (Xn,20 + V) -

n

Hence, gk € W (S, (x0,20[v]) ,y1) - It follows from the definition of W (S, (xo,z0[v]),y1) that gk €
W (M, (xo,y1)) and v — gk € W (N, (x0,20 —y1)) - Then, (3.11) holds. Thus (3.11) holds when
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g = 0. From (i) and (ii), it is easy to see that the inverse inclusion relation of (3.7) holds. Thus
(3.9) holds, and the proof is complete. O

Remark 3.1. Since the result of Proposition 3.2 is that the sum of the variational set is in the
variational set of the sum, while the result in [27, Proposition 3.4] is that the variational set of

the sum is in the sum of the variational set. In addition, Proposition 3.2 presentes the sum rule
with an equality relation.

Remark 3.2. Condition (3.8) is essential to Proposition 3.2.
The following example explains Remark 3.2.

Example 3.2. Let X =Y =Z =R and M,N : X — 2" be two set-valued maps defined by

M) = {{0}, if x =0, N = {{—1}, if x =0,

[—1,0], ifx#0. {0,—1}, ifx#£0.
Then
{1y, ifx=0,
(M+N)(x) = {[—2,0], if x £ 0;
({0}, ifx=0andz=—1,
{z}, if x e R\{0} and z € (—1,0],

S(x,2) =M(x)N(z—N(x)) = {z+1}, ifxeR\{0}andze[-2,—1),
{0,1}, ifxeR\{0}andz=—1,
0, otherwise .

\

Let (x0,20) = (1,—1) € gr(M +N). Then S(xo,z0) = {—1,0} and, for any yo € S(xo,20), (3.8)
does not hold. In fact, taking x, =1 — 1, w, = % —-0,v,=—1——1,and r, = % — 0, one
has yo + ravn € S(xn,20 + rawn), ie., —1 € V4 (S, (x0,20[0]),y0). Observe

W(M7 ()Co,y())) = R-H W(N7 (XO,ZO _yO)) = {0}7

W (M +N,(x0,20)) =R, W (S, (x0,20[v]) ,y0) = R.

Theus (3.6) and (3.7) hold, but (3.9) does not hold. This demonstrates that condition (3.8) is
essential to Proposition 3.2.

4. SENSITIVITY ANALYSIS OF THE VARIATIONAL INEQUALITY

Let X, W, and Z be three normed spaces, FF: W x X — 2Z and N : X — 2% be two set-valued
maps, and K be a subset of X. Consider the set-valued map defined by

Mg(w,z) :={xe€K|z€ F(w,x)+N(x)}. 4.1)

When K is convex, N(x) is the normal cone to K at x, and w is a parameter, M is the solution
map of a parameterized variational inequality. The map M is equivalently expressed by

Mg (w,z) :={xe X |z€ Qk(w,x)}.
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Then M is related to the sum map Qg (w,x) := F (w,x) + Ng(w,x) and

N(x), if (wx)eW xX,

Ni (w,x) = {@, if (w,x) € W x (X\K).

Inspired by [26], we propose the following definition.

Definition 4.1. The first-order Studniarski-variational set of the set-valued map Q : W x X — Z
of type 1 at (wg,xp) with u € X is the set defined by
VS(Q7 (WO,XO[H]),ZQ) = {Z € Z | EIbl’l — 0+7 EI(WI’UZFHMH) — (W05Z7M)7
s.t. 20+ bnzy € Q(Wy, X0 + byuy), ¥n € N}.

Now, we recall some concepts and a property from [27] which are needed for calculating the
variational set of type 2 of M.

Definition 4.2. [27] Let A and B be linear spaces, and let £ C A.

(i) E is said to be star-shaped at ag € E, if foralla € E and B € [0,1], (1 —B)ap+Pa €E.
(ii) Let E be a star-shaped set at ayg € E. The set-valued map T : A — 2B is said to be star-
shaped at ap on E if, forall a € E and 8 € [0,1], (1 —B)T (ap) + BT (a) CT((1—B)ao+
Ba).
Lemma 4.1. [27] Let E be a star-shaped set at xo € E, and let F be star-shaped at xo on E.
Then W<F7 (x()ay())) = V(F’ (.X(),y()))-

Proposition 4.1. Let Z be a finite dimensional space, ((wo,20) ,X0) € gtM, and u € X . (i) If

VS(Q? (W07XO[OX])’Z0) = {02}7 4.2)
then
W (M, ((wo,20) ,%0)) € {u € X |W(Q, (wo,x0[u]) ,20) # 0} . (4.3)
(ii) If M is star-shaped at (wg,z0) and convex, then
W(Ma ((WO,ZO) ,X())) = {u eX | w (Q7 (W(),X()[u]) 7Z0) # @}. 4.4)

Proof. We first prove (4.3). Let u € W (M, ((wo,20) ,X0)) - Then there exist {(wy,z,u,)} with
(Wny Zn,un) — (wo,20,u) and {r,} with r, > 0 such that xo + r,u, € M (wy,z,), which implies
that z, € Q (wy,x0 + rauty). Setting s, = ||z, — z0|| (s, — 01) and d,, = Z";nzo, we see that {d, }
has a convergent subsequence with a limit d satisfying ||d|| = 1, since Z is finite dimensional
and [|du|| = 1. We conclude that {{*} does not converge to 0. In fact, if {{*} converges to
0, then zo + Sudn = zn € Q(Wn, X0 + su({2ttn)). Thus d € V5(Q, (wo,x0[0x]),z0), which contra-

dicts (4.2), so {3} is bounded and {32} (taking a subsequence if necessary) has a limit g > 0.

Observe that zo + 1, (i—:dn> =z € Q (Wpn, X0+ rpltn), so gd € W(Q, (wo,xo[u]),z0) and then
(4.3) holds. Next we prove the inverse inclusion relation of (4.3) for equation (4.4). Let
d € W(Q,(wo,xo[u]),z0) . Then there exist sequences {r, } with r, > 0 and {(wy,u,,d,)} with
(Wn,tn,dy) — (wo,u,d) such that zo + r,d, € Q (Wp,x0 + rpuy,), which implies that xo + ryu, €
M (wp, 20+ rad,) . It is clear that one can choose a sequence {A,} with A, — 0" such that
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An

'n

— 0. Then, for n large enough, we have ’}—Z <1 and

A
X0 + Antty € M(wp,z0) + —n(M(WmZO‘f‘rndn) —M(wn,20))

C Mlns20 + ) i Mo 2.
Thus u € V(M, ((wo,20),X0)). Since
V(M, ((wo,20),%0)) € W (M, ((wo,20),%0)),
u € W(M,((wo,20),%0)), then
{ue X |W(Q,(wo,xolu]),z0) # 0} CW (M, ((wo,20)),%0)-

Combining this with (4.3), we see that (4.4) holds and the proof is complete. O

Now we give an example to demonstrate Proposition 4.1.

Example4.l. LetW =X=Z=R,ucX,Q: W xX —2% M:W x Z — 2X be two set-valued
maps, and Q be defined by Q(w,x) = [0, |2wx|] for all w € R and x € R. Then

Ry, ifweRiandzeR_,
0, otherwise.

M(W,Z) = {

Let ((wo,z0),x0) = ((1,0),0) € grM. Thus V,(Q, (wo,x0[0]),z0) = {0}. Observe that

W(Q’ (WO,XO[MD,ZO) = R-H W(M7 ((W(),Z()),X())) = R-H
{ueX |W(Q,(wo,xolu]),z0) # 0} =R

Thus {u € X | W (Q, (wo,x0[u]) ,z0) # 0} =W (M, ((wo,20)) ,X0) , and Proposition 4.1 holds.

In the following proposition, we show the sum rule of the first-order radial-variational sets,
which is needed for Theorem 4.1.

Proposition 4.2. Let ((wo,x0),20) € gr(F+Nk) and v €Y. Let S be closed at (xo,z9). If

W (F, (wo,xolu]) ,y0) N [v =W (Nk, (wo,x0[u]) ;20 —yo)] € W (S, ((wo,xo0[u]),z0[v]),¥0), for all
yo € S((wo,x0) ,z0), where S((w,x),z) = F (w,x) N (z— Nk (w,x)), then

U (W (F, (wo,xo[u]) ,y0) + W (Nk, (wo,o[u]) ,z0 —¥0)) €W (F + Nk, (wo,%o[u]) , 20) -
Y0ES((wo,%0),20)

If, additionally, Z is finite dimensional, F and Nk are compact with respect to their domains
and, for every S((wo,x0),z0), V4(S, ((wo,x0[0x]),20[02]),y0) = {0z}, then

U (W (F, (wo,xo[u]) ,y0) + W (Nk, (wo,%o[u]) ,z0 —y0)) =W (F + Nk, (wo,%o[u]) , 20) -
Y0ES((wo,%0),20)

Since the proof is similar to Proposition 4.2, we omit the proof here. Since the solution
map (4.1) was studied in terms of the variational sets of type 1 and contingent derivatives in
[31, 32], we now apply the sum rule of the first-order radial-variational sets to have the first-
order sensitivity analysis in terms of the variational sets of type 2 for (4.1).
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Theorem 4.1. Let u € X and ((wo,x0),20) € gtM. Let all the conditions in Propositions 4.1
and 4.2 are satisfied. Then

W (M, ((wo,20)) ,%0) ={u € X | U (W(F (wo,xo[u]),y0) +
YoES((wo.x0),20) 4.5)

W (Nk, (wo,xo[u]) ,z0 — o)) # 0}.
Proof. By using Proposition 4.1, we have
W (M, ((wo,20)),x0) = {ue€ X | W(Q, (wo,xo[u]),z0) # 0} . (4.6)
Since the sum map Q(w,x) = F(w,x) + Nk (w,x), one has
{ue X |W(Q,(wo,xou]) ,20) # 0} = {u € X | W (F 4Nk, (wo,xolu]) ,20) #0}. (4.7
It follows from Proposition 4.2 that

W (F +Ng, (wo,xolu]),20) = | (W(F, (wo,x0[u]),y0)+
¥0E€S8((wo,%0),20) (4.8)

W (Nk, (wo,Xo[u]),20 — y0))-
In view of (4.6), (4.7), and (4.8), we see that (4.5) holds, and this completes the proof. O
The following example illustrates Theorem 4.1.

Example 4.2. Consider the set-valued map (4.1) with X =W =Z = R. Let K be a subset of X,
F:WxX— 22, M:WxZ— 2X, Nk : X — 27 be three set-valued maps, F' and Nk be defined
by
i [—wx,0], ifwx <O,
F(w,x) = {[O,wx], fwx =0, and Nk (w,x) =4 {0}, ifwx=0,
0, ifwx <0 .
0, if wx > 0.
Then
[0,wx], ifwx=0,
0, if wx # 0,

and

O(w,x) = (F + Ng)(w,x) = {

if wx =0 and 0
S((w.2),2) = F(w.x) A 2 N () = 4 (0 1 we=0and2€ [0 wad,
0, otherwise.

Since M(w,z) = {x € X |z€ Q(w,x)},
R, ifz=0and w=0,
M(w,z) =< {0}, ifz=0andw e R\{0},

0, otherwise.

If ((wo,x0),20) = ((0,0),0) € gr(F + Nk), then S((wo,x0),z0) = {0}. It follows that, for any
Yo € $((wo,%0),20) = {0},

W<F7 (Wo,Xo[H]),yo) - R-H W(NKa (W07x0[u]>7Z0 _yO) = R_,

W(Mv ((W07Z0)7x0)) =R
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and

{ueX| U (W(F (wo,xo[ul),y0) + W (N, (wo, xo[ul), 20 — y0)) # 0} = R.

YoES((wo.x0),20)
Thus
W (M, ((wo,20)) ,%0) ={u € X | U W(F (wo,xolu]),y0) +
YoES((wo.x0):20)
W (Nk, (wo,xo[u]) ,z0 — y0)) # 0},
and Theorem 4.1 holds.

5. SENSITIVITY ANALYSIS

Let X, Y, and Z be three normed spaces whose norms are all denoted by || - ||. Let C C Y be
a closed convex cone, F : X x X x Z —2Y and K : Z — 2% be two set-valued maps. Consider
the following parametric weakly set-valued equilibrium problem (PWSEP):

find x € K(w) such that F(x,y,w)N(—intC) =0, Yy € K(w). (5.1)
For each w € Z, the set
S(w):={xeK(w) | F(x,y,w)N(—intC) =0,Vy € K(w)}

stands for the solution map of problem (PWSEP). For x € X and w € Z, the map S can be
expressed by

S(w)={xeK(w) |0y € J(w,x)}, (5.2)

where J(w,x) = WMinc G(w,x), G(w,x) = U,egx(w) F (x,y,w) U{Oy }, and S(w) is defined by
the generalized equation Oy € J(w,x).

In this section, for a subset H C X, we define the distance from x € X to H by d(x,H) :=
infyepy ||x — h|| with the convention that d(x,0) = . The closed ball centered at wy € Z with
radius A and centered at xp € X with radius A are denoted by Bz (wp,A) and Bx (xp,4 ), respec-
tively. First, we recall the following concept, which is important for this paper.

Definition 5.1. [33] The map S is said to be Robinson metrically regular around (wg,xp) €
grS if there exist u > 0,7 > 0, and neighborhoods U of wg,V of xy such that d(x,S(w)) <
pud(0,J(w,x)) for allw € U,x € V satisfying d(0,J(w,x)) < 7.

Inspired by [33], we propose the following definition.

Definition 5.2. Let (wp,xp) € grS. S is said to be directionally Robinson metrically reg-
ular of order 1 along K around (wp,xp) if there exist u > 0,7 > 0, and A > 0 such that
d(xo+tx',S(W)) <ud(0,J (W ,xo+1tx)),foranyz € (0,1),w € Bz (wp,A),andx’ € Bx(xo, 1)
satisfying xo +1x' € K (w') and d (0,J (W', xo +1x')) < 7.

Remark 5.1. If S is Robinson metrically regular around (wg, xg), then S is directionally Robin-
son metrically regular of order 1 around (wg,xp) in the direction x for all x € X. Since the
converse may not hold, one has that Definition 5.2 is a generalization of Definition 5.1. We give
the following example to illustrate this remark.
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Example5.1. LetX =Y =Z=R,C=R,, (wo,x0) €grS,K:Z—2X,and F: X xX x Z — 2
be defined by

[—w,w], ifw>0,

F(x,y,w)=x(y+w) and K(w)= {[w —w], ifw<O.

Then, we can easily see that

G(w,x) = U {x(r+w)tu{0}, J(wx) =

yEK(w)

{0}, if wx >0,
{2wx}, ifwx <0

0 if w >0,
and S(w) {[’W]’ nw Foru=1,y=2,and A =5, we take wo =0, xg = —2, W =

w,0], ifw<DO.
—1, %=1 andt=4. Then, K(w) = [-1,1], x0 + 12’ =0, J(W,x0 +tx') = 0, J(W,X') = —1,
and S(w') = [—1,0]. Thus, whent € (0,4),w’ € Bz (wo,2),x’ € Bx(xo,A),

xo+1x' € K (w') and d (0,J (W ,xo+1x')) <7,

there exist £ >0, y> 0 and A > 0 such that d (xo +2x',S (W')) < ud (0,J (W, xo+1x')) . How-
ever, when w' € U(wyp), X' € V(xo), d(0,J (W',x')) < ¥, there does not exist i > 0,7 > 0 such
that d(x',S(w')) < ud(0,J(w',x’)). Thus we verify that S is directionally Robinson metrically
regular of order 1 around (wg, xp) in the direction x for all x € X, but S is not Robinson metrically
regular.

Proposition 5.1. If (wg,xo) € grS, then
W(S, (W(),X())) - {X € W(K, (W(),X())) ’ OY cew (J, (W(),X()[x]) ,Oy)} . (5.3)

If, additionally, S is directionally Robinson metrically regular of order 1 along K around
(wo,x0) in all directions x € M, where M := {x | Oy € W(J, (wo,x0[x]),0y)}, and J has the
first-order semi-radial-variational set at (wg,xq) with respect to x, then

W(S, (Wo,)Co)) = {X c W(K, (W(),X())) ’ OY c W(J, (Wo,Xo[x]) ,Oy)} . (5.4)

Proof. We first prove (5.3). Letx € W (S, (wo,xo)) - Then there exist sequences {r, } with r,, >0
and {(wy,x,)} with (w,,x,) — (wo,x) such that xo + rx, € S(wj,). From the definition of S,
we have xo + r,x, € K (wy,) and Oy € J (wy, X0+ 74, ), which implies that x € W (K, (wo, X))
and Oy € W (J, (wo,xo[x]),0y). Thus (5.3) holds.

Next we prove the inverse inclusion relation of (5.3) for equation (5.4). Letx € W (K, (wg,x0))
with Oy € W (J,(wo,xo[x]),0y). Then, for x, there exist sequences {r,} with r, > 0 and
{(Wn,xn)} with (wy,x,) — (wo,x) such that xo + rpx, € K (wy,) . It follows from the first-order
semi-radial-variation property of J that, with sequences {r,} and {(wj, x, )} above, there exists a
sequence {z,} with z, — Oy such that r,z,, € J (wp, X0 + rnx,) - Since S is directionally Robinson
metrically regular of order 1 along K around (wg,xp), there exist A > 0, u > 0, and ¥ > 0 such
that, for n large enough, x, € Bx(x,A),w, € Bz (wg, L), d(0,J (Wn, X0+ ruxn)) < rallzall < 7,
and

d (x0 4 rnxn,S (wn)) < ud (0,J (Wp,x0 + raxn)) < Wrnl|za| -
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Thus, for n large enough, there exists {y,} with y, € S(wy) such that ||xo+ rpx, —yu|| <

[ry||zs||, which implies that ‘ =20 —xn‘ < p|lzall- Setting £, = =, it is obvious that

'n

£, — x. Hence, x € W (S, (wo,x0)) . It follows that
{x € W(K, (W(),X())) | Oy eWw (J, (W(),X()[x]) ,Oy)} - W(S, (W(),X())) ,
which together with (5.3) yields that (5.4) holds and the proof is complete. O

Next, we give an example to illustrate Proposition 5.1.

Example 5.2. From Example 5.1, one obtains W (S, (wo,x0)) = Ry, W(K, (wg,xp)) = R, and
W (J, (wo,xo[x]),0) =RR_. Then W (S, (wo,x0)) = {x € W (K, (w0, X0)) | 0 € W (J, (wo,x0[x]),0)} .
It is easy to check that the conditions of Proposition 5.1 hold. Thus Proposition 5.1 holds.

To see Proposition 5.2, we propose the following definition.

Definition 5.3. Let F : X x X x Z — 2" be a set-valued map, ((xo,y0,wo),ko) € grF, and
(x,y,k) € X x X x Y. The first-order proto-radial-variational set at (xq,yo,wp) is the set
W (F, (xo[x],y0[y],w0) , ko) :=4{v €Y | Tr, >0, 3(xn,yn,Wn,vn) = (x,5,w0,V),
s.t. ko4 ryvy € F (x0+ rnXn, Yo+ rnyn, wn), Vn € N}.

Example 5.3. Let X =Y =Z =R, and let F : X x X x Z — 2" be defined by F(x,y,w) := xw.
Taking ko = wo = xo = yo = 0, we obtain W (F, (xo[x],yo[y],wo) , ko) = {0}

Proposition 5.2. Let X be finite dimensional and (wg,xo) € grS. Let K be compact (i.e., grK is
a compact set) and, for each yy € K (wy),

Vs (H, (wo,x0[0x]) ,y0) = {Ox }, (5.5)
where H(w,x) ={y € X |y € K(w),F(x,y,w) # 0}. Then
W(G7 (WO,XO[X])a()Y) - U U W(F7 (Xo[x],yo[y],Wo),Oy)U{Oy}. (5.6)

YoEK (wo) yeW (K, (wo.y0))

If, additionally, F has the first-order semi-radial-variational set at ((xo,y0,wo),0) with respect
to (x,y), then

W (G, (wo,xox]),0v) = | U W(F (xolxl,yol],wo),0r) U{Oy}. (5.7)
YoEK (wo) yeW (K, (wo.y0))

Proof. We first prove (5.6). Let v € W (G, (wo,xo[x]),0y). There are only two cases for v as
follows:

Case I. If v = Oy, then it is trivial.

Case IL. If v # Oy, then there exist sequences {r,} with r, > 0 and {(wy,x,,v,)} with
(Wny X, Vi) — (wo,x,v) such that r,v, € G (wy,,xo+ rpx,). From the definition of G, one sees
that there exists a sequence {y, } with y, € K (wj,) such that r,v, € F (xo+ ruXn,yn, wn) . It fol-
lows from the compactness of K that {y, } has a subsequence converging to yo € K (wp).

We now prove that {ynr;nyo} is bounded. Without loss of generality, suppose to the contrary

that w — oo, It follows that y, € H(wy,xo + rpx,). Then,

—Yo T
yO+“Yn_YOH(_X£____> €f1<wmxo+wwn—)bH”2(————JL—EEx%>)-

lyn —yol| yn — Yol
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Since X is finite dimensional, then Hiniig\\ has a subsequence converging to § with ||J|| =
n

1. Tt is easy to see that mxn — 0x. Since s, = /||yn —yo|| — 0T, we obtain § €

Vs (H, (wo,x0[0x]) ,y0), which contradicts (5.5). Thus {*-%} is bounded. Let y, = *-*.
Without loss of generality, we assume that y, — y. Thus yg + r,y, € K (w,) and

Invn € F (X0+rnxnaYO +rn)7nawn)a

which implies that § € W (K, (wo,y0)) and v € W (F, (xo[x],y0[7],wo) ,Oy ). Hence, (5.6) holds.
Next, we prove the inverse inclusion relation of (5.6). Let

ve | U W (F, (xo[x],y0[y],wo),0r) U{Oy }.
Yok (wo) yeW (K, (wo.y0))
To prove
v e W (G, (wo,xo[x]),0y), (5.8)
we divide v into two cases.

Case L. If v = Oy, then, for any sequences {r,} with r, > 0 and {(wp,x,)} with (w,,x,) —
(wo,x), we have Oy € G (wy,,xg + rpx,) , which implies that (5.8) holds.

Case II. If v # Oy, then one sees that there exist yp € K(wg) and y € W (K, (wg,y0)) such
that v € W(F, (xo[x],y0[y],wo),0y). For y, there exist sequences {r, } with r,, > 0 and {(w,,y,)}
with (wp,y,) — (wo,y) such that yo + r,y, € K(wy,). Since F has the first-order semi-radial-
variational set at ((xo,y0,wo),0) with respect to (x,y), with sequences {r,}, {w,} and {y,}
above, for v, one has a sequence {(wy,v,)} with r,v, € F (xo + r4Xn, Y0 -+ r'nYn, Wn) , Which im-
plies that r,v,, € G (wy, X0 + rnX,) . Then, (5.8) holds,

U U W (xolx,yol],wo),0r) U{0y} € W (G, (wo,xo[x]),0y),
Y0EK (wo) yeW (K. (wo.y0))
which together with (5.6) yields that (5.7) holds. Hence, the proof is complete. O

We now give an example to illustrate Proposition 5.2.
Example54. LetX =Y =Z=R,C=R,, K:Z—2%X and F : X x X x Z — 2Y be defined by
2 ifx>0,y>0andw >0,

F(x,y,w) = {7’

@, otherwise

and
K(w) [—w,w], ifw>0,
w)=
[W7 _W]7 lf w << O
Then,
G( ) {XTWa0}7 ifx>0andw >0,
W, X) = .
0, otherwise
and

H(w,x) =[0,w], Vw >0, x > 0.
Let (wg,x0) = (0,0) € grS. Then K(wg) = {0}. In fact, for any yp = 0, we have
VS (H7 (W07x0[0]) 7y0) = {O}’ w (Ga (W(),X()[x]) 70) = {0}7
W(K7 <W07y0)) :Rv W(F7 (XO[X]7y0[y]7WO)7O) :{O}
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and
U U W(F (xolx],yb],wo),0) U {0} = {0}.
Yo€K (wo) yeW (K ,(wo,y0))

We see that the conditions in Proposition 5.2 hold. Thus

W (G,(wo,xox]),0)= | U W(F, (xolx],y0[y],wo),0) U {0},
YoEK (wo) yeW (K, (wo,y0))

and Proposition 5.2 holds.

Theorem 5.1. Let F : X x X xZ — 2Y and G,J : X x Z — 2Y. Let the parametric weakly
set-valued equilibrium problem (5.1) with (wg,xo) € grS. Assume that all the conditions of
Propositions 5.1 and 5.2 are satisfied. Assume further that the following conditions are satis-

fied:

(i) F is C-dominated by S near xo;
(ii) F has the first-order proto-variational set of type 2 at (xo,y0);
(iii) for all x € X in some X € % (xp), m —e € intCU (—intC), VYm,e € F(x), m # e.

Then
W(Sv (W(),X())) = {x S W(Ka (W(),X())) ’ W(F7 (X()[x],y()[y],W()) vOY) N

, — (5.9)
(—intC) =0, Yy € K(wp), Yy € W (K, (wo,¥0)) } -

Proof. Using Proposition (2.2), we obtain W (J, (wg,xo)) = WMincW (G, (wg,xp)) . Proposi-
tion (5.1) yields

W(S, (W(),X())) = {X S W(K, (W(),X())) ’ OY ew (J, (wo,xo[x]) ,Oy)} .
Moreover, it follows from Proposition 5.2 that

W(G,(WO,XO[X]),Oy): U U W(F?<x0[x]7y0[y]7W0)7OY)U{OY}7
Yo€K (wo) yeW (K. (wo.y0))

and then
W (S, (wo,x0)) = {x € W (K, (w0, 0)) | W (F, (0[], 0[], wo) ,Oy) O
(—intC) =0, Yy € K(wp), ¥y € W (K, (wo,¥0)) } -
Thus the proof is complete. ]

Now we consider the following example to illustrate Theorem 5.1.

Example 5.5. Let X =Y =Z=R,C=R_,K:Z— 2%, and F : X x X x Z — 2Y be defined
[0, 3], ifw >0,
=0y, ifw<o.
(0,0) € grS. Then K(wo) = {0}. Note that W (S, (wo,x0)) = R and W (K, (wp,x0)) = R. For
all yo € K(wo), W (K, (wo,y0)) = R and W (F, (xo[x],y0[y], wo) ,0) = {0}. The assumptions in
Theorem 5.1 are satisfied, so (5.9) is fulfilled, and Theorem 5.1 holds.

by F(x,y,w) = % and K(w) = [=24, 4)]. Then S(w) = { Let (wo,x0) =
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6. CONCLUDING REMARKS

In this paper, we first proposed the chain and sum rules of variational sets of type 2 from a
different perspective, which is different from [27]. Next, we investigated the sensitivity analysis
of variational inequalities. Finally, we discussed the first-order sensitivity analysis of parametric
weakly set-valued equilibrium problems in terms of variational sets of type 2. The results
presented in this paper mainly improve or generalize the corresponding ones in [26, 27].

Acknowledgments

QW’s research was supported in part by the Group Building Project for Scientific Innovation
for Universities in Chongqing (Grant No. CXQT21021). QW’s, ML’s, CF’s, and YZ’s research
was supported by the Science and Technology Research Project of Chongqing Municipality Ed-
ucation Commission (Grant No. KJZD-K202300708) and the Joint Training Base Construction
Project for Graduate Students in Chongqing (Grant No. JDLHPYJD2021016).

REFERENCES

[1] H. Kuk, T. Tanino, M. Tanaka, Sensitivity analysis in vector optimization, J. Optim. Theory Appl. 89 (1996),
713-730.
[2] T. Tanino, Sensitivity analysis in multiobjective optimization, J. Optim. Theory Appl. 56 (1988), 479-499.
[3] Q. Wang, X. Zhang, Second-order composed radial derivatives of the Benson proper perturbation map for
parametric multi-objective optimization problems, Asia-Pac. J. Oper. Res. 37 (2020), 1-18.
[4] H.T.H. Diem, P.Q. Khanh, L.T. Tung, On higher-order sensitivity analysis in nonsmooth vector optimization,
J. Optim. Theory Appl. 162 (2014), 463-488.
[5] Q. Wang, S.J. Li, Higher-order sensitivity analysis in nonconvexvector optimization, J. Ind. Manag. Optim. 6
(2010), 381-392.
[6] N.L.H. Anh, P.Q. Khanh, Variational sets of perturbation maps and applications to sensitivity analysis for
constrained vector optimization, J. Optim. Theory Appl. 158 (2013), 363-384.
[71 Y. Xu, Z. Peng, Higher-order sensitivity analysis in set-valued optimization under Henig efficiency, J. Ind.
Manag. Optim. 13 (2017), 313-327.
[8] X. Xue, C. Liao, M. Li, C. Lu, Coderivatives and Aubin properties of solution mappings for parametric vector
variational ineqality problems, J. Nonlinear. Var. Anal. 6 (2022), 125-137.
[9] N.L.H. Anh, V.D. Thinh, Higher-order generalized tangent epiderivatives and applications to set-valued op-
timization, Positivity. 26 (2022), 87.
[10] P.Q. Khanh, N.D. Tuan, Variational sets of multivalued mappings and a unified study of optimality conditions,
J. Optim. Theory Appl. 139 (2008), 47-65.
[11] P.Q. Khanh, N.D. Tuan, Higher-order variational sets and higher-order optimality conditions for proper effi-
ciency in set-valued nonsmooth vector optimization, J. Optim. Theory Appl. 139 (2008), 243-261.
[12] G.Y. Chen, X.Q. Yang, H. Yu, A nonlinear scalarization function and generalized quasi-vector equilibrium
problems, J. Global Optim. 32 (2005), 451-466.
[13] X. Feng, W. Jia, Existence and stability of generalized weakly-mixed vector equilibrium problems, J. Non-
linear Funct. Anal. 2023 (2023), 2.
[14] S.J.Li, K.L. Teo, X.Q. Yang, S.Y. Wu, Gap functions and existence of solutions to generalized vector quasi-
equilibrium problems, J. Global Optim. 34 (2006), 427-440.
[15] 1. Dali, M.B. Moustaid, A new existence result of equilibria for vector equilibrium problems, Numer. Funct.
Anal. Optim. 44 (2023), 1119-1128.
[16] C.R. Chen, S.J.Li, K.L. Teo, Solution semicontinuity of parametric generalized vector equilibirum problems,
J. Global Optim. 45 (2009), 309-318.
[17] A. El Ayoubi, M. Ait Mansour, J. Lahrache, Sensitivity analysis of an optimal control problem under Lips-
chitzian perturbations, J. Appl. Numer. Optim. 6 (2024), 211-228.



VARIATIONAL SETS AND APPLICATIONS TO SENSITIVITY ANALYSIS 131

[18] K. Kimura, J.C. Yao, Semicontinuity of solution mappings of parametric generalized vector equilibrium
problems, J. Optim. Theory Appl. 138 (2008), 429-443.

[19] N.L.H. Anh, Higher-order optimality conditions for set-valued optimization with ordering cones having
empty interior using variational sets, Positivity 20 (2016), 41-60.

[20] X.H. Gong, Scalarization and optimality conditions for vector equilibrium problems, Nonlinear Anal. 73
(2010), 3598-3612.

[21] P.Q. Khanh, L.T. Tung, First and second-order optimality conditions using approximations for vector equi-
librium problems with constraints, J. Global Optim. 55 (2013), 901-920.

[22] B.C. Ma, X.H. Gong, Optimality conditions for vector equilibrium problems in normed spaces, Optimization.
60 (2011), 1441-1455.

[23] Y.P. Xu, S.H. Wang, Q.Y. Li, B.Y. Lu, Well-posedness for bilevel vector equilibrium problems with variable
domination structures, Open Math. 21 (2023), 20220567.

[24] L.T. Tung, Variational sets and asymptotic variational sets of proper perturbation map in parametric vector
optimization, Positivity. 21 (2017), 1647-1673.

[25] X.Deng, W. Zhao, S-derivative of perturbed mapping and solution mapping for parametric vector equilibrium
problems, J. Inequal. Appl. 2021 (2021), 127.

[26] N.L.H. Anh, On sensitivity analysis of parametric set-valued equilibrium problems under the weak efficiency,
Positivity 23 (2019), 139-159.

[27] N.L.H. Anh, P.Q. Khanh, L.T. Tung, Variational sets: calculus and applications to nonsmooth vector opti-
mization, Nonlinear Anal. 74 (2011), 2358-2379.

[28] J.P. Aubin, I. Ekeland, Applied Nonlinear Analysis, Wiley, New York, 1984.

[29] G. Bouligand, Sur I’existence des demi-tangentes a une courbe de Jordan, Fund. Math. 15 (1930), 215-218.

[30] J.M. Borwein, Multivalued convexity and optimization: A unified approach to inequality and equality con-
straints, Math. Program. 13 (1977), 183-199.

[31] S.J. Li, K'ZW. Meng, J.P. Penot, Calculus rules for derivatives of multimaps, Set-Valued Anal. 17 (2009),
21-39.

[32] R.T. Rockafellar, R.J.B. Wets, Variational Analysis, 3rd edn. Springer, Berlin, 2009.

[33] S.M. Robinson, Stability theory for systems of inequalities, part II. Differentiable nonlinear systems, SIAM
J. Numer. Anal. 13 (1976), 497-513.



	1. Introduction
	2. Preliminaries
	3. Chain and Sum Rules
	4. Sensitivity Analysis of the Variational Inequality
	5. Sensitivity Analysis
	6. Concluding Remarks
	References

