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A maximal element theorem is proved in finite weakly convex spaces (FWC-spaces, in short) which have no linear, convex, and
topological structure. Using the maximal element theorem, we develop new existence theorems of solutions to variational relation
problem, generalized equilibrium problem, equilibrium problem with lower and upper bounds, and minimax problem in FWC-
spaces. The results represented in this paper unify and extend some known results in the literature.

1. Introduction and Preliminaries

In 1983, by using fixed point theorems for set-valued map-
pings, Yannelis and Prabhakar [1] proved three existence
theorems of maximal elements under the setting of locally
convex topological vector spaces. In 1985, Yannelis [2]
improved the Fan-Browder-type fixed point theorem and
obtained an existence result of maximal elements by using
this fixed point theorem. Since then, many maximal element
theorems and their applications have been established in the
setting of topological vector spaces; see, for example, [3-8]
and the references therein.

It is well known that the linearity and convexity assump-
tions play crucial roles in most of the known existence results
of maximal elements, which strictly restrict the applicable
range of these maximal element theorems. Considering this
fact, Zhang and Wu [9] proved an existence theorem of
maximal elements in noncompact H-spaces and obtained
some minimax inequalities, variational inequalities, and
quasivariational inequalities by using this maximal element
theorem. Subsequently, Wu [10] used existence theorems of
maximal elements to prove equilibrium existence theorems
for qualitative games and abstract economies in noncompact
H-spaces. Recently, by using a generalization of the Fan-
Browder fixed point theorem, Balaj and Lin [11] proved
a new fixed point theorem for set-valued mappings in

G-convex spaces from which they derived several coinci-
dence theorems and existence theorems for maximal ele-
ments. As applications, they obtained some existence theo-
rems of solutions to the generalized equilibrium problem and
minimax problem.

Motivated and inspired by the work mentioned above,
in this paper, we prove a new maximal element theorem in
FWC-spaces (see Definition 1) without any linear, convex,
and topological structure. As applications of this theorem,
we obtain some new existence theorems of solutions to vari-
ational relation problem, generalized equilibrium problem,
equilibrium problem with lower and upper bounds, and
minimax problem in FWC-spaces.

Now, we introduce some notation and definitions. For a
nonempty set X, 2% and (X) denote the family of all subsets of
X and the family of nonempty finite subsets of X, respectively.
For every A € (X), |A| denotes the cardinality of A. If X is
a topological space, then A denotes the closure of A ¢ X. If
X is a vector space, then we denote by co A the convex hull
of AC X.LetT: X — 2" bea set-valued mapping with Y
being a nonempty set. We define the mapping T~ : ¥ — 2%
by Tﬁl(y) ={xeX:yeTkx)}foreachy e Y. IfYis
a topological space, we say that T : X — 2 is compact if
T(X) €Y is compact. If X and Y are both topological spaces,
we say that T : X — 27 is upper semicontinuous (resp.,




lower semicontinuous) if for every closed subset B of Y, the
set {x € X : T(x)[|B#0} (resp., {x € X : T(x) € B}) is
closed. Let A, denote the standard n-dimensional simplex
with vertices {ey,e;,...,e,}. For a nonempty subset J ¢<
{0,1,...,n}, let A -1 denote the convex hull of the vertices
{ej:je]h

A nonempty topological space X is contractible if the
identity mapping on X is homotopic to a constant mapping.
Every nonempty convex subset of a topological vector space is
contractible, but the converse is not true in general. A subset
A of a topological space X is called to be compactly closed
(resp., compactly open) in X if for each nonempty compact
subset C of X, AN Cis closed (resp., open) in C. The notions
of compactly closed (resp., compactly open) sets are true
generalizations of closed (resp., open) sets. Note that there
exists a nonempty subset A of the topological vector space R®
such that for each nonempty compact subset C of R®, A n C
is closed in C, but A is not closed. For details, see Kelley [12,
page 240] or Wilansky [13, page 143].

Let X be a topological vector space. For every N =
{x0>Xx15...,x,} € (X),let us define a continuous mapping ¢ :
A, = Xbyo(p) =Y t;x;foreachp = 3" tie; € A, This
mapping motivates us to introduce an abstract convex space
which does not possess any linear, convex, and topological
structure and is described in the following definition.

Definition 1 (see [14]). A triple (X, D; ¢y ) is said to be a finite
weakly convex space (FWC-space, in short) if X, D are two
nonempty sets and for each N = {ug,u;,...,u,} € (D)
where some elements in N may be same, there exists a set-
valued mapping @5 : A, — 2% with nonempty values.
When D < X, the space is denoted by (X 2 D;gy). In
case X = D, let (X;9y5) = (X, X;9y). Let A € D and
B < X. B is said to be an FWC-subspace of (X, D; @y)
relative to A if for each N = {u,,...,u,} € (D) and for each
{wipu; s ouy} < AN {ug,uy,... u,}, we have (A y) <
B, where A, = co({eio,eil,...,eik}). We note that if A is
nonempty and B is an FWC-subspace of (X, D; ¢y) relative
to A, then B is automatically nonempty. When A = B, B is
said to be an FWC-subspace of (X 2 D; ¢y).

It is worthwhile noticing that X and D in Definition 1
do not possess any linear, convex, and topological structure.
Major examples of FWC-spaces are convex subsets of topo-
logical vector spaces, hyperconvex metric spaces introduced
by Aronszajn and Panitchpakdi [15], Lassonde’s convex spaces
in [16], H-spaces introduced by Horvath [17], G-convex
spaces introduced by Park and Kim [18], L-convex spaces
introduced by Ben-El-Mechaiekh et al. [19], G-H-spaces
introduced by Verma [20-22], pseudo-H-spaces introduced
by Lai et al. [23], GFC-spaces due to Khanh et al. [24],
FC-spaces due to Ding [25], and many other topological
spaces with abstract convex structure (see, e.g., [26] and the
references therein).

Taking Lassonde’s convex space, H-space, and hypercon-
vex metric space as examples, we show that these three spaces
are particular forms of FWC-spaces. Let X be a convex space
in [16]; that is, a nonempty convex set in a vector space
with any topology that induces the Euclidean topology on
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the convex hulls of its finite subsets. Then for every N =
{xg> %1, ..., x,} € (X), define a continuous mapping @, :
A, — co(N) < X as follows:

n n
PN (Z%‘) = D b%;
=0 =0
@
n
for each (ty,t;,...,t,) = thej €A,
j=0

Therefore, (X; @y) forms an FWC-space. Let (X;Iy) be an
H-space in [17], where {Ty}ye(xy is a family of nonempty
contractible subsets of X indexed by N e (X) such that
Iy € Iy whenever N ¢ N'. Then by Theorem 1 of Horvath
[17], for every N = {xp,x;,...,x,} € (X), there exists a
continuous mapping ¢y : A, — X and thus, (X; ¢y) is an
FWC-space. Let (X, d) be a hyperconvex metric space in [15].
Then by Lemma 2.3 of Yuan [27], we know that (X, d) is an
H-space and thus, (X, d) is an FWC-space.

Definition 2. Let (X,D;¢@y) be an FWC-space and Y a
topological space. The class B(X, D,Y) of better admissible
mappings is defined as follows: a set-valued mapping T :
X — 2" belongs to B(X, D,Y) if and only if for every N =
{ug,uy,...,u,} € (D) and for every continuous mapping
v : T(pn(A,) — A, the composition y o T, (a ) ° ¢n :
A, — 2% has a fixed point. When X = D, we will write
R(X,Y) instead of B(X, D, Y).

Remark 3. Since X and D in Definition 2 are nonempty sets
which do not possess any linear, convex, and topological
structure, the class %(X,D,Y) includes many important
classes of mappings as special cases, for example, the class
of Kakutani’s mappings F#(X,Y) (i.e., the upper semicontin-
uous set-valued mappings with nonempty compact convex
values and codomain Y being convex set in a topological
vector space), the class %g (X,Y) in Park and Kim [18], the
class o(X,Y) in Ben-El-Mechaiekh et al. [19], and the class
PB(X,Y) in Ding [25].

Example4. LetD = [0, 1] and (X, 7) = ([0, 1], {[0, 1], 9, (0, 1],
[0,1/2]}), where 7 is a family of subsets of X. We can verify
that (X, 1) is not a topological space. For simplicity, we write
X instead of (X, 7). Let Y = (0, 1] with the Euclidean metric
topology. For each N = {uy,u;,...,u,} € (D), define a set-
valued mapping ¢y : A, — 2% by on(2) = [Y1, Mid; 1]
foreachz = Y Ae; € A, Itis easy to see that (X, D; {gy})
forms an FWC-space. Now we define a set-valued mapping
T:X — 2" by

[—,—], if x=1,
T (x) = (2)
(é,‘-*], ifxe01).
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Then for each N = {uyuy,...,u,} € (D), we have
T(pxN(A,)) = [7/10,4/5]. Therefore, the composition Tl °
on A, — 2Tlon@) ig an upper semicontinuous set-
valued mapping with nonempty compact contractible values.
By Lemma 1 of [28], for every continuous function y

T(pn(A,)) — Ay, the compositiony o T, o oy A, —

2% has a fixed point. Therefore, T € @(X, Y).

Lemma5. Let I be an index set. Foreachi € I, let (X;, D ¢\, )

be an FWC-space. Let X = [[;;X;, D = [1;¢;D; and @y =
[Lici9y - Then (X, D; gy) is also an FWC-space.

Proof. For eachi € I,letm; : X — X, be the projection of

X onto X;. For every N = {ug,u,,...,u,} € (D), let N; =

m(N) = {m;(uy), m;(uy), . .., m;(u,)}. Since each (X, Dj; o)

is an FWC-space, it follows that there exists a set-valued
. i X .

mapping ¢y, : A, — 27 with nonempty values. Define a

set-valued mapping ¢y : A, — 2% by
on (2) = H(p;'\]i (z) foreachzeA,. 3)
i€l

It is clear that ¢y has nonempty values. Therefore, (X, D; @y)
is also an FWC-space. O

2. A Maximal Element Theorem

Our first result is the following maximal element theorem.

Theorem 6. Let (X, D; ) be an FWC-space, Y a Hausdor(f
topological space, and K a nonempty compact subset of Y. Let
P:X - 2H:Y - 2°,Q: D — 2% and
T € B(X,D,Y) be set-valued mappings such that

(i) for each x € X, T(x) € P(x);
(ii) for each u € D, H " () is compactly open;

(iii) for each N = {up,uy,...,u,} € (D) and each
{u v, uy ) €N,

Ppn (20)[) <QH1 (u,»j)> =0; (4)

(iv) one of the following conditions holds:

(iv, ) there exists N, € (D) such that T(X) \

K ¢ Uen, H ') and for each N
{ug,uy,...,u,} € (D), T(pn(A,)) is a compact
subset of Y;

(iv, ) for each N € (D), there exists a subset Ly
of D containing N such that Q(Ly) is an
FWC-subspace of (X,D;¢y) relative to Ly,
(T« Q)(Ly) is a compact subset of Y, and

(TeQLy\K< |JH" ). 5)

uely

Then there exists ¥ € T(X) | K such that H(y) = 0.

Proof. We prove Theorem 6 distinguishing the following two
cases.

Case (iv;). Assume (iv;) holds. Suppose that the conclusion
of Theorem 6 does not hold. Then for each y ¢ mﬂ K,
H(y)#0 and hence, there exists u € H(y); thatis, y €
H Y(w). Therefore, we have

mﬂKQ UHil(u), (6)

ueD

which implies that T(X) (K = UueD(H_l(u) N TX)K).
Since T(X) (K is compact and each H ) is compactly
open by (ii), it follows that there exists N; € (D) such that

(k= | (5 T K)

ueN;

c U H'®w).

ueN,;

7)

By the first part of (iv,), we have

T(X)\K ¢ U H'(u) for some N, € (D). )

u€N,

Then it follows from (7) and (8) that

TX) = (TEO\K)J(TCOK) < JH @), (9
ueN
where N = NyUN;, = {ugu,...,u,} € (D). By the
definition of FWC-spaces, there exists a set-valued mapping
@n : A, — 2% with nonempty values. By the second part of
(ivy), T(pn(A,)) is compact subset of Y. By (9), we have

Tlpn@A,) € TX) < (JH W), (10)

ueN

and thus, T(py(A,)) = UueN(H_l(u)ﬂT(goN(An))); that
is, {H'(u) N T(pn(A,)) : u € N} is an open cover of
the compact set T(@y(A,)). Let {A;}, be the partition of
unity subordinated to this cover and then define a mapping

v Tlpn(A,) — A, by y(y) = Yo, Li(ye; for each
y € T(pn(A,)). Clearly, v is continuous and for each y €
T(pn(A,)), we have

v (¥) = Ziegnd; (V) €j € Apyons (11)

where J(y) < {0,1,...,n} is defined by J(y) = {j €
{0,1,...,n}: Aj(y) > 0}. Then we have

jel(y) = 1;(»)>0
= yeH " () Tlen(a,) (12)
= u; € H(y).

Define a set-valued mapping f : T(pn(A,)) — 2% as
follows:

f)=¢n(w(y) foreach yeT(py(A,).  (13)



Now, we show that for each y € Y, X \ T’l(y) is an FWC-
subspace of (X, D;¢y) relative to H(y). In fact, let N =
{ug, vy, u,} € (D) and {u 0y ,...,u; 1 € NOH®).
Then y € ﬂl;zo H_l(uij). By (iii), y ¢ P(pn(Ay)); that is,
P (y)Nen(Ag) = 0. Therefore, we have gp(Ay) € X \
P’l(y). By (i), we know that gy (A,) € X\ T’l(y), which
implies that for each y € Y, X'\ T7Y( y) is an FWC-subspace
of (X, D; @) relative to H(y). Hence, by (12) and (13), we have

f)=onW(y) Con (Al](y)|—1) cX\T'(y)

Vy e T (on(A,))

(14)

This shows that
x¢T ' (y) VyeT(py(A,))andall x e f(y). (15)

On the other hand, since T € &(X,D,Y), it follows
that the composition mapping y © T|, (5 ) ° ¢n has a fixed
point z, € A thatis, zp € y o T|, (a) © ¢n(Z). Let

¥ € Tlyya,)(@n(20)) such that zy = y(y). Choose x € oy (z,)
such that

Y € Tlyya,) (%) € Tlon(A,)). (16)
Then by (13) and (16), we have

Xeon(z)=on(y () =), *eT(3), @)
which contradicts (15). Thus, there must exist a point y €
K () T(X) such that H(y) = 0.

Case (iv,). Assume (iv,) holds. Suppose that the conclusion
of Theorem 6 is not true. Then by using the same method as
in Case (iv,), we have

TONKe JH @=y\(Y("\H W), (g

ueD ueD

which implies that (),.,(K () T(X) (Y \ H'(w))) = 0. By
(ii), we know that {K T(X)()(Y \ H '(«)) : u € D}isa
family of closed sets in K. Thus, there exists N € (D) such
that

o= (TCONKN T \H W))

ueN
19)

:mﬂKﬂ<ﬂ (v\H"' (u)));

ueN

that is, T(X) (Nuen¥ \ H'(w))) € Y \ K. By (iv,), there
exists a subset Ly of D containing N such that Q(L ) is an
FWC-subspace of (X, D; ¢y) relative to L and

(TeQLy\K< |JH" ). (20)

uely
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Therefore, we have

mﬂ( N (v\H" <u>)>

u€ly

=(T-QUy[) <Y\ e (u)) 2

u€ly

< T-Q L) (Y \(T-Q (L) \K))
cK.

Since (T e QLy)N(Nuer,, ¥\ H ') <
TX)N(Nuen \ H'®)) < Y \ K, it follows that
(T-Q)(Ly) ﬂ(ﬂueLN(Y \ H'(u))) = 0. Therefore, we have

(TeQLy) < [JH ). 22)

u€Ly

Since (T o Q)(L ) is a compact subset of Y, it follows from (ii)
and (22) that there exists M = {ugy, u;,...,u,,} € (Ly) such
that

T-Qn = (T-QEINHE @). @3

ueM

By the fact that Q(L ) is an FWC-subspace of (X, D; @y)
relative to Ly, we can see that the triple (Q(L 5), Ly @) is
also an FWC-space. Hence, there exists a set-valued mapping

oy 2 A, — 29V with nonempty values. Assume that
{B:}, is the partition of unity subordinated to the open cover

{(ToQ(Ly)NH '(14;) : 0 < i < m}. Then for every i €
{0, 1,...,n}, we have

B;: (T>Q)(Ly) — [0,1] is continuous;

Bi(y)>0e=yeT-QLy[H" (u);

(24)
m —_—
Z'Bi (y)=1 foreach ye (ToQ)(Ly).
i=0
Furthermore, we define a continuous mapping

v (ToQ(Ly) — A, byy(y) = Y, Bi(»e for each
y € (ToQ)(Ly). Let T = Tl ). Since T € B(X, D,Y), it
follows that T € ZB(Q(L ~)> La» Y). Then the composition
Yo T'|¢M(Am) 0@y i A, — 2% hasa fixed point z, € A ,,;
thatis, z; € Yo TI|<pM(Am) o ou(z,). Let 7 € T' (pps(2,)) such
that z, = y(¥). Then we have

z =y (y) = Z ﬁj ) e; € Ay-1> (25)
Jj€I(y)

where J(7) = {j € {0.1,...,m} : B;(7)#0} Let H' ' :=
H’llLN. By (i) and (iii), for each N = {ug, u;,...,u,,} € (L)
and each {u; ,u; ,...,u; } € N, we have

T (o (20)[) <ﬁH’l (u,-j.)) =0 (26)
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thus, we have the following:

7T (om (v (7))

cr’ (<pM (A|f@)|—1)) (27)
U (NE" ()
i€1(7)

Hence, there exists j € J(¥) such thaty ¢ H'_l(uj). On
the other hand, by the definitions of J() and of the partition
{Bi},» we have

ye(ToQ (Ly)[ |H ' (1)

-1
CH (uj) (28)
-1
=H" (),
which is a contradiction. Therefore, the conclusion of
Theorem 6 holds. O

Remark 7. (iii) of Theorem 6 can be replaced by the following
equivalent condition:

(iii)’ for each yeY, X\ P_l(y) is an FWC-subspace of
(X, D; @y) relative to H(y).

Proof. (iii) = (ii)": let N = {ug,uy,...,u,} € (D) and
{w .. ouy } € N(VH(p). Then {u; ,u; ..., u;, } € H(y).
Thus, y ¢ Uje Y \ H™' (). Since P(py(A,)) € Upy(Y \
H_l(ui]_)) by (iii) of Theorem 6, it follows that y ¢ P(¢N(A));
that is, P™'(y) @n(Ag) = 0. Therefore, we have ¢ (A ;) €
X\ P y), which implies that (iii)’ holds.

(i) = (iii): let N = {uguy,...,u,} € (D),
{ui»u;»...,u;} © N,and y € P(py(Ay)). Then there exists
x € @n(A ) such that y € P(x). Therefore, we get

x e P (y)[on (Ag) 0. (29)

This means that ¢ (A,) € X\ P_l(y). By (iii)’, we have
fw, . ou b g N H(y) and hence, {uio,uil,...,uik}ﬂ
(D\ H(y))#0.Letd € {u; ,u; ,...,u; } (D \ H(y)). Then

yeY\H'(d) ¢ UI;:O(Y \ H_l(ui]_)), which implies that

P(pn (80)() <OH“ (u,-j)> =0, (0)

O

Example 8. Let Y = (-1,+00) be endowed with the
Euclidean topology. Let D = [-4,0] and (X,7) =
([0,4],{[0,4],0,[0,1],[1,2],[2,3],[3,4]}), where 7 is a family
of subsets of X. It is easy to check that (X,7) is not a
topological space. For simplicity, we will write X instead of

(X, 7). Define a set-valued mappings H : Y — 2 such that
-L-u-2)JB,+00), if —4<u<-2,

H™ (u) = .
-Lu+2)JB,+00), if —2<u<0,

(31)

which is open in Y. Therefore, H™' is compactly open-valued,
and hence, (ii) of Theorem 6 is satisfied. Furthermore, define
a set-valued mapping P : X — 2" such that

P (y)
[1,3], if y=1,
[-y+2,1]U[3y+2], ifl<y<2,
[0, 11U[3,4], if2<y<3,
0, if ye(-1,1)J(3,+00).
(32)
Now, let T : X — 2Y be defined by
[2,3], if0<x<1,
[1,3], ifx=1,
T (x) = 4{1}, if 1 <x<3, (33)
[1,3], ifx=3,
[2,3], if3<x<4

Then we have T(X) = [1,3], which is compact subset of
Y. Let K = T(X). Then (iv;) of Theorem 6 is satisfied
automatically. In order to check (iii) of Theorem 6, for every
N = {uy,uy,...,u,} € (D), we define a set-valued mapping
on A, — 25 by gy(z) = {0,4} forallz € A,. Then
(X, D; @) forms an FWC-space. For each y € (-1, +00), we
have

X\ P (y)
[0,1)U@3.4], if y=1,
[0,~y+2)U(y +2,4]
=4U(1,3), ifl<y<2,
(1,3), if2<y<3
[0,4], if y e (-1,1){J(3,+00).

(34)

We can see that for each y € Y, X \ P'(y) is an
FWC-subspace of (X, D; ¢y) relative to H(y). Therefore, by
Remark 7, we know that (iii) of Theorem 6 holds. Finally, we
show that, for each x € X, T(x) € P(x) and T € &(X,D,Y).
By the definition of T, we can obtain T™' : Y — 2% as

follows:
T (y)={0<sx<4:yeT(x)}
0, it —1<y<l,
(1,3], ify=1, (35)
= 4{1,3}, itl<y<2,
[3,4]U[0,1], if2<y<3,
0, if 3 < y < +oo.

Thus, we can easily see that T~'(y) € P~'(y) for each y €
Y. Hence, for each x € X, T(x) € P(x). By using the same
method as in Example 4, we can prove that T € B(X,D,Y).



Therefore, all the hypotheses of Theorem 6 are satisfied. We

can see that there exists a point y = 5/2 € T(X)[)K such
that H(y) = 0.

If T = P in Theorem 6, then Theorem 6 deduces the
following result.

Corollary 9. Let (X, D; ¢y ) be an FWC-space, Y a Hausdor(f
topological space, and K a nonempty compact subset of Y. Let

H:Y - 2°2.Q:D - 25X and T € B(X,D,Y) be set-
valued mappings such that

(i) for each u € D, H ' (u) is compactly open;

(ii) for each N = A{ug,uy,...,u,} € (D) and each
{wu;>...,uy } SN,
k
T(on (A <ﬂH‘1 (u )> = 0; (36)
=0

(iii) one of the following conditions holds:

(iii,) there exists N, € (D) such that T(X) \

K < Uy, H'(u) and for each N
{ug,tty5...,u,} € (D), T(pn(A,)) is a compact
subset of Y;

(iiiy) for each N € (D), there exists a subset
Ly of D containing N such that Q(Ly) is
an FWC-subspace of (X, D; ¢y) relative to Ly,
(T » Q)(L ) is a compact subset of Y, and

(TeQUW\K< [ JH ). (37)

u€ly

Then there exists ¥ € T(X) [ K such that H(y) = 0.

Taking X = D and Q(x) = {x} in Corollary 9, we can
obtain the following result.

Corollary 10. Let (X;¢y) be an FWC-space, Y a Hausdor(f
topological space, and K a nonempty compact subset of Y. Let
H:Y — 2%and T € B(X,Y) be set-valued mappings such
that

(i) for each x € X, H ' (x) is compactly open;

(ii) for each N = {xp,x;,... (X) and each
{xi» x> %} €N,

T (on (A)[) <QH‘1 (x,-j)> = 0; (38)

X} €

(iii) one of the following conditions holds:
(iii,) there exists N, € (X) such that T(X) \
K ¢ UxeNOHfl(x) and for each N =

{xg, x1,..,x,} € (X), T(pn(A))) is a compact
subset of Y;
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(iii,) for each N € (X), there exists a subset Ly of X
containing N such that Ly is an FWC-subspace

of (X;on), T(Ly) is a compact subset of Y, and

TLy\K< |JH (). (39)

Xx€Ly

Then there exists ¥ € T(X) | K such that H(y) = 0.

3. Existence of Solutions to Variational
Relation Problem

In 2008, Luc [29] introduced a variational relation prob-
lem which unifies many equilibrium problems, optimization
problems, and variational or differential inclusion problems.
Since then, further studies on variational relation problems
were investigated by many authors; see, for example, [30-32]
and the references therein.

Let (X; ) be an FWC-space, Y a Hausdorff topological
space, K a nonempty compact subset of Y, and T € B(X,Y)
a set-valued mapping. In this section, we will study the
following variational relation problems in FWC-spaces.

(1) Let R be a relation linking y € Y and x € X. Find
y € T(X) [ K such that R(¥, x) holds for each x € X.

(2) Let Z be a nonempty set, Q : X — 27 a set-valued
mapping, and R a relation linking y € Yand z € Z.

Find y € T(X) (1K such that R(¥, z) holds for each
x € X and each z € Q(x).

By applying Corollary 10, we have the following existence
theorem of solutions to the variational relation problem in
FWC-spaces.

Theorem 11. Let (X; @) be an FWC-space, Y a Hausdorff
topological space, and K a nonempty compact subset of Y. Let

T € B(X,Y) be a set-valued mapping and let R be a relation
linking elements x € X, y € Y such that

(i) foreach x € X, theset{y € Y : R(y, x) does not hold}
is compactly open;

(ii) for each N = {xpxp,...,x,} € (X), each
{xiﬂ,xil,...,xik} C N and each y € T(pn(Ay)), there
exists j € {0,1,..., k} such that R(y, x,-j) holds;

(iii) one of the following conditions holds:

(iii,) there exists N, € (X) such that T(X) \ K ¢
Usen, {1y € Y : R(y, x) does not hold} and for
each N = {xq, x,,...,x,} € (X), T(pn(A,)) isa
compact subset of Y;

(iii,) for each N € (X), there exists a subset Ly of X
containing N such that L is an FWC-subspace

of (X;on), T(Ly) is a compact subset of Y, and

T(Ly) \K C U {y € Y:R(y,x) does not hold} . (40)

x€Ly
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Then there exists y € T(X) (| K such that R(¥, x) holds for
each x € X.

Proof. Define a set-valued mapping H : Y — 2% by

H(y)={x € X:R(y,x) does not hold} for each y €Y.
(41)

By (i), for each x € X, H (x) is compactly open. By (ii), for

each N = {xg, x;,...,x,} € (X) and each {x; , x; ,...,x; } €
N, we have
g 1
T (pn (M) € UO(Y\H (x,)) (42)
=

which implies that

T (on () (QHl (x,,.)> =0, @3)

By (iii), we know that one of the following conditions holds:

(a) there exists N, € (X) such that T(X) \ K ¢
Usen, H '(x) and for each N = {xg,x;,...,x,} €

(X), T(exn(A,)) is a compact subset of Y

(b) for each N € (X), there exists a subset Ly of X
containing N such that L is an FWC-subspace of
(X5 on), T(L ) is a compact subset of Y, and

TLW\K< [JH" (). (44)

x€Ly

Therefore, by Corollary 10, there exists y € T(X)[)K such
that H(¥) = 0; that is, R(J, x) holds for each x € X. O

By taking X = Y and T(x) = {x} for every x € X in
Theorem 11, we can obtain the following result.

Corollary 12. Let (X;¢y) be an FWC-space and K a
nonempty compact subset of X, where X is a Hausdorff
topological space. Let I € B(X,X), where I is the identity
mapping on X. Let R be a relation linking elements x € X,
y € X such that

(i) for each x € X, the set {y e X
R(y, x) does not hold} is compactly open;

(ii) for each N = {xpxp,...,x,} € (X), each
{xi»x;»...ox;} € N andeach y € @y(Ay), there
existsj €10,1,...,k} such that R(y, xi],,) holds;

(iii) one of the following conditions holds:

(iii, ) there exists Ny € (X) such that X \ K ¢ UXeNO
{y € X : R(y,x) does not hold} and @y :
A, — 2% is a compact set-valued mapping for
each N = {ug,uy,...,u,} € (D);

(iii, ) for each N € (X), there exists a compact subset
L of X containing N such that Ly is an FWC-
subspace of (X; @y) and

Ly\K ¢ U {y € X:R(y,x) does not hold} .

x€Ly

(45)

Then there exists y € K such that R(¥, x) holds for each
x e X.

Corollary 13. Let (X;@y) be an FWC-space, where X is a
Hausdorff compact topological space. Let I € B(X, X), where
I is the identity mapping on X. Let R be a relation linking
elements x € X, y € X such that the following conditions hold:

(i) for each x e X, the set {y € X : R(y,x) does
not hold} is compactly open;
(ii) for each N = {xp,xp,...,x,} € (X), each

{xi»%i>..,x;} € N andeach y € on(Ay), there
existsj €1{0,1,...,k} such that R(y, x,»?) holds.

Then there exists y € X such that R(¥, x) holds for each
x e X.

Proof. Let K = X. Then (iii;) of Corollary 12 is satisfied
automatically. Hence, the conclusion of Corollary 13 follows
from Corollary 12. O

Remark 14. Tt is interesting to compare Corollary 13 with
Theorem 2.1 of Pu and Yang [32] in the following aspects: (1)
(i) of Corollary 13 is weaker than (i) of Theorem 2.1 of Pu and
Yang [32], which can be stated as follows: for each x € X,
the set {y € X : R(y,x) holds} is closed; (2) (ii) of Theorem
2.1 of Pu and Yang [32] can be stated as follows: for each
{xg»x1>...,x,} € (X), there exists a continuous mapping
N A, — Xsuchthat, foreach A = {Aj,Ay,...,A,} € A,
there exists i € J(A) such that R(¢y(A), x;) holds, where
JAA) = {i € {0,1,...,n} : A; > 0}. By (ii) of Theorem 2.1
of Pu and Yang [32], we know that (X, ¢,) in Theorem 2.1 of
Pu and Yang [32] forms an FWC-space; (3) in Corollary 13,
the topological space X needs not to have the fixed point
property, but X in Theorem 2.1 of Pu and Yang [32] needs to
possess the fixed point property; (4) for the identity mapping
I on X in Theorem 2.1 of Pu and Yang [32], we must have
I € B(X,X). In fact, for every N = {xp,x,...,%,} € (X)
and for every continuous mapping v : @yn(A,) — A,
the composition y o ¢ : A, — A, is continuous, where
@y coincides with the one in (ii) of Theorem 2.1 of Pu and
Yang [32]. Then by Brouwer fixed point theorem, there exists
zy € A, such that z, = ¥ o ¢y(z,), which implies that
I e B(X, X).

Theorem 15. Let (X;¢y) be an FWC-space, Y a Hausdorff
topological space, K a nonempty compact subset of Y, and Z
a nonempty set. Let T € B(X,Y),Q: X — 2% be set-valued
mappings and R a relation linking elements y € Y, z € Z.
Assume that

(i) for each x € X, the set {y € Y : P(y)()Q(x)+0}
is compactly open, where P : Y — 27 is defined by



P(y) = {z € Z : R(y,z) does not hold} for each y €
Y;

(ii) for each N = {xp,xp,...,x,} € (X), each
{xi»x;i»...»x;} € Nandeach y € T(pn(Ay)), there
existsj € {0,1,...,k} such that R(y, z) holds for each
zZ € Q(xij_);

(iii) one of the following conditions holds:

(iii; ) there exists N, € (X) such that T(X) \ K <
Usen, iy € Y @ P(y)(N1Q(x) #0} and for each
N = {xo’xl"“’xn} € <X>’ T((PN(An)) isa
compact subset of Y;

(iii, ) for each N € (X), there exists a subset Ly of X
containing N such that Ly is an FWC-subspace

of (X5 9n), T(L ) is a compact subset of Y, and

TLY\Kc | {yey:P(y)[ Q) #0}. (46)

x€Ly

Then there exists y € T(X) (K such that R(¥, z) holds for
each x € X and each z € Q(x).

Proof. Let the relation R on Y and X be defined by R(y, x)
holds if and only if P(y)(1Q(x) = @. Then by (i), for each
x € X, theset{y e Y: ﬁ(y, x) does not hold} is compactly
open. By (ii), for each N = {x,x,,...,x,} € (X), each
{xi» x> ..»x;,} © N and each y € T(py(Ay)), there exists

j€{0,1,...,k} such that

Q(x,-j) c{ze€Z:R(y,2) holds}
=Z\{z € Z:R(y,z) does not hold}  (47)

=Z\P(y);

that is, Q(xij) (N P(y) = 0. Thus, R(y, x;.) holds. By (iii), we
know that one of the following conditions holds:

(a) there exists N, € (X) such that T(X) \ K ¢
Usen, iy € Y : R(y, x) does not hold} and for each
N = {xp,xp,...,x,} € (X), T(pn(A,)) is compact
subset of Y;

(b) for each N € (X), there exists a subset Ly of X
containing N such that L is an FWC-subspace of
(X; oy) and

T(Ly) \K € U {er:ﬁ(y,x) does not hold},

x€Ly

(48)
where T(Ly) is a compact subset of Y. Therefore, by
Theorem 11, there exists y € T(X)[)K such that R(j?, x)

holds for each x € X; that is, R(¥, z) holds for each x € X
and each z € Q(x). ]

Remark 16. (1) Theorem 15 generalizes Theorem 3.1 of Balaj
and Lin [30] in the following aspects: (a) The underlying
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spaces of Theorem 15 and Theorem 3.1 of Balaj and Lin [30]
are FWC-spaces and convex spaces, respectively. It follows
from the previous analysis that FWC-spaces include convex
spaces as special cases; (b) The class of better admissible
mappings in Theorem 15 and Theorem 3.1 of Balaj and Lin
[30] are B(X,Y) and B(X,Y), respectively. By Remark 3,
we know that B(X,Y) is contained in B(X,Y); (c) Z
in Theorem 15 does not possess any topological structure;
(d) T in Theorem 15 needs not to be compact. In fact, if
T in Theorem 15 is compact, then we know that (iii;) of
Theorem 15 is satisfied by taking K = T(X); (e) (ii) of
Theorem 3.1 of Balaj and Lin [30] can be stated as follows: for
each N = {xg, x1,...,x,} € (X), each x € co{xy, x;,...,%,}
and each y € T(x), there exists j € {0,1,...,n} such that
R(y,z)holds for all z € Q(xj). (ii) of Theorem 15 is weaker
than (ii) of Theorem 3.1 of Balaj and Lin [30]. In fact, for
every N = {xy, X},...,%,} € (X), we can define a continuous
mapping ¢ : A, — co(N) € X by

PN (ZM‘%’) = DA%
j=0 =0
(49)
for each (Ag,Ay,...5A,) = Z)Ljej €A,
j=0

Therefore, (X; ) forms an FWC-space. On the basis of this
fact, we can see that (ii) of Theorem 3.1 of Balaj and Lin [30]
implies (ii) of Theorem 15.

(2) Theorem 15 is equivalent to Theorem 11. In fact, we
have shown that Theorem 11 implies Theorem 15. Conversely,
if X = Z and Q(x) = {x} for each x € X in Theorem 15, then
Theorem 15 becomes Theorem 11.

Corollary 17. Let P: Y — 2% be defined by P(y) = {z € Z :
R(y,z) does not hold} for each y € Y. Theorem 15 is true if (i)
of Theorem 15 is replaced by one of the following conditions:

i)’ for each z € Q(X), the set {y € Y : R(y, z) holds} is
compactly closed;

(ii)’ Z is a topological space, the set-valued mapping P is
lower semicontinuous, and Q has open values.

Proof. Suppose that (i)' is satisfied. Then MNecquly € Y :
R(y, z) holds} is compactly closed for each x € X. Thus, {y €
Y: P(y)(1Q(x) #0} = Y \ U, cqu{R(y, 2) does not hold} is
compactly open. If (i)’ holds, then by the definition of a lower
semicontinuous set-valued mapping, for each x € X, the set
{y eY:P(y»)NQx)#0} =Y \ {y € Y: P(y) (N Q(x) = 0} is

open and thus, compactly open. O

4. Generalized Equilibrium Theorems

In recent years, many authors (see, e.g., [33-35] and the
references therein) studied one or more of the following
generalized equilibrium problems.

Let D and Z be nonempty sets and Y a topological space.

LetL : YxD — 2?and W : Y — 2% be set-valued
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mappings. Find y € Y such that one of the following
situations occurs:

L(y.u) cW(7)
L(y.u) ¢ W (7)

L()?,u)ﬂW(jF) #0 for each u € D,

for each u € D,

for each u € D,
(50)

L(j/,u)ﬂW()?) =@ for each u € D.

Let E be another nonempty set, G : Y — 2% a set-valued
mapping, and § : ExY x D — Z a single-valued mapping.
The generalized implicit vector equilibrium problem is to find
y € Y such that, for each u € D, there exists s € G(¥)
satisfying &(s, ,u) ¢ W(¥). For more details, the reader may
consult [35] and the references therein.

In this section, as applications of Theorem 6, we will
prove new existence theorems of solutions to generalized
equilibrium problems in FWC-spaces without any linear,
convex, and topological structure.

Theorem 18. Let (X, D; ¢y;) be an FWC-space, Y a Hausdor(f
topological space, K a nonempty compact subset of Y, and Z
a nonempty set. Let ] : Y x X — ZZ, L:YxD — 2Z,
FEW:Y - 22.Q:D — 2% andT € B(X,D,Y) be
set-valued mappings such that

(i) for each x € X and each y € T(x), J(y,x) € F(y);
(ii) for each u € D, the set {y € Y : L(y,u) € W(y)} is
compactly closed;

(iii) for each y € Y, the set {x € X : J(y,x) ¢ F(y)} is
an FWC-subspace of (X, D; gy) relative to the set {u €
D: L(y,u) £ W(y)k

(iv) one of the following conditions holds:

(iv) YAK € Uyen, {y € Y : L(y,u) € W(p)} for some
N, € (D) and for each N = {ug,u;,...,u,} €
(D), T(eN(A))) is a compact subset of Y;

(iv,) for each N € (D), there exists a subset
Ly of D containing N such that Q(Ly) is
an FWC-subspace of (X, D; @) relative to Ly,
(T - Q)(L ) is a compact subset of Y, and

TQU\K< [J{yeY:LnuewH)}. ()

u€ly

Then there exists ¥ € T(X) (K such that L(y,u) € W(¥)
for eachu € D.

Proof. DefineP: X — 2 and H:Y — 2P by

P(x)={yeY:J(y.,x) SF(y)}

H(y)={ueD:L(y,u) W (y)} foreachyeY.
(52)

for each x € X,

By (i), we have T((x) < P(x) for each x € X. By (ii), for each
ueD H Nuis compactly open. Now, we show that (iii) of

Theorem 6 is satisfied. Suppose the contrary. Then there exist
N = {ug,uy,...,u,} € (D) and {u; ,u; ,...,u; } < N such
that

P(pn(Ap))N <ﬁH_1 (u,»j)> 0, (53)

which implies that there exists y* € P(pn(Aj)) such that

y* € H_l(uij) for each j € {0,1,...,k}; that is, u;, € {u €
D: L(y",u) ¢ W(y")}. By (iii), we have
on(Ap) cfxeX:JT(yLx) 2 F(y')},  (54)

which implies that

J(y'x) € F(y7)

Since y* € P(pn(A})), it follows that there exists X € @y (A )
such that y* € P(X); that is, J(y",x) < F(y"), which
contradicts (55). Therefore, (iii) of Theorem 6 holds. Suppose
that (iv;) of Theorem 18 is fulfilled. Then by (iv,) and the
definition of H, we know that there exists N, € (D) such that
Y\K ¢ UdeNO H™'(d) and for each N = {ug>uy, ..., u,} €

(D), T(pn(A,)) is a compact subset of Y. Therefore, (iv,) of
Theorem 6 is satisfied. If (iv,) of Theorem 18 holds, then by
(iv,) and the definition of H again, we know that for each
N € (D), there exists a subset L of D containing N such
that Q(L ) is an FWC-subspace of (X, D; ¢y) relative to L
and

for each x € oy (Ay).  (55)

TeQIW\K<c [JH W), (56)

u€l

where (T Q)(L ) is a compact subset of Y. Therefore, (iv,)
of Theorem 6 is satisfied. Thus, all conditions of Theorem 6
are fulfilled. By Theorem 6, there exists a point ¥ € T(X) (1K
such that H(y) = 0; that is, there exists a point y € T(X) NK
such that L(y,u) € W(y) for each u € D. This completes the
proof. O

Remark 19. Theorem 18 generalizes Theorem 4.1 of Fang and
Huang [34] in the following aspects: (a) The underlying
spaces of Theorem 18 and Theorem 4.1 of Fang and Huang
[34] are FWC-spaces and FC-spaces, respectively. By the
previous analysis, we know that FWC-spaces include FC-
spaces as special cases; (b) The class of better admissible
mappings in Theorem 18 and Theorem 4.1 of Fang and Huang
[34] are B(X, D,Y) and B(X,Y), respectively. By Remark 3,
we know that B(X,Y) is contained in B(X, D, Y); (¢) (ii) of
Theorem 18 is weaker than (i) of Theorem 4.1 of Fang and
Huang [34]; (d) (iii) of Theorem 18 is weaker than (iii) of
Theorem 4.1 of Fang and Huang [34]; (e) (iv,) of Theorem 18
is weaker than (iv) of Theorem 4.1 of Fang and Huang
[34]. It should be emphasized that the proof of Theorem 18
is different from that of Theorem 4.1 of Fang and Huang
[34].

By using the same argument as in Theorem 18, we can
obtain Theorems 20, 22, and 23. We omit their proofs.
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Theorem 20. Let (X, D; ¢y ) be an FWC-space, Y a Hausdor(f
topological space, K a nonempty compact subset of Y, and Z a
nonempty set. Let ] : ¥ x X — 22, L:YxD — 22,
FW:Y - 242Q:D — 2% andT € B(X,D,Y) be
set-valued mappings. Assume that

(i) for each x € X and each y € T(x), J(y,x) € F(y);

(ii) for each u € D, the set {y € Y : L(y,u) € W(y)} is
compactly closed;

(i) for each y € Y, the set {x € X : J(y,x) € F(y)} is
an FWC-subspace of (X, D; @y) relative to the set {u €
D: Liy,u) € W()k

(iv) one of the following conditions holds:

(iv;)) Y\K ¢ UueNo{y €Y : L(y,u) € W(y)} for some
N, € (D) and for each N = {uy,u;,...,u,} €
(D), T(pN(A,)) is a compact subset of Y;

(iv,) for each N € (D), there exists a subset
Ly of D containing N such that Q(Ly) is
an FWC-subspace of (X, D; @y) relative to Ly,
(T » Q)(L ) is a compact subset of Y, and

(T-QLy)\K < U {reY:L(pu)cwy}. (57)

u€ly

Then there exists ¥ € T(X) (K such that L(y,u) € W(¥)
foreachu € D.

Remark 21. Theorem 20 generalizes Theorem 4.3 of Fang
and Huang [34] in the following aspects: (a) The underlying
spaces of Theorem 18 and Theorem 4.3 of Fang and Huang
[34] are FWC-spaces and FC-spaces, respectively. It follows
from the previous analysis that FWC-spaces include FC-
spaces as special cases; (b) The class of better admissible
mappings in Theorem 18 and Theorem 4.3 of Fang and Huang
[34] are Z(X, D,Y)and B(X,Y), respectively. It follows from
Remark 3 that (X, Y) is contained in B(X, D, Y); (¢) (ii) of
Theorem 18 is weaker than (i) and (ii) of Theorem 4.3 of Fang
and Huang [34]; (d) (iii) of Theorem 18 is weaker than (v) of
Theorem 4.3 of Fang and Huang [34]; (e) (iv,) of Theorem 18
is weaker than (vi) of Theorem 4.3 of Fang and Huang [34].

Theorem 22. Let (X, D; @y) be an FWC-space, Y a Hausdor(f
topological space, K a nonempty compact subset of Y, and Z a
nonempty set. Let ] : ¥ x X — 22, L:YxD — 2Z,
FEW:Y - 22.Q:D — 2% andT € B(X,D,Y) be
set-valued mappings. Assume that

(i) for each x € X and each y € T(x), J(y,x) [ F(y) #0;

(i) for each u € D, theset {y € Y : L(y,u) [\ W(y) # 0} is
compactly closed;

(iii) for each y € Y, the set {x € X : J(y,x) [V F(y) = 0} is
an FWC-subspace of (X, D; @) relative to the set {u €
D: L(y,u)\W(y) = 0};

(iv) one of the following conditions holds:
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(iv) Y\ K € Upen{y € Y : Liy,u)W(y) =
¢} for some N, € (D) and for each N =
{ug,vty5...,u,t € (D), T(pn(A,)) is a compact
subset of Y;

(iv,) for each N € (D), there exists a subset Ly of
D containing N such that Q(Ly) is an
FWC-subspace of (X,D;¢y) relative to Ly,
(T« Q)(Ly) is a compact subset of Y, and

TQUW\K< | {yey:LpuwW(y) =0}

u€ly

(58)

Then there exists y € T(X)(\K such that L(y,u)()
W(9) # 0 for each u € D.

Theorem 23. Let (X, D; @p) be an FWC-space, Y a Hausdor(f
topological space, K a nonempty compact subset of Y, and Z a
nonempty set. Let ] : Y x X — 22, L:YxD — 22,
FEW:Y - 22.Q:D — 2% andT € B(X,D,Y) be
set-valued mappings. Assume that

(i) for each x € X and each y € T(x), J(y,x) [\ F(y) = 0;

(ii) for eachu € D, theset {y € Y : L(y,u) (\W(y) = 0} is
compactly closed;

(iii) for each y € Y, the set {x € X : J(y,x)[\F(y) #0} is
an FWC-subspace of (X, D; @) relative to the set {u €
D: Ly,u)(\W(y)+0};

(iv) one of the following conditions holds:

(iv)) Y\ K ¢ UueNo{y €Y : Liy,u)W(y)#0}
for some Ny € (D) and for each N =
{ug,uys...,u,}t € (D), T(pn(A,)) is a compact
subset of Y;

(iv,) for each N € (D), there exists a subset Ly of
D containing N such that Q(Ly) is an
FWC-subspace of (X,D;¢y) relative to Ly,
(T Q)(Ly) is a compact subset of Y, and

T-QU\K< |J {yey:L(ypw W (y) #0}.

u€ly

(59)

Then there exists € T(X)(\K such that

L(y,u) YW () = 0 for each u € D.

By Theorem 20, we can obtain the following existence
theorem of solutions to the generalized implicit vector equi-
librium problem.

Theorem 24. Let (X, D; ¢y) be an FWC-space, Y a Hausdorff
topological space, K a nonempty compact subset of Y, and Z a
nonempty set. Let EW : Y — 24,Q:D — 2% andT €
B(X,D,Y) be set-valued mappings. Let E be a nonempty set
andG :Y — 2F aset-valued mapping. Let{ : ExXYxX — Z
and& : EXYxD — Z be two single-valued mappings. Assume
that
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(i) for each x € X and each y € T(x), {(G(y), y,x) €
F(y);

(ii) for eachu € D, the set {y € Y : £(G(y), y,u) € W(y)}
is compactly closed;

(iii) foreach y € Y, theset{x € X : {(G(y), y,x) € F(y)}is
an FWC-subspace of (X, D; gy) relative to the set {u €
D:&(G(y), y»u) cW(y)k

(iv) one of the following conditions holds:

(iv) Y\ K € Upen,ly € Y 2 §(G(), you)
W)} for some N, € (D) and for each N
{ug,uys...,u,}t € (D), T(pn(A,)) is a compact
subset of Y;

(iv,) for each N € (D), there exists a subset
Ly of D containing N such that Q(Ly) is
an FWC-subspace of (X, D; ) relative to Ly,
(T - Q)(L ) is a compact subset of Y, and

(TeQUW\K< | {yeY:E(G(y),yu) cW().

u€ly

N

(60)

Then there exists y € T(X) (K such that, for each u € D,
there exists s € G(¥) satisfying £(s, y,u) ¢ W(9).

Proof. Define two set-valued mappings J : Y x X — 2% and
L:YxD — 2%by

J(3:x)=¢(G (). yx) = | (s 2x)

seG(y)

for each (y,x) €Y x X,

L(yu)=§G (). pu)= ] &(sru)

seG(y)

(61)

for each (y,u) € Y x D.

It is clear that all conditions of Theorem 20 are satisfied. By
Theorem 20, there exists a point y € T(X)K such that
L(y,u) = UseG@) &(s, y,u) € W(9) foreachu € D.Hence, for
each u € D, there exists s € G(y) satistying £(5, y,u) ¢ W(P).
This completes the proof. O

Remark 25. (1) Theorem 24 generalizes Theorem 4.4 of Fang
and Huang [34] in the following aspects: (a) The under-
lying spaces of Theorem 18 and Theorem 4.4 of Fang and
Huang [34] are FWC-spaces and FC-spaces, respectively. It
follows from the previous analysis that FWC-spaces include
FC-spaces as special cases; (b) the class A(X,D,Y) in
Theorem 24 includes the class %(Y, X) in Theorem 4.4 of
Fang and Huang [33] as a special case; (c) (ii) Theorem 24 is
weaker than (i) and (ii) of Theorem 4.4 of Fang and Huang
[34]. In fact, by the proof of Theorem 4.4 of Fang and Huang
[34], we can see that (i) and (ii) of Theorem 4.4 of Fang and
Huang [34] imply (ii) of Theorem 24; (d) (iv,) of Theorem 24
is weaker than (vi) of Theorem 4.4 of Fang and Huang [34].
We point out that Theorem 24 also generalizes Theorem 3.2

1

and Corollary 3.2 of Lee and Kum [35] from topological
vector spaces to FWC-spaces. We emphasis that X, D, Z,
and E in Theorem 24 do not possess any linear, convex, and
topological structure.

(2) Let Z and E in Theorem 24 be two topological spaces.
Then by Theorem 4.4 of Fang and Huang [33], we can replace
(ii) of Theorem 24 by the following conditions:

(ii)" the graph of W is open in Y x Z;
(ii)" G is upper semicontinuous on each compact subset of

Y with nonempty compact values and for each u € D,
&(-, -, u) is continuous on each compact subset of ExY.

Remark 26. The solution sets of generalized equilibrium
problems considered in Theorems 18, 20, and 22-24 are com-
pact subsets of T(X) [ K. Indeed, by the proof of Theorems
6, 18, 20, and 22-24, we can see that these solution sets can
be represented by (T(X) (1K) (Nuep(Y \ H'(11))), where
H™':D — 2" isaset-valued mapping with compactly open
values. Thus, these solution sets are compactly closed subsets
of the compact set T(X) (] K. Therefore, the solution sets of
generalized equilibrium problems considered in Theorems

18, 20, and 22-24 are compact subsets of T(X) [ K.

5. Applications

Let C be a nonempty closed subset of a locally convex
semireflexive topological vector space X, and let F be a real-
valued function on C x C. In 1999, Isac et al. [36] first
raised the open problem of finding ¥ € K such that ¢, <
F(X,y) < ¢ for each y € C, where ¢, ¢, are two real
numbers with ¢, < ¢,. Later, Li [37] introduced the concept of
extremal subsets and then, by using the Fan-KKM theorem
in topological vector spaces, he gave some positive answers
to this open problem mentioned above. Recently, Fakhar
and Zafarani [38] obtained an existence theorem of solutions
to the equilibrium problems with lower and upper bounds
under the setting of G-convex spaces.

In this section, we apply Theorem 18 to obtain existence
results of solutions to the equilibrium problem with lower and
upper bounds and minimax problem in FWC-spaces.

Theorem 27. Let (X,D;¢y) be an FWC-space and K a
nonempty compact subset of a Hausdorff topological space Y.
LetQ:D — 2% andT € B(X, D,Y) be set-valued mappings.
Let y and v be real-valued functions on' Y x X and Y x D,
respectively. Let g and h be real-valued functions on'Y such that
g(y) < h(y) for each y € Y. Assume that

(i) for each x € X and each y € T(x), g(y) < pu(y,x) <
h(y);

(ii) for eachu € D, the set {y € Y : g(y) < v(y,u) < h(y)}
is compactly closed;

(iii) for each y € Y, the set {x € X : u(y,x) >
h(y) or u(y,x) < g(y)} is an FWC-subspace of
(X, D; @) relative to the set {u € D : v(y,u) >
h(y) or »(y,u) < g(y)};

(iv) one of the following conditions holds:
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(iv,) Y \ K ¢ UueNo{y €Y wWy,u) >
h(y) or v(y,u) < g(y)} for some N, € (D)
and for each N = {ug,uy,...,u,} € (D),

T(exN(A,)) is a compact subset of Y;
(ivy ) for each N € (D), there exists a subset Ly of

D containing N such that Q(Ly) is an
FWC-subspace of (X,D;¢y) relative to Ly,

(T - Q)(L ) is a compact subset of Y, and

(TeQLy)\K

c Jyeviv(pu)>h(y) or v(yu) <g(y)}.

u€Lly

(62)

Then there exists ¥ € T(X) (| K such that g(y) < v(y,u) <
h(y) for each u € D.

Proof. Let Z = R. Define three set-valued mappings J : ¥ x
X - 2% L:YxD — 2, F:Y - 2%, andW:Y — 27
as follows:

J (y,x) = {u(y, %)}
L(y,u) ={v(y,u)}
E(y)=W(y)=[g9(»).h(y)]

It is clear that all conditions of Theorem 18 with F = W are
satisfied. Therefore, by Theorem 18 with F = W, there exists a
point ¥ € T(X) () K such that L(¥,u) € W(¥) for eachu € D;
that is, g(¥) < ¥(»,u) < h(¥), for each u € D. This completes
the proof. O

for each (y,x) € Y x X,
for each (y,u) €eYxD,  (63)

for each y € Y.

Remark 28. Theorem 27 generalizes Corollary 3.2 of Mitrovi¢
and Merkle [39] in the following aspects: (1) The underlying
spaces of Theorem 27 and Corollary 3.2 in [39] are FWC-
spaces and Hausdorft compact topological vector spaces,
respectively. By the previous analysis, we know that FWC-
spaces include Hausdorff compact topological vector spaces
as special cases; (2) The condition that there are four func-
tions in Theorem 27 is more general than the condition that
there are three functions in Corollary 3.2 in [39]; (3) (ii) of
Theorem 27 is weaker than (1) of Corollary 3.2 of Mitrovi¢
and Merkle [39]; (4) (iii) of Theorem 27 is weaker than (3)
of of Corollary 3.2 of Mitrovi¢ and Merkle [39]. We point
out that the proof of Theorem 27 is different from that of
Corollary 3.2 of Mitrovi¢ and Merkle [39].

Let g(y) = ¢ and h(y) = ¢, for all y € Y, where ¢, and ¢,
are real numbers such that ¢, < ¢,. In this case, Theorem 27
deduces the following corollary.

Corollary 29. Let (X, D;¢y) be an FWC-space and K a
nonempty compact subset of a Hausdor{f topological space Y.
LetQ:D — 2% andT € B(X, D,Y) be set-valued mappings.
Let y and v be real-valued functions on Y x X and Y x D,
respectively. Let ¢, and c, be two real numbers such that ¢, < c,.
Assume that
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(i) for each x € X and each y € T(x), ¢; < u(y,x) < ¢;

(ii) for each u € D, theset{y € Y : ¢, < v(y,u) < ¢} is
compactly closed;

(iii) for each y € Y, the set {x € X uly,x) >
¢, or u(y,x) < ¢} is an FWC-subspace of (X, D; @y)
relative to the set {u € D : v(y,u) > ¢, or v(y,u) <
51};

(iv) one of the following conditions holds:

(ivy)) Y\K ¢ UueNO{y €Y :v(y,u) > ¢, or v(y,u) <
¢} for some Ny, € (D) and for each N =
{ug,tty5...,u,t € (D), T(pn(A,)) is a compact
subset of Y;

(iv,) for each N € (D), there exists a subset Ly of
D containing N such that Q(Ly) is an
FWC-subspace of (X,D;¢y) relative to Ly,
(T - Q)(Ly) is a compact subset of Y, and

(T-QLy)\K

c U {yeY:v(yu)>c orv(yu)<ql. (64)

u€ly

Then there exists y € T(X) (K such that ¢, < v(y,u) < ¢,
for eachu € D.

Another special case of Corollary 29, stated below, is the
case where ¢, =¢, =c.

Corollary 30. Let (X, D;¢@y) be an FWC-space and K a
nonempty compact subset of a Hausdorff topological space Y.
LetQ:D — 2% and T € B(X, D,Y) be set-valued mappings.
Let y and v be real-valued functions on Y x X and Y x D,
respectively. Let c be a real number. Assume that

(i) for each x € X and each y € T(x), u(y,x) =¢;

(ii) for each u € D, the set {y € Y : v(y,u) = c}is
compactly closed;

(iii) for each y € Y, the set {x € X uly,x) >
cor u(y,x) < c}is an FWC-subspace of (X, D; )
relative to the set {u € D : v(y,u) > c or v(y,u) < c};

(iv) one of the following conditions holds:

(ivy) Y\K ¢ UueNO{y €Y :v(y,u) >corv(yu) <
c} for some N, € (D) and for each N =
{ug,vy5...,u,t € (D), T(pn(A,)) is a compact
subset of Y;

(iv, ) for each N € (D), there exists a subset Ly of
D containing N such that Q(Ly) is an
FWC-subspace of (X,D;qy) relative to Ly,

(T - Q)(Ly) is a compact subset of Y, and

(T-Q@Ly)\K

c U {yeY:v(y,u)>corv(yu)<c}. (65)

u€ly
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Then there exists y € T(X) (K such that v(y,u) = c for
eachu € D.

Remark 31. It is interesting to compare Corollary 30 with
Corollary 3.1 of Li [37] in the following aspects: (1) the under-
lying spaces in Corollary 30 are FWC-spaces without any
linear, convex, and topological structure, which include the
corresponding underlying spaces (i.e, Hausdorft topological
vector spaces) in Corollary 3.1 of Li [37] as special cases; (2)
(i) of Corollary 30 is weaker than (i) of Corollary 3.1 of Li [37];
(3) (ii) of Corollary 30 is weaker than (iv) of Corollary 3.1 of
Li [37]; (4) (iii) of Corollary 30 is weaker than (ii) of Corollary
3.1 of Li [37]; (5) (iv) of Corollary 30 is neither stronger nor
weaker than (iii) of Corollary 3.1 of Li [37].

As a consequence of Corollary 29, we can obtain the
following corollary, which improves and generalizes Theo-
rems 2.3-2.4 of Verma [20], Theorem 2.6 of Verma [21], and
Corollary 3.4 of Fakhar and Zafarani [40].

Corollary 32. Let (X,D;¢@y) be an FWC-space and K a
nonempty compact subset of a Hausdor{f topological space Y.
LetQ:D — 2% andT € B(X, D,Y) be set-valued mappings.
Let y, and v, be real-valued functions on Y x X and Y x D,
respectively. Let c be a real number. Assume that

(i) for each x € X and each y € T(x), u;(y,x) < ¢
(ii) for each u € D, the set{y € Y : v(y,u) < c}is
compactly closed;
(iii) for each y € Y, the set {x € X : u,(y,x) > c}isan
FWC-subspace of (X, D; @) relative to the set {u € D :
v (yu) > ks
(iv) one of the following conditions holds:

(ivi) Y\K € Uyen ty € Y 1 v (y,u) > ¢} for some
N, € (D) ancffor each N = {uy,uy,...,u,} €
(D), T(eNn(A,)) is a compact subset of Y;

(iv, ) for each N e (D), there exists a subset
Ly of D containing N such that Q(Ly) is
an FWC-subspace of (X, D; ¢y) relative to Ly,
(T - Q)(L ) is a compact subset of Y, and

T QUW\Ke [J{rev:n(nu)>d. (g

u€ly

Then there exists y € T(X) (K such that v,(¥,u) < c for
eachu € D.

Proof. Define real-valued functions ¢ : ¥ x X — R and
v:YxD — Rby

u(y,x) =" for each (y,x) €Y x X,

(67)

v(y,u) =" for each (y,u) € Y x D.

Taking ¢; = 0 and ¢, = ¢ in Corollary 29, we can see that all
conditions of Corollary 29 are satisfied for y and v. Therefore,
by Corollary 29, there exists a point y € T(X) (K such that
0 < v(¥,u) < ¢ for each u € D; thatis, v;(¥,u) < ¢ for each
u € D. This completes the proof. O
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Remark 33. (ii)-(iii) of Corollary 32 can be replaced by the
following conditions, respectively.

(i)’ For every u € D, v,(-,u) is lower semicontmuous on
each nonempty compact subset of Y.

(iii)’ For every N = {uguy,...,u,} € (D), every
{w;»u,...,u;} S N, and every y € Y, we have
(> x) > ming v (y u,-j) for all x € gn (A ).

It is clear that (ii)’ implies (ii) of Corollary 32. Now, we
show that (iii)’ implies (iii) of Corollary 32. In fact, if (iii)
of Corollary 32 does not hold, then there exist y € Y, N =
{uguy,.. . u,t € (D), and {u; ,u; ,...,u, } S NN{ueD:
v (y,u) > c} such that o (Ay) € {x € X : (3, x) > c}.
Hence, there exists x € ¢y(A ) such that g, (y, x) < c. Since
{w,wi,...ouy ) € Nnfu € Dt v(y,u) > c}, we have
7 (y, uij) > ¢ for each j € {0,1,...,k}. By (iii)’, we obtain
the following contradiction:

c>py (p,x) 2 min, (y, uij) >c. (68)

Therefore, (iii) of Corollary 32 must hold.

Remark 34. Theorem 6 is equivalent to Corollary 32. We first
show that Theorem 6 implies that Corollary 32. Define P :

X - 2YandH:Y — 2Pby

P(x)={yeY:u (y,x)<c} foreachxeX,
(69)
H(y)={ueD:v (y,u)>c} foreachueD.

By using the same method as in Theorem 18, we know that
(iii) of Theorem 6 holds. We can see that the other conditions
of Theorem 6 are satisfied. Therefore, by Theorem 6, there
exists a point y € T(X)(K such that H( y) = 0, which
implies that v, (7, u) < c for each u € D.

Conversely, let ¢ € R be given. Let us define two real-
valued functions g; : Y xX — Randv, : YxD — R

by

e y € P(x),

w (y,x) = L+L y P,
(70)

ygéH_1 (u),

) =1

c+1, yerl(u).

We can see that y; and v, satisfy all conditions of
Corollary 32. Therefore, by Corollary 32, there exists a point
7 € T(X) (K such that »,(,u) < ¢ for each u € D; that is,
yé H™'(u) for each u € D, which implies that H(y) = 0.

Corollary 35. Let (X, D;¢y), Y be as in Theorem 27, and let

T € B(X,D,Y) be a compact set-valued mapping. Let u, and
v, be real-valued functions on Y x X and Y x D, respectively.
Let ¢ be a real number. Assume that

(i) for each x € X and each y € T(x), u,(y,x) < ¢
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(ii) for each u € D, theset {y € Y : v,(y,u) < c}is
compactly closed;

(iii) for each y € Y, the set {x € X : w(y,x) > c}isan
FWC-subspace of (X, D; gy) relative to the set {u € D :
v, (y,u) > c}.

Then there exists y € T(X) such that v,(y,u) < c for each
ué€D.

Proof. Define a set-valued mappingQ : D — 2X by Q(u) =
X for each u € D. For each N € (D), let Ly, = D.
Let K = T(X). Then (iv,) of Corollary 32 is satisfied automat-
ically. Therefore, the conclusion of Corollary 35 follows from
Corollary 32. O

Remark 36. Corollary 35 generalizes Theorem 3.3 of Tan
[41] in the following aspects: (1) The underlying spaces of
Corollary 35 are FWC-spaces which contain G-convex spaces
adopted in Theorem 3.3 of Tan [41]; (2) There are two
functions in Corollary 35, but there is only one function in
Theorem 3.3 of Tan [41]; (3) the condition that each G-co(A)
is compact in Theorem 3.3 of Tan [41] is dropped; (4) (ii) of
Corollary 35 is weaker than (1) of Theorem 3.3 of Tan [41].
In fact, the lower semicontinuity of a function implies (ii) of
Corollary 35; (5) combining Proposition 2.1 of Tan [41] and
Remark 2.1, we can see that (iii) of Corollary 35 is weaker than
(2) of Theorem 3.3 of Tan [41]. Corollary 35 also generalizes
Theorem 3.1 of Zeng et al. [33] from topological vector spaces
to FWC-spaces without any linear, convex, and topological
structure. The comparison details between Corollary 35 and
Theorem 3.1 of Zeng et al. [33] are left up to the reader to
finish.

Theorem 37. Let (X, D;¢y) be an FWC-space and K a
nonempty compact subset of a Hausdor{f topological space Y.
LetQ:D — 2% andT € B(X, D,Y) be set-valued mappings.
Let y, and v, be real-valued functions on Y x X and Y x D,
respectively. Let c be a real number. Assume that

(i) for each u € D, theset {y € Y : v»,(y,u) < c}is
compactly closed;

(ii) for each y € Y, the set {x € X : pu,(y,x) > c}is an
FWC-subspace of (X, D; @) relative to the set {u € D :
»(y,u) > ck

(iii) one of the following conditions holds:

(iti;)) Y\ K € Upen 1y € Y 2 v (y,u) > c} for some
N, € (D) andofor each N = {uy,uy,...,u,} €
(D), T(eN(A,)) is a compact subset of Y;

(iiiy) for each N € (D), there exists a subset
Ly of D containing N such that Q(Ly) is
an FWC-subspace of (X, D; ¢y) relative to Ly,
(T - Q)(Ly) is a compact subset of Y, and

TQUW\Ke [J{rev:n(nu>d. ()

u€ly

Then we have the following alternatives:
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(a) there exist X € X and y € T(X) such that yu, (¥, %) > ¢;

(b) there exists y € T(X) (K such that v;(y,u) < c for
eachu € D.

Proof. If (a) is false, then it follows that for each x € X and
each y € T(x), y;(y,x) < c. Hence, by Corollary 32, there
exists a point ¥ € T(X) (K such that »,(y,u) < c for each
u € D. This completes the proof. O

Theorem 38. Let (X, D;¢@y) be an FWC-space and K a
nonempty compact subset of a Hausdor{f topological space Y.
LetQ:D — 2% andT € B(X, D,Y) be set-valued mappings.
Let y, and v, be real-valued functions on Y x X and Y x D,
respectively. Assume that sup ..y yer(xth (¥> %) < +00 and the
following conditions hold:

(i) for each u € D, the set {y € Y : »(y,u) <
SUP, e x, yer(x) 1 () X)} is compactly closed;

(ii) for each y € Y, the set {x ¢ X : w(y,x) >
SUP ex,yer(b1 (1> )} is an  FWC-subspace of
(X, D; @) relative to the set {u € D : v (y,u) >
SupxeX,yET(x)!’ll (y’ .X)};

(iii) either
(iii) Y \ K ¢ UueNﬂ{y €Y v(y,u) >

SupxeX,yeT(x)Ml(y’ x)} for some N, € (D) and
foreach N = {uy,uy,...,u,} € (D), T(pn(A,))
is a compact subset of Y or

(iii,) for each N € (D), there exists a subset
Ly of D containing N such that Q(Ly) is
an FWC-subspace of (X, D; ¢y) relative to Ly,
(T« Q)(Ly) is a compact subset of Y, and

(TeQ(Ly)\K

(72)
sup g (ys X)} :

xeX,yeT(x)

U {er:vl(y,u)>

u€ly

Then there exists y € T(X)(\K such that v,(y,u) <
SUPex,yer(x)H1(¥» X) for each u € D. In particular, we have

infyeKnmsupueDvl (}’> u) < supxeX,yET(x).ul (y’ X).

Proof. Let ¢ = sup,cy yerxth (¥ x). By the definition of c,
(a) of Theorem 37 does not hold. Hence, (b) of Theorem 37
is satisfied. So, there exists a point ¥ € T(X)[]K such
that »,(y,u) < ¢ for each u € D. In particular, we
have inf . 758U, epv1 (1> 4) < SUP. ey yereth (7> X). This
completes the proof. O

Remark 39. By setting u; = -p; and ¥/ = -v, and
adjusting the corresponding conditions of Theorem 38, we
know that Theorem 38 can be restated with the conclusion
that there exists a point ¥ € T(X) (K such that 1/'1 (y,u) =
inf e x yer(x) pi(y,x) for each u € D. In particular, we
have supyeKnminfueDv; (y,u) = infxex’yeT(x)yi (y, x). Thus,
Theorem 38 generalizes Theorem 3 of Yuan [28] from Haus-
dorff topological vector spaces to FWC-spaces.
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If T in Theorem 38 is a single-valued mapping, then we
have the following corollary.

Corollary 40. Let (X,D;¢y), K, Y, and Q be as in
Theorem 27. Let T € B(Y, D, X) be a single-valued mapping.
Let y, and v, be real-valued functions on Y x X and Y x D,
respectively. Assume that sup,..p; (T(x),x) < +oco and the
following conditions hold:

(i) for each u € D, the set {y € Y : »(yu) <
sup, .. xt (T(x), x)} is compactly closed;
(ii) for each y € Y, the set {x € X : wu(y,x) >

sup,.xph (T(x), x)} is an FWC-subspace of (X, D; ¢y)

relative to the set {u € D nwiy,u >
sup, . x ¢ (T(x), x)}

(iii) either
(i)Y \ K € Uy € Y »(y,u) >

sup, ..yt (T(x), x)} for some N, € (D) and for
each N = {ug,uy,...,u,} € (D), T(pyn(A,)) isa
compact subset of Y or

(iii,) for each N € (D), there exists a subset
Ly of D containing N such that Q(Ly) is
an FWC-subspace of (X, D; @y) relative to Ly,
(T - Q)(Ly) is a compact subset of Y, and

(T-Q@Ly)\K

(73)
c U {y €Y:v (yu)> su);;‘ul (T(x),x)}.

uely

Then there exists ¥y € T(X)(\K such that v;(y,u) <
sup,.xt (T'(x), x) for each u € D. In particular, we have
inf |, 7 SUPLen”1 (> 4) < supexih (T(X), X).

By taking X = Y and T'(x) = {x} for all x € X, we can
obtain the following result from Corollary 40.

Corollary 41. Let (X, D;¢y) be an FWC-space, where X is
a Hausdor{f topological space. Let K be a nonempty compact
subset of X. Let Q : D — 2% be a set-valued mapping and
let Iy, € B(X,D,X), where Iy is the identity mapping on
X. Let y, and v, be real-valued functions on X x X and
X x D, respectively. Assume that sup,.. i, (x,x) < +00 and
the following conditions hold:

(i) for each u € D, the set {y € X : »(y,u) <
SUp,.c x 1 (X, x)} is compactly closed;
(i) for each y € X, the set {x € X : w(y,x) >

Sup,.cx i1 (x, x)} is an FWC-subspace of (X, D;¢y)
relative to the set {u € D : v (y,u) > sup,. x4 (x, x)};

(iii) either

(iii) X \ K € Uenly € X v (y,u) >
sup, ..yt (x, x)} for some Ny € (D) and @y :

A, — 2% is a compact set-valued mapping for
each N = {ugy,uy,...,u,} € (D) or
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(iii,) for each N € (D), there exists a subset Ly of

D containing N such that Q(Ly) is a compact
FWC-subspace of (X, D; @) relative to L and

QL \K ¢ U {y €X:v (y,u)> su};;yl (x,x)}.

u€Ly

(74)

Then there exists ¥ € K such that v,(J,u) <
Sup,.cxti (X, x) for each u € D. In particular, we have
inf exsup,epvy (, 4) < sup,xph (%, X).

Remark 42. Corollary 41 generalizes Corollary 5 of Jin and
Cheng [42] in the following aspects: (1) The underlying
spaces of Corollary 41 are FWC-spaces which include L-
convex spaces adopted in Corollary 5 of Jin and Cheng
[42] as special cases; (2) the condition that each H(A) in
Corollary 5 of Jin and Cheng [42] is compact is dropped;
(3) (i) of Corollary 41 is weaker than (i) of Corollary 5 of
Jin and Cheng [42]. In fact, the condition that a function is
lower semicontinuous on compact subset of X implies (i) of
Corollary 41; (4) it is easy to verify that (ii) of Corollary 41
is weaker than (ii) of Corollary 5 of Jin and Cheng [42]; (5)
(iii) of Corollary 41 is weaker than (iii) of Corollary 5 of Jin
and Cheng [42]. Additionally, Corollary 41 is quite differen7t
from Theorem 1 of Kim [43] because the underlying spaces
of Theorem 1 of Kim [43] are Hausdorft topological vector
spaces and the conditions of Theorem 1 of Kim [43] are
different from that of Corollary 41.

Corollary 43. Let (X, D; @y) be an FWC-space, where X is
a Hausdorff topological space. Let K be a nonempty compact
subset of X. Let Q : D — 2% be a set-valued mapping
and let Iy € RB(X, D, X), where Iy is the identity mapping
on X. Let y, and v, be real-valued functions on X x X and
X x D, respectively. Assume that inf .y p, (x, x) > —00 and the
following conditions hold:

(i) for each u € D, the set {y € X : »(y,u) >
inf cxp, (x, x)} is compactly closed;
(ii) for each y e X, the set {x € X : w(y,x) <

inf cxp (x,x)} is an FWC-subspace of (X, D;qy)
relative to the set {u € D : v,(y,u) < inf .xpu, (x, x)};

(iii) either
(iii)) X \ K ¢ UueNO{y € X v(y,u) <
inf,cxp, (x, x)} for some N, € (D) and ¢y :
A, — 2% isa compact set-valued mapping for
each N = {ug,uy,...,u,} € (D) or
(iiiy) for each N € (D), there exists a subset Ly of

D containing N such that Q(L ) is a compact
FWC-subspace of (X, D; ¢y) relative to Ly and

QLY \K < () {y € X:v (y,u) < infp, (x,x)}- (75)

uely

Then there exists y € K such thatv,(y,u) > inf, . xyu, (x, x)
for eachu € D. In particular, we have sup  ginf e pv, (y, u) 2

inf o xp, (x, x).
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Proof. By setting ¢, = —y; and ¥, = —v,, we can see that the
conclusion of Corollary 43 holds from Corollary 41. O

Theorem 44. Let (Y; ‘le\rl) and (X; goi,z) be two FWC-spaces,
where X and Y are two Hausdor{f topological spaces. Let T €
B(Y x X,Y x X) be a compact set-valued mapping, where (Y x
X; (pII\J1 X golz\,z) is an FWC-space defined as in Lemma 5. Let y,
be a real-valued function on'Y x X. Assume that

(i) for each (z,w) € Y x X, each (y,x) € T(z,w), and
eacha € R, y,(z,x) <aoru(y,w) > a;

(ii) for each (z,w) € Y x X and each « € R, the sets {x €
X :w(z,x) <ayand{y e Y : u(y,w) > o} are
compactly closed;

(iii) for each x € X and each « € R, the set {z € Y :
U1 (z, x) > a} is an FWC-subspace of (Y; q)ll\jl );

(iv) for each y € Y and each « € R, the set {w € X :
w (v, w) < o} is an FWC-subspace of (X; <p12\,2).

Then inf xsup eyt (¥, x) = sup eyinf e xpn (3, x).
Proof. 1t is clear that the following inequality

inf Supth (r.x) 2 sup infu, (y,%) (76)

is always true. In order to prove that the equality holds, it
suffices to show the following inequality:

inf Supih (7,x) < sup infu, (y,%). 77)
Suppose the contrary. Then we have
inf Supih (%) > sup infu, (y,%). (78)

It follows that there exists & € R such that

inf supi (7)) >a> sup infe (3,%), (79

which shows that for each (y, x) € Y x X, there exists (y,x) €
Y x X such that

wm(x)>a o (1X) <a (80)

Following the method in the proof of Theorem 4.4 of Tan [41],
we define the real-valued functionv : (Y xX)x(YxX) - R

by
1, ity (z,x) >«

m(w) <a, (81)
0, otherwise.

v((,%), (zw)) =

By (i) and the definition of v, for each (z,w) € Y x X, each
(y,x) € T(z,w), we have v((y,x),(z,w)) < 0. For each
(z,w) € Y x X, we have

{(3,x) eYxX:0v((y,x),(z,w)) <0}

=(Yx{xeX:y(z,x)<al) (82)

Ulyey:uw(rw) = xX).

The Scientific World Journal

Then by (ii), we know that for each (z,w) € Y x X, the set

{(y,x) e Y x X : v((y, x), (z,w)) < 0} is compactly closed.
Now, we show that for each (y, x) € YxX, theset{(z,w) €

Y x X :v((y,x),(z,w)) > 0} isan FWC-space of (Y X X; 4’11\11 X

(pi,z). In fact, for each (y, x) € Y x X, we have the following:

{z,w) e Y x X :v((y, %), (z,w)) > 0}
=({zeY:u(z,x) > a} x X) (83)

ﬂ(Yx{weX:yl(y,w)<oc}).

Then by (iii) and (iv), for each N = N; x N, =
{(zg>wp), (z1,wy), .5 (z,,w,)} € (Y x X) and each
{(zio,wio),(zil,wil),...,(zik,wik)} c {(zw) € Y x X :

u((y, x), (z,w)) > 0} N N, we have

on, (M) S {z €Y py (2,%) > al,
) (84)
¢y, (Ag) S{we Xy (yw) <af.

Since (A g) = @y, (Ag) X 9%, (A ), it follows from (84) that

on (M) Y x{we Xy (yw) <af,

(85)
on (M) c{zeY iy (z,x)>al x X,
Therefore, we have ¢n(AL) < {(z,w) € Y x X
v((y, x), (z,w)) > 0}, which implies that for each (y,x) €
Y x X, the set {(z,w) € Y x X : v((y,x),(z,w)) > 0} is an
FWC-subspace of (Y x X; (/)Il\,1 X (pf\,z). Thus, by Corollary 35

with X = D and y; = v, there exists (y, X) € T(Y x X) such
that v((¥, X), (z, w)) < 0 for each (z,w) € Y x X. Hence, for
each (z, w) € YxX, either y,(z, X) < aor y,(y,w) > o, which
contradicts (80). Therefore, we have inf, cysup . ¢, (¥, x) =
sup,cyinf e x4 (¥, x). This completes the proof. O

Remark 45. Theorem 44 generalizes Theorem 4.4 of Tan
[41] in the following aspects: (a) The underlying spaces of
Theorem 44 are FWC-spaces which contain G-convex spaces
adopted in Theorem 4.4 of Tan [41]; (b) the assumption that
each G-co(A) and each G-co(B) in Theorem 4.4 of Tan [41]
are compact is dropped; (c) (ii) of Theorem 44 is weaker than
(1) and (2) of Theorem 4.4 of Tan [41]; (d) (iii) and (iv) of
Theorem 44 are weaker than (3) of Theorem 4.4 of Tan [41].
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