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Abstract. The main aim is to define a new class of generalized h-variational inequality
problems and its generalized h-variational inequality problems. We define the class of h-n-
invex set, h-n-invex function and H-pseudospace. Existence of the solution of the problems
are established in H-pseudospace with the help of H-KKM mapping theorem and HC\-
condition of 1 associated with the function h.

1. INTRODUCTION

The theory of variational inequalities have turned out to be very useful
application in studying optimization problems, financial problems, physical
problems, computational applications, engineering problems and many more.

The concept of variational inequality problem was introduced by Stam-
pacchia [12] in 1964. Later the concept of the vector variational inequality
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problem was developed and studied by Giannessi [6, 7] in the setting of the
finite dimensional Euclidean spaces. Since then, a large number of results for
the vector variational inequality and vector complementarity problems have
been obtained. For details, we refer to Chen [3], Chen and Yang [4], Daniilidis
and Hadjisavvas [5] etc. In [2], Behera and Das introduced generalized vector
variational inequality problems, generalized vector complementarity problems
and several classes of generalized vector F-variational inequality problems,
generalized vector F-complementarity problems in ordered topological vector
spaces and H-spaces. Giannessi [6, 7], Chen [3, 4] and many other authors
have developed the vector variational inequality problems.

Bardaro and Ceppitelli (1988, [1]) have explored minimax inequalities in
H-spaces. Later Tarafdar (1990, [13]) has studied the fixed point theorems
in H-spaces. He applied the fixed point theorem to analyze the results on
variational inequalities on sets with H-convex sections, and also results on
minimax inequalities. Behera and Das [2] have studied various type of gener-
alized variational inequalities in H-spaces and H-differentiable manifolds.

1.1. H-Space and H-KKM Mapping Theorem. For our need, we recall
the notion of H-spaces, H-convex sets, H-compact set and H-KKM mapping.

Definition 1.1. ([1]) Let X be a topological space and {I"4} be a given family
of nonempty contractible subsets of X, indexed by finite subsets of X. A pair
(X,{T4}) is said to be a H-space if A C B then 'y C T'p.

Definition 1.2. ([1]) Let (X,{T'4}) be a H-space. A subset D C X is said
to be

(i) H-convex if I'y C D for every finite subset A C D,

(ii) weakly H-convex if I'4 () D is nonempty and contractible for every
finite subset A C D, equivalent to say; the pair (D,{T'a(D}) is a
H-space,

(iii) H-compact if there exist a compact and weakly H-convex set K C X
such that D|J A C K for every finite subset A C X.

Definition 1.3. ([1]) Let (X,{T'4}) be a H-space. A multifunction G : X —
2% (the set of subsets of X) is said to be H-K KM if for every finite subset
AcCcX, Tac UG(x).

z€A

Bardaro and Ceppitelli [1] have studies the existence of the fixed point
theorems in H-spaces.

Theorem 1.4. ([1], Theorem 1, p.486) Let (X,{T'a}) be a H-space and F :
X — 2% be a H-KKM multifunction such that:



Study of some h-GVIPs in H-pseudospace 477

(a) for each v € X, F(x) is compactly closed, that is, B N F(x) is closed
i B, for every compact B C X,

(b) there is a compact set L C X and a H-compact set K C X, such
that for each weakly H-conver set D with K C D C X, we have
N {F(z)nD} C L.
xzeD

Then () F(z) # 2.
rxeX

Theorem 1.5. ([1], Theorem 2, p.486) Let (X,{I"4}) be a H-space and F, G :
X — 2% be two multifunctions such that:

(a) for each x € X, G(z) is compactly closed and F(z) C G(z),

(b) x € F(x) for every z € X,

(c) for every x € X, the set X — F~1(y) is H-convex where F~l(y) =
{reX:yeF(x)},

(d) there is a compact set L C X and a H-compact set K C X, such that
for each weakly H-convex set D with K C D C X, we have

(){G=)nD} c L.
xzeD

Then () G(z) # @.

rzeX

As an extension, Verma ([14]) has studied the following fixed point theorems
in generalized H-space using the RKKM mapping.

Lemma 1.6. ([14]) Let (X, H,{f}) be a generalized H-space and P : X — 2%
be a RKKM mapping such that:

(i) P(x) is compactly closed for all x in X;

(ii) there exists a compact subset L of X and a generalized H-compact

subset K of X such that for each weakly generalized H -convex subset
D of X with K C D we have

() (P(x)ND)C L.
zeD

Then () P(x) # @.
z€D

Lemma 1.7. ([15], Theorem 2.1, p.134) Let (X, H,{f}) be a generalized H -
space and P, N : X — 2% be multivalued mappings such that:

(i) N(x) is compactly closed for all x in X with P(z) C N(x);

(ii) P is RKKM mapping,
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(iii) there exists a compact subset L of X and a generalized H-compact
subset C' of X such that for each generalized H -convex subset D of X
with C' C D we have

() (P(x)nD)cCL,
zeD

(iv) for every generalized H-convez subset D of X with K C D, we have

QD(N(x) ND)# @ if and only if DD(P(x) ND) # @.

Then () P(x) # @.
zeD

2. THE PROBLEMS AND CORRESPONDING H-KKM MAPPING THEOREMS

In 1981, Hanson [8] has introduced the concept of invex function to study
the theory of optimization problem as a general approach. Later various types
of invex functions are defined and used to study the generalized convex opti-
mization problems as well as generalized variational inequality problems. We
study the existence of generalized variational inequality problems in the vector
spaces with a new approach h-invex with respect to n which is defined below:

For the nonzero elements set
Xo=X—-{0}={zeX:z;#0,i=1,2,---},

the reciprocals of the elements set X is
o0
[(Xo] ! = {xl €Xo:x = in_le,} .
i=1

Throughout this paper X is considered as a separable Banach space with
Schauder basis. Assume that h: X x X5 — X is any fractional map defined
by h(v,z) € X for all v € X, 0 # z € X. Assume that the following com-
ponentwise properties in X hold: For = = (x1,22, ), y = (y1,¥2,---) and
z = (21,292,--+) in X, we have

zy = (ziyi) = (T1Y1, T2y2, )
and
h(z,zy) = h (2, ziyi) = (h(z1, 2191), h(22, B2y2), - - ).

Definition 2.1. For any set K C X, the set K(n) is said to be a h-n-invex
set if there exists a vector function 1 : K x K — X such that

Kn(m) ={h(zy,y+M(z,y) e X :z,y € K, y+ M(z,y) € K, Ae[0,1]}.

Definition 2.2. Let K C X be a nonempty set and f : K — Y be any
function.
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(i) The set K is said to be h-inver with respect to n (or h-n-invex set) if
Kp(n) = K.

(ii) The function f is said to be h-invex with respect to 7 (or h-n-function)
if there exists a vector function n : K x K — X such that for all
z,y € K and \ € [0,1],

foh(zy,y+ Mz, y) <y AMf(y) + (1 =) f(x).

Theorem 2.3. Let X be a Banach space, ¢ : X — X be a r-convex function
on K, that is, ¢ satisfies

Oy + Xz —y)) < Ap(x) + (1 = N)o(y)
forall z,y € X, A€ [0,1] and r > 0. Let K be n-invex on X. Let f: X — R
be any map satisfies f(p(x)) = af(x) for some o € R. Let f be a h-convex
function on X that satisfies

foh(zy,y+An(z,y)) < carf(d(y)) + azf(¢(2))
for X €10,1], where oy + g = 1. Then f is h-convex on X.

Proof. Let ¢ : X — X be a r-convex function on K, that is, ¢ satisfies

o(y + 1Az —y)) < Ap(w) + (1= N)o(y)

forall z,y € X, A € [0,1] and r > 0. Since K is n-invex on X, y+tn(x,y) € X
for all z,y € X, n(z,y) € X and t > 0. Let f: X — R be a convex function
on X and satisfies f(¢(z)) = af(x) for some a € R. Assume that

foh(zy,y+In(z,y) <arf(é(y)) + aaf(o(x)),

where a1 + ag = 1. Then, we have

foh(zy,y+M(z,y)) < Af(o(y)) + (1 =N f(¢(x))
<Ay + A=A f(z)
for all z,y € X and A € [0, 1]. O

Example 2.4. Let X =R and Y = R. The set K = [a, b] is n-invex for a < b.
Let X be an affine space as y + tn(z,y) € X for all z,y € R, n(z,y) € X and
t € R. Taking z = y+tn(z, y), then we have n(x,y) =t~ !(z —y). We can find
a A€ (0,1) such that t=*A € (0,1) and Az + (1 =Ny =y +t Az —y) € K.
Again taking h(zy,y + An(z,y)) = % —In(y +t Az — y)) and f(z) = x for
all z,y) € X, A € [0,1] and ¢t > 0, we have

foh(zy,y +An(z,y)) < Af(y) + (1 =) f(z).

Remark 2.5. The space X reduces to different type of spaces according to
definitions of h.
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(1) fY =R, n(z,y) = x —y, and h(v,z) = 2z, then X is a convex set for
z=y+ Mx —y), A € [0,1] which is well known.

(2) If Y = R and h(v,2) = z, then X is a invex set with respect to 7 for
2 = y+ Anz,y), A € [0,1] (8)).

B) IfY =R, n(z,y) =z —y and h(v,z) = v/z, then X is a harmonic
convex set for v =1and z =y + Az —y), A € [0,1] ([11]).

(4) IfY =R, n(z,y) = x —y and h(v,z) = v/z, then X is a harmonic
convex set for v = zy and z =y + Az —y), A € [0,1] ([9]).

(5) If h(v,z) = v/z, then X is a harmonic invex set with respect to n for
v=2zyand z =y + \n(z,y), A € [0,1] ([10]).

We need to define the concept of to study our results.

Definition 2.6. (i) A set D C X is said to be almost conver of X if
there exists a finite set A C D such that I'y ~ Ch(D), where Ch(D)
is convex hull of D and ~ denotes the homotopical equivalence.

(ii) The space X = (X,{T'a}; Kp(n)) is said to be a H-pseudospace if
there exists a vector function 1 : X x X — X such that n satisfies
condition HC, on the h-n-invex set Kp(n) and (X,{T'a N D}) is a H-
space for each almost convex set D C Kp(n).

Remark 2.7. The X = (X,{Ta}; Kp(n)) is a H-space if Kp(n) is a weakly
H-convex set.

2.1. The Problems. Let K C X be a nonempty subset of X, n: K xK — X
be a vector valued map. Assume that (X,{T'4}; Kx(n)) is a H-pseudospace.
Let T : K — X* be a nonlinear map. Let F': K — Rg be any map.

(a) The generalized h-variational inequality problem (h-GVIP) is to find:
y € K such that

(T(y), h(zy,n(z,y))) >0 forall z € K. (h-GVIP)

(b) The generalized dual h-variational inequality problem (h-GDVIP) is
to find: y € K such that

(T(x),h(xy,n(y,x))) <0 forall z € K. (h-GDVIP)

The generalized h-variational inequalities of associated with F' and £ €
OF (y) the subdifferential of F' at y € K are defined as follows:

(a) The generalized h-variational inequality problem associated with F'

(h-GVIPp) is to find: y € K such that
(T(y),h(xy,n(z,y))) + F(x) — F(y) >0 forall x € K. (h-GVIPp)
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(b) The generalized dual h-variational inequality problem associated with
F (h-GDVIPp) is to find: y € K such that

(T'(z),h(zy,n(y,x))) + F(z) — F(y) <0 forall z € K. (h-GDVIPp)

In the following theorem we prove the H-KKM property of the multivalued
function P : K — 2% without using weakly H-convex set needed for contra-
diction. We recall the following result. The results are showing the relation
between h-variational inequality problems and dual problem in Kj(n),

Definition 2.8. Let K C Xg be a h-n-invex set in Xg. The bifunction
n: K x K — X is said to satisfy HC, with respect to h on Kj(n) if the
following conditions hold:

(a) n(y,x) = —n(x,y) for all z,y € K, i.e., n is anti-symmetric on K,

(b) for all z,y € K, yx = h(xy,y + A\n(z,y)) € K for 0 < A < 1, we have

h(yay,n (yx,y)) = h(zy, (1= Mn(z,y)),
(c) for all z,y € K, yx = h (zy,y + An(z,y)) and A > 0, we have

h (y)\x, n (y>n *73)) =—h (xyv )\7](%, y)) )
(d) for all z,y € K, x\ = h(zy,x + An(y,z)) and A > 0, we have

h ($Ay7 n (.ﬁl?)\, y)) =—h ($y7 )\77(117 .I')) )
(e) for all z,y € K, x\ = h(zy,x + A(y,x)) and A > 0, we have

h(zaz,n (2x,2)) = h(zy, (1= Nn(y, ).

Proposition 2.9. Ifn: K x K — Xg satisfies the condition HC, on Kp(n)
and T : K — X*, then for all x,y € K, for any y = h(zy,y + An(x,y)) €
Kp(n) and X € (0,1), we have the following equalities:

(A) MT (@), h(zy,n(x,7))) + (1 = X (T@), h(y7,n(y,7))) =0,
(B) <( ()U) h (zg, n(z,9)))+(1=X) (T(u), h (v, 1(y,7))) = 0 for any u €
(C) XT(x),h(zy,n(@,z))) + (1 =N (T(y), h (y7,7(",v)))

Proof. 1t is clear that the results (A), (B), (C) and (D) hold by Definition 2.8
because 7 satisfies the condition HC, with respect to h on K,(n) and T'(z) is
linear for each z € K. O

Theorem 2.10. Let (X,{T'a}; Kn(n)) be a H-pseudospace. Let T : K — X*
be any continuous map. Assume that for each x € Kp(n), (T(x), h (zz,n(z,x)))
= 0. Then for each x € Ky(n), the multivalued mapping P : K — 2% defined
by

P(z) ={y € Kn(n) : {T(y), h (xy,n(z,y))) = 0}
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1s o H-KKM mapping.

Proof. Since for each z € Kjy(n), (T'(z),h(zz,n(x,z))) = 0, the set P(x) is
nonempty. Now to show P is a H-KKM mapping. If not, then there exists a
finite set A in K, (n) such that 'y ¢ U P(x). If there exists a z € I' 4 such that

z ¢ |J P(x), then z ¢ P(x) for all x e A, that is, (T'(2),h (zz,n(z,2))) <0
€A

for all z € A. Similarly, we can say (T'(z),h(yz,n(y,z))) < 0 for all y € A.
Thus

(1 - )\)<T(Z), h (II?Z, 77(337 Z))) + )‘<T(2)7 h (yza n(ya Z))) <0
for all z,y € A and z € I'4. Since Kj(n) is a h-n-invex set, replacing z by
z=nh(zy,y + A\n(z,y)), A € (0,1) and using Proposition 2.9(B), we have

(1 =M (T (u), h(zz,n(x,2))) + A(T(u), b (y2,1(y, 2))) = 0
for all z,y € A and u € Kp(n). Taking u = z, we have

(1 =X (T(2), h(xz,n(x, 2))) + A(T(2), h (yz,n(y,2))) = 0

for all x,y € A. From the above equation we obtain

0=(1=M)(T(2),h(zz,n(z,2))) + AT (2),h(yz,1(y, 2))) <0

which is a contradiction. Thus P is a H-KKM mapping. This completes the
proof. O

Theorem 2.11. Let (X,{l'a}; Kj(n)) be a H-pseudospace. Let T : K — X*
be any continuous map. Let the multivalued maps P,N : K — 2% be defined

by
P(x) ={y € Kn(n) : (T(y), h (zy,n(x,y))) =2 0, x € Kn(n)}
and
N(z) ={y € Kn(n) : (T(z), h (zy,n(y,x))) <0, = € Kp(n)}.
Assume that
(a) for each x € Kp(n), (T(x),h(zx,n(x,z))) =0,
(b) T is h-n-monotone on Kp(n), that is,

(T'(x), h (zy,n(y, x))) + (T(y), h (zy,n(z,y))) <0

forallxz,y € K,
(¢c) for each y € K, the set

Pl (y) = {z € Kn(n) : {T(y), h (zy,n(z.y))) < 0}
is either H-convex or empty.
Then N is a H-KKM mapping.
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Proof. By (a), we have (T'(z), h (zz,n(z,x))) = 0 for each x € Kp(n), that is,
xz € P(z)NN(z). Therefore P(z) and N(z) are nonempty for each x € Kj(n).
Our aim is to prove that N is a H-KKM mapping, that is, to show that there

exists a finite set A in Kp(n) such that Ty € |J N(x). On the contrary, if N
€A
is not a H-KKM mapping, then there exists a z € I'4 such that z ¢ |J N(z),
€A
this implies z ¢ N(z) for all x € A, that is, (I'(x), h (zz,n(z,x))) > 0 for all

x € A. Since T is h-n-monotone on K} (n), we have

(T'(z),h (zy,n(y,x))) + (T(y), h (zy,n(z,y))) <0
for all x,y € A. At y = z, we have

(T'(z), h(zz,n(z,2))) + (T'(2), h (xz,1(x,2))) <0
for all z € A, that is,

<T(Z)7 h (wza 77(% Z))) < _<T($)7 h (wza 77(2737)»
<0

for all z € A, ie., x € X — P71(2) (X — Z denotes the setminus of Z from
X). Thus A C X — P71(2). Since X — P71(2) is a weakly H-convex set
for each z € Kj(n), we have Ty € X — P71(2). Thus z € X — P7(2),
ie., (T'(z),h(zz,n(z,2))) <0, which contradicts (a). Hence N is an H-KKM
mapping. O

Theorem 2.12. Let (X,{Ta}; Kp(n)) be a H-pseudospace. Let T : K — X*
be any continuous map and F : K — Ry be any differentiable map. Assume
that

(a) forall z,y € Kp(n), (T'(y),h (zy,n(z,y))) > 0

(b) for each x € Ky (n), (VF(x),h(zx,n(z,x)))
(c) for each y € K, the set

B(y) = {z € Ku(n) : (VF(y), h (zy,n(y,z))) <0}
is either H-conver or empty.
Then for each x € Kp,(n), the multivalued mapping P : K — 2% defined by

P(x) ={y € Kn(n) : (T(y), h (zy,n(z,y))) + F(z) — F(y) > 0}
1s a H-KKM mapping.

Proof. By (a), we have (T'(x), h (xx,n(z,x))) = 0 for each y = x € Kp(n), that
is, z € P(x). Therefore P(x) is nonempty for each x € Kj(n). Now to show
that P is a H-KKM mapping. If not, then there exists a finite set A in Kp(n)

such that 'y € |J P(x). Let there exists a z € I'4 such that z ¢ (J P(z).
z€A €A
Then z ¢ P(z) for all z € A, that is, (T'(z), h (zz,n(x,2))) + F(x) — F(2) <0
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for all z € A, that is, F(x) — F(z) < —(T'(2),h (zz,n(x, 2))) <0 for all z € A.
Since Kj(n) is a h-n-invex set, replacing x by h (xz,z + An(z,z)), A € (0,1),
we have F'(h (zz,x + An(z,x))) — F(2) <0 for all z € A. Dividing both sides
by A and letting A — 0 to obtain (VF(2),h (zz,n(z,2))) <0 for all z € A, it
implies that x € B(z). Thus A C B(z). Since B(z) is a weakly H-convex set,
we have I'y C B(z). Therefore z € B(z), that is, (VF(z),h(zz,n(z,2))) <0
which contradicts (b). Thus P is a H-KKM mapping. This completes the
proof. O

Proposition 2.13. If n : K x K — Xg satisfies condition HC, on h-n-
invex set Kp(n) and T : K — X*, then for oll z,y € K, for any § =
h(zy,x + An(y,x)) € Kp(n) and X € [0, 1], we have
(A) (L =X (T @), h(zy,n(z,y))) + AT @), h(yy,n(y,y))) =0,
(B) (1 =X)(T(u), h(zy,n(z,7))) + AT (u), h (yy,n(y,y))) =0
for any u € Kp(n),
(C) X=X (T(z),h(zy,n(¥,2))) + A {T(y), h vy, 1" y)))
=—(T'(z) = T(y), h (zy,n(z,y))) -

Proof. We have 7 satisfies condition HC, with respect to h on Kp(n). So the
results (A), (B) and (C) can be proved easily because T'(z) is linear for each
x € K. So the proofs of the results are omitted. O

Theorem 2.14. Let (X,{T'a}; Kn(n)) be a H-pseudospace. Let T : K — X*
be any continuous map and F : K — R — {0} be any differentiable map.
Assume that

() for cach y =z € Kp(n), (T(2), h(zz,n(e,x))) = 0,
(b) for each y € K and X € (0,1), the set
Bly) ={z € Kn(n) : (1 = \)F(x) + AF(y) < F(h(zy,z + An(y,z)))}
is either H-convex or empty.
Then for each x € Ky(n), the multivalued mapping P : K — 2% defined by

P(x) = {y € Kn(n) : (T(y), h (zy,n(z,y))) + F(z) — F(y) = 0}
1s a H-KKM mapping.

Proof. By (a), we have (T'(z), h (zx,n(z,z))) = 0 for each y = x € K(n), that
is, x € P(x). Therefore P(z) is nonempty for each z € Kp(n). Now to show
that P is a H-KKM mapping. If not, then there exists a finite set A in Kj(n)

such that T4 € |J P(x). Let there exists a z € I'4 such that z ¢ J P(z),
€A €A
then z ¢ P(z) for all z € A, that is,

(T'(2),h(2z,n(x, 2))) + F(x) = F(2) <0
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for x € A. Therefore

(T'(2),h (yz,n(y, 2))) + Fy) — F(z) <0
for x,y € A. Thus

(1 =N [T(2),h(zz,n(z,2))) + F(z) — F(2)]
+AT(2),h (yz,n(y, 2))) + F(y) — F(2)] <0
for z,y € A and z € I'4, that is,
(L =X (T(2), h(zz,n(x, 2))) + A(T(2), h (yz,n(y, 2)))
+(1—=XN)F(z)+ AF(y) — F(2) <0

for x,y € A and z € T'y4. Since Kp(n) is a h-n-invex set, replacing z by
z=h(zy,z+ An(y,z)), A € (0,1) and using Proposition 2.13(A), we have

(1 =M (T(2), h (22, (2, 2))) + A(T(2), b (y2,1(y, 2))) = 0

for z,y € A, which follows that (1—\)F(z)+ A F(y)—F(z) <Oforallz,y € A
and z € I'4, that is,

(1=X)F(z) +AF(y) < F(z) = F (h(zy,z + An(y, z)))
for all z,y € A, A € (0,1) and z € T'4. At y = 2, we have
(1= NF(z)+ AF(z) < F (h(zz,x + An(z,x)))
for all z € A and A € (0,1) which follows that x € B(z), that is, A C B(z).

Since B(z) is a weakly H-convex set, we have I'y C B(z). Thus z € B(z),
that is,

(1 =XNF(z2)+ AF(z) < F (h(2z,2+ M\(z,2))) = F(z).

Since 7(z,z) = 0, F(z) < F(z) which leads to a contradiction. Hence P is a
H-KKM mapping. This completes the proof. O

Theorem 2.15. Let (X,{Ta}; Kp(n)) be a H-pseudospace. Let T : K — X*
be any continuous map. Let the multivalued map P : K — 2% be defined by
P(z) ={y € Kn(n) : (T(y), h(zy,n(z,y))) + F(z) — F(y) >0, = € Kp(n)}.
Assume that

(a) for each x € Ky(n), (T(x),h(zz,n(z,z))) =0,

(b) T satisfies (T'(y), h (zxy,n(z,y))) — (T(x), h(xy,n(y,x))) < 0 for all
z,y € Kn(n),
(c) for each y € K, the set

P~ (y) = {x € Kn(n) : (T(y), h (zy,n(z,y))) + F(z) - Fy) < 0}

is either H-convex or empty.
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Then the multivalued map N : K — 2% defined by

N(z) ={y € Kn(n) : (T(x), h(xy,n(y,x))) + F(z) — F(y) <0, x € Ku(n)}
1s a H-KKM mapping.
Proof. By (a), we have (T'(z), h (zz,n(z,x))) = 0, for each = € Kj(n), that is,
x € P(z)NN(x). Therefore P(z) and N(x) are nonempty for each x € Kj(n).

Our aim is to prove that NV is a H-KKM mapping, that is, to show that there

exists a finite set A in Kj,(n) such that 'y ¢ (J N(z). On the contrary, if N
€A
is not a H-KKM mapping, then there exists a z € I'4 such that z ¢ |J N(z),
€

€A
implying z ¢ N(z) for all z € A, that is, (T'(z), h (zz,n(z,z)))+F(z)—F(z) >
0 for all z € A. Since T' is h-n-monotone on K} (n), we have

(T'(y), h(xy,n(z,y))) — (T'(z), h (zy,n(y,))) <0
for all x,y € A. At y = z, we have

(T(z),h(xz,1(z,2))) — (T(2), h(zz,n(x,2))) <0
for all z € A, that is,

(T'(2), h(zz,n(x, 2))) + F(x) = F(2) < (T(x), h (x2,1(2,2))) + F(z) - F(2)
<0

forallz € A, thatis, x € X—P~!(2). Thus A C X—P~1(z). Since X—P71(2)
is a weakly H-convex set for each z € Kj(n), we have 'y C X — P~1(2). Thus
2z € X — P71(2), that is,

(T(2),h(22z,m(z,2))) + F(2) — F(z) < 0.

It implies that (T'(z),h (zz,7n(z, 2))) < 0, which contradicts (a). Hence N is a
H-KKM mapping. U

3. EXISTENCE THEOREMS OF SOLUTION

The following theorem establishes the existence of solution of the problem
h-GVIP without using the weak H-convexity.

Theorem 3.1. Let (X,{T'a};Kp(n)) be a H-pseudospace. Let T : K — X*
be any continuous map. Assume that
(a) for each x € Ki(n), (T(x), h(zx,n(z,r))) =0,
(b) for each y € Kp(n), the mapping y — (T'(y), h (xy,n(z,y))) is contin-
uous,
(¢) foreachy € K, the set B(y) = {x € Kn(n) : (T'(y), h (xy,n(z,y))) < 0}
is either H-convex or empty,
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(d) there is a compact set L C X and a H-compact set C C X such that
for each weakly H-convex set D C Ky (n) with C C D, we have

() {P(x)nD}C L
zeD
Then there exists ay € Kp(n) such thaty € Kp(n) solves the problem h-GVIP,
that is,
(T'(@), h (xg,n(x,7))) = 0 for all x € Kn(n).

Proof. By Theorem 2.10, the multivalued mapping P : K — 2% defined
by P(x) = {y € Kn(n) : (T(y), h (zy,n(z,y))) > 0} is a H-KKM mapping for
each x € Kj(n). To show the existence of the solution of the problem h-GVIP,
we only show that P is closed, that is, if {y,} C P(z) with y, — ¥, then
y € P(x). Since for each y € Kj(n), the mapping y — (T'(y), h (zy,n(x,y)))
is continuous, we have

(T(yn), h (@yn, (@, yn))) = (T(@), h (2, n(z,7)))

for each x € Kp(n). Since (T(yn), h (xyn,n(z,yn))) > 0 for each x € Kj(n)
and R is closed, we have (T'(y), h (zy,n(x,7y))) > 0 for each x € Kj(n). Thus
y € P(x). Hence P is closed in Kj(n) C X. Since the multivalued map P
satisfied the followings:
(i) P is a H-K KM mapping,
(ii) for each x € X, P(x) is compactly closed, that is, BN F(z) is closed
in B, for every compact B C X,
(iii) there is a compact set L C X and a H-compact set K C X, such that
for each weakly H-convex set D with K C D C X, we have

() {P(z)nD} CL
xzeD
which are all the conditions of Theorem 1.4. Therefore by Theorem 1.4 we
have
() Px) # 2
rzeX

that is, there exists a y € Kp(n) such that (T'(y),h (xy,n(z,7))) > 0 for all
x € Kp(n). Hence § € Kj,(n) solves the problem h-GVIP. This completes the
proof. O

Theorem 3.2. Let (X,{T'a}; Kx(n)) be a H-pseudospace. Let T : K — X*
be any continuous map and F : K — R — {0} be any differentiable map. Let
for each x € Kj,(n), the multivalued mapping P : K — 2% defined by

P(z) ={y € Kn(n) : (T(y), h(zy,n(z,y))) + F(z) — F(y) > 0}
be any mapping. Assume that
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(a) for all z,y € Kp(n), (T(y), h(zy,n(z,y))) >0,
(b) for each x € Kp(n), (VF(x),h(zz,n(z,x))) =
(¢c) for each y € K, the set

B(y) = {z € Kn(n) : (VF(y), h (zy,n(y, z))) <0}

is either H-convexr or empty,
(d) for each y € Kp(n), the mapping

y = (T(y),h(xy,n(z,y))) + F(x) - F(y)

1S continuous.

0,

Then there exists a § € Kp(n) such that y € Kp(n) solves the problem h-
GVIPr, that is,

(T'(9), h (xy,n(2,9))) + F(z) = F(y) =2 0 for all x € Kx(n).

Proof. By Theorem 2.12, the multivalued mapping P : K — 2% defined by

P(z) ={y € Kn(n) : (T'(y), h(zy,n(x,y))) + F(z) — F(y) = 0}

is a H-KKM mapping for each x € Kj,(n). To show the existence of the
solution of the problem A-GVIPp, we only show that P is closed, that is, if
{yn} C P(x) with y, — 7, then § € P(x). Since for each y € Kp(n), the

mapping
y = (T(y), h(zy,n(z,y))) + F(z) — F(y)

is continuous, we have
(T(yn), b (@yn, (@, yn))) + F (@) = F(yn) = (T(@), h (27, n(x,9))) + F(z) - F(y)

for each x € Kp(n). Since (T(yn), h (zyn,n(z,yn))) + F(x) — F(y,) > 0 for
each x € Kp(n) and Ry is closed, we have

(T'(®), h (2, n(z,9))) + F(x) = F(y) = 0

for each z € Kj(n). Thus § € P(x). Hence P is closed in Kj(n) C X. Since
the multivalued map P satisfied the followings:
(i) P is a H-K KM mapping,
(ii) for each x € X, P(x) is compactly closed, that is, BN F(z) is closed
in B, for every compact B C X,
(iii) there is a compact set L C X and a H-compact set K C X, such that
for each weakly H-convex set D with K C D C X, we have

({P@z)nD}CL

zeD



Study of some h-GVIPs in H-pseudospace 489

which are all the conditions of Theorem 1.4. Therefore by Theorem 1.4 we

have () P(z) # @, that is, there exists a y € K(n) such that
zeX

(T®),h(2y,n(z,y))) + F(z) - F(y) 2 0
for all x € Kp(n). Hence § € Kp(n) solves the problem h-GVIPp. This
completes the proof. O

Theorem 3.3. Let (X,{T4}; Kx(n)) be a H-pseudospace. Let T : K — X*
be any continuous map and F : K — R — {0} be any differentiable map. Let
for each x € Kj,(n), the multivalued mapping P : K — 2% defined by

P(z) ={y € Kn(n) : (T(y), h (zy, n(z,y))) + F(z) — F(y) = 0}
be any mapping. Assume that
(a) for eachy =z € Kp(n), (T'(z),h(xz,n(z,z))) =0,
(b) for each y € K and X\ € (0,1), the set
B(y) ={z € Ku(n) : (1 = N F(x) + AF(y) < F(h(zy,z + An(y, x)))}

is either H-convex or empty,

(c) for each y € Ky(n), the mapping
y = (T(y),h(zy,n(x,y))) + F(z) — F(y) is continuous,

(d) there is a compact set L C X and an H-compact set C C X such that
for each weakly H-convex set D C Ky (n) with C C D, we have

() {P(z)n D} C L.

zeD
Then there exists a § € Kp(n) such that y € Kp(n) solves the problem h-
GVIPp, that is,

(T'(9), h (xy,n(2,9))) + F(z) = F(y) =2 0 for all x € Kx(n).

Proof. By Theorem 2.15, the multivalued mapping P : K — 2% defined by

P(x) ={y € Kn(n) : (T(y), h(zy,n(z,y))) + F(z) — F(y) = 0}
is a H-KKM mapping for each z € Kj(n). To show the existence of the
solution of the problem h-GVIPg, we only show that P is closed, that is, if
{yn} C P(x) with y, — 7, then § € P(x). Since for each y € Kp(n), the
mapping

y = (T(y), h(zy,n(z,y))) + F(z) = F(y)

is continuous, we have
(T'(yn); b (xyn, (2, yn))) + F(2) = F(yn) = (T(@), h (27, 1(x, 7))+ F () - F(y)
for each x € K}(n). Since

(T(yn)s b (@Y, (2, yn))) + F(z) — F(yn) > 0
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for each x € Kj(n) and R is closed, we have

(T(®), h(2y,n(z,9))) + F(z) - F(y) 2 0
for each z € Kj(n). Thus y € P(x). Hence P is closed in Kj(n) C X. Since
the multivalued map P satisfies
(i) P is a H-K KM mapping,
(ii) for each x € X, P(x) is compactly closed, that is, BN F(z) is closed
in B, for every compact B C X,
(iii) there is a compact set L C X and an H-compact set K C X, such
that for each weakly H-convex set D with K C D C X, we have

({P@z)nD}CL
zeD

which are all the conditions of Theorem 1.4. Therefore by Theorem 1.4 we
have

() P # 2,
zeX
that is, there exists a ¥ € Kj(n) such that

(T'(®), h (zy,n(z,9))) + F(x) - F(y) = 0

for all x € Kp(n). Hence y € Kp(n) solves the problem h-GVIPp. This
completes the proof. O

In the following theorem we apply Theorem 1.5 to show the existence of
solution of the problem h-GDVIP in a h-n-invex set.

Theorem 3.4. Let (X,{T'a};Kp(n)) be a H-pseudospace. Let T : K — X*
be any continuous map. Let P,N : K — 2% be the multivalued closed maps
defined by

P(z) ={y € Kn(n) : (T(y), h(zy,n(z,y))) 2 0, v € Kn(n)}
and

N(z) ={y € Kn(n) : (T(x), h (zy,n(y, ))) < 0}
for each x € Kp(n). Assume that
(a) for each x € Kp(n), P(x) is compactly closed in X,
(b) for each x € Kn(n), (T (x), h(zx,n(z,r))) =0,
(¢) T is h-n-monotone on Kp(n),
(d) for eachy € K, the set P~ (y)={x € Ky(n) : (T(y), h (zy,n(x,y))) <0}
is either H-convex or empty,
(e) the map y— (T'(z),h(xy,n(y,x))) is continuous,
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(f) there is a compact set L C X and an H-compact set C C X such that
for each weakly H-convex set D C Ky (n) with C C D, we have

() {N(@)nD}cL
zeD

Then there exists a § € Kp(n) such that y € Kp(n) solves the problem h-
GDVIP, that is, (T'(z),h (xy,n(y,x))) <0 for all x € Kx(n).

Proof. As T is h-n-monotone on Kp(n), we have

(T'(x); b (zy, n(y, x))) + (T(y), h (xy,n(z,y))) <0
for all z,y € Ki(n). If y € P(x), then (T'(y),h (zy,n(z,y))) > 0 for all
x,y € Kp(n), implying

(T(x), h (zy, n(y, x))) < = (T(y), h(zy,n(z,y))) <0

for all z,y € Kp(n), that is, y € N(x). Thus P(z) C N(z) for each x €
K (n) which is a condition of Theorem 1.5. Since for each z € Kj(n),
(T'(z),h (zz,n(z,x))) = 0, we have x € P(z) which is a condition of The-
orem 1.5. Since for each x € Kp(n), the set

P(z) ={y € Kn(n) : (T(y), h (zy,n(z,y))) = 0, x € Kn(n)}

is compactly closed in X, we have
P~ (y) = {z € Kp(n) : y € P(z)}
={z € Kn(n) : (T(y), h (zy,n(z,y))) = 0}

is closed in X. By Theorem 2.11, N is a H-KKM mapping. Now to apply
Theorem 1.5, we need to show that N is closed, that is, if there exists a
sequence {y,} € N(x) such that y, — ¥ in Kp(n), then §y € N(z). For
{yn} € N(z), we have (T'(z), h (2yn,n(yn,x))) < 0 for all z € Kj(n). Since
the map which takes y to (T'(x), h (zy,n(y,x))) is continuous, we have

(T'(x), h (2yn, 1(Yyn, 2))) = (T(x), h (27, 1(7, x)))
for all x € Kp(n) as y, — ¥ in Kj(n). Since P(x) is compactly closed in X,
we have

(T'(yn), b (xyn, n(2,yn))) = (T(y), h (27, 1(x,7))) = 0
for all x € Kj(n) as y, — 7. Since

(T(x), h (xyn, 1(yn, x))) + (T'(Yn), b (@yn, n(z,yn)))
— (I'(z), h (2y,n(¥, 2))) + (T(y), h (2y,n(z,y))) <0
for all z € Ky(n) as y, — ¥ in Kx(n) and P(x) C N(z), we have
(T(z),h (zy,n(y,z))) <0
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for all x € Kp(n). Therefore y € N(x), that is, N is closed in K} (n). Since

all the conditions of Theorem 1.5 are satisfied, we obtain (| N(z) # &,
xzeD

that is, there exists a § € Kp(n) such that (T'(z),h (zy,n(y,x))) < 0 for

all z € D C Kp(n). Hence § € Kjp(n) solves the problem h-GDVIP. This

completes the proof. O

Theorem 3.5. Let (X,{T'a};Kp(n)) be a H-pseudospace. Let T : K — X*
be any continuous map. Let P : K — 2% and N : K — 2% be two multivalued
maps defined by

P(x) ={y € Kn(n) : (T(y), h (zy,n(z,y))) + F(x) — F(y) >0, v € Kp(n)},

and

N(z) ={y € Kn(n) : (T'(x), h (zy,n(y,z))) + F(z) — F(y) <0, v € Kpn(n)}.
Assume that

(a) for each x € Ky(n), (T(x),h (xx,n(x,z))) =0,

(b) T satisfies (T'(y), h(zy,n(z,y))) — (T(z),h(zy,n(y,z))) < 0 for all
z,y € Kn(n),

(c) for each y € K, the set

P~ (y) = {z € Kn(n) : (T(y), h (wy, n(z,y))) + F(x) — Fy) < 0}

is either H-convex or empty,

(d) for each y € Kp(n), the mapping
y = (T(y),h(zy,n(x,y))) + F(z) — F(y) is continuous,

(e) there is a compact set L C X and a H-compact set C C X such that
for each weakly H -convex set D C Ky(n) with C C D, we have

() {N@)nD}cL
zeD

Then there exists a § € Kp(n) such that § € Kp(n) solves the problem h-
GDVIPp, that is,

(T'(x), h (zg,n(y, x))) + F(x) = F(y) <0 for all x € Kn(n).

Proof. As T satisfies (T'(y), h (zy, n(z,y))) — (I'(z), h (zy, n(y,z))) < 0 for all
z,y € Kip(n). If y € P(x), then (T'(y), h (zy,n(z,y))) + F(z) — F(y) = 0 for
all z,y € Kp(n) implying

(T(y), h(zy,n(z,y))) + F(z) — F(y) < (T'(z),h(zy,n(y, 2))) + F(z) — F(y)

for all z,y € Kx(n), that is, y € N(x). Thus P(x) C N(x) for each z €
Kp(n) which is a condition of Theorem 1.5. Since for each =z € Kj(n),
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(T'(z),h (xz,n(x,z))) = 0, we have z € P(z), which is a condition of The-
orem 1.5. Since for each = € K(n), the set
P(z) ={y € Kn(n) : (T(y), h (zy,n(z,y))) + F(z) — F(y) =0, z € Kp(n)}
is compactly closed in X, we have
P (y) = {z € Ku(n) : y € P(x)}
={z € Kn(n) : (T(y), h (zy, n(z,y))) + F(z) — F(y) > 0}
is closed in X. By Theorem 2.15, N is a H-KKM mapping. Now to apply
Theorem 1.5, we need to show that N is closed, that is, if there exists a
sequence {y,} € N(z) such that y, — 7 in Kp(n), then 5 € N(z). For
{yn} € N(x), we have
(T'(x), h(xyn, n(yn,x))) + F(z) — F(y) <0

for all x € Kj(n). Since the map which takes y to
(T(2), h(zy,n(y,x))) + F(z) = F(y)

is continuous, we have

(T'(@), b (wyn, 1(Yyn, )+ F(2)=F(yn) = (T(x), h (27, (Y, 2))) +F ()= F (yn)

for all z € Ky(n) as y, — 7 in Kx(n). Since P(x) is compactly closed in X,
we have

(T(yn), b (@yn, n(@,yn))) + F () = F(yn)
= (T(y), h(zy,n(z,9))) + F(z) — F(y) = 0
for all z € Kx(n) as y, — ¥. Since
(T(yn), b (@yn, n(@,yn))) — (T
= (T(y), h (27, n(2,7))) —
for all x € Kx(n) as y, — 7 in Kx(n) a
(T'(z), h (zy,n(y,x)

(T(2), h(xg,n(y,z))) <0
nd P(x (x), we have

)+ F(x) - F()<0

(@), h (2Yn, 1(Yn, )))
); h
) C

Hence,
(T'(y), b (xy,n(x,9))) + F(x) = F(y) = 0
for all x € Kp,(n). Therefore 7 € N(x), that is, NV is closed in Kj(n). Since all

the conditions of Theorem 1.5 are satisfied, we obtain (| N(z) # &, that is,
z€D
there exists a § € Kp(n) such that

(T'(x), h (xy,n(y,2))) + F(z) - F(y) <0

for all x € D C Kp(n). Hence y € Kj(n) solves the problem h-GDVIP . This
completes the proof. O
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In the following theorem, we modify the Lemma 1.7 to show the existence
of solution of the problems in a H-space.

Theorem 3.6. Let (X,{T'a};Kn(n)) be a H-pseudospace. Assume that the
multivalued maps P : X — 2% and N : X — 2% satisfy the following condi-
tions:

(i) N(z) is compactly closed for all x in X with P(x) C N(x),

(ii) P is an H-KKM mapping,

(iii) there exists a compact subset L(x) of X and a H-compact subset C(x)
of X such that for each weakly H -convex subset D(x) of X with C(zx) C
D(z) we have () (P(zx)ND(z)) C L(z),

zeD(x)

(iv) for every H-convex subset D(z) of X with C(z

N (N(z)ND(x)) # @ if and only if (] (
z€D(x) z€D(x)
Then [\ P(x)# @.
z€D(x)

) C D(x), we have
P(z)ND(x)) # 2.

Proof. Since generalized H-space is a H-space, the proof of this theorem is
directly followed from the Lemma 1.7. If we can consider X is a H-space,
L = L(z), D = D(z) and C = C(x), then according to the result studied by
Verma (see [15], Theorem 2.1, p.134), we have

() P)+#2.
zeD(x)

This completes the proof. O

Theorem 3.7. Let K(n) be a h-n-invex set where n satisfies condition HC,.
Let T : K — X* be any continuous map and F : K — R — {0} be any differ-
entiable map. Assume that for x € Ky(n), the following sets are nonempty:

P(x) = {y € Kn(n) : (T(y), h (zy,n(z,y))) + F(x) — F(y) > 0},
N(z) = {y € Kn(n) : (T(x), h (zy,n(y,v))) + F(z) — F(y) <0},
Ki(z) ={y € Kn(n) : (T'(y), h (zy,n(x,v))) + (T (z), h (zy,n(y,x))) > 0},
Ka(z) = {y € Kn(n) : (T(y), h (zy,n(x,y))) = (T(x), h(zy,n(y,x)))},
K3(z) = {y € Kn(n) : (T(y), h (xy,n(x,y))) +(T(z), h (zy,n(y, x)))
+2(F(z) — F(y)) <0},
Ky(z) ={y € Kn(n) : (VF(y), h (zy,n(y,x))) < 0},

L(z) ={y € Kun(n) : F(z) = F(y)} .

Let P be a H-KKM mapping, N(z) be a compactly closed set, L(z) be a
compact set for each x € K, K3(x) be a H-compact in K, N(z)NKa(x)NK4(z)
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be a weakly H-convez set. Then there exists a §y € Kp(n) such that y solves
the problem h-GVIPr on D(x) = N(z) N Ka(z) N Ka(x).

Proof. We consider C(z) = Ks(x) and D(z) = N(x) N Ka(z) N K4(x). Now
C(z) C D(z) for all x € K;(x). For z € D(z), we have F(z) — F(y) < 0
and for z € P(z) N K4(x), we have F(x) — F(y) > 0, therefore we obtain
N (N(z)NnD(x)) # @ if and only if [ (P(x) N D(z)) # @. Thus
zeD(x) z€D(z)
(i) N(z) is compactly closed in Kp(n) and P(z) C N(z) for all z € C(z),
(ii) P is an H-KKM mapping in Kp(n),
(iii) there exists a compact subset L(z) of X and a H-compact subset
C(z) of X such that for each weakly H-convex subset D(z) of X with
C(z) C D(x) we have

(| (P(x)ND(x)) C L),
z€D(x)

(iv) for every H-convex subset D(x) of X with C(z) C D(x), we have
ﬂ (N(z) N D(z)) # @ if and only if m (P(x)N D(x)) # 2,

z€D(x) z€D(z)

which are the conditions of Theorem 3.6. Therefore by Theorem 3.6,
() P)+# 2,
z€D(x)

that is, there exists a § € Kj,(n) such that

(T@), h(zy,n(z,y))) + F(x) — F(y) = 0
for all x € D(x). Hence y € Kp(n) solves the problem h-GVIPp on D(x).
This completes the proof. O
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