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We introduce the new generalized mixed equilibrium problem with respect to relaxed semi-
monotone mappings. Using the KKM technique, we obtain the existence of solutions for the
generalized mixed equilibrium problem in Banach spaces. Furthermore, we also introduce a hybrid
projection algorithm for finding a common element in the solution set of a generalized mixed
equilibrium problem and the fixed point set of an asymptotically nonexpansive mapping. The
strong convergence theorem of the proposed sequence is obtained in a Banach space setting. The
main results extend various results existing in the current literature.

1. Introduction

Let E be a Banach space with the dual E* and let E** denote the dual space of E*. If E =
E**, then E is called reflexive. We denote by /N and R the sets of positive integers and real

numbers, respectively. Also, we denote by J the normalized duality mapping from E to 2F
defined by

Jx={x" € E": (x,x") = x|’ = |x"IP}, vxe€E, (1.1)

where (-,-) denotes the generalized duality pairing. Recall that if E is smooth, then ] is
single-valued, and if E is uniformly smooth, then J is uniformly norm-to-norm continuous
on bounded subsets of E. We shall still denote by ] the single-valued duality mapping.
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Let C be a nonempty subset of E**, 17: C x C — E™ be a mapping and let¢: E* — R
a function with ¢(tz) = t#¢(z) for all t > 0 and z € E**, where p > 1 is a constant. A mapping
A:CxC — E*issaid to be relaxed 1-¢ semimonotone [1] if the following two conditions hold:

(i) for each fixed u € C, A(u,-) is relaxed 7-¢ monotone; that is,

(A(u,v) - A(w,w), n(v,w)) > ¢(v-w), Yo,weC; (1.2)

(ii) for each fixed v € C, A(-,v) is completely continuous; that is, for any net {u;}
in C, u; — wup in weak * topology of E**, then {A(u;,v)} has a subsequence
{A(uj,v)} — A(up,v) in norm topology of E*.

In case 7(x,y) = x -y forall x,y € C and ¢ =0, A is called semi-monotone [2]. The following
is an example of #-¢ semi-monotone mapping.

Example 1.1. Let C = (o0, ), A(x,y) =x+y,and

- - 7 2 7
n(x/y)={ cley) 22y (1.3)
c(x-y), x<y,

where ¢ > 0 is a constant. Then, A is relaxed 7-¢ semi-monotone with

—cz?, z>0,
¢(z) = { (1.4)

cz?, z<DO.

Let f : CxC — R be a bifunction, 7 : C x C — E*™ a mapping, and ¢ : E* — R,
¢ : C — R two real-valued functions, and let A : C x C — E* be a 7-¢ semi-monotone
mapping. We consider the problem of finding u € C such that

fu,v) + (A, u),n(v,u)) + @) > p(u), YoveC, (1.5)

which is called the generalized mixed equilibrium problem with respect to relaxed 1-¢ semi-monotone
mapping (GMEP(f, A,7,¢)). The set of such u € C is denoted by GMEP(f, A, 1, ¢), that is,

GMEP(f, A, 1,¢) ={uecC: f(u,v) + (A(w,u),n(v,u)) + p(v) > p(u), Vo e C}.  (1.6)
Now, let us consider some special cases of the problem (1.5).

(a) In the case of f = 0, (1.5) is deduced to the following variational-like inequality
problem:

find u € C such that (A(u, u),n(v,u)) + (v) —p(u) >0, YoveC. (1.7)
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The problem (1.7) was studied by Fang and Huang [1]. Using the KKM technique and 7-¢
monotonicity of the mapping ¢, they [1] obtained the existence of solutions of the variational-
like inequality problem (1.7) in a real Banach space.

(b) Inthe case of f =0, ¢ =0 and (v, u) = v —u for all v,u € C, the problem (1.5) is
deduced to the following variational inequality problem:

Find u € C such that (A(u,u),v—-u) >0, VYveC. (1.8)

The problem (1.8) was studied by Chen [2]. They obtained the existence results of solutions
in a real Banach space.

When E is a reflexive Banach space, we know E** = j(E), where j : E — E* is the
duality mapping defined by (jx, f) = (f,x), for all x € E, f € E*, which is an isometric
mapping, so we may regard E = E** under an isometry. The following problems can be
derived as special cases of the problem (1.5).

(c) In case E is reflexive (i.e., E = E**), f = 0and n(v,u) = v —u for all v,u € C, the
problem (1.5) is deduced to the following variational inequality problem:

find u € C such that (A(u,u),v—u) +¢(v) —pu) >0, VYoeC. (1.9)

The problem (1.9) was studied by Chen [2].

(d) If E is reflexive (i.e., E = E**) and A =0, (1.5) is deduced to the mixed equilibrium
problem:

find u € C such that f(u,v) + ¢(v) > p(u), VYoveC. (1.10)

The problem (1.10) was considered and studied by Ceng and Yao [3]; Cholamjiak and Suantai
[4]-

(e) Inthe case of A=0and ¢ =0, (1.5) is deduced to the following classical equilibrium
problem:

find u € C such that f(u,v) >0, VoeC. (1.11)

The set of all solution of (1.11) is denoted by EP(f), that is,

EP(f)={ueC: f(u,v)>0, VYveC}. (1.12)

Numerous problems in physics, optimization, and economics can be reduced to find a
solution of the equilibrium problem, variational inequality problem, and related optimization
problems; see, for instance, [5-11]. Some methods have been proposed to solve the
equilibrium problem in a Hilbert space; see, for instance, Blum and Oettli [12]; Combettes
and Hirstoaga [13]; Moudafi [14].
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Let C be a nonempty, closed convex subset of E. A mapping S : C — E is called
nonexpansive if ||Sx — Sy|| < |lx — y|| for all x,y € C. Also a mapping S : C — C is
called asymptotically nonexpansive if there exists a sequence {k,} C [1,00) with k, — 1 as
n — oo such that ||S"x — S"y|| < kullx — y|| for all x,y € C and for each n > 1. The class
of asymptotically nonexpansive mappings was introduced by Goebel and Kirk [15] as an
important generalization of nonexpansive mappings. Denote by F(S) the set of fixed points
of S, that is, F(S) = {x € C : Sx = x}. There are several methods for approximating fixed
points of a nonexpansive mapping; see, for instance, [16-21]. Furthermore, since 1972, a host
of authors have studied weak and strong convergence problems of the iterative processes
for the class of asymptotically nonexpansive mappings; see, for instance, [22-25]. In 1953,
Mann [16] introduced the following iterative procedure to approximate a fixed point of a
nonexpansive mapping S in a Hilbert space H:

Xpi1 = apXy + (1 —a,)Sx,, VYneN, (1.13)

where the initial point xq is taken in C arbitrarily and {a,} is a sequence in [0, 1]. However, we
note that Mann’s iteration process (1.13) has only weak convergence, in general; for instance,
see [26-28]. In 2003, Nakajo and Takahashi [29] introduced the following iterative algorithm
for the nonexpansive mapping S in the framework of Hilbert spaces:

xo=x€C,
Yn = anXn + (1 - an) Sxy,
Co={z€C:|lz=yull <llz-xal}, (1.14)
Qn={zeC:{(xp—z,x—x,) >0},

Xns1 = Pc,ng,x, n2>0,

where {a,} C [0,a], a € [0,1], and Pc,nq, is the metric projection from a Hilbert space H onto
Cn N Q,. They proved that {x,} generated by (1.14) converges strongly to a fixed point of S.
Xu [30] extended Nakajo and Takahashi’s theorem to Banach spaces by using the generalized
projection.

Matsushita and Takahashi [17] introduced the following iterative algorithm in the
framework of Banach spaces:

xo=x€C,
Cy,=cof{zeC:|z-5z| < tullxn — Sxull},
(1.15)
D,={zeC:(x,—z J(x—x,)) >0},

Xu+1 = Pc,op,x, n2>0,

where coD denoted the convex closure of the set D, {t,} is a sequence in (0,1) with t, — 0,
and Pc,np, is the metric projection from E onto C, N D,,.
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Very recently, Dehghan [24] introduced the following iterative algorithm for finding
fixed points of an asymptotically nonexpansive mapping S in a uniformly convex and smooth
Banach space:

xo=x€C, Cyop=Dy=C,

Cp=co{zeCpyq:|lz-S"z| < tullxn — S"xull},
(1.16)
D, ={z€Dy1:{xn-2z,J(x—x,)) >0},

Xn+1 = Pc,op,x, n2>0,

where coD denotes the convex closure of the set D, ] is the normalized duality mapping, {t,}
is a sequence in (0,1) with t, — 0, and Pc,np, is the metric projection from E onto C, N D,,.
The strong convergence theorem of the iterative sequence {x,} defined by (1.16) is obtained
in a uniformly convex and smooth Banach space.

In this paper, motivated and inspired by the above results, we first suggest and analyze
the new generalized mixed equilibrium problem with respect to relaxed #-¢ semi-monotone
mapping. Using the KKM technique, we obtain the existence of solutions for such problem in
a Banach space. Next, we also introduce a hybrid projection algorithm for finding a common
element in the solution set of a generalized mixed equilibrium problem and the fixed point
set of an asymptotically nonexpansive mapping. The strong convergence theorem of the
proposed sequence is obtained in a Banach space setting. The main results extend various
results existing in the current literature.

2. Preliminaries
Let E be a real Banach space, and let U = {x € E : ||x|| = 1} be the unit sphere of E. A Banach
space E is said to be strictly convex if for any x,y € U,

x#y implies ||x +y|| <2. (2.1)

It is also said to be uniformly convex if for each € € (0, 2], there exists & > 0 such that for any
x,yelU,

|x - v|| > e implies ||x+y| <2(1-6). (2.2)

It is known that a uniformly convex Banach space is reflexive and strictly convex. Define a
function & : [0,2] — [0, 1] called the modulus of convexity of E as follows:

) X+
5(e) = mf{l - HTyH x,y €k |Ix| =y =1, |x-v| > g}. (2.3)
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Then E is uniformly convex if and only if 6(¢) > O for all € € (0,2]. A Banach space E is said
to be smooth if the limit

}i%w (2.4)

exists for all x,y € U. Let C be a nonempty, closed, and convex subset of a reflexive, strictly
convex, and smooth Banach space E. Then for any x € E, there exists a unique point xo € C
such that

[lxo — x| SI;EQHV—XH- (2.5)

The mapping Pc : E — C defined by Pcx = xo is called the metric projection from E onto C.
The following theorem is wellknown.

Theorem 2.1 (see [31]). Let C be a nonempty, closed convex subset of a smooth Banach space E and
let x € E, and y € C. Then the following are equivalent:

(a) y is a best approximation to x : y = Pcx.

(b) y is a solution of the variational inequality:

(y-zJ(x-y))>0, VzeC(, (2.6)

where | is a duality mapping and Pc is the metric projection from E onto C.

It is wellknown that if Pc is a metric projection from a real Hilbert space H onto a
nonempty, closed, and convex subset C, then Pc is nonexpansive. But, in a general Banach
space, this fact is not true.

In the sequel, we will need the following lemmas.

Lemma 2.2 (see [32]). Let E be a uniformly convex Banach space, let {a,} be a sequence of real
numbers such that 0 < b < a, < c <1foralln > 1, and let {x,} and {y,} be sequences in E such
that limsup,, _, _||x,|| < d, limsup, | |yl < d, and lim,, ||, x, + (1 — an)ynll = d. Then
limy, 0|20 = Yl = 0.

Theorem 2.3 (see [33]). Let C be a bounded, closed, and convex subset of a uniformly convex Banach
space E. Then there exists a strictly increasing, convex, and continuous function y : [0,00) — [0, 00)
such that y(0) = 0 and

Y < H S <i)»,~x,~> - zn:Aini
i=1 i=1

foralln € N, {x1,x2,..., %5} CC, {M,As,..., Ay} C [0,1] with 311 \; = 1 and nonexpansive
mapping S of C into E.

1<j<ksn

)< s =l = -sal), @)
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Theorem 2.4 (see [24]). Let C be a bounded, closed, and convex subset of a uniformly convex Banach

space E. Then there exists a strictly increasing, convex, and continuous function y : [0,00) — [0, o0)
such that y(0) = 0 and

1
"\

forallme N, {x1,x2,...,x,} CC; {M,Aa,..., Ay} C[0,1] with 371 \i = 1 and an asymptotically
nonexpansive mapping S of C into E with the sequence {ky,}.

1<j<k<n

sm <i/\ixi> - iAiSmxi
i=1 i=1

1
) < max (||xj_xk|| —k—||Smx,-—Smxk||>, (2.8)

Now, let us recall the following well-known concepts and results.

Definition 2.5. Let B be a subset of topological vector space X. A mapping G : B — 2% is
called a KKM mapping if co{x1,x2,...,x,} C U, G(x;) for x; € Band i = 1,2,...,m, where
coA denotes the convex hull of the set A.

Lemma 2.6 (see [34]). Let B be a nonempty subset of a Hausdorff topological vector space X, and let
G : B — 2% be a KKM mapping. If G(x) is closed for all x € B and is compact for at least one x € B,
then (,ep G(x) #0.

Theorem 2.7 (see [35] (Kakutani-Fan-Glicksberg Fixed Point Theorem)). Let E be a locally
convex Hausdorff topological vector space and C a nonempty, convex, and compact subset of E.
Suppose T : C — 2C is a upper semi-continuous mapping with nonempty, closed, and convex values.
Then T has a fixed point in C.

Definition 2.8 (see [36]). Let C be a nonempty, closed convex of a Banach space E. Let T : C —
E*andletn: C x C — R be two mappings. T is said to be n-hemicontinuous if, for any fixed
x, y € C, the mapping f : [0,1] — (-0, 0) defined by f(f) = (T(x + t(y — x)),5(y, x)) is
continuous at 0*.

For solving the mixed equilibrium problem, let us assume the following conditions for
a bifunction f : CxC — R:

(Al) f(x,x) =0forall x € C;
(A2) f is monotone, thatis, f(x,y) + f(y,x) <Oforallx,y € C;

(A3) forall y € C, f(-,y) is weakly upper semicontinuous;
(A4) forall x € C, f(x,-) is convex.

The following lemmas can be found in [37].

Lemma 2.9 (see [37]). Let C be a nonempty, bounded, closed, and convex subset of a smooth, strictly
convex and reflexive Banach space E, let T : C — E* be an n-hemicontinuous and relaxed 1-¢
monotone mapping. Let f be a bifunction from C x C to R satisfying (A1) and (A4), and let ¢ be a
lower semicontinuous and convex function from C to R. Let r > 0 and z € C. Assume that

(i) n(x,x) =0, forall x € C;

(ii) for any fixed u,v € C, the mapping x — (Tv,7n(x,u)) is convex.
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Then the following problems (2.9) and (2.10) are equivalent. Find x € C such that:

1
foy) +o(y) +(Txn(y,x)) + (y-x,J(x=2)) 29(x), VyeC. (29)
Find x € C such that

FGoy) + Ty () +9() + 1y =% J(x-2) 2 9(0) + 4y -x), Wy eC
(2.10)

Lemma 2.10 (see [37]). Let C be a nonempty, bounded, closed, and convex subset of a smooth,
strictly convex, and reflexive Banach space E, let T : C — E* be an n-hemicontinuous and relaxed
11-¢ monotone mapping. Let f be a bifunction from C x C to R satisfying (A1), (A3), and (A4), and
let ¢ be a lower semicontinuous and convex function from C to R. Let r > 0 and z € C. Assume that
(1) n(x,y) +n(y,x) =0forall x,y € C;
(ii) for any fixed u,v € C, the mapping x — (Tv,n(x,u)) is convex and lower semicontinu-
ous;
(iii) ¢ : E — R is weakly lower semicontinuous; that is, for any net {xg}, {xp} converges to x
in o(E, E*) implies that &(x) < liminf¢(xgp).

Then, the solution set of the problem (2.9) is nonempty, that is, there exists xo € C such that

f(xo0,y) +(Txo,1(y, x0)) +(y) + %(y - xo0,J(x0-2)) 2 p(x0), VyeC. (2.11)

3. Existence Results of Generalized Mixed Equilibrium Problem

In this section, we prove the following crucial lemma concerning the generalized mixed
equilibrium problem with respect to relaxed 7-¢ semi-monotone mapping (GMEP(f, A, 1, ¢))
in a real Banach space with the smooth and strictly convex second dual space.

Lemma 3.1. Let E be a real Banach space with the smooth and strictly convex second dual space E**,
let C be a nonempty bounded closed convex subset of E**, let A : C x C — E* be a relaxed 1-¢
semi-monotone mapping. Let f : C x C — R be a bifunction satisfying (A1), (A3), and (A4), and
letp : C — R U {+oo} be a proper lower semicontinuous and convex function. Let r > 0 and z € C.
Assume that

(1) n(x,y) +n(y,x) =0forall x,y € C;

(ii) for any fixed u,v,w € C, the mapping x — (A(v,w),n(x,u)) is convex and lower
semicontinuous;

(iii) for each x € C, A(x,-) : C — E* is finite-dimensional continuous: that is, for any finite-
dimensional subspace F C E**, A(x,-) : CNF — E* is continuous;

(iv) ¢ : E** — R is convex lower semicontinuous.

Then there exists ug € C such that

fuo,v) + (Aug, up), n(v, up)) + (v) + %(U —uo, J(uo — z)) 2 ¢(ug), VoveC. (3.1)
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Proof. Let F C E** be a finite-dimensional subspace with Cr := F N C#0. For each w € C,
consider the following problem: find 1y € Cr such that

f(uo,v) + (A(w, up), n(v, u9)) + p(v) + %(v —ug, J(uo - z)) —p(ug) >0, Vo€ Cp.
(3.2)

Since Cr C F is bounded closed and convex, A(w, ) is continuous on Cr and relaxed
1-¢ monotone for each fixed w € C, from Lemma 2.10, we know that problem (3.2) has a
solution uy € Cr.

Now, define a set-valued mapping G : Cr — 2°F as follows:

Gw = {u €Cr: f(u,v)+<A(w,u),q(v,u)>+(p(v)+%(v—u,](u—z))—tp(u)zo, Yo € CF}.
(3.3)

It follows from Lemma 2.9 that, for each fixed w € Cp:
{u €Cr: f(u,v) + (A(w,u),n(v,u)) + ¢(v) + %(U —u,Ju-z))—pu) >0, Vo e Kp}

= {uECF:f(u,v)+<A(w,v),7l(v, u)>+(p(v)+%(v—u,](u—z))—(p(u)Zg(v—u), VUEKF}.
(3.4)

Since every convex lower semicontinuous function in Banach spaces is weakly lower
semicontinuous, the proper convex lower semicontinuity of ¢ and ¢, condition (ii), (A3) and
(A4) implies that G : Cr — 2°F has nonempty bounded closed and convex values. Using
(A3) and the complete continuity of A(:, 1), we can conclude that G is upper semicontinuous.
It follows from Theorem 2.7 that G has a fixed point w* € CF, that is,

(f (w*,v) + (A(w*, w*), n(v,w*)) + ¢(v) + %(U —w*, J(w* - z)) —p(w*) >0, VoveCk.

(3.5)
Let
F = (F C E* : F is finite dimensional with F 1 C#0), (3.6)
and let
WE = {u €C: f(u,v) + (A(u,v),n(v,u)) + p(v)
(3.7)

+%(U—u,](u—z)) —p(u) 2¢é(v—-u), Yo e Cp}, VF € .



10 Journal of Applied Mathematics

By (3.5) and Lemma 2.9, we know that W is nonempty and bounded. Denote by W; the
weak*-closure of W in E**. Then, W; is weak” compact in E**.

Forany F; € ¥,i=1,2,...,N, we know that WﬂfﬁlF,- C nfﬁl WE,, so {W; : F € ¥} has
the finite intersection property. Therefore, it follows that

NW; £0. (38)

Fe¥F

Let up € Npeg W; We claim that

f(uo,v) + (A(uo, ug), n(v, up) ) + p(v) + %(v —ug, J(up—z)) —p(up) >0, VYoeC.
(3.9)

Indeed, for each v € C, let F € ¥ be such that v € Cr and ug € Cr. Then, there exists u; € Wr
such that u#; — uy. The definition of W implies that

f(uj,0) + (A(uj,0),n(v,u;)) + 9(v) + %(v —uj, J(uj-z)) —o(u) 2 (v - u;),
(3.10)

that is

£ (u3,0) + (A5, 2),1(0,47)) +9(0) + 1 (0= 2, T (15 = 2)) = |2 = 5] = p() 2 80— ),
(3.11)

forall j =1,2,.... Using the complete continuity of A(-,u), (A3), (ii), the continuity of J, the
convex lower semicontinuity of ¢, ¢, and || - ||?, and letting j — oo, we get

f(uo,0) + (A(uo, v),1(v, ) ) + ¢(v) + %(v —uo, J(uo = 2)) = (o) 2 §(v —ug), VYveC.

(3.12)
From Lemma 2.9, we have
f(uo,v) + (A(ug, ug), n(v, up)) + p(v) + %(v —up, J(ug—z)) —(ug) >0, VoveC.
(3.13)
Hence, we complete the proof. O

Setting A = 0 and ¢ = 0 in Lemma 3.1, we have the following result.
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Corollary 3.2. Let E be a real Banach space with the smooth and strictly convex second dual space
E**, let C be a nonempty bounded closed convex subset of E**. Let f : C x C — R be a bifunction
satisfying (A1), (A3), and (A4). Let r > 0 and z € C. Then there exists ug € C such that

fup,v) + %(v —up, J(up—2z)) >0, VYoeC (3.14)

If E is reflexive (i.e., E = E*) smooth and strictly convex real Banach space, then we
have the following result.

Corollary 3.3. Let E be a reflexive smooth and strictly convex Banach space, let C be a nonempty
bounded closed convex subset of E, let A : C x C — E* be a relaxed 1-¢ semi-monotone mapping. Let
f 1 CxC — R be a bifunction satisfying (A1), (A3), and (A4), and let ¢ : C — R U {+o0} be a
proper lower semicontinuous and convex function. Let r > 0 and z € C. Assume that

(i) n(x,y) +n(y,x) =0forall x,y € C;

(ii) for any fixed w,v,w € C, the mapping x — (A(v,w),n(x,u)) is convex and lower
semicontinuous;

(iii) for each x € C, A(x,-) : C — E* is finite-dimensional continuous.

(iv) ¢ : E — R is convex lower semicontinuous.

Then, there exists ug € C such that
1
f(uo, ) + (A(uo, uo), n(v, up) ) + p(v) + ;(v —ug, J(uo—z)) 2 p(ug), YoeC.  (3.15)

If E is reflexive (i.e., E = E**) smooth and strictly convex, A is semi-monotone, then
we obtain the following result.

Corollary 3.4. Let E be a reflexive smooth and strictly convex Banach space, let C be a nonempty
bounded closed convex subset of E, let A : C x C — E* be a semi-monotone mapping. Let f :
C xC — R be a bifunction satisfying (A1), (A3), and (A4), and let ¢ : C — R U {+oo} be a proper
lower semicontinuous and convex function. Assume that, for any r > 0and z € C,

(i) for any fixed w,v,w € C, the mapping x — (A(v,w), x — u)) is convex and lower
semicontinuous;

(ii) for each x € C, A(x,-) : C — E* is finite-dimensional continuous.

Then, there exists uy € C such that
1
f(uo,v) + (A(uo, ug), v —ug) + (v) + ;(v —ug, J(uo —2)) 2 p(uy), YveC. (3.16)

Theorem 3.5. Let E be a real Banach space with the smooth and strictly convex second dual space
E**, let C be a nonempty, bounded, closed, and convex subset of E**, let A : C x C — E* be a relaxed
1-¢ semi-monotone mapping. Let f be a bifunction from C x C to R satisfying (Al)—(A4) and let
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@ be a lower semicontinuous and convex function from C to R. For any r > 0, define a mapping
@, : E** — C as follows:

@, (x) = {u €C: f(u,v)+ (A(u,u),n(v,u)) +p() + %(U —u, Ju-x))>pu), Yo e C},
(3.17)
forall x € E. Assume that
(i) n(x,y) +n(y,x) =0forall x,y € C;

(ii) for any fixed u,v,w € C, the mapping x — (A(v,w),n(x,u)) is convex and lower
semicontinuous;

(iii) for each x € C, A(x,-) : C — E* is finite-dimensional continuous: that is, for any finite-
dimensional subspace F C E**, A(x,-) : CNF — E* is continuous;

(iv) ¢ : E** — R is convex lower semicontinuous;
(v) forany x,y € C, {(x —y) +§(y - x) 2 0;
(vi) forany x,y € C, A(x,y) = A(y, x).

Then, the following holds:

(1) @, is single-valued;

(2) (Drx — Dy, J(Drx — x)) < (Dyx — Dy, J(D,y —y)) forall x,y € E;
(3) F(®r) = GMEP(f, A, 1, 9);
)

(4) GMEP(f, A, 1, ) is nonempty, closed, and convex.

Proof. For each x € E**, by Lemma 2.10, we conclude that @, (x) is nonempty.

(1) We prove that @, is single-valued. Indeed, for x € E** and r > 0, let z1, 2z, € @, (x).
Then,

f(z1,0) + (A(z1,z1), (v, z1) ) + @(v) + %(v —z1,J(z1-%x)) > p(z1), YveC,

(3.18)
f(22,0) + (A(z2, 22), (v, 22) ) + @(v) + %(v -2, J(za-x)) > ¢p(z2), YveC.

Hence,
1
f(z1,22) + (A(z1,21), (22, 21) ) + 9(22) + ;(Zz -z1,J(z1—-x)) 2 ¢(z1),
1 (3.19)
f(z2,21) + (A(z2, 22), 1(21, 22) ) + p(21) + ;(Zl =22, J(z2 - %)) > ¢(z2).
Adding the two inequalities, from (i) we have

f(z2,21) + f(z1,22) + (A(z1, 1) — A(22, 22),1(22, 21) ) + %(Zz -z1,J(z1-x) = J(z2 - x)) > 0.

(3.20)
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From (A2), we have
(A1, 20) = Az, 22),1(z2,20)) + 5 (22 = 21, (21 =) = (22 = 3)) 20,
That is,
(2221, 0 (21 )~ (22 - %)) 2 (Al 22) - Al 20), (22, 20))-

Calculating the right-hand side of (3.22), we have

(A(z2,22) — A(z1,21), (22, 21))
= (A(z2,22) — A(z2,21) + A(2z2,21) — A(z1, 22) + A(z1, 22) — A(z1, 21), (22, 21) )
= (A(z2,22) = A(22,21), (22, 21)) + (A(z2, 21) = A(21, 22), (22, 21))
+(A(z1,22) — A(z1,21),1(22, 21))
>28(z0 — z1) + (A(z2, 21) — A(z1, 22), (22, 21) ),

and so,

%(Zz -z, J(z1 - %) = J(z2 = %)) > 28(2z2 — 1) + (A(22, 21) — A(21, 22), 11(22, 21) ).
In (3.24) exchanging the position of z; and z,, we get

%<Zl —22,J(z2 = %) = J(z1 = X)) > 2¢(z1 — 22) + <A(Zl/22) - A(z2, Z1)/71(Zl,22)>-

Adding the inequalities (3.24) and (3.25) and using (v) and (vi), we have
(z2—z1,J(z1 = %) = J(z2 = x)) 2 1(§(22 — z1) + §(z1 — 22)) 2 0.
Hence,

0<(z2—z1,J(z1—x) = J(z2—x)) = ((z2 — %) — (21 = x), J(z1 = x) = J(z2 — x)).

13

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

Since J is monotone and E** is strictly convex, we obtain that z; —x = z, —x and hence z; = z,.

Therefore, @, is single-valued.
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(2) For x,y € C, we have

f(@x, ®,y) +{A(D,x, Dpx), (DY, Dpx) )+ (DY) —(p((I)rx)+%((Dry—<I)rx, J(@,x-x)) >0,

1
F(@ry, @) +(A(Dry, Dry), n(Drx, Dy ) )+ (@) = (Pry) +—(Prx=Dyy, J (Pry-y)) 2 0.
(3.28)

Adding the above two inequalities and by (i) and (A2), we get

(A(®,x, D,x) - A(D,y, D,y), n(Dry, @, x)) + %(cbry - @px, J(@rx - x) - J(Dry - y)) 20,
(3.29)

that is

%((I)ry -D,x, J(Orx - x) - J(Dy —y)) > (A(D,y, Dry) — A(Drx, D,x), 1(Dry, Drx)).
(3.30)

After calculating (3.30), we have

@y - By, J(@px - x) ~ [ (Dry - ) 2 24(Dry, D)

+(A(D,y, Dyx) — A(Drx, D, y), n(Dry, Drx)).
(3.31)

In (3.30), exchanging the position of @,x and ®,y, we get

%(‘Drx -y, J(Pry - y) — J(Drx — x)) > 2¢(D,x, D, y)

+ (A(D,x, ®,y) - A(Dry, Drx), 1(Drx, D,y)).
(3.32)

Adding the inequalities (3.31) and (3.32), use (i) and (vi), we have
(Dry — Ox, J(Drx — x) = J(Dry — 1)) > 1(§(Drx, Dyy) + é(Dyy, rx)). (3.33)

It follows from (iv) that

(®ry - Dyx, J(Dx —x) - J(Dry —y)) 2 0. (3.34)
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Hence,

(@ x =Dy, J(Drx - x)) <(Dyx - Dy, ](q)ry - y) ). (3.35)

(3) Next, we show that F(®,) = GMEP(f, A, 1, ¢). Indeed, we have the following:
ueF(®,) = u=0,u
= f(u,v) + (A(u,u),n(v,u)) + p(v) + %(v —u, Ju-u))>¢pu), YveC

= f(u,v)+ (A(u,u),n(v,u)) +p) > ), YoeC

& u € GMEP(f, A, 1,¢).
(3.36)

Hence, F(®,) = GMEP(f, A, 1, ).

(4) Finally, we prove that GMEP(f, A, 77, ¢) is nonempty, closed, and convex. For each
v € C, we define the multivalued mapping G : C — 2" by

Gw)={ueC: f(u,v)+ (A, u),n,u))+ @) > )} (3.37)

Since v € G(v), we have G(v) #0. We prove that G is a KKM mapping on C. Suppose that
there exists a finite subset {z1,z,...,2,} of C, and a; > 0 with }}/"; &; = 1 such that zZ =
> aizi € G(z;) foralli=1,2,...,m. Then

f(Z,zi) + (A(Z,2),1(zi,2)) + 9(zi) —p(2) <0, i=1,2,...,m. (3.38)
From (A1), (A4), (ii), and the convexity of ¢, we have

0=f(z,2) +(A(Z,2),1(z2)) +9(2) - p(2)

= f<2,iaiz,~> + <A(2, 2),q<ia,~zi, 2>> + w(ima) -¢(z)
i1 i1 i=1

< Sai(f(Zz1) + (A 2),1(z1,2)) + 9(zi) — 9(2))
i=1

(3.39)

<0,

which is a contradiction. Thus, G is a KKM mapping on C.
Next, we prove that G(y) is closed for each y € C. For any y € C, let {x,} be any
sequence in G(y) such that x,, — xo. We claim that xy € G(y). Then, for each y € C, we have

f(%n, ) + (A0, x0), 1(Y, Xn)) + 9(y) 2 p(xn). (3.40)
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By monotonicity of A, we obtain that
f Cenry) + (Ao ¥),m(y, xn)) + 9(y) 2 @) +&(y = xn)- (3-41)

By (A3), (i), (ii), (iv), lower semicontinuity of ¢, and the complete continuity of A, we obtain
the following

p(x0) + (A (X0, y), (%0, y)) < Hminf o(xa) + Eminf(A (2w y), 1(xn y))
< liminf(p(xa) + (A (% y), 1(x0 )

= lim inf(p(xn) = (A(xn, ¥),1(Y, Xn)))

< limsup (p(xn) = (A y), 1Y, n))) o
<limsup(f (n y) +¢(y) = 6(y —xn))
< f(xo,y) +¢(y) —&(y - x0)-
Hence,
f(x0,y) +{A(x0,¥),1(y, x0)) + 9(y) 2 p(x0) +§(y —x0), VyeC. (343)
From Lemma 2.9, we have
f(x0,y) + (Alxo, x0),1(y, x0)) + ¢ (y) 2 ¢(x0), Vy€C. (3.44)

This shows that xy € G(y), and hence G(y) is closed for each y € C. Thus, GMEP(f, A, 7, ) =
ﬂyeC G(y) is also closed.

Next, we observe that G(y) is weakly compact. In fact, since C is bounded, closed, and
convex, we also have G(y), which is weakly compact in the weak topology. By Lemma 2.6,
we can conclude that (,cc G(y) = GMEP(f, A, 7, ¢) #0.

Finally, we prove that GMEP(f, A, 1, ¢) is convex. In fact, let u,v € F(®,), and z; =
tu+ (1-t)vfort e (0,1). From (2), we know that

(Du— Dz, J(D, 2 — 2z4) = J(Dyu—u)) >0. (3.45)
This yields that
(u— D@z, J (D, 2 — z1)) > 0. (3.46)
Similarly, we also have

(v =Dz, J( Dzt — 24)) > 0. (3.47)
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It follows from (3.46) and (3.47) that

lz¢ — (I’rzt”2 =(zt = Dpzy, J (2 — Dy zy))

= t<u - (I)rztr ](Zt - (I)rzt)> + (1 - t)<U - q)th, ](Zt - (I)rzt)> (348)
<0.

Hence, z; € F(®,) = GMEP(f, A, 1, ¢) and hence GMEP(f, A, 1, ¢) is convex. This completes
the proof. O

If E is reflexive (i.e., E = E**) smooth and strictly convex, then the following result can
be derived as a corollary of Theorem 3.5

Corollary 3.6. Let E be a reflexive smooth and strictly convex Banach space, let C be a nonempty,
bounded, closed, and convex subset of E, and let A : C x C — E* be a relaxed n-¢ semi-
monotone mapping. Let f be a bifunction from C x C to R satisfying (Al)—(A4) and let ¢ be a
lower semicontinuous and convex function from C to R. Let r > 0 and z € C and define a mapping
@, : E — C as follows:

D, (x) = {u €C: f(u,v)+ (A(u,u),n(v,u)) +p() + %(U —u, J(u—x)) > pu), Yo e C},
(3.49)

forall x € E. Assume that

(i) n(x,y) +n(y,x) =0forall x,y € C;

(ii) for any fixed u,v,w € C, the mapping x — (A(v,w),n(x,u)) is convex and lower
semicontinuous;

(iii) for each x € C, A(x,-) : C — E* is finite-dimensional continuous;
(iv) ¢ : E — R is convex lower semicontinuous;
(v) forany x,y € C, {(x —y) +&(y — x) > 0;
(vi) forany x,y € C, A(x,y) = A(y, x).
Then, the following holds:

(1) @, is single-valued;
(2) (Dyx - Dy, J (@ x — x)) < (Dpx =Dy, J(@,y —y)) forall x,y € E;
(4) GMEP(f, A, 1, ) is nonempty, closed, and convex.

4. Strong Convergence Theorems

In this section, we prove a strong convergence theorem by using a hybrid projection algorithm

for an asymptotically nonexpansive mapping in a uniformly convex and smooth Banach
space.
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Theorem 4.1. Let E be a real Banach space with the smooth and uniformly convex second dual space
E**, let C be a nonempty, bounded, closed, and convex subset of E**. Let f be a bifunction from C x C
to R satisfying (Al)—(A4), and let ¢ be a lower semicontinuous and convex function from C to R.
Let A: CxC — E* bea relaxed n-¢ semi-monotone and let S : C — C be an asymptotically
nonexpansive mapping with a sequence {k,} C [1,00) such that k, — 1asn — oo. Assume that
Q= F(S) NGMEP(f, A, 1n,¢) #0. Let {x,} be a sequence in C generated by

XOEC, DOZCOZC/
Cp=co{zeCya:|lz—S"z|| < tyllxy — S"xull}, n>1,

u, € C such that

f(n, y) +@(y) + (A, tn), (Y, Un)) + %(y —tn, J (Un = Xn)) 2 9(un), Vye€C, n20,

D,={z€Dy1:{up—z, J(xy,—u,)) >0}, n>1,

Xu+1 = Pc,op, X0, n2>0,
4.1)

where {t,} and {r,} are real sequences in (0,1) such that lim, _, t, = 0, and liminf, _, 7, > 0.
Then {x,} converges strongly, asn — oo, to Poxo.

Proof. Firstly, we rewrite the (4.1) as follows:

x0€C, Dyg=Cop=0C,
Cpo=co{z€Cp1:l|lz-S"z| < tyllx,— S"x,||}, n>0,

(4.2)
Dy,={z€Dyq: (D, xy—2, J(xn — Dy, x,)) >0}, n>1,

Xn+1 = Pc,ap,x0, n2>0,

where @, is the mapping defined by

@, (x) = {z €C: f(zy) +(A(z,2),m(y,2)) +p(y) + %(y—z,](z—x)) >p(z), Vy e C}.
(4.3)

We first show that the sequence {x,} is well defined. It is easy to verify that C,, N D,, is closed
and convex and Q C C, for all n > 0. Next, we prove that Q ¢ C, N D,,. Since Dy = C, we also
have Q C Cy N Dy. Suppose that Q C Ci_1 N Dy_; for k > 2. It follows from Theorem 3.5 (2)
that

(D, Xk — Dpout, J( D1t — 1) — J (D, xk — X)) 20, (4.4)
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for all u € Q. This implies that
<cDrkxk _u/](xk _(I)rkxk)> 20, (45)

for all u € Q. Hence Q C Dy. By the mathematical induction, we get that Q ¢ C,, N D,, for each
n > 0, and hence {x,} is welldefined. Put w = Pgxy. Since Q ¢ C, N D,, and x,41 = Pc,np,, We
have

41 — x0|| < ||l — x|, n>0. (4.6)

Since x,42 € Dyy1 C Dy, and x,,41 = Pc,np, X0, we have

llxne1 = xoll < [l2n42 = Xoll- (4.7)

Since {[|x, — xo[|} is bounded, we have lim,, _, .|| x, — x0[| = d for some a constant d. Moreover,
by the convexity of D,, we also have (1/2)(x,+1 + Xp+2) € D, and hence

0 = sl < [ o = 0202 | < 2o = ol + [0 = el (438)
This implies that
li 1 1 L Xl F Xns2 || _
tim | 330 = 30) + 50502 | = fim o - 2222 (49)
By Lemma 2.2, we have
i [lx, = 2] = 0. (4.10)
Next, we show that
Jim lac, - Sacy | = 0. (4.11)

To obtain (4.11), we need to show that lim,, _, ,||x, — S" *x,|| = 0, for all k € .

Fix k € NV and put m = n—k. Since x, = Pc, ,np, ,x, wehave x,, € C;,.1 C -+ C C,,. Since
tm > 0, there exist y1,...,yn € C and nonnegative numbers Ay, ..., Ay with Ay +---+ Ay =1
such that

N
Xn = D Niyil| < tm, (4.12)

i=1
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and |ly; — S"yill < twllxm — S™xp| foralli € {1,...,N}. Put M = sup__.||x|, u = Pr(s)x and
1o = sup,,5; (1 + ky) |l xn — ul|. Since C and {k,} are bounded, (4.12) implies

(11 )il g

and ||y; — S™yil| < tullxm — S™%ml| < tm(1+ km)||xm — 1| < rotm foralli € {1,..., N'}. Therefore,

ZA yi ZA vi

< (1 - —m>M + b, (4.13)

Hy,- - kismyiH < (1 - ki>M + 7oty (4.14)

foralli € {1,...,N}. Moreover, asymptotically nonexpansiveness of S and (4.6) give that

! im ) - Smx <<1—i>M+t (4.15)
km - iYi nf| > km me .
It follows from Theorem 2.4, (4.13)—(4.15) that
1 N
ltn = S™xnll < 1200 = 1= 3 Aiys - S"y;) H
m iz

ZA S™y; - S™ <ZA yl> <ZA yl> "xn

1 Otm 1 m m
2<1 k—)M + 2t +k—+y <max <“y,~—y,-||—m||5 yi—S"y;

m 1<i<j<N

IN

)
)

(4.16)

1 m
—5"Yj

1 Totm 1 .,
E>M+2t +k—+y (me_lx (Hy,—ES vi||+

1<i<j<N
1 1
< 2(1 - —)M +2t,, + Dobm y’1<2< - —)M +2r0tm>.

Since lim, , .k, = 1 and lim,,_, ot, = 0, it follows from the last inequality that lim,, _, o-||x, —
S™x,|| = 0. We have that

|, — Sxp|| = - Sy, S"lx, - Sx,

(4.17)

< ”xn -S|l + k1 ||S" %x, — x4l — 0 as n — co.

Since {x,} is bounded, there exists a subsequence {x,,} of {x,} such that x,, — X € C.
Therefore, we obtain X € F(S). Next, we show that X € GMEP(f, A, 77, ¢). By the construction
of D,,, we see from Theorem 2.1 that ®,,x,, = Pp, x,,. Since x,,41 € D,,, we get

l5n = @y, x| < |30 = Xpsa || — 0. (4.18)
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From (C2), we also have
1 1
_”](xn - (I)rnxn)” = _”xn - (Dr,,xn” — 0, (4.19)
Tn Tn

asn — oo. By (4.19), we also have @, Xp, — X. By the definition of @, , for each y € C, we
obtain

f(q)r,,i Xn;, y> + <A<(Drn,- xni,(Drni xni>, ﬂ(y, (I)rni xni> > + (P(y)
(4.20)
+ ri <y -, xn,-/]<q)r"an,- - xn,.>> > (p(tl),nixn,).

n;

By (A3), (4.19), (ii), the weakly lower semicontinuity of ¢ and complete continuity of A we
have

(p(f) < hmg}f(l)<¢)”ni xni)

< hﬂ iorolf f <‘I’rni X, y) + liirg g1f <A (‘I’rni Xn;r Dy, Xn; ) ] <y, o, xni> >

(4.21)
+ o(y) + hinlgxfrim (y =y, 20, T (D, 0, = X0,) )
<f(Ey) +o(y) + (A& X),n(y, X))
Hence,
fEy) +o(y) + (AE %), 1(y, %)) 2 (). (4.22)

This shows that X € GMEP(f, A, 11, ), and hence X € Q := F(S) N GMEP(f, A, 1, p).
Finally, we show that x, — w asn — oo, where w := Poxj. By the weakly lower
semicontinuity of the norm, it follows from (4.6) that

150 = wol| < llco = X]| < Liminf laco = xy || < limsup|lxo — x| < [|x0 = 20]]- (4.23)

i— o0
This shows that

i [ = x| = |lx0 - 2] = o - %, (424)

and X = w. Since E** is uniformly convex, we obtain that xo — x,, — x9 — w. It follows that
Xn, — w.So, we have x, — w asn — oo. This completes the proof. O

i

If S is a nonexpansive mapping in Theorem 4.1, then we obtain the following result
concerning the problem of finding a common element of GMEP(f, A, 77, ¢) and the fixed point
set of a nonexpansive mapping in a Banach space setting.
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Theorem 4.2. Let E be a real Banach space with the smooth and uniformly convex second dual space
E**, let C be a nonempty, bounded, closed, and convex subset of E**. Let f be a bifunction from C x C
to R satisfying (A1)—(A4) and let ¢ be a lower semicontinuous and convex function from C to R. Let
A : CxC — E* bea relaxed n-¢ semi-monotone and let S : C — C be a nonexpansive mapping
such that Q := F(S) N GMEP(f, A, 1, ¢) #0. Let {x,} be a sequence in C generated by

xQGC, D():CO:C/
Cn=cofz € Cy:lz— Szl Stullxn — Sxull}, n21,

u, € C such that

fQuny) +9(y) + (Aln, un), n(y, un)) + %(y =, J (Un = X)) 2 p(un), Vy€C, n>0,

Dy,={z€Dy1:(un—zJ(xn—uy)) 20}, nx>1,

Xn+1 = Pc,np,X0, n >0,
(4.25)

where {t,} and {r,} are real sequences in (0,1) such that lim, _, t, = 0, and liminf,_, 7, > 0.
Then, {x,} converges strongly, as n — oo, to Poxy.

Putting A =0 and ¢ = 0 in Theorem 4.1, then we have the following result in a Banach
space.

Theorem 4.3. Let E be a real Banach space with the smooth and uniformly convex second dual space
E** and let C be a nonempty, bounded, closed, and convex subset of E**. Let f be a bifunction from
C x C to R satisfying (A1)—(A4). Let S : C — C be an asymptotically nonexpansive mapping with
a sequence {k,} C [1,00) such that Q := F(S) NEP(f) # 0. Let {x,} be a sequence in C generated by

x0€C, Dyg=Cyp=C,
Cp=co{z€e€Cya:|z—S"z|| < tyllxy — S"xull}, n>1,

u, € C such that

(4.26)
flun,y) + %(y Uy, J(Un—x,)) 20, VyeC, n>0,

Dy,={z€Dy1:(uy—z J(xn—u,)) >0}, n>1,

Xu+1 = Pc,ap,x0, n2>0,

where {t,} and {r,} are real sequences in (0,1) such that lim, _, t, = 0, and liminf, _, .7, > 0.
Then, {x,} converges strongly, asn — oo, to Poxy.

Putting f =0, A=0, ¢ =0, and r, =1 in Theorem 4.1 and applying Theorem 2.1, we
get x, = u,,. Then, we have the following new approximation method concerning the problem
of finding a fixed of an asymptotically nonexpansive mapping in a Banach space.
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Theorem 4.4. Let E be a real Banach space with the smooth and uniformly convex second dual
space E**, let C be a nonempty, bounded, closed, and convex subset of E**. Let S : C — C be an
asymptotically nonexpansive mapping with a sequence {k,} C [1, o) such that F(S) #®. Let {x,} be
a sequence in C generated by

x0€C, Cop=¢(C,
C,=co{z€Cyq:|lz=5"z|| < tyllxn = S"xull}, n>1, (4.27)

Xn+1 = PC,[-XO/ n2> 0/

where {t,} and {r,} is a real sequence in (0,1) such that lim,_,,t, = 0. Then {x,} converges
strongly, as n — oo, to Pr(s)Xo.

If E is reflexive (i.e., E = E**) smooth and uniformly convex, then the following results
can be derived as a corollary of Theorem 4.4.

Corollary 4.5. Let E be a reflexive smooth and uniformly convex real Banach space, let C be a
nonempty, bounded, closed, and convex subset of E. Let S : C — C be an asymptotically nonexpansive
mapping with a sequence {k,} C [1, o0] such that F(S) #0. Let {x,} be a sequence in C generated by

x0€C, Cy=¢C,
Cpo=co{z€eCpq:||z-5"z| <tyllx,— S"x,|l}, n>1, (4.28)

Xn+1 = Pc,xo, n20,

where {t,} and {r,} is a real sequence in (0,1) such that lim,_, t, = 0. Then, {x,} converges
strongly, asn — oo, to Pr(s)Xo.
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