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We first prove the existence of solutions for a generalized mixed equilibrium problem under
the new conditions imposed on the given bifunction and introduce the algorithm for solving
a common element in the solution set of a generalized mixed equilibrium problem and the
common fixed point set of finite family of asymptotically nonexpansive mappings. Next, the strong
convergence theorems are obtained, under some appropriate conditions, in uniformly convex and
smooth Banach spaces. The main results extend various results existing in the current literature.

1. Introduction

Let E be a real Banach space with the dual E* and C be a nonempty closed convex subset of
E. We denote by N and R the sets of positive integers and real numbers, respectively. Also,
we denote by ] the normalized duality mapping from E to 2E" defined by

Jx = {x* eE: (x,x*) = ||x|? = ||x*||2}, Vx € E, (1.1)
where (-, -) denotes the generalized duality pairing. Recall that if E is smooth, then J is single

valued and if E is uniformly smooth, then J is uniformly norm-to-norm continuous on
bounded subsets of E. We will still denote by ] the single-valued duality mapping.
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A mapping S : C — Eis called nonexpansive if ||Sx—-Sy|| < ||x—-y|| forall x, y € C. Also
amapping S : C — C is called asymptotically nonexpansive if there exists a sequence {k,} C
[1,00) with k, — 1asn — oo such that ||S"x — S"y|| < ku|lx — y|| for all x,y € C and for
each n > 1. Denote by F(S) the set of fixed points of S, thatis, F(S) = {x € C : Sx = x}. The
following example shows that the class of asymptotically nonexpansive mappings which was
first introduced by Goebel and Kirk [1] is wider than the class of nonexpansive mappings.

Example 1.1 (see [2]). Let By be the closed unit ball in the Hilbert space H =l and S : By —
By a mapping defined by

S(x1,x2,x3,...) = (O, x%, arXxo, a3x3,...>, (1.2)

where {a,} is a sequence of real numbers such that 0 < g; < 1 and []%, a; = 1/2. Then

[[Sx - Syl <2]x -y

, VYx,y € By. (1.3)

That is, S is Lipschitzian but not nonexpansive. Observe that

n
15" = S"y|| < 2] Jaillx - v

i=2

, VYx,y€By,n>2. (1.4)

Here k, = 2[]j.,a; — 1asn — oo. Therefore, S is asymptotically nonexpansive but not non-
expansive.

A mapping T : C — E* is said to be relaxed 7-¢ monotone if there exist a mapping
71 :CxC — Eand a function ¢ : E — R positively homogeneous of degree p, that is,
¢(tz) = tP¢(z) for all t > 0 and z € E such that

(Tx =Ty, n(xy)) 2é(x-y), V¥x,yeC (1.5)

where p > 1is a constant; see [3]. In the case of 77(x,y) = x —y forall x,y € C, T is said to
be relaxed ¢-monotone. In the case of 7(x, y) = x — y for all x,y € C and ¢(z) = k||z||”, where
p>1land k >0, T is said to be p-monotone; see [4-6]. In fact, in this case, if p =2, then T is a
k-strongly monotone mapping. Moreover, every monotone mapping is relaxed 7-¢ monotone
with 7(x,y) = x =y for all x,y € C and ¢ = 0. The following is an example of 7-¢ monotone
mapping which can be found in [3]. Let C = (o0, ), Tx = —x, and

_felx-y), x>y,
n(x,y)—{c(x_y)l <y, (1.6)

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

2

é(z) = {CZ 220 (1.7)

—cz?, z<O.
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A mapping T : C — E* is said to be 7-hemicontinuous if, for each fixed x,y € C, the mapping
f :[0,1] — (—o0,+o0) defined by f(t) = (T(x + t(y — x)),n(y, x)) is continuous at 0*. For
a real Banach space E with the dual E* and for C a nonempty closed convex subset of E, let
f:CxC — Rbeabifunction, ¢ : C — R areal-valued functionand T : C — E* be a relaxed

71-¢ monotone mapping. Recently, Kamraksa and Wangkeeree [7] introduced the following
generalized mixed equilibrium problem (GMEP).

Find x € Csuch that f(x,y) + (Tx,n(y,x)) +¢(v) > ¢(x), VyeC. (1.8)
The set of such x € C is denoted by GMEP(f,T), that is,
GMEP(f,T) = {xeC: f(x,y) +(Tx,n(y,x)) + ¢(v) > ¢(x), Yy € C}. (1.9)

Special Cases

(1) If T is monotone that is T is relaxed 1-¢ monotone with 1(x,y) = x —y forall x,y € C and
¢ =0, (1.8) is reduced to the following generalized equilibrium problem (GEP).

Find x € Csuch that f (x,y) + (Tx,y —x) + p(y) > 9(x), VyeC. (1.10)
The solution set of (1.10) is denoted by GEP(f), that is,
GEP(f) ={xeC: f(x,y) +({Tx,y—x) +¢(y) > p(x), Vy € C}. (1.11)

(2) Inthe case of T =0 and ¢ =0, (1.8) is reduced to the following classical equilibrium
problem

Find x € Csuch that f(x,y) >0, VyeC. (1.12)

The set of all solution of (1.12) is denoted by EP(f), that is,

EP(f)={xeC: f(x,y) >0, Vy € C}. (1.13)

(3) In the case of f = 0, (1.8) is reduced to the following variational-like inequality
problem [3].

Find x € Csuch that (Tx,n(y,x)) +¢(y) —¢(x) >0, VYyeC. (1.14)

The generalized mixed equilibrium problem (GMEP) (1.8) is very general in the sense
that it includes, as special cases, optimization problems, variational inequalities, minimax
problems, and Nash equilibrium problems. Using the KKM technique introduced by Kanster
et al. [8] and 7-¢ monotonicity of the mapping ¢, Kamraksa and Wangkeeree [7] obtained
the existence of solutions of generalized mixed equilibrium problem (1.8) in a real reflexive
Banach space.
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Some methods have been proposed to solve the equilibrium problem in a Hilbert
space; see, for instance, Blum and Oettli [9], Combettes and Hirstoaga [10], and Moudafi
[11]. On the other hand, there are several methods for approximation fixed points of a
nonexpansive mapping; see, for instance, [12-17]. Recently, Tada and Takahashi [13, 16] and
S. Takahashi and W. Takahashi [17] obtained weak and strong convergence theorems for
finding a common elements in the solution set of an equilibrium problem and the set of fixed
point of a nonexpansive mapping in a Hilbert space. In particular, Tada and Takahashi [16]
established a strong convergence theorem for finding a common element of two sets by using
the hybrid method introduced in Nakajo and Takahashi [18]. They also proved such a strong
convergence theorem in a uniformly convex and uniformly smooth Banach space.

On the other hand, in 1953, Mann [12] 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,, VneN, (1.15)

where the initial point x is taken in C arbitrarily and {a,} is a sequence in [0,1]. However,
we note that Manns iteration process (1.15) has only weak convergence, in general; for
instance, see [19-21]. In 2003, Nakajo and Takahashi [18] proposed the following sequence
for a nonexpansive mapping S in a Hilbert space:

xgo=x€C,
Yn = AnXp + (1 = a,)Sxy,
Co={zeC:lyn—z[ <llxu-=l}, (1.16)
Qu={zeC:{(x,—zx0—x,) >0},

Xns1 = Pc,ng, X0,

where 0 < a, < a <1foralln € N, and Pc,np, is the metric projection from E onto C,, N D,,.
Then, they proved that {x, } converges strongly to Pr(r)xo. Recently, motivated by Nakajo and
Takahashi [18] and Xu [22], Matsushita and Takahashi [14] introduced the iterative algorithm
for finding fixed points of nonexpansive mappings in a uniformly convex and smooth Banach
space: xg = x € C and

Cp=cof{zeC:|z-5z| <tullxn — Sxull},
D,={zeC:{(x,—z J(x—x,)) >0}, (1.17)

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

where coD denotes the convex closure of the set D, {t,} is a sequence in (0,1) with
t, — 0. They proved that {x,} generated by (1.17) converges strongly to a fixed point
of S. Very recently, Dehghan [23] investigated iterative schemes for finding fixed point of
an asymptotically nonexpansive mapping and proved strong convergence theorems in a
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uniformly convex and smooth Banach space. More precisely, he proposed the following
algorithm: x; =x € C, Cy = Dy = C and
Cp=co{zeCpyq:l|lz-S"z| < tullxn — S"xull},
D,={z€Dyq:{xp—z J(x—x,)) >0}, (1.18)

Xn+1 = Pc,np,x, 120,
where {t,} is a sequence in (0,1) with t, — Oasn — oo and S is an asymptotically nonex-
pansive mapping. It is proved in [23] that {x,} converges strongly to a fixed point of S.

On the other hand, recently, Kamraksa and Wangkeeree [7] studied the hybrid pro-
jection algorithm for finding a common element in the solution set of the GMEP and the
common fixed point set of a countable family of nonexpansive mappings in a uniformly
convex and smooth Banach space.

Motivated by the above mentioned results and the on-going research, we first prove
the existence results of solutions for GMEP under the new conditions imposed on the
bifunction f. Next, we introduce the following iterative algorithm for finding a common
element in the solution set of the GMEP and the common fixed point set of a finite family of
asymptotically nonexpansive mappings {S1,S»,...,Sn} in a uniformly convex and smooth
Banach space: xg € C, Dy = Cyp = C, and

x1 = Pcynp,x0 = Pcxo,

(& =E{Z eC: ||Z— 512” < t1||X1 - S1X1||},
1
uy € Csuch that f(u1,y) +¢(y) + (Tui,n(y,u1)) + r—1<y— uy, J(ur —x1)), VyecC,
Di={zeC:(u -2z J(x1-u1)) >0},

X2 = PClﬁDl X0,

Cn =co{z € Cn-1: Iz = SNzl < tillxn — Snxnll},
1
un € Csuch that f(un,y) +¢(y) + (Tun,n(y,un)) + E(y —un, J(un -xn)), Yy eC,
DN ={z€Dn-1:{un -2z J(xn —un)) 20},

xXn+1 = PeynpyXo,

Cni1 = E{Z eCn: ”Z - S%Z” < t1||.’X'N+1 - S%XNH

un+1 € Csuch that f(un.1,v) +@(y) + (Tuns1, (Y, un:1))

+

(y —una, J(unea —xn4)), Yy e,
YN+1
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Dni1 = {z € Dn : (uns1 — 2z, J(xN+1 — uns1)) 20},

xXN+2 = Pey,inDys X0,

Con = E{Z € Con-1 ”Z — SJZ\IZ” < t1||x2N — SJZ\].XZN|

L

upN € Csuch that f(uon,y) +¢(y) + (Tuan, 1(y, uan))

1
+ —(y —won, J(2an — 22N)), Yy €C,
NN

Don = {z € Dyn-1 : (uan — 2, J (on — uaN) ) > 0},
XoN+1 = Pe,ynpyy Xo,

— . 3 3
Conyt = CO{Z €Con: ||Z - 512” < t1||x2N+1 - S{xoN+1

un+1 € Csuch that f(uoni,v) +@(v) + (Tuans1, 1(y, tanaa) )

+

(y —uona, J(uana — xon41)), Yy €C,
2N+1

Donii = {z € Don = (uon+1 — 2, J (Xon+1 — Uon+1)) 2 0},

x2N+2 = PCZNHQDZNHXOI

(1.19)

The above algorithm is called the hybrid iterative algorithm for a finite family of asymptot-
ically nonexpansive mappings from C into itself. Since, for each n > 1, it can be written as
n = (h-1)N+i,wherei =i(n) € {1,2,...,N}, h = h(n) > 1lis a positive integer and h(n) — oo
asn — oo. Hence the above table can be written in the following form:

xOEC, DO:CO:C/

him) 5

C, :E{z €eCy: ||z—5?((n")>z|| < tullxn _Sz(m n

}, n>1,

uy € C such that f (u,, v) + @(y) + (Tun, n(y, ts)) (120)

1
+ r—(y —Un, J(Un—x,)), VyeCn>1,
n
D, ={z€Dy1:(up—2z,J(xy—uy,)) 20}, n>1,
Xun+1 = Pc,ap,x0, n2>0.
Strong convergence theorems are obtained in a uniformly convex and smooth Banach space.

The results presented in this paper extend and improve the corresponding Kimura and
Nakajo [24], Kamraksa and Wangkeeree [7], Dehghan [23], and many others.



Journal of Applied Mathematics 7

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

It is also said to be uniformly convex if for each € € (0, 2], there exists 6 > 0 such that for any
x,yel,

||x = y|| > 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 6 : [0,2] — [0, 1] called the modulus of convexity of E as follows:

5(e) = inf{l - H“Ty‘

%,y €E,lxl = Iyl = L, [|x - ]| ze}. (2.3)

Then E is uniformly convex if and only if 6(¢) > 0 for all € € (0,2]. A Banach space E is said
to be smooth if the limit

e (2.4)
t—0 t

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

o = ]| < minfly - ]| (2.5)

The mapping Pc : E — C defined by Pcx = xq is called the metric projection from E onto C.
Let x € E and u € C. The following theorem is well known.

Theorem 2.1. Let C be a nonempty 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 well known 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 one will need the following lemmas.
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Lemma 2.2 (see [25]). Let E be a uniformly convex Banach space, let {a,} be a sequence of real
numbers such that 0 < b < a, < ¢ < 1foralln > 1, and let {x,} and {y,} be sequences in E
such that limsup, | _||x,|| < d, limsup,,_, |ly.ll < d and limy, _,  ||at,x, + (1 = &) yul| = d. Then
limy, o[l = Yull = 0.

Dehghan [23] obtained the following useful result.

Theorem 2.3 (see [23]). 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

1
"\
for any asymptotically nonexpansive mapping S of C into C with {k,}, any elements x1,x2,...,x, €
C, any numbers Ay, Ay, ..., Ay > 0 with 37 Aj = 1 and each m > 1.

sm <i)ﬁx,~> - i/\ismxi
i=1 i=1

1
> < max <||x,- S e B —Smxk”) 2.7)

1<j<ksn

Lemma 2.4 (see [26, Lemma 1.6]). Let E be a uniformly convex Banach space, C be a nonempty
closed convex subset of Eand S : C — C be an asymptotically nonexpansive mapping. Then (I — S)
is demiclosed at 0, that is, if x, — x and (I — S)x, — 0, then x € F(S).

The following lemma can be found in [7].

Lemma 2.5 (see [7, Lemma 3.2]). 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 y-hemicontinuous and
relaxed 1 —¢& 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

(i) 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 {xp}, xp converges to x in
o(E, E*) which implies that ¢(x) < liminf &(xp).

Then there exists xy € C such that
1
f(xo,y) + (Txo,n(y, x0)) +¢(y) + (¥ = x0, ] (x0 = 2)) 2 p(x0), VyeC  (28)

Lemma 2.6 (see [7, Lemma 3.3]). 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)-(A4) and
let ¢ be a lower semicontinuous and convex function from C to R. Let r > 0 and define a mapping
@, : E — C as follows:

D, (x) = {z €C: f(zy)+(Tz,n(y,z)) +o(y) + %(y—z,](z—x)) > p(z),Vy € C}
(2.9)
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forall x € E. Assume that

(i) n(x,y) +n(y,x) =0, forall x,y € C;

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

(iii) ¢ : E — R is weakly lower semicontinuous;
(iv) forany x,y € C, é(x —y) +&(y —x) > 0.
Then, the following holds:
(1) @, is single valued;
(2) (Drx - D,y, J(@x —x)) < (Dpx — .y, ](q)r]/ - y))fOV all x,y €E;
() F(®r) = EP(f,T);
(4) EP(f,T) is nonempty closed and convex.

3. Existence of Solutions for GMEP

In this section, we prove the existence results of solutions for GMEP under the new conditions
imposed on the bifunction f.

Theorem 3.1. 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 the following conditions (A1)—(A4):

(Al) f(x,x) =0forall x € C;

(A2) f(x,y) + f(y,x) < min{é(x ~y),¢(y —x)} forall x,y € C;
(A3) forall y € C, f(-,y) is weakly upper semicontinuous;
(A4) forall x € C, f(x,) is convex.

Forany r > 0 and x € E, define a mapping @, : E — C as follows:

@, (x) = {z €C: f(zy)+(Tz,n(y,z)) +o(y) + %(y—z,](z—x)) >p(z),Vy € C},
3.1)

where ¢ is a lower semicontinuous and convex function from C to R. Assume that

(1) n(x,y) +n(y,x) =0, forall x,y € C;

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

(iii) ¢ : E — R is weakly lower semicontinuous.
Then, the following holds:

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

Proof. For each x € E. It follows from Lemma 2.5 that @, (x) is nonempty.
(1) We prove that @, is single valued. Indeed, for x € E and r > 0, let z1, 2z, € ®,x.
Then

f(z1,22) + (Tz2,1(22,21) ) + p(22) + %<Zl - 23, J(z1—x)) 2 ¢(z1),
(3.2)

f(z2,z1) +(Tz1,1(z1,22) ) + p(z1) + %(zz —z1, J(z2 = X)) > ¢(z2).
Adding the two inequalities, from (i) we have
f(z2,21) + f(z1,22) + (Tz1 — T2z2,1(22,21) ) + %(zz -z, J(z1-x) = J(zo—x)) >0. (3.3)
Setting A := min{¢(z1 — z2),¢(z2 — z1)} and using (A2), we have
A+(Tz1 — Tz, (22, 21)) + %<ZZ —z1,J(z1=x) = J(z2-x)) >0, (3.4)
that is,
%<Zz —z1,J(z1=x) = J(z2 = x)) 2 (Tz2 = Tz1,7(22,21)) — A. (3.5)
Since T is relaxed 71-¢ monotone and r > 0, one has
(z2—z1,J(z1 - x) = J(z2 = x)) 27(§(z2 — z1) = A) 2 0. (3.6)
In (3.5) exchanging the position of z; and z,, we get
%(2'1 -2, J(za - x) = J(z1 = %)) > (Tz1 - Tzp,1(z1,22)) — A, (3.7)
that is,
(z1 =22, J(z2—x) = J(z1 —x)) 2 r(é(z1 —z2) — A) > 0. (3.8)
Now, adding the inequalities (3.6) and (3.8), we have

2(zr—z1,J(z1 —x) = J(z2—x)) 2 0. (3.9)
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Hence,
0<(z2-2z1,J(z1-x) = J(z2—x)) = ((z2 = x) = (z1 - x), J(z1 —x) = J(z2—x)).  (3.10)

Since J is monotone and E is strictly convex, we obtain that z; — x = z; — x and hence z; = z,.
Therefore S, is single valued.
(2) For x,y € C, we have

1
f(@yx, @,y) + (T, x, (D, y, Drx) ) + p(Dry) — p(Dyx) + ;(q),y -®,x, J(D,x-x)) >0,

1
F(@ry, @rx) + (T, 1(Prx, ©ry)) +9(Prx) = 9(Dry) + —(Prx = Ory, J (Pry ~ 7)) 2 0.
(3.11)

Setting A, = min{¢(®,x - D,y), {(D,y - O,x)} and applying (A2), we get
1
(TD,x - T®,y, n(D,y, Drx)) + ;(@,y - Oux, J(Orx —x) - (DY —y)) > -Axy, (312)
that is,

1
;(q)r]/ - (I)rx/ ]((I)rx - x) - ]((I)r]/ - ]/)> > <T(I)r]/ - T(I)rx/rl<¢)r]// CD,JC)) - Ax,y

(3.13)
> ¢(Dry — Dpx) — Ayy > 0.
In (3.13) exchanging the position of @,x and ®,y, we get
%(@,x -0y, J(D,y-y) - J(@,x—x)) >0. (3.14)
Adding the inequalities (3.13) and (3.14), we have
%(‘Dry - @,x, J(@;x —x) - J(D@y ~y)) 2 0. (3.15)
It follows that
(@ - ©,x, J(@,x - x) ~ [ (D~ 1)) 2 0. (3.16)
Hence
(D, x — Dy, J(D,x — x)) < (Dpx — Dy, J (D y —y)). (3.17)

The conclusions (3), (4) follow from Lemma 2.6. O
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Example 3.2. Define¢:R — Rand f: RxR — Rby

2
f(xy) = @ ix)=x* Vx,yeR. (3.18)

It is easy to see that f satisfies (Al), (A3), (A4), and (A2): f(x,y) + f(y,x) < min{¢(x —
y),é(x—vy)}, for all (x,y) € RxR.

Remark 3.3. Theorem 3.1 generalizes and improves [7, Lemma 3.3] in the following manners.

(1) The condition f(x,v) + f(y,x) < 0 has been weakened by (A2) that is f(x,y) +
f(y,x) <min{é(x -vy),é(y —x)} forall x,y € C.

(2) The control condition ¢(x—y) +¢(y—x) > 0 imposed on the mapping ¢ in [7, Lemma
3.3] can be removed.

If T is monotone that is T is relaxed 7-¢ monotone with 7(x,y) = x —y forall x,y € C
and ¢ = 0, we have the following results.

Corollary 3.4. 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 a monotone mapping and f be a bifunction from
C x C to R satisfying the following conditions (i)—(iv):
(i) f(x,x) =0forall x € C;
(ii) f(x,y) + f(y,x) <O0forall x,y € C;
(iii) for all y € C, f(-,y) is weakly upper semicontinuous;

(iv) forall x € C, f(x,-) is convex.

Forany r > 0 and x € E, define a mapping ®@, : E — C as follows:

D, (x) = {z €eC:f(zy)+(Tzy-z)+op(y) + %(y—z,](z—x)} > (z),Vy € C},
(3.19)

where ¢ is a lower semicontinuous and convex function from C to R. Then, the following holds:

(1) @, is single valued;

(2) (Dyx - Dy, J(@yx - x)) < (Dpx =Dy, J(D,y —y)) forall x,y € E;
(3) F(®,) = GEP(f);

(4) GEP(f) is nonempty closed and convex.

4. Strong Convergence Theorems

In this section, we prove the strong convergence theorem of the sequence {x,} defined by
(1.20) for solving a common element in the solution set of a generalized mixed equilibrium
problem and the common fixed point set of a finite family of asymptotically nonexpansive

mappings.
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Theorem 4.1. Let E be a uniformly convex and smooth Banach space 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 (Al)-
(A4). Let T : C — E* be an n-hemicontinuous and relaxed 1-¢ monotone mapping and ¢ a lower
semicontinuous and convex function from C to R. Let, foreach 1 < i < N, S; : C — C be an
asymptotically nonexpansive mapping with a sequence {ky;}mq, respectively, such that k,; — 1
as n — oo. Assume that Q = ﬂf\zjl F(Si) N GMEP(f,T) is nonempty. Let {x,} be a sequence
generated by (1.20), where {t,} and {r,} are real sequences in (0,1) satisfying lim, _, .t, = 0 and
liminf, 7, > 0. Then {x,} converges strongly, as n — oo, to Poxo, where Pq is the metric
projection of E onto Q.

Proof. First, define the sequence {k,} by k,, := max{k,;:1<i<N}andsok, — lasn — o
and

where h(n) = j+1if N <n< (j+1)N,j=1,2...,Nandn=jN +i(n);i(n) € {1,2,...,N}.
Next, we rewrite the algorithm (1.20) as the following relation:

S?((nr;)x - Sf.l(sf))y” <knl[x-y| Vx,yeC (4.1)

xOEC, DOZCO:C/

ghtm)

C, = E{z €Cu1: ||z— S?((n"))z” <t, i)

v

} om0 (4.2)

Dy,={z€Dy1:{(D,xp-2,J(xp—Drx,)) >0}, n>1,

Xn — Xn

Xns1 = Pc,np,x0, n 20,

where @, is the mapping defined by (3.19). We 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,. Indeed, since Dy = C, we also have Q C Cy N Dy. Assume that
Q C Cx-1 N Dy for k > 2. Utilizing Theorem 3.1 (2), we obtain

(D, x — Dt J( Dt — 1) — J(D x —x)) 20, YueQ, (4.3)

which gives that

(Dp X —u, J(x —Dpoxx)) 20, YueQ, (4.4)

hence © C Dy. By the mathematical induction, we get that Q ¢ C, N D,, for each n > 0 and
hence {x,} is well defined. Now, we show that

lim ||x, — x| =0, Vj=1,2,...,N. (4.5)

n—oo
Put w = Pqxy, since Q € C, N D, and x,41 = Pc,np,, we have

[%ne1 = xoll < [lw = xoll,  ¥n>0. (4.6)
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Since x,42 € Dyyq C Dy, and xy,41 = Pc,np, X0, we have

|21 = x0]| < [|2x42 = Xo0]|-

(4.7)

Hence the sequence {||x, — x¢l||} is bounded and monotone increasing and hence there exists

a constant d such that

lim ||x;,, — x0]| = d.
n— oo

Moreover, by the convexity of D,,, we also have 1/2(x,+1 + Xn12) € D, and hence

Xp+1l T X2 1
0 = | < | xo = 2| < S (U0 = e+ l1x0 = Xzl
This implies that
N 1 . Xps1 + X
Iim |[= (x0 — xp21) + =(x0 — Xp42) || = lim ”xo _ Il TAme2 g
n—ool| 2 2 n— oo 2

By Lemma 2.2, we have

lim ||x; — xp41]] = 0.
n—oo

Furthermore, we can easily see that

lim ||x, — xu4|| =0, Vj=1,2,...,N.

n—oo

Next, we show that

lim |[x, — SZ(;:S) Xy

n—oo

=0, foranyxe {1,2,...,N}.

Fixx € {1,2,...,N} and put m = n — «. Since x,, = Pc, ,np, , X, we have x,, € Cj,-1 C --
Sincet,, > 0, there exists y1, ..., yp € C and a nonnegative number Ay, ..., Ap with Ay +--

1 such that

P
Xn — Z)Li}/i

i=1

<tm,

7 = Sttt yil| < t||o0m = Sl |, Vi€ (1, PY.

i(m)
By the boundedness of C and {k,}, we can put the following;:

M =sup|lxll,  u=PyypsyXo, 7o =sup(l+ky)llx, —ul.
xeC n>1

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

C Cp
+./\p =

(4.14)

(4.15)

(4.16)
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This together with (4.14) implies that

ZA yi

o égm” < (1 - é) ol +
| = S | < b0 - Sf?(m"?%”

< bl =S+ 1)

i(m)

<(1-5 )M+t

ghimy, _ ghtm || (4.17)

i(m) i(m)
< tullxm — ull + tknl|u — x|
< tm(l + km)”xm - u”

< ter/

foralli e {1,...,N}. Therefore, for eachi € {1,..., P}, we get

1 ghtm)
Yi— k z(m) Yi

ghtm) 1 Sh(m) “

< - svil + | o v~ & St v

1
<rotm+ (1 - —)M
km

Moreover, since each S;, i € {1,2,..., N}, is asymptotically nonexpansive, we can obtain that

(4.18)

1 _nm) ghtm)
Jrostis (o) - s

h(m) h(m)
l(m <Z)L1y’>_ K lm)

h(m) h(m)
k 1(m - S1(m)

1

*O‘E)M
1

—tm+<1—E)M

It follows from Theorem 2.3 and the inequalities (4.17)—(4.19) that

(4.19)

_xn

1 P
Xp — E;Myi

h(m)
i<yi i(m) y1> H
=1

1 h(m) h(m)
+ k_ HZ)L Sz(m) - Sl(m) Z)L Yi

h(m) h(m)
i(m) <Z)L yl) l(m)
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2| (g ]

1 h(m) ghtm)
+y (lgn;;agN(IIyi - yjll - ||S,<m> Simly; ||>>
(1. L Totm
= 2(1 km>M+2tm + K,

+y! (lgrg?gN(llyi -yl - éllsﬁ%)yz Skt y]||>>

1 Tot
<2(1-— )\M+2t,+ 2
—< km> N

1

4 ghtm)

o (s - 5 S )
1 Totm _ 1

§2<1— E>M+2tm+ ;i—m +y 1(2(1— E>M+2rotm>.

1 _him)
Yi~ km Sz(m Yj

(4.20)
Since lim,, _, .k, = 1 and lim,,_, ,t, = 0, it follows from the above inequality that
Tim ||, = S| = 0. (4.21)
Hence (4.13) is proved. Next, we show that
lim [|lx, = Spx|| =0; VI=1,2,... N. (4.22)
From the construction of C,, one can easily see that
| Xl — Sf’((n"))xnu Stul|xn — Sf'((n"))xn . (4.23)
The boundedness of C and lim,, _, ¢, = 0 implies that
Tim (2501 - Sy xpia || = 0. (4.24)

On the other hand, since for any positive integer n > N, n = (n — N)(mod N) and n = (h(n)-
1)N +i(n), we have

=(h(n) -1)N +i(n) = (h(n-N)-1)N +i(n— N) (4.25)
that is

h(n-N)=h(n)-1, i(n-N)=i(n). (4.26)
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Thus,

h h
It = Suxtall < It = nat [l + || 1 = Siy e || + || Sicy X1 = St

‘|

< ||xn - xn+1” + + ||Snxn+1 - Snxn”

h h
Xn+l — Si((nr;)xrﬁ—l + ||Si((n";>xn+l - Snxn+1

<1+ kl)”xn - xn+l“ +

Xn4l — 5,((,, Vx| + ka ”5,( ) i1 = Xno1

< (I +k)llxn = xpaall +

h
Xn+l — Si((nr;) Xn+1

h(n)-1 h(n)-1
+k1[||51(51)) Xt = SI

nsl (n)- 1 —x,

+ 1 = X ]

Xps1 — S nn )xn+1

< (1 + 2k1)||xn - xn+1” + i(n)

h(n-N h(n-N
+ky ”Sz((: N))x'”l - Sl((: N))x"

h(n-N
+k1||Sl(:'N))xn Xy

h(n)

< (14 2k) [l = || + || 2ne1 = S Xwsa

h(n—-N)

i(n-N) Xn = Xn

+ kikp-Nllxns1 — xa]| + klIIS

< (1 + 2kt + kikp-nN) ||xn = Xpa || + |

h(n-N
+ k1 ”51((: N))xn - Xy

h
Xn+l — Sl((nn)) Xn+1

(4.27)
Applying the facts (4.11), (4.13), and (4.24) to the above inequality, we obtain
i [lx, = S| = 0. (4.28)
Therefore, forany j =1,2,..., N, we have
l126n = Snjnll < lxn = 20nsill + [1%nej = Snejns || + S jXnsj = Snajoea|
< 1o = 2w | + % = Swsens | + [l s = x| (4.29)
= (Ut k) [oen = X || + [| %047 = Ssjnss|]| — 0 as m— oo,
which gives that
lim flx, = Sixal| =0; VI=1,2,..., N, (4.30)

as required. Since {x,} is bounded, there exists a subsequence {x,,} of {x,} such that x,, —
% € C. It follows from Lemma 2.4 that ¥ € F(S;) forall = 1,2,...,N. Thatis x € NY, F(S;).

Next, we show that X € GMEP(f,T). By the construction of D,, we see from
Theorem 2.1 that ®,, x,, = Pp,x,. Since x,.1 € D, we get

130 = Dp, Xn| < [[xn = Xp4a|| — 0. (4.31)



18 Journal of Applied Mathematics

Furthermore, since lim inf, _, .7, > 0, we have

1 1
G = @, x0)[ = = lxn = P, Xull — 0, (4.32)
n

n

asn — oo. By (4.32), we also have (D,ni Xp, — X. By the definition of (IJrni, foreach y € C, we
obtain

f<q)rn,-xni/y> + <T®fnixni/71<y/¢)fn,~x"i>> + (P(y) + Tin,<y - (I)rnixn,-/]<¢)fnixni - xni>>

> (p(tI),ni xni>.
(4.33)

By (A3), (4.32), (ii), the weakly lower semicontinuity of ¢ and 7-hemicontinuity of T, we
have

p(x) < lilnl ionf‘P<‘I)rni xni>

< h,nl ciﬂnf f (‘I’rni Xn,, y> + liirr_1) ioglf <T(I)rni X, rl<y, @, xn,.) >

(4.34)
+ ¢(y) +lim ionfrini (y = 5, 20, T (D, 0, = 20,) )
<fEy)+o(y) +(Txn(y, %))
Hence,
fEy) +o(y) +(Txn(y, %)) 2 9(2). (4.35)

This shows that ¥ € EP(f, T) and hence ¥ € Q := Y, F(S;) N GMEP(f,T).
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

llxxo — wl| < [lxo0 — X|| < liminf {|xxo — 2y, || < limsup [[xo = 2 || < [|xx0 — 2]]- (4.36)
1— 00
This shows that
ili%HXO_xni” = [lxo = w|| = [lxo — X|| (4.37)

and X = w. Since E is uniformly convex, we obtain that xo — x,, — x¢ — w. It follows that
Xn, — w.Sowehave x, — wasn — oo. This completes the proof. O
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5. Corollaries

Setting S; = S, an asymptotically nonexpansive mapping, in Theorem 4.1 then we have the
following result.

Theorem 5.1. Let E be a uniformly convex and smooth Banach space 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 (Al)-
(A4). Let T : C — E* be an n-hemicontinuous and relaxed 1-¢ monotone mapping and ¢ a lower
semicontinuous and convex function from C to R. Let S be an asymptotically nonexpansive mapping
with a sequence {k,}, such that k, — 1asn — oo. Assume that Q := F(S) N GMEP(f,T) is
nonempty. Let {x,} be a sequence generated by

xOGC, DOZCOZC/

C,=co{z€Cpuq:|lz-5"z|| <tullxn — S"xull}, n>1,

uy € Csuch that f(un,y) +@(y) + (Tun, n(y,un)) + %(y =, J(Un— %)), VyeCn>1,

Dy,={z€Dy1:(un—zJ(xy—uy)) 20}, nx>1,
Xn+1 = Pc,ap,x0, n2>0,

(5.1)

where {t,} and {r,} are real sequences in (0,1) satisfying lim, _, -t, = 0 and liminf,_, 7, > 0.
Then {x,} converges strongly, asn — oo, to Poxo, where Pg is the metric projection of E onto Q.

It’s well known that each nonexpansive mapping is an asymptotically nonexpansive
mapping, then Theorem 4.1 works for nonexpansive mapping.

Theorem 5.2. Let E be a uniformly convex and smooth Banach space 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 (Al)-
(A4). Let T : C — E* be an n-hemicontinuous and relaxed 1-¢& monotone mapping and ¢ a lower
semicontinuous and convex function from C to R. Let S be a nonexpansive mapping of C into itself
such that Q := F(S) NGMEP(f,T) #0. Let {x,} be the sequence in C generated by

xo € C, Dyg=Cy=C,

Cp=co{z€Cya:|z—Sz| <tullxn — Sxu|l}, n>1,
1
Uy € Csuch that f(un,y) +@(y) + (Tun,n(y, us)) + ;(y = Uy, J (U — X)) = (),
VyeC n>0,

Dn={ZEDn—l:<un_zr](xn_un)>20}/ 7121,

Xn+1 = PCnﬂan()r n> 0/
(5.2)

where {t,} and {r,} are real sequences in (0,1) satisfying lim, _, -t, = 0 and liminf,_, .7, > 0.
Then, the sequence {x,} converges strongly to Poxy.
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If one takes T = 0 and ¢ = 0 in Theorem 4.1, then one obtains the following result concerning
an equilibrium problem in a Banach space setting.

Theorem 5.3. Let E be a uniformly convex and smooth Banach space 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)
and let S be an asymptotically nonexpansive mapping of C into itself such that Q := ;2 F(S,) N
EP(f)#0. Let {x,} be the sequence in C generated by

xo € C, Dy =Cy=C,

C,o=co{zeCyq:|lz-5"z| < tyllxp— S"x,l|}, n>1,
u, € Csuch that f(u,,y) + %(y Uy, J(Un—x,)) 20, VyeC n>0, (5.3)

Dy, ={z€Dy1:(un—zJ(xn—uy)) 20}, n>1,

Xns1 = Pc,np,x0, n 20,

where {t,} and {r,} are real sequences in (0,1) satisfying lim, _, t, = 0 and liminf,_, 7, > 0.
Then the sequence {x,} converges strongly to Pox.

If one takes f =0 and T = 0 and ¢ = 0 in Theorem 4.1, then one obtains the following
result.

Theorem 5.4. Let E be a uniformly convex and smooth Banach space, C a nonempty, bounded, closed,
and convex subset of E and S an asymptotically nonexpansive mapping of C into itself such that
Q =",y F(Sy) #0. Let {x,,} be the sequence in C generated by

x0 €C, Co=¢C,
C,=co{z€Cyq:|lz=5"z|| < tyllxn = S"xull}, n>1, (5.4)

Xp1 = Pc,xo, n2>0.

If {t,} € (0,1) and lim, _, -, = O, then {x,} converges strongly to Pox.
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