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Abstract
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1. Introduction

Let H be a real Hilbert space with inner product (.,.) and norm ||.]|.
Let C be a nonempty subset of H.

A mapping T : C — H is called k—strictly pseudocontractive if
there exists a constant k € [0, 1) such that

[T — Ty||* < [Jx — y||* +kllx — Tx— (y— Ty)||?, (1.1)

forallx,y € C. If k =11n (1.1), then T is called pseudocontractive
mapping.

A mapping T : C — H is called Lipschitzian if there exists L > 0
such that || Tx —Ty|| < L||x—y||, Vx,y € C. If L= 1, then T is called
nonexpansive and if L € [0,1) then 7 is called a contraction.
Observe that the class of pseudocontractive mappings includes the
class of strictly pseudocontractive mappings and hence the class of
nonexpansive and contraction mappings.

Let CB(C) denote the family of nonempty, closed and bounded
subsets of C. The Pompeiu-Hausdorff metric ([2]) on CB(C) is
defined by

D(A,B) = max{supd(x, B), supd(y.A)},

xeA yEB

for all A, B € CB(C), where d(x,B) = inf{||x—b|| : b € B}.
A multi-valued mapping T : C — CB(C) is said to be k—strictly
pseudocontractive if there exists a constant k € [0, 1) such that

D*(Tx,Ty) < |x—y|* + k| (x—u) — (y—v)|I%, (1.2)

forallx,yeCandu € Tx,ve Ty. If k =11n (1.2), then T is called
pseudocontractive mapping.

A multi-valued mapping 7 is called Lipschitzian if there exists L > 0
such that

D(Tx,Ty) <L|lx—yl|, Vx,y € C.

If L=1, then T is called nonexpansive and if L € [0,1) then T is
called a contraction mapping.

An element x € C is called a fixed point of T : C — C (resp., T :
C — CB(C)) if x = Tx (resp., x € Tx). The set of fixed points of T
is denoted by F(T). We write x,, — x to indicate that the sequence
{xn} converges weakly to x and x,, — x to indicate that the sequence
{xn} converges strongly to x.

A mapping T : C — H is called quasi-nonexpansive if F(T) is
nonempty and the inequality

ITx=pll < [lx=pl,

holds for all p € F(T),x € C.
The mapping T is called hemicontractive if F(T') is nonempty and it
satisfies:

T2 pl|? < [be = pl|* + [ — T,

forallpe F(T),x€C.
A multi-valued mapping T : C — CB(C) is called quasi-
nonexpansive if F(T) # 0 and for all p € F(T), x € C, we have

D(Tx,Tp) < |lx—pll-

Copyright © 2017 Author. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.




International Journal of Advanced Mathematical Sciences

21

A multivalued mapping 7 : C — CB(C) is said to be
hemicontractive-type if F(T) # @ and for all p € F(T),x € C,

D*(Tx,Tp) < |lx— p|* +||x—ul|*, Yu € Tx. (1.3)
We observe that every nonexpansive mapping with F(T) # 0 is
quasi-nonexpansive mapping, and every pseudocontractive mapping
T with F(T) # 0 and T(p) = {p},Vp € F(T) is hemicontractive-
type mapping. It is also easy to see that every quasi-nonexpansive
mapping is hemicontractive-type mapping. Next, we give an example
of a hemicontractive-type mapping which is not quasi-nonexpansive
and pseudocontractive mappings.

Example 1.1. Ler T : R — CB(R) be given by
Tx=[-3x,—2x], ifx > 0and Tx = [—2x,—3x], if x < 0.

Then, zero is the only fixed point of T, that is, F(T) = {0} and for
all x € R\ {0}, we have

D(Tx,T0) = max{ sup d(a,T0), sup d(b,Tx)}

acTx beTO
= max{ sup |a|,d(0,Tx)}
acTx

= max{3|x|,2|x])} = 3]x| > |x—0], (1.4)

which shows that T is not quasi-nonexpansive. And for every x € R,

d(x,Tx) = inf |a—x| = |x+2x| = 3|x|.
acTx
Thus, from (1.4), we have

D?*(Tx,T0) = 9|x|> = |x— 0> +8|x|?
< =02 +90x* = [x 0> + (d(x, Tx))?
<|x—O0P +|x—ul*, forall u € Tx.

This shows that T is hemicontractive-type mapping. However, it is
not a pseudocontractive. Indeed, forx =1, y=2, u= -3 € Txand
v=—4¢c Ty, we have

D*(Tx,Ty) =9 > 1+4=|x—y]> +|x—u—(y—v)|>.
Therefore, the class of multi-valued hemicontractive-type mappings
is more general in the sense that it includes properly the class of
multi-valued quasi-nonexpansive mappings and the class of pseudo-
contractive mappings T with F(T) #0and T (p) = {p},Vp € F(T).

Let T : C — CB(C) be a multi-valued mapping, I — T (where
I is the identity mapping on C) is said to be demiclosed at zero
if {x,} C C such that x, — x and lim,—d(x,,Tx,) = 0 implies
xeTx.

Several authors have studied iterative algorithms for approximating
fixed points of various classes of nonlinear mappings (including
hemicontractive mapping); see, for example, 5, 8, 14, 15,21] and the
references cited therein. In 2007, Rafiq [13] introduced the following
Mann-type implicit iteration process and showed that the process
converges strongly to a fixed point of a continuous hemicontractive
mapping T from a compact and convex subset C of a real Hilbert
space into itself:

xo €C,
{ Xn=0Opxp_1+(1—)Txy, Yn>1,
where {a, } C [0, 1] satisfying some appropriate conditions.
Recently, Woldeamanuel et al.[19] extended the results of Rafiq [13]
from single-valued hemicontractive to multi-valued hemicontractive-
type mapping. More precisely, they studied the following three-step
iterative algorithm for finding a common point of fixed points of

a finite family of Lipschitz and hemicontractive-type multi-valued
mappings under mild assumption on the parameters:

= (1= Y)%n +YuWn, Wa € Tuyn,
Yn = (1 - ﬁn)xn +ﬁnun7 uy € Tyxp, (L.5)
Xpgl = 0w+ (1 = Qu)ze, Vn2>1.

They proved that the sequence {x, }, generated by (1.5), converges
strongly to some point p in ﬂfy: \F (T;) nearest to w.

A mapping A : C — H is called a—inverse strongly monotone if
there exists a positive real number ¢ such that

<Ax—Ay7x_y> > aHAx_AyH27 VX»)’ ecC.

Note that every «-inverse strongly monotone mapping is
é—Lipschitz mapping. However, the converse may not hold. For ex-
ample, the mapping A : (0,1) — R defined by Ax = —x is Lipschitz
but not a—inverse strongly monotone.

A mapping A : C — H is called monotone if

(Ax—Ay,x—y) >0, Vx,y € C.

Clearly, the class of monotone mappings includes the class of o-
inverse strongly monotone and the inclusion is proper. To see this,
consider the mapping A : (0,1) — R given by Ax = f%. Then, for
every x,y € C, we have

1 1. 1
(x=yAx—Ay) = (x—y,——+ =)= —|x—y|[* >0,
Xy Xy

which shows that A is monotone mapping. However, since
|Ax — Ay| = ’71 + )l\ = $|x—y\ and xiy — oo as xy — 0, then we
can not find a constant L > 0 such that |Ax — Ay| < L|x—y|, for all
x,y € (0,1). Hence, A is not Lipschitz and so it is not a¢—inverse
strongly monotone mapping.

Let C be a nonempty, closed and convex subset of a real Hilbert
space H. Let F : C x C — R be a bifunction and A: C — H be a
nonlinear mapping. The generalized equilibrium problem is to find
z € C such that

F(z,y)+{Az,y—2) >0, VyeC. (1.6)

In this paper, the set of solutions of problem (1.6) is denoted by
EP(F,A), ie.,

EP(F,A)={z€C:F(z,y)+(Az,y—z) >0, ¥y € C}.

In the case of A =0, then the problem (1.6) reduces to the equilibrium
problem:

Finding z € C such that F(z,y) > 0, Vy € C. 1.7

The set of solutions of problem (1.7) is denoted by EP(F). In the
case of F = 0, then the problem (1.6) reduced to finding z € C such
that

(Az,y—2) >0, Wy €eC, (1.8)

which is called the classical variational inequality problem. The set
of solutions of problem (1.8) is denoted by VI(C,A).

Clearly, if a point z € VI(C,A)NEP(F), then z € EP(F,A), however,
the converse may not hold as we can see from the following example.

Example 1.2. Let H =R and C = [0,1]. Define F : C x C — R by
F(x,y)=x+yand A :C — H by Ax = 5. Then, for x =1, we have

1 1
Flry)+{Any—x)=(1+y)+50-1)=50Cy+1)20,
for all y € C, which implies that 1 € EP(F,A). But, since (Al,y—
1) = %(y— 1) <O0forally€C, then 1 ¢ VI(C,A) and hence 1 ¢

EP(F)NVI(C,A).
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Assumption 1.3. Let C be a nonempty, closed and convex subset of
a real Hilbert space H. In the sequel, let F be a bifunction of C x C
into R satisfying the following conditions:

(Al) F(x,x)=0,Vx€C;

(A2) F is monotone, i.e., F(x,y)+F(y,x) <0, Vx,y € C;

(A3) limy o F(tz+ (1 —1)x,y) < F(x,y), Vx,y,2 € C;

(A4) For each x € C, y— F(x,y) is convex and lower semicontinu-
ous.

Remark 1.4. Let C be a nonempty, closed and convex subset of
a real Hilbert space H. Let F be a bifunction from C x C into
R satisfying Assumption 1.3 and let A be a continuous monotone
mapping. Define G:C x C — R by

G(xvy) = F(x7y) + <Ax7y7x>7

then it is easy to see that the bifunction G satisfies Assumption 1.3.
Thus, the generalized equilibrium problem (1.6) is equivalent to the
Sfollowing equilibrium problem:

Find z € C such that G(z,w) >0, for allw € C.

Generalized equilibrium problem is more general in the sense that
it includes equilibrium problems and hence variational inequalitiy,
optimization problem, Nash equilibrium problem etc. Consequently,
many authors have shown their interest in constructing an iterative
algorithm for approximating common solution of generalized equi-
librium and fixed point problems. We describe some of them as
follows:

In 2008, Moudafi [11] introduced an iterative scheme for finding a
common element of the set of solutions of generalized equilibrium
problems and the set of fixed points of nonexpansive single-valued
mapping in a Hilbert space setting and then obtained the following
weak convergence theorem.

Theorem 1.5. [11] Let C be a nonempty, closed and convex subset of
a real Hilbert space H and F : C x C — R be a bifunction satisfying
Assumption 1.3. Let A be an a.—inverse strongly monotone mapping
of C into H, and let T be a nonexpansive mapping of C in to itself
such that F(T) N EP(F,A) is nonempty. Let xo € C and {y,}, {xn}
be sequences generated by

F(yn,y) + (Axn,y — yn)
+%<Y*Yn7)’n 7xn> > 0, Vy cC
Xpg1 = OpXn + (1 = 0) Typ, Vn >0,

where {r,} C |a,b] for some a,b € (0,2a) and {o4,} C [c,d] for
some c,d € (0,1). Then, {x,} converges weakly to z € F(T)N
EP(F,A), where z = 1imyseo Pr(7)nEP(F,A)¥n-

In [17], motivated by the result given by Moudafi [11], Takahashi and
Takahashi proposed an iterative scheme and proved the following
convergence theorem.

Theorem 1.6. [17] Let C be a nonempty, closed and convex subset
of a real Hilbert space H and F : C x C — R be a bifunction
satisfying Assumption 1.3. Let A be an a.—inverse strongly monotone
mapping of C into H and T : C — C be a nonexpansive mapping
such that F(T)NEP(F,A) is nonempty. Let u,x; € C and {z,}, {xn}
be sequences generated by

F(zn,y) + (Axn,y — 2n)
+%n<y_Zn,Zn _xn> > 07 Vy eC

Yn = O+ (1 - an)Zn

Xpa1 = Buxn+ (1= Bp)Tyn, Vn > 1,

where {ot,} C [0,1],{B,} C [0,1] and {A,} C [0,2¢] satisfying:

i 0<a<A <b<2a,0<c<B,<d<1;
i, Timy oo [Ay — Ay | = 0, limy o0 0y = 0 and Y50, 0 = oo

Then, {x,} converges strongly to 2o = Pp(r)ngp(r.a) (1)

Recently, Wong et al.[4] introduced the following implicit viscosity
approximation method, starting from xy € C, for finding common
point of the set of solutions of generalized equilibrium problem
(1.6) and the set of fixed points of a continuous pseudocontractive
mapping in Hilbert spaces:

F(Zn—17)7)+<A-xn—lvy72n—l>
+%n<y_zn—lvzn—l _xn—1> > 07 Vy eC

Yn = ﬁnf(xnfl) + YuSzn—1+ (1 - ﬁn - '}’n)xnfl
Xn = Opyn + (1 — 0y)Txn, Vn € N,

(1.9)

where F : C x C — R is a bifunction, A : C — H is an oc—inverse
strongly monotone mapping, f : C — C is a fixed contraction
mapping, S : C — C is a nonexpansive mapping, and 7' : C — C'is
a continuous pseudocontractive mapping such that F(T) NEP(F,A)
is nonempty. They proved that the sequence {x,}, generated by
(1.9), converges strongly to a point in F(T) N EP(F,A) provided
that the sequences {ot,},{B.},{m} C (0,1] and {A,} C (0,2c]
satisfy some appropriate control conditions.

In this paper, motivated and inspired by the idea of liduka and
Takahashi [7], Takahashi and Takahashi [16, 17], Wong et al.[4], we
introduce an iterative algorithm for finding a common element of
the solution set of a generalized equilibrium problem (1.6) and the
set of fixed points of a multi-valved Lipschitz hemicontractive-type
mapping. We also establish a strong convergence theorem in the
framework of Hilbert spaces. The results presented in this paper
improve and extend the corresponding results announced by Meche
et al.[10], Moudafi [11], Takahashi and Takahashi [16, 17], Wong
et.al.[4] and some other results that have been obtained previously
in this research area.

2. Preliminaries

Throughout this section unless otherwise stated, let C be a nonempty,
closed and convex subset of a real Hilbert space H. For every point
x € H, there exists a unique nearest point in C, denoted by Pcx, such
that

|lx — Pex|| = inf{[lx—y|| : y € C}.
Pc is called the metric projection of H onto C. We note that the

metric projection F¢ is a nonexpansive mapping from H onto C. It
also satisfies the following property: for any x € H and z € C,

z=Pexif and only if (x—z,z—y) >0, forall y € C. 2.1)
Furthermore, for any x,y € H, we have
e =12 = 1%l + [y11 = 24x,)- 2.2)

We note that (I — T') is demiclosed at zero whenever T : C — C is
a nonexpansive mapping, (see [1]).
We need the following lemmas for the proof of our main results.

Lemma 2.1. [22] Let H be a real Hilbert space. Then for all x; € H
and a; € [0,1] for i =1,2,-+- ,n such that oy + i + -+ 0o, = 1
the following equality holds:

Z OC,'(XJ'HXI' —xjHZ.

n
llouxy + 0nxs + -+ oxa|? = ¥ 0slxi|* —
i=1 1<i,j<n

Lemma 2.2. Let H be a real Hilbert space. Then, for any given
X,y € H, we have the following inequality:

lle+312 < [l 420 x+).
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Lemma 2.3. [3, 6] Let F be a bifunction from C x C into R satisfy-
ing Assumption 1.3. For r > 0 and for all x € H, define a mapping
T, : H — C as follows:

1
{y—z,z—x) >0,Vy €C}.

r

Tix={z€C:F(z,y)+

Then, the following hold:

(1) T, is nonempty and single valued;

(2) Ty is firmly nonexpansive, i.e., | Trx — Tpy||> < (Tx — Try,x —y),
Vx,y € H;

(3) F(T,) =EP(F);

(4) EP(F) is closed and convex.

From Lemma 2.3 we observe that for each given x € H, there exists
a unique element z € C such that z = T;x.

Lemma 24. [12] Let H be a Hilbert space. Let A,B € CB(H)
and a € A. Then, for € > 0, there exists a point b € B such that
lla—b|| < D(A,B)+¢. As a consequence of this, taking € = D(A, B),
we obtain that ||a — b|| < 2D(A, B).

Lemma 2.5. [20] Let {b,} be a sequence of nonnegative real num-
bers satisfying the following relation:

byt1 < (1= 0ty)by + 04,6, for n > ny,

where {0, } C (0,1) and 8, C R satisfying the following conditions:

lim o, =0, ) 0, = oo, and limsup §, < 0.
n—oo = H—s00

Then, limy,_yo by, = 0.

Lemma 2.6. [9] Let {ay,} be a sequence of real numbers such that
there exist a subsequence {n;} of {n} such that a,, < an1, for
all i € N. Then there exists a nondecreasing sequence {m;} C N
such that my — oo and the following properties are satisfied by all
(sufficiently large) numbers k € N:

amy, < A1 and ag < Gy 11

In fact, my =max{j <k:aj<aji}.

3. Main Result

In this section, we prove strong convergence theorems for a gener-
alized equilibrium problem and a fixed point problem for a multi-
valued Lipschitz hemicontractive-type mapping.

Theorem 3.1. Let C be a nonempty, closed and convex subset of a
real Hilbert space H. Let A : C —> H be a continuous monotone
mapping and F : C x C — R be a bifunction satisfying Assump-
tion 1.3. Let T : C — CB(C) be a Lipschitz hemicontractive-type
mapping with Lipschitz constant L such that Q = F(T)NEP(F,A)
is nonempty and Tp = {p} for all p € Q. Let x|,u € C be arbitrary
and {x,} be a sequence generated by

F(Zm)’) + <Avay*Zn> + i(yfzmzn *xn> >0, VyeC,
Yn = (1 _A«n)zn +A«nun7
Xp+1 = anu+ﬁl1vn+7nzn7

3.1

for all n > 1, where uy € Tzp,vy € Ty, such that |lu, — vyl <
2D(Tzy, Tyn) and {rp} C [r,0) for some r >0, {B,},{w} C |a,b],
and {0, } C (0,c¢) for some a,b,c € (0,1) satisfying the following
conditions: (i) p+ By + Y = 1; (ii) limy_yeo 04, = 0, Y, 04, = o0 (iii)
O+ P <A <A< m. Then, the sequence {x,} is bounded.

Proof. Let p € Q. Then, Tp = {p} and F(p,y) + (Ap,y — p) > 0.
Define G(x,y) = F(x,y) + (Ax,y —x) for all x,y € C. Then, by re-
mark 1.4, G satisfies Assumption 1.3 and p € EP(F,A) is equivalent
to G(p,y) > 0 for all y € C. Thus, using the definition, z, can be

rewritten as z, = Ty, Xn := {F (2,Y) + (AZn,y — 2n) + = (V= Zn 20 —

n

xn) >0, Vy € C,} and hence we have p = T, p. From the fact that
T, is nonexpansive, we obtain that

1z =PIl = T2 = T, Pl < lloen = pll- (G2

Since T is hemicontractive-type mapping and u,, € Tz, from (3.1),
(3.2) and Lemma 2.1, we get

(1= An)zn + Anttn — p||2
= (1= )llzn— Pl + |t — p|?
— (1= 2) |20 — 1t

yn — I

< (l_ln)”Zn_pHZ‘F/InDZ(TZmTp)
= (1= 2) zn — wn®
< (=Ml = pIP+ A (llen =PI + llzn = )
= (1= 2) zn — >
= Hzn_P|‘2+M||Zn_”n”2_ln(l_A'n)HZn_”nHZ
< Hxn_PHz"‘lr%HZn_”nHZ- (3.3)

On the other hand, since T is hemicontractive-type mapping and
vp € Typ, from (3.1) and (3.3), we have that

(d(va, Tp))* < D*(Tyn, Tp)

v = pII?

< Hyn_P||2+HYn_VnH2
< oI+ 22070 — w12
< =27+ A NIz — |
+llyn —vall*. (34
It follows from (3.1) that
=yl = llzn = (1= An)zn + Anttn) ||
HZV! yn” HZn (( n)Zn+ nun)H
= A2 llzn — un||? (3.5)

Since T is L—Lipschitzian mapping and ||u,, — vy || < 2D(Tzn, Tyn) »
using (3.5) and Lemma 2.1, we get that

(1= A0) (21— Vi) + o (10— v) |2
= (=220 = vall? + Allitn = vl
= A1 = )20 — 2

Hyn_Vn||2

< (1_/ln)HZn_Vn||2+4l"D2(TZ”7Ty”)
= An(1 = An)l|zn _”nH2
< (1*/’Ln)HZn*Vn||2+4an2”Zn*ynH2

= Mn(1=An)l|zn *MnHz

= (1-=M)lzn *Vn”Z +413L2H2n - “n||2
= (1= An)|zn *”n”z

= (1=)llzn—val?
A (ALPAE 4 Ay — Dlzn —ua|>. (3.6)

Hence, substituting (3.6) into (3.4), we obtain that

IN

[E *pHZ +%12||Zn - ”nHz + (1= 2n)||zn *Vn||2
+ln(4Lzlr%+Afn = 1D)l|zn *unHz
= =PI+ (1= ) lzn —val®
+ln(4Lzl,% +24, —1)||zn fun||2.

[va = pI?

(3.7)
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Thus, from (3.2), (3.7) and Lemma 2.1, we have that

ns1 = pI* = u+Buva+ Yaza — plI*
< onllu—pl* + Bullva — P>+ Wallzn — pII?
*Bn?’n”Zn*VnHz
< fu—pl?

+Ba (1% = I+ (1= Aa)l| 20 = val
A (ALPA2 + 22 — 1)||zn — u,l\|2)

+ Yallzn _PH2 — Butallzn — Vn”2

= oufu—pl*+(1—on)ll — pl>
FBu(1 =Y — An)llzn *Vn”z
—BnAa(1 *41427%% —22)lzn — “nHZ-

Then, by assumption (i), we have

OthM—PHZ + (1= o4 ||xn —PH2
= BuAn(1 74L213 —24)||zn — unH2

n1 = pl* <

+Ba( 0+ By =)z —wall?, (3:8)
and from assumption (iii), we get
1 =412 =22, > 1-4L7A%2 —24 >0
and (o4, + ) — A4, <0, 3.9)

for all n > 1. Therefore, from (3.8) and (3.9), we infer that

o1 =plI> < ollu—pl* + (1= o) v — >
2 2
< max{lu—pll*[}x —p[}-

Thus, by induction, we have that

llen = p[1* < max{|lu— pl|?, 1 = pII*},
which implies that {x, } is bounded. This completes the proof. [J

Theorem 3.2. Let C be a nonempty, closed and convex subset of a
real Hilbert space H. Let A : C —> H be a continuous monotone
mapping and F : C x C — R be a bifunction satisfying Assump-
tion 1.3. Let T : C — CB(C) be a Lipschitz hemicontractive-type
mapping with Lipschitz constant L such that Q = F(T) NEP(F,A)
is nonempty, closed and convex. Assume that (I —T) is demiclosed
at zero and Tp = {p} for all p € Q. Let x1,u € C be arbitrary and
{xn} be a sequence generated by

F(zn,y) + (Azn,y = 2n) + - (y = 20y — Xa) > 0, ¥y € C,
o = (1= An)zn + Ay,
Xn+1 = O‘nu+ﬁnvn+7nzm

(3.10)

for all n > 1, where uy € Tzy,vy € Tyn such that ||u, — vy|| <
2D(Tzy, Tyn) and {rp} C [r,0) for some r >0, {B,},{W} C |a,b],
and {a,} C (0,¢) for some a,b,c € (0,1) satisfying the following
conditions: (i) Oy + By + Y = 1; (i) limy_ye0 04, = 0, Y 04, = o0 (iii)
o +B <A <A< m. Then, the sequence {x,} converges
strongly to the point z = Po(u).

Proof. Since Q is nonempty, closed and convex subset of C, we get
that Pq is well defined. Clearly, from Theorem 3.1 the sequence {x; }

and hence {y,},{z,} are bounded. As in Theorem 3.1, let p € Q.
Then, using (3.10), Lemma 2.1 and Lemma 2.2, we obtain

||xn+1_17||2 = Hanu‘FBnVn“’YnZn_p”z
< |‘Bn("n*p)+7n(zn*p)H2
200 (1 = P, Xnt1 = p)
Ballva = PI* + allzn — pII* = Baallzn — vall®
+20,(u— p,xXpt1 —p). (3.11)

IN

Since 7;,, is firmly nonexpansive, from (2.2) we have that

||Trnxn_TrnPH2
S <Zn_P7xn_p>

1
= 5 (2 =PI+ llva =PI = a2l

llza — p|I*

which gives that

lz = pII* < b = 1> = llxn =zl (.12)

Thus, substituting (3.7) and (3.12) into (3.11), we obtain that

IN

e =pIP < Bl =PI+ An (41243 422, — 1)

Xllzn = tall? + (1 = A)lzn = va2)

1 = pI* = %0 — zal1*)
— BaYullzn — vall* + 200 (1 — p, X1 — p)
= (1= a)|lxa—pl* = Bua(1 —4L*27 = 22)
X ||zn — unHZ + B0+ Br — An)l|zn — VnH2
= Wallen =l + 200 (4 — pxns 1 = p). (3.13)

It follows from (3.9) that

(1= o) llxn —pl>
+204 (1 — p,Xpy1 = p)-

a1 —pl* <
(3.14)

Next, we consider two cases:

Case 1. Suppose that there exists ng € N such that {||x, — p||} is
decreasing for all n > ng. Then, we get that, {||x, — p||} is convergent.
Thus, from (3.13) and (3.9), we have that

ﬁnln(l —4L2)an _Z)Ln) HZn _“nHZ < (1= Otn)Hx,, —P”2

b1 = pl?
+ 20, (4= p,Xn1 = p)-
Hence, from (3.9) and the fact that o, — 0 as n — oo, we have that
llzn — ttn | — 0 as n — oo, (3.15)
which implies that
d(zn,Tzn) < ||lzn — un|| = 0 as n — oo. (3.16)

In addition, from (3.9) and (3.13), we find that

(1= aw) |vn = > = lns1 = pII?
+2(Xn<u—p7xn+1 _p>‘

Yallzn _an2 <

Thus, since o, — 0 as n — oo, it follows from the assumption of
{7.} that

lim ||z, — x| = 0. (3.17)
n—o0

And using the Lipschitz continuity of 7', (3.5) and (3.15), we get that

2 = vall < llzn — uall + llttn — val|
< HZn_MnH +2L||Zn_)’nH

= ||zn — tn|| + 2LAy||zn — tn|| — 0 as n — oo. (3.18)

Therefore, from (3.17), (3.18), definition of {x,} and the fact that
o, — 0 asn— oo, we get

41 = 2| < [Xn41 = zall + 120 — xal
= |0t (0 — zn) + B (Vi — z0) || + ||z — x|

< 0t —zn |l + Bullve — zall + |20 — x|l — 0 as n — oo.
(3.19)
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Now, let z = Pq (u). We claim that limsup,,_,., (4 — z,x,4+1 —2) <O0.
Since {x,+1 } is a bounded sequence in a real Hilbert space H, which
is reflexive Banach space, there exists a subsequence {x,, 1} of
{x,+1} and an element in H, say ¢, such that
X1 — g and limsup(u — 2, X, —2) = im (u — 2, X, 11 —2).
n—oo o0

Since, C is weakly closed, we have g € C and from (3.19) it follows
that x,,, — g as i — co. From (3.17), we obtain that z,, — g as i — o
and hence using the assumption that (I — T') is demiclosed at zero
and (3.16), we conclude that

g€ F(T).
In addition, from (3.1) and replacing #n by n; in (3.17), we have that
(1%, = T, | = (130, — 2, | = O @8 i = oo,

Thus, since 7;,, is nonexpansive, then (/ — 75, ) is demiclosed at zero
and hence since x;,;, — g as i — oo, we obtain that g = T:,.4 that is,
F(q,y)+ (Aq,y—q) > 0for all y € C. Hence, we have

q € EP(F,A),

which implies that g € Q. Hence, since z = Pq(«) and x,, — ¢, from
(2.1) we get that

lim <u — X1 Z>

1—>o0

= (u—249-2<0

limsup(u — 2,41 —2) =
n—oo

(3.20)

Thus, since z € Q, from (3.14), (3.20), assumptions of {¢;,} and
Lemma 2.5, we get that

Ixp —z|]| = 0asn—oo.

Hence, x,, — z = Po(u).
Case 2. Suppose that there exists a subsequence {n;} of {n} such
that

[[%n; =PIl < [l%n;41 = Pl

for all j € N. Then, by Lemma 2.6, there exist a nondecreasing
sequence {ny; } C N such that my, — oo, and

[, =PIl < |1 = Pl and [l = pl| < [Pme1 = pll,  3:21)

for all kK € N. Thus, from (3.13), (3.9) and the fact that o, — 0, we
get that

[|zm, — tm, || — 0 and ||z, — Xpm, || — 0 as k — oo

Hence, since z = Pg(u), following the method in Case 1, we obtain
that

limsup(u — 2, X%y, +1 —2) < 0. (3.22)
k—oo
Now, Because z € Q, from (3.14), we have that
mekal_ZHz < (l —amk)”xmk_Z”Z
+200, (U — 2, Xme11—2),  (3.23)

and hence, since z € Q, (3.21) and (3.23) imply that

2 2
[ome = 2[|” = [l 1 =2l

+2amk <u 4 Xmy+1 — Z>

Oy ||xmk - Z||2 <

< ZOka <u — 4 X +1 7Z>~
Hence, the fact that o, > 0 imply that
Hka _ZHZ < 2<” — Xy +1 — Z>'

Thus, using (3.22) we get that ||x,,, —z|| — 0 as k — eo. This together
with (3.23) and (3.22) implies that ||x,,,+1 —z|| = 0 as k — o. Since
z € Q, we obtain ||x; —z|| < ||, +1 —z||, for all k € N. Thus, we get
that x;, — z as k — oo. Consequently, from both the above cases, we
deduce that {x, } converges strongly to z = Pg(u). This completes
the proof. O

As a direct consequence of our main result, we obtain the following
results:

Corollary 3.3. Let C be a nonempty, closed and convex subset of
a real Hilbert space H. Let A : C — H be a continuous monotone
mapping and F : C x C — R be a bifunction satisfying Assumption
1.3. Let T : C — CB(C) be a Lipschitz pseudocontractive map-
ping with Lipschitz constant L such that Q = F(T)NEP(F,A) is
nonempty, closed and convex. Assume that (I —T) is demiclosed at
zeroand Tp = {p} forall p € F(T). Let x| ,u € C be arbitrary and
{xn} be a sequence generated by

F(Zmy) + <AZm)’*Zn> + %(yfzmzn 7xl’l> Z 07 Vy € C7
Yn = (1 _A«n)zn + Anlip,
Xng1 = Ot + Buvi + YaZn,

for all n > 1, where uy € Tzy,vy € Ty, such that |lu, — vy|| <
2D(Tz,,Tyy) and {ry} C [r,o) for some r >0, {B,},{w} C |a,b],
and {a,} C (0,c) for some a,b,c € (0,1) satisfying the following
conditions: (i) Qp+ By + Y = 1; (ii) limy_ye0 04, = 0, Y, 04y = o0 (iii)
G +B <A <A< m. Then, the sequence {x,} converges
strongly to the point z = Po (u).

Proof. Since a Lipschitz pseudocontractive multi-valued map-
ping T with F(T) # @ and T(p) = {p},Vp € F(T) is Lipschitz
hemicontractive-type, we obtain that the desired result from Theo-
rem 3.2. This completes the proof. O

If, in Theorem 3.2, we assume that A = 0, then we obtain the follow-
ing corollary:

Corollary 3.4. Let C be a nonempty, closed and convex subset of a
real Hilbert space H. Let F : C x C — R be a bifunction satisfying
Assumption 1.3 and T : C — CB(C) be a Lipschitz hemicontractive-
type mapping with Lipschitz constant L such that Q = F(T) NEP(F)
is nonempty, closed and convex. Assume that (I —T) is demiclosed
at zero and Tp = {p} for all p € Q. Let x1,u € C be arbitrary and
{xn} be a sequence generated by

F(zn,y) + %”(y—zmzn —xz) >0, VyeC,
Yn = (1 *Aﬂ)znﬂLlnum
Xn4+1 = O‘nu“'ﬁnvn"'Yan

Sor all n > 1, where u, € Tzy,vy € Tyn such that |ju, — vy <
2D(Tzp, Tyy) and {r,} C [r,0) for some r >0, {B,}, {1} C [a,]],
and {0, } C (0,c¢) for some a,b,c € (0,1) satisfying the following
conditions: (i) Op+ B+ Y = 1, (ii) limy_yeo 0, = 0, ¥, 04 = o0, (iii)
G +B <A <A< m. Then, the sequence {x,} converges
strongly to the point z = Po(u).

If, in Theorem 3.2, we assume that F(x,y) = 0 for all x,y € C, then
we obtain the following corollary.

Corollary 3.5. Let C be a nonempty, closed and convex subset of
a real Hilbert space H. Let A : C — H be a continuous monotone
mapping and T : C — CB(C) be a Lipschitz hemicontractive-type
mapping with Lipschitz constant L such that Q = F(T)NVI(C,A)
is nonempty, closed and convex. Assume that (I —T) is demiclosed
at zero and Tp = {p} for all p € Q. Let x1,u € C be arbitrary and
{xn} be a sequence generated by

(Azn,y =)+ (v = 20,20 —Xn) 2 0, Wy €C,
Yn = (] _ln)zn +zrnun7
Xn+1 = a11u+BnVn+YnZn7

for all n > 1, where uy € Tzy,vy € Tyn such that ||u, — vy|| <
2D(Tzy, Typn) and {rp} C [r,00) for some r >0, {B,},{W} C la,b],
and {0o,} C (0,¢) for some a,b,c € (0,1) satisfying the following
conditions: (i) Oy + By + Y = 1; (ii) limy_ye0 04, = 0, ¥ 04y = o0 (iii)
G +B <A <A< m. Then, the sequence {x,} converges
strongly to the point z = Po(u).
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If, in Theorem 3.2, we assume that T is a single-valued hemicon-
tractive mapping from C into itself, then we obtain the following
corollary.

Corollary 3.6. Let C be a nonempty, closed and convex subset of
a real Hilbert space H. Let A : C — H be a continuous monotone
mapping and F : C x C — R be a bifunction satisfying Assumption
1.3. Let T : C — C be a Lipschitz hemicontractive mapping with
Lipschitz constant L such that Q = F(T) NEP(F,A) is nonempty,
closed and convex. Assume that (I —T) is demiclosed at zero. Let
x1,u € C be arbitrary and {x, } be a sequence generated by

F(vay) + <AZn7y_Zn> + r%(y_zmzn _xn> >0, Vy eC,
Yn = (] _ln)zn +ArnTZn7
Xng1 = Ot + BuTyn + Yuzn,

foralln>1, where {r,} C [r,0) for some r >0, {Bs},{} C [a,b],
and {a,} C (0,¢) for some a,b,c € (0,1) satisfying the following
conditions: (i) O+ B+ ¥ = 1; (ii) limy_ye0 0, = 0, ¥, 04, = o0 (iii)
o +B <A <A< ﬁ Then, the sequence {x,} converges
strongly to the point z = Po(u).

If, in Theorem 3.2, we assume that T = I, where [ is the identity
mapping on C, then we obtain the following corollary.

Corollary 3.7. Let C be a nonempty, closed and convex subset of
a real Hilbert space H. Let A : C — H be a continuous monotone
mapping and F : C x C — R be a bifunction satisfying Assumption
1.3 such that EP(F,A) is nonempty. Let x1,u € C be arbitrary and
{xn} be a sequence generated by

{ F(vay)+ <AZm)’*Zn> + %(yfzn»zn 7xn> Z 07 Vy S C7
Xpt1 = Qpu+ (1 - an)zm

Joralln > 1, where {r,} C [r,o) for some r > 0 and {0, } C (0,c)
Sfor some ¢ € (0,1) such that lim, e 0y = 0 and Y. o4, = oo. Then,
the sequence {x,} converges strongly to the point z = Pgp(r ) (u).

Remark 3.8. Theorem 3.2 extends the results of liduka and Taka-
hashi [7], Meche et al.[10], Takahashi and Takahashi [16, 17], Wang
etal.[18], Wong et al.[4] in the sense that our algorithm scheme pro-
vides strong convergence to a common element of the set of solutions
of a generalized equilibrium problem for continuous monotone map-
ping and the set of fixed points of a Lipschitz hemicontractive-type
multi-valued mapping. We have used the demiclosedness principle
to show that g € EP(F,A) in Theorem 3.2, which is a little simpler
than using Assumption 1.3.
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