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Abstract : In this paper, we introduce a new implicit shrinking algorithm for
finding a common element of the set of solutions of an equilibrium problem and
the set of common fixed points of a countable family of relatively nonexpansive
mappings in the framework of Banach spaces. Our results are refinement as well
as generalization of several well-known results in the current literature. As a
consequence, we give some applications for solving variational inequality problems
and convex minimization problems in Banach spaces.
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1 Introduction and Preliminaries

Over the past few decades, iterative algorithms play a key role in solving
nonlinear equation in various fields of investigation. Therefore, algorithmic con-
struction for the approximation of fixed points of various mappings is a problem
of interest in various setting of spaces. Numerous implicit and explicit algorithms
have been developed for the approximation of fixed point results. Most of the
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problems in applied sciences such as monotone inclusion problems, saddle point
problems, variational inequality problems, minimization problems, Nash equilib-
ria in noncooperative games, vector equilibrium problems as well as certain fixed
point problems reduce in terms of finding solution of an equilibrium problem
which is defined as follows: Let C' be a nonempty closed and convex subset of
a real Banach space E and let f : C x C — R (the set of reals) be a bifunc-
tion. The equilibrium problem for f is to find its equilibrium points, i.e. the set
EP(f) ={z € C: f(z,y) >0, for all y € C}. For solving the equilibrium prob-
lem, let us assume that the bifunction f satisfies the following conditions:

(A1) f(z,z) =0 for all x € C,

(A2) f is monotone, i.e. f(z,y)+ f(y,z) <0 for all z,y € C;

(A3) limsup, o f(tz + (1 —t)x,y) < f(z,y) for all z,y,2 € C,

(A4) f(x,.) is convex and lower semicontinuous for all z € C; see [1, 2].

The Lyapunov functional ¢ : £ x E — R is defined by
oz, y) = ||z]|* =2 (x, Jy) + |y|* for all 2,y € E.

It is obvious from the definition of ¢ that

(1) o(z,y) >0 for all z,y € E and p(z,y) = 0 if and only if x = y;

2) (2l = llyl)* < ez, y) < (lell + |y])* for all 2,y € E.

In a real Hilbert space, we have, p(z,y) = |z —y||* for all z,y € E. For
details, see [3, 4].

Let C be a nonempty closed and convex subset of a Banach space E and let
T : C — C be a nonlinear mapping. We denote F(T') the set of fixed points of
T. A point x € C is said to be asymptotic fized point of T [5] if there exists a
sequence {z,} C C which converges weakly to = and lim, e ||, — Tz,| = 0.
The set of asymptotic fixed points of T is denoted by F (T). Recall that a mapping
T :C — C is nonexpansive if |Tx — Ty|| < ||z — y|| for all z,y € C and relatively
nonezxpansive if

(1) F(T) is nonempty;
(2) o(u, Tz) < @(u,z) for all u € F(T) and z € C;
(3) F(T) = F(T).

Recently, numerous attempts have been made in order to guarantee the strong
convergence through algorithmic construction for the approximation of fixed points.
In 2004, Matsushita and Takahashi [6] introduced the following algorithm for a
single relatively nonexpansive mapping 7 in a Banach space E: For an initial point
xo € C, define a sequence {x,} by:

Tpy1 = PoJt (aann +(1- an)JT:vn), n >0, (1.1)
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where T is relatively nonexpansive mapping, J is the duality mapping on E and
Pc is the generalized projection from E onto C' and {«,} is a sequence in [0, 1].
They proved that the sequence {x,} generated by (1.1) converges weakly to some
fixed point of T' under some suitable conditions on {a, }.

In 2008, Takahashi and Zembayashi [7] introduced the shrinking projection
method for an equilibrium problem in a Banach space E as follows:

o=z € C=0Cy

Yn = J’l(aann +(1- an)JTa:n),

up € C such that f(un,y) + %(y — Up, Jup, — Jyn) >0 Vy € C, (1.2)
Cn+1 = {Z €Cy: @(zaun) < <P(Zvl"n)}a

Tn+1 = PCn+1x07 n > O;

where T, J and Pc are the mappings as used in (1.1). They proved that the
sequence {x,} generated by (1.2) converges strongly to Pp(r)ngp(s)To under some
appropriate conditions.

Recent developments in fixed point theory reflect that the algorithmic con-
struction for the approximation of fixed point problems are vigorously proposed
and analyzed for various classes of mappings in different spaces. Since, most of
the problems from various disciplines of science are nonlinear in nature, therefore
implicit algorithms have an advantage over explicit one in view of their accuracy
for such nonlinear problems in the framework of Hilbert spaces and Banach spaces.
The arity of the algorithm and the family of mappings also play an important role
for the best approximation of nonlinear problems. The pioneering work of Xu and
Ori [8] deals with the weak convergence of an implicit iterative algorithm for a fi-
nite family of nonexpansive mappings. Recently, hybrid algorithms are vigorously
used for the development of approximate fixed point results. Furthermore, finding
a common element of the set of solutions of an equilibrium problem and the set
of fixed points in Hilbert spaces and Banach spaces is a problem of interest and,
is therefore, studied by many authors; see also [1, 2, 9, 10] and references therein.

Inspired and motivated by these facts, we introduce an implicit shrinking pro-
jection algorithm for finding a common element of the set of solutions of an equilib-
rium problem and the set of common fixed points of a countable family of relatively
nonexpansive mappings in a Banach space. As an application, we apply our result
to solve a variational inequality problem and a convex minimization problem in
Banach spaces.

Let E be a real Banach space with its dual E*. For x* € E*, its value at
x € E is denoted by (z,2*). Denote Sgp = {z € E: ||z|| = 1}.

A Banach space F is said to be strictly convex if for z,y € Sgp with = # y
implies ||z + y|| < 2, uniformly convez if for any two sequences {z,} and {y,} in
Sg satisfying lim,, o H%H = 1 implies lim, o ||Zn — yn| = 0 and reflezive
if T : E — E** is bijective, where E** is a dual of E*. Furthermore, define

h:SpxSgpxR\{0} - R by

_ =+ tyll — |l

h(z,y,t) "
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for z,y € Sg and t € R\ {0}. The norm of FE is said to be Gateauz differentiable
if limy—o h(z,y,t) exists for each z,y € Sg. The Banach space F is said to be
smooth if its norm is Gateauz differentiable. The norm of F is said to be Fréchet
differentiable, if for each x € E, limsoh(z,y,t) is attained uniformly for y €
Sg. The Banach space E is said to be uniformly smooth if its norm is Fréchet
differentiable.

The normalized duality mapping J : B — E* is defined by

* * 2 * * (12
Jo={a* e Bt al)® = (@,0%) = |2*|I*}

for all x € E. Tt is remarked that the normalized duality mapping J is nonempty,
closed and convex in a Banach space and is single valued in a real reflexive and
smooth Banach space. Furthermore, J~! : E* — E, the inverse of the normalized
duality mapping J, is also a duality mapping in uniformly convex and uniformly
smooth Banach space. Both J and J~! are uniformly norm-to-norm continuous
on each bounded subset of E or E*, respectively. For more details, see [11, 12].

The following well known results are needed in the sequel for the development
of our main result.

Lemma 1.1 (Matsushita and Takahashi [13]). Let C be a nonempty closed convex
subset of a smooth, strictly convex and reflexive Banach space E and letT : C' — C
be a relatively nonexpansive mapping. Then F(T) is closed and convez.

Lemma 1.2 (Kamimura and Takahashi [14]). Let E be a uniformly conver and
smooth Banach space and let {x,}, {yn} be two sequences in E such that either
{zn} or {yn} is bounded. If lim, oo ©(Tn,yn) = 0, then lim, o ||Tn — ynl| = 0.

Let C be a nonempty, closed and convex subset of a Hilbert space H and
Po : H — C defined by

|z — Pox| = inf{||z — y|| : forally € C},

is known as metric (nearest point) projection of H onto C. This fact characterizes
Hilbert space and consequently not available in more general Banach space. In
this sequel, Alber [3] introduced a generalized projection operator in Banach space
as follows: Let F be a reflexive, strictly convex and smooth Banach space and let
C be a nonempty, closed and convex subset of E. Then the generalized projection
Pc 1 E — C'is amapping that assigns to any point « € E, the point xy which is the
solution to the minimization problem ¢(zo,z) = minyec ¢(y,z). The existence
and uniqueness of the generalized projection operator follows from the properties
of ¢. In a real Hilbert space, the generalized projection coincides with the metric
projection operator.

The following two lemmas are due to Alber [3] concerning the generalized
projection operator.

Lemma 1.3 (Alber [3]). Let C' be a nonempty closed convex subset of a smooth,
strictly convez, and reflexive Banach space E, let x € E and let xg € C. Then,
Pox = x¢ if and only if

(xo —y, Jx — Jag) >0, for ally € C.
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Lemma 1.4 (Alber [3]). Let E be a reflexive, strictly convex and smooth Banach
space, let C' be a nonempty closed convex subset of E and let x € E. Then

gﬁ(y,ch) + @(chvx) < @(yv'r)v fOT all y e C.

Lemma 1.5 (Blum and Oettli [1]). Let C be a closed convex subset of a smooth,
strictly convex and reflexive Banach space E, let f : C' x C'— R be a bifunction
satisfying (A1)-(A4), let r > 0 and x € E. Then there exists z € C' such that

f(Zay)-i-l(y—z,Jz—J;E) >0, forallyeC.
r

Lemma 1.6 (Takahashi and Zembayashi [15]). Let C' be a closed convexr subset
of a uniformly smooth, strictly convex, and reflexive Banach space E. Let f :
C x C — R be a bifunction satisfying (A1)-(A4). Forr >0 and x € E, define a
mapping T, : E — C by

T.(z) = {zeC:f(z,y)—l—%(y—z,Jz—J@ >0, for allyEC'}

for all x € C. Then, the following holds:
(1) EP(f) is closed and conver;
(2) T, is single valued;
(8) T, is firmly nonexpansive-type mapping, i.e.,

(Trx — Ty, JTox — JTvy) < (Trx — Ty, Jx — Jy), for all z,y € E,

(4) F(T:) = EP(f).

2 Main Result

In this section, we prove a strong convergence theorem by using a shrinking
projection method based on an implicit hybrid algorithm for a countable family
of relatively nonexpansive mappings in a Banach space.

Our main result is as under:

Theorem 2.1. Let C' be a nonempty, closed and convex subset of a uniformly
smooth and uniformly convexr Banach space E. Let f : C?> — R be a bifunction
satisfying (A1)-(A4) and let S; : C — C, i > 1, be a countable family of relatively
nonezpansive mappings such that F := (.2, F(S;) N EP(f) # 0. Let {z,} be a
sequence generated by:

X € Oo =C

Yni=J 1 (andzn + (1 —an)JSiyni), i>1,

Uni € C such that f(un.,y)+ %(y — Uiy JUn; — JYni) > 0,Vy € C,
Cri1={2€Cy: Sup;>1 ¥ (z,uni) <@ (z,20)},

Tny1 = Pe, 120, n2>0,
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where {an} C (0,1) and {r,} C (0,00) satisfying limsup, . a, < 1 and
liminf, ooy > 0. Then {x,} converges strongly to Prxq, where Pp is a gener-
alized projection of E onto F.

Proof. By Lemma 1.1 and Lemma 1.6 (4), we know that F' is a closed and convex.
Next we show that C), is closed and convex. Clearly, Cy = C'is closed and convex.
Suppose that Cj is closed and convex for k € N. For each z € Cy, we observe that

Cry1={2€C}: sggso(z,u;e,i) < @(z,m1)}
= ({z € Cr: (2, uns) < o(z,21)}
i>1
= ﬂ{z € Cy, : 2(z, Jag, — Jupi) + |Junil|* — [Jx]|* < 0}.
i>1

This implies that Cg41 is closed and convex. By induction, we get that C, is
closed and convex for all n > 0.

For simplicity, we divide the remaining proof into the following six steps.

Step 1. F' C C, for all n > 0.

Step 2. lim, o ©(xyn, To) exists.
Step 3. {x,} is a Cauchy sequence.
Step 4. z, — q € );>1 F(Si)-
Step 5. z, — ¢ € EP_(f)

Step 6. ¢ = Prxg.

Proof of step 1. F C Cy = C is obvious. Suppose that F C Cy for k£ € N. For
any p € F, we first estimate that

0P yri) = o(p, J " (awJxy, + (1 — ar) I Siyn.i)
= |Ipll* = 2(p, aJax + (1 — aw)JSiyki) + llawJax + (1 — ax)J Sy il
< Ipl* = 200 (p, Jar) — 2(1 — ax)(p, TSiyni) + o [l

+ (1 — o) || Syl

. (Ipl* = 2(p, Jai) + llow )

+ (1= ax) (IIpl* = 20, I Sigea) + 1 Sigeall)

= ap @(p, z) + (1 = ow)p(p, Siyk,i)

< ak o(p,zr) + (1 — ar)o(p, Yr,i)- (2.1)

Since ay > 0, therefore (2.1) reduces to

(p(puyk,z) < Sp(pv xk) (22)

Note that uy; = Ty, yk,i, ¢ > 1. Since T, is relatively nonexpansive, so we have

0P, uk,i) = @0, Tr ki) < 00, Yri) < o(p, k).
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This shows that p € Cgy1; consequently, F' C Ciy1. By a simple induction, we
also get that ' C C,, for all n > 0. Moreover, P¢, %o is well defined.

Proof of step 2. Since z,, = Pc,x0 and xn+1 = Pe,, ., %0 € Cry1 C C,, for all
n > 0, we obtain

n+1

(Zn, 20) < p(Tnt1,Z0)-

This shows that {¢(2,,z)} is non-decreasing. On the other hand, it follows from
Ty = Pc, xo and Lemma 1.4 that

(2, x0) = ©(Pc, w0, 20) < @(p,0) — @(p, Po, w0) < o(p, o),

for each p € F. Therefore, p(z,, xo) is bounded and hence lim,,—, o @ (zn, o) exists.

Proof of step 3. Since x,,, = P¢,, x0 € Cy, C C,, for m > n, so by Lemma 1.4,
we have

<p(xm,xn) = @(Imv PCnIO) S @(Ima IO) - SQ(PC"«IO, IO)
= ©(Tm, x0) — @(Tn,20).
Letting m,n — oo, we have ¢(Zy,, z,,) — 0. By Lemma 1.2, we have ||z, — x,| —
0. Hence {z,} is Cauchy. Therefore, there exists a point ¢ € C such that =, — ¢
as n — 0o. In particular, we also have

lim ||2n4+1 — 25| = 0. (2.3)

Proof of step 4. Asz, 41 € Cp, 50 9(Tpt1, Uni) < @(Tnt1,Zn). Tending n — oo,
we have lim,, oo @(Zpy1,Un,;) =0 for all i > 1. Again by Lemma 1.2, we have

nlirrgo |€nt1 — uni|| =0, ¢>1. (2.4)
This implies u, ; — ¢ as n — co. Furthermore, (2.3) and (2.4) yield that
Jim 2y =l =0, P> 1. (2.5)
Since J is uniformly norm-to-norm continuous on bounded sets, so
Tim ([T, = Jun|l =0, (2.6)

From (2.2), we know that o(p, yn.i) < ¢(p,z,) for all i > 1. So by Lemma 1.4, we
have

<P(Un,i, yn,i) = @(Trnyn,iv yn,i)
<@ (P, Yni) — o0, Ty, Yn,i)
< an) — 0@, Ty, Yni)
=o(p,2n) — (P, tng), 21 (2.7)
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From (2.5), (2.6) and (2.7), we have lim, oo ©(Un,iy¥ni) = 0 for all ¢ > 1;
consequently, Lemma 1.2 asserts that

lim ||un,; — ynil| =0, > 1. (2.8)
From (2.5) and (2.8), we also have
lim ||z —ynil =0, > 1. (2.9)

Thus, y,,; — ¢ as n — oo. On the other hand, we observe that

Qp

1T Siyn,i = Jyn.ill = [ Jxn = Jynill, i>1. (2.10)

1-a,
Since lim sup,,_, ., an < 1, it follows from (2.9) and (2.10) that

lim ”JSzyn,z — Jyn,i” = O, ) 2 1.
This also implies that

im ||Siyni — ynill =0, i>1.
n—oo

Therefore, g € (22, F(S:) = N2, F(S)).
Proof of step 5. Since liminf, . 7, > 0, it follows from (2.8) that

lim HJu,” - JynZH _

n— o0 Tn

0, i>1. (2.11)

From uy ; =T}, yn, for all m > 0 and 7 > 1, we have

1
f(Unyiny) + — (Y — Uni, Jun; — Jyni) >0, forally e C.
T

n

From (A2), we have

1
r_<y — Un,i, JUni — JYnyi) = —f(Un,i, Y)

> f(yaun,i)a for all Yy e C.
From u, ; — ¢ and (A4), we obtain f(y,q) < 0forally € C. Let y, = ty+ (1 —t)q

for 0 <t <1andy € C. Then y € C and hence f(y:,q) < 0. From (A1)

and (Ad), we have 0 = f(y, y:) < tf(ye,y) + (1 = ) f(ye,q) < tf(ye,y). Thus,
f(yt,y) > 0. From (A3), we have f(q,y) > 0 for all y € C. Therefore, ¢ € EP(f)
and hence ¢q € F.

Proof of step 6. From z,, = P, xo we have
(Xp —p, Jxg — Ja,) >0, for all p € F.

Taking limit in the above inequality, we have (¢ — p, Jxog — Jq) > 0, for all p € F.
So by Lemma 1.3, we conclude that ¢ = Prxg. This completes the proof. O
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3 Applications

This section deals with the application of equilibrium problems as it play
a central role in numerous disciplines including economics, management science,
operations research, and engineering. We discuss variational inequality problem
and convex minimization problem in a Banach space.

3.1 Variational Inequality Problem

Numerous algorithms have been developed for the computation of equilib-
rium points. Variational inequality theory, a powerful computational algorithm,
is one of them which has numerous applications in various disciplines of sciences
such as mathematical programming, game theory, mechanics and geometry. Now,
we formally define classical variational inequality problem in connection with the
equilibrium problem discussed in Theorem 2.1 as follows: Let A : C — E* be a
nonlinear mapping, the variational inequality problem is to find a point z € C such
that (Az,y —x) > 0 for all y € C. The set of solutions of variational inequality
problem is denoted as

VIC,A) ={x e C:(Az,y —z) >0, for all y € C}.

Theorem 3.1. Let C be a nonempty, closed and conver subset of a uniformly
smooth and uniformly convex Banach space E. Let A : C — E* be a monotone
and continuous mapping, and let S; : C — C, i > 1, be a countable family of
relatively nonexpansive mappings such that F := (2, F(S;) NVI(C, A) # 0. Let
{zn} be a sequence generated by

90 € Co=C

Yn,i = J_l (anjxn + (1 - an)JSzyn,z) s 1 > 17

Un,; € C such that (Aupn .,y — Uni) + %(y — Uniy JUn; — JYni) > 0,Yy € C,
Cri1={2€Cy: Sup;>1 ¥ (2, un,i) < ¢ (2,20)},

Tni1 = Pc, 1m0, 120,

where {a,} C (0,1) and {r,} C (0,00) satisfying limsup, . an, < 1 and
liminf, o 7y > 0. Then, {x,} converges strongly to Prxq, where Pr is a gener-
alized projection of E onto F'.

Proof. Define f(z,y) = (Ax,y—x) for all z,y € C. Then f satisfies the conditions
(A1)-(A4). Therefore, by Theorem 2.1, we obtain the desired result. O

3.2 Convex Minimization Problem

Mathematical optimization has applicable roots in various disciplines such as
estimation and signal processing, communications and networks, electronic circuit
design, data analysis and modeling, statistics (optimal design), and finance. Con-
vex minimization problem (CMP), basically deals with the problems of minimizing
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real valued convex function defined on the convex subset of the underlying space,
i.e. ¢ : C' — R such that

CMP(p) ={x € C:¢(x) < P(y), for all y € C'}.

Theorem 3.2. Let C be a nonempty, closed and convex subset of a uniformly
smooth and uniformly convex Banach space E. Let ¢ : C — R be a proper,
lower semicontinuous and convex function, and let S; : C — C, i > 1, be a
countable family of relatively nonexpansive mappings such that F := (2, F(S;) N
CMP(¢) #0. Let {x,} be a sequence generated by

r9g € Cy=C

Yn,i = J_l (aann + (1 - an)JSiyn,i)a T > 17

Uni € C such that ¢(y) + 7= (y — tn,is Juni — Jyn,i) > ¢(uni),¥y € C,
Cny1 = {Z €Cy: Sup;>1 (p(zaun,i) < (p(Z,LL‘n)},

Tn+1 = Pe, 1,0, n2>0,

where {an} C (0,1) and {r,} C (0,00) satisfying limsup, . a, < 1 and
liminf, o 7, > 0. Then, {x,} converges strongly to Prxo, where P is a gener-
alized projection of E onto F'.

Proof. Define f(x,y) = ¢(y) — ¢(x) for all x,y € C. Then f satisfies the con-
ditions (A1)-(A4). Therefore, Theorem 2.1 can also be applied to such a convex
minimization problem. O
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