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1. INTRODUCTION

Let E be a real Banach space with norm || . ||, E* be the dual space
of E and let C' be a nonempty closed convex subset of E. Let f be
a bifunction from C' x C' to R, where R is the set of real numbers.
The equilibrium problem is to find & € C' such that

f(&,y) >0,Vy € C.

This problem was first studied by Blum and Oettli [4]. The set of
solutions of equilibrium problem is denoted by EP(f) that is EP(f)
={zeC: f(z,y) >0,Yy € C}. Let A: C — E* be a nonlinear
mapping. The variational inequality problem with respect to A and
C'is to find w € C such that (Au,v —u) > 0 for all v € C. The

Received by the editors December 31, 2018; Revised August 19, 2019 ; Accepted:
November 07, 2019
www.nigerianmathematicalsociety.org; Journal available online at https://ojs.ictp.
it/jnms/
LCorresponding author
569



570 BASHIR ALI AND LAWAL UMAR

set of solutions of variational inequality problems with respect to
C and A is denoted by VI(C,A). Setting f(x,y) = (Az,y — x)
for all z,y € C, then & € EP(f) if and only if (AZ,y —2) > 0
for all y € C', i.e 2 is a solution of the variational inequality with
respect to A and C. Let ¢ : C — R U {oco} be proper, convex
and lower semi continuous, then the minimization problem of ¢ is
to find & € C such that ¢(z) < p(y) Vy € C.

The generalised equilibrium problem is to find € C such that

f(z,y)+ (Az,y—2) >0, Vy € C.

The set of solutions of generalised equilibrium problem is denoted
by

GEP(f,A):={& € C: f(i,y) + (Ad,y — &) >0, Vy € C}.

In this paper, we are interested in solving equilibrium problem with
respect to f given by

k
f(x,y) - Zfi(xvy)7vx7y € 07
=1
where f; : C x C — R are bifunctions for ¢ =1, 2, 3, ...k, satisfying
the conditions (A;) - (A4) below;

Ay) filz,x) =0, for all x € C, for 1 = 1,2,3...k;

Ay) fiismonotone,i.e f;(x,y)+fi(y,x) < 0,foreachi € {1,2,3, ..., k}
As) for all z,y € C, we have limsupf;(tz + (1 — t)x,y) < fi(z,y);

t—00
Ay ) for all z € C, fi(x,.) is convex and lower semi continuous

Vie{1,2,3,..,k}.

The mixed equilibrium problem is to find 7 € C such that

k
Z fi(@,y) + o(y) — (2) 2 0,Vy € C.

The set of solution of mixed equilibrium problem is denoted by

MEP(f.¢) = {2 € C: }_ file.y) + ¢(y) = p(#) 2 0,y € C}.

The generalised mixed equilibrium problem is to find ¥ € C such
that
k
> i@ y) + (AR y — &) + oly) — (&) > 0,Vy € C.

=1
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The set of solutions of generalised mixed equilibrium problem is
denoted by

k
GMEP(f, A, ) :={2 € C: Y fi(#y)+ (At,y—2)

i=1

+¢(y) —¢(2) > 0,Vy € C}.

The generalized mixed equilibrium problems are suitable method
for investigating various applied problems arising in economics,
mathematical physics, engineering and other fields. Moreover equi-
librium problems are closely related with other general problems
in nonlinear analysis such as fixed point, game theory, variational
inequality and optimization problems.

Let E be a Banach space and C be a nonempty subset of E. Let
CB(C) and KC(C) denote the families of nonempty, closed and
bounded subsets and nonempty compact and convex subsets of C'
respectively. The Hausdorff metric on CB (C) is defined by

H(A, B) = max{supd(z, B),supd(y, A)},
yeB

z€A

for A,B € CB(C), where d(z,C) = inf{|lz —y| : y € C}, is
the distance from a point x to a subset C'. A multivalued mapping
T :C — CB(C) is called nonexpansive if H(Tz, Ty) < ||z—yl|| for
all 2,y € C. The set of all fixed points of the map T : ¢ — C'B(C)
will be denoted by F(T) ={p € C:p € Tp}.

In 1969, Nadler [11] proved a fixed point theorem for multivalued
contraction mappings. He extended theorems on the stability of
fixed points of single-valued mapping and also gave a counter exam-
ple to a theorem about (g, A)- uniformly locally expansive (single-
valued) mappings. Later in 1997, Huang [9] studied approximation
of common fixed point of two nonexpansive multivalued mappings
satisfying certain contractive condition. In 2005, Sastry and Babu
[14] proved convergence theorems for multivalued mappings using
Ishikawa and Mann iterates. In 2007, a generalization of the re-
sults of Sastry and Babu [14] to uniformly convex Banach spaces
was given by Panyanak [13]. He proved a convergence theorem for a
mapping defined on a non compact domain. Later in 2008, Song and
Wang [17] proved strong convergence of Mann and Ishikawa iterates
to a fixed point of multivalued nonexpansive mapping 7" under some
appropriate conditions. In 2009, Shahzad and Zegeye [16] proved
strong convergence theorems for fixed point of quasi nonexpansive
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multivalued mapping using Ishikawa iterates. They proved their re-
sult without imposing the condition T'p = {p},Vp € F(T') and also
relaxed the compactness condition of the domain of 7. Abbas and
Rhoades [1] established weak and strong convergence theorems for
common fixed points of two multivalued nonexpansive mappings in
a real uniformly convex Banach space under some basic boundary
conditions.

In 2009, Takahashi and Zembayashi [18], introduced two iterative
sequences, for finding a common element of the set of fixed points
of a relatively nonexpansive mapping S and the set of solutions of
an equilibrium problem in Banach space as follows :

(vg=x€C
Un = J HapJo, + (1 — ay)JSz,),
1
u, € C such that f(u,,y) + T—(y — Uy, JUu, — Jy,) > 0,Vy € C
H,={2€C:o(z,u) < ¢z, 2,)}
W,={€C:(x, -2 Jo—Jzx,) >0}
\ Tnt+1 = Iy, w,z,n >0,

1
{ x, € C such that f(z,,y)+ T—(y — zp, Jx, — Ju,) > 0,Vy € C
Uny1 = J o Jz, + (1 — an)?]an), n €N,

where ¢ : E x E — R* denotes the Lyapunov functional defined
by

oy, z) = yll* = 2(y, Jz) + ||=|*, Yy, € E.

J is the normalized duality mapping on E, {a,} C [0,1] satis-
fies liminfa,(1 — a,) > 0 and {r,} C [a,o0] for some a > 0.

n—oo
They proved strong convergence of the scheme to a common ele-

ment of the set of fixed points of relatively nonexpansive mapping
and the set of solution of an equilibrium problem in a Banach space.
Moreover they proved weak convergence of the scheme to the same
point. In 2012, Bunyawat and Suantai [3] introduce an iteration
method for finding a common fixed point of a countable family of
multivalued quasi nonexpansive mappings in a uniformly convex
Banach space. Deng et, al.[6], proved strong convergence theorem
for common fixed point of finite family of asymptotically nonexpan-
sive mappings and the set of solution of mixed equilibrium problem
in uniformly smooth and uniformly convex Banach space. In 2016,
Ezeora [7], proved strong convergence theorems for a common ele-
ment of the set of solution of generalized mixed equilibrium problem
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and the set of common fixed points of a finite family of multivalued
strictly pseudocontractive mappings in real Hilbert spaces.

In this paper, motivated and inspired by the results mentioned
above, we prove strong convergence theorems for finding a point in
the set of common fixed point of a countable family of multivalued
asymptotically quasi nonexpansive mappings and the sets of solu-
tions of generalized mixed equilibrium problem in Banach space.
Our results generalize and improve recent results announced by
many authors.

Let F =2, F(T;,) NGMEP(f, A, ) # 0 and z* € F, generate a
sequence {x,} defined by

/

u € K

k
xn € C such that Z fi(@n,y) + (Azn, y — )

j=1

1
‘H,O(y) - 90(33'”) + T_<y — T, JTy — Jun> >0,Vy € C

n

(1)

oo
§ : n
Up+1 = Qo ndn + A nWin, Win € frz T, N Z 17

L i=1

where the sequences {«a;,} C [0,1] satisfy liminfog,0;, > 0,
n—o0

lim supayg,, < 1, Zam =1, w;, € Tz, such that Tjz* = {z*}
for all i € {1,2,3,...} and let {r,} C [a, 00|, for some a > 0, where

T7" stand for the n compositions of 7;. Assume that the condition

Z(kn — 1) < oo is satisfied.

n=1

The main purpose of this paper is to prove convergence of the
scheme (1) to a point in F.

2. PRELIMINARY

Definition 1: A multivalued mapping T : C — C'B(C) is said to

be:

1) Quasi nonexpansive if F(T) # (), and H(Tx,Tp) < ||z — p|| for

allz e Cpe F(T)

ii) Asymptotically nonexpansive if there exists a sequence {k,} C

[1,00) with lim k, = 1 such that H(T"z, T"y) < k,||z — y|| for all
n—oo

z,y € C'and n € N.

iii) Asymptotically quasi nonexpansive if F'(T) # () and there exists
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a sequence {k,} C [1,00) with lim k,, = 1 such that H(T"z,T"p) <

n—o0

kn|lx — pl|, for all x € C, p € F(T).

Definition 2: A multivalued mapping 7' : C' — C’B(C’) is said
to be hemi-compact, if for any sequence {z,} C C such that
d(z,,Tx,) — 0 as n —> oo, there exists a subsequence {z,, }
of {z,} such that x,, — p € C. We note that if C' is compact,
then every multivalued mapping 7' is hemi compact.

Remark 1:

(i) The class of quasi asymptotically nonexpansive multivalued
mappings contains properly the class of quasi nonexpansive
multivalued mappings with fixed points.

(ii) The class of quasi nonexpansive multivalued mappings con-
tains properly the class of nonexpansive multivalued map-
pings with fixed points.

Definition 3: Let T be a multivalued mapping the nth composition
of T denoted by T™ = T(T™') is defined by
T'x= U Ty.
yeTn 1z
Definition 4: An asymptotically multivalued quasi nonexpansive
mapping 7' is said to be uniformly L—Lipshitzian if there exists
L > 0 such that for any pair z,y € D(T') we have

H(T"x, T"y) < Lljz —y].

Definition 5: A multivalued mapping 7" is said to be continuous if
whenever a sequence {z,,} C D(T) is such that z,, = = as n — oo,
then Tz, — Tx.

Throughout this paper, we denoted by N and R the sets of positive
integer and real numbers, respectively. Let E be a Banach space
and E* be the dual of £/, We denote the strong convergence and
the weak convergence of a sequence {z,} to z in E by x, — =
and x,, — x respectively. We also denote the weak* convergence of
a sequence {x}} to z* in E* by x} — z*, forall x € F and 2* € E*,
we denote the value of x* at x by (z,x*), which is called duality
pairing. The normalized duality mapping J on F is defined by

J(z) = {z" € E": (w,2") = |l2|* = [|2"||*}
for every x € E. A Banach space F is said to be strictly convex if
letyl < 1for all x,y € £ with ||z|| = ||y|| =1 and x # y. The

space F is also said to be uniformly convex if for each ¢ € (0, 2],
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there exists § > 0 such that M <1-9¢ forall z,y € E with

lz|| = |ly]l = 1 and ||z — y|| > e. A Banach space is said to have
Kadec-Klee property, if z,, — = and ||z,|| — ||z|| imply x, — z.
Every Hilbert space and uniformly convex Banach space possess
Kadec - Klee property. The space E is said to be smooth if the
limit lim

t —
! 0||x+ yl=l=l exists for all z,y € S(F) = {2z € £ :
—

|z|]| = 1}. Tt is algo said to be uniformly smooth if the limit exists
uniformly in z,y € S(F).

A Banach space E is said to satisfy Opial’s condition [12] if for any
sequence {z,} in E, z, — x as n — oo implies that

liminf ||z, — z|| < liminf ||z, —y||, Vy € E,y # x.
n—oo n—o0

It is known that if E is smooth, strictly convex and reflexive, then
the duality mapping J is single - valued, one-to-one and onto. The
duality mapping J is said to be weakly sequentially continuous if
for any sequence {z,} in E, z,, = = implies Jz,, — Jz.

Following Alber [2], the generalised projections Il from E onto C
is defined by

o (z) = argming(y, x),Vx € E.
yeC
The generalised projection Il from E onto C'is well defined, single
valued and satisfies

(el = 1lylD?* < oy, =) < (2l + [lyl))*, Va,y € E

and

o(x,y) = ¢z, 2) + ¢(2,y) + (x — 2, Jz = Jy).

If E is a Hilbert space, then ¢(y,z) = ||y — z||* and Iz becomes
the metric projection of H onto C. The following lemmas for gen-
eralised projections are well known.

Lemma 1: (see [2]) Let C' be a nonempty closed convex subset
of a smooth, strictly convex and reflexive Banach space E, Then
¢(x,lcy) + ¢(Uey,y) < ¢(z,y),Vr € Candy € E

Lemma 2: (see [2, 10] ) Let C' be a nonempty closed convex subset
of a smooth, strictly convex and reflexive Banach space. Let © € FE
and z € C. Then z = llgz if and only if (y—z, Jx—Jy) < 0,Vy € C.
A mapping T : C — C' is called nonexpansive if ||[Tz — Ty| <
|z — y||,Vz,y € C. We denote by F(T') the set of fixed points of
T. A point p € C is said to be an asymptotic fixed point of T if
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there exists a sequence {z,} in C' which converges weakly to p and
lim || =, — Tz, ||= 0. We denote the set of all asymptotic fixed

n—oo

points of T by F(T).

Lemma 3: (see [8]) Let E be a uniformly convex Banach space
satisfying the Opial’s condition, C' a nonempty closed subset of F
and T : C' — C asymptotically nonexpansive mapping. If the
sequence {z,} C C is a weakly convergent with the weak limit p
and if li_>m |xn — Tx,|| =0, then Tp=p

Lemma 4: (see [15]) Suppose that E is a uniformly convex Ba-
nach space and 0 < p < t, < g < 1 for all positive integer n.
Also suppose that {x,} and {y,} are two sequences of E such that

lim sup||z,| < 7, limsupl|ly,| <7, and lim |[t,z, + (1 — t)y.|| =7
n—o00 n—00 n—o00
hold for some r > 0, then limsup||x,, — y,|| = 0.
n—oo

Lemma 5: (see [5]) Let E be a uniformly convex Banach space.
For arbitrary r > 0, let B,.(0) := {||z € E : ||z|| < r}. Then for any
given sequence {x,}2°, C B,(0) and for any given sequence {A}5°,

[e.e]
of positive numbers such that Z An = 1, there exists a continuous

n=1
strictly increasing convex function

g:10,2r] — R,g(0) =0

such that for any positive integers ¢,7 with ¢ < j, the following
inequality holds:

1Y " Anzall” <> Aallzall® = Aidig(la: — 24).
n=1 n=1

Lemma 6: (see [4]) Let C be a closed convex subset of a smooth,
strictly convex and reflexive Banach space F, let f be a bifunction
from C' x C to R satisfying (A;) — (A4), let > 0 and = € E.

1

Then there exists z € C such that f(z,y)+ —(y — 2,Jz — Jzx) > 0,
r

for all y € C.

Lemma 7: (see [19]) Let {a,}, {b.}, and {¢,} be sequences of non-
negative real numbers satisfying
(1) An41 S Qn, + bn

(2) any1 < (1 + cy)a, + by, for all n € N, where an < 0o and

n=1
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oo
Z ¢, < 0o. Then
n=1

i) lim a,, exists.
n—oo
ii) if liminfa,, = 0, then lim a, = 0.
n—oo n—oo

Lemma 8: (see [10]) Let £ be a smooth and uniformly convex
Banach space and let r > 0. Then, there exists a strictly increasing
continuous and convex function g : [0, 2r] — R such that ¢g(0) =0
and g(||lz — yl) < [lz|* — 2(z, jy) + [ly||* for all 2,y € B,.

Lemma 9: Let ¢ : C' — R be lower semi- continuous and convex
function, A : C' — E* be continuous and monotone and f : C' x
C' — R be a bifunction satisfying (A;) — (A4) as follows:

(Al) f(CC,ZE) =0
(A9) f is monotone i.e, f(z,y) + f(y,z) <0, for all z,y € C
(A3) for all z,y,z € C, limsupf(tz + (1 — t)x,y) < f(x,y)
t10
(A4) the mapping y — f(z,y) is convex and lower semi continuous.

Then 7 : C’ x C' — R defined by

ng z,y)+(Ar, y =) +(y) —p(z) satisfies (A1) —(As).

k

(A1) = T(uw) =) filuw) + (Au,u—u) +(u) = p(u) =0,

j=1

k
(A2) : T(u,y) + 7(y,u nguy ij<y,u>

+ (Au,y —u) + <A’y,u —y)

+ oY) — p(u )+s0( ) — ()

:Zf]uy+2fg?/, + (Ay — Au,u —y)

k

= Zf]uy +ijy, A'g Auy—u)

O

IA
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(As) : limsup7(tz + (1 — t)x,y) = lim sup(ZfJ

+ (1—t)x y)—i—(A(z+(1—t)x,y—(tz+(1—t)x))
+ oY) - etz + (1= 1))

IN

t—0

k
lim sup(z filtz+ (1 —t)z,y)

hr?j&lp(A(tz +(1=tz,y—(tz+ (1 —t)x))

lirilj()hlp(w(y) —p(tz + (1 —1t)z))

IN

Zf] r,y) + (Az,y — 2) + ¢(y) — o(x)

- (l’,y)

(Ag) : T(u,tz 4+ (1 —t)y) = Z filu,tz + (1 —t)y)
+ (Au,tz+ (1 =ty —u)y + otz + (1 —t)y) — p(u)

k k
thj(u, 2)+ (1—1) ij(u,y)

+ t{Au,z —u) + (1 —t)(Au,y — u)
+ 1p(2) + (1= )p(y) — to(u) = (1= )p(u)

= t[Z filw, 2) + (Au, 2 — u) + p(2) — o(u)]

IN

T 1—th]uy (Au,y — u) + ¢(y) — (u)]

= 7 (u72)+(1—t) (u, y)

Lemma 10: (see [20]) Let £ be a smooth, strictly convex and
reflexive Banach space and C' be a nonempty closed convex subset
of E. Let A: C — E* be a continuous and monotone mapping,
¢ : C — R be a lower semi- continuous and convex function,
and h : C' x C — R be a bifunction satisfying the conditions
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(A1) — (A4). Let r > 0 be any given number and v € E be any
given point. Then, the followings hold:
(1) There exists z € C such that

1
h(z,v) +((v) = C(v) + (v —z, Az) —l—;(v—z,]z— Ju) > 0,Vv € C.
(2) If we define a mapping A, : E — C by

A (u) = {z€C:h(z,v)+((v) —C(v)+ (v—2 Az)
+ %<U—Z,JZ—JU>ZO,VUGC},UEE,

the mapping A, has the following properties:

(a) A, is single-valued,;

(b) A, is a firmly nonexpansive mapping, that is

(Ayx — Ay, JAx — JAy) < (A x— Ay, Jxr — Jy) Ve,y € E

() ( r) = GMEP(h, A, ¢) = F(A,)

(d) GMEP(h, A, () is a closed convex set of C;

() 6(a, Art) + (A, u) < Blq, w),¥q € F(A,), u € .

where F(A,) denotes the set of asymptotic fixed points of A,, i.e.,
F(A,) :={z € C: IH{x,} C C, such that z, — =, ||z, — Az,| —

0.(n — 00)}.

Lemma 11: Let C' be a closed convex subset of a uniformly

smooth, strictly convex and reflexive Banach space E. Let 7 :

C xC — R ba as in Lemma 9 above. Let T, : E — C, for r > 0

and x € E, be defined by

1
T.(z) ={ueC:7(uy)+ ;(y—u, Ju—Jx) >0,Yy € C},

Then, the following hold:
T, is single-valued
T, is firmly nonexpansive-type mapping i.e

— Ty, JTx— JLy) < (T,x — Ty, Jr — Jy),Ve,y € E

a)

b)

(T

c) ( +) = GMEP(f, A, ¢) = F(T,)

d) GMEP(f, A, ) is closed and convex subset of C
) &(p; Trw) + ¢(Trz, 2) < 6(p, )

@

Proof: We divide the proof into several steps:
a) T, is single-valued . Indeed, for x € F and r > 0, let uy,us € T,x

1
T(up, ug) + ;<u2 —uy, Ju; — Jxy >0,
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and

1

T(ug, uq) + —{uy — ug, Jug — Jxy >0,

r

Adding the two inequalities, we have
1
T(ur,uz) + 7(uz, wr) + ;<U2 —uy,, Juy — Jug) >0,

From (Ay) and r > 0, we have
(ug —uy,, Juy — Jug) >0,
Since F is strictly convex, we have
Uy = U

b) T, is a firmly nonexpansive-type mapping . Now for z,y € C,
we have

1
r(Trx, Ty)+ —(T,y — Trx, JT,x — Jx) > 0,
r
and

1
<T7”x - TT’yv JT’I‘y - J?J> > 07

r

Ty, Trx) +
Adding the two inequalities, we have

m(Tox, Tyy) + 7(Tyy, T,x) + %(TTy — T, JT,x — JTy — Jx + Jy)
> 0,
From (As) and r > 0, we have
(Toy — T, JTox — JTy — Jx + Jy) > 0,
Therefore, we have
(Toy — Thx, JTox — JTy) < (Toy — Thx, Jo — Jy).
c) T, =GMEP(f, A, ). Indeed, we have
2e F(T,) — z=T,
= (z,y) —|—%(y—z,Jz— Jz) >0
= T(2,y)20,VyeC
& »e€ GMEP(f, A, )

d) GMEP(f, A, p) is closed and convex .
Now from (¢) GMEP(f, A,¢) = F(T,) and (b), we have

(Thy — Tyx, JT,x — JTy) < (Tyy — Tox, Jo — Jy).
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Moreover, we have
o(Tox, Toy) + o(Try, Trx) = 2HT7"37H2 — 2Tz, Ty)
2(Ty, JT,x) + QHTTZ/HQ
= 2Tz, JTx — JTy) + 2(Ty, JT,y — JT,.x)
= 2T,x— Ty, JT,x — JT,y)
and
¢(T7‘x7y) + ¢<Try7 iL‘) - ¢(T7‘x7$) - ¢(Try>y) = HTr$|’2
— AT, Jy) + ylI* + | Tyll® — 2(Try, Ja) + |||
— Tzl + 2(Ty, Jz) — |||
—NTyll” + 2(Ty, Jy) — llyll?
= 2Tz, Jx — Jy)
= 2Tz — Ty, Jx — Jy).

Hence, we have

o(Trx, Tyy) + ¢(Try, Trx) < o(Ta,y) + o(Thy, x)
- ¢(Trx7 .I) - §Z5(TTy, y) (2)

So, we have, for x,y € C'
(T, Ty) + o(Ty, Trx) < o(Tra, y) + ¢(Try, x)
Taking y = z € F/(T,), we obtain
(b(Z? TT'I) S ¢(Z7 I)

Next, we show that F(T,) = GMEP(f, A, ¢). Let p € F(T,), then
there exists {z,} C E such that z, — p and lim (2, — T,z,) = 0.

n—oo
Moreover, we obtain 7,z, — p. Hence, we have p € C, since J is

uniformly continuous on bounded sets, we have
1
lim —||Jz, — JT,2,|| = 0.
n—oo T
From the definition of 7}, we have
1
T(Trzn,y) + =y — Trzp, JTp 2 — J2,) > 0.
r
Since

1
_<y - Trzna STz, — Jzn> > _T(Trzm y) > T(y> Trzn)
r
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and 7 is lower semi-continuous and convex in the second variable,
we have

0> lim7(y, Tr2,) > 7(y, p)

n—0o0

Therefore, we have
7(y,p) < 0,Vy € C.
Let y € C and set oy =ty + (1 — t)p, for t € (0,1]. Then, we have
0 = 7(x4, )
< tr(ey) + (1= 6)7(2e,p)
< tr(w,y)
Dividing by t, we have
T(x1,y) 20
Letting t | 0, we have from (Aj3) that
T(p,y) > 0,Vy € C
This implies that p € GMEP(f, A, ) A
and hence F(T,) = GMEP(f,A,p) = F(T,). Thus,T, is a rela-
tively nonexpansive mapping.
F(T,) = GMEP(f,A, ) is closed and convex
e) o(p, Trx) + ¢(Trx,x) < ¢(p,z). From (b) and (2), for each
x,y € E, we obtain
o(Lra, Try) + o(Ty, Trx) < d(Thx,y) + o(Try, x)
— (T, z) — o(Thy,y).
Letting y = p € F(T,), we obtain

o(p, Trx) + ¢(Trx, ) < ¢(p, @)

3. MAIN RESULS

We introduce an iterative scheme for finding a common element of
the set of solution of the generalized mixed equilibrium problems
and the set of common fixed points of infinite family of multivalued
asymptotically quasi nonexpansive mapping in Banach space.

Theorem 1: Let F be a uniformly smooth and uniformly con-
vex Banach space, and Let C' be a nonempty closed convex subset
of E and CB(C) be the class of nonempty, closed and bounded
subsets of C'. Let f : C' x ' — R be bi functions which sat-
isfy the conditions (A;) — (A4), A : C — E* be continuous and
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monotone. Let ¢ : € — R U {oo} be proper, convex and lower
semi-continuous function. Let {7;} be a sequence of continuous
multivalued asymptotically quasi nonexpansive mappings from C'
into CB(C) with F := N2, F(T;)NGMEP(f, A, @) # 0, for which
Tix* ={a*},Va* e N, F(T,) N\GMEP(f, A, ¢). Let {in}32,,1=

0,1,2,3,... be sequences in (0, 1) such that Z a;, = lforalln > 1.

=0
Let liminfay 0, > 0, for all j € N. Let {r,} C [a, o0], for some

n—oo
a > 0, where T* stand for the n compositions of 7;. Assume that

the condition Z(k‘n —1) < oo is satisfied .

n=1
Then the sequence {z,} generated by (1) converges strongly to an
element of F' if and only if lim infd(z,, F) = 0.
n—oo

Proof: For r > 0, let functions 7: C xC — Rand T}, : E — C
be defined by

T(z,y) = Z fi(z,y) + (Az,y — @) + o(y) — p(x) > 0,Vz,y € C

and
1
T.(zx)={ueC: T(u,y)+;(y—u, Ju—Jz)>0,Vye C},Ve € E

respectively. Now by Lemma 10, the function 7 satisfies conditions
(A1)—(A4) and T, has the properties (a)—(d). Therefore scheme(1)
can be rewritten as

U € FE
1
z, € C such that 7(x,,y) + —(y — xp, Jx, — Ju,) >0, Yy € C

n
0
§ : n

Un4+1 = Qondn + A nWin, Win c ,T@ Tn, M > 1.
=1

We divide the proof into a number of steps:

Step 1: We prove that the sequence {z,} is bounded and
lim d(x,, T'z,) = 0, for all i € N. Let 2* € F and notice that

n—
x, = Ty, Uy, then ||z, —z*|| = ||T;, un — 2*|| < ||un, — x*||, we obtain



584

BASHIR ALI AND LAWAL UMAR

the following estimations;

[#nty = 2" = ([T tngr — 27|

IN

IN

IN

<

Hence, we have

1 — 27|

o0
HCYO,n(QZn - QZ*) + Z ai,n(wi,n - I*)H
=1

o0
donlln — |+ 3 cunllwi, — 2]
=1

Qo ||y — 27| + Z G (d(w;p, T ™))

i=1

OéovnHLEn - CIZ*H + Z &i,n(H(ﬂnxm ﬂnx*))
i=1

o0
Qonlltn = 2|+ inlknllzn — 2*]
=1

oo
onlltn = 2l + ka3 cinllen — o
=1

(o + Ky, Z Qi) |lxn — 27|

i=1

(knao,n + kn Z ai,n)Hxn - I*H

i=1
o0

Fon (0.0 + Z i)z — 27|
i=1

Fnllzn — 27|
(14 (k= 1)) [ln — 27

[enia = 2| <l — 27| + (ko = Dl — 27| (3)

Hence, by using Lemma 7, Z(kn — 1) < o0, we conclude that

i=1

lim ||z, —2*|| exists. Then {z,} is bounded and so are {w; ,,}, {u,}
n—oo

and {T"x,}.
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Now by using Lemma 5 we obtain

|41 — 27|

IN

IN

IN

1T s i1 — 2

41 — 2|2

00
Hao,nxn + Z Qi pnWin — x*HQ
=1

oo
laom(@n —2%) + 3 i (wip — 2*)|
=1

o0
aonllzn — 2|+ inllwin —2*|?
=1

0,ning([[Tn = win

[o.¢]

aonllon =" * + ) ain(d(win, T'c"))?
=1

aonting([[2n — winl)

[o¢]
aonllzn — 2|+ i (H (T2, T'2"))?
i=1

a0,ning([[n = winl)

o0
aonllzn = 2*(1* + ) ciplknllzn — o)
i=1
— 00,0 ng(||Tn — winll)
oo
aonllzn = 2*|° + B2 Y aipllen — 2|
i=1
aO,nai,ng(Hwn - wz‘,n”)
o
2 * (12
(a0 + K2 cin)llzn — 2|
i=1
ao,nai,ng(HiL“n - wi,n”)
o
(knaon + kY ain)llen — 2|
i=1
0,0 ng([|2n — winll)

o0
K2 (a0 + 3 ai) 2 — 2
=1

aO,nai,ng(Hwn — Win H)

kallzn — 27[|* — a0 naing(lzn — winl)

(1 + (k3 = D)llzn — 2"[1* = aon@ing(l|lzn — win

585

)-
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Hence, we have
nrr = 2|17 <l — 2% + (k7 = Dz — 2"
— a0 n@ing([|Tn — winl])-

(4)

Now from (4), we have
a0ning([[Tn —winll) < N2n — 2" = [l2n — 2"
+ (k= 1)z, — 2|
By the assumption that liminfag,;, > 0, we have lim g(||z, —
n—oo

n—o0
w; »||) = 0, then by continuity of g, we have

lim ||z, — w;,|| = 0. (5)
n—oo
Therefore
lim d(x,, T'x,) < lim ||z, — w; || = 0.
n—00 n—o00
This implies that
Jingod(xn,Ti x,) =0, (6)
for all + € N.
Step 2: We show that lim d(z,, T;x,) = 0.
n—oo
Now, from stepl by using (3) with Z < oo and for

each z* € F, then the hm ||xn - || ex1sts This implies that
d(zps, F) < (14 (k, — 1))d($n, F), then by lemma 7, lim d(z,, F)
n—oo

exists. Hence by the assumption liminfd(z,, F') = 0 , we obtain
n—oo

lim d(x,, F') = 0. (7)

n—oo

Now, let x* € F' be arbitrary, then

d(zy, Tizy) < d(xg,T'x,) + d(T 2y, %) + d(z*, Tix,)
< d(zp,T]'z,) + H(T"ix,, T'x*) + H(Tix,, T;x")
< d(xn, T'wy) + kollzn, — 2| + ki l|z, — 27|
= d(xn, I7'xy) + (kn + k1) ||z, — 27| (8)
Therefore,

d(xn, Tivy,) < d(zn, T 'wn) + (kn + k1) ||z, — 27|,

Taking infimum over all z* € F', we get

d(zy, Tixn) < d(zn, T]'xy) + (kn + k1)d(z,, F) 9)
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Applying (6) and ( 7) in (9) , we obtain

lim d(z,, T;z,) = 0. (10)

n—o0

Step 3: We show that the sequence {z,} converges strongly to a
point in F'.
Since lim d(z,,F) = 0. For all ¢ > 0, there exists N € N and

n—0o0

b* € I such that

2 — || < % Vn e N

Thus for any m € N, we have
. . € €
[Zntm — Toll < |Tngm — O[] + 0" — 20l < 5 + 5.
2 2
This implies that
||$n+m - xn” <g, Vn € N.

Thus the sequence {z,} is cauchy. Since the space is complete,
Tn, — T as n — 0o.
Finally, we show that € F'. Clearly for any ¢ € N

d(z,T;z) = lim d(x,, Tiz,) = 0.

n—oo
This implies that © = T;z, thus
T €N, F(Ty).

Next, we show that £ € GMEP(f, A, ¢). Now firstly, we show that
lim ||z, — u,|]| = 0. Let 2* € F := N2, F(T;) NGMEP(f, A, @)
n—oo

and by using Lemma 8, we have

|20 — x*”Q T, tn — Trnx*HQ

< <Trnun - Trnx*aj<u’n o ili'*)>
= (x, — 2", j(u, — "))
1 * *
< §[||Un — 2] + ||z — 2*)° = g(|Jun — za]|)

This implies that

”*'En_x*H2 < Hun_m*HQ_g(Hun_an)- (11)
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Using (1) and (11), we have

41 — 2|

IN

IN

IN

IN

IN

This implies that

00
Haﬂ,nxn + Z O nWipn — -1'*”2
=1

o0
||O‘0,N(xn — ")+ Z O‘i,n(wi,n - :B*)HZ
=1

o
tonllan =212+ il — a2

=1

oo
oz — z*|* + Z Qi (d(w;,, T 2*))?

=1
oo
Qonllzn — z*|* + Z Qi (H(T "y, T} x*))?
=1
oo
ag e, — | + Zaz,n[knnxn —z|]?
i=1

o0
Conlltn — 2P + K23 agullen — 2|

i=1
oo
(o + ks Z i) |20 — z*)?
i=1
o0
(kzo‘o,n + Ky Z i) || — z*|)?
i=1

o0
k‘}%(a&n + Z ®in)|| 0 — x*HQ

i=1
Fallzn — 2°”
Falllun — 271" = g(lun — za]))]

Fallun — 271 = kng(llun — 2a]))

kg (lltn — 2nll) < kpllun — 2*|1* = llunes — 277
= (14 (kg = D)llwn — 2" [* = fltnsr — 27|

= (k?z - 1)”un - x*HQ + Hun - x*HQ - Hun—I—l - JZ*||2
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Therefore, since k, — 1 as n — oo and lim ||u,, — z*|| exists,
n—oo

we have
lim kig(“un — x,]]) = 0. (12)
n— o0
It follows from the property of g that
i 2, — | =0, (13
By using (13) and since J is uniformly norm-to-norm continuous

on bounded sets, we have
lim ||Jz,, — Ju,|| = 0. (14)
n—oo

From the assumption r,, € [a,00) and a > 0, we have
i 1% = Jall

n—00 Tn

Since {z,} is bounded and so is {Jz,}, there exists a subsequence
{Jxp, } of {Jx,} such that Jz,, — &, since {u,} is bounded, by
(14), we also obtain Ju,, — . Putting x, = T, u,, we have

1
(T, y) + —(y — xp, Jx, — Ju,) > 0,Vy € C.

Tn

Replacing n by ng, and using (As) we have

1
T—(y — Ty, STy, — JUp, ) > —7(20,,y) > T(y, xp,,), Yy € C.

Letting k — oo, we have from Jz,, — & and (A4) that
T(y,2) <0,Vy € C.

FortwithO<t<landyeC, lety, =ty+ (1—t)z. Sincey € C
and = € C, we have y, € C and 7(y;, ) < 0,Vy € C, so from (A;)
and (Asz), we have

0 = 7(Ys, ur)
< (Y y) + (L= 8)7(ye, 2)
< 1y, y).
Dividing by t, we have
T(ye,y) > 0,¥y € C.
Letting t — 0, and using (A3), we have
7(2,y) > 0,Vy € C.
Therefore z € GMEP(f, A, p). Hence, we have & € F.

Theorem 2: Let F be a uniformly convex real Banach space and C'
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a nonempty, closed and convex subset of F. Let {7;} be a sequence
of continuous multivalued asymptotically quasi-nonexpansive map-
pings from C into CB(C) with F := N2, F(T)NGMEP(f, A, ¢) #
0, for which Tjx* = {z*}, Va* € N, F(T;) NGMEP(f, A, ). Let
{T;} be hemi compact for at least one ¢ € N and 7} is continuous
for each i € N, let {a;,}3°,,7 = 1,2,3,... be a sequence in (0, 1)

such that Z a;, = 1foralln > 1. Let {x,} be a sequence defined
i=1
by (1) with liminfe; gaj,, > 0 for all j € N. Then {x,} converges
n—0o0

strongly to a point in F.
Proof: From Theorem 1, lim d(x,, Tjx,) =0, Vi € N. Now, let T},

n—0o0

be hemi compact for some i, € N, then lim d(x,,T;, x,) = 0 and
n—0o0

there exists a subsequence {z,, } of {z,} such that z,, — ¢ as
k — oo for some ¢ € C'. By continuity of 7} for each i € N, we get
]}Lrgod(xnk,ﬂxnk) = d(q, T;q). This implies that d(q,T;q) = 0 and
q € F. Since lim ||z,, — ¢|| exists, it follows that {z,} converges
strongly to q. %ﬁf; complete the proof.

Theorem 3: Let E,C, {T;} {ai,} and {z,} be as in Theorem 1,

where C' is a compact convex subset of E. Then {z,} converges
strongly to a point in F.

Proof: By Theorem 1, lim d(z,,T;z,) = 0,Vi € N . From the
n—oo

compactness of C, there exists a subsequence {x,, }>°, of {z,} such
that
klim |zn, — ¢|] = 0 for some g € C. Thus for i € N, we have

—00

d(q, Tiq) < d(q,zp,) + d(xn,, Tizy, ) + H(Tix,,, Tiq)

< Hxnk - qH + d(%nk,ﬂﬂink) + lexnk - qH

Then,

d(¢, T;q) = 0,q € F(T;), Vi € N.
Hence, since Jirgo\\xnk —q|| = 0 and using the conclusion of Theorem
1, we have lim ||z, —¢|| = 0. i.e x, — ¢,q € F. This complete
the proof. B
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