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One-step iterative scheme for approximating common fixed
points of three multivalued nonexpansive mappings

R. A. Rashwan and S. M. Altwqi

ABSTRACT. In this paper, we introduce a new one-step iterative scheme to
approximate a common fixed point of three multivalued nonexpansive map-
pings in a uniformly convex real Banach space and establish strong and weak
convergence theorems for the proposed process. Our results extend important
results.

1. Introduction

Let F be a real Banach space. A subset K is called proximinal if for each
x € F, there exists an element k € K such that

d(z, k) = inf{[|z —y|| : y € K} = d(z, K).

It is known that a weakly compact convex subsets of a Banach space and closed
convex subsets of a uniformly convex Banach space are proximinal. We shall denote
the family of nonempty bounded proximinal subsets of K by P(K) and the family
of nonempty compact proximinal subsets of K by CP(K). Consistent with [8], let
CB(X) be the class of all nonempty bounded and closed subsets of X. Let H be
a Hausdorff metric induced by the metric d of X, given by

H(A, B) = max{sup d(z, B),sup d(y, A)},
z€A yeB

for every A, B € CB(X). It is obvious that P(K) € CB(X).
A multivalued mapping T' : K — P(K) is said to be a contraction if there
exists a constant k € [0,1) such that for any x,y € K,

H(Tw, Ty) <klz -yl

2000 Mathematics Subject Classification. 47TH10; 54H25.
Key words and phrases. Common fixed points, One-step iterative scheme, Multivalued map-
pings, Nonexpansive mapping, Banach spaces.

T



78 R. A. RASHWAN AND S. M. ALTWQI

and T is said to be nonexpansive if
H(Tz,Ty) < [l —yl|,

for all z,y € K. A point x € K is called a fixed point of T" if z € Tz. Throughout
the paper N denotes the set of all positive integers and the F'(T") denotes the set of
all fixed point of T.

The study of fixed points for multivalued contractions and nonexpansive map-
pings using the Hausdorfl metric was initiated by Markin [7] ( see also [8]). Later,
an interesting and rich fixed point theory for such maps was developed which has
applications in control theory, convex optimization, differential inclusion and eco-
nomics. The theory of multivalued nonexpansive mappings is harder than the
corresponding theory of single valued nonexpansive mappings. Different iterative
processes have been used to approximate the fixed points of multivalued nonexpan-
sive mappings. Among these iterative processes, Sastry and Babu [12] considered
the following;:

Let T : X — P(X) be a mapping with p € Tp.

(I) Define a sequence by z = z1 € X,

LTn+1 = (1 - an)xn + @nYn,

where y,, € Tz, is such that ||y, —p|| = d(p, Tz,), and {a,} is a sequence in (0, 1)
satisfying lim a, =0 and ) a, = oco.
n—oo

(IT) The sequence of Ishikawa iterates is defined by

rKT = x€ X,
Yn = (1 —=0bp)xn +bnz,
Tpt+1 = (1 - an)mn + anlnp,

where z, € Tx,, u, € Ty, are such that ||z, — p|| = d(p,Tz,) and |ju, — p| =
d(p, Tyn), and {ay},{b,} are real sequences of numbers with 0 < a,, b, < 1 satis-
fying lim b, =0 and ) a,b, = oc.
n—oo
Panyanak [11] obtained the following theorem.
THEOREM 1.1. Let K be a nonempty compact convexr subset of a uniformly
convex Banach space X. Suppose that a nonexpansive map T : K — P(K) has a

fized point p. Let {x,} be the sequence of Ishikawa iterates defined by (II ). Then
{zn} converges to a fized point of T.

Following is the useful Lemma due to Nadler [8].

LEMMA 1.1. Let A,B € CB(X) and a € A. If n > 0, then exists b € B such
that d(a,b) < H(A,B) +1

Based on above lemma, Song and Wang [13] modified the iteration scheme used
in [11] and improved the results presented therein. This scheme reads as follows:
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The sequence of Ishikawa iterates is defined by:

1 = z€X,
Tnt1 = (1 —ap)Tn + aptn,

where 2, € Txp,u, € Ty, are such that ||z, — u,| < H(T2pn,Tys) + nn and
lzn+1 — un|l < H(TZpt1, TYn) + Mn, and {a,}, {b,} are real sequences of numbers
with 0 < ay,, b, < 1 satisfying nh_)rrgo b, =0 and > apb, = co.

On the other hand, T. Hu et al. [3] obtained common fixed point of two
multivalued mappings T, S : K — CB(K) satisfying certain contractive condition.
To achieve this, they employed the following iterative process:

r, = z€K,
Yn = (1 - bn)xn + bnvn7 Up € Txn
Tnr1 = (1 —an)Tp + antn, Up € Syn, n €N,

where {a,} and {b,} are in [0, 1] satisfying certain conditions.

Recently, S. H. Khan et al.[4] introduces new one-step iterative process to
compute the common fixed points of two multivalued nonexpansive mappings. Let
S, T : K — CB(K) be two multivalued nonexpansive mappings with a common
fixed point p. They employed the following iterative process:

r, = z€eK,
Tn+1 = Ayn+(1_/\)z7za n €N,

where y,, € Sz, such that ||y, — yni1ll < H(S%n, STpi1) + Mny 2n € Txy, such that
lzn — znt1ll S H(TZp, Txpt1) + mn and A is a real number satisfying 0 < A < 1.
S, T : K — CB(K) are said to satisfy condition (C) if d(x,y) < d(z,y), for y € Sz
and z € Tz.

Very recently, M. Abbas et al.[1] introduce a new one-step iterative process
to compute common fixed points of two multivalued nonexpansive mappings. Let
S, T : K — CB(K) be two multivalued nonexpansive mappings. They employed
the following iterative process:

ry = IGK,

Tn+1 = ApTp + bnyn + Cpin,M € N7

where y,, € Tx,, and z, € Sz, such that ||y, — p|| < d(p,Sx,) and ||z, — p|| <
d(p, T'zy,), whenever p is fixed point of any one of the mappings S and T', and {a,, },
{bn} and {c,} are sequence of numbers in (0, 1) satisfying a,, + b, + ¢, < 1.

In this paper, we introduce new one-step iterative process to approximate the
common fixed points of three multivalued nonexpansive mappings in a uniformly
convex real Banach space and establish strong and weak convergence theorems for
the proposed process. Our results extend and improve the recent results in [1, 4].
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Let T,S,R : K — CB(K) be three multivalued nonexpansive mappings with
common fixed point p. Our process reads as follows:

1 = z€eK,
(11) Tpi1 = QplYp + ﬂnzn + YhwWpn € N,

where y,, € T, such that ||y, — Ynt1l| < HTZp, TZpt1) + Nn, 2n € Sz, such
that ||z — zn+1ll < H(Szyn, Stpt1) + On, wyn € R, such that ||w, — wyy1|| <
H(Rzyp, Rrpi1) + nn and {an}, {Bn} and {v,} are sequence of numbers in (0, 1)
satisfying o, + B + 7 = 1. T, 5, R : K — CB(K) are said to satisfy condition
(C) if d(x,y) < d(z,y), for z € Tz and y € Sz or d(x,y) < d(z,y), for z € Tz and
y € Rz, or d(z,y) < d(z,y), for z € Rx and y € Sz.
We prove that the iterative process defined by (1.1) converges weakly under condi-
tion (C") and strongly under the condition (A’) (to be defined later) to a common
fixed point.

The following is an example of three multivalued nonexpansive mappings with
a common fixed point satisfying condition (Cl).

EXAMPLE 1.1. Let X =[0,1]. Define T, S, R : X — CB(X) as follows:

2¢+1

Tz = 1[0
=[0,"20),
4dr+1

Sx =10
2 =10,")

and

Rz = {z}.

Then clearly T, S and R satisfy condition (C"), and have a common fixed point at
1
5.

Let us recall the following definitions.

DEFINITION 1.1. [10] A Banach space E is said to satisfy Opial’s condition if
for any sequence {x,} in E, xz, — x (— denotes weak convergence) implies that
limsup ||z, — z|| < hm 1 Sup ||xn y|| for all y € E with y # x. Examples of Banach

n—oo

spaces satisfying thlb condltlon are Hilbert spaces and all [P.

Khan and Fukhar-ud-din [5] introduced the so-called condition (A) and gave a
bit improved version in [2]. The following is the multivalued version of condition

(A).

DEFINITION 1.2. Three multivalued nonexpansive mappings 7,5, R : K —
CB(K) where K a subset of E, are said to satisfy condition (A) if there exists a
nondecreasing function f : [0,00) — [0,00) with f(0) = 0, f(r) > 0 for all r €
(0, 00) such that either d(z, Tx) > f(d(x, F) or d(z, Sx) > f(d(z, F) or d(z, Rx) >
fld(z, F) for all z € K.
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DEFINITION 1.3. A multivalued mapping T : K — P(X) is called demiclosed
at y € K if for any sequence {z,,} in K which is weakly convergent to an element
z and y, € Tz, with {y,} converges strongly to y, we have y € Tx.

It is known that if K is a nonempty weakly compact convex subset of Banach
space E satisfying Opial’s condition and T' a multivalued nonexpansive mapping of
K into K(X), then I — T is demiclosed with respect to zero.

Next we state the following useful lemma.

LEMMA 1.2. [9] Let {x,}, {yn} and {z,} be sequence in uniformly convex
Banach space X. Suppose that {an}, {On} and {yn} are sequence in [0,1] with
an + Bn + v = 1, limsup [|z,|| = d, limsup |ly,|| = d, limsup ||z,[ = d and

n—oo n— n—oo

lim ||anZn+BnYn+Ynznl = d. Ifliminf o, > 0, liminf §8,, > 0 and liminf ~,, > 0,

then lUm ||, — yn|| = lim ||z, — 2,]| = lim ||y, — 2z.|| = 0.
n—oo n—oo n—oo

2. Main Results

In this section, we shall prove the following lemmas. In the sequel, we will write
F =F(T)NF(S)NF(R) for the set of all common fixed points of the mappings
T,S and R.

LEMMA 2.1. Let E be a normed space and K a nonempty closed convex subset.
Let T,S,R : K — CB(K) be multivalued nonexpansive mappings. Let {x,} be the
sequence as defined in (1.1). If F # 0 and Tp = Sp = Rp = {p} for anyp € F
then nl;rr;o |z — pl exzists for allp € F.

PROOF. Assume that F # (). Let p € F. Then

[Znt1 =Pl = [lanyn + Brzn + ywn — pl|

llen (yn = p) + Bnlzn = p) + n(wn — p)||

anlyn = pll + Ballzn — pll + Ynllwn — pll

and(Yn, Tp) + Bnd(2n, Sp) + Ynd(wn, Rp)
anH(Twy, Tp) + B, H(Swy, Sp) + v H (Ran, Rp)
apllzn = pll + Bullen — pll + Ynllzn — pll

(2.1) |zn = p-

Thus lim ||z, — p|| exists for each p € F.
n—oo

IN NN IN

LEMMA 2.2. Let E be a uniformly convex Banach space and K be nonempty
closed convex subset. Let T,S,R : K — CB(K) be multivalued nonexpansive
mappings satisfying condition (C') and {x,} be the sequence as defined in (1.1).
If F # 0 and Tp = Sp = Rp = {p} for any p € F then lim d(x,,Tz,) =

lim d(x,,Sz,) =0= lim d(z,, Rz,).

n—oo
PrROOF. By Lemma (2.1), lim ||z, — p|| exists. We suppose that lim |z, —
n—oo n—oo

p|| = ¢ for some ¢ > 0. Since T, S, R are nonexpansive mappings and F # (), we
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have ||y, —pll = d(yn, Sp) < H(Twy,Tp) < ||z, —p| for each p € F. Taking lim sup
on both sides, we obtain

lim sup Hyn _p” <ec.

n—oo

Similarly,

limsup |12 — pll < ¢,

n—oo

and ,

limsup ||w, —p|| <.
n—oo

Further,
Jim |z —pf =

implies that

il (yn = p) + Bn(2n = p) + Wm(wn —p)| = c.

Applying lemma (1.2), we get
Jim g — zall = 0.

But from the condition (C") we obtain that d(z,,ys) < d(zn, Yn),
limsup d(xp, yn) < 0.

That is,
(2.2) lim ||z, —yn| = 0.

Also from lemma (1.2) and (2.2) we obtain
[2n = 2nll < llzn = ynll + [lyn — 2ull,
implies that
(2.3) nh_)rr;o |zn, — 2|l = 0.
Also from lemma (1.2) and (2.3) we have
||xn - wn” < Hxn - Zn” + Hzn - wnHa
implies that
(2.4) nler;O |zn, — wy|| = 0.
Now
d(xpn, Ty) < d(n, Yn),
also
d(xp, Sxy) < d(xp, 2n),
and
d(xn, Rxy) < d(Tn, wn),
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gives d(xp, Txzy,) — 0, d(xy, Sx,) — 0 and d(z,, Rx,) — 0 as n — oc.

We now approximate common fixed points of the mappings 7', S and R through
weak convergence of the sequence {x,} defined in (1.1) as follows:

THEOREM 2.1. Let E be a uniformly convexr Banach space satisfying the Opial’s
condition. Let K be a nonempty closed convexr subset of E and T,S,R : K —
CB(K). If F#0 and Tp= Sp= Rp={p} foranype F, I-T,[—S and [ — R
are demiclosed with respect to zero, then {x,} converges weakly to a common fixed
point of T, S and R.

PROOF. Let p € F'. Then as proved in lemma (2.1), lim ||z, — p|| exists. Now
n—oo

we prove that {z,} has a unique weak subsequential limit in F'. To prove this, let

21, z1 and 23 be weak limits of the subsequences {xn,}, {n,} and {z,,} of {z,},

respectively. By lemma (2.2), there exists y, € Tz, such that lim ||z, —y,| =0
n—oo

and I—T is demiclosed with respect to zero, therefore we obtain z; € Tz;. Similarly,
z1 € Sz; and z; € Rz;. Again in the same way, we can prove that z1,z9,23 € F.
Next, we prove uniqueness. For this suppose that z; # zo # z3. Then by the
Opial’s condition,

lim ||z, — 2| lm ||z, — 21|
n—oo n;—00
< lim @, — 22
NG — 00
= lim |@, — 22|
n—oo
= lim |z, — 2
< lim |z, — 23]
= lim |x, — 23|
n—oo
= lim |z, — 23
n;— oo
< lim ||zn, — 21l
n;—oo
= lim ||z, — 21|
n—oo
This is a contradiction. Hence {x,} converges weakly to a point in F.

REMARK 2.1. Let C' be a nonempty compact convex subset of a uniformly
convex Banach space E satisfying Opial’s condition, T, S, R : C — K(C) be mul-
tivalued nonexpansive mappings and {z,} be the sequence as defined in (1.1),
where K(C) is the family of nonempty compact subsets of C. If F # { and
Tp = Sp= Rp = {p} for any p € F then {z,} converges weakly to a common fixed
point of T, S and R.

The following result gives a necessary and sufficient condition for strong con-
vergence of the sequence in (1.1) to a common fixed point of three mappings on a
real Banach space.
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THEOREM 2.2. Let E be a real Banach space and K, {z,}, T,S,R be as
in Lemma(2.2). If F # 0 and Tp = Sp = Rp = {p} for any p € F, then
{z,} converges strongly to a common fixed point of T, S and R if and only if
lim inf d(z,, F') = 0.

PROOF. The necessity is obvious. Conversely, suppose that liminf d(x,, F) =

0. As proved in lemma(2.1),

[ener =pll - < flzn = pl-
This gives

d(Tns1, F) < d(an, F),
so that lim d(x,, F') exists. But, by hypothesis, lim inf d(x,,, F) = 0. Therefore we
must hanv—éociim (zn, F') = 0. Next we show that ?;:}i is a Cauchy sequence in K.
Let ¢ > 0 gg:rbitrarily chosen. Since nlgrolo d(xn, F) = 0, there exists a constant

ng such that for all n > ng, we have

lim d(z,, F) < i

n—00

In particular, inf{||z,, — p|| : p € F} < §. There must exist a p* € F' such that
. €
Iy — 9"l < &
Now for m,n > ng, we have

[@ntm =PI+ lln = 7|l

Hxn-‘rm_xnll <
< 2f|wn, — |
<

2(%) =«

Hence {x,} is a Cauchy sequence in a closed subset K of a Banach space E, and

therefore it must converge in K. Let lim x, = ¢. Now
n—oo

d(q,Tq) < d(g,zn)+d(xn,Tay,)+ H(Tx,, Tq)
< d(gwn) + d(@n, yn) + d(zn, q)
— 0 as n — oo,
gives that d(q, Tq) = 0 which implies that ¢ € Tq. Similarly,
d(g,Sq) < d(q,zpn)+ d(zy, Sxy) + H(Szy, Sq)
< d(g,zn) +d(xn, 2n) + d(2n, q)
— 0 as n— o0,
gives that d(gq, Sq) = 0 which implies that ¢ € Sq. Similarly,
d(q,Rq) < d(q,zn)+d(zy, Rx,) + H(Rx,, Rq)
< dg,zpn) + d(xn, 2n) + d(xn, q)

— 0 as n— oo,
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implies that ¢ € Rq. Consequently, ¢ € F.

N

We shall use the condition (A) to study the strong convergence of {z,} defined
in (1.1). In our next theorem, we assume that 7,5, R : K — CB(K) satisty
condition (A).

THEOREM 2.3. Let E be a uniformly convex Banach space and K, {x,} be
as in Lemma (2.2). Let T,S,R : K — CB(K) be three multivalued nonezpansive
mappings satisfying condition (A) If F # 0 and Tp = Sp = Rp = {p} for any
p € F, then {x,} converges strongly to a common fized point of T, S and R.

PROOF. By lemma (2.2), lim ||z, — F|| exists for all p € F. Call it ¢ for some
n—oo
¢ > 0. If ¢ = 0, there is nothing to prove. Suppose ¢ > 0. Now ||z,,4+1—p|| < ||z —p||
gives in}f; |Xnt1 —p| < inlfm |xr — pl|, which implies that d(x,+1, F) < d(zp, F) and
45 j4S

so lim d(x,, F) exists. By using condition (A) either

n—00

lim f(d(z,,F)) < lim d(x,,Tz,) =0,

n—oo n—oo
or
lim f(d(zn, F)) < lim d(z,,Sz,) =0,
n—oo n—oo
or

lim f(d(z,, F)) < lim d(z,, Rz,) =0.

n—oo n—oo
In both the cases,
lim f(d(z,, F)) = 0.

Since f is a nondecreasing function and f(0) =0, lim d(x,, F)) = 0. An application

of theorem (2.2) now gives the desired result.
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