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Convergence of Ishikawa type iteration process
for three quasi-nonexpansive mappings in a
convex metric space
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Abstract

The paper establishes some convergence theorems for Ishikawa type
iteration processes associated with two and three quasi-nonexpansive
mappings in a convex metric space.

1 Introduction

The Banach contraction principle asserts that a contraction on a complete
metric space has a unique fixed point and its proof hinges on “Picard itera-
tions”. This principle is applicable to a variety of subjects such as integral
equations, partial differential equations and engineering of image processing.
This principle fails for nonexpansive mappings even on a Banach space. Mann
[Mean value methods in iterations, Proc. Amer. Math. Soc. 4 (1953), 506-510)
introduced an iterative scheme to approximate fixed points of a nonexpansive
mapping on a Banach space . This scheme breakes down for pseudocontractive
mappings on a Hilbert space. Consequently, Ishikawa [Fixed points by a new
iteration method, Proc. Amer. Math.Soc., 44 (1974), 147-150] upgraded Mann
iterative scheme. Mann and Ishikawa iterative processes for nonexpansive and
quasi-nonexpansive mappings have been extensively studied in uniformly con-
vex Banach spaces and Hilbert spaces [1, 4, 5, 8, 10, 11, 16]. Das and Debata
[6] studied strong convergence of Ishikawa iterates {x,} defined by
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21 €C, Tpr1 = anS[BnTxn + (1= Bn)zn] + (1 — ) oy (1)

for two quasi-nonexpansive mapings in a strictly convex Banach space.
Nonlinear version of a known problem on a linear domain, is of great impor-
tance. In the literature, several mathematicians have introduced the notion
of convexity in metric spaces; (see, for example, Kirk [14, 15], Penot [18] and
Takahashi [20]).

A convex structure [20], in a metric space (X, d) has been introduced by
Takahashi [20] as a mapping W : X2 x [0,1] — X satisfying the inequality

d(u, W (x,y,a)) < ad(u,z) + (1 — a)d(u, y)

for all z,y,u € X and o € I = [0, 1]. The metric space (X, d) together with
a convex structure W is known as a convex metric space. A nonempty subset
C of X is convex if W(z,y,a) € C for all z,y € C and o« € I. Hadamard
manifolds [3] and C'AT (0) spaces [2, 13] are nonlinear examples of convex
metric spaces.

A convex metric space X is said to satisfy Property(H) [7] if

d(W (z,y,a), W (2,y,c)) < ad(z, z) for all z,y,2 € X and o € I.

A convex metric space X is strictly convex[20] if for any z,y € X and « €
I, there exists a unique element z € X such that ad(x,y) = d(z,y) and
(1 — @)d(z,y) = d(x,z) and uniformly convex [19] if for any ¢ > 0, there
exists o > 0 such that d(z,W (x,y, %)) <r(l—a) <rforal r>0and
z,y,z € X with d(z,2) <r,d(z,y) <rand d(z,y) > re.

Let C' be a nonempty subset of a metric space. A mapping T : C' — C' is:
(i) nonexpansive if d (Tx, Ty) < d (z,y) for all z,y € C (ii) quasi-nonexpansive
if for any p € C and Tp = p, we have d (Tz,p) < d(z,p) for all x € C.

Quasi-nonexpansive mappings are more general than nonexpansive map-
pings. A nonexpansive mapping with at least one fixed point is
quasi-nonexpansive.

We give the following examples.

Example 1.1. Define a mapping T : [0,2] — [0,2] by Tz =0 if x # 2 and
Tx =1 ifx =2.Then T is quasi-nonexpansive but not continuous under usual
norm on the set of reals.

Proof. Obviously 0 is the only fixed point of T and [Tz — T0| = |Tz| < |z| =
| — 0] for all x € [0, 2]. Therefore T is quasi-nonexpansive. T is not continuous
because {2— 1} c[0,2]and2— 2 »2but T (2— 1) =0-»1="T2. O
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Example 1.2. Define T : [-1,1] — [-1,1] by Tz = 2£sini if 2 # 0 and
Tx=0ifz=0.Then T is continuous and quasi- nonea:panswe but not nonezx-
pansive under usual norm on the set of reals.

Proof. Obviously T is continuous and 0 is the only fixed point of T'If x # 0

and Tz = z, then # = % sin T or sin— = 2 for # € [-1,0) U (0,1] which
x
is impossible. Since |Tz —0| = @ sin 1] < @ Therefore |Tx —0| <
|z — 0] for all x € [—1,1]. Hence T is quasi-nonexpansive. However, T is
not nonexpansive mapplng This is conﬁrmed by choosing 33 = %,y 2
Then |Txz — Ty| = ’fsmf——bln—’ =2(24+2)=2L(143) = 977,
_|2 _ 2
|z —y| =2 —g—gand—>— O

Suppose C' is a convex subset of X and S,T are two self mappings on C.
For z1 € C, we define a sequence {z,} by

Tny1 = W (Ty'm Sy, an) , (2)
yn - W(Tmnvsx’nuﬂn)v nZ ]-7

where a,, B, satisfy (i) 0 < a < a, <b< land (i) 0< 8, < B <1.1If
S =TI (the identity mapping), the iterates in (2) become Ishikawa iterates for
one mapping in a convex metric space.

Denote the set of fixed points of T by F (T).

Two mappings S,T : C — C satisfy Condition (I) if there exists a nonde-
creasing function f : [0,00) — [0,00) with f(0) = 0 and f(r) > 0 for » > 0
such that d(Sz,Ty) > f(d(x,F (S,T))) for x,y € C with y = W(Tz, Sx,t),
where 0 <t < 8 < 1,F (S,T) is the set of common fixed points of S and T
and d(x, F (S,T)) = inf {d(z,y) :y € F(S,T)}.

If we set S = I in Condition (I), it becomes Condition 3 of Khan et. al.
([12], p.3) and an analogue of the Condition (A) of Maiti and Ghosh [16] in
normed spaces.

In this paper, we define and study an itetation process for two and three
quasi-nonexpansive mappings on a nonlinear domain, namely, a uniformly
convex metric space and prove its convergence to common fixed point of the
mappings under weaker assumptions.The results established in this paper, in
particular, hold for uniformly convex Banach spaces and CAT(0) spaces, si-
multaneously.

In the sequel, the following results are needed.

Lemma 1.3. [20/Let X be a convex metric space. Then the open sphere
S(x,r) = {yeX:d(y,x)<r} and the closed sphere Szx,r] =
={ye X :d(y,z) <r} are convex subsets of X.
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Lemma 1.4. [19] Every bounded decreasing sequence of nonempty, closed and
conver subsets of a complete uniformly convex metric space X, has a nonempty
intersection.

Lemma 1.5. [11]Let X be a uniformly conver metric space satisfying property
(H). Let x € X and {ay,} be a sequence in [b, c] for some b,c € (0,1). If {u,}
and {v,} are sequences in X such that limsup,, ., d(u,,x) <r,
limsup,,_ . d(vp,x) < r and lim,_ o0 d(W (tn, vn, ), z) = 7 for some
r >0, then lim, o0 d(tn,v,) = 0.

2 Convergence Analysis

Lemma 2.1. Let C be a nonempty subset of a strictly convex metric space X
and T be a quasi -nonexpansive self mapping on C. Then F (T) is closed on
which T is continuous.

Proof. Let & be a limit point of F (T) and x ¢ F (T). Let r = 3d (z,Tx) > 0.
Since z is a limit point of F' (T'), so there exists y € F (T') such that d (z,y) <
r.Since T' is quasi-nonexpansive, we have

d(Tz,y) <d(z,y) <.

So we have
3r=d(z,Tz) < d(z,y) +d(Tz,y) <2r.

This contradiction establishes that F' (T') is closed.
Let x,,x € F (T) such that x,, — x. So by definition of F (T), T (z,) —
T (x) which shows that T' is continuous on F (T). O

Theorem 2.2. Let C be a nonempty, closed and convex subset of a uniformly
convex complete metric space X satisfying property (H). If S and T are quasi-
nonezxpansive self mappings on C and satisfy Condition (I), then the sequence
{zn} in (1.2), converges to an element of F (S,T).

Proof. Define C; = {y€ X :d(y,p) <r} N C where r = d(x1,p) for some
x1 € Cand p € F (S,T). Then C; is a nonempty, closed and convex subset of
C. Both Tx and Sz are in C for x € C. Therefore C; is invarient under S and
T. Without loss of generality, we assume that C' is bounded. For p € F (S, T),
the routine calculations give that

d(zpt1,p) < d(zp,p) for alln > 1.
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Hence lim,,_,o d (2, p) = ¢ (say) and assume that ¢ > 0, otherwise the con-
clusion is obvious.

Obviously,
limsupd (T'zy,p) < c (3)
n—oo
and
limsup d (Syn, p) < c. (4)
n—oo

Moreover, lim, oo d (X,11,p) = ¢ gives that

nli_)rrgod (W (Tyn, Stpn,an),p) = c. (5)
In the light of (3)-(5), we apply Lemma 1.5 and get that lim,, oo d (Tyn, Stp) =
0. Now, with the help of Condition (I), we have that lim, o d(zn, F (S,T)) =
0. For a given £ > 0, there exists N > 1 and y. € F(S,T) such that
d(rp,y.) < e for all n > N..Thus, if ¢, = 27% for k¥ > 1, then corresponding
to each ey, there exist N, > 1 and y; € F'(S,T') such that d (x,,yx) < 5 for
all n > Nj. On choosing Ny 1 > Ny for any k£ > 1,we have that

AWk yet1) < d (Y Nsy) A (TNrs Ykt1)

Ek Ek+1 Ek 1 3
k =14 2) = Zen
< 3ty 4<+2> P

If x € S[yg+1,€x+1] , then

d(z,ye) < d(z,yrs1) +d(Yrs1,Ur)

7
< Egy1t 7Ok = 78R4 < 2841 =€k

which gives that = € S [yg,er] .Hence {S [yk,ck] : & > 1} is a decreasing se-
quence of nonempty, bounded, closed and convex subsets in a uniformly con-
vex complete metric space and so N2, S [yk, €] # 0 by Lemma 1.4. Now there
exists a p € X such that

1
d(yg,p) < ok — 0 as k — oo.
That is, yx — p. Since F (S, T) is closed (F (S) and F (T') are closed by Lemma

2.1), therefore p € F (S,T).
In view of the inequality

d(Tn, y) < %k for all n > N,

we get that z,, — p. O
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We extend Theorem 2.2 for three quasi-nonexpansive self mappings R, S, T
on C by modifying (2) and Condition (A) in [16].
For any z; € C, we define a sequence {x,} by

(2)
Tny1 = W Ty, W anaRxnaL(l) uag) ) (6)
1—ap
(2)
W Til’n,W anvan,% 7ﬂ7(11) ’
1-

0<a<all <b<1,0<8W <B<1fori=1,2.

Yn

where

Three self mappings S, T, R on C, satisty Condition (II), if there exists a
nondecreasing function f : [0,00) — [0,00) with f(0) = 0 and f(r) > 0 for
r > 0 such that

d(Ty, W (Sz, Rx,a)) > f(d(z, F (S,T,R))), a € (0,1)
for z,y € C with y = W(TJ;,W(Sx,Rx,ltTS ,8) where 0 < s5,t < <1
and F (S,T, R) is the set of common fixed points of S, T and R.

Theorem 2.3. Suppose C' is a closed, convex subset of a uniformly convex
metric space X satisfying property (H). If T, S and R are quasi-nonexpansive
self mappings on C satisfying Condition (II), then the sequence (6) converges
to an element of F (S, T, R).

Proof. For p € F(S,T, R), we consider

(2)
d(anrlvp) = d <W (TynaW <anaRxnv 1 o (1)) 70[511)) ap>
— ay,

o
< Oégzl)d(ynap)+(17ag)>d W erqunvﬁ ”
— Qp
(2)
= oVd (W (T W ( Sy Re, ) 50 ) p
1— 75y
( ))d T, D)
< ald(np)+ (1-al") d@np)

= d(zn,p).
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This gives that the sequences {d(z,,p)} and {d(z,, F (S,T,R))} are nonin-
creasing and bounded below, therefore lim, o d(n,Dp) and
lim,, o d(zy, F (S, T, R)) both exist.

Now we show that lim,_,o d(zn, F (S,T,R)) = 0.
Assume that ¢ = lim,, o0 d(z,,, p) > 0.

Since

d(Tyn,p) < d(yYn,p)

(2)
= d|W TLEn,W anaRxnv% 7ﬂ7(L1) »D
1By

5

BV (T, p) + (1 - ﬁ,ﬁ”) d (W <Smemm (1)) ’p>
1— 8y
d (zn,p)

IN

and

aglz) ag) ag)
a|\w Sman"Enaﬁ | < md(an,p)Jr 1*ﬁ d(Rzy,p)

—al] — o
(2)

Qn
d(zn,p) + (1 - 1_06(1)> d (T, p)

n

o
1-— a(nl)

d (mn,p) ’

IA

therefore

(2)
limsup d (Tyn,p) < ¢,limsupd (W (an,Rxn, an> ,p) <ec. (7

n—00 n—00 1-— o[,gll)
Also
Jim_d(zp,p) = c
gives that

(2)
lim d <W (Tyn, W (an,Rxn, an(l> ,a?) ,p) =c (8)
n—00 1— an)

a®

In the light of (7) and (8), we set u, = Ty, v, = W (an, Ry, ﬁ) , Qpy =

ag) in Lemma 1.5 and conclude that

@
lim d | Ty,, W | Sz, R, —2 | | = 0.
n—o00 1_ ang)
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Further, by condition (II), we get lim,_, d(z,, F (S,T, R)) = 0.
The rest of the proof is similar to the proof in Theorem 2.2. O

Using the concept of unique point (1 — o) @ ay in the geodesic segment
[,y] from the point z to the point y in CAT (0) space X, one can see that
W (z,y,a) = (1 — @)z ® ay is a convex structure in X. Therefore, Theorems
2.2- 2.3 are valid in CAT (0) space and are formulated as follows:

Theorem 2.4. Let C be a nonempty, closed and convex subset of a CAT (0)
space. For two quasi-nonexpansive self mappings S and T on C,define {x,}

by
Tpp1 = Ty, ® (1 —ay) Sz,
Yn = PuTx,® (1 —p5,) Sz, forn>1.

If S and T satisfy Condition (I), then {x,} converges to a common fized point
of S and T.

Theorem 2.5. Let C be a nonempty, closed and convex subset of a CAT (0)
space. For three quasi-nonexpansive self mappings T,S and R on C, define

{xn} by

1 ) a(Q) Oé(2)
Tn+1 = OQ('L)TynEB (1_0457,)) 1 - ) Srn® 11— % Rz,

(1)
— Qn — Qn

(2) (2)
,BS)T:En ®d(1— 21) P Sz, ®1-— " _Rx, ,n> 1.
1- 3 1- 8"

Yn

If 0<a< oz%l) <b<1,0< ,6’7(3) <B <1 fori=1,2 and the mappings R, S
and T satisfy Condition (II), then {w,} converges to a common fized point of
R,S and T.
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