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Abstract. In this paper, we study the strong convergence of S P-iterative scheme for Ciric
quasi contractive operator in the framework of CAT(0) spaces. Our results improve and
extend some corresponding results from the existing literature (see, e.g., [2, 29] and many
others).

1. INTRODUCTION

A metric space X is a CAT(0) space if it is geodesically connected and if ev-
ery geodesic triangle in X is at least as “thin” as its comparison triangle in the
Euclidean plane. The precise definition is given below. It is well known that
any complete, simply connected Riemannian manifold having nonpositive sec-
tional curvature is a CAT(0) space. Other examples include Pre-Hilbert spaces
(see [4]), R-trees (see [20]), Euclidean buildings (see [5]), the complex Hilbert
ball with a hyperbolic metric (see [13]), and many others. For a thorough
discussion of these spaces and of the fundamental role they play in geometry,
we refer the reader to Bridson and Haefliger [4].

Fixed point theory in CAT(0) spaces was first studied by Kirk (see [21, 22]).
He showed that every nonexpansive (single-valued) mapping defined on a
bounded closed convex subset of a complete CAT(0) space always has a fixed
point. Since, then the fixed point theory for single-valued and multi-valued
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mappings in CAT(0) spaces has been rapidly developed, and many papers have
appeared (see, e.g., [1], [7], [10]-[12], [14], [18]-[19], [23]-[24], [26], [30]-[31] and
references therein). It is worth mentioning that the results in CAT(0) spaces
can be applied to any CAT(k) space with k£ < 0 since any CAT(k) space is a
CAT (k') space for every k' > k (see, e.g., [4]).

Let (X,d) be a metric space. A geodesic path joining z € X toy € X
(or, more briefly, a geodesic from x to y) is a map ¢ from a closed interval
[0,]] C R to X such that ¢(0) = z, ¢(l) =y, and let d(c(t),c(t')) = |t — t| for
all t,¢' € [0,1]. In particular, ¢ is an isometry, and d(z,y) = [. The image « of
c is called a geodesic (or metric) segment joining x and y. We say X is (i) a
geodesic space if any two points of X are joined by a geodesic and (ii) uniquely
geodesic if there is exactly one geodesic joining x and y for each x,y € X,
which we will denoted by [z,y], called the segment joining x to y.

A geodesic triangle A\(z1,x2,x3) in a geodesic metric space (X, d) consists
of three points in X (the vertices of AA) and a geodesic segment between each
pair of vertices (the edges of A). A comparison triangle for geodesic triangle
A(z1,79,73) in (X,d) is a triangle A(x1, 12, 23) := A(Z1, 72, 73) in R? such
that dg2(7;,T;) = d(x;,x;) for i,j € {1,2,3}. Such a triangle always exists
(see [4]).

CAT(0) space

A geodesic metric space is said to be a CAT'(0) space if all geodesic triangles
of appropriate size satisfy the following C AT'(0) comparison axiom.

Let A be a geodesic triangle in X, and let A C R? be a comparison triangle
for A. Then A is said to satisfy the CAT(0) inequality if for all 7,y € A and
all comparison points T,y € A,

d(z,y) < dp2(T,7). (1.1)

Complete CAT'(0) spaces are often called Hadamard spaces (see [17]). If
x,y1,y2 are points of a CAT(0) space and yp is the mid point of the seg-
ment [y1,y2] which we will denote by (y1 @ y2)/2, then the CAT'(0) inequality
implies
@ 1 1 1
(2, B 82) < 5 Poy) + 5 Plae) - 7 P (12)
2 2 2 4
The inequality (1.2) is the (C'N) inequality of Bruhat and Tits [6]. The above
inequality has been extended in [11] as

P(z,0x® (1 —a)y) < ad?(z,z) + (1 — a)d*(z,y) — a(l — a)d*(z,y). (1.3)
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for any o € [0,1] and z,y,z € X.

Let us recall that a geodesic metric space is a C AT (0) space if and only if it
satisfies the (CN) inequality (see [4, page 163]). Moreover, if X is a CAT(0)
metric space and z,y € X, then for any o € [0, 1], there exists a unique point
ar @ (1 —a)y € [z,y] such that

dz,ar @ (1 —a)y) < ad(z,z)+ (1 —a)d(z,y), (1.4)
for any z € X and [z,y] = {az® (1 —a)y : a € [0,1]}.

A subset C of a CAT(0) space X is convex if for any z,y € C, we have
[z,y] C C.

We recall the following definitions in a metric space (X,d). A mapping
T: X — X is called an a-contraction if

d(Tz,Ty) < ad(z,y)forallz,y € X, (1.5)
where a € (0,1).

The mapping T is called Kannan mapping [16] if there exists b € (0, %) such
that

d(Tz,Ty) < bld(z,Tx)+d(y,Ty)] forall z, y € X. (1.6)
1

The mapping T is called Chatterjea mapping [8] if there exists ¢ € (0, 3)
such that

d(Tz,Ty) < cld(z,Ty)+d(y,Tx)] forall z,y € X. (1.7)

In 1972, Zamfirescu [33] obtained the following interesting fixed point the-
orem.

Theorem Z. Let (X, d) be a complete metric space and T: X — X a mapping
for which there exists the real number a, b and ¢ satisfying a € (0,1), b, c €
(0, %) such that for any pair x, y € X, at least one of the following conditions
holds:

(Z1) d(Tx,Ty) < ad(z,y),

(Z2) d(Tz,Ty) <bld(z,Tx)+ d(y, Ty)],

(Z3) d(Tz,Ty) < cld(z,Ty) + d(y, Tz)].

Then T has a unique fized point p and the Picard iteration {x,}5°, defined by
Ln+1 :T.’En, n= 071727'”

converges to p for any arbitrary but fized xg € X.
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The conditions (Z1) — (Z3) can be written in the following equivalent form

d(Tz, Ty)
d(z,Tx) +d(y,Ty) d(z,Ty)+ d(y,Tx) } (1.8)
2 ’ 2 ’ .

for all z, y € X and 0 < h < 1, has been obtained by Ciric [9] in 1974.

< h max {d(x, Y),

A mapping satisfying (1.8) is called Ciric quasi-contraction. It is obvious
that each of the conditions (Z;) — (Z3) implies (1.8).

An operator T satisfying the contractive conditions (Z1) — (Z3) in the the-
orem / is called Z-operator.

In 2000, Berinde [2] introduced a new class of operators on a normed space
E satisfying
[Tz = Tyll < 6llz —yll + LTz — z|, (%)
forany r,y€e E,0<d <1and L > 0.
He proved that this class is wider than the class of Zamfirescu operators

and used the Mann iteration process to approximate fixed points of this class
of operators in a normed space given in the form of following theorem:

Theorem B. Let C be a nonempty closed convex subset of a normed space E.
Let T: C — C be an operator satisfying (x). Let {xn,}72 be defined by: for
x1 =z € C, the sequence {x,}72 given by

Tny1 = (L=bp)xy +b,Txp, n >0,
where {by} is a sequence in [0,1]. If F(T) # 0 and Y>>, b, = oo, then
{zn}5% converges strongly to the unique fized point of T
In 1953, W.R. Mann defined the Mann iteration [25] as
Unt1 = (1 —ap)up + apTuy, (1.9)

where {a,} is a sequence of positive numbers in [0,1].

In 1974, S. Ishikawa defined the Ishikawa iteration [15] as

Sp+l1 = (1 - an)sn + anT'ty,
tn = (1 —=0y)sn + byTsn, (1.10)

where {a,} and {b,} are sequences of positive numbers in [0,1].
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In 2008, S. Thianwan defined the new two step iteration [32] as

Upt1 = (1 - an)wn + anTwn,
wy = (1 =bp)vn +b,Trp, (1.11)

where {a,} and {b,} are sequences of positive numbers in [0,1].

In 2001, M.A. Noor defined the three step Noor iteration [27] as

Pn+1 = (1 - an)pn + anTQn)
dn = (1 - bn)pn + b, Ty,
= (L=cn)pn+ cnTpp, (1.12)

where {a,}, {by,} and {¢,} are sequences of positive numbers in [0,1].

Recently, Phuengrattana and Suantai defined the SP-iteration [28] as

Tpt+1 = (1 - an)yn + anTyn,
Yn = (L="bp)zp + b,Tzp,
zn = (1—cp)zy + cyTay, (1.13)

where {a,}, {by,} and {c,} are sequences of positive numbers in [0,1].

Remark 1.1. (1) If ¢, = 0, then (1.12) reduces to the Ishikawa iteration
1.10).

2) If b, = ¢, = 0, then
3) If by, = 0, then (1.11
4) If b, = ¢;, = 0, then
5) If ¢, = 0, then (1.13

1.12) reduces to the Mann iteration (1.9).
reduces to the Mann iteration (1.9).

1.13) reduces to the Mann iteration (1.9).
reduces to the new two step iteration (1.11).

(
(
(
(
(

— —— —

In this paper, inspired and motivated by [28, 33], we study SP-iteration
scheme and prove strong convergence theorems to approximate the fixed point
for Ciric quasi contractive operator in the framework of CAT(0) spaces.

S P-iteration scheme in CAT(0) space

Let C be a nonempty closed convex subset of a complete CAT(0) space X.
Let T: C — C be a contractive operator. Then for a given x1 = x¢ € C,
compute the sequence {x,} by the iterative scheme as follows:

Tn4+1 = (1 - an)yn ©® anTyna
Yn = (1 - bn)zn S bnTzn7
zn = (1—cp)axn ®cyTan, (1.14)

where {a,}, {b,} and {¢,} are sequences of positive numbers in [0,1].



164 G. S. Saluja

If we take ¢, = 0, then (1.14) reduces to the new two step iteration in
CAT(0) space as follows:

Tn4+l1 = (1 - an)yn @ anTyna
Yn = (1 =bp)xy ®byTap, (1.15)

where {a,} and {b,} are sequences of positive numbers in [0,1].
If we take b, = ¢, = 0, then (1.14) reduces to the Mann iteration in CAT(0)
space as follows:

Tnr1 = (I —ap)zy, ® anTxy, (1.16)
where {a,} is a sequence of positive numbers in [0,1].
We need the following useful lemmas to prove our main results in this paper.

Lemma 1.2. (See [26]) Let X be a CAT(0) space.

(i) Forz,y € X and t € [0,1], there exists a unique point z € [x, y| such
that

d(z, z) =td(z,y) and d(y, z) =(1—1t)d(z, y). (A)

We use the notation (1 —t)x Gty for the unique point z satisfying (A).
(il) For x,y € X and t € [0,1], we have

d(1 =tz ty,z) < (1 —t)d(z, z) + td(y, 2).

Lemma 1.3. (See [3]) Let {pn}iq, {@n )50, {rn}se be sequences of non-
negative numbers satisfying the following condition:

Dn+1 < (1 - Sn)pn +Gn+ 10, YN >0,

where {s,}22 C [0,1]. If >0 sp = 00, liMy 00 ¢ = O(8y) and > 02 o7y <
00, then limy, o pn = 0.

2. STRONG CONVERGENCE THEOREMS IN CAT(0) SPACE

In this section, we establish some strong convergence results of .S P-iteration
scheme to approximate a fixed point for Ciric quasi contractive operator in
the framework of CAT(0) spaces.

Theorem 2.1. Let C' be a nonempty closed convex subset of a complete
CAT(0) space X and let T: C — C be an operator satisfying the condition
(1.8). Let {z,} be defined by the iteration scheme (1.14). If 37 an = oo,
then {xz,} converges strongly to the unique fized point of T
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Proof. By Theorem Z, we know that T has a unique fixed point in C, say u.
Consider z, y € C. Since T is a operator satisfying (1.8), then if

h
d(Tz,Ty) < Sld(@,Te)+d(y Ty)]
< Mldw, Ta) + d(y,2) + d(z, Ta) + d(Ta, Ty)),
implies
h h
(1 - §>d(Tx,Ty) < §d(x,y) + hd(z,Tx),
which yields(using the fact that 0 < h < 1)
h/2 h
< . .
AT Ty) < (7255 )dw )+ (1) de o, @
If
h
d(Tz,Ty) < Sld(z,Ty) +d(y,Tz)]
< Md(e.Tx) + d(Tr.Ty) + d(y. 2) + d(a. To)],
implies

h h
(1 _ 5)d(Tgc,Ty) < 5 d@,y) + hd(, Tx),

which also yields(using the fact that 0 < h < 1)

d(Tz,Ty) < (1 f/i/Q)d(x,y) + (1 _hh/2>d(x,Tx). (2.2)
Denote
5:max{h, 1h/§/2} = h,
L= max{1 —hh/2’ 1 —hh/2} 1 —hh/2'

Thus, in all cases
d(Tz,Ty) < dd(z,y)+ Ld(z,Tx)
h
— hd(z,y) + (m)d(x, Tx) (2.3)
holds for all z, y € C.



166 G. S. Saluja

Also from (1.8) with y = u = T'u, we have
d(Tx,u)

d(z,Tx) d(xz,u)+ d(u,Tx) }
2 ’ 2

d(z,Tx) d(z,u)+ d(u,Tx) }
2 ’ 2

< hmax {d(m, u),

< hmax {d(z, u),

d(z,u) +d(u, Tx) d(z,u)+ d(u, Tz)

<
< hmax{d(ac,u), 2 ; 5

Since for non-negative real numbers a and b, we have

a+b
2

Using (2.5) in (2.4), we have

< max{a, b}.

d(Tz,u) < hd(z,u).
Now (2.6) gives

d(Tzp,u) < hd(zp,u),

d(Tymu) < hd(ynvu)
and
d(Tzp,u) < hd(zp,u).

Using (1.14), (2.7) and Lemma 1.2(ii), we have

d(zn,u) = d((1—cp)zn ® cnTry,u)
< (1 —ep)d(zpn,u) + cnd(Tan, u)
< (1= cp)d(zn,u) + hepd(xn,w)
[1-

(1 —h)epld(zn, ).
Again using (1.14), (2.9), (2.10) and Lemma 1.2(ii), we have

d(yn,u) = d((1-

Zn ® b T2y, u)

( ) + bnd(T 2z, u)
(1 — by)d(2n, u) + hbpd(zn, w)
[ d
[

IN A

(2n, 1)

IN

[1—(1—h)cy)d(zp,u).

3

(2.10)

(2.11)
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Now using (1.14), (2.8), (2.11) and Lemma 1.2(ii), we have

d(Tpt1,u) = d((1 = an)yn & anTyn, u)
< (1= an)d(yn,u) + and(Typ, u)
< (1= an)d(yn,u) + hand(yn,u)
= [1—(1—h)ap]d(yn, u)
< 1= =h)ay][1 = (1="h)by)[1—(1—h)ey]d(zn,u)
< [1—=(1—=h)ay|d(zn,u)
[

1 — Apd(zn, u), (2.12)

where A, = (1 — h)a,. Since 0 < h < 1, a, € [0,1] and Y 77 ja, = oo by
assumption of the theorem, it follows that )7 ; A, = co. Hence, by Lemma
1.3, we get that lim,,_,o d(zy,u) = 0. Therefore {z,} converges strongly to a
fixed point of T.

To show uniqueness of the fixed point u, assume that u;, ug € F(T') and
u1 # ug. Applying (1.8) and using the fact that 0 < h < 1, we obtain

d(ul, UQ) = d(TUl, TUQ)
d(ul, Tul) + d(’lLQ, TUQ) d(ul, TUQ) + d(UQ, Tul) }

< hmax {d(ul, u2),

2 ’ 2
= hmax {d(m, ), d(ui,ur) -2F d(ug,u2), d(uq,uz) —;— d(ug,u) }
= hmax{d(m,uQ), 0, d(ul,uQ)}
S hd(ul,u2)
< d(u1,uz).

This is a contradiction. Therefore u; = ug. Thus {z,} converges strongly to
the unique fixed point of T'. This completes the proof. O

Theorem 2.2. Let C' be a nonempty closed convex subset of a complete
CAT(0) space X and let T: C — C be an operator satisfying the condition
(1.8). Let {zn} be defined by the iteration scheme (1.15). If 3" an = o0,
then {x,} converges strongly to the unique fized point of T

Proof. The proof of Theorem 2.2 immediately follows by putting ¢, = 0 in
Theorem 2.1. This completes the proof. O

Theorem 2.3. Let C' be a nonempty closed convex subset of a complete
CAT(0) space X and let T: C — C be an operator satisfying the condition
(1.8). Let {xn} be defined by the iteration scheme (1.16). If Y>> an, = oo,
then {x,} converges strongly to the unique fized point of T
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Proof. The proof of Theorem 2.3 immediately follows by putting b, = ¢, =0
in Theorem 2.1. This completes the proof. O

The contraction condition (1.5) makes 7' continuous function on X while
this is not the case with contractive conditions (1.6), (1.7) and (2.3).

The contractive conditions (1.6) and (1.7) both included in the class of Zam-
firescu operators and so their convergence theorems for S P-iteration process
are obtained in Theorem 2.1 in the setting of CAT(0) space.

Remark 2.4. Our results extend the corresponding results of [29] to the case
of S P-iteration process and from uniformly convex Banach space to the setting
of CAT(0) spaces.

Remark 2.5. Theorem 2.1 also extends Theorem B to the case of S P-iteration
process and from normed space to the setting of CAT(0) spaces.
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