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Abstract

We prove A-convergence theorems of Mann type to the set of attractive points of
normally generalized hybrid mappings in CAT(0) spaces. Consequently, our main
result can be applied to the result of Takahashi, Wong and Yao (Journal of Nonlinear
and Convex Analysis 15:1087-1103, 2014, Theorem 5.1).
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1 Introduction

In 2011, Takahashi and Takeuchi [1] introduced the notion of attractive points for nonlin-
ear mappings in a Hilbert space: Let H be a Hilbert space and C be a nonempty subset of
H.Let T be a mapping from C into H. Let A(T) denote the set of all attractive points of
T, ie.

AT)={zeH:|z- Tyl < lz-yl, ¥y € H}.

In 2012, Takahashi et al. [2] introduced the class of normally generalized hybrid map-
pings in a Hilbert space which contains the class of generalized hybrid mappings and the

class of contractive mappings.

Definition 1.1 A mapping 7 : C — H is called normally generalized hybrid if there exist
a,B,y,8 € R such that

(1) a+B+y+5=>0;

(2) a+B>00ra+y>0;and

() allTx=Ty1* + Bllx = TylI* + y I Tx = yII* + 8llx - y[> < 0, Vx,y € C.
Such a mapping T can be called an (e, 8, ¥, §)-normally generalized hybrid mapping.

The authors also proved the weak convergence theorems of Mann type for normally gen-
eralized hybrid mappings in Hilbert spaces without convexity assumption on the domain
of mappings.
© 2015 Kaewkhao et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, pro-

vided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.


http://dx.doi.org/10.1186/s13663-015-0336-z
http://crossmark.crossref.org/dialog/?doi=10.1186/s13663-015-0336-z&domain=pdf
mailto:w_inthakon@hotmail.com

Kaewkhao et al. Fixed Point Theory and Applications (2015) 2015:96 Page 2 of 14

Theorem 1.2 ([2], Theorem 5.1) Let H be a Hilbert space and C be a convex subset of H. Let
T : C — C be a normally generalized hybrid mapping with A(T) # (). Let Pa(ry be the metric
projection of H onto A(T). Let {a,} be a sequence of real numbers such that 0 < «,, <1
and liminf,_,  o,(1 — «,) > 0. Suppose that {x,} is the sequence generated by x; = x € C
and xy.1 = apXy + (1 — o0y) Txy, n € N. Then {x,} converges weakly to v in A(T), where v =

1imn—>oo PA(T)xn-

In 2013, Kakavandi [3] introduced the so-called half-space topology such that conver-
gence in this topology is equivalent to A-convergence for any sequence in a complete
CAT(0) space. The author’s results answered positively open questions in [4]. Moreover,
the concepts of (S) property and (Q4) condition are also introduced in a complete CAT(0)
space.

In this paper, motivated by [2], we consider the concept of attractive points in CAT(0)
spaces and prove A-convergence theorems of Mann type for normally generalized hybrid
mappings in such spaces satisfying the (S) property and the (Q4) condition.

2 Preliminaries
Let (X, d) be a metric space and C be a nonempty subset of X. A mapping 7: C — X is
called nonexpansive if

d(Tx, Ty) <d(x,y), Vx,yeX.

In 2008, Kohsaka and Takahashi [5] introduced the class of nonspreading mappings in
a Hilbert space H, i.e. a mapping T : C — H is called nonspreading if

20 Tx - Ty < | Tx - yl> + | Ty -2, Vx,yeC.

In 2010, Takahashi [6] and Kocourek et al. [7] introduced the wider class of nonspread-
ing mappings in Hilbert spaces as follows. A mapping T : C — H is called hybrid [6] if

BI T = Tyll* < llx —yI* + 1 Te =y + I Ty = xll>,  Vx,y € C.

A mapping T : C — H is called an («, B)-generalized hybrid [7] if there exist o, 8 € R
such that

@l Te = TylI* + L= a)llx = Tyl)> < BI T —y)* + (L= Bllx—yll>, VxyeC.

We can see that (1,0), (2,1) and (%, %)—generalized hybrid mappings are nonexpansive
mappings, nonspreading mappings and hybrid mappings, respectively. Moreover, if o +
B =-y —6=1,thenan (o, B,y,8)-normally generalized hybrid mapping is a generalized
hybrid mapping.

In 2003, Takahashi and Toyoda [8] proved the following result.

Lemma 2.1 ([8]) Let C be a nonempty closed convex subset of a Hilbert space H. Let P be
the metric projection from H onto C. Let {u,} be a sequence in H. If |\ uy1 — u|| < ||u,, — ul|
forallu € C and n € N, then {Pu,} converges strongly to some u, € C.
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The following result is obtained by Takahashi et al. [2].

Lemma 2.2 ([2]) Let C be a nonempty subset of a real Hilbert space H. Let T : C — C
be an (o, B,y,8)-normally generalized hybrid mapping. If {x,} converges weakly to z and
%, — Ix, — 0, then z € A(T).

It is worth mentioning that the related recent results are obtained in [9, 10] and [11].

We recall the concept of Banach limit which plays a major role in our results. Let />
be the Banach space of bounded sequences with supremum norm. Let i be an element
of the dual metric space ([*°)* of the space [*°. We denote by u(f) the value of u at f =
(#1,%2,%3,...) € [*°. We sometimes denote by 1, (x,) the value u(f). A linear functional
is called a mean if u(e) = ||| = 1, where e = (1,1,1,...). Moreover, a mean u is called a
Banach limit on [* if u,(x,.1) = w.(x,) and we know that there exists a Banach limit on
> (see [12] for more details). If i is a Banach limit on [*°, then for any (x1, %5, x3,...) € [*°,

liminfx, < u,(x,) <limsupx,.
=00 n—00

Let (X, d) be a metric space. A geodesic path (or geodesic) joining x to y in X is a map
¢ from a closed interval [0,/] € R to X such that ¢(0) = x, c({) = y and d(c(s), c(¢)) = |s — t|
for all s,¢ € [0,/]. In particular, the mapping c is an isometry and d(x,y) = [. The image of
¢ is called a geodesic segment joining x and y when it is unique and denoted by [x, y]. We
denote the unique point z € [, y] such that d(x, z) = ad(x,y) and d(y,2) = (1 — @)d(x,y) by
(1-a)x®ay, where0 <o <1.

The metric space (X, d) is called a geodesic space if any two points of X are joined by a
geodesic, and X is said to be uniquely geodesic if there is exactly one geodesic joining x
and y for each x,y € X.

A geodesic triangle A(xy,x7,%3) in a geodesic space (X, d) consists of three points in X
(the vertices of A) and a geodesic segment between each pair of points (the edges of A).
A comparison triangle for A(x1,%3,%3) in (X,d) is a triangle Axy, %2, x3) := A(F, %3, %3) in
the Euclidean plane R? such that dp> (x5, %) = d(x;, ;) for all ,j € {1,2,3}.

A geodesic space X is called a CAT(0) space if all geodesic triangles of appropriate size
satisfy the following comparison axiom:

Let A be a geodesic triangle in X and let A be a comparison triangle in R2. Then the
triangle A is said to satisfy the CAT(0) inequality if

d(x,y) < dg2(%, ),

for all %,y € A and all comparison points %,y € A.

It is well known that any complete simply connected Riemannian manifold having non-
positive sectional curvature is a CAT(0) space. Other examples include Hilbert spaces,
pre-Hilbert spaces, R-trees (see [13]), Euclidean buildings (see [14]), the complex Hilbert
ball with a hyperbolic metric (see [15]), and many others.

If x,y1,y> are points in a CAT(0) space and if y is the midpoint of the segment y, y,,
then the CAT(0) inequality implies the so-called (CN) inequality of Bruhat and Tits [16],

ie.

1 1 1
d2(x,y0) < §d2(x1yl) + Edz(xryZ) - Zd2(yl¢y2)'
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Moreover, a uniquely geodesic space is a CAT(0) space if and only if it satisfies the (CN)
inequality (see [13] for more details).

The following results are important to our theorems.

Lemma 2.3 ([13]) Let X be a CAT(0) space, x1,%2,y1,¥2 € X and « € [0,1]. Then
d(ax; & (1 @)y, ax & (1- a)ys) < ad(xy,x2) + (1 - @)d(y1,5,).
From the above lemma, it is easy to see that for x,y,z € X and « € [0,1],
d(ax d01- a)y,z) <adx,z)+ (1 -a)dy,z).
Lemma 2.4 ([17]) Let X be a CAT(0) space, x,y,z € X and « € [0,1]. Then
d? (ax @ 1-a)y, z) <ad*(x,2) + (1 —a)d*(y,2) — a(l — a)d*(x, y).

In 2008, Kirk and Panyanak [4] specialized Lim’s concept [18] of A-convergence in a
general metric spaces to CAT(0) spaces and showed that many results in Banach spaces
involving weak convergence have precise analogs in this setting.

Let {x,,} be a bounded sequence in a CAT(0) space (X, d). For x € X, we set

r(x, {xn}) :=limsup d(x, x,).

The asymptotic radius of {x,} is given by
= inf r(x, {x,}).
r({xn}) ;gxr(x {x })

The asymptotic center of {x,} is given by

A({xn}) = {x eX: r(x, {xn}) = r({xn})}.

It is known from [19] that in a CAT(0) space, A({x,}) consists of exactly one point. A
sequence {x,} C X is said to A-converge to x € X if A({x,, }) = {x} for every subsequence
{#n; } of {x,}. In this case, we write A-lim,,_, %, = x. The uniqueness of asymptotic center
implies that the CAT(0) space X satisfies Opial’s property, i.e. for given {x,} C X such that
{x,} A-converges to x and given y € X with y #x,

limsup d(x,, x) < limsup d(x,,, y).

n—00 n—00

We also know the following results.

Lemma 2.5 ([4]) Every bounded sequence in a complete CAT(0) space always has a /-
convergent subsequence.

Lemma 2.6 ([20]) If C is a closed convex subset of a complete CAT(0) space (X, d) and {x,}
is a bounded sequence in C, then A({x,}) € C.
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It is well known that a norm linear space satisfies the CAT(0) inequality if and only if it
satisfies the parallelogram identity, i.e. it is a pre-Hilbert space; hence it is usual to have
an inner product-like notion in complete CAT(0) spaces. In 2008, Berg and Nikolaev [21]
introduced the concept of quasilinearization along these lines.

Let ZJ denote a pair (a,b) € X x X, and it is called a vector. Then the quasilinearization
mapping (-, -) : (X x X) X (X x X) — R is defined by

—

1
(ab, uv) = 5 (d*(a,v) + d*(b,u) - d*(a,u) — d*(b,v))
for any a,b,u,v € X.
We say that (X, d) satisfies the Cauchy-Schwarz inequality if

(@b, ) < d(a,b)d(u,v) foralla,b,u,veX.

The following lemma was also proved in [21].

Lemma 2.7 ([21]) A geodesically connected metric space is a CAT(0) space if and only if it
satisfies the Cauchy-Schwarz inequality.

Consider the map O : R x X x X — C(X;R) defined by

O(t,a,b)(x) = t(;l)a, ax) forallxeX,

where C(X;R) is the space of all continuous real-valued functions on X. Then the Cauchy-
Schwarz inequality implies that ®(¢, a, b) is the Lipschitz function with the Lipschitz semi-

norm L(O(t,a,b)) = td(a,b) (t € R,a,b € X), where L(¢p) = sup{‘p(;z;ﬁ)(y) 1x,y € X,x £y} is

the Lipschitz semi-norm for any function ¢ : X — R.
In 2010, Kakavandi and Amini [22] defined a pseudometric D on R x X x X by

D((t, a,b),(s,u, v)) = L(@(t, a,b) - O(s, u, V)).

Lemma 2.8 ([22]) Let X be a complete CAT(0) space. Let (t,a,b),(s,u,v) € R x X x X.
Then D((t, a,b), (s,u, v)) = O if and only if t(ab, %) = s (@0, %y) for all x,y € X.

Therefore, D defines an equivalent relation on R x X x X, where the equivalent class of
(t,a,b) is

[t;l)a] = {sm/ : t(ab,?}) = s(ﬂ,@),\ix,y € X}.

Let X* = {[m_l)a] :(t,a,b) € R x X x X}. Then (X*, D) is a metric space and it is called the
dual metric space of (X, d).
In 2013, Kakavandi [3] introduced the concept of (S) property for a complete CAT(0)

space as follows.

Definition 2.9 ([3]) A complete CAT(0) space (X, d) satisfies the (S) property if for any
(x,7) € X x X there exists a point y, € X such that [x}] = [yzx].
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There are many CAT(0) spaces satisfying the (S) property; for example, Hilbert spaces
and symmetric Hadamard manifolds including hyperbolic spaces [3]. Moreover, Kaka-
vandi also proved the characterization of A-convergence for CAT(0) spaces satisfying the
(S) property as follows.

Lemma 2.10 ([3]) Let (X,d) be a complete CAT(0) space, {x,} be a bounded sequence
in X and x € X. If X satisfies the (S) property, then A-lim,_,oox, = x if and only if
limn_mo(m,@)/) =0forallyeX.

In 2008, Kirk and Panyanak [4] introduced a geometric condition on CAT(0) spaces
called the (Q4) condition.

(Qs) A CAT(0) space (X, d) is said to satisfy the (Q4) condition if Vx,y,p,qg € X

dp,x)<d(x,q) and d(p,y)<d(y,q) imply d(p,m)<d(m,q), VmEe [xy].

The authors mentioned that this condition holds in many CAT(0) spaces including
Hilbert spaces and R-trees. Furthermore, in 2009, Espinola and Ferndndez-Leé6n [23]
proved that any CAT(0) space of constant curvature satisfies the (Q4) condition but any
CAT(0) gluing space containing two spaces of constant but different curvatures fails to
satisfy this condition.

In 2013, Kakavandi [3] modified the (Q,) condition as follows.

(Qs4) A CAT(0) space (X, d) is said to satisfy the (Q4) condition if for any x, y,p,q € X,

dip,x) <d(x,q) and d(p,y)<d(y,q) imply d(p,m)<d(m,q), Yme [xyl.

We can see that Hilbert spaces, R-trees and every CAT(0) space of constant curva-
ture satisfy the (Q4) condition. Anyway, since (Q,) implies (Qy), there are some complete
CAT(0) spaces that do not satisfy such a condition.

3 Main results

In this section, we prove A-convergence theorems of Mann type [24] to the set of attrac-
tive points of normally generalized hybrid mappings in CAT(0) spaces satisfying the (S)
property and the (Q4) condition. First of all, we consider the notion of the set of attractive
points for any mapping T : C — X, where X is a metric space and C is a nonempty subset
of X defined as

A(T)={zeX:d(z, Ty) <d(z,9),Vy € C}.

Moreover, in metric spaces, a normally generalized hybrid mapping is defined analo-
gously to Definition 1.1 as follows:

A mapping T : C — X is called normally generalized hybrid if there exist o, 8,y,6 € R
such that

(1) a+B+y+6=0;

(2) a+B>00ra+y>0;and

(3) ad(Tx, Ty)? + Bd(x, Ty)? + yd(Tx,y)* + 8d(x,y)* < 0, Vx,y € C.



Kaewkhao et al. Fixed Point Theory and Applications (2015) 2015:96 Page 7 of 14

Before proving our main theorem, we need the following lemmas which we proved in
[25], but for the sake of completeness, we give a short proof.

Lemma 3.1 ([25]) Let (X,d) be a complete CAT(0) space satisfying the (Q4) condition. Let
C be a nonempty subset of X. Then, for any mapping T : C — X, A(T) is closed and convex.

Proof Let {x,} be a sequence in A(T) such that x, — x € X as n —> 00.
For any n € N and y € C, we have d(x,, Ty) < d(x,,y). Then

lim d(x,, Ty) < lim d(x,,y),

d(x, Ty) < d(,y).

This implies that A(T) is a closed subset of X. Let z1,2, € A(T), then for any y € C, we
have d(z;, Ty) < d(z1,y) and d(zs, Ty) < d(z,,y). Since X satisfies the (Q,) condition, we
have d(m, Ty) < d(m, y) for all m € [z1,2z;]. This implies that A(T') is a convex subset of X.
Therefore, A(T) is closed and convex. a

Lemma 3.2 ([25]) Let C be a nonempty subset of a CAT(0) space X. Let {x,,} be a bounded
sequence in C. Let T be a mapping from C into itself such that d(x,, Tx,) — 0. Then

(1) the sequences {d(x,,y)} and {d(Tx,,y)} are bounded for all y € C;

(2) wnd(xy,y) = und(Txy,y) for any Banach limit w on [*°.

Proof Let n € Nand y € C. By the triangle inequality, we have
A y) < d(xy,x1) +d(x1,).

Since {x,} is bounded, the sequence {d(x,,y)} is bounded. Since d(x,, Tx,) — 0 and
{d(x,,7)} is bounded, the sequence {d(Tx,,y)} is also bounded.
Let y € C. Then

(X, y) < d(xp, Txy) + d(Txy, y) (3.1)
and
d(Txy,y) < d(Txp,x4) + d(xy, y). (3.2)

Since d(x,,, Tx,) —> 0, by applying a Banach limit x to both sides of (3.1) and (3.2), we can
conclude that

:u“nd(xmy) = Mnd(Txmy)~ O

Next, we prove the analogous result to Lemma 2.2 in complete CAT(0) spaces satisfying
the (S) property.

Lemma 3.3 Let (X,d) be a complete CAT(0) space satisfying the (S) property. Let C be
a nonempty subset of X and let T : C — C be an («, B,y,8)-normally generalized hybrid
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A
mapping. Let {x,} be a bounded sequence in C such that x,, — z and d(x,, Tx,) — O.
Then z € A(T).

Proof Since T is an (o, B, y,8)-normally generalized hybrid mapping,
ad*(Tx, Ty) + Bd>(x, Ty) + yd*(Tx,y) + 8d*(x,y) <0, Vx,yeC.

We have from Lemma 3.2 that {d(x,, y)} and {d(Tx,,y)} are bounded for all y € C.
Ifa+ B >0, then

ad*(Tx,, T) + Bd* (%, Ty) + yd* (Tx,, y) + 8d*(x,,9) <O,

(@ + B und® (s Ty) < =(y + 8) nd” (%, y)
forallye C.Sincea+8+y+8>0anda+ >0,

W r0) )
a+p

[nd? (%, Ty) <
< tnd? (%, 9)-
Ifa+y >0, then
Ole(Tj/, Tx,) + ﬁdz(y, Tx,) + yd2(Ty,x,,) + édz(y,xy,) <0,
(o + V) nd? (T, %) < (B + 8 nd? (3, %,)

forall y € C. It follows from« + B + ¥ + 8 > 0 and & + y > O that

—(B +9)

o +y

< [nd® (3, %)

Mndz(Ty:xn) = Mndz(y’xn)

Therefore,
n@* @ TY) < pnd® (%, y) (3.3)
A

for all y € C. Furthermore, Lemma 2.10 and x,, — z imply that
lim (d* (%, 2) - d*(xn ) + d*(z,9)) = 0
Hn—0Q

for all y € X. Thus,
(A 2) = d* (0, ) + d*(2,9)) = 0 (3.4)

for all y € X. From (3.3), we have

~nd* Xy y) < —pnd® (%, TY).
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By adding w,,(d*(x,, 2) + d*(z,y) + d*(z, Ty)) to the both sides of the above inequality, we
assert that

— (%, y) + (A (0, 2) + d* (2,) + d* (2, TY))

< —nd® (%, Ty) + o (d* (0, 2) + d*(2,9) + d°(2, T9)),
P T) + (@ 2) P, y) + d(2,)

<d*@y) + un(d* ¥, 2) — d* (%0, Ty) + d*(2, TY)).

From (3.4), we have d(z, Ty) < d(z,y) and hence z € A(T). O
We prove the analogous result to Lemma 2.1 in complete CAT(0) spaces as follows.

Lemma 3.4 Let (X, d) be a complete CAT(0) space and C be a closed convex subset of X. Let
{x,,} be a bounded sequence in X. If d(x,,,1,2z) < d(x,,z) for all z € C, then Pcx,, — zo € C,
where Pc is the metric projection from X onto C.

Proof Since d(x,41,z) <d(xy,,z) forallz e C,

AXne1, Pckni) < d(Xpi1, Pexy)
=< d(xnrpcxn)'
Then {d(x,, Pcx,)} is decreasing and bounded, which implies that lim,,_, o d(x,, Pcx,) ex-
ists.

In order to show that {Pcx,} is a Cauchy sequence in C, let m, n € N be such that m < n.
Puty= %chm @ %chn. By the (CN) inequality, we have

@ (0,) = 30, Pt) + 5 Peny) — 3 (P, Py,
Then

A? (P, Poxy) < 2d%(xy, Poxy) + 2d%(%,, Pox,) — 4d? (%0, ).
Since —d(x,,y) < —d(xy, Pcxy),

A*(Pcm, Pexy) < 2d°(x, Pcm) + 2d° (%, Pcoty) — 4d* (%, Pcxy)

= 2d* (%, Pcty) — 2d° (2, Pcixy).
By the assumption, we can conclude that
d*(Pcm, Pcxn) < 2d* (%, Pcty) = 2d° (x5, Pcxn).

Since lim,,_, oo d(x,, Pcx,) exists, {Pcx,} is a Cauchy sequence.
Therefore, Pcx,, —> zy for some zg € C. O

In 2012, Dehghan and Rooin [26] proved the following lemma. Now, we give another
proof.
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Lemma 3.5 ([26]) Let (X,d) be a complete CAT(0) space and C be a closed convex subset
of X.Letx € X and y € C. Then y = Pcx if and only if (%3, %) > 0 for all z € C.

Proof Letz € C. Suppose that y = Pcx. Let 0 <A <land m=Az @ (1 - A)y.
By Lemma 2.4, we have

d*(x, m) < rd*(x,z) + (1 - 1)d*(x,y) — 21 = V)d>(z, ).
Then

2 p—
d%Mijifmﬁ+a—Mf@w§f@@. o5

From (3.5) and 2(xy, %) = d?(x,z) — d*(x,y) — d*(z,y), we have

—_— > >d2(x,m) 1-A

2(5,52) = — —7rfmw+a—Mf@w—fmw—f@w
d%(x, a2 (x,
_ %W_ g”_m%m.

Since y = Pcx, d(x,y) < d(x, m). Therefore,

<7 —%> > dz(x,}/) _ dz(x,y)
- A A
= -Ad*(z,).

—Ad*(z,y)

By letting A —> 0, we assert that (xy,7%) > 0 forall z € C.
Conversely, suppose that (xy,5z) > 0 forall z € C.
For any z € C, we have
0 < 2(x5,7%)
= dz(x:z) - dZ(xry) - dz()’,z)
< d*(x,2) — d*(x,y).

Then d(x,y) < d(x,z) and hence y = Pcx. O
We are now in a position to prove our main theorem.

Theorem 3.6 Let (X,d) be a complete CAT(0) space satisfying the (S) property and the
(Qu) condition. Let C be a convex subset of X and T : C — C be a normally generalized
hybrid mapping with A(T) # (. Let {«,,} be a sequence of real numbers such that 0 < a, <1
and liminf,_, o, (1 — 0y) > 0. Suppose that {x,} is the sequence generated by x; =x € C
and

Ks1l = U, ® (1 - ) Tx,, neN.

A
Then x, — v € A(T), where v = lim,,_, oo Pa(r)%n and Pacr) is the metric projection from X
onto A(T).
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Proof Claim 1. We show that lim,,_, o d(u, x,) exists for all u € A(T).

By Lemma 2.3, we have

A1, %1) = d(u, 00,2, ® (1 — 0t,) T,y )

< aud(u,x,) + (1 — at))d (s, Ty,).
Since u € A(T),

d(M, xn+1) =< Olnd(ll, xn) + (1 - C(y,)d(l/t, xn)

= d(u,x,)

for all n € N. Then {d(u,x,)} is a decreasing and bounded sequence.
Therefore, lim,,_, o d(u, x,) exists and {x,,} is bounded.
Claim 2. We show that d(x,, Tx,) — 0 as 1 —> 00. Choose z € A(T).

By Lemma 2.4, we have

dz(zrxrwl) = d2 (Z» UpXy D (1 - an)Txn)

< aud(z,%,) + (1 = @)d? (2, Tn) = (1 = )l (x,, Tocy).
Then
an(1 = ) d* (X, Tan) < ud’ (2, %) + (1 - 0)d> (2, Ty) — d* (2, %01).
Since z € A(T),

O(n(l - an)dz(xm Txn) =< and2(zrxn) + (1 - an)d2(zrxn) - dz(zjxwrl)

= d2(Z, xn) - dz(z¢ xn+1)~
By the existence of lim,_, « d(z, x,,), it follows that
liminf o, (1 - ,)d* (xy, Tx) < liminf(d*(z,%,) — d* (2, %411)) = 0.
n— 00 n— 00

Since liminf,_, o @, (1 — ;) > 0, we have d(x,, Tx,) — 0.

Claim 3. The sequence {x,} A-converges to an element in A(T). Indeed, since {x,} is
bounded, we can assume that A({x,}) = {v} for some v € X. It is sufficient to show that
A({xy, }) = {v} for any subsequence {x,, } of {x,}. Let {x,,} be a subsequence of {x,} with

A({xn,}) = {w}. Since {x,, } is bounded, there exists a subsequence {x,,, } of {x,, } such that

A
Xy —> Z for some z € X.

By Lemma 3.3 and Claim 2, we have z € A(T) and hence lim,,_, o d(z, x,) exists. If z # w,
then it follows from the uniqueness of asymptotic center that

lim d(z,x,) = limsupd(z,xy,)
n—00 k' =00

< limsupd(w, x,,;()
k' — 00
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< limsupd(w,x,,)

k— 00

< limsupd(z,x,,)

k— 00

= lim d(z,x,),
n— 00

which is a contradiction. Therefore, w = z € A(T).
Suppose that v # w. Then

lim d(w,x,) = limsupd(w,x,,)
n—00 k— 00

< limsupd(v,x,,)

k— 00

<limsupd(v,x,)
H—>0Q

< limsupd(w, x,)
n—0Q

= lim d(w,x,).
n— 00

This leads to a contradiction and hence v =w € A(T).

Therefore, x, i ve A(T).

Claim 4. We show that v = lim,,_, oo Pa(1)%y-

We can conclude from Claim 1 that d(x,,.1,2z) < d(x,,z) for all z€ A(T) and n € N. Fur-
thermore, we obtain from Lemma 3.4 that P4(1)x, — p for some p € A(T). It is sufficient
to show that (¥, pz) > 0 for all z € A(T).

First, we show that lim,,_, oo d(%, p) = limy,—, oo A, Pa(T)%n)-

From Claim 1, we have that lim,_, o, d(p, x,,) exists.

Since

d(xnﬂr PA(T)anrl) =< d(anrlr PA(T)xn)

< d®xu, PacryXn)
for all m € N, then lim,,_, o d(x,,, Pa(1)%n) exists. By the triangle inequality, we have
A% p) < A%, Pacryn) + A(Pacr)n, p)
< d(xy,p) + ALa(r)y%n, p).
Since limy,_, oo d(Pa(1)%n, p) = 0, we have
Jim d(x,p) < Jim d(xn, Pacryxn) < Jim A%, p).

This implies that

lim d(x,,p) = lim d(x,, Pacr)%,)-

n—00

Moreover, we can apply Lemma 2.10 to conclude that

lim (dz(x,,,v) —d*(%,,2) + d* (v, z)) =0

n—00
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for all z € X. Consider

0= hm d* (%, v) — d* (%, p) + d*(v, P))
—dz(vp dz(xmv) d (me))

n (
lim (

lim (d (s, v) — d* (6, p) — d* (v, p))
n (d

-2d*(v,p)

n—00

hm (xm V) d (xn; PA xn) - dz(v) PA(T)xn))

lim (XnPa(T)%ns PA(T) XN V).
n—o0

By Lemma 3.5, we have

(uPa(r)%n, Pacry%nv) = 0,

which implies that d?(v, p) < 0 and hence v = p.

Therefore, x,, — v, where v = lim,,_, oo Pa(1)%y- (|

It is known that a Hilbert space satisfies both the (S) property and the (Q4) condition.
Furthermore, A-convergence and weak convergence are the same in a Hilbert space. Con-
sequently, we can conclude that the result of Takahashi, Wong and Yao [2], Theorem 5.1,
is an application of Theorem 3.6.

Moreover, the following example shows that there is a CAT(0) space satisfying both the
(S) property and the (Q,) condition but it is not a Hilbert space. Thus, our main theorem

is a strict generalization of the result of Takahashi, Wong and Yao [2], Theorem 5.1.

Example 3.7 Consider the subset % of R?
H={(xy)e R?|y* —x* =land y > 0}.

In other words, A is the upper curve of the hyperbolic {(x,y) € R?|y? — x? = 1}. Let d be
a metric defined by the function d : H x H — R that assigns to each pair of vectors u =

(¢41,u2) and v = (v1, 1) the unique nonnegative number d(x, v) > 0 such that
coshd(u,v) = uyvy — ugvy.

It is known that, in general, the metric space (H,d) is a CAT(0) space and also a one-
dimensional hyperbolic space viewed from a hyperboloid model (for more details, see
[13]). Then (H, d) satisfies the (S) property. Furthermore, it is easy to see that (#,d) is an
R-tree. Hence (#, d) satisfies the (Q,) condition.
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