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Abstract
We prove strong convergence of the viscosity approximation method for multivalued
nonexpansive mappings in CAT(0) spaces. Our results generalize the results of
Dhompongsa et al. (2012), Wangkeeree and Preechasilp (2013) and many others.
Some related results in R-trees are also given.
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1 Introduction
One of the successful approximation methods for finding fixed points of nonexpansive
mappings was given by Moudafi []. Let E be a nonempty closed convex subset of a Hilbert
space H and t : E → E be a nonexpansive mapping with a nonempty fixed point set Fix(t).
The following scheme is known as the viscosity approximation method or Moudafi’s vis-
cosity approximation method:

x ∈ E arbitrarily chosen,

xn+ = αnf (xn) + ( – αn)t(xn), n ∈ N, ()

where f : E → E is a contraction and {αn} is a sequence in (, ). In [], under some suitable
assumptions, the author proved that the sequence {xn} defined by () converges strongly
to a point z in Fix(t) which satisfies the following variational inequality:

〈
f (z) – z, z – x

〉 ≥ , x ∈ Fix(t).

We note that the Halpern approximation method [],

xn+ = αnu + ( – αn)t(xn), n ∈N,

where u is a fixed element in E, is a special case of the Moudafi one. Notice also that the
Moudafi viscosity approximation method can be applied to convex optimization, linear
programming, monotone inclusions, and elliptic differential equations.
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The first extension of Moudafi’s result to the so-called CAT() space was proved by Shi
and Chen []. However, they assumed that the space (X,ρ) must satisfy the property P ,
i.e., for x, u, y, y ∈ X, one has

ρ(x, m)ρ(x, y) ≤ ρ(x, m)ρ(x, y) + ρ(x, u)ρ(y, y),

where m and m are the unique nearest points of u on the segments [x, y] and [x, y],
respectively. By using the concept of quasi-linearization introduced by Berg and Nikolaev
[], Wangkeeree and Preechasilp [] could omit the propertyP from Shi and Chen’s result.
Precisely, they obtained the following theorems.

Theorem . (Theorem . of []) Let E be a nonempty closed convex subset of a complete
CAT() space X, t : E → E be a nonexpansive mapping with Fix(t) �= ∅, and f : E → E be a
contraction with constant k ∈ [, ). For each s ∈ (, ), let xs be given by

xs = sf (xs) ⊕ ( – s)t(xs).

Then {xs} converges strongly as s →  to x̃ such that x̃ = PFix(t)(f (x̃)), which is equivalent to
the variational inequality:

〈––––→
x̃f (x̃),

–→
xx̃

〉 ≥ , x ∈ Fix(t).

Theorem . (Theorem . of []) Let E be a nonempty closed convex subset of a complete
CAT() space X, t : E → E be a nonexpansive mapping with Fix(t) �= ∅, and f : E → E be
a contraction with constant k ∈ [, ). Suppose that x ∈ E is arbitrarily chosen and {xn} is
iteratively generated by

xn+ = αnf (xn) ⊕ ( – αn)t(xn), n ∈N,

where {αn} is a sequence in (, ) satisfying:
(C) limn→∞ αn = ;
(C)

∑∞
n= αn = ∞;

(C)
∑∞

n= |αn – αn+| < ∞ or limn→∞( αn
αn+

) = .
Then {xn} converges strongly to x̃, where x̃ = PFix(t)(f (x̃)).

However, on p. of [], in order to conclude that α′
n = (–k)αn

–kαn
∈ (, ), the sequence {αn}

must be contained in (, 
–k ). Therefore, Theorem . should be rewritten as follows.

Theorem . Let E be a nonempty closed convex subset of a complete CAT() space X,
t : E → E be a nonexpansive mapping with Fix(t) �= ∅, and f : E → E be a contraction with
constant k ∈ [, ). Suppose that x ∈ E is arbitrarily chosen and {xn} is iteratively generated
by

xn+ = αnf (xn) ⊕ ( – αn)t(xn), n ∈N,

where {αn} is a sequence in (, 
–k ) satisfying (C), (C), and (C). Then {xn} converges

strongly to x̃ = PFix(t)(f (x̃)).
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Fixed point theory for multivalued mappings has many useful applications in applied
sciences, in particular, in game theory and optimization theory. Thus, it is natural to study
the extension of the known fixed point results for single-valued mappings to the setting
of multivalued mappings.

Let E be a closed convex subset of a complete CAT() space, f : E → E be a contrac-
tion, and T be a nonexpansive mapping on E whose values are nonempty bounded closed
subsets of E. For each s ∈ (, ), we can define a multivalued contraction Gs on E by

Gs(x) = ( – s)f (x) ⊕ sT(x), x ∈ E.

Applying Nadler’s theorem [], Gs has a (not necessarily unique) fixed point xs ∈ E, that
is,

xs ∈ sf (xs) ⊕ ( – s)T(xs). ()

Recently, Bo and Yi [] extended Theorems . and . to multivalued nonexpansive
mappings. We observe that there are many gaps in the proof of []. In fact, Theorem .
of [] is absolutely wrong since there is a closed convex subset E of the Euclidean plane R

and a nonexpansive mapping on E such that the net {xs} defined by () does not converge
(see [], p.).

The purpose of this paper is to extend Theorems . and . in the right way. Of course,
a condition like the endpoint condition must be added. Our main discoveries are Theo-
rems . and ..

2 Preliminaries
Throughout this paper, N stands for the set of natural numbers and R stands for the set of
real numbers. Let [, l] be a closed interval in R and x, y be two points in a metric space
(X,ρ). A geodesic joining x to y is a map ξ : [, l] → X such that ξ () = x, ξ (l) = y, and
ρ(ξ (s), ξ (t)) = |s – t| for all s, t ∈ [, l]. The image of ξ is called a geodesic segment joining
x and y, which when unique is denoted by [x, y]. The space (X,ρ) is said to be a geodesic
space if every two points in 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 subset E of X is said to
be convex if every pair of points x, y ∈ E can be joined by a geodesic in X and the image of
every such geodesic is contained in E.

A geodesic triangle �(p, q, r) in a geodesic space (X,ρ) consists of three points p, q, r in
X and a choice of three geodesic segments [p, q], [q, r], [r, p] joining them. A comparison
triangle for geodesic triangle �(p, q, r) in X is a triangle �(p̄, q̄, r̄) in the Euclidean plane
R

 such that dR (p̄, q̄) = ρ(p, q), dR (q̄, r̄) = ρ(q, r), and dR (r̄, p̄) = ρ(r, p). A point ū ∈ [p̄, q̄]
is called a comparison point of u ∈ [p, q] if ρ(p, u) = dR (p̄, ū). Comparison points on [q̄, r̄]
and [r̄, p̄] are defined in the same way.

Definition . A geodesic triangle �(p, q, r) in (X,ρ) is said to satisfy the CAT() inequal-
ity if for any u, v ∈ �(p, q, r) and for their comparison points ū, v̄ ∈ �(p̄, q̄, r̄), one has

ρ(u, v) ≤ dR (ū, v̄).
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A geodesic space X is said to be a CAT() space if all of its geodesic triangles satisfy
the CAT() inequality. For other equivalent definitions and basic properties of CAT()
spaces, we refer the reader to standard texts, such as [, ]. It is well known that every
CAT() space is uniquely geodesic. Notice also that Pre-Hilbert spaces, R-trees, Euclidean
buildings are examples of CAT() spaces (see [, ]). Let E be a nonempty closed convex
subset of a complete CAT() space (X,ρ). It follows from Proposition . of [] that for
each x ∈ X, there exists a unique point x ∈ E such that

ρ(x, x) = inf
{
ρ(x, y) : y ∈ E

}
.

In this case, x is called the unique nearest point of x in E. The metric projection of X onto
E is the mapping PE : X → E defined by

PE(x) := the unique nearest point of x in E.

By Lemma . of [], for each x, y ∈ X and t ∈ [, ], there exists a unique point z ∈ [x, y]
such that

ρ(x, z) = ( – t)ρ(x, y) and ρ(y, z) = tρ(x, y). ()

We shall denote by tx ⊕ ( – t)y the unique point z satisfying (). Now, we collect some
elementary facts about CAT() spaces.

Lemma . (Lemma . of []) Let (X,ρ) be a CAT() space. Then

ρ
(
tx ⊕ ( – t)y, z

) ≤ tρ(x, z) + ( – t)ρ(y, z)

for all x, y, z ∈ X and t ∈ [, ].

Lemma . (Lemma . of []) Let (X,ρ) be a CAT() space. Then

ρ(tx ⊕ ( – t)y, z
) ≤ tρ(x, z) + ( – t)ρ(y, z) – t( – t)ρ(x, y)

for all x, y, z ∈ X and t ∈ [, ].

Lemma . (Lemma  of []) Let (X,ρ) be a CAT() space. Then

ρ
(
tx ⊕ ( – t)z, ty ⊕ ( – t)z

) ≤ tρ(x, y)

for all x, y, z ∈ X and t ∈ [, ].

Let {xn} be a bounded sequence in X. For x ∈ X, we set

r
(
x, {xn}

)
= lim sup

n→∞
ρ(x, xn).

The asymptotic radius r({xn}) of {xn} is given by

r
({xn}

)
= inf

{
r
(
x, {xn}

)
: x ∈ X

}
,
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and the asymptotic center A({xn}) of {xn} is the set

A
({xn}

)
=

{
x ∈ X : r

(
x, {xn}

)
= r

({xn}
)}

.

It is well known from Proposition  of [] that in a CAT() space, A({xn}) consists of
exactly one point. A sequence {xn} in X is said to �-converge to x ∈ X if A({xnk }) = {x}
for every subsequence {xnk } of {xn}. In this case we write �-limn→∞ xn = x and call x the
�-limit of {xn}.

Lemma . ([], p.) Every bounded sequence in a complete CAT() space always has
a �-convergent subsequence.

Lemma . (Proposition . of []) If E is a closed convex subset of a complete CAT()
space and if {xn} is a bounded sequence in E, then the asymptotic center of {xn} is in E.

The concept of quasi-linearization was introduced by Berg and Nikolaev []. Let (X,ρ)
be a metric space. We denote a pair (a, b) ∈ X × X by

–→
ab and call it a vector. The quasi-

linearization is a map 〈·, ·〉 : (X × X) × (X × X) →R defined by

〈–→ab,
–→
cd〉 =



(
ρ(a, d) + ρ(b, c) – ρ(a, c) – ρ(b, d)

)
for all a, b, c, d ∈ X.

It is easy to see that 〈–→ab,
–→
cd〉 = 〈–→cd,

–→
ab〉, 〈–→ab,

–→
cd〉 = –〈–→ba,

–→
cd〉, and 〈–→ax,

–→
cd〉+ 〈–→xb,

–→
cd〉 = 〈–→ab,

–→
cd〉

for all a, b, c, d, x ∈ X. We say that (X,ρ) satisfies the Cauchy-Schwarz inequality if

∣∣〈–→ab,
–→
cd〉∣∣ ≤ ρ(a, b)ρ(c, d) for all a, b, c, d ∈ X.

It is well known from Corollary  of [] that a geodesic space X is a CAT() space if and only
if it satisfies the Cauchy-Schwarz inequality. Some other properties of quasi-linearization
are included as follows.

Lemma . (Theorem . of []) Let E be a nonempty closed convex subset of a complete
CAT() space X, u ∈ X and v ∈ E. Then

v = PE(u) if and only if 〈–→vu, –→wv〉 ≥  for all w ∈ E.

Lemma . (Lemma . of []) Let X be a CAT() space. Then

ρ(x, z) ≤ ρ(y, z) + 〈–→xy, –→xz〉 for all x, y, z ∈ X.

Lemma . (Lemma . of []) Let u and v be two points in a CAT() space X. For each
t ∈ [, ], we set ut = tu ⊕ ( – t)v. Then, for each x, y ∈ X, we have

(i) 〈––→utx, ––→uty〉 ≤ t〈–→ux, ––→uty〉 + ( – t)〈–→vx, ––→uty〉;
(ii) 〈––→utx, –→uy〉 ≤ t〈–→ux, –→uy〉 + ( – t)〈–→vx, –→uy〉 and 〈––→utx, –→vy〉 ≤ t〈–→ux, –→vy〉 + ( – t)〈–→vx, –→vy〉.

Lemma . (Theorem . of []) Let X be a complete CAT() space, {xn} be a sequence
in X, and x ∈ X. Then {xn} �-converges to x if and only if lim supn→∞〈––→xnx, –→yx〉 ≤  for all
y ∈ X.
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Recall that a continuous linear functional μ on �∞, the Banach space of bounded real
sequences, is called a Banach limit if ‖μ‖ = μ(, , . . .) =  and μn(an) = μn(an+) for all
{an} ∈ �∞.

Lemma . (Proposition  of []) Let α be a real number and let (a, a, . . .) ∈ �∞ be such
that μn(an) ≤ α for all Banach limits μ and lim supn(an+ – an) ≤ . Then lim supn an ≤ α.

Lemma . (Lemma . of []) Let {cn} be a sequence of non-negative real numbers
satisfying

cn+ ≤ ( – γn)cn + γnηn for all n ∈N,

where {γn} ⊂ (, ) and {ηn} ⊂R such that
(i)

∑∞
n= γn = ∞;

(ii)
∑∞

n= |γnηn| < ∞ or lim supn→∞ ηn ≤ .
Then {cn} converges to zero as n → ∞.

Let E be a nonempty subset of a CAT() space (X,ρ). We shall denote the family of
nonempty bounded closed subsets of E by BC(E), the family of nonempty bounded closed
convex subsets of E by BCC(E), and the family of nonempty compact subsets of E by K(E).
Let H(·, ·) be the Hausdorff distance on BC(X), i.e.,

H(A, B) = max
{

sup
a∈A

dist(a, B), sup
b∈B

dist(b, A)
}

, A, B ∈ BC(X),

where dist(a, B) := inf{ρ(a, b) : b ∈ B} is the distance from the point a to the set B.

Definition . A multivalued mapping T : E → BC(X) is said to be a contraction if there
exists a constant k ∈ [, ) such that

H
(
T(x), T(y)

) ≤ kρ(x, y), x, y ∈ E. ()

If () is valid when k = , then T is called nonexpansive. A point x ∈ E is called a fixed point
of T if x ∈ T(x). We shall denote by Fix(T) the set of all fixed points of T . A multivalued
mapping T is said to satisfy the endpoint condition [] if Fix(T) �= ∅ and T(x) = {x} for all
x ∈ Fix(T).

The following fact is a consequence of Lemma . in []. Notice also that it is an exten-
sion of Proposition . in [].

Lemma . If E is a closed convex subset of a complete CAT() space X and T : E → K(X)
is a nonexpansive mapping, then the conditions {xn} �-converges to x and dist(xn, T(xn)) →
 imply x ∈ Fix(T).

The following fact is also needed.

Lemma . (Lemma . of []) Let E be a closed convex subset of a complete CAT()
space X and T : E → BC(X) be a nonexpansive mapping. If T satisfies the endpoint condi-
tion, then Fix(T) is closed and convex.
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3 Main results
Theorem . Let E be a nonempty closed convex subset of a complete CAT() space X,
T : E → K(E) be a nonexpansive mapping satisfying the endpoint condition, and f : E → E
be a contraction with k ∈ [, ). Then the following statements hold:

(i) {xs} defined by () converges strongly to x̃ as s → , where x̃ = PFix(T)(f (x̃)).
(ii) If {xn} is a bounded sequence in E such that limn→∞ dist(xn, T(xn)) = , then

ρ(f (x̃), x̃
) ≤ μnρ

(f (x̃), xn
)

for all Banach limits μ.

Proof (i) We first show that {xs} is bounded. From (), for each xs, there exists ys ∈ T(xs)
such that xs = sf (xs) ⊕ ( – s)ys. By the endpoint condition, for each p ∈ Fix(T), we have

ρ(xs, p) ≤ sρ
(
f (xs), p

)
+ ( – s)ρ(ys, p)

= sρ
(
f (xs), p

)
+ ( – s) dist

(
ys, T(p)

)

≤ sρ
(
f (xs), p

)
+ ( – s)H

(
T(xs), T(p)

)

≤ sρ
(
f (xs), p

)
+ ( – s)ρ(xs, p),

which implies

ρ(xs, p) ≤ ρ
(
f (xs), p

) ≤ ρ
(
f (xs), f (p)

)
+ ρ

(
f (p), p

)

≤ kρ(xs, p) + ρ
(
f (p), p

)
.

Thus ρ(xs, p) ≤ 
–k ρ(f (p), p). Hence, {xs} is bounded and so are {f (xs)} and {ys}. We note

that

dist
(
xs, T(xs)

) ≤ ρ(xs, ys) ≤ sρ
(
f (xs), ys

) →  as s → . ()

Next, we show that {xs} converges strongly to x̃ where x̃ = PFix(T)(f (x̃)). Let a sequence
{sn} in (, ) converging to  and put xn := xsn . It suffices to show that there exists a sub-
sequence of {xn} converging to x̃ = PFix(T)(f (x̃)). By Lemmas . and ., there exists a
subsequence {xnk } of {xn} and a point x̃ in Fix(T) such that �-limk→∞ xnk = x̃. It follows
from the endpoint condition and Lemma .(i) that

ρ(xnk , x̃) = 〈–––→
xnk x̃,

–––→
xnk x̃〉

≤ snk

〈––––––→
f (xnk )x̃,

–––→
xnk x̃

〉
+ ( – snk )〈–––→

ynk x̃,
–––→
xnk x̃〉

≤ snk

〈––––––→
f (xnk )x̃,

–––→
xnk x̃

〉
+ ( – snk )ρ(ynk , x̃)ρ(xnk , x̃)

= snk

〈––––––→
f (xnk )x̃,

–––→
xnk x̃

〉
+ ( – snk ) dist

(
ynk , T(x̃)

)
ρ(xnk , x̃)

≤ snk

〈––––––→
f (xnk )x̃,

–––→
xnk x̃

〉
+ ( – snk )H

(
T(xnk ), T(x̃)

)
ρ(xnk , x̃)

≤ snk

〈––––––→
f (xnk )x̃,

–––→
xnk x̃

〉
+ ( – snk )ρ(xnk , x̃),
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which implies

ρ(xnk , x̃) ≤ 〈––––––→
f (xnk )x̃,

–––→
xnk x̃

〉

=
〈––––––––→
f (xnk )f (x̃),

–––→
xnk x̃

〉
+

〈––––→
f (x̃)x̃,

–––→
xnk x̃

〉

≤ ρ
(
f (xnk ), f (x̃)

)
ρ(xnk , x̃) +

〈––––→
f (x̃)x̃,

–––→
xnk x̃

〉

≤ kρ(xnk , x̃) +
〈––––→
f (x̃)x̃,

–––→
xnk x̃

〉
.

Thus

ρ(xnk , x̃) ≤ 
 – k

〈––––→
f (x̃)x̃,

–––→
xnk x̃

〉
. ()

Since �-limk→∞ xnk = x̃, by Lemma . we have

lim sup
k→∞

〈––––→
f (x̃)x̃,

–––→
xnk x̃

〉 ≤ .

This, together with (), implies that {xnk } converges strongly to x̃.
Next, we show that x̃ = PFix(T)(f (x̃)). Since T satisfies the endpoint condition, we have

dist
(
f (xnk ), T(xnk )

) ≤ ρ
(
f (xnk ), f (x̃)

)
+ ρ

(
f (x̃), x̃

)
+ dist

(
x̃, T(xnk )

)

≤ ρ(xnk , x̃) + ρ
(
f (x̃), x̃

)
+ H

(
T(x̃), T(xnk )

)

≤ ρ
(
f (x̃), x̃

)
+ ρ(xnk , x̃)

and

ρ
(
f (x̃), x̃

)
= dist

(
f (x̃), T(x̃)

)

≤ ρ
(
f (x̃), f (xnk )

)
+ dist

(
f (xnk ), T(xnk )

)
+ H

(
T(xnk ), T(x̃)

)

≤ dist
(
f (xnk ), T(xnk )

)
+ ρ(xnk , x̃).

Thus

∣∣dist
(
f (xnk ), T(xnk )

)
– ρ

(
f (x̃), x̃

)∣∣ ≤ ρ(xnk , x̃). ()

Applying Lemma ., for any q ∈ Fix(T), we have

ρ(xnk , q) = ρ(snk f (xnk ) ⊕ ( – snk )ynk , q
)

≤ snk ρ
(f (xnk ), q

)
+ ( – snk )ρ(ynk , q) – snk ( – snk )ρ(f (xnk ), ynk

)

≤ snk ρ
(f (xnk ), q

)
+ ( – snk )H(T(xnk ), T(q)

)
– snk ( – snk )ρ(f (xnk ), ynk

)

≤ snk ρ
(f (xnk ), q

)
+ ( – snk )ρ(xnk , q) – snk ( – snk )ρ(f (xnk ), ynk

)
.

This implies that

ρ(xnk , q) ≤ ρ(f (xnk ), q
)

– ( – snk )ρ(f (xnk ), ynk

)

≤ ρ(f (xnk ), q
)

– ( – snk )
[
dist

(
f (xnk ), T(xnk )

)].
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Taking k → ∞, together with (), we get

ρ(x̃, q) ≤ ρ(f (x̃), q
)

– ρ(f (x̃), x̃
)
.

Hence

 ≤ 

[
ρ(x̃, x̃) + ρ(f (x̃), q

)
– ρ(x̃, q) – ρ(f (x̃), x̃

)]
=

〈––––→
x̃f (x̃),

–→
qx̃

〉
for all q ∈ Fix(T).

By Lemma ., x̃ = PFix(T)(f (x̃)) and this completes the proof.
(ii) Let {xn} be a bounded sequence in E such that limn→∞ dist(xn, T(xn)) =  and let μ be

a Banach limit. Suppose that μnρ
(f (x̃), xn) < η < γ < ρ(f (x̃), x̃) for some η,γ ∈ R. Then

there exists a subsequence {xnk } of {xn} such that

ρ(f (x̃), xnk

)
< γ for all k ∈N. ()

Otherwise ρ(f (x̃), xn) ≥ γ for all large n which implies that μnρ
(f (x̃), xn) ≥ γ > η, a con-

tradiction, and therefore () holds. By Lemmas . and ., we can assume that {xnk }
�-converges to a point p in Fix(T). Then by () and Lemma ., p is contained in the
closed ball centered at f (x̃) of radius √

γ . This contradicts the fact that x̃ is the unique
nearest point of f (x̃) in Fix(T) and hence the proof is complete. �

As an immediate consequence of Theorem ., we obtain the following.

Corollary . (Theorem . of []) Let E be a nonempty closed convex subset of a com-
plete CAT() space X, and T : E → K(E) be a nonexpansive mapping satisfying the end-
point condition. Fix u ∈ E, and for each s ∈ (, ) let xs be a fixed point of Gs : E → K(E)
defined by Gs(x) = su ⊕ ( – s)T(x), that is, xs ∈ E and xs ∈ su ⊕ ( – s)T(xs). Then the fol-
lowing statements hold:

(i) {xs} converges strongly to x̃ as s → , where x̃ = PFix(T)(u).
(ii) If {xn} is a bounded sequence in E such that limn→∞ dist(xn, T(xn)) = , then

ρ(u, x̃) ≤ μnρ
(u, xn)

for all Banach limits μ.

Now, we define an explicit approximation method for multivalued nonexpansive map-
pings. Let T : E → K(E) be a nonexpansive mapping, f : E → E be a contraction, and {αn}
be a sequence in (, ). Fix x ∈ E and y ∈ T(x). Let

x = αf (x) ⊕ ( – α)y.

By the definition of Hausdorff distance and the nonexpansiveness of T , we can choose
y ∈ T(x) such that

ρ(y, y) ≤ ρ(x, x).
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Inductively, we have

xn+ = αnf (xn) ⊕ ( – αn)yn, yn ∈ T(xn), ()

and ρ(yn, yn+) ≤ ρ(xn, xn+) for all n ∈N.

Theorem . Let E be a nonempty closed convex subset of a complete CAT() space X,
T : E → K(E) be a nonexpansive mapping satisfying the endpoint condition. Let f : E → E
be a contraction with k ∈ [, 

 ) and {αn} be a sequence in (, 
–k ) satisfying:

(C) limn→∞ αn = ;
(C)

∑∞
n= αn = ∞;

(C)
∑∞

n= |αn – αn+| < ∞ or limn→∞( αn
αn+

) = .
Then the sequence {xn} defined by () converges strongly to x̃, where x̃ = PFix(T)(f (x̃)).

Proof We divide the proof into three steps.
Step . We show that {xn}, {yn}, and {f (xn)} are bounded sequences. Let p ∈ Fix(T). By

Lemma ., we have

ρ(xn+, p) ≤ αnρ
(
f (xn), p

)
+ ( – αn)ρ(yn, p)

≤ αn
[
ρ
(
f (xn), f (p)

)
+ ρ

(
f (p), p

)]
+ ( – αn)H

(
T(xn), T(p)

)

≤ max

{
ρ(xn, p),

ρ(f (p), p)
 – k

}
.

By induction, we also have

ρ(xn, p) ≤ max

{
ρ(x, p),

ρ(f (p), p)
 – k

}
for all n ∈N.

Hence, {xn} is bounded and so are {yn} and {f (xn)}.
Step . We show that limn→∞ ρ(xn+, xn) = . Observe that

ρ(xn+, xn) ≤ ρ
(
αnf (xn) ⊕ ( – αn)yn,αn–f (xn–) ⊕ ( – αn–)yn–

)

≤ ρ
(
αnf (xn) ⊕ ( – αn)yn,αnf (xn) ⊕ ( – αn)yn–

)

+ ρ
(
αnf (xn) ⊕ ( – αn)yn–,αnf (xn–) ⊕ ( – αn)yn–

)

+ ρ
(
αnf (xn–) ⊕ ( – αn)yn–,αn–f (xn–) ⊕ ( – αn–)yn–

)

≤ ( – αn)ρ(yn, yn–) + αnρ
(
f (xn), f (xn–)

)

+ |αn – αn–|ρ
(
f (xn–), yn–

)

≤ (
 – αn( – k)

)
ρ(xn, xn–) + |αn – αn–|ρ

(
f (xn–), yn–

)
.

Putting, in Lemma ., cn = ρ(xn, xn–), γn = ( – k)αn and ηn = 
–k | – αn–

αn
|ρ(f (xn–), yn–),

we get by (C) and (C) that limn→∞ ρ(xn+, xn) = .
Step . We show that {xn} converges strongly to a point x̃ ∈ Fix(T) with x̃ = PFix(T)(f (x̃)).

For each s ∈ (, ), let xs be defined by (). By Theorem ., {xs} converges strongly to a
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point x̃ ∈ Fix(T) and x̃ = PFix(T)(f (x̃)). We note that

dist
(
xn, T(xn)

) ≤ ρ(xn, yn)

≤ ρ(xn, xn+) + ρ(xn+, yn)

≤ ρ(xn, xn+) + αnρ
(
f (xn), yn

) →  as n → ∞.

Again by Theorem ., we have μn(ρ(f (x̃), x̃) – ρ(f (x̃), xn)) ≤  for all Banach limits μ.
Moreover, since limn→∞ ρ(xn+, xn) = ,

lim sup
n→∞

[(
ρ(f (x̃), x̃

)
– ρ(f (x̃), xn+

))
–

(
ρ(f (x̃), x̃

)
– ρ(f (x̃), xn

))]
= .

It follows from Lemma . that

lim sup
n→∞

(
ρ(f (x̃), x̃

)
– ρ(f (x̃), xn

)) ≤ . ()

For each n ∈N, we set zn = αnx̃ ⊕ ( – αn)yn. It follows from Lemmas . and . that

ρ(xn+, x̃) ≤ ρ(zn, x̃) + 〈–––––→xn+zn,
––––→
xn+x̃〉

≤ ( – αn)ρ(yn, x̃) + 
[
αn

〈––––––→
f (xn)zn,

––––→
xn+x̃

〉
+ ( – αn)〈–––→ynzn,

––––→
xn+x̃〉]

≤ ( – αn)H(T(xn), T(x̃)
)

+ 
[
α

n
〈–––––→
f (xn)x̃,

––––→
xn+x̃

〉

+ αn( – αn)
〈––––––→
f (xn)yn,

––––→
xn+x̃

〉
+ αn( – αn)〈––→ynx̃,

––––→
xn+x̃〉]

≤ ( – αn)ρ(xn, x̃) + 
[
α

n
〈–––––→
f (xn)x̃,

––––→
xn+x̃

〉
+ αn( – αn)

〈–––––→
f (xn)x̃,

––––→
xn+x̃

〉]

= ( – αn)ρ(xn, x̃) + αn
〈–––––→
f (xn)x̃,

––––→
xn+x̃

〉

= ( – αn)ρ(xn, x̃) + αn
〈––––––––→
f (xn)f (x̃),

––––→
xn+x̃

〉
+ αn

〈––––→
f (x̃)x̃,

––––→
xn+x̃

〉

≤ ( – αn)ρ(xn, x̃) + kαnρ(xn, x̃)ρ(xn+, x̃) + αn
〈––––→
f (x̃)x̃,

––––→
xn+x̃

〉

≤ ( – αn)ρ(xn, x̃) + kαn
[
ρ(xn, x̃) + ρ(xn+, x̃)

]

+ αn
[
ρ(f (x̃), x̃

)
+ ρ(xn+, x̃) – ρ(f (x̃), xn+

)]
,

yielding

ρ(xn+, x̃) ≤  – ( – k)αn + α
n

 – ( + k)αn
ρ(xn, x̃) +

αn

 – ( + k)αn

[
ρ(f (x̃), x̃

)
– ρ(f (x̃), xn+

)]

≤  – ( – k)αn

 – ( + k)αn
ρ(xn, x̃) +

α
n

 – ( + k)αn
M

+
αn

 – ( + k)αn

[
ρ(f (x̃), x̃

)
– ρ(f (x̃), xn+

)]
,

where M ≥ supn∈N{ρ(xn, x̃)}. It follows that

ρ(xn+, x̃) ≤ ( – γn)ρ(xn, x̃) + γnηn, ()
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where

γn =
( – k)αn

 – ( + k)αn
and ηn =

αn

 – k
M +


 – k

[
ρ(f (x̃), x̃

)
– ρ(f (x̃), xn+

)]
.

Since αn ∈ (, 
–k ) and k ∈ [, 

 ), we have γn ∈ (, ). By (C) and (), lim supn ηn ≤ . Ap-
plying Lemma . to the inequality (), we can conclude that xn → x̃ as n → ∞. There-
fore, the proof is complete. �

Corollary . Let E be a nonempty closed convex subset of a complete CAT() space X,
and T : E → K(E) be a nonexpansive mapping satisfying the endpoint condition. Suppose
that u, x ∈ E are arbitrarily chosen and {xn} is defined by

xn+ = αnu ⊕ ( – αn)yn,

where yn ∈ T(xn) such that ρ(yn, yn+) ≤ ρ(xn, xn+) for all n ∈ N and {αn} is a sequence in
(, 

 ) satisfying (C), (C), and (C). Then {xn} converges strongly to the unique nearest
point of u in Fix(T).

Proof We define f : E → E by f (x) = u for all x ∈ E. Then f is a contraction with k = . The
conclusion follows immediately from Theorem .. �

Remark . There are some results in Banach spaces related to our work (see, e.g., [–
]). Notice that our approach is quite different from that of [–].

As we have observed, Theorem . can be viewed as an extension of Theorem . for a
contraction f with k ∈ [, 

 ). It remains an open question whether Theorem . holds for
k ∈ [ 

 , ).

Question . Let E be a nonempty closed convex subset of a complete CAT() space X,
T : E → K(E) be a nonexpansive mapping satisfying the endpoint condition. Let f : E → E
be a contraction with k ∈ [, ) and {αn} be a sequence in (, ) satisfying (C), (C), and
(C) and {xn} be a sequence defined by (). Does {xn} converge to x̃ = PFix(T)(f (x̃))?

4 R-Trees
Definition . An R-tree is a geodesic space X such that:

(i) there is a unique geodesic segment [x, y] joining each pair of points x, y ∈ X ;
(ii) if [y, x] ∩ [x, z] = {x}, then [y, x] ∪ [x, z] = [y, z].

By (i) and (ii) we have
(iii) if u, v, w ∈ X , then [u, v] ∩ [u, w] = [u, z] for some z ∈ X .

It is well known that everyR-tree is a CAT() space which does not contain the Euclidean
plane. To avoid the endpoint condition, we prefer to work on R-trees. Although an R-tree
is not strong enough to make all nonexpansive mappings having the endpoint condition
(see Example . in []), but it is strong enough to make our theorems hold without this
condition.

Let E be a closed convex subset of a complete R-tree (X,ρ) and T : E → BCC(E) a mul-
tivalued mapping. Then, by Theorem . of [], there exists a single-valued mapping
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t : E → E such that t(x) ∈ T(x) and

ρ
(
t(x), t(y)

) ≤ H
(
T(x), T(y)

)
for all x, y ∈ E. ()

In this case, we call t a nonexpansive selection of T .
Let f : E → E be a contraction and fix x ∈ E. We define a sequence {xn} in E by

xn+ = αnf (xn) ⊕ ( – αn)yn, ()

where yn = t(xn) ∈ T(xn) for all n ∈N.

Theorem . Let E be a nonempty closed convex subset of a complete R-tree X, and T :
E → BCC(E) be a nonexpansive mapping with Fix(T) �= ∅. Let f : E → E be a contraction
with k ∈ [, ) and {αn} be a sequence in (, 

–k ) satisfying:
(C) limn→∞ αn = ;
(C)

∑∞
n= αn = ∞;

(C)
∑∞

n= |αn – αn+| < ∞ or limn→∞( αn
αn+

) = .
Then the sequence {xn} defined by () converges strongly to x̃ = PFix(T)(f (x̃)).

Proof By Theorem . of [] (see also Theorem  of []), Fix(t) = Fix(T). The set is
closed and convex by Proposition  of [] and t is nonexpansive by (). The conclusion
follows from Theorem .. �

Corollary . Let E be a nonempty closed convex subset of a complete R-tree X, and T :
E → BCC(E) be a nonexpansive mapping with Fix(T) �= ∅. Let {αn} be a sequence in (, 

 )
satisfying (C), (C), and (C). Fix x ∈ E and let {xn} be a sequence defined by

xn+ = αnu ⊕ ( – αn)t(xn), n ∈ N,

where t : E → E is a nonexpansive selection of T with Fix(t) = Fix(T). Then {xn} converges
strongly to the unique nearest point of u in Fix(T).

Competing interests
The authors declare that there is no conflict of interests regarding the publication of this article.

Authors’ contributions
The authors read and approved the final manuscript.

Acknowledgements
This research was supported by Chiang Mai University and Thailand Research Fund under Grant RTA5780007.

Received: 2 February 2015 Accepted: 18 June 2015

References
1. Moudafi, A: Viscosity approximation methods for fixed-points problems. J. Math. Anal. Appl. 241, 46-55 (2000)
2. Halpern, B: Fixed points of nonexpanding maps. Bull. Am. Math. Soc. 73, 957-961 (1967)
3. Shi, LY, Chen, RD: Strong convergence of viscosity approximation methods for nonexpansive mappings in CAT(0)

spaces. J. Appl. Math. 2012, Article ID 421050 (2012)
4. Berg, ID, Nikolaev, IG: Quasilinearization and curvature of Alexandrov spaces. Geom. Dedic. 133, 195-218 (2008)
5. Wangkeeree, R, Preechasilp, P: Viscosity approximation methods for nonexpansive mappings in CAT(0) spaces.

J. Inequal. Appl. 2013, 93 (2013)
6. Nadler, SB: Multi-valued contraction mappings. Pac. J. Math. 30, 475-487 (1969)
7. Bo, LH, Yi, L: Viscosity approximation methods for a nonexpansive multi-valued mapping in CAT(0) spaces and

variational inequality. Theor. Math. Appl. 4, 45-63 (2014)



Panyanak and Suantai Fixed Point Theory and Applications  (2015) 2015:114 Page 14 of 14

8. Pietramala, P: Convergence of approximating fixed point sets for multivalued nonexpansive mappings. Comment.
Math. Univ. Carol. 32, 697-701 (1991)

9. Bridson, M, Haefliger, A: Metric Spaces of Non-Positive Curvature. Springer, Berlin (1999)
10. Burago, D, Burago, Y, Ivanov, S: A Course in Metric Geometry. Graduate Studies in Math., vol. 33. Am. Math. Soc.,

Providence (2001)
11. Brown, KS: Buildings. Springer, New York (1989)
12. Dhompongsa, S, Panyanak, B: On �-convergence theorems in CAT(0) spaces. Comput. Math. Appl. 56, 2572-2579

(2008)
13. Kirk, WA: Geodesic geometry and fixed point theory II. In: International Conference on Fixed Point Theory and

Applications, pp. 113-142. Yokohama Publ., Yokohama (2004)
14. Dhompongsa, S, Kirk, WA, Sims, B: Fixed points of uniformly Lipschitzian mappings. Nonlinear Anal. 65, 762-772

(2006)
15. Kirk, WA, Panyanak, B: A concept of convergence in geodesic spaces. Nonlinear Anal. 68, 3689-3696 (2008)
16. Dhompongsa, S, Kirk, WA, Panyanak, B: Nonexpansive set-valued mappings in metric and Banach spaces. J. Nonlinear

Convex Anal. 8, 35-45 (2007)
17. Dehghan, H, Rooin, J: Metric projection and convergence theorems for nonexpansive mappings in Hadamard

spaces. J. Nonlinear Convex Anal. (to appear)
18. Kakavandi, BA: Weak topologies in complete CAT(0) metric spaces. Proc. Am. Math. Soc. 141, 1029-1039 (2013)
19. Shioji, N, Takahashi, W: Strong convergence of approximated sequences for nonexpansive mappings in Banach

spaces. Proc. Am. Math. Soc. 125, 3641-3645 (1997)
20. Xu, HK: An iterative approach to quadratic optimization. J. Optim. Theory Appl. 116, 659-678 (2003)
21. Dhompongsa, S, Kaewkhao, A, Panyanak, B: Browder’s convergence theorem for multivalued mappings without

endpoint condition. Topol. Appl. 159, 2757-2763 (2012)
22. Dhompongsa, S, Kaewkhao, A, Panyanak, B: On Kirk’s strong convergence theorem for multivalued nonexpansive

mappings on CAT(0) spaces. Nonlinear Anal. 75, 459-468 (2012)
23. Jung, JS: Convergence of approximating fixed points for multivalued nonself-mappings in Banach spaces. Korean J.

Math. 16, 215-231 (2008)
24. Zegeye, H, Shahzad, N: Viscosity approximation methods for nonexpansive multimaps in Banach spaces. Acta Math.

Sin. Engl. Ser. 26, 1165-1176 (2010)
25. Cui, Y, Hudzik, H: Viscosity approximation methods for multivalued mappings in Banach spaces. Numer. Funct. Anal.

Optim. 33, 1288-1303 (2012)
26. Jung, JS: Convergence of a viscosity iterative method for multivalued nonself-mappings in Banach spaces. Abstr.

Appl. Anal. 2013, Article ID 369412 (2013)
27. Samanmit, K, Panyanak, B: On multivalued nonexpansive mappings in R-trees. J. Appl. Math. 2012, Article ID 629149

(2012)
28. Aksoy, AG, Khamsi, MA: A selection theorem in metric trees. Proc. Am. Math. Soc. 134, 2957-2966 (2006)
29. Khamsi, MA, Kirk, WA, Yanez, CM: Fixed point and selection theorems in hyperconvex spaces. Proc. Am. Math. Soc.

128, 3275-3283 (2000)
30. Markin, JT: Fixed points for generalized nonexpansive mappings in R-trees. Comput. Math. Appl. 62, 4614-4618

(2011)


	Viscosity approximation methods for multivalued nonexpansive mappings in geodesic spaces
	Abstract
	Keywords

	Introduction
	Preliminaries
	Main results
	R-Trees
	Competing interests
	Authors' contributions
	Acknowledgements
	References


