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1 Introduction and preliminaries
In 2008, Suzuki [1] introduced a class of single-valued mappings satisfying the following
condition (C):

1 . .
Ellx— Ix|| < |lx -yl implies [|Tx—Ty|| < |lx - yI. ©

Such mappings lie between the class of nonexpansiveness and quasi-nonexpansiveness.
Later, this kind of mappings were called Suzuki-type nonexpansive mappings (or single-
valued C-type generalized nonexpansive mappings). In [1], the author proved the existence
of a fixed point for such kind of mappings.

In 2010, Nanjaras et al. [2] gave some characterization of existing fixed points for map-
pings with condition (C) in the framework of CAT(0) spaces. In 2012, Dhompongsa et
al. [3] proved some strong convergence theorems for multi-valued nonexpansive map-
pings in CAT(0) space. In 2011, the notion of C-condition was generalized by Karapinar
and Tas [4], and some new fixed point theorems were obtained in the setting of Banach
spaces.
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More recently, in Ghoncheh and Razani [5], the notion of C-condition introduced in [4]
was generalized to the case of multi-valued version and some existence theorems of fixed
point for these mappings were proved in a Ptolemy metric space.

The purpose of this paper is first to introduce the concepts of multi-valued SCC-, SKC-,
KSC-, SCS- and C-type mappings and then to propose a classical Kuhfitting-type itera-
tion [6] for finding a common fixed point for such kind of multi-valued mappings in the
setting of hyperbolic spaces (see the definition below). Under suitable conditions some
A-convergence theorem and strong convergence theorems are proved for the iterative se-
quence generated by the proposed scheme to approximate a common fixed point. The
results presented in the paper extend and improve some recent results announced in the
current literature [1-15].

For the purpose let us first recall some definitions, notations and conclusions which will
be needed in proving our main results.

A hyperbolic space is a metric space (X, d) together with a mapping W : X2 x [0,1] — X
satisfying

(i) du, W(x,y,a)) <ad(u,x) + (1 - a)d(u,y),
(i) d(W(x,5,0), W,y B) = lo - Bld(, ),

(iii) Wxy,a)= Wy, (1-a)),

(iv) dW(x,z,a), Wy, w,a)) < (1-a)d(x,y) + ad(z,w),
forallx,y,z,we X and «, B € [0,1].

A nonempty subset K of a hyperbolic space X is said to be convex if W(x,y,«) € K for
allx,y € K and « € [0,1]. The class of hyperbolic spaces contains normed spaces and con-
vex subsets thereof, the Hilbert ball equipped with the hyperbolic metric [16], Hadamard
manifolds as well as CAT(0) spaces in the sense of Gromov (see [17]).

A hyperbolic space is uniformly convex [18] if for any given r > 0 and € € (0,2], there
exists § € (0,1] such that for all u,x,y € X,

d(W(x, ) %>u> <=8,

provided d(x,u) <r,d(y,u) <rand d(x,y) > er.

A map 7 :(0,00) x (0,2] — (0,1], which provides such & = n(r, €) for given » > 0 and
€ € (0,2], is known as a modulus of uniform convexity of X.  is said to be monotone if
it decreases with r (for fixed €), i.e., for any given € > 0 and for any r, > r; > 0, we have
n(ry, €) <n(n,e).

In the sequel, let (X,d) be a metric space and K be a nonempty subset of X. We shall
denote by F(T) = {x € K : Tx = x} the fixed point set of a mapping 7.

If T: K — 2K is a multi-valued mapping, we shall use F(T) = {x € K : x € Tx} to denote
the fixed point set of 7' in K.

K is said to be proximal, if for each x € X, there exists an element y € K such that

d(x,y) =d(x,K) := inf d(x, z).
zekK
Remark 1.1 It is well known that each weakly compact convex subset of a Banach space

is proximal. As well as each closed convex subset of a uniformly convex Banach space is
also proximal.
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In the sequel, we denote by CB(X) and P(X) the collection of all nonempty and closed
bounded subsets and the collection of all nonempty proximal bounded and closed subsets
of X, respectively. The Hausdorff metric H on CB(X) is defined by

H(A,B) = max[sup d(x,B),sup d(y,A)}, VA, B € CB(X).
x€A JE

Definition 1.2 A multi-valued mapping 7 : K — CB(K) is said to be
(i) nonexpansive if for all x,y € K,

H(Tx, Ty) < d(x,y);
(i) quasi-nonexpansive, if F(T') # ¥ and
H(Tx,Tp) <d(x,p), Vpe F(T),x€K.

Definition 1.3 Let 7': K — CB(K) be a multi-valued mapping.
(i) T is said to be SCC-type if

1
Ed(x, Tx) <d(x,y) implies H(Tx,Ty) <M(x,y), Vx,yeK,
where
M(x,y) = max{d(x,y), d(x, Tx), d(y, Ty), d(x, Ty), d(y, Tx)};
(i) T is said to be SKC-type if
1
Ed(x, Tx) <d(x,y) implies H(Tx,Ty) <N(x,y), Vx,yeK,
where
1 1
N(x,y) = max{d(x,y), 2 {d(x, Tx) + d(y, Ty)}, 5 {d(x, Ty) + d(y, Tx)} };
(iii) T is said to be KSC-type if
1 . . 1
id(x, Tx) <d(x,y) implies H(Tx, Ty) < i{d(x, Tx) + d(y, Ty)}, Vx,y € K;
(iv) T is said to be CSC-type if
1 . . 1
Ed(x, Tx) <d(x,y) implies H(Tx, Ty) < 2 {d(x, Ty) + d(y, Tx)}, Vx,y € K;
(v) T is said to be C-type if

1
Ed(x, Tx) <d(x,y) implies H(Tx, Ty) <d(x,y), Vx,y€K.

Remark 1.4
1. It is obvious that each SKC-type, KSC-type, CSC-type and C-type multi-valued
mapping is a special case of an SCC-type multi-valued mapping. As well as each
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KSC-type, CSC-type and C-type multi-valued mapping is a special case of an
SKC-type multi-valued mapping.

2. Each multi-valued nonexpansive mapping is a special case of a C-type multi-valued
mapping, so it is a special case of SKC-type and SCC-type multi-valued mappings.

Proposition 1.5 If T : K — CB(K) is a multi-valued SKC-type mapping with F(T) # 0,

then T is a multi-valued quasi-nonexpansive mapping.

Proof For any p € F(T) and x € K, we have
1
Since T is a multi-valued SKC-type mapping, it follows that

H(Tp, Tx) < N(p,x)

= max{d(p,x), % {d(p, Tp) + d(x, Tx)}, % {d(x, Tp) + d(p, Tx)} } (1.1)

(a) If N(p,x) = d(p, x), then H(Tp, Tx) < d(p, x). The conclusion holds.
(b) f N(p,x) = %{d(p, Tp) + d(x, Tx)}, then

1 1
H(Tp, Tx) < E{d(p, Tp) + d(x, Tx)} = Ed(x, Tx)
1 1
< E{d(x, Tp) + H(Tp, Tx)} < E{d(x,p) + H(Tp, Tx)}.
Simplifying we have

H(Tp, Tx) < d(p,x).

The conclusion holds.

() fN(p,x) = %{d(x, Tp) + d(p, Tx)}, then
1
2

H(Tp, Tx) < —{d(x, Tp) + d(p, Tx) } < ={d(x, p) + d(p, Tp) + H(Ip, Tx)}

=

{d(x,p) + H(Tp, Tx)}.

N = N =

Simplifying we have
H(Tp, Tx) < d(p,x).
This completes the proof of Proposition 1.5. g
Remark 1.6 Since each KSC-type, CSC-type and C-type multi-valued mapping is an

SKC-type multi-valued mapping, it follows from Proposition 1.5 that if their fixed point
set is nonempty, then all of them are multi-valued quasi-nonexpansive mappings.
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Example 1.7 (Examples of SKC-type multi-valued mapping [4]) Consider the space
X =1{(0,0),(0,1),(1,1),(1,0)}

with /°° metric: d((xl,yl), (xz,yz)) = max{|x1 — %, I y2|}’
V(x1, 1), (%2, 92) € X.

(1.2)
Define a multi-valued mapping 7 on X by

Tap) - | (LD 0.0} if(@d)#(0,0),

. (1.3)
{(0,1)} if (a,b) = (0,0).

Now we prove that 7 is an SKC-type mapping. In fact, suppose x = (0,0) and y = (1,1),
thus Tx = {(0,1)}, Ty = {(1,1),(0,0)} and (1,1) is a fixed point of T in X. Hence we have

%d(x, Tx) = %d((o, 0),(0,1)) % <d(x,y) =d((0,0),(1,1)) =1,

(1.4)
H(Tx, Ty) = H({(0,1)},{(1,1),(0,0)})

=d((0,1),{(1,1),(0,0)}) =1

and

= max]d((0,0), {d((0,0), 7((0,0))) +d((1,1),

{d (0,0), T((1,1))) +d((1,1),T(0,0))}}

T(1,1)},

{d 0,0),{L1(0,0)}) + d((L.1), 0, 1))}}

}

(
{1,% ((0,0),(0,1)) +4((1,1),{(1,1),(0,D}) },
(

11

I\JIP—‘
N =

(1.5)
Therefore we have

H(Tx, Ty) < N(x,7).

By the same way we can prove that the SKC condition holds for the other points in X. This

implies that T is an SKC-type multi-valued mapping and (1,1) is the unique fixed point of
T in X. Therefore T is also a quasi-nonexpansive mapping

In order to introduce the concept of A-convergence in the general setting of hyperbolic
spaces [19], we first recall some definition and conclusions

Let {x,} be a bounded sequence in a hyperbolic space X. For x € X, we define a contin-
uous functional r(-, {x,}) : X — [0, 00) by

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

(1.6)
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The asymptotic radius r({x,}) of {x,} is given by
r({xa}) = inf{r(x, {x.}) :x € X}. (1.7)

The asymptotic center Ax({x,}) of a bounded sequence {x,} with respect to K C X is the
set

Ak ({xa}) = {x € X i r(% {xa}) < (3, {%4}), ¥y € K.

This shows that the asymptotic center Ag({x,}) of a bounded sequence is the set of min-
imizers of the functional (-, {x,}) on K. If the asymptotic center is taken with respect to
X, then it is simply denoted by A({x,}).

It is known that each uniformly convex Banach space and each CAT(0) space enjoy the
property that ‘each bounded sequence has a unique asymptotic center with respect to
closed convex subsets.” This property also holds in a complete uniformly convex hyper-
bolic space. This can been seen from the following.

Lemma 1.8 [20] Let (X,d, W) be a complete uniformly convex hyperbolic space with a
monotone modulus of uniform convexity n. Then every bounded sequence {x,} in X has a
unique asymptotic center with respect to any nonempty closed convex subset K of X.

Recall that a sequence {x,} in X is said to ‘A-converge to x € X’ if x is the unique asymp-
totic center of {u,,} for every subsequence {u,} of {x,}. In this case, we write A-lim,,_, 5, x,, =
x and call x the A-limit of {x,}.

Lemma 1.9 [15] Let (X,d, W) be a uniformly convex hyperbolic space with a mono-
tone modulus of uniform convexity n. Let x € X and {o,} be a sequence in [a,b] for
some a,b € (0,1). If {x,} and {y,} are sequences in X such that limsup,_, . d(x,,%x) <c,
limsup,_, o d(yn, %) < ¢, limy,_, oo A(W (%1, Y, 0t), %) = ¢ for some ¢ > 0, then

lim d(x,,y,) = 0.

Lemma 1.10 Let (X,d, W) be a complete uniformly convex hyperbolic space with a mono-
tone modulus of uniform convexity n, then X possesses the Opial property, i.e., for any se-
quence {x,} C X with A-lim,_, » x, = x and for any y € X with x #y, then

limsup d(x,, x) < limsup d(x,, y).
n—00 H—>0Q
Proof In fact, the conclusion of Lemma 1.10 can be obtained from the uniqueness of the
asymptotic center for each complete uniformly convex hyperbolic space with monotone
modulus of uniform convexity. O

By a similar method as given in [19], we can also prove the following lemma.

Lemma 1.11 Let (X,d, W) be a complete uniformly convex hyperbolic space with a mono-
tone modulus of uniform convexity n and {x,} be a bounded sequence in X with A({x,}) =
{p}. Suppose that {u,} is a subsequence of {x,} with A({u,}) = {u}, and the sequence
{d(x,, u)} is convergent, then p = u.
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In the sequel, we always assume that (X, d, W) is a complete uniformly convex hyperbolic
space with a monotone modulus of uniform convexity n and K is a nonempty closed subset
of X,and T : K — P(K) is an SKC-type multi-valued mapping. For any given x, y € K, since
Tx and Ty both are nonempty bounded proximal subsets in K, there exist u, € Tx, u, € Ty
such that

d(x, uy) = d(x, Tx), d(y, uy) = d(y, Ty). (1.8)

Lemma 1.12 Let (X,d, W), K, T be the same as above. For any given x,y € K, let u, € Tx,
u, € Ty be the points satisfying (1.8). Then the following conclusions hold:

(1) H(Tx, Tuy) < d(x, Tx) = d(x, u,);

(2) either %d(x, Tx) < d(x,y) or %d(ux, Tu,) < d(y, uy);

(3) either H(Tx, Ty) < N(x,y) or H(Ty, Tu,) < N(y, u,), where

N(x,y) := max{d(x,y), 5 {d(x, Tx) + d(y, Ty)}, 3 {d(x, Ty) + d(y, Tx)}},
N, us) = max{d(y, uy), 5{d(y, Ty) + d(uy, Ty)}, )
Hd(y, Tuy) + d(ux, Ty)}}.

Proof For given x € K, since Tx is a nonempty bounded and proximal subset of K, there
exists u, € Tx such that d(x, u,) = d(x, Tx). Since %d(x, Tx) < d(x,u,) and T is an SKC-type
multi-valued mapping, we have

H(Tx, Tu,) < N(x, uy)

= max{d(x, Uy), % {d(x, Tx) + d(u,, Tux)}, {d(x, Tu,) + d(uy, Tx)} }

N= N

= max{d(x, Uy), % {d(x, Tx) + d(u,, Tux)}, d(x, Tux)}. (1.10)

(a) If N(x, uy) = d(x, u,), then H(Tx, Tu,.) < d(x, u,). The conclusion of Lemma 1.12 holds.
(b) If N(x, u,) = %{d(x, Tx) + d(uy, Tuy)}, then we have

1 1
H(Tx, Tu,) < 5 {d(x, Tx) + d(uy, Tx) + H(Tx, Tux)} =5 {d(x, Tx) + H(Tx, Tux)}.
Simplifying we have
H(Tx, Tu,) < d(x, Tx).

() If N(x, ) = %d(x, Tu,), then we have
H(Tx, Tu,) < %d(x, Tu,) < %{d(x, Tx) + H(Tx, Tux)}.
Simplifying we have
H(Tx, Tu,) < d(x, Tx).

Conclusion (1) is proved.
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It is obvious that conclusion (3) is a consequence of conclusion (2).
Next we prove conclusion (2).

In fact, if %d(x, Tx) > d(x,y) and %d(ux, Tu,) > d(u,,y), then from conclusion (1) we have

d(x,uy) <d(x,y) +d(y, uy)

Lo, T) + dlu,, Tiey))

<3
1
< 3 {d(x, Tx) + d(u, Tx) + H(Tx, Tuw) }
1
< 5 {d(x, Tx) + 0 + d(x, Tx)} (by the conclusion (1)) = d(x, Tx),
which is a contradiction. Therefore the conclusion of Lemma 1.12 is proved. O

Lemma1.13 Let (X,d, W), K, T be the same as in Lemma 1.12. For any given x,y € K, the
following conclusion holds:

d(x, Ty) < 7d(x, Tx) + d(x, ). (1.11)
Proof By conclusion (3) in Lemma 1.12, for any «, y € K, we have
either H(Tx,Ty) < N(x,y) or H(Ty, Tu,) < N(y,u,),
where
1 1
N(x,y):= max{d(x,y), 3 {d(x, Tx) + d(y, Ty)}, 3 {d(x, Ty) + d(y, Tx)} },
N(y, u,) max{d(y Uy), {d(y Ty) + d(uy, Tu,) } {d(y Tu,) + d(u,, Ty)}}

and u, € TX, u, € Ty are the points satisfying (1.8).
(I) Now we consider the first case: H(Tx, Ty) < N(x,y).
(a) If N(x,) = d(x,y), then H(Tx, Ty) < d(x,y). Hence we have
d(x, Ty) < d(x, Tx) + H(Tx, Ty) < d(x, Tx) + d(x, y).

(b) If N(x,) = %{d(x, Tx) + d(y, Ty)}, then H(Tx, Ty) < %{d(x, Tx) + d(y, Ty)}. Hence we
have

d(x, Ty) < d(x, Tx) + H(Tx, Ty) < d(x, Tx) + — {d(x, Tx) + d(y, Ty)}
d(x, Tx) + — {d(x, Ty) + d(x,y)}
Simplifying we have

d(x, Ty) < 3d(x, Tx) + d(x,y).
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() IfN(x,y) = %{d(x, Ty) + d(y, Tx)}, then we have H(Tx, Ty) < %{d(x, Ty) +d(y, Tx)}. This
implies that

d(x, Ty) < d(x, Tx) + H(Tx, Ty) < d(x, Tx) + %{d(x, Ty) + d(y, Tx) }
<d(x, Tx) + %{d(x, Ty) + d(x,y) + d(x, Tx)}.
Simplifying we have
d(x, Ty) < 3d(x, Tx) + d(x,y).

This implies that in the first case, the conclusion of Lemma 1.13 is true.
(II) Now we consider the second case, i.e., H(Ty, Tu,) < N(y, uy).
(a) If N(y, uy) = d(y, uy), then H(Ty, Tu,) < d(y, u,). By using Lemma 1.12(1), we have

d(x, Ty) < d(x, Tx) + H(Tx, Tu,) + H(Tuy, Ty) < d(x, Tx) + d(x, Tx) + d(y, uy)
<2d(x, Tx) + d(x,y) + d(x,u,) = 3d(x, Tx) + d(x, ).

(b) If N(y,u,) = %{d(y, Ty) + d(uy, Tu,)}, then H(Ty, Tu,) < %{d(y, Ty) + d(uy, Tuy,)}. By
using Lemma 1.12(1) again, we have

d(x, Ty) < d(x, Tx) + H(Tx, Tuy) + H(Tu,, Ty)
<d(x, Tx) + d(x, Tx) + %{d(y, Ty) + d(uy, Tux)}
< 2d(x, Tx) + %{d(y,x) +d(x, Ty) + d(uy, Tx) + H(Tx, Tux)}
<2d(x, Tx) + %{d(y,x) +d(x, Ty) + 0 + d(x, Tx)}.
Simplifying we have
d(x, Ty) < 5d(x, Tx) + d(x,y).

() If N(y,uz) = 5{d(y, Titx) + (s, Ty)}, then H(Ty, Tux) < 5{d(y, Tity) + (s, Ty)}. By
using Lemma 1.12(1) again, we have

d(x, Ty) < d(x, Tx) + H(Tx, Tu,) + H(Tu,, Ty)
<d(x, Tx) + d(x, Tx) + %{d(y, Tu,) + d(u,, Ty)}
<2d(x, T) + % {d(%) + d(x, Tx) + H(Ts, Tu) + d(x 10,) + dx, Ty)
=2d(x, Tx) + %{d(x,y) +d(x, Tx) + d(x, Tx) + d(x, Tx) + d(x, Ty) }.
Simplifying we have
d(x, Ty) < 7d(x, Tx) + d(x,y).

This completes the proof of Lemma 1.13. d
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Lemma 1.14 Let (X,d, W) be a complete uniformly convex hyperbolic space with a mono-
tone modulus of uniform convexity n, K be a nonempty closed and convex subset of X and
T : K — P(K) be an SKC-type multi-valued mapping with convex values. Suppose {x,} is
a sequence in K such that A-lim,_, « x, = z and lim,_, o d(x,,, Tx,) = 0. Then z is a fixed
pointof T.

Proof By the assumption, 7z is a convex and proximal subset of K. Hence, for each x,,
n > 1, there exists a point u,, € Tz such that

dxp, uz,) =dx,, T2), Vn>1.
Taking x = x,,, ¥ = z in Lemma 1.13, by Lemma 1.13 we have
AKX, uz,) = d(xy, T2) < 7d(xy, Tx,) + d(%, 2). (1.12)

Since {u,, } isabounded sequence in 7z, by Lemma 1.8, there exists a subsequence {uznk } C
{u,,} such that A-limy_, o Uz, =Uz € Tz. Hence we have

Ay thr) < Ay, 1iz,) + Ay, uz) < 7d(xy,, Tx,) + d(x,,, 2) + d(uz,, us).
Taking the superior limit on the both sides of the above inequality, we get

limsup d (%, u,) <lim sup{7d(x,,k, Txy,) + d(x,,k,z)}
k— o0 k— 00

<limsupd(x,,,2).

k—00

Hence by Lemma 1.10, u, = z. Thus z € Tz and the proof is completed. O

2 Main results
Now we are in a position to give the following existence and approximation results.

Theorem 2.1 Let (X, d, W) be a complete uniformly convex hyperbolic space with a mono-
tone modulus of uniform convexity n and K be a nonempty closed convex subset of X.
Let T;: K — P(K) (i = 1,2,...,m) be a finite family of SKC-type multi-valued mappings
with convex values. Suppose that F = (\i*y F(T;) # ¥ and Ti(p) = {p} for each p € F. Let
{a,;} C la,b) C(0,1) (i =1,2,...,m). For arbitrarily chosen x1 € K, let {x,} be the classical
Kuhfitting-type iteration [6] defined by

Yn1 = W(xnr Zn1s an,l))
Yn2 = W(xmzn,Z’ an,Z)’
(2.1)

Ynm-1 = W (%, Zn,m-1> an,m—l)»

Xntl = W(xm Zn,m,an,m), n= 1;

where z,) € T1(x,) and z,x € Ti(Yui-1) for k=2,3,...,m. Then the sequence {x,} defined
by (2.1) A-converges to a point in F.
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Proof The proof of Theorem 2.1 is divided into three steps as follows.
Step 1. First we prove that lim,,_, o, d(x,, p) exists for each p € F.
In fact, it follows from Proposition 1.5 that each SKC-type multi-valued mapping T with

F(T) # ¢ is a multi-valued quasi-nonexpansive mapping. Hence, for any p € F, by (2.1) we
have

d(yn,lrp) = d(W(xn: Zn1s an,l);p)
< (1 - an,l)d(xn;p) + an,ld(zn,l;p)
< (1 - an,l)d(xn,p) + an,ld(zn,lx Tlp)

< (1 - an,l)d(xmp) + an,lH(Tl(xn)r Tlp)

<d(x,p) (2.2)
and
d()’n,z,l?) = d(W(men,Z’ Oln,z),lﬂ)
< (1 - an,Z)d(xmp) + an,Zd(Zn,Z:p)
< (I =au2)d(xu,p) + an,ZH(TZ(yn,l)r TzP)
E (1 - an,Z)d(xn:p) + Oln,zd()/n,hp)
<dxu,p). (2.3)
Similarly, we can also have
d()’n,k;P) = d(xmp) (k =3,4,...,m _1) (2'4)
and
d(xn+lrp) = d(W(xm Zn,m» an,m)jp)
S (1 - an,m)d(xn;p) + an,md(zn,mrp)
5 (1 - an,m)d(xmp) + an,mH(TZ(yn,m—l), Tmp)
<(1- an,m)d(xn:p) + an,md@n,m—l»P)
<d(xup). (2.5)
This implies that lim,,_, o, d(x,, p) exists for each p € F. And so {x,} is bounded.
Step 2. Now we prove that
lim d(x,, Tix,) =0, foreachi=12,...,m. (2.6)
n— o0

In fact, since for each p € F the limit lim,_, o d(x,, p) exists, without loss of generality,
we may assume that lim,,_, o d(x,, p) = c > 0. If ¢ = 0, then

A%, Tixy) < d(xy, p) + dp, Tixy) = d(x,, p) + H(Tip, Tix,,)

<2d(x,,p) = 0 (asn— 00).
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Therefore conclusion (2.6) holds. If ¢ > 0, from (2.4) we have

limsupd(yui,p) <c (k=1,2,...,m-1).

n— 00

Furthermore, since for k=1,2,...,m,

Ad(zujorp) = dzn o Tep) < H(TkWnic-1), Tip) < dYni-1,p).
We have

limsupd(z,p,p) <c (k=1,2,...,m).

n—00

Since

lim d(xy1,p) = im d(W Gon, Zugms Onm), ) =

n— o0

it follows from (2.8), (2.9) and Lemma 1.9 that

lim d(x,,z,m) = 0.

n—00

On the other hand, it follows from (2.5) that

dxnr _dxn+:
i p) < & p)a Curol) )

n,m

d n» _d n+1
- (x4, p) : (%n41,0) dOmmn D)

Let n — oo and taking lower limit on both sides of the above inequality, we have
¢ <liminfd(y,,,-1,p)-
n— 00
By (2.7) and (2.12) we have that
lim d(y,,m-1,p) = c.
n— o0
It follows from (2.8), (2.13) and Lemma 1.9 that

lim d(x,,2,m-1) = 0.

n—00

Since

d(yn,m—lyp) E (1 - an,m—l)d(xmp) + an,m—ld(yn,m—er),

we have

_ d@np) - A 1p)

d(xmp) = + d(yn,m—er)

Uym-1

< d(xmp) - d(ymmfl’p)
o

+ d(yn,m—er)'
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(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)
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Let n — oo and taking lower limit on both sides of the above inequality, by (2.13), we have
c< linlgzlargfd(y,,,m_g,p). (2.16)
By (2.7) and (2.16) we have that
1im d(n-2p) = . (217)
It follows from (2.8), (2.17) and Lemma 1.9 that

lim d(x,,zm-3) = 0. (2.18)
n—00

Similarly, we can also have

lim d(y,p,p)=c (k=1,2,...,m-3) (2.19)
and

lim d(x,,z,4)=0 (k=1,2,...,m-2). (2.20)

n— o0

Thus, for each k =1,2,...,m — 1, we have

AWnier %n) = A(W s Z s U )s %) < (2 s %) — O (as 1 — 00) (2.21)
and

lim d(xrn Tk(yn,k)) < lim d(xmzn,k—l) =0. (222)

n— o0 n—00

By virtue of (2.14), (2.18), (2.21)-(2.22) and Lemma 1.13, we have

d(xn’ Tk(xn)) < d(xn’yn,k) + d(yn,k: Tk(xn))
< d(xn’yn,k) + 7d(yn,kv Tkyn,k) + d(yn,k; xn)
< Zd(xnryn,k) + 7{d(yn,k¢xn) + d(xm Tkyn,k)}

—0 (asn— o0) (fork=1,2,...,m). (2.23)

This completes the proof of (2.6).

Step 3. Finally, we prove that the sequence {x,}A-converges to a common fixed point
of F.

Denote by W,,(x,) = U{un}c{xn}A({u”})' Firstly, we show that W, (x,) C F. Indeed, if
u € W,(xy,), then there exists a subsequence {u,} of {x,} such that A({u,}) = {u}. By
Lemma 1.8, there exists a subsequence {u,,} of {u,} such that A-limi_, o %, =p € K.
Since lim,,_ o d(xy,, Tix,) = 0 (i = 1,2,...,m), it follows from Lemma 1.14 that p € F.
So lim,_, o d(x,,p) exists. By Lemma 1.11, we have that p = u € F. This implies that
W, (x,) C F.
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Next, let {u,} be a subsequence of {x,} with A({u,,}) = {u} and A{x,} = {v}. Since u €
W, (x,) C F, and lim,_, » d(x,, u) exists, by Lemma 1.11 it follows that v = u. This implies
that W,,(x,) contains only one point. Again since W,,(x,,) C F and W,,(x,) contains only
one point and lim,,_, o, d(x,, q) exists for each g € F, we known that {x,,} A-converges to a
common fixed point of T; (i = 1,2,...,m). The proof is completed. O

Theorem 2.2 Let (X,d, W) be a complete uniformly convex hyperbolic space with a mono-
tone modulus of uniform convexity n and K be a nonempty compact convex subset of X. Let
T;: K — CB(K) (i=1,2,...,m) be a finite family of SKC-type multi-valued mappings with
nonempty convex-values. Suppose that F = (\i-; F(T;) # @ and T;(p) = {p} for each p € F.
Let {a,,;} C[a,b] C(0,1) (i=1,2,...,m) and {x,} be the sequence as given in Theorem 2.1.
Then {x,} converges strongly to a point in F.

Proof By the assumption that for each x € K and each i =1,2,...,m, Tix is a bounded
closed and convex subset of K. Since K is compact, T;x is a nonempty compact and convex
subset, it is a bounded proximal subset in K, i.e., T; : K — P(K) (i = 1,2,...,m). Therefore
all conditions in Theorem 2.1 are satisfied. It follows from (2.5) and (2.6) that for each
p € Fandforeachi=1,2,...,m, the following limit

lim d(x,,p) exists and lim d(x,, Tix,) = 0. (2.24)
n—00 n—oo

Furthermore, since K is compact, there exists a subsequence {x,, } C {x,} such that x,, —
p* (some point in K). Since T, i = 1,2,...,m, is an SKC-type multi-valued mapping, it
follows from Lemma 1.13 that

A(xn, Tip*) < 7d K> Ty) + d (%, ).

Letting k — oo, from (2.24) we have that d(p*, T;p*) = 0. Hence p* € T;p*, for each i =
1,2,...,m,ie, p* € F,and x, — p*.
This completes the proof. O

Lemma 2.3 [14] Let (X,d, W) be a complete hyperbolic space, K be a nonempty closed
convex subset of X. Let T : K — P(K) be a multi-valued mapping with F(T) # (. Let Pr :
K — 2K be a multi-valued mapping defined by

Pr(x):= {y € Tx:d(x,y) =d(x, Tx)}, xeK. (2.25)

Then the following conclusions hold:
(1) F(T) = F(Pr);
(2) Pr(p) = {p} foreach p € F(T);
(3) foreach x € K, Pr(x) is a closed subset of T (x);
(4) d(x, Tx) = d(x, Pr(x)) for each x € K;
(5) Pr is a multi-valued mapping from K to P(K).

Theorem 2.4 Let (X,d, W) be a complete uniformly convex hyperbolic space with a mono-
tone modulus of uniform convexity n and K be a nonempty closed convex subset of X. Let
T;: K — CB(K) (i=1,2,...,m) be a finite family of multi-valued mappings with convex



Chang et al. Fixed Point Theory and Applications (2015) 2015:83 Page 15 of 17

value and F = ([, F(T;) # V. Let Pr,, i = 1,2,...,m, be an SKC-type multi-valued map-
ping which is defined by (2.25). Let {a,,;} C [a,b] C (0,1) (i =1,2,...,m). For arbitrarily
chosen x, € K, let {x,} be the classical Kuhfitting-type iteration defined by

Yn1 = W(xm Zn1s an,l);
Yn2 = W (%, Zn,2s Q)
(2.26)

Ynm-1 = W (%, Zn,m—l:an,m—l),

KXnl = W(xmzn,Mran,m); n>1,

where z,,1 € Pr,(x,) and z, € Pr, (Yui-1) for k =2,3,...,m. Then the sequence {x,} A-con-
verges to a point in F.

Proof By virtue of Lemma 2.3, we know that the mapping Pr, i = 1,2,...,m, defined
by (2.25) possesses the following properties: for each i = 1,2,...,m, Pr, : K — P(K) is
an SKC-type multi-valued mapping with F = (", F(Pr,) = (2, F(T;) # ¥ and for each
i=12,...,m, Pr,(p) = {p} for each p € F. Replacing the mappings T; by Pr, in Theo-
rem2.1,i=1,2,...,m, then all the conditions in Theorem 2.1 are satisfied. Therefore the
conclusion of Theorem 2.4 can be obtained from Theorem 2.1 immediately. O

3 An application to the image recovery

The image recovery problem is formulated as to find the nearest point in the intersection
of a family of closed convex subsets from a given point by using corresponding metric
projection of each subset. In this section, we consider this problem for two subsets of a
complete CAT(0) space.

Theorem 3.1 Let (X,d) be a complete CAT(0) space. Let Cy and C, be nonempty closed
convex subsets of X such that C; N\ Cy # (. Let Py and P, be metric projections from X onto
Cy and C,, respectively. Let {«,,;} C [a,b] C (0,1) (i = 1,2). For arbitrarily chosen x; € X, let
{x,.} be the iteration defined by

Yl =0p1Xy, &® (1 - an,l)Plxm
Xp+l = Op2Xp ® (1 - an,Z)PZyn,lx n= 1.

Then {x,} A-converges to a fixed point of the intersection of Cy and C,.

Proof Since (X,d) is a CAT(0) space, it is a uniformly convex hyperbolic space with a
monotone modulus of uniform convexity n = %, and W(x,y,a) = ax & (1 — )y for all
x,y € X and « € [0,1]. Further, since P; and P, are metric projections, they are single-
valued SKC-type mappings. Further, we also get F(P;) = C; and F(P;) = C,. Thus, letting
T, = P; and Ty = P, in Theorem 2.1, we know that all conditions in Theorem 2.1 are satis-
fied. Therefore the desired result can be obtained from Theorem 2.1 immediately. O

4 A numerical example
Let (X,d) = R with d(x,y) = |x — y| and K = [0, Z]. Denote by

W(x,y,0) :=ax+ (1 -a)y, Vx,yeXandael0,1],
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then (X, d, W) is a complete uniformly convex hyperbolic space with a monotone modulus
of uniform convexity and K is a nonempty closed and convex subset of X. Let T : K — P(K)

be a multi-valued mapping defined by

o5 ifx#ZL
T(x)_:u} ifx=1. (4D

It is easy to prove that (also see [5, 21]) T : K — P(K) is a C-type multi-valued mapping
with convex-values and 0 € K is the unique fixed point of T in K and T(0) = {0}. Therefore
T is an SKC-type multi-valued mapping with convex-values and satisfies all conditions in
Theorem 2.1. Let {«,} be a constant sequence such that o, = %, Vn > 1. For any given
xo € [0, %] (for the sake of simplicity, we can assume that xy = 1). By the same method as
given in (2.1) (with m = 1), we can define a sequence {x,} as follows.

For xy = 1, we have Txoq = T(1) = [0, %]. Taking zp = % € T(xg), we define

11 1]
x1==x0+=-20==[1+- ).
17707 9%0 7y 7

For x; = %(1 + %), we have

~ x| 1+%
- fo2]-fal2t]

Taking z; = ﬁ € Tx;, we define

1 1 1 1 1
Xy ==X+ =21=— 1+_+7_2 .

2 2 22 7

For x5, we have Tx; = [0, ’%] =0, %(2%(1 + % + 7iz))]. Taking z, = ﬁ € Tx,, we define

1 1 1 1 1 1 1
x3==x+=-zp==|1l+=+=+= )
DN R T S A R
Inductively, we can define

n+l

1 1 1 1
Xn+l = ixn + Ezn = W Z %: Vn >0, (42)
i=0

where

1 1 1 1 1
xn=27(1+7+7—2+7—3+"'+7—n), (43)
1 .
anmeTxn.

From (4.2) we have that lim,,_, o, x,, = 0 € F(T). This completes the proof.
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