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FIXED POINT THEOREMS FOR GENERALIZED
NONEXPANSIVE SET-VALUED MAPPINGS IN
CONE METRIC SPACES

SEUNG HYUN KIM AND BYUNG S0O LEE}

ABSTRACT. In 2007, Huang and Zhang [1] introduced a cone metric space
with a cone metric generalizing the usual metric space by replacing the
real numbers with Banach space ordered by the cone. They considered
some fixed point theorems for contractive mappings in cone metric spaces.
Since then, the fixed point theory for mappings in cone metric spaces has
become a subject of interest in [1-6] and references therein. In this paper,
we consider some fixed point theorems for generalized nonexpansive set-
valued mappings under suitable conditions in sequentially compact cone
metric spaces and complete cone metric spaces.

1. Introduction and Preliminaries

In 2007, Huang and Zhang [1] introduced a cone metric space with a cone
metric generalizing the usual metric space by replacing the real numbers with
Banach space ordered by the cone. They considered some fixed point theorems
for contractive mappings in cone metric spaces. Since then, the fixed point
theory for mappings in cone metric spaces has become a subject of interest in
[1-6] and references therein. Especially, for single-valued mappings, Choudhury
and Metiya [6] considered some fixed point theorems for weak contraction in
cone metric spaces in 2010. In 2011, Wardowski [2] introduced H-cone metric
in the collection of subsets of a given cone metric space. And he considered
the concept of set-valued contraction of Nadler-type and proved a fixed point
theorem for contractive set-valued mappings in H-cone metric spaces. Inspired
and encouraged by the previous works, in this paper we consider some fixed
point theorems for generalized nonexpansive set-valued mappings under suit-
able conditions in sequentially compact cone metric spaces and complete cone
metric spaces.

Let E be a real Banach space and P be a subset of F.
P is called a cone if and only if
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(P1) Pisclosed, P # 0, P # {0};

(P2) a,b € R with a,b>0, 2,y € P = ax + by € P;

(P3) xe Pand —x € P = 2 =0.

Let P C FE be a cone; we define a partial ordering ‘<’ with respect to P.
For z,y € F, we say that x < y if and only if y — 2z € P, v < y if and only if
y —x € int P, where int P denotes the interior of P, x < y if and only if z <y
and x # y. The cone P is called a normal cone if there is a number K > 0
such that for all z,y € F,

0 <Xz Xy implies ||z|| < K||y]|.

The least positive number K is called the normal constant of P.

)

Definition 1. ([1]) Let M be a nonempty set. Suppose that a mapping d :
M x M — FE satisfies the following;

(d1) 0 < d(x,y) for all z,y € M and d(z,y) = 0 if and only if z = y;

(d2) d(z,y) = d(y,z) for all z,y € M,

(d3) d(z,y) = d(z,z) +d(y,z) for all z,y,z € M.
Then d is called a cone metric on M, and (M, d) is called a cone metric space.

The following definitions and lemmas are considered in a cone metric space
(M, d).

Definition 2. ([1]) Let {z,,} be a sequence in M and z € M.
(i) If for every ¢ € E with ¢ > 0, there is N such that for all n >
N, d(zn,z) < ¢, then we say that {z,} converges to z or {z,} is
convergent to z, and denote as hm Ty = X.

(ii) If for every ¢ € E with ¢ > 0, there is IV such that for all n,m > N,
d(zy, xm) < ¢, then {z,} is called a Cauchy sequence in M.

(iii) For any sequence {z,} in M, if there is a subsequence {x,, } of {z,}
such that {z,,} is convergent in M, then M is called a sequentially
compact cone metric space.

Lemma 1.1. ([1]) Let P be a normal cone with the normal constant K. Let
{zn} and {yn} be sequences in M. Then;
(i) {zn} converges to x if and only if d(xn,x) — 0 as n — oo;
(ii) {zn} is a Cauchy sequence if and only if d(xn, ) — 0 as n,m — oo;
(i) If z, = = and y, = y as n — oo, then d(zp,yn) = 0 as n — oo.

Definition 3. (]2]) (M,d) is said to be a complete cone metric space if every
Cauchy sequence {z,} in M is convergent to x € M.

Definition 4. ([2]) Let A be a collection of nonempty subsets of M. A mapping
H: Ax A— E is called an H-cone metric with respect to d
if for any Ay, As € A, the following conditions hold;

(H].) H(Al,AQ) =0= Al = AQ;

(H2) H(A1, A2) = H(A2, Ay);
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(H3) Ve € intP and Vo € Ay, Jy € Ag, such that H(Ay, As)+e—d(x,y) € P;
(H4) one of the following is satisfied;
(1) Ve € intP, 3z € A; such that Yy € Ag, d(x,y)+e—H(A1, A2) € P;
(2) Ve € intP, 3z € Ay such that Yy € Ay, d(z,y)+e— H(A1,As) € P.

For a cone metric space (M, d) and for an ordered Banach space (E, =<, |- ||)
with an ordered complete cone P, a set A C M is called bounded if the set
{d(z,y) : z,y € A} is a norm bounded subset of E. From Definition 4., it
is easily shown that H({a},{b}) = d(a,b) and H(A,{b}) = alreljli1 d(a,b) for a

bounded set A € A. We denote d(A4,b) = irelg d(a,b).

Lemma 1.2. ([2]) The pair (A,H) is also a cone metric space.

2. Main Results

First of all, we consider a fixed point theorem for a ¢-nonexpansive set-valued
mapping in sequentially compact cone metric spaces.

Theorem 2.1. Let (M,d) be a sequentially compact cone metric space for a
normal cone P with the normal constant K, A be a nonempty collection of
nonempty closed subsets of M, ¢ : P — P be a continuous mapping and let
H: Ax A —FE be an H-cone metric with respect to d. If a mappingT : M — A
satisfies the ¢-nonexpansive condition,

H(Tz,Ty) = ¢(d(z,y)), for all x,y € M with z #y, (2.1)
then FixT # ().

Proof. Let zop € M be arbitrary and fixed, and let ¢, > 0 with lim ¢, = 0
n—oo
and let 1 € Txy. From (H3), there exists x5 € Ty such that d(zq,zs) <
H(Txg,Tx1)+e€1. Inductively, for z,_1(n > 1), we have z,, € T'z,_; satisfying
d(xnfh xn) = H(T{L‘n727 Txnfl) +€n—1.
Since (M, d) is a sequentially compact cone metric space, there is a convergent
subsequence {z,, } of {z,}. Say

lim z,, =z, where x € M. (2.2)

k—o0

From the ¢-nonexpansive condition (2.1),
H(Txy,,Tx) 2 ¢(d(xy,,x)) for ke N.
By the normality of P with the normal constant K,
|H(Tzp,, Tx)| < K||¢(d(zy,,2))| for ke N. (2.3)

From (2.2) and (2.3), the sequence {Tx,, } converges to Tz with respect to the
metric H, and since x,,, € Ty, 1 for any k € N, we obtain by (H3),

d(ﬁnkaynk) = H(Txnkfla Tf) + €n,,,
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where y,,, € Tz for all k € N. Thus lim d(z,,,yn,) = 0. By (2.2), lim y,, =
k—o0 k—o0

z and since Tx is closed, x € Tx. ([

By putting ¢ = I, where I is an identity mapping, in Theorem 2.1., we obtain

the following Corollary 2.2.; which is a fixed point theorem for a nonexpansive
set-valued mapping in sequentially compact cone metric spaces.

Corollary 2.2. Let (M,d) be a sequentially compact cone metric space for
a normal cone P with the normal constant K, A be a nonempty collection of
nonempty closed subsets of M and let H : Ax A —FE be an H-cone metric with
respect to d. If a mapping T : M — A satisfies the nonexpansive condition;

H(Tz,Ty) 2 d(z,y), forall x,y € M with x # y,
then FizT # (.
Example 2.1. Let M = [0,1], E = R? be a Banach space with the standard
norm P = {(z,y) € E;z,y > 0} be a normal cone and let d : M x M — E be
of the form d(z,y) = (|z — y|, 3|z — y[). Then the pair (M, d) is a sequentially
compact cone metric space. Let A be a family of subsets of M of the form
A={[0,z];x € M} U{{z};z € M}.
Define an H-cone metric H : A x A — E with respect to d by the formular
(lz =yl 5z =y for A=10,z], B =10,y
H(A,B): (‘I—y|,%|£—y‘)1 for A:{I}a B:{y}
(max{y, |z — yl}, bmax{y, |z — y|}) for A=[0,2], B ={y}
(max{z, |z — y|}, smax{z, |z — y|}) for A={z}, B=][0,y].
Define the mapping T : M — A as follows;

~ ] {0} for z € [0, 3]
T = {[0, (@—1)?] for ze (%,21].

Then T satisfies the nonexpansive condition and 7" has fixed point {0}.

Now, we consider more generalized fixed point theorem for a (¢1, @2, ¢3)-
nonexpansive set-valued mapping in complete cone metric spaces.

Theorem 2.3. Let (M, d) be a complete cone metric space for a normal cone P
with the normal constant K, A be a nonempty collection of nonempty bounded
closed subsets of M, H : A x A —FE be an H-cone metric with respect to
d and let ¢1,¢2 : [0,1] — [0,1] and ¢35 : [0,1) — [0,1) are mappings with
d1( A1)+ d2(A2)+¢3(A3) < 1. If a mapping T : M — A satisfies the generalized
(p1, P2, d3)-nonexpansive condition;

H(Tx,Ty) 2 ¢1(M1)d(z,y) + d2(A2)d(Tz, x) + ¢p3(A3)d(Ty, y),
for all x,y € M with = # vy,
(2.4)
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where A1, A2, A3 are nonnegative constants with Ay + Ao + A3 < 1 and A3 # 1,
then FixT # ().

Proof. Let {e,} be a sequence in intP such that [le,| < ¢"T1(\;) < 1 for
some i € {1,2,3}(n € N). Let g € M be an arbitrary fixed element and take
21 € Txg. From (H3), there exists o € Tz such that

d((El, .’EQ) j H(T.’EQ, Til'l) + €71.
Inductively, for ,,—1(n > 1), we have x,, € Tx,_; satisfying

d(.l?n_1, xn) = H(T'rn—Q; Txn—l) + €n—1- (25)

From the generalized (¢1, ¢, ¢3)-nonexpansive condition (2.4) and (2.5), for
any n € N,

d(xp-1,2,) = HTzp—o,Trp_1)~+€n1
= ¢1(M)d(zn—2,7n-1) + P2(A2)d(TTp—2, Tp—2)
+é3(A3)d(TTp—_1,Tn_1) + €n_1
= ¢1(M)d(Tn—2,Tn—1) + P2(A2)d(Tp—1,Tn—2)

+¢3(A3)d (T, T1) + €n_1.
Hence,
(1= d3(Ns))d(@n—1,2n) = ($1(A1) + $2(A2))d(Tn—2,Tn—1) + €n—1.
So, we have

P1(A1) + P2(N2) 1
1_ (z)B(AS) d(-rn—%xn—l) + 1_ ¢3(}\3)6n—1

== pd(xn—laxn—Q) + YEn—1,

d(xn—lvxn) j

$1(A1)+¢2(N2)

where p = —¢s(ha) 17 1—¢i()\3)'
For n > m,
A(TpyTm) = d(@p,Tp—1) +d(Tp_1,Tn—2)+ -+ d(Tmi1, Tm)
= pd(Tn—1,Tn—2) +Yen—1 + pd(Tp_2,Tn_3) + Yen_o+---
+pd(Tpm, Tm—1) + Y€m
= P2d($n72, Qin,g) + pyen—2 +ve€n—1 + de(xnf& $n74)

+pVen—3 + Yen—2 + -+ + P*d(Tim—1, Tm—2) + PYEm—1 + Vem

IA
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< p"rd(xy,mo) Fy(p" e+ p" Bea o+ enit)
+p" 2d(wr,x0) + (" e+ p" e o ena)
+p"d(x1, w0) + (P e + " e o+ em)
= (P " p™)d (2, x0)
"+ " 4+ ™ e
HP" TP T 4 e
4+ (P4 p)emtr + (et F o+ -+ 6]
m pm—l m—2 p
= ﬁd(gcl,aco) + v[ﬂel + EEQ toot o pemﬂ
n—1
+ Z €]
j=m

By the normality of P with the normal constant K,

m—1 m—2

e, an)ll < Kl d(en,w0) ol — e+ et

n—1
e+ Y6l
p =

pm pmfl pm72
< Kld K
< LKl a0 + K el + el +
p n—1
tr—llemsall + > llesll]
p J=m
pm pmfl 9 pm72 3
< —K|d K[——)¢ DY AEE
= 1_P H (1‘1,170)”4—’}/ [1_pz+1_pz+
n—1 ]
+1p AP N N,
—p =

which gives that {z,} is a Cauchy sequence. Let z* € M be such that

lim z, = z*, then, by Lemma 1.1.,
n—oo

lim d(z,,z")=0. (2.6)

n—oo

Now, we show that a sequence {Tx,} converges to Tx* with respect to the
H-cone metric. From the generalized nonexpansive condition (2.4), we have

H(Txn, Tx*) = ¢1(A)d(wn, 2) + d2(A2)d(Tzn, 1) + ¢3(A3)d(Tx™, 2™)
= g1 M)d(zn, %) + pa(A2)d(Twp, 7)
+¢3()‘3){H(Tx*v Txn) + d(Txnv f*)}7
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provided that x* & Tz*.
Thus,
1

H(T;L‘n,TLI:*) = m{@ﬁl(Al)d(zmx*)+¢2(/\2)d(xn+laxn)

+¢3(A3)d(wp41,27)}

by the fact that x,4+1 € Tx,(n > 1). Hence H(Tx,, Tz*) — 0 as n — oo.
On the other hand, since z,, € Tx,_1(n > 1), for arbitrary d,, € intP(n > 1),
there exists y, € Tz*(n > 1) satisfying

H(Txp—1,Tx™) + 6y — d(Tpn,yn) € P.
Thus
H(Txp—1,Tx*) — d(xpn,yn) € P —intP,
which implies that nh_)rrgo d(xy, yn) = 0 from the fact that nlgr;o H(Txp_1,Tx*) =
0. Using (2.6), we have

. < 1 Ky _
HILH;O d(yn, ") < nl;rrgo(d(xn,yn) +d(zp,x*)) =0,
which shows that ¥y, — z* as n — oo. Since T'z* is closed, x* € Tz*. (]

By putting ¢; = I(i = 1,2,3), in Theorem 2.3., we obtain the following
Corollary 2.4., which is a fixed point theorem for a generalized nonexpansive
set-valued mapping in complete cone metric spaces.

Corollary 2.4. Let (M, d) be a complete cone metric space for a normal cone P
with the normal constant K, A be a nonempty collection of nonempty bounded
closed subsets of M and let H : Ax A —FE be an H-cone metric with respect to
d. If a mapping T : M — A satisfies the generalized nonexpansive condition;

H(Tz,Ty) 2 Md(x,y) + Aod(Tx,z) + A3d(Ty,y), for all x,y € M with x # vy,

where A1, Aa, A3 are nonnegative constants with Ay + Ao + A3 < 1 and A3 # 1,
then FizT # 0.
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