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MULTI-VALUED MAPPINGS ON METRIC SPACES

LJUBOMIR B. CIRIC and JEONG S. UME

Abstract. We consider a multi-valued mapping F' of a complete metric space
(X,d) into the class B(X) of nonempty, bounded subsets of X. For A, B in
B(X) we define §(A, B) = sup{d(a,b) : a € A,b € B}.

It is proved that if F satisfies the contractive type condition 6(Fz, Fy) <
max{p1(d(z,y)), p2(d(z, Fz)), p3((y, F'y)), pa(d(x, Fy)), p5(8(y, Fr))} for all
z,y € X, where ¢; : [0,400) — [0,+00), j € {1,2,3,4,5}, are real functions
satisfying: (a) ;(t) < t for t > 0, (b) Slirgr pi(s) < tfort > 0, (c) p; are
nondecreasing and (d) tEHlm(t — ;(t)) = 400, then there exists a unique point
z in X such that Fz = {z}. This result is a generalization of known results
in this area and include, as special cases some theorems of Fisher, Khan and
Kubiaczyk, Reich, Ciri¢ and Rhoades and Watson.
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1. INTRODUCTION

In the fixed point theory for multi-valued mappings some theorems require
that the range of each point to be compact, other bounded. In some cases the
contractive conditions involve the Hausdorff metric induced by the metric d,
in others the diameter of sets. Such is the case in this paper. The contractive
condition considered here is a substantial generalization of the contractive
conditions studied by Reich [9], Ciri¢ [1] and Fisher [5], as well as of the
contractive definitions considered by Khan and Kubiaczyk [6] and by Rhoades
and Watson [10].

Throughout the paper (X, d) denotes a complete metric space and B(X) is
the set of all nonempty, bounded subsets of X. For A, B in B(X) the function
0(A, B) is defined by

d(A, B) = sup{d(a,b) : a € A,b € B}.

For §({a}, B),0(A, {b}) and 6({a}, {b}) we write d(a, B), (A, b) and d(a,b),
respectively. It follows easily from the definition that 6(B, A) = §(A4,B) >0
and 6(A,C) < §(A,B)+46(B,C) for all A, B, C' in B(X). For any subsets A,
B of X the distance between A and B is defined by

D(A, B) = inf{d(a,b) : a € A,b € B}.

For D({a}, B) we write D(a, B).
A multi-valued mapping F on a set X has a fixed point z € X if x € Fx.
If Fx = {x}, then x is called a stationary point (or a strict fixed point) of F'.
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In [1] Ciri¢ defined and considered a mapping F' : X — B(X) which satisfies
the following contractive condition

(1) §(Fz, Fy) < cmax{d(z,y),d(x, Fz),(y, Fy), D(z, Fy), D(y, Fz)}

for all z, y in X, where 0 < ¢ < 1.
Generalizing Theorem 2 in Ciri¢ [1], Fisher [5] proved the following theorem.

THEOREM 1.1. (Fisher [5, Theorem 2|). Let F' be a mapping of (X,d) into
B(X) satisfying the inequality

(2) 0(Fx, Fy) < cmax{d(z,y),0(x, Fz),i(y, Fy),d(z, Fy),d(y, Fx)}

for all z, y in X, where 0 < ¢ < 1. If F also maps B(X) into itself, that is
F(A) =UgeaFa € B(X) for each A € B(X), then F' has a unique fized point
z in X and further F(z) = {z}.

The added condition in Theorem 1.1, namely that F'(A) is bounded is strong
and also may be difficult to test. So it is of interest to delete it. Using an ad-
dapted method we shall prove a fixed point theorem without such hypotheses,

even if F' satisfies substantial more general contractive condition than (2).
We need the following Lemma of Matkowski [7] and Singh and Meade [11].

LEMMA 1.1. Let ¢ : [0,+00) — [0,400) be a right continuous real function
satisfying @(t) <t fort > 0. Then

lim ¢"(t) =0 for t>0,

where ©" is the n-th iteration of .

2. MAIN RESULT

Throughout the paper by ® we denote the collection of functions ¢ :
[0,4+00) — [0,400) which have the following properties:
(a) ¢(t) <t for all t >0,
(b) SEI?+ @(s) < tforall t >0,
(c) (t) is nondecreasing,
(d) lim (t— (t)) = 4o0.
t——+o00

LeMMA 2.1. If 1, w2 € @ then there is a p € ® such that
@1(t), p2(t) < p(t) forall ¢>0.

Proof. Define ¢ : [0,400) — [0,+00) by ¢(t) = max{pi(t), p2(t)}. Then
from Lemma in [2] it follows that ¢ has properties (a), (b) and (c). To show
that ¢ satisfies (d), let E > 0 be arbitrary. Since ¢; and 2 satisfy (d), there
exist Aj = A;(E) >0, j € {1,2}, such that

t—pi(t)>E forall t> Ay, t—p2(t) > E forall t> As.
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Set A = max{A1,As}. Then for all ¢ > A we have

t —p(t) =t —max{pi(t), p2(t)} = min{(t — ¢1(t)), (t — ¢2(t))} > E.
Thus ¢ also possess the property (d). The proof of Lemma is complete.  [J

Now we shall prove the following result:

THEOREM 2.1. Let (X, d) be a complete metric space and let F : X — B(X)
be a multi-valued mapping satisfying

(3) 6(Fz,Fy) < max{gi(d(z,y)),p2(5(z, Fx)),e3(5(y, Fy)),
g04(5(:v,Fy)),go5(5(y,Fx))}
for all x, y in X, where p; € ®, j € {1,2,3,4,5}. Then F has a unique

stationary point in X.

Proof. Let zp in X be arbitrary. Define a sequence {z,} in X as follows.
Since now Fzq is defined, pick z1 in Fzg. Now Fzi is defined and let zo
be any fixed point in Fx;. Then we have that Fxo is well defined and let
x3 in F'ze be arbitrary. Continuing in this manner we inductively define two
sequences: {x,} in X and {Fz,} in B(X) such that

(4) Tp € Frpn1 (n=1,2,...),

where x,, is arbitrary fixed point in F'x,,_1, nothing else.
We shall show that

(5) sup{d(z,, Fzy) : &, € {xn}, Fxs € {Fx,}} < +o0,
where ¢ € ® is such that
(6) ®1 (t)v 902(t)? (p3(t)7 804(75)1 (p5(t) < (P(t) for all ¢ > 0.

Such ¢ exists from an extended version of Lemma 2.1.
First we prove that for any fixed positive integer n we have

(7) max{d(x,, Fxs):r,s =0,1,...,n} = §(xo, Fay)
for some k = k(n) < n. Suppose the contrary. Then there is p > 1 such that
(8) d(zp, Fry) = max{6(x,, Fxs) : 0 <r,s <n}.

We may assume that 6(z,, Fxy) > 0 for each n, since otherwise Fzg = {z}
and we have finished the proof.
From (3), as x, € Fx,_1, we have

0(zp, Fxy) < 0(Fap_1, Fay)
9) < max{p1(d(zp-1,2k)), P2(6(zp-1, Fp-1)), p3(8(zk, Fzy)),
pa(0(zp—1, Fy)), ¢5(0(zp, Fap-1))}.
From this and (6) we have
6(xp, Fry) <max{p(d(zp-1, 7)), (0(zp-1, Fp-1)),

(10) 6wk, Fiy)), p(8(p 1, Fx)), @(6(ax, Fap 1))}
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Since ¢ is nondecreasing, from (10) and (8) we get §(xp, Fxg) < @(0(zp, Fxy)).
Hence, by (a) we have 0(zp, Fzy) < 6(xp, Fxy), a contradiction. Therefore,
x, must be xg. Thus we proved (7).

For any positive integer n set

(11) tn, = d(xo, Fzy),
where k = k(n) is chosen such that (7) holds. Since by the triangle inequality
tn = 5(%0, ka) < (5($0, F.CU()) + (5(F$0, ka),

from (3), (6) and (11) we obtain t, < §(xg, Fxo) + max{e(d(zg, xk)),

@(6(z0, Fxo)), ¢(6(xk, Fxg)), p(0(wo0, Far)), (6 (zk, Fo))} < d(z0, Fo) +
©(tn). Hence we get

(12) tn — p(tn) < 0(xg, Fxp).

From definition of ,, (see (7)), it follows that {¢, } is nondecreasing sequence.
Therefore, lim t, exists. If we suppose that hm t, = 400, then the right-

n—o0

hand side of (12) is bounded, but from hypothems (d) for ¢, the left-hand side
is unbounded, which is a contradiction. Therefore, we proved (5).

Now we shall show that {x,} is a Cauchy sequence. Let € > 0 be arbitrary.
Set

L = sup{é(zy, Fzs) : 7,5 > 0}.

From (5), L is finite number and by Lemma 1.1 there is a positive integer N
such that

(13) oN(L) < e.
From (3) and (7) it follows that for n > m > N we have, as x,, € Fxp,_1,
(14) xm, Fry) < (Frpm—1,Fxy)) < o(0(zpm-1, Fxy)),

where m — 1 < k < n. Since by the same arguments
dxm—1, Fag) < (Fam—2, Fxp) < @(0(xm—2, Fzp)),

where m — 2 < p <k, by (14) we get

5(Tm, Fxn) < @*(8(2m—2, Fzp)); m—-2<p<k<n.
Proceeding in this manner, we obtain
(15) I @m, Fzp) < @"(0(z0, Fzg)); 0<qg<n.
Since ¢ is nondecreasing and x,41 € Fz,, by (15) and (13) we have
(16)  d(ms Tns1) < 6(m, Fn) < 9™ (6(30, Fg)) < 9™ (L) < g™ (L) < c.

From (16) we conclude that {z,} is a Cauchy sequence. Also from (16) we
conclude that a sequence of reals {§(zy,, F'x,,)} tends to zero when n tends to
infinity.
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Since X is complete, {x,} converges to some point, say z in X. Suppose,
by way of contradiction, that 6(z, F'z) > 0. Using the triangle inequality and
(6), from (3) we have

§(z, Fz) <d(z,xp41) + 0(Fayn, Fz) <d(z,2441)

+ max{p(d(zn, 2)), p(6(zn, Fn)), 0(8(2, F'2)), (0 (2n, F2)), p(6(2, Fzn))}-
Hence, as ¢ is nondecreasing, by the triangle inequality we get
(17)  6(z, Fz) <d(z,xn+1) + @(d(xp, 2) + 0(zp, Fxy) + (2, Fz)).
Since 0(xy, Fx,) — 0 and d(z,z,) — 0 as n — oo we have that
(18) [0(z, Fz)+d(z,zpn) + d(zpn, Fx,)] — (2, Fz2)
when n tends to infinity. Taking the limit of both sides in (14) when n tends
to infinity, by (18) and from (b) we have

iz, Fz) < lim ¢[d(z, Fz)+d(z,zy,) + 0(zp, Fx,)] < (2, Fz),
n—oo
a contradiction. Therefore, §(z, F'z) = 0. Hence F'z = {z}. The uniqueness of
a strict fixed (stationary) point is implied by (3). The proof of the theorem is
complete. 0
REMARK 2.1. Theorem 2.1. with ¢;(t) =c-t,0<c <1, j=1,2,3,4,5,

is a generalization of the corresponding theorems of Reich [9], Ciri¢ [1] and

Fisher [5]. Theorem 2.1. is also a generalization of Theorem 1 in Khan and
Kubiaczyk [6] and Theorem 2 in Rhoades and Watson [9].

REMARK 2.2. The following example shows that the contractive condition
(3) is substantial more general then the condition (2), even if (X, d) is compact
and convex Euclidean space.

ExampLE. Let X = [0, 3] be the closed interval with usual metric and let
F:X — B(X) and ¢ : [0,+00) — [0, +00) be mappings defined as follows:

1
Fr = [z—2%2z—2% forall 0§x§§,

1 3 1
) = t—3, fo<t<= )=t ift>=
o(t) , f0st<g, ©(t) ib ift> o,

respectively. Let z,y in X be arbitrary. Without loss of generality we may
suppose that x < y. Then we have

5(F1’,Fy) = y_y3_$+x2a
M(z,y) = max{d(z,y),d(z,Fx),6(y, Fy),0(x, Fy),6(y, Fz)} = 6(y, Fz),
5y, Fr) = y— (1)
Since ¢ is increasing, from (3), with ¢1 = p2 = v3 = @4 = Y5 = ¢ we have,
as (1 — ) > 0 implies that —y < —(y — z(1 — z)),
§(Fz,Fy) = y—y’ —z+a2>=(y—z(l-2)) -y
< (y—a2(l-2)—(y—2(1 - 2))° = 06y, F)).

3
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Thus, F satisfies (3) and we can apply our Theorem 2.1. On the other hand, for
any fixed ¢; 0 < ¢ < 1, we have, forx = 0and each y € X with0 <y < /1 —¢,

§(FO,Fy) = (1—y*)y >c-y=cd(y, FO) = c- M(0,y).

Therefore, F' does not satisfy (2).

Note that further generalization of Theorem 2.1 in light of result in [3-4],
[8] and [6, Theorem 3] may be of interest.
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