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Well-Posedness of Fixed Point Problem for a
Multifunction Satisfying an Implicit Relation

MOHAMED AKKOUCHI AND VALERIU Popra

ABSTRACT. The notion of well-posedness of a fixed point problem for
a single valued mapping has generated much interest to a several math-
ematicians, for examples, F.S. De Blassi and J. Myjak (1989), S. Reich
and A. J. Zaslavski (2001), B.K. Lahiri and P. Das (2005) and V. Popa
(2006 and 2008). In this paper we extend the notion of well-posedness
known for single valued mappings to the case of multifunctions. We
establish the well-posedness of fixed point problem for a multifunction
satisfying an implicit relation in orbitally complete metric spaces.

1. INTRODUCTION

Throughout this paper, N will be the set of non negative integers. Let
(X, d) be a metric space and B(X) the set of all nonempty bounded sets of
X. Asin [6], [7] and [8], we define the functions 6(A, B) and D(A, B) by

d(A, B) :=sup{d(a,b) :a € A, b€ B},

D(A, B) :=inf{d(a,b) :a € A, b € B}.
If A consists of single point “a”, we write §(A, B) = (a, B).
If B consists of single point “b”, we write (A, B) = 6(A,b).
It follows immediately from the definition of §(A, B) that

5(A,B) =6(B,A), VA,B e B(X),

and

0(A,B) <46(A,C)+6(C,B), VA,B,C € B(X).
Definition 1.1. A sequence {4,} of nonempty subsets of X is said to
converge to a subset A of X if:

(i) Each point a € A is the limit of a convergent sequence {ay}, where
an € A, for all n € N.
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(ii) For arbitrary e > 0 there exists an integer m > 0 such that A, C
A(e), where
Ale) :={zr e X :Jda € A:d(z,a) < €}.
The set A is said to be the limit of the sequence {4, }.

Lemma 1.1 (Fisher [6]). If {A,} and {B,} are two sequences in B(X)
converging to the sets A and B respectively in B(X), then the sequence
{6(An, Byn)} converges to §(A, B).

Lemma 1.2 (Fisher and Sessa [8]). Let {A,} be a sequence in B(X) and
y € X such that limy, o0 6(Apn,y) = 0. Then the sequence {A,} converges
to {y} in B(X).

Definition 1.2. Let F': X — B(X) be a multifunction.

a) A point z € X is a fixed point of F' if z € Fx.
b) A point x € X is a strict fixed point of F' if {x} = Fz.

The importance of orbits of points under self-mappings in metric spaces
is well recognized. In many early papers dealing with fixed point theory, the
orbits were used to investigate fixed points. (See for example [5], [3] and
others).

We recall the following definition (see for instance [2], [3] and others).

Definition 1.3. Let f : (X,d) — (X,d). If for any € X, every Cauchy
sequence of the orbit O(f,x) := {x, fz, f?z,...} is convergent in X, then
the metric space is said to be f-orbitally complete.

Remark 1.1. Every complete metric space is f-orbitally complete for any
f. An orbitally complete space may not be complete metric space (see [15]).

Let F': X — B(X) and 29 € X. An orbit of F' at point ¢, is a sequence
{zn} given by
O(F,x0) :=={zp : ®py1 € F(x,),n=0,1,2,...}.

Definition 1.4. Let (X,d) be a metric space. Let F' : X — B(X) be a
multifunction. (X,d) is called to be F-orbitally complete, if for all z € X,
every Cauchy subsequence of the orbit O(F,z) converges to a point in X.

The notion of well-posedness of a fixed point problem has evoked much
interest to several mathematicians (see for example [14], [4], [9], [12], [13]
and [1]).

Definition 1.5. Let (X, d) be a metric space and f : (X,d) — (X,d) be a
mapping. The fixed point problem of f is said to be well posed if:

(i) f has a unique fixed point z in X,
(ii) for any sequence {x,} of points in X such that lim, oo d(T'zy, z,) =
0, we have lim,,_,o d(zp, 2) = 0.
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We extend Definition 1.5 for multifunctions.

Definition 1.6. Let (X,d) be a metric space and F' : X — B(X) be a
multifunction. The fixed point problem of F' is said to be well-posed if:

(i) F has a unique strict fixed point z in X,
(ii) for any sequence {x,} of points in X such that lim,,_,cc §(Fxp, zy,) =
0, we have lim,,_,~ d(zy, z) = 0.

The study of fixed point for mappings satisfying an implicit relation is
initiated and studied in [10] and [11].

In this paper we prove a general fixed point theorem for multifunctions
satisfying an implicit relation in orbitally complete metric spaces and that
fixed point problem is well-posed generalizing some results from [1] and [9].

2. IMPLICIT RELATIONS

Let é(t1,...,tg) : RS — R be a continuous function. We define the
following properties:

(¢1): ¢ is non-increasing in the variables to, t5 and tg and non-decreasing
in the variable ¢;.

(¢2): There exists a real number h € (0,1) such that for every u > 0,
v > 0 with ¢(u,v,v,u,u+ v,0) <0, we have u < hv.

(¢3): &(t,t,0,0,t,t) > 0, for every t > 0.

(¢p): There exists p € (0,1) such that for every u > 0, v > 0, w > 0 with
o(u,v,0,w,u,v) <0, we have u < pmax{v, w}.

Example 2.1. ¢(t1,...,t6) = t1 — cmax{to, t3, 4, %(tg, + tg)}, where ¢ €
(0,1).

(¢1): Obviously.

(¢2): For all u,v > 0, we have

1
(2.1) ¢(u,v,v,u,u+v,0) =u — cmax{u,v, i(u +v)} = u — cmax{u,v}.

Suppose that ¢(u,v,v,u,u + v,0) < 0 and that v > v. Then, from
(2.1), we get u(1l —¢) < 0, a contradiction. Therefore u < v, which
yields (by (2.1)) that v < cv. Thus (¢2) is true with h :=c € (0, 1).
(¢3): @(t,t,0,0,t,t) =t(1 —¢c) > 0 for all ¢ > 0.
(¢p): For all u,v,w > 0, we have

1
o(u,v,0,w,u,v) =u— cmax{v,w, i(u +v)}.

Suppose that ¢(u,v,0,w,u,v) <0, with v > 0 and v > max{v,w}.
Then we have u(l — ¢) < 0, a contradiction. Hence, 0 < u <
max{v, w}, which implies that §(u +v) < max{v,w}. Thus, we get
u < cmax{v,w}. If u =0, then v < ecmax{v,w}. This shows that
(¢pp) is true with p :=c € (0,1).
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Example 2.2. (b(tl, e ,tﬁ) = t1 — a1ty — aoty — asty — ayts — astg, where
a; >0fori=1,2,...,5,a1+a3+as >0,0<a;+as+aq4+ a5 <1and
O0<ay+as+asz+2a4 <1.

(¢1): Obviously.

(¢2): For all u,v > 0, we have

(2.2) d(u,v,v,u,u +v,0) =u(l —ag — as) — v(ar + a2 + aa).

If ¢(u,v,v,u,u+ v,0) <0, then u < hv, where h := %+%2%% By

l—asz—aq
assumptions, we have h € (0, 1).

(¢3): ¢(t,t,0,0,t,t) =t(l —a; —as —as) > 0 for all t > 0.
(¢p): For all u,v,w > 0, we have

d(u,v,0,w,u,v) = u(l —aq) —v(ar + as) — asw.
Suppose that ¢(u,v,0,w,u,v) <0, then

u(l —aq) <wv(ag + as) + azw < (a1 + as + as) max{v, w}.

ai+as+as
1—ay

Thus u < pmax{v,w}, where p :=
have p € (0,1).

. By assumptions, we

Example 2.3. ¢(t1,...,t5) = t2 —atats—btsty —ctsts, where a > 0, b, c > 0,
a+b<landa+c<l.

(¢1): Obviously.

(¢2): For all u,v > 0, we have

2.3 w,v,v,u,u+v,0) = u® — av? — buw.
( ) qb(? b ) b ) )

Let v > 0 and f(t) = t* — bt — a, where t = %. We observe that
f(0) = —a < 0 and f(1) = 1 —(a+b) > 0. Then there exists
h € (0,1) suc that f(h) = 0. Since the other root of the equation
f(t) = 0 is strictly negative, then the inequality f(¢t) < 0 (¢ > 0)
implies that t < h. Thus, if ¢(u,v,v,u, u+v,0) < 0 with v > 0, then
we have u < hv. If v = 0, then from (2.3) we get v = 0. Therefore
u < hv.

(¢3): o(t,t,0,0,t,t) =t>(1 —c) > 0 for all ¢ > 0.

(¢p): For all u,v,w > 0, we have

b(u,v,0,w, u,v) = u® — cuv.

Suppose that ¢(u,v,0,w,u,v) < 0 and v > 0. Then we obtain
u < cv < max{v,w}. Thus v < pmax{v,w}, where p :=c € (0,1).
If u =0, then v < pmax{v, w}. This shows that (¢,) is satisfied.

Example 2.4. ¢(t1,...,t) = t1 — ate — bty — ct4 — dmin{ts,ts}, where
a,b,c>0,0<a+b<a+b+c<landO<a+c+d<1.

(¢1): Obviously.
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(¢2): For all u,v > 0, we have
(2.4) o(u,v,v,u,u +v,0) =u(l —c) —v(a+0b).
Suppose that ¢(u,v,v,u,u + v,0) < 0. Then u < hv, where h :=
atb € (0,1). Hence (¢2) is satisfied.
(¢u): @(t,t,0,0,t,t) =t(1 —a—d) >0 for all £ > 0.
(¢p): For all u,v,w > 0, we have
d(u,v,0,w,u,v) = u— av — cw — dminf{u, v}.

If ¢(u,v,0,w,u,v) < 0 and u > max{u,v}, then we obtain u(1 —
a—c—d) <0, a contradiction. Hence v < max{v,w}, and then
u < pmax{v,w}, where p := a+c+d € (0,1). This proves that
(¢p) is satisfied.

Example 2.5. ¢(t1,...,t5) = t1 — cmax{ts,ts, /tats, v/5l6}, where 0 <
c<1.

(¢1): Obviously.

(¢2): For all u,v > 0, we have

(2.5) d(u,v,v,u,u +v,0) =u — cv.
If p(u,v,v,u,u+v,0) <0, then u < hv, where h :=c € (0,1).
(¢3): &(t,t,0,0,t,t) =t(1 —¢) > 0 for all t > 0. Because ¢ € (0,1).
(¢p): For all u,v,w > 0, we have
d(u,v,0,w,u,v) = u — cmax{v, Vwv, Vuv}.

If p(u,v,0,w,u,v) < 0and u > max{v, w}, then we obtain u(l—c) <
0, a contradiction. Hence u < max{v,w} and therefore we have
u < pmax{v,w}, where p := ¢ € (0,1). This proves that (¢p) is
satisfied.

Remark 2.1. There exists ¢ : RS — R increasing in variables ts, tq which

satisfies properties (1), (2), (#s) and ()
Example 2.6. ¢(t1,...,ts) = t3 — at3 — blftf’;im, where a > 0, b > 0 and
0<a+b<1.

(¢1): Obviously.

(¢2): For all u,v > 0, we have

o(u,v,v,u,u +v,0) = u? — av’.

If ¢(u,v,v,u,u+ v,0) < 0, then u < hv, where h := a € (0,1).
Hence (¢2) is satisfied.
(¢3): ¢(t,t,0,0,t,t) =t*(1 —a —b) > 0 for all t > 0.
(¢p): For all u,v,w > 0, we have
uv
1+w

2 _av?—b

o(u,v,0,w,u,v) =u
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If ¢(u,v,0,w,u,v) <0, then u? — av? — buv < 0. As in the proof of
(¢2) in Example 2.3, we obtain u < pmax{v, w}, for some p € (0, 1).
This proves that (¢,) is satisfied.

3. MAIN RESULTS

Theorem 3.1. Let (X,d) be a metric space and F : X — B(X) a muli-
function such that

(3.1) ¢(5(Fw,Fy),d(w,y),5(3:,Ffﬁ),é(y,Fy),D(x,Fy),D(y,F:r)) <0,
for all x,y € X, where ¢ satisfies property (¢3), then F has at most one
strict fixed point in X.

Proof. Suppose that z and y are strict fixed points of F' with z # y. Then
{#} = Fz and {y} = F'y. By (3.1) we obtain

¢(8(Fz, Fy), d(z,y),0(z, Fz),0(y, Fy), D(2, Fy), D(y, Fz)) =
= gb(d(z,y),d(z,y),(),(),d(z,y),d(z,y)) <0
a contradiction of (¢3). O

Theorem 3.2. Let (X,d) be a metric space and F : X — B(X) a muli-
function such that

3.1 ¢ (6(Fz, Fy),d(x,y),6(x, Fx),d(y, Fy), D(z, Fy), D(y, Fz)) < 0,

for all z,y € X, where ¢ satisfies properties (p1), (p2) and (¢3). Then F
has an unique fixed point in X which is strict fized point for F.

Proof. Let zo be any arbitrary point in X and consider the orbit of F' at
xo given by the sequence {z,} such that z,11 € Fz, for all integers n =
0,1,2,.... Then by (3.1), we have

¢<5(F$n, F.an+1), d(xTw $n+1)7 5(37717 Fwn)a
6(mn+17 F$n+1); D($n, F$n+1), D(:EﬂJrlv Fxn)) <0

Since D(xp41, Fxy) = 0, §(Fap, Frpi1) > 0(xnt1, Frny1) and ¢ in non-
decreasing in the variable ¢; then we have

& (0(zn+1, Frpt1), d(@n, Tpiy1), 0(zn, Fzp), 0(xnt1, Fxni1), D(xn, Frny1),0) < 0.

Since d(zy, Tpt+1) < 8(zp, Fzy), D(xn, Frpi1) < d(@p, nie1)+0(Tnt1, Frng1)
and ¢ is non-increasing in the variables to and t5 then we get

¢(6($n+1, Fxn-‘rl)y 5(=Tn7 Fl’n), 5(‘Tna Fﬂjn)a
0(zpt1, Fnit), 0(xn, Fxy) + 0(2pt1, Fxn+1),0) <0.

By property (¢2), we have 6(zp41, Fani1) < ho(zy, Fa,) and so
(3.2) (zp, Fxy) < h"6(x0, Fxg), VYn >0.
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(3.2) shows that the sequence {é(x,, Fz,)} is a strongly Cauchy sequence
(that is >, <o 0(xn, F'zy) converges). Since d(2n, Znt1) < d(2n, F'zy), then
the sequence {d(z,,2,.1)} is also a strongly Cauchy sequence. It follows
that {z,} is a Cauchy sequence in the orbit O(F,x). Since (X,d) is F-
orbitally complete, the sequence {x,} is convergent to a point z € X. We
prove that {z} = F'z. For each positive integer n, we have

§(Fan, z) < (Fan,x,) + d(xy, 2).

By (3.2) we obtain that lim,_ o 6(Fxy,,2) = 0. Then by Lemma 1.2, the
sequence {Fz,} converges to the set {z} in B(X). By the inequality (3.1)
for x := z,, and y := z, we obtain

¢ (0(Fxy, Fz),d(xy, 2),0(xn, Fxy),0(2, F2), D(zy, Fz), D(z, Fx,)) <0,
which (since ¢ is non-increasing in variables ts5, tg) implies

¢ (0(Fxy, Fz),d(xy, 2),0(xn, Fxy),0(2, F2),0(xy, Fz),0(z, Fx,)) < 0.
Letting n tend to infinity we obtain

¢ (6(z,Fz),0,0,0(z, Fz),0(z, Fz),0)) <0.

By property (¢2), we obtain §(z, Fz) = 0, i.e., {z} = Fz. Therefore z is a
strict fixed point for F'. By Theorem 3.1, z is the unique stricte fixed point
for F'. This completes the proof. g

If F is single-valued, Then the proof of Theorem 3.1 does not need the
assumption (¢1). So we recapture Theorem 3.1 of [1].

Corollary 3.1 (Theorem 3.1 [1]). Let (X,d) be a metric space and let T :
X — X be a self-mapping. Suppose that (X, d) is T-orbitally complete and
that T' satisfies the inequality

(33) ¢ (d(T%,Ty),d(x,y),d(z,Tx),d(y, Ty),d(z, Ty),d(y, Tx)) <0,

for all x,y € X, where ¢ satisfies properties (¢p2) and (¢3). Then T has a
unique fized point in X.

Theorem 3.3. Let (X,d) be a metric space and F : X — B(X) a muli-
function such that

(3.1) ¢ (0(Fz, Fy),d(x,y),6(x, Fx),d(y, Fly), D(z, Fy), D(y, Fz)) <0,

for all x,y € X, where ¢ satisfies properties (¢1), (¢2), (¢3) and (¢p). Then
the fixed point problem for F is well posed.

Proof. By Theorem 3.2, F' has a unique strict fixed point z. Let {x,} be a
sequence in X such that

lim §(zp, Fx,) = 0.

n—oo
By inequality (3.1) we obtain
¢ (0(Fz, Fxy),d(z,zy),0(z, Fz),0(xn, Fx,), D(z, Fxy,), D(x,, Fz)) < 0.
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Since {z} = F'z, the previous inequality is equivalent to the following

¢ (6(z, Fxy),d(z,x),0,0(xy, Fay,), D(z, Fxy,), d(x,, 2)) < 0.
Since ¢ is non-increasing in the variable t5, then we have

¢ (6(z, Fxy),d(z,24),0,0(xy, Fay,),0(z, Fxy),d(zn, 2)) < 0.
By (¢p), we have

d(z, Fay) < p max{d(z,xzy),0(xy, Fx,)}.
On the other hand, we have
d(z,2n) < 0(2z, Fay) + 0(Fan, ) < pld(z,2y),0(xn, Fa,)] + 6(Fay, x,),

which implies that

1
d(z,xn)glﬂ (xn, Fzp) —0 as n — oc.

Hence lim,, o d(z,x,) = 0 and the fixed point problem of F is well-posed.
O

As a consequence, we have the following result.

Corollary 3.2 (Theorem 3.2 [1]). Let (X,d) be a metric space and let T :
X — X be a self-mapping. Suppose that (X, d) is T-orbitally complete and
that T satisfies the inequality

(33) ¢ (d(Tw,Ty), d(z,y), d(z,Tz),d(y, Ty),d(z, Ty),d(y, Tz)) <0,

for all x,y € X, where ¢ satisfies properties (¢2), (¢3) and (¢p). Then the
fized point problem of T is well-posed.

Acknowledgement. The authors thank very much the anonymous ref-
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