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Foreword

This book addresses an important topic of fixed point theory, namely that
of fixed point theory for cyclic operators (singlevalued and multivalued) defined
on metric spaces, generalized metric spaces or special classes of Banach spaces.
The book also studies the existence of the best proximity points for multivalued
operators of cyclic type. As applications, the coupled fixed point problem is
considered and, in particular, a study of the existence of the solution for certain
classes of systems of nonlinear integral equations is performed. Throughout the
book, a special class of cyclic operators is considered, namely those who satisfy
a generalized contraction condition of Ciri¢ type.

The topic of this monograph is also approached in numerous papers, start-
ing with the 1990s and continuing with the most recent years, when these re-
search topics received an impetus development, the literature containing over
1700 papers in which the issue of cyclical operators is addressed. Of these, over
100 articles or books deal with the issue of the best proximity point.

The main quality of this book is to carry out a complete study (existence,
uniqueness, approximation, data dependence, various types of stability) of the
above mentioned problems. More specifically, the aim of the monograph ” Con-
tributions to the Fixed Point Theory for Cyclic Operators and Applications” is
to study the fixed point theory for classes of cyclic operators (singlevalued and
multivalued of Ciri¢ type), as well as the study of the best proximity problems,
coupled fixed point problems for classes of cyclic operators that satisfy a gen-
eralized Ciri¢ type contraction condition. In order to illustrate the theoretical
results, some applications to systems of integral equations are considered.

Overall, this monograph is clear, rigorous and well written, containing a re-
markable number of results, as well as conclusive examples that accompany the

main results and notions. The presented bibliographic list successfully covers



the field considered for study.
This monograph is based on the doctoral thesis of the author, successfully

defended by Mr. Adrian Magdas at Babes-Bolyai University, Cluj-Napoca, in
April 2020.

Cluj-Napoca,
April 2021

Prof. dr. Adrian Petrusel



Introduction

The theory of fixed points has been revealed as a powerful tool for solving
various problems arising in different fields of pure and applied mathematics.
The cornerstone of the metric fixed point theory, S. Banach contraction princi-
ple [1], has been generalized in several directions. Most of these generalizations,
see for example [54], [70], weaken the contractive nature of the operator but,
in compensation, have conditions that enrich the metric space structure and /
or have additional requirements on the operator.

In 1969, S.B. Nadler extended Banach contraction principle from single-
valued to multi-valued mapping (see [40]). Nadler’'s Theorem has been gen-
eralized by many mathematicians, see for example the fixed point results for
multi-valued mappings of generalized contractive type of H. Covitz, S.B. Nadler
[13], L. Ciri¢ 9], N. Mizoguchi and W. Takahashi [38], S.B. Nadler [41], A.
Petrusel [56], C. Vetro and F. Vetro [80].

Banach contraction principle was extended for single-valued contraction on
spaces endowed with vector-valued metrics by A.I. Perov and A.V. Kibenko
[45]. The case of multi-valued contractions on spaces endowed with vector-
valued metrics is treated in A. Petrugel [53], I.R. Petre, A. Petrusel [46].

One of the consistent generalization of the Contraction Principle was given
in 2003 by W.A. Kirk, P.S. Srinivasan and P. Veeramani, using the concept of
cyclic operator (see [29]). This concept attracted the interest of many authors
because of its potential in the study of differential and integral equations (see
for example [2], [23], [61], [75]).

The concept of coupled fixed point was introduced by V.I. Opoitsev [43],
but the issue gets a fast development due to the works of D. Guo and V. Lak-
shmikantham [20] and T.G. Bhaskar, V. Lakshmikantham [5]. A new research
direction for the theory of coupled fixed points has been developed by many



authors (see V. Lakshmikantham, L. Ciri¢ [31], A. Petrusel, G. Petrusel and
B. Samet [57], B. Samet and C. Vetro [74]) using contractive type conditions.

A. Eldred and P. Veeramani opened in 2006 another research direction,
searching conditions which ensure the existence of a best proximity point of
cyclic operators in the framework of metric spaces (see [16]).

In the present work we develop a study regarding the existence, uniqueness,
qualitative properties of fixed point, coupled fixed point, best proximity point
for single-valued and multi-valued operators satisfying cyclic conditions. We
support this study by presenting also some applications.

The study material is organized into three chapters connected to each other

through various threads, each chapter containing several sections.

Chapter 1: Preliminaries

This chapter is a brief overview of the basic notions and results which are
further considered in the next chapters of this work, allowing us to present the
results of this thesis. We start by presenting standard notations and terminol-
ogy of nonlinear analysis. The concept and related properties of comparison
function which will be used throughout thesis are presented as well. Then basic
metric fixed point theorems, starting with Banach contraction principle and
some classical contractive operators are presented. The basic notion used in
the development of this thesis, namely cyclic operator, is presented accompa-
nied by some fixed point theorems given by Kirk, Srinivasan and Veeramani
in [29]. Basic best proximity point theorems and coupled fixed point theorems
useful for the development of the next chapters are presented in the last two

sections.

Chapter 2: Single-valued generalized contractions on cyclic repre-
sentations

In this chapter, we give some fixed point results for single-valued operators
defined on cyclic representations in metric spaces and in spaces endowed with
vector-valued metrics. This chapter has three sections.

In the first section we investigate the properties of some Ciri¢ type gen-
eralized contractions defined on cyclic representations in a metric space.

Ciri¢ type generalized contraction condition is one of the most general met-
rical * condition for which the set of fixed points is a singleton and the fixed

points can be approximated by means of Picard iteration. Our results general-
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ize fundamental metrical fixed point theorems in literature given for Banach,
Kannan, Bianchini, Reich, Chatterjea, Zamfirescu, Ciri¢ type operators (see
[52], [66]), in the case of a cyclic condition (see [47]). Also, the main result of
this section (Theorem 2.1.5) is a generalization of the following results: The-
orem 2.1.1 given by Petric and Zlatanov in [50] and Theorem 2.1.3 given by
Pacurar and Rus in [44].

Throughout this section we develop a theory of the stated fixed point the-
orem, theory consisting of:

e the existence and uniqueness results for fixed points of single-valued cyclic
p-contraction of Ciri¢ type;

e convergence theorems for Picard iteration to these fixed points;

e continuous data dependence of the operator perturbation;

e well posedness of the fixed point problem;

e sequences of operators and fixed points.

Also, we state a Maia type theorem related to Ciri¢ type generalized con-
tractions defined on cyclic representations.

The results presented in this section are included in the paper Magdag [33].

In the second section we present a Perov type theorem for cyclic oper-
ators. Our approach is based on Perov’s fixed point theorem (see Theorem
2.2.3), in spaces endowed with vector-valued metrics. Our main result in this
section is Theorem 2.2.5, an extension of Theorem 1.3.1 and Theorem 1.3.12
in a space endowed with a vector-valued metric. We state two results regard-
ing the data dependence and the well posedness of the fixed point problem.
As applications, we study existence, uniqueness and data dependence of the
solution of a system of Fredholm type of integral equations; the solution of the
system can be obtained by the successive appoximation. Also we study exis-
tence and uniqueness of the solution of a system of Volterra type of integral
equations. The results presented in this section are contained in the following
paper: Magdas [36].

In the third section we study the coupled fixed point problem for single-
valued cyclic contraction type operators. The approach is based on fixed point
results for appropriate operators generated by the initial problems.

Our main result in this section is Theorem 2.3.2 which is a generalization

of several theorems such as Theorem 1.5.9, Theorem 1.5.11, Theorem 1.5.13,



Theorem 1.5.15. We also provide an iterative method for approximating the
strong coupled fixed point and we give some qualitative properties of the cou-
pled fixed point set, such as data dependence, generalized Ulam-Hyers stability
and well posedness. As applications, we study the existence and the uniqueness
of the solution of a system of Fredholm type of integral equations; generalized
Ulam-Hyers stability of the system is studied as well. Also we study existence
and uniqueness of the solution of a system of Volterra type of integral equa-

tions. The results presented in this section are contained in the paper Magdas

[35).

Chapter 3: Multi-valued generalized contractions on cyclic represen-
tations

In this chapter, we give fixed point and best proximity point results for
multi-valued operators defined on cyclic representations of a metric space
(X, d). This chapter has three sections.

In the first section we investigate the properties of multi-valued ¢-
contractions of Ciri¢ type defined on cyclic representations in a metric space
(X, d). We will study under which conditions such an operator T possesses
fixed points, i.e., x € X satisfying the relation z € T'(z). We construct a se-
quence of successive approximations of T that guarantees convergence from
any starting point (z,y) from the graph of the operator to a point z* € Fr,
the set of all fixed points of T. We also study data dependence and generalized
Ulam-Hyers stability of the fixed point inclusion x € T'(z). Our results extend
metrical fixed point theorems in literature such as Nadler’s Theorem (see [40])
or fixed point results of multi-valued Ciri¢ type operators (see [9]), in the case
of a cyclic condition. Also, the main result Theorem 3.1.4 is a generalization
of the Theorem 2.1 given by Neammanee and Kaewkhao in [42]. The results
presented in this section are included in the paper Magdag [34].

In the second section we study existence of the solutions and generalized
Ulam-Hyers stability of the best proximity problem for cyclic multi-valued
operators: If (X,d) is a metric space, A,B € P(X), T : AUB — P(X) is
a multi-valued operator satisfying the cyclic condition T'(A) C B,T(B) C A,
then we are interested to find 2* € AU B such that D(z*,T(z*)) = D(A, B),
where D is the gap functional. x* is said to be a best proximity point of T'.

Several authors studied the existence of best proximity points for cyclic



operators on metric spaces, see e.g. [17], [19], [24], [25], [26], [28], [49], [51].
The first main result of this section extends Theorem 1.4.5 (Suzuki, Kikkawa,
C. Vetro, [77]) and Theorem 1.4.6 (Neammanee, Kaewkhao [42]) to the case of
multi-valued Cirié type cyclic operator which takes proximinal values, in the
framework of metric spaces with the property UC. The results presented in
this section are contained in the paper Magdasg [37].

In the third section we study the coupled fixed point problem and the
coupled best proximity point problem for cyclic multi-valued operators. The
approach is based on fixed point results for appropriate operators generated by
the initial problems. The first result Theorem 3.3.5 states a coupled fixed point
result for cyclic coupled p-contraction of Ciri¢ type multi-valued operator. The
generalized Ulam-Hyers stability of the coupled fixed point problem is studied
as well. Theorem 3.3.10 studies the existence of the coupled best proximity
point of a cyclic coupled Ciri¢ type multi-valued operator which takes prox-
iminal values, in the framework of metric spaces with the property UC. The
results presented in this section are contained in the paper Magdag [35].

This book is concluded by the references used in the text and a list of

published papers.

Acknowledgements

I would like to express my deepest gratitude to my Ph.D. Supervisor, Professor
Adrian Petrusel, for his guidance, support, patience and providing me with a

good atmosphere for accomplishing this research project.

10



Chapter 1
Preliminaries

The aim of this chapter is to present the basic concepts and results which are

further considered in the next chapters.

1.1 Basic notations and notions

We present some standard notations and terminology of nonlinear analysis

which will be used throughout this work.

Let (X, d) be a metric space, Y be a nonempty subset of X. We denote:

P(X):={AC X | Aisnonempty}; B(X):={A € P(X)| A is bounded};
Py(X):={AeP(X) | Ais closed}; P.,(X):={AeP(X) | Ais compact};
P.,(X) ={AeP(X) | Ais convex}; Py cy(X) := Py(X) N Pay(X).

Let us define the following (generalized) functionals used in this paper:

e the diameter functional
d:P(X)x P(X)—RyU{+o0}, 0(A, B) =sup{d(a,b) |a € A, be B};
e the gap functional
D:P(X)x P(X)—= Ry, D(A,B)=inf{d(a,b)|ac A, be B};
e the generalized excess functional
p: P(X)x P(X)—= Ry U{+o0}, p(A,B) =sup{D(a,B) | a € A};

11



e the generalized Pompeiu-Hausdorff functional
H:P(X)x P(X)— Ry U{+o00}, H(A,B) =max{p(A, B),p(B,A)}.
We recall now the following notions and results.

Lemma 1.1.1. Let (X, d) be a metric space, A, B € P(X). Then for anye > 0
and for any a € A there exists b € B such that

d(a,b) < H(A,B) +e.

Definition 1.1.2. (Fletcher, Moors [18]) Let (X, d) be a metric space and let
Y € P(X). We denote

Py (z)={y €Y |d(z,y) = D(z,Y)} for z € X.

The set Y is called proximinal if for any x € X, Py (x) is nonempty. If for any
x € X, Py (x) is singleton, then Y is called Chebyshev set.

Obviously, any Chebysev set is proximinal.
We denote Pp,.:(X) ={Y € P(X) | Y is proximinal}.

Remark 1.1.3. Let (X, d) be a metric space. Then
P.,(X) C Pyrou(X) C Py(X).

Remark 1.1.4. (Deutsch [15]) A Banach space X is reflexive if and only if

every nonempty closed convex subset of X is proximinal.

Remark 1.1.5. (Cobzag [14]) If Y is a nonempty complete convex subset of

a uniformly convex normed space X, then Y is a Chebyshev set in X.

For details concerning the above notions see [40], [63], [70], [76].

1.2 Comparison functions

There are several conditions regarding the notion of comparison function that
have been considered in literature. Throughout this paper we shall refer only

to the following notion.
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Definition 1.2.1. (Rus, Serban [72]) A function ¢ : Ry — R, is called a
comparison function if it satisfies:
(i), @ is increasing;
(1), (¢™(t))nen converges to 0 as n — oo, for all t € R.
If the Condition (i1), is replaced by the condition:

(ui1) ng ) < o0, for any ¢t > 0,

then ¢ is called a strong comparison function.

Lemma 1.2.2. (Rus, A. Petrugel, G. Petrusel [70]) If ¢ : Ry — Ry is a
comparison function, then the following hold:

(i) p(t) <t, for any t > 0;

(i) ¢(0) =0

(1i1) @ is continuous at 0.
Lemma 1.2.3. (Pacurar, Rus [44], Rus, Serban [72]) If ¢ : Ry — Ry is a
strong comparison function, then the following hold:

(i) ¢ is a comparison function;

(1) the function s : Ry — R, defined by

= i(pk(t), teRy, (1.2.1)

k=0

1s increasing and continuous at 0;

(111) there ezist kg € N, a € (0,1) and a convergent series of nonnegative
o0

terms Z v, such that

k=1

O () < ap®(t) + vk, for k> ko and any t € Ry.

Remark 1.2.4. Some authors use the notion of (c¢)-comparison function de-
fined by the statements (i) and (iii) from Lemma 1.2.3. Actually, the concept

of (¢)-comparison function coincides with that of strong comparison function.

Example 1.2.5. The following functions ¢ : R, — R, are comparison func-

tions:
(1) p(t) = at, where a € [0, 1).
t forte0,1
(2) ¢(t) = at, for t € [0.1] , where a € [0,1).

t+a—1, fort >1

13



(3) o(t) = at + %[t], where a € (0, %)

t
L fortelo,
@) oty = 4 o e e ae (100,

a, fort > a

t
(5) @(t) = o where a € [1,00).

The first four examples are strong comparison functions. The fifth example
is a strong comparison function iff a € (1,00). For more considerations on

comparison functions see [69], [70] and the references therein.

1.3 Basic metric fixed point theorems

If f:Y — X is a single-valued operator, then
Graph(f) := {(z, f(z)) | = € Y} denotes the graph of f and
Fp:={x €Y | f(z) = x} denotes the fixed point set of f.

If7T:Y — P(X) is a multi-valued operator, then
Graph(T) := {(x,y) | z € Y,y € T(x)} denotes the graph of T" and
Fr:={x €Y |z € T(x)} denotes the fixed point set of T

A sequence (z,)nen satisfying the following conditions:
(i) zo =z, 71 = ¥;
(ii) xps1 € T(xy), for each n € N;
is called a sequence of successive approximations of 7' starting from (z,y) €

Graph(T).

Banach contraction principle is one of the most useful results in nonlinear
analysis. In a metric space setting, the statement of the contraction principle

was given in 1922.

Theorem 1.3.1. (Banach [1]) Let (X,d) be a complete metric space and let
f: X — X be a contraction operator, that is there exists a constant a € [0, 1)

such that for any x,y € X,

d(f(x), f(y)) < ad(z,y).

Then:
(1) f has a unique fized point z* € X;

14



(2) the Picard iteration (x,)n>0 defined by
r, = f(Tpo1), n>1 (1.3.1)

converges to x* for any starting point xo € X;
(3) the following estimate holds:

d(xn+k_1, '/L‘*) S d(xn7 ‘I‘n—1>)vn7 ke N*)

1—a

(4) the rate of convergence of Picard iteration is given by:
d(xp, ") < ad(xp—q1,2%),Vn > 1.

In 1969, Nadler [40] extended the Banach contraction principle from single-
valued to multi-valued operator. The existence of fixed points for various multi-
valued contractive operators has been studied by many authors under different
conditions, see Ciri¢ [9], [10], Mizoguchi, Takahashi [38], Rhoades [67].

We recall now Nadler’s fixed point theorem.

Theorem 1.3.2. (Nadler [40]) Let (X,d) be a complete metric space and let
T:X — P, q(X) be a multi-valued a-contraction, that is there exists a constant

a € [0,1) such that for any z,y € X,
H(T'(z), T(y)) < a-d(z,y).
Then T has a fixed point.

In the last decades, authors gave many generalization of the Banach con-
traction principle, a way of generalization being the weakening of the contrac-
tion condition.

We present some of such conditions existing in the literature. Let (X, d) be
a complete metric space and let f : X — X be an operator.

1
(i) (Kannan, [22]) there exists a constant a € [0, 5) such that

d(f(z), f(y)) < ald(z, f(z)) +d(y, f(y))],Vo,y € X;

(ii) (Chatterjea, [7]) there exists a constant a € [0, %) such that
d(f(x), f(y)) < ald(z, f(y)) + d(y, f(2))], Ve, y € X;
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1
(iii) (Zamfirescu, [81]) there exist the real numbers a € [0,1),b,c € [0, 5)
such that for any x,y € X, at least one of the following holds:

(z1) d(f(2), [(y)) < ad(z,y);

(22) d(f(x), f(y)) < ld(z, f(x)) + d(y, f(y))];
(23) d(f(x), f(y)) < cld(z, f(y)) + d(y, (x))].
(

iv) (Bianchini, [6]) there exists a constant a € [0, 1) such that

d(f(z), f(y)) < amax{d(z, f(x)),d(y, f(y))},Vz,y € X;

(v) (Reich [64], Rus [69]) there exist the real numbers a,b,c € R, with
a+ b+ ¢ < 1 such that for any z,y € X,

d(f(z), f(y)) < ad(z,y) + bd(z, f(x)) + cd(y, f(y)).

Ljubomir Ciri¢ weakened the above conditions introducing in 1971 the no-

tion of generalized contraction.

Definition 1.3.3. (Ciri¢ [8]) Let (X, d) be a metric space. An operator f :
X — X is said to be a lambda-generalized contraction iff for every x,y € X

there are non-negative numbers ¢(z,y), r(x,y), s(z,y) and t(z,y) with
sup{q(z,y) +r(z,y) + sz, y) + 2i(z,y) |2,y € X} = A <1
such that d(f(x), f(y)) < q(x,y)d(z, y) + r(z,y)d(z, f(z))+

+s(x, y)d(y, f(y)) + t(x,y)(d(x, f(y)) +d(y, f(x))).

Remark 1.3.4. (Ciri¢ [9]) f is a generalized contraction if and only if there
exists ¢ € [0, 1) such that for any z,y € X,

d(f(z), f(y)) < qM(z,y),

where M (x,y) =

= max{d(z,y), d(z, f(x)), d(y), f(y)), %[d(% fW) +d(y, f(x)]}. (1.32)

Example 1.3.5. (Cirié [8]) Let X =[0,2], and let f: X — X, f(z) = % for

0<z<1;f(x) = E for 1 < x < 2. The operator f is not a contraction but

is a generalized contraction.

16



Definition 1.3.6. [9] Let (X, d) be a metric space and let T': X — P, (X) be a
multi-valued operator. 7" is said to be a generalized multi-valued g-contraction
if there exists ¢ € (0, 1) such that

H(T(z),T(y)) <

D, T()) + D(y. T(xm},

N —

< q-max{d(o,p). Dle. T(), DT,
holds for every x,y € X.

Definition 1.3.7. [8] Let (X, d) be a metric space and let f : X — X be a
single-valued operator. X is said to be f-orbitally complete if every Cauchy

sequence (f™(x));en, z € X, has a limit point in X.

Definition 1.3.8. [9] Let (X, d) be a metric space and let T : X — P(X) be
a multi-valued operator. X is said to be T-orbitally complete if every Cauchy

sequence (T, )ien With x,, € T(x,,_1) converges in X.

Theorem 1.3.9. [8] Let f be a A-generalized contraction of f-orbitally com-
plete metric space (X,d) into itself. Then

(1) f has a unique fized point z* € X;

(2) the Picard iteration (x,)nen defined by

= f(xh_1), n>1, (1.3.3)

converges to x* for any starting point xg € X;

(3) the following estimate holds:

1—A
Theorem 1.3.10. [9] Let T : X — P,(X) be a generalized multi-valued q-

contraction and let (X, d) be a T-orbitally complete metric space.

d(x,,x*) < - d(xo,21),Yn > 0.

Then the following statements hold:

(1) Fr#0;

(2) there exists a sequence (x,)neny of Successive approximations of T
starting from any point (z,y) € Graph(T), that converges to a fized point
z*(z,y) € X;

(3) the following estimate holds:

an

q

~ - d(xp,21),Va € (0,1),Vn > 0.
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Another consistent way to generalize Banach contraction principle was pre-
sented in 2003 by Kirk, Srinivasan and Veeramani, using the concept of cyclic

operator.

Definition 1.3.11. (Kirk, Srinivasan, Veeramani [29]) Let A and B be two
nonempty sets. An operator f: AU B — AU B is called cyclic if f(A) C B
and f(B) C A.

They prove the following results.

Theorem 1.3.12. [29] Let A and B be two nonempty subsets of a complete
metric space (X, d) and suppose f: X — X satisfies the following conditions:
(1) f(A) C B and f(B) C A;
(2) d(f(x), f(y)) < kd(z,y), Yo € A, Yy € B, where k € (0,1).
Then f has a unique fixed point.

Theorem 1.3.13. [29] Let {A;}*, be nonempty subsets of a complete metric

space and suppose f : UAi — UA" satisfies the following conditions (where
i=1 i=1

Apy = Al)-’
(].) f(Az) Q Az’—i—l fOT 1 S 1 S m;
(2) d(f(2), f(y)) < ¢(d(z,y)), Yo € A, Yy € Ay, for 1 < i < m,

where ¢ : Ry — Ry is upper semi-continuous from the right and satisfies
0<(t) <t fort>0.
Then f has a unique fixed point.

This results suggested the introduction of the following definition.

Definition 1.3.14. Let X be a nonempty set, m a positive integer and

T : X — P(X) a multi-valued operator. By definition, U A; is a cyclic repre-
i=1
sentation of X with respect to T if:

(i) X = UAZ-, with A; € P(X), for 1 <i < m;

1
(i) T(A;) C Ajyq, for 1 <i < m, where A,, 11 = A;.

For the particular case of a single-valued operator see Rus [68].
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1.4 Basic best proximity point theorems

The best proximity problem for a cyclic multi-valued operator is defined as

follows:
If (X,d) is a metric space, A,B € P(X), T : AUB — P(X) is a multi-
valued operator satisfying the cyclic condition T'(A) C B, T(B) C A, then we

are interested to find
" € AU B such that D(z*,T(z*)) = D(A, B). (1.4.1)

x* is said to be a best proximity point of 7.

In particular, if the operator is single-valued then we get the following best

proximity problem for a cyclic single-valued operator:

If (X, d) is a metric space, A, B € P(X), f: AUB — X is a single-valued
operator satisfying the cyclic condition f(A) C B, f(B) C A, then we are
interested to find

" € AU B such that d(z*, f(2*)) = D(A, B). (1.4.2)

x* is said to be a best proximity point of f.

Eldred and Veeramani proved in 2006 the following theorem which ensures
the existence of a best proximity point of cyclic contractions in the framework

of uniformly convex Banach spaces.

Theorem 1.4.1. (Eldred, Veeramani [16])

Let A and B be nonempty closed and convex subsets of a uniformly convex
Banach space. Suppose f: AUB — AU B 1is a cyclic contraction map, that is
f satisfies to following conditions:

(1) f(4) € B and f(B) C A;

(2) 1f (@) = FW < klle = yll + (1 = K)D(A, B), ¥z € A, Vy € B,

where k € (0,1).

Then there exists a unique best proximity point in A. Further, if xg € A

and Tp1 = f(xy,), then (To,)nen converges to the best proximity point.

In 2009, Suzuki, Kikkawa and C. Vetro introduced the property UC and
extended Theorem 1.4.1 to metric spaces with the property UC.
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Definition 1.4.2. (Suzuki, Kikkawa, C. Vetro [77]) Let A and B be nonempty
subsets of a metric space (X, d). Then (A, B) is said to satisfy the property
UC if for (z,)nen and (z,)nen sequences in A and (y,)nen @ sequence in B
such that d(x,,y,) — D(A, B) and d(z,,y,) — D(A, B) as n — oo, then
d(xy, zn) — 0 as n — 0.

The following are examples of pairs of nonempty subsets of a metric space

satisfying the property UC.

Proposition 1.4.3. Any pair of nonempty subsets (A, B) of a metric space
(X,d) with D(A, B) =0 has the property UC.

Proposition 1.4.4. (Eldred, Veeramani [16]) Any pair of nonempty subsets
(A, B) of a uniformly convex Banach space with A convex has the property UC.

Theorem 1.4.5. [77] Let (X,d) be a metric space and let A and B be
nonempty subsets of X such that (A, B) satisfies the property UC. Assume
that A is complete. Let f: AU B — X be a cyclic mapping, that is f(A) C B
and f(B) C A.

Assume that there exists k € (0,1) such that for each x € A and y € B,

d(f(x), f(y)) < kmax{d(z,y), d(z, f(x)),d(y, f(y))} + (1 — k)D(A, B).

Then the following hold:

(1) f has a unique best proximity point z € A.

(ii) z is a unique fived point of f*in A.

(111) (f*"(x)),en converges to z for every x € A.

(i) f has at least one best proximity point in B.

(v) If (B, A) satisfies the property UC, then f(z) is a unique best prozimity
point in B and (f*"(y)), ey converges to f(z) for every y € B.
Theorem 1.4.6. (Neammanee, Kaewkhao [42]) Let A and B be nonempty
subsets of a metric space (X,d) such that (A, B) satisfies the property UC
and A is complete. Let T : AU B — P(X) with closed bounded valued, be a
multi-valued cyclic contraction, that is:

(i) T(A) C B and T(B) C A;

(ii) there exists k € (0,1) such that for any x € A, y € B,

H(T(x),T(y)) < kd(x,y) + (1 — k)D(A, B).

Then T has a best proximity point in A.
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1.5 Basic coupled fixed point theorems

A very useful concept in many applications, especially to the theory of integral
and differential equations and inclusions, is the coupled fixed point theory.
Opoitsev in [43] considered, for the first time, the coupled fixed point problem,
but the issue gets a fast development by the seminal works of D. Guo and
V. Lakshmikantham [20] and T.G. Bhaskar, V. Lakshmikantham [5]. A new
research direction for the theory of coupled fixed points was developed by
many authors (see [4], [21], [31], [57], [58], [60], [73]) using contractive type

conditions.

We give the notion of coupled fixed point in terms of single-valued, respec-

tively multi-valued operators.

Definition 1.5.1. Let X be a nonempty set. A pair (z,y) € X x X is called
coupled fixed point of the single-valued operator F': X x X — X if

F(z,y) ==z
F(y,x) =y.

If F(z,x2) =« then x is called strong coupled fixed point of F' (also called, in

(1.5.1)

several papers, fixed point of F).

Definition 1.5.2. Let X be a nonempty set. A pair (z,y) € X x X is called
coupled fixed point of the multi-valued operator F': X x X — P(X) if
x € F(z,y)

(1.5.2)
y € F(y,z).

If x € F(x,z) then z is called strong coupled fixed point of F.
In order to state the main result in [5], we need the following notion.

Definition 1.5.3. Let (X, <) be a partially ordered set. We say that F :
X xX — X has the mixed monotone property if F'(x,y) is monotone increasing

in x and is monotone decreasing in y, that is, for any x,y € X,
T1,Ty € nyl S Ty = F(mlay) S F($27y),

respectively,

Y1, Y2 € X7y1 S Y2 = F('r?yl) 2 F(%Z/z)
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Theorem 1.5.4. (Bhaskar, Lakshmikantham [5])

Let (X, <) be a partially ordered set and suppose there is a metric d on
X such that (X,d) is a complete metric space. Let F' : X x X — X be a
continuous operator having the mixed monotone property on X.

Assume that there exists a constant k € [0,1) with

d(F(z,y), F(u,v)) < = - [d(z,u)) + d(y,v)], Ve > u,Vy < v. (1.5.3)

[N

If there exists xg,yo € X such that
zo < F(20,90) and yo = F(yo, o), (1.5.4)
then there exist x,y € X such that
x=F(z,y) andy = F(y,x).

Also, Bhaskar and Lakshmikantham established in [5] uniqueness results of
the coupled fixed point under an additional assumption on the metric space,

as well as existence results of the strong coupled fixed point.

Remark 1.5.5. If (X, d) is a complete metric space without a partially order
and (1.5.3) is supposed to hold for any pairs (z,y), (u,v) € X x X, then we
can get existence and uniqueness of the strong coupled fixed point without the

continuity and monotonicity conditions and without the assumption (1.5.4).

A more general result was given by A. Petrusel et al. in [59] for symmetric

multi-valued contractions:

Theorem 1.5.6. (A. Petrusel, G. Petrugel, Samet, Yao [59]) Let (X, <,d)
be an ordered b-metric space with constant s > 1 such that the b-metric d is
complete. Let G : X x X — Py(X) be a multi-valued operator having the strict
mized monotone property with respect to "<7. Assume:

(i) there exists k € (0,1) such that
Hy(G(z,y), G(u,v))+Ho(G(y, x), G(v,u)) < kld(z,u)+d(y, v)],Ve 2 u,y = v;
(i1) there exist (xg,y0) € X X X and (x1,11) € G(x,y0) X G(yo, o) such

that xo = x1 and yo = ;.
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Then, there exist x*,y* € X and there exist two sequences (T,)nen and
(Yn)nen in X, with 41 € G(xn,yn) and ypi1 € G(yn, x,) for alln € N, such

that (zp)nen = %, (Yn)nen — y* as n — 0o and
z* € G(z*, y*)
y* e Gy*, z*).

If, in addition, the b-metric d is continuous, then, for the above mentioned

two sequences (Ty)nen and (Yn)nen, the following estimation holds:

d(zn, ") + d(yn, y") < [d(z0, 1) + d(yo,y1)], ¥n € N™.

We present now the concept of cyclic coupled single-valued operator.

Definition 1.5.7. (Choudhury, Maity [11]) Let A and B two nonempty sub-
sets of a given set X. An operator F': X x X — X having the property that
for any x € A and y € B, F(x,y) € B and F(y,z) € A, is called a cyclic
operator with respect to A and B.

Definition 1.5.8. [11] Let A and B two nonempty subsets of a metric space
(X, d). An operator F' : X x X — X is called a cyclic coupled Kannan type
contraction if F'is cyclic with respect to A and B, satisfying for some k € (0, %)

the inequality:
d(F(x,y), F(u,v)) < k- dz, F(z,y)) + d(u, F(u,v))],
where x,v € A, y,u € B.

Theorem 1.5.9. [11] Let A and B two nonempty closed subsets of a completed
metric space (X,d). Let F': X x X — X be a cyclic coupled Kannan type
contraction with respect to A and B and AN B # (. Then F has a strong
coupled fixed point in AN B.

Definition 1.5.10. (Choudhury, Maity, Konar [12]) Let A and B two
nonempty subsets of a metric space (X,d). An operator F' : X x X — X
is called a Banach type coupling if F' is cyclic with respect to A and B, and if

it satisfies the following inequality:

|

d(F(l’,y), F(U,U)) < ' [d(ZE,U,) + d(y,?})],
where z,v € A, y,u € B, and k € (0,1) .
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Theorem 1.5.11. [12] Let A and B two nonempty closed subsets of a com-
pleted metric space (X, d). Let F : X x X — X be a Banach type coupling with
respect to A and B.Then AN B # () and F has a unique strong coupled fized
point in AN B.

Definition 1.5.12. [12] Let A and B two nonempty subsets of a metric space
(X, d). An operator F': X x X — X is called a Chatterjea type coupling if F’
is cyclic with respect to A and B, and if it satisfies the following inequality:

d(F(z,y), F(u,v)) < k- [d(z, F(u,v)) + d(u, F(z,y))],
where z,v € A, y,u € B, and k € (0,1) .

Theorem 1.5.13. [12] Let A and B two nonempty closed subsets of a com-
pleted metric space (X,d). Let F' : X x X — X be a Chatterjea type coupling
with respect to A and B.Then AN B # () and F has a unique strong coupled
fized point in AN B.

Definition 1.5.14. (Udo-utun [78]) Let A and B two nonempty subsets of
a metric space (X,d). An operator F' : X x X — X is called a cyclic Ciri¢
operator with respect to A and B if F' is cyclic with respect to A and B and

for some constant ¢ € (0,1), F satisfies the following condition:
d(F(‘T7 y)7 F<u7 U)) < q- M(l’, v, Y, U),
where z,v € A, y,u € B, and
1 1
M (z,v,y,u) = max {d(:c, u), §d(u, F(z,y)), éd(a:, F(u,v)),
1
Slde, F(a,y) + dlu, Fu, )]}

Theorem 1.5.15. [78] Let A and B be two nonempty closed subsets of a
complete metric space (X,d), F': X x X — X a cyclic Cirié type operator
with respect to A and B, with AN B # (). Then F has a strong coupled fived
point in AN B.
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Chapter 2

Single-valued generalized
contractions on cyclic

representations

In this chapter, we present fixed point results for single-valued operators
defined on cyclic representations in metric spaces and in spaces endowed with
vector-valued metrics. This chapter has three sections.

In the first section we investigate properties of some Ciri¢ type generalized
contractions defined on cyclic representations in a metric space.

The Ciri¢ type generalized contraction condition is one of the most general
metrical * condition for which the set of fixed points is a singleton and the
fixed points can be approximated by means of Picard iteration. Our results
generalize fundamental metrical fixed point theorems in literature given for
Banach, Kannan, Bianchini, Reich, Chatterjea, Zamfirescu, Ciri¢ type opera-
tors (see [52], [66]), in the case of a cyclic condition (see [47]). Also, the main
result Theorem 2.1.5 is a generalization of the following results: Theorem 2.1.1
given in [50] and Theorem 2.1.3 given in [44].

In this section we will present an extended study of the fixed point equation
r = f(x) with a cyclic operator of Ciri¢ type. More precisely, existence and
uniqueness results for fixed points of single-valued cyclic p-contraction of Ciri¢
type, as well as convergence theorems for Picard iteration to these fixed points
are proved. This study also deals with data dependence of the fixed point,

well posedness of the fixed point problem and sequences of operators and fixed
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points. We will state a Maia type theorem regarding Ciri¢ type generalized
contractions defined on cyclic representations.

The original contributions in the first section are the following results:

e Theorem 2.1.5 extends fixed point results for contractive operators defined
on cyclic representation of the space;

e Theorem 2.1.7 is a result concerning the well posedness of the fixed point
equation;

e Theorem 2.1.8 studies the data dependence of the fixed point equation;

e Theorem 2.1.9 is a convergence result of a sequence of fixed points of a
sequence of operators uniformly convergent to the given Ciri¢ type generalized
contraction;

e Theorem 2.1.10 is a Maia type fixed point theorem for cyclic p-contraction
of Ciri¢ type.

The results presented in the first section are included in the following paper:
Magdag [33].

In the second section we present a Perov type theorem for cyclic oper-
ators. Our approach is based on Perov’s fixed point theorem (see Theorem
2.2.3), in spaces endowed with vector-valued metrics.

The original contributions in the second section are the following results:

e Theorem 2.2.5 is the main result, an extension of Theorem 1.3.1 and
Theorem 1.3.12 in a space endowed with a vector-valued metric;

e Theorem 2.2.6 states a result regarding the data dependence of the fixed
point equation;

e Theorem 2.2.7 studies the well posedness of the fixed point equation;

e Theorem 2.2.8 studies the existence and the uniqueness of the solution
of a system of Fredholm type of integral equations; the solution of the system
can be obtained by the successive appoximation;

e Theorem 2.2.9 is a result concerning the data dependence of the solution
of the given system of Fredholm type of integral equations;

e Theorem 2.2.11 studies the existence and the uniqueness of the solution
of a system of Volterra type of integral equations.

The results presented in this section are contained in the following paper:
Magdas [36].

In the third section we study the coupled fixed point problem for single-
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valued contraction type operators defined on cyclic representations of the
space.

The original contributions in the third section are the following results:

e Theorem 2.3.2 is the main result which generalize theorems 1.5.9, 1.5.11,
1.5.13, 1.5.15; our result provides an iterative method for approximating the
strong coupled fixed point and estimations which allow us to study qualitative
properties of the coupled fixed point set;

e Theorem 2.3.4 studies the well posedness property of the coupled fixed
point problem;

e Theorem 2.3.5 studies the data dependence of the coupled fixed point
problem;

e Theorem 2.3.6 is a convergence result of a sequence of strong coupled
fixed points of a sequence of operators uniformly convergent to the given cyclic
coupled ¢-contraction of Ciri¢ type;

e Theorem 2.3.8 studies the generalized Ulam-Hyers stability for the cou-
pled fixed point problem:;

e Theorem 2.3.9 studies the existence and the uniqueness of the solution
of a system of Fredholm type of integral equations;

e Theorem 2.3.11 studies the generalized Ulam-Hyers stability of the given
system,;

e Theorem 2.3.12 studies the existence and the uniqueness of the solution
of a system of Volterra type of integral equations.

The results presented in this section are contained in the following paper:
Magdasg [35].

2.1 A study of the fixed point problem
for Ciri¢ type single-valued operators
satisfying a cyclic condition

The purpose of this section is to investigate the properties of some Ciri¢ type
generalized contractions defined on cyclic representations in a metric space.
Following the work of Kirk, Srinivasan and Veeramani in [29], many authors

studied the existence, uniqueness and qualitative properties of the fixed point
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of a cyclic operator.

Zamfirescu’s theorem (see [81]) is a generalization of Banach’s, Kannan’s
and Chatterjea’s fixed point theorems. Petric and Zlatanov asserted the follow-
ing result for cyclic operators, generalizing Zamfirescu’s fixed point theorem.

Theorem 2.1.1. (Petric, Zlatanov [50]) Let (X,d) be a metric space, m a

positive integer, Ay, ..., A, € Py(X), and let f : UA" — U A; be a cyclical
i=1 i=1
operator, that is f(A;) C A, for 1 < i < m, where A, = Ay, Suppose

1
that there exist real numbers a € [0,1),b,c € [0, 5) such that for each x € A;,

y € Ajvq at least one of the following is true:

(1) d(f(z), f(y)) < ad(z,y);

(22) d(f(x), f(y)) < bld(z, f(x)) +d(y, f(y)];
(23) d(f(2), f(y)) < cld(z, f(y)) + d(y, f(z))].
Then:

(1) f has a unique fized point x* € ﬂ A; and the Picard iteration (z,)nen
i=1

given by (1.3.1) converges to z* for any starting point xy € UAi'
i=1
(2) the following estimates hold:
)\n

d(an, 2*) <
(@0, 2") < 75

d(x07w1); n Z Oa
. A\
d<mn+17 x ) < d('rna $n+1)7 n 2 07

1=

(3) the rate of convergence of Picard iteration is given by:
d(xp, %) < Md(zp-1,2%), n>1

b c
here \ = —_— .
where max{a,l_b,l_c}
Pacurar and Rus presented in [44] a fixed point theorem for cyclic -

contractions.

Definition 2.1.2. (Pacurar, Rus [44]) Let (X, d) be a metric space, m a pos-
itive integer, Ay,..., A, € Py(X),Y € P(X) and f : Y — Y an operator.
If

m
(i) U A; is a cyclic representation of Y with respect to f;
i=1
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(ii) there exists a comparison function ¢ : R, — R, such that

d(f(z), f(y)) < p(d(z,y)),

for any v € A;, y € Ajvq, 1 < i < m, where A,,,1 = Ay, then f is a cyclic

p-contraction.

Theorem 2.1.3. [44] Let (X,d) be a complete metric space, m a positive
integer, Ay, ..., A, € Py(X), Y € P(X), ¢ : Ry — Ry be a (¢c)-comparison
function, and f :Y — Y be an operator. Assume that:

(i) U A; 1s a cyclic representation of Y with respect to f;

i=1
(i1) f is a cyclic p-contraction.

Then:

(1) f has a unique fized point x* € ﬂ A; and the Picard iteration (x,)nen
i=1
given by (1.3.1) converges to x* for any starting point xo € Y.

(2) the following estimates hold:
d(l‘n,l‘*) < 8((,0”(61(1‘0,1’1))), n =1

d(xp, %) < s(d(xp, Tpy1)), n > 1;

(3) for any x € Y:
d(x,2") < s(d(z, f(z))),

where s is given by (1.2.1) in Lemma 1.2.3.
Further on we present the notion of cyclic ¢-contraction of Ciri¢ type.

Definition 2.1.4. (Magdag [33]) Let (X,d) be a metric space, Y € P(X),
f:Y =Y be an operator, m € N*, Ay,... A, € Py(X). If

(i) U A; is a cyclic representation of Y with respect to f;
i=1
(ii) there exists a strong comparison function ¢ : R, — R, such that

d(f(x), f(y)) < p(M(z,y)),

for any z € A;, y € Aivq, 1 < i < m, where A,,;1 = A; and M(z,y) is given
by (1.3.2), then f is said to be a cyclic ¢-contraction of Ciri¢ type.
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The main result of this section is the following theorem which generalizes
some similar results for Ciri¢ type operators (see Petrusel [52], Rhoades [66]),
in the case of a cyclic condition (see Petric [47]). Also, the following theorem
generalizes Theorem 2.1.1 and Theorem 2.1.3.

Hereinafter we present an extended study of this theorem, study in con-
nection with data dependence, well posedness of the fixed point problem, limit

shadowing property and sequences of operators and fixed points.

Theorem 2.1.5. (Magdas [33]) Let (X,d) be a complete metric space, m be
a positive integer, Ay, ..., Ap € Py(X), Y € P(X), ¢ : R, — R, be a strong
comparison function, and f 1Y — Y be an operator such that U A; is a cyclic

i=1
representation of Y with respect to f. Assume that f is a cyclic p-contraction

of Cirié type.
Then:

(1) f has a unique fized point x* € ﬂAi and the Picard iteration (x,)n>0
i=1
given by (1.3.1) converges to x* for any starting point xo € Y;

(2) the following estimates hold:

d(xn’x*) < 8(@n(d<x07$1>>)7 n > 0;

d(n, 2%) < 8(d(2n, Tnia)), 12 0;
(3) foranyx €Y,
d(z,2%) < s(d(z, f(x))),
where s is given by (1.2.1) in Lemma 1.2.3;

(4) Zd(xn,xn+1) < 00, i.e., [ is a good Picard operator;

n=0
(5) Zd(xn,x*) < 00, i.e., [ is a special Picard operator.
n=0

Proof. (1) Let g € Y, x, = f(x,_1), for n > 1. Then we have:

(), o) <o (e { o122, o 110, s, ) ).
(2.1.1)
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Using the triangle inequality,

1
_d(xn—ly $n+1) S

5 [d(xp—1,Tpn) + d(Tp, Tpi1)]

1
2
S max{d(xn_1, xn); d(xnv ZD,H_l)}

the inequality (2.1.1) becomes:

Ad(Tp, Try1) < p(max{d(Tp—1,2n), d(Tp, Tny1)}).

Supposing that there exists p € N, p > 1 such that
d(@p-1,1p) < d(Tp, Tpi1),

and taking in consideration that ¢ is a comparison function, from (2.1.1) we

have:
d(wp, Tpi1) < @(d(Tp, Tp11)) < d(Tp, Tpi1),

which is a contradiction.
It follows that d(x,_1,2,) > d(z,, Tpi1), for any n > 1, thus (2.1.1) be-
comes
(X, Tnt1) < o(d(Tp_1,2n)). (2.1.2)

Using the monotonicity of ¢, for any n > 0 we have

d(x, Tna1) < @"(d(xg, 21)). (2.1.3)
For p > 1 and n > 0 we infer

A(T, Tp) < @ (d(m0, 1))+ 0" H(d(20, 1))+ . .+ " P Hd (20, 71)), (2.1.4)
and denoting S, Z ©"(d(xg, x1))

d(:L‘n, $n+p> S Sn+p,1 — Snfl. (215)

As ¢ is a strong comparison function,

o

(
E " (d(zo,21)) < 00,
k=0

so there is S € R, such that lim S, = S.

n—oo
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Using (2.1.5), d(xp, Tpyp) — 0 as n — oo, which means that (z,)nen is
a Cauchy sequence in the complete subspace Y. So the sequence (z,)nen is
convergent to a x* € Y.

The sequence (z,,),en has an infinite number of terms in each A;, i = 1,m,
so from each A; one, we can extract a subsequence of (z,),en Which converges

to x* = lim xz,.
n
n—oo

Because A; are closed, it follows x* € ﬂ A,
i=1
We have to show that z* = f(z*).

Assuming the contrary, for n sufficiently large,
1
max{d(xn,x*),d(mn,xn+1),d(a;*,f(:r;*)), —[d(xn,f(:c*))—l—d(x*,xn+1)]}

2
— d(a", f(x")).
It follows that

d(a”, f(2%)) < d(@", wpga) + d(@nga, [(27) <d (@7, 2npn) +

({2, o). (s, S0, 1))+ )]

— d(a* ) + p(d(a", f(a")).

By letting n — oo, we deduce that d(z*, f(z*)) <@(d(z*, f(z*))), which is a
contradiction.

It remains to study the uniqueness of the fixed point. If 2* and y* are two
fixed point of f then

d(z”,y*) = d(f ("), f(y")) < pld(z7,y7)).

¢ is a comparison function so we obtain d(z*,y*) = 0.
We still have to prove that the Picard iteration converges to x* for any

initial guess x € Y. Note that
d(x'fl—i-hx*) = d(f($n>, f(l'*))

gso(max{d(xm ), d(Tn, Tngr), d(z, f(27)), %[d(mn, fla*)+d(a*, xnﬂ)]}) .

If we denote a,, = d(z,,z*), n € N, the above relation becomes

1
pg1 < @ (max {am d(xy, Tni1), 0, Q(a” + am_l)}) )
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1
Using the fact that é(an + apy1) < max{ay,, ani1}, we get

Ap+1 S Qp(max{a’m Ap+1, d(xna In—l—l)})-

But max{a,, a,i1,d(xn, xni1)} # any1, otherwise we would have a,; <
©(an+1), contradicting the assumption that ¢(t) < t, for any ¢ > 0.

Consequently,
any1 < p(max{a,, d(x,, r,41)}), for any n € N. (2.1.6)

The following cases need to be analysed:
a) There exists k € N such that ay < d(xg, Tri1).
For n = k, the inequality (2.1.6) becomes

ary1 < o(d(Th, Thi1)).
For n = k + 1, using (2.1.2), the inequality (2.1.6) becomes
agt2 < p(max{ap1, d(Tri1, Th2)})

< p(max{agi1, p(d(zk, Tp11))})
< @ (d(zg, T41))-

By induction, we obtain
Gy < @ (d(r, 00)) (2.1.7)

and by letting p — oo, the sequence {a,},>¢ converges to 0.
b) For any n € N, a,, > d(x,,, Zp11).
The inequality (2.1.6) becomes

ani1 < p(ay), for any n € N,

so an < ¢™(ap), which implies again a,, — 0, as n — oc.

(2) By letting p — oo in (2.1.4), we obtain the a priori estimate
d(xp, %) < s(p™(d(xg,x1))), for any n > 0.
Using (2.1.2) and the monotonicity of ¢, we have

d(l’n, xn-{—p) S d(l‘na xn—&—l) + d($n+1, xn+2) +...+ d<xn+p—17 xn—&—p)

bS]
—

IN

Spk(d(xm xn—l-l))?
0

i
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and letting p — o0,
d(xp, x Z d(xp, Tps1)), n > 0. (2.1.8)

k=0

Considering the definition of s, this yields the a posteriori estimate
d(zp, 2") < s(d(xy, xni1)), for any n > 0.

(3) Let z € Y. From (2.1.8), for xy := x we have:

[e.o]

<D (e

(4) Using the inequality (2.1.3),

Zd (T, 1) < Z d(zg, 1)) = s(d(xg,x1)) < o0.
n=0
(5) We use the inequality (2.1.6), i.e.,

An41 S go(max{an, d(l‘n, xn-l-l)})a

for any n € N, where a,, := d(z,,2*). We need to discuss two cases.
a) If there exists k € N such that a; < d(xg, 1), then the inequality (2.1.7),
ie.,

Apyp < ‘Pp(d(xkaxk-i-l))

holds for any p € N. Then

o0

Z ak<Z<P d(xy, Tpy1)) < 00,

n=k+1

SO .
Z d(x,, ") < 00
n=0
b) If a,, > d(xp, xp11), for any n € N, then (2.1.6) becomes
An41 S QD(CLTL), for any n € Na

which implies a,, < ¢™(ap).

Then - -
Zan < Zap (ag) < o0
n=0 n=0
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SO again

]

Remark 2.1.6. For a related result obtained by a different method, concerning
the existence and uniqueness of the fixed point, we mention the paper [27]. Our
results extend the above mentioned theorem for an extensive study of the fixed

point problem.

The next result gives the well posedness property for the fixed point prob-
lem. For the concept of well posedness for the fixed point problems see Reich,
Zaslavski [65].

Theorem 2.1.7. (Magdas [33]) Let f:Y — Y be as in Theorem 2.1.5. Then
the fized point problem for f is well posed, that is, assuming there exist z, € Y,
n € N such that

d(zn, f(2n)) = 0 as n — o0,

this implies that

Z, — X" as n — 0o,

where Fy = {z*}.

Proof. Using the inequality d(z,z*) < s(d(z, f(z))) from Theorem 2.1.5, for
x = z,, we have:

d(zn, 2") < 5(d(zn, f(2n))), n €N,
and letting n — oo we obtain
d(zn, ") — 0, n — oo.
O

Theorem 2.1.8. (Magdas [33]) Let f : Y — Y be as in Theorem 2.1.5, and
g:Y — Y be such that:

(i) g has at least one fized point x;, € Fy;

(1) there exists n > 0 such that

d(f(x),g(x)) <n, for any x €Y.

Then d(x%, ;) < s(n), where Fy = {x}} and s is defined in Lemma 1.2.3.
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Proof. By letting x := z in the inequality d(z,z*) < s(d(z, f(x))), we have

d(ay, wg) < s(d(ay, f(x,))) = s(d(g(xy), f(x5))).
Using the monotonicity of s we obtain d(z},x;) < s(n). O

Theorem 2.1.9. (Magdas [33]) Let f : Y — Y be as in Theorem 2.1.5 and
fn:Y =Y neN be such that:
(i) for each n € N there exists x}, € Fy, ;

(11) (fn)nen converges uniformly to f.

Then x} — x* as n — oo, where Fy = {x*}.

Proof. As (fn)nen converges uniformly to f, there exists 1, € R, , n € N such
that n, — 0, n — oo and d(f,(z), f(x)) <y, for any z € Y.
Using Theorem 2.1.7 for g := f,,, n € N, we have

A, a) < s(1a), m €N,

By letting n — oo above, we get d(z,,z*) — 0. ]

The following theorem is a Maia type result regarding Ciri¢ type generalized

contractions defined on cyclic representations.

Theorem 2.1.10. (Magdas [33]) Let X be a nonempty set, d and p be two
metrics on X, m a positive integer, Ay,..., A, € Py(X), Y € P(X) and
f:Y =Y be an operator. Assume that:

(1) there exists ¢ > 0 such that d(x,y) < c- p(x,y), for any z,y € Y;

(ii) (Y,d) is a complete metric space;

(1i3) f:(Y,d) — (Y,d) is continuous;

() f:(Y,p) = (Y,p) is a cyclic p-contraction of Cirié type.

Then f has a unique fixed point x* € ﬂ A; and the Picard iteration (x,,)nen

=1

given by (1.3.1) converges to x* for any starting point xo € Y.

Proof. By the same reasoning as in Theorem 2.1.5, using condition (iv), we
obtain that (x,)nen is a Cauchy sequence in (X p).

Using condition (i) it follows that it is Cauchy in (X, d) as well.

By (ii) and (iii) it is easy to prove that (x,)n,en converges to the unique
fixed point of f. O
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Remark 2.1.11. It is an open problem to find conditions under which the
operator f:Y — Y defined as in Theorem 2.1.5 has the Ostrowski’s stability
property that is, if Fy = {z*} and for any sequence (2z,)nen C Y, with the

property d(zn+1, f(z,)) — 0 as n — oo, we have

Z, — ¥ as n — 0o.

2.2 Perov type theorems for cyclic

contractions

The aim of this section is to prove a fixed point theorem of Perov type for cyclic
contractions on complete generalized metric spaces. Then, as applications, we
will study the existence, uniqueness and approximation of the solution for a
system of Fredholm type of integral equations, as well as the continuous depen-
dence phenomenon of the given system. Also, we will study the existence and
uniqueness of the solution for a system of Volterra type of integral equations.

The matrices convergent to zero were used by Perov and Kibenko [45] to
generalize the contraction principle in the case of metric spaces with a vector-

valued distance.

Theorem 2.2.1. (Varga [79], Rus, A. Petrugel, G. Petrugel [70])
Let S € M,(Ry). The following statements are equivalent:
(i) S is a matriz convergent to zero, that is S* — 0 as k — +oo;
(ii) S*x — 0 as k — +o0, V o € RP;

(111) I, — S is non-singular and
(I,—=S)'=IL+S+5*+... (2.2.1)

(iv) I, — S is non-singular and (I, — S)~' has nonnegative elements;

(v) A € C, det(S — AI,) =0 implies |\| < 1.

Definition 2.2.2. (Rus, A. Petrusel, G. Petrusel [70]) Let (X, d) be a metric
space with d : X x X — RE a vector-valued distance and f : X — X. The
operator f is called an S-contraction if there exists a matrix S € M, (R} ) such
that:
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(i) S is a matrix convergent to zero;

(i) d(f(z), f(y)) < Sd(z,y), V x,y € X.

Theorem 2.2.3. (Perov, Kibenko [45]) Let (X, d) be a complete metric space
with d : X x X — RE a vector-valued distance and f : X — X be an S-
contraction. Then:

(i) f has a unique fized point x* € X;

(ii) f*(x Ly 2% as k — 400, for all z € X;

(iii) d(f*(x),z*) < S¥(I, — S)~Yd(z, f(x)), for all x € X and k € N;

(iv) d(z,z*) < (I, — S)~'d(z, f(x)) for allz € X.

We recall the following notion, introduced in [36], suggested by the considera-

tions in [29].

Definition 2.2.4. (Magdas [36]) Let (X, d) be a metric space with d : X xX —
RE a vector-valued distance, Ay,..., A, € Py(X) and f : X — X be an

operator. If:

m
(i) U A; is a cyclic representation of X with respect to f;
i=1
(ii) there exists a matrix S € M, (R, ) convergent to zero such that

d(f(z), f(y)) < S-d(x,y), for any x € A;, y € Ajy1, where A, 11 = Ay,
then, by definition, we say that f is a cyclic S-contraction.

The main result of this section is the following theorem which generalizes
the Perov fixed point Theorem 2.2.3, in spaces endowed with vector-valued

metrics.

Theorem 2.2.5. (Magdag [36]) Let (X, d) be a complete metric space with d :
X x X — RE avector-valued distance, Ay, As, ..., Am € Pa(X). If f: X - X
18 a cyclic S-contraction then the following statements hold:

(1) f has a unique fized point z* € ﬂ A; and the Picard iteration (z,)nen

i=1
given by
Tpn = f(xn71>7 n > 17

converges to x* for any starting point xq € X;

(2) the following estimates hold:
d(x,, z*) < S™(I, — S) 'd(zg,z1), n > 1; (2.2.2)
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d(z,, 2*) < (I, — S) 'z, Tpi1), n > 1; (2.2.3)

(3) for any x € X,

d(z,x*) < (I, — S) " d(z, f()). (2.2.4)

Proof. (1) d([)?n,:)?n+1) = d(f(xn—l)a f(xn)) < Sd(l‘n—hxn)
S Ce S Snd(l‘o,l’l)
For k > 1 we have

d(T, Tpir) < S"d(zo, 21) + S"Hd(zo, 1) + ... A ST (2, 1)
=S"(L,+ S+ S*+ ...+ S Nd(zg, 1)
< S™(I,+ S+ S*+...)d(zo, 1)
= S"(I, — S)'d(wg, 1) — 0 as n — oo, (2.2.5)

which means that (z,,),en is a Cauchy sequence.
(X,d) is a complete metric space, so the sequence (z,),en is convergent to a
q € X.

The sequence (z,),>0 has an infinite number of terms in each A;, i = 1,m,
so from each A; one we can extract a subsequence of (x,,),>o which converges

to ¢ = lim x,.
n—oo

Because A; are closed, ¢q € ﬂ A;, so ﬂ A; # 0.

=1 =1

Let be the restriction f‘ ﬂ A — ﬂ A;.

’L

ﬂ A; is also complete. Applying Perov’s theorem, f ‘ has a unique fixed
=1
point, which can be obtained by means of the Plcard 1terat10n starting from

any initial point.
It remains to prove that the Picard iteration converges to x*, for any initial

guess T € X.

d(ni1,27) = d(f (), f(27)) < Sd(zn, 27)

. < S"d(xg, %) — 0 as n — oo.

IN
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Then for any n € N, k > 1, we have

d(xp, Tpag) < d(Xp, Tong1) + d(Tpat, Toao) + - oo+ d(Tpak—1, Tnak)
< d(2n, Tpi1) + Sd(n, Tpir) + ...+ SN (2, 20y
=L, +S+...+ SN d (2, Ty
< (I, — S) td(z, Tpia). (2.2.6)

Using the statement (iii) from Theorem 2.2.1, by letting k£ — oo in (2.2.5)
and (2.2.6) we obtain the estimates (2.2.2) and (2.2.3).
(3) Let x € X. For n =0, x¢ := x, the a posteriori estimate (2.2.3) becomes

d(z,2%) < (I, — S)d(z, f(2)).
O

The conclusions of Theorem 2.2.5 are useful to study the data dependence

and the well posedness of the fixed point of a cyclic S-contraction.

Theorem 2.2.6. (Magdas [36]) Let f: X — X be as in Theorem 2.2.5 with
Fy={a}}. Let g: X — X be an operator such that:

(i) g has at least one fized point z};

(1) there exists n > 0 such that

d(f(x),g(x)) <n, for any z € X.

Then d(x%,x) < n(l, —S)~".

Proof. By letting x := x in the inequality (2.2.4), we have
d(xy,73) < (I, = 8)Hd(y, f(x})) = (I, — S)"'d(g(ay), f(z))
< (]p -
O

Theorem 2.2.7. (Magdag [36]) Let f : X — X be as in Theorem 2.2.5. Then
the fixed point problem for f is well posed, that is, assuming there exist z, € X,
n € N such that d(z,, f(z,)) = 0, as n — oo, this implies that z, — z*, as
n — oo, where Fy = {x*}.
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Proof. By letting x := z,, in the inequality (2.2.4), we have
d(zn, 2*) < (I, — S)'d(2,, T2,), n €N
and letting n — oo we obtain d(z,,z*) — 0, n — oo. O

Further on we apply the results given by Theorem 2.2.5 to study existence
and uniqueness of the solutions of the following system of Fredholm type in-

tegral equations:

b
n(t) = / Gi(t, ) fu(s, 21(s), 25(5))ds
a L tela] (2.2.7)

2a(t) = /ab Galt, ) fols, 71(), 72(s))ds
where a,b € R, a < b,
G1, Gy € C([a, ]  [a, 8], [0, 00)),
fi.fo € C(la,b] X R x R).

Theorem 2.2.8. (Magdas [36]) We suppose that:
(1) there exist oy, B € Cla,b], myg, My € Rymy < ay(t) < Bi(t) < My, for
any t € [a,b], such that for k € {1,2},

b
a(t) < / Gilt, ) fuls, Br(5), Bals))ds
¢ , for any t € [a,]. (2.2.8)

b
Bu(t) = / Gi(t, ) (5, 0n(5), 0a(s))ds
(1) there exist ay, by, as,by € Ry such that

|f1(37U1,U2) - f1(3,01,02>| < a1|U1 - Ul| + Cl2|U2 - U2|7

(2.2.9)
| fa(s,u1, u2) — fa(s,v1,v2)| < brluy — vi| + balug — val,

for any s € [a,b] and ug, v, € R, with

up < M, U > My,
or for ke {1,2};
Vg = My, v < M,

b
(117) sup / Gi(t,s)ds <1 for k € {1,2};

tela,b]
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(v) fi is decreasing in each of the last two variables, that is,
Uy, U2, V1, V2 € R? Uy S U1, U2 S Vg = fk(57u>v) 2 fk<3,U2,'U2),

for any s € [a,b], and k € {1,2};
ay; as

bi by
Then the system (2.2.7) has a unique solution

z* = (z3,23) € C([a,b],R?), with ay, < x} < By, for k € {1,2}.

This solution can be obtained by the successive approximations method,

(v) the matriz S = (

> CONVETGES to zero.

starting at any element 2° € C([a,b], R?). Moreover, if ™ is the n'* successive

approximation, then we have the following estimation:
lo* = 2| < S™(L = 8) 72" — 2,
where

[ee]
lz|| = and |z|s = max |z(t)|.
|x2|oo t€(a,b]

Proof. Let us denote
X = (Cla,b], | |e), Z =X xX,
|$1|m

I-1:Z = R? |zl = [|(z1, 22) || =
|~T2‘oo

Then (Z,]| - ||) is a generalized Banach space.

We consider the following closed subsets of X:
Ay ={(x1,22) € Z | 2 < By, k € {1,2}},

Ay ={(z1,22) € Z | 2 > o, k€ {1,2}},

and the operator T': Z — Z,
(x1,29) = x+— Tx = (T1z, Thx),

Tyx(t) ::/ Gr(t,s) fe(s, z1(s), xa(s))ds, for k € {1,2}. (2.2.10)

The system (2.2.7) is equivalent with the equation Tx = x.
We will prove that A; U Ay is a cyclic representation of Z with respect to T
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Taking z = (21, x2) € A; we have z4(s) < Bi(s), V s € [a,b], for k € {1,2}.

Using the monotonicity of f; we have

Gr(t, s) fr(s,z1(8), 22(8)) > Gi(t,s) fr(s, B1(s), B2(s)), for k € {1,2}

and from (i), by integration,

/b Ga(t, 8) fuls, 21 (s), wa(s))ds > an(t),
which means that
Trx(t) > ag(t), Yt € [a,b], for k € {1,2} = Tz € A,.
So TA; C A,. In a similar way we have T Ay C A;.

Using the conditions (ii) and (iii) we have

T (t) = Try(t)] S/ Gi(t, 8)|frls, 21(s), 22(s)) = fu(s,01(s), y2(s))[ds

< / G, s)(arlzi(s) = y1(s)] + bklwa(s) — ya(s)|)ds

b
< / Gt ) (aple1 — v oo + bels — ol ) ds
< apr1 — Y1loo + bk|T2 — Yo|oe, V T € [a,b].

We infer
T — Thyloo < arlz1 — Y1]oo + bil2 — Y2|oos

which implies
|The — Thy|eo 171 — Y10
S

|Tox — Toy|oo T2 — Ya]oo

so we have
|Tx — Tyl| < S|z —yl|, for any (z,y) € Ay x Ay,

and by the condition (v) it results that the operator 7" is a cyclic S-contraction.
All the conditions of Theorem 2.2.5 are satisfied, so T" has a unique fixed

point
z* = (2], 25) € A1 N Ag, with oy <z < B, for k € {1,2}.
This finishes the proof. O
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Further on we study the continuous dependence phenomenon for the system
(2.2.7).

We consider the perturbed system of integral equations

b
m@%=/1ﬂﬁﬁwﬂ&m®%m@D®
@ (2.2.11)

w@%=/1ﬂ@ﬁwﬂ&m@%mﬁﬁﬁ

where
Hy, Hy € C(la,b] X [a,b],[0,00)), ¢g1,92 € C([a,b] x R x R).

Theorem 2.2.9. (Magdas [36]) We suppose that the conditions of Theorem
2.2.5 are satisfied and we denote by x* the unique solution of the system of
integral equations (2.2.7).

If y* € C([a,b],R?) is a solution of the perturbed system of integral equa-

tions (2.2.17), and
b
sup / H(t,s)ds <1,
t€la,b] J a

then we have the following estimation:
2" — y*|lee < (2 = S) ' (n+7), (2.2.12)
where n = (n1,12), T = (11, T2) and

e = sup{|fe(s,w0)] | 5 € [ab], w0 € R},
for ke {1,2}.
e = sup{lga(s, u,)| |5 € [a,8], w0 € R},

Proof. We consider the operator T : Z — Z attached to the system (2.2.7),
defined by the relation (2.2.16).

Let U : Z — Z be an operator attached to the perturbed system (2.2.17)
and defined by the relation:

(1, y2) = y = Uy = (Ury, Usy),

b
Ury(t) ::/ Hi(t,8)gr(s,y1(s), y2(s))ds, for k € {1,2}.

We have
|Tyx(t) — Ugx(t)| < / Gr(t, s)| fr(s,x1(s), x2(s))ds
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b
+ [ Halt)lgu(s. (). () ds

b b
< nk/ Gi(t,s)ds + Tk/ Hy(t,s)ds < mp + 1k, ¥Vt € [a,b], for ke {1,2},

which implies
|Tpx — Upx|oo < mp + 1, for k € {1,2}.
We conclude

|Tx —Uzx|| <n+71, V2eZ

The conditions of Theorem 2.2.6 are satisfied, so the estimation (2.2.18) is

proved. O

Remark 2.2.10. A similar approach can be achieved for a system of Volterra
type integral equations using, instead of the supremum norm, the Bielecki type

norm approach. For example, we have the following result.

Theorem 2.2.11. Considering the following system of Volterra type integral

equations:

x1(t) :/ G1(t,s) fi(s,x1(s), xa(s))ds
@ , € la,bl, (2.2.13)

xo(t) :/ Go(t, s) fa(s, x1(s), xa(s))ds
where a,b € R, a <,
G1,G3 € C([a,b] x [a,b],]0,00)),

f1,f2 c C’([a,b] x R x R),

we suppose that:
(i) there exist ag, B € Cla,b], my, My € Rymy < ag(t) < Br(t) < My, for
any t € [a,b], such that for k € {1,2},

anlt) < / Gi(t,$) fuls, Br(5), Bals)ds

: , for any t € [a,b].  (2.2.14)
Br(t) = / Gr(t,s) fu(s, ai(s), aa(s))ds
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(ii) there exist ay, by, as, by € Ry such that
|fi(s,ur,u2) — fi(s,v1,v2)| < arfur — v1| + az|us — vol,
| f2(s;ur, u2) = fa(s, 01, v2)| < brluy — vi] + ba|ug — val,
for any s € [a,b] and ug, v, € R, with

up < My, U = My,
or for ke {1,2};
U = my v < My,

(111) fi is decreasing in each of the last two variables, that is,
Uy, Uz, V1, V2 S R? Uy S V1, U2 S (%] = fk(S,U,'U) 2 fk(S,UQ,'UQ),

for any s € [a,b], and k € {1,2}.
Then the system (2.2.13) has a unique solution
r* = (27, 23) € C([a,b], R?), with ay, < xf, < By, for k € {1,2}.

Proof. Let us denote

X = (Cla,b],| - |5), Z=X x X,

9 71| 5
-1l = 2 = R, lzlls = [[(z1, 22)[| = :
72| B
where
|z|p = max (|z(t)]e” "), 7 > 0.
t€[a,b]
Then (Z,] - ||g) is a generalized Banach space.

We consider the following closed subsets of X:
Ay = {(z1,22) € Z | 21, < By, k€ {1,2}},

Ay ={(z1,22) € Z | mp > au, k € {1,2}},

and the operator T': Z — Z,

(x1,29) =z Tx = (Ty1z, Trx),
Trx(t) ::/ Gr(t, s)fr(s,z1(s), x2(s))ds, for k € {1,2}.
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The system (2.2.13) is equivalent with the equation Tx = x.
We will prove that A; U Ay is a cyclic representation of Z with respect to T'.

Let = (z1,22) € A1 = zx(s) < Br(s), ¥V s € [a, b], for k € {1,2}.

Using the monotonicity of f; we have
Gr(t,s) fe(s, z1(s), xa(8)) > G(t, 8) fr(s, B1(s), B2(s)), for k € {1,2}
and from (i), by integration,

/ Giult, ) (s, 2 (), 2a(s))ds > (),

we have
Trx(t) > ag(t), YVt € la,b], for k € {1,2} =

which means that Tz € Ay. So TA; C A,.
In a similar way we have T Ay C A;.
Using the condition (ii), for k € {1,2} we have

[T (t) — Thy(?) |</ Gi(t, 8)|frls, 21(s), 22(s)) = fu(s,1(s), y2(s))[ds

/ Gi(t, )(axl1(s) — w1 ()] + bylera(s) — o))

< / Gr(t,s)(arT1 — y1| B + belzs — 12| B)e™ "V ds

a

t
< (aglx1 —y1|p + bi|z2 — y2|B)/ Gi(t, s)e™* " ds
t
< Mg(aglzr — y1|B + bz — 3/2’B)/ ™" ds

1 —a
= MG(ak|.iE1 - yﬂB + bk|.iE2 — yQIB);[eT(t ) 1]
—_ —a
< TG(ak\l"l —y1lB + bilze — y2|B)e”™ Y, V t € [a, D],

where Mg = maxb]{Gl(t ,8), Ga(t, s)},
t,s€la
which implies

M,
T (t) — Try(t)e ™) < TG(CLH% —y1lp + bilze — y2[B), V1t € [a,b].

We infer
Mg
|Thr — Try|p < T(ak\wl — 1| + bk|z2 — 12]B),
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which means

T — Tyl M, |z1 — 1|B
<=¢.5. ,where S = o)

|Tha — Thy|p T |2 — yolB bi b

So we have

M,
Tz — Ty|lp < TG -S|l —yls, for any (z,y) € Ay x Ay, (2.2.17)

Hereinafter we will study for which values of 7 > 0 the matrix % =S
converges to zero. "
According to Theorem 2.2.1, this condition is equivalent to
Mg

T

det(—2 .S —\L) =0,A e C (2.2.18)

imply |\ < 1.
The equation (2.2.18) is equivalent to
M, Mg\?
22— G (S + (—G) -det(S) = 0.
T T

We have to discuss two cases:
1) A<0e (tr(S )2—4det( ) < 0.

A2 <1< ( ) ldet(S)| < 1< 7> Mg/det(S).
2) A >0« (tr(S )2—4det (S) > 0.
S) = \/(tr(5))? — adet(S)

‘)\1’2’ <le&e <1

T > % 'tr(S) +/(tr(9))* - 4det(8)‘ .

Thus, if we choose

M,
T > Tcmax{ 4det (S

|er(s) £ /() - 4det(S)‘} ,

M,
then the matrix —2 - § converges to zero.
T

M,
By (2.2.17), the operator T is a ¢ . § - contraction.
T
All the conditions of Theorem 2.2.5 are satisfied, so T" has a unique fixed
point

r* = (x],23) € Ay N Ay, with o < ) < By, for k € {1,2}.

48



Remark 2.2.12. Similar with the apriori estimation achieved in Theorem
2.2.8 for a system of Fredholm type integral equations using the supremum
norm approach, in the framework of a system of Volterra type integral equa-
tion using the Bielecki type norm approach can be achieved an estimation

depending of 7.

2.3 Coupled fixed point theorems for
single-valued cyclic contraction type

operators

The purpose of this section is to study the coupled fixed point problem for

single-valued cyclic contraction type operators:

If (X, d) is a metric space, A, B € P(X), F : X x X — X is a single-valued
operator satisfying the cyclic condition F(A x B) C B, F(B x A) C A, then
we are interested to find (z*,y*) € X x X such that

Fa®,y*) = =~

F(y*, x*) = y*.

(2.3.1)

The pair (z*,y*) is called coupled fixed point of the single-valued operator
F:XxX — X.If x* = y* then z* is said to be strong coupled fixed point of
F.

The approach is based on fixed point results for appropriate operators
generated by the initial problems.

The first aim of this section is to generalize Theorem 1.5.9, Theorem 1.5.11,
Theorem 1.5.13 and Theorem 1.5.15, weakening the contractive condition.
Also, we may observe that the assumption AN B # () from Theorem 1.5.9
and Theorem 1.5.15 is not necessary. We also prove the uniqueness of the
strong coupled fixed point and we provide an iterative method for approxi-
mating the strong coupled fixed point. On the other hand, some qualitative
properties of the coupled fixed point set, such as data dependence, generalized
Ulam-Hyers stability and well posedness are studied. Our approach is based on

the following idea inspired by the work of A. Petrusel in [55]: we transform the
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coupled fixed point problem into a fixed point problem for an appropriate op-
erator defined on a cartesian product of the spaces. In this way, many coupled

fixed point results can be obtained using classical fixed point theorems.

We introduce now the following concept.

Definition 2.3.1. (Magdas [35])

Let (X, d) be a metric space, A, B € Py(X),Y =AUBand ¢ : R, - R,
a strong comparison function. By definition, an operator F' : ¥ x Y — Y is
called a cyclic coupled p-contraction of Ciri¢ type if the following statements
hold:

(i) F is cyclic with respect to A and B;

(i)

A(F(z,y), F(u,0)) < o(M(z,0,, 1)), (2.32)

for any x,v € A and y,u € B, where
M (z,v,y,u) = max {d(m, w),d(v,y),d(x, F(x,y)),d(u, F(u,v)),d(v, F(v,u)),

dly. F(y, ). 5
1

Sld(y, F(v,0) + d(v, F(y,2))] }.

[d(z, F(u,v)) + d(u, F(z,y))],

The main result of this section is the following theorem which generalizes
Theorem 1.5.9, Theorem 1.5.11, Theorem 1.5.13 and Theorem 1.5.15.

Theorem 2.3.2. (Magdas [35]) Let (X, d) be a complete metric space, A, B €
PyX),Y=AUB and F: Y XY — Y a cyclic coupled p-contraction of Ciri¢
type. Then:

(1) F has a unique strong coupled fized point x* € AN B;

(2) for any (xg,y0) € A X B, there exists a sequence ((Tn, Yn))nen C X X X
defined by

Tp = F(ynfla xnfl)
, forn > 1,

Yn = F<xn—17 yn—l)
that converges to (x*,x*);

(3) the following estimates hold for any n € N:

max{d(z, r*), d(yn, %)} < s(¢™ (max{d(zo, (0, 0)), d(¥o, F(v0,70))})),
max{d(z,, z*), d(yn, z*)} < s(max{d(zn, Tps1), d(Yn, Yn+1)});
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(4) for any x,y € Y, d(x,z*) < s(max{d(z, F(z,v)),d(y, F(y,x))}), where

s is qiven by Lemma 1.2.5.

Proof. (1) — (2) Changing the roles between x and v and similarly for y and
u, the inequality (2.3.2) becomes:

d(F(v,u), F(y,z)) < o(M(v,z,u,y)), for x,v € Aand y,u € B. (2.3.3)

Obviously, M(z,v,y,u) = M(v,z,u,y). From the inequalities (2.3.2) and
(2.3.3) we obtain

max{d(F(z,y), F(u,v)),d(F(y,z), F(v,u)} < o(M(xz,v,y,u)). (2.3.4)
For z = (z,y) € A x B, w = (u,v) € B x A, denote
d*(z,w) = max{d(z,u),d(y,v)}. (2.3.5)

Then (X x X, d*) is a complete metric space.
Let f:Y xY =Y XY be defined by f(x,y) = (F(z,y), F(y,z)). We have:

[d" (2, f(w)) + d*(w, f(2))] =

= %max{d(x, F(u,v)),d(y, F(v,u))} + %max{d(u, F(z,y)),d(v, F(y,x))}

N —

> max { S{d(r, F(u,)) +d(u, Fa, )], 5ld(, Fv,0) +d(v, F(y,2))]}.
Using the above relation, from (2.3.4) we get
a(f(2), f(w)) < p((max {d"(z,w), @' (2, (2)), d*(w, f(w)),
LG fw) + G SN}, 280

forany z € Ax B, w € B x A.
Because FI(A x B) C B and F(B x A) C A, we have

f(Ax B)CBxAand f(Bx A) CAxB. (2.3.7)

(2.3.6) and (2.3.7) means that the operator f is a cyclic ¢-contraction of Cirié
type. Applying Theorem 2.1.5, there exists a unique z* = (z*,y*) € (Ax B)N
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(B x A) such that f(z*) = z* and the Picard iteration z, = f(z,-1),n € N*,

converges to z* for any starting point z5 € Y. So
Pl y') =

: (2.3.8)

where x*,y* € AN B.

From unicity of the pair (z*,y*) and the symmetry with respect to z* and y*
of the system (2.3.8) we conclude z* = y*.

Then F has a unique strict fixed point z* € AN B and for any starting point
(x0,Y0) € A X B there exists a sequence ((Zn,Yn))neny C Y X Y with

Ty = F(ynflyxnfl)
, n>1
Yn = F(xnflvynfl)

that converges to (z*, z*).

(3) By the second conclusion of Theorem 2.1.5,
d*(zn, (2%, 27)) < s(9"(d" (20, 21)))

and
d* (zn, (", 2%)) < s(d*(2p, 2nt1)), n > 0.

Hence

< s(p" (max{d(wo, F(v0,0)), d(yo, F' (Y0, 70))}))

max{d(x,, "), d(yn, z*)}
mac{d(zn, ), d(gn, 2°)} < 5(max{d(@n, Trsr), Ay, Gusr}), 7> 0.

(4) Using (3) from Theorem 2.1.5, for any (z,y) € Y X Y,

d*((z,y), (z%,27)) < s(d*((z, ), T(x,y)))-

Hence

max{d(z,z"),d(y,2")} < s(max{d(z, F(z,y)), d(y, F(y,2))}).
[l

Example 2.3.3. (Magdag [35]) Let X = R,d(x,y) = |z —y|,for any z,y € R,

3
A:[O,Q],B:[O,l],Y:AUB,F:Y><Y—>Y,F(a:,y):mg v
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It is easy to verify that F is cyclic with respect to A and B.
For any z,v € A and y,u € B,

r+3y u+3v
d(F(,y), Flu,v) = |52 - =]

jx—u  y—uv

19 3
1 10

< |Z(p— oy —

< |sle—w+F—v)
1 v+ 3u n Y+ 3z

=—|y— —
317 g 9
1

<< (|jy-rFw|+ o - F.2))
2 1

Then F is a cyclic coupled ¢-contraction of Cirié type, where ¢(t) = % - t.

The hypotheses of Theorem 2.3.2 are satisfied, so by Theorem 2.3.2, F' has
a unique strong coupled fixed point * € AN B. By calculation we get:

F(z*,z")=2"< 2" =0.

Our next theorem gives the well posedness property for the coupled fixed

point problem.

Theorem 2.3.4. (Magdas [35]) Let F': Y xY — Y be as in Theorem 2.3.2.
Then the coupled fixed point problem is well posed, that is, if there exists a
sequence ((an,by))neny CY XY such that

d(an, F(an,b,)) =0
as n — oo,

d(by, F(by,a,)) — 0

then a, — x* and b, — x*, as n — 0.

Proof. Using the inequality

d(z,z") < s(max{d(z, F(z,y)),d(y, F(y,))})
from Theorem 2.3.2 for x := a,, and next for x := b,, we have:

d(an, z*) < s(max{d(a,, F(an, b)), d(by, F(bn,an))}) en
d(by, z*) < s(max{d(b,, F(bn,a,)), d(an, F(an,b,))}) ’ ’
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and letting n — oo we obtain

d(an,z*) =0
, M — 0.
d(bp,x*) = 0

For the data dependence problem we have the following result.

Theorem 2.3.5. (Magdas [35]) Let F': Y xY — Y be as in Theorem 2.3.2.
Let G:Y XY —Y be such that:

(i) G has at least one strong coupled fized point xf;

(i) there exists n > 0 such that

d(F(z,z),G(xz,x)) <mn, for any x €Y.

Then d(z%, x§) < s(n), where x}. is the unique strong coupled fized point of F

and

s(t) = icpk(t), teR,.
k=0
Proof. By letting x := af, and y := zf, in the inequality
d(z,2") < s(max{d(z, F(z,y)),d(y, F(y,x))}),
we have
(g, vy) < s(d(zg, Frg, 2¢))) = s(d(G g, 2), Flrg, 1)),

and using the monotonicity of s we obtain

d(zp, v¢) < 5(n)-
[l

Theorem 2.3.6. (Magdas [35]) Let F : Y XY — Y be as in Theorem 2.5.2
and F,, Y XY =Y, n €N, be such that:

(i) for each n € N there exists a strong coupled fized point x% of F,;

(ii) (Fy,)nen converges uniformly to F.

Then lim x,, = x*, where x* is the unique strong coupled fixed point of F.
n—oo
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Proof. The sequence (F,),en converges uniformly to F.

Then there exist n, € R, n € N such that n, — 0 as n — co and
d(Fu(z,y), F(x,y)) <n, for any (z,y) € Y x Y.
Using Theorem 2.3.2 for G := F,,, n € N, we have
d(x,, %) < s(n,) as n — oc.

]

We will discuss Ulam-Hyers stability for the coupled fixed point problem cor-

responding to a cyclic operator.

Definition 2.3.7. (Magdas [35]) Let (X, d) be a metric space, Y € P(X) and
let I':Y xY — Y be an operator. The coupled fixed point problem
F(z,y) ==z

Fly,z) =y

is called generalized Ulam-Hyers stable if there exists ¢/ : R, — R, increasing,

,y €Y (2.3.9)

continuous at 0 and ¥ (0) = 0 such that for any ¢; > 0,65 > 0 and for any
solution (z,y) € Y X Y of the system

d(z, F(z,y)) < e

d(va(yax)) <&

Y

there exists a solution (z*,y*) of the coupled fixed point problem such that

d(x,z*) < (e)
d(y,y*) < (e)

, where ¢ = max{ey,¢e2} .

In particular, if z* = y*, then we have generalized Ulam-Hyers stability for the

strong coupled fixed point problem F(z,z) = x,z € Y.

Theorem 2.3.8. (Magdas [35]) Suppose that all the hypotheses of Theorem
2.8.2 hold. Then the coupled fized point problem (2.3.9) is generalized Ulam-
Hyers stable.
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Proof. By Theorem 2.3.2 we have a unique z* € Y such that F(z*, z*) = z*.
Let 1 > 0,69 > 0 and (Z,y) € Y x Y such that

d(z, F(Z,y)) < ¢
d(g7 F(fyj f)) S €2.

We know that

d(z,2") < s(max{d(z, F(z,y)),d(y, F(y,x))}), V (z,y) €Y x Y.

Then for
Ti=71
Y=y
and next for
=9
y:=2x

using the monotonicity of s, we obtain that

max{d(z, z"),d(y, «")} < s(max{d(z, F(z,7)),d(y, F(y,7))})

< s(max {e1,¢e2}).

As a conclusion, the coupled fixed point problem (2.3.9) is generalized Ulam-
Hyers stable with ¢ = s.

We apply the results given by Theorem 2.3.2 to study existence and unique-

ness of the solutions of the following system of integral equations:

£(t) = / Glt, ) f (s, 2(s), y(s))ds
- € a,b) (2.3.10)

)= [ Glt.9)7(s.0(9).a(s)ds
where a,b € R, a < b,

G € C([a,b] x [a,1],[0,00)),

f € C([a,b] x R x R).
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Theorem 2.3.9. (Magdas [35]) Suppose that:
(1) there exist v, B € Cla,b], with o(t) < B(t), for any t € [a,b], such that

b
a(t) < [ Glt5)(5.5(5).als))ds
¢ for any t € [a,b]; (2.3.11)

B(t) > / G(t,5)f(s, a(s), B(s))ds

(1) there exists a strong comparison function ¢ : Ry — R, such that

‘f(S,'LLl,Ug) - f(S,Ul,'UQ)’ < Sp(max{lul - U1|7 ’uQ - U2|})7
for any s € [a,b] and uy,us, vy, vy € R;

b
(iii) sup / G(t, s)ds < 1;

t€la,b]
(iv) f(s,-, y) is monotone decreasing for any s € [a,b] and any y € R;

(v) f(s,z,- ) is monotone increasing for any s € [a,b] and any x € R.
Then the system (2.5.10) has a unique solution (z*,z*) € C([a,b],R?), with
a<z*<pj.

Proof. Let us consider X := Cla, b] and the Chebyshev norm
17|00 = m{a;l;:] |z(t)]. Then (X, |- |«) is a Banach space.
t€la,

We consider the following closed subsets of X:
A={reX|z<8}L,B={re X |x>a},
Y = AU B and the operator F : Y xY — Y,
b
Fla)(t)i= [ Glt.s)f(s.2(5)y(5)ds
The system (2.3.10) is equivalent to

Fr,y) ==z

Fy,z) =y
We will prove that F' is cyclic with respect to A and B, that is

z,y €Y.

F(Ax B)C Band F(B x A) C A.
Let z € A andy € B = x(s) < (s),y(s) > a(s), Vs € [a,b].
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Using the monotonicity of f we have

G(t,5)f(s,2(s),y(s)) = G(t,5)f (s, B(s), a(s)),

and from (i), by integration,

/ G(t,s)f(s,z(s),y(s))ds > a(t),
which means that
F(z,y)(t) > «a(t), Yt € [a,b = F(z,y) € B.

So F(A x B) C B. In a similar way we have F/(B x A) C A.
Using the conditions (ii) and (iii), and the monotonicity of ¢, for any z,v €

A and y,u € B, we have

| (s,2(s),y(s)) = f(s,u(s), v(s))] < w(gg[%]{lx(S) —u(s)],ly(s) —v(s)[})

< plmax{lz — tlues Iy — olec}).
We infer
FG)@) ~ F, O] < [ G5, 6),0050) = 7G5, uts) ()]s
< plmax{le ~ ulosly ~ oloh) [ G115
< pmax{}z — b ly — vlo}), ¥ 1 € [a8].
We conclude
(2, ) — F(u, 0)|oe < p(max{[z—u|s, [y—v]w}) for any z,v€ A and 3, u€ B,

so the operator F is a cyclic coupled (-contraction of Ciri¢ type.

All the conditions of Theorem 2.3.2 are satisfied, so T" has a unique strong
coupled fixed point (z*,2*) € AN B, with a(t) < 2*(t) < B(t), for any t €
la, b]. O

Definition 2.3.10. (Magdas [35]) The system (2.3.10) is said to be generalized

Ulam-Hyers stable if there exists ¢ : R, — R, increasing, continuous at 0 and
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¥(0) = 0 such that for any 1 > 0,65 > 0 and for any solution (z,y) €
C([a, b],R?), of the system

mw—/wammamwmza

ww—/awm@M$mmws@

there exists a solution (z*,y*) € C([a,b], R?) of the system (2.3.10) such that
for any ¢ € [a, b],

(1) — 2" (1)] < ¥(e)

9(1) ()] < (o)

Theorem 2.3.11. (Magdas [35]) Suppose that the hypotheses of the Theorem
2.8.9 hold. Then the system (2.3.10) is generalized Ulam-Hyers stable.

, where ¢ = max {e,e2} .

Proof. By Theorem 2.3.9, the system (2.3.10) has a unique solution (z*,z*) €
C([a,b],R?), with o < z* < . Applying Theorem 2.3.9 to the operator F :
Y XY =Y,

F@mm:/wamA$mmm

in the same setting as in the proof of Theorem 2.3.8, we get the conclusion. [J

Similar with the approach in Theorem 2.2.11, if we consider the following

system of Volterra type of integral equations:

“ , t € [a,b], (2.3.12)

where a,b € R, a < b, f € C([a,b] x R x R), then an existence and uniqueness
result can be obtained working with a Bielecki type norm.

More precisely, we consider C'a, b] endowed with the following Bielecki type
norm

lz|p = max(|:z:(t)|e_T(t_“)),T > 0.
tela,b]

Then (Cla,b],| - |5) is a Banach space.
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Theorem 2.3.12. Consider the system (2.3.12). We suppose that:
(1) there exist v, B € Cla,b], with o(t) < B(t), for any t € [a,b], such that

alt) < / £(5,B(s), a(s))ds

, for any t € [a, b);

B(t) > / f(s, a(s), B(s))ds

(1) there exists a strong comparison function ¢ : Ry — R,
having the properties:
(i), there exists M > €= such that for any q € (1, M) and t > 0,

p(qt) < q-o(t);
(i), for any s € [a,b] and uy, us, vy, v2 € R,

‘f(57u1:u2) - f(Savla’U?)’ < Qp(max{lul - 1)1’, ’u2 - UQ‘})Q

(111) f(s,+, y) is monotone decreasing for any s € [a,b] and any y € R;
(v) f(s,z,- ) is monotone increasing for any s € |a,b] and any x € R.
Then the system (2.3.12) has a unique solution (xz*,z*) € C([a,b],R?), with

a <zt <g.

Proof. We consider the following closed subsets of C|a, b]:
A={x € Cla,b] |z < B},B={x € Cla,b] | z > a},
Y = AU B and the operator F': Y XY — Y,
Flea)(0) = [ f0s.0(6).u(6))ds.
The system (2.3.12) is equivalent to

F(z,y) ==

Fly,z) =y
We will prove that F' is cyclic with respect to A and B, that is

T,y €Y.

F(Ax B)C Band F(Bx A) CA.
Let z € A andy € B = x(s) < (s),y(s) > a(s), Vs € [a,b)].
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Using the monotonicity of f we have

f(s,2(s),y(s)) = f(s, B(s), als)),

and from (i), by integration,

t

(s,2(s),y(s))ds > a(t),
which means that
F(z,y)(t) > «a(t), YVt e la,b = F(z,y) € B.

So F(A x B) C B. In a similar way we have F(B x A) C A.

In M
If we choose T € <1, bn

> then for any s € [a, b],
—a

") <« M = 779 ¢ (1, M),
and using the assumption (ii,) we have

(77D 1) < TN L o(t), Vit > 0. (2.3.13)

Using the condition (ii) and the monotonicity of ¢, for any s € |a,b,

x,v € A and y,u € B, we have

£ (s,2(s),y(s)) — f(s,u(s),v(s))] < p(max{|z(s) — u(s)], [y(s) —v(s)]}),

and by integration we obtain
|F (2, y)(t) = F(u,v)(@)] < / |f(s,2(s),y(s)) — f(s,u(s), v(s))|ds
< [ ptmax{la(s) ~ ulo)l. ly(s) ~ v(s)|}ds

(2.3.13)

< D pmaxa(s) — u()le T, y(s) — vs)e O s
< plmax{le — uls. Iy —vls}) [ s
= lmax{lz — ul, by — vl5}) 27 1]
< p(max{|z — u|p, |y — U\B})eT(t’“), Vtela,b,

which implies

|F(z,y)—F(u,v)|p < p(max{|z—u|g, |y—v|g}) for any z,v € A and y,u € B,
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so the operator F' is a cyclic coupled (-contraction of Ciri¢ type.

All the conditions of Theorem 2.3.2 are satisfied, so T" has a unique strong
coupled fixed point (z*,2*) € AN B, with a(t) < 2*(t) < S(t), for any t €
[a, b]. O
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Chapter 3

Multi-valued generalized
contractions on cyclic

representations

In this chapter, we present fixed point and best proximity point results for
multi-valued operators defined on cyclic representations in metric spaces. This
chapter has three sections.

The purpose of the first section is to investigate the properties of multi-
valued cyclic ¢-contractions of Ciri¢ type. In this situation, such operators T
possess fixed points, i.e., z € X satisfying the relation z € T'(x). Also, we will
study data dependence and generalized Ulam-Hyers stability of the fixed point
inclusion x € T'(x).

The original contributions in the first section are the following results:

e Theorem 3.1.4 is the main result of this section, an extension of other
fixed point results for multi-valued contractive operators defined on cyclic rep-
resentation of the space (see for example Theorem 3.1.6);

e Theorem 3.1.8 is a result concerning data dependence of the fixed point
inclusion;

e Theorem 3.1.9 studies the generalized Ulam-Hyers stability of the fixed
point inclusion.

The results presented in the first section are included in the following paper:
Magdag [34].

The purpose of the second section is to study existence of the solutions
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and generalized Ulam-Hyers stability of the best proximity problem for multi-
valued Ciri¢ type cyclic operators.

The original contributions in the second section are the following results:

e Theorem 3.2.4, the first main result of this section, extends Theorem 1.4.5
(Suzuki, Kikkawa, Vetro, [77]) and Theorem 1.4.6 (Neammanee, Kaewkhao
[42]) to the case of multi-valued Ciri¢ type cyclic operator which takes prox-
iminal values, in the framework of metric spaces with the property UC;

e Theorem 3.2.8, the second main result of this section, proves that if ¢ is
a subadditive strong comparison function, then the condition that the multi-
valued operator takes proximinal values can be removed;

e Theorem 3.2.10 studies the generalized Ulam-Hyers stability of the best
proximity problem for a cyclic multi-valued operator.

The results presented in this section are contained in the following paper:
Magdas [37].

In the third section we study the coupled fixed point problem and the
coupled best proximity point problem for multi-valued cyclic contraction type
operators.

The original contributions in the third section are the following results:

e Theorem 3.3.5 states a coupled fixed point result for cyclic coupled -
contraction of Ciri¢ type multi-valued operator;

e Theorem 3.3.7 is a result concerning the generalized Ulam-Hyers stability
of the coupled fixed point problem;

e Theorem 3.3.10 studies the existence of the coupled best proximity point
of a cyclic coupled Ciri¢ type multi-valued operator which takes proximinal
values, in the framework of metric spaces with the property UC.

The results presented in this section are contained in the following paper:
Magdag [35].
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3.1 A study of the fixed point problem
for Ciri¢ type multi-valued operators
satisfying a cyclic condition

The aim of this section is to study the properties of multi-valued cyclic ¢-
contraction of Cirié type. In this situation, such operators T possess fixed
points, i.e., x € X satisfying the relation x € T'(x). We construct a sequence of
successive approximations of T that guarantees convergence from any starting
point (x,y) € Graph(T') to a point x* € Fr, the set of all fixed points of T. We
also study data dependence and generalized Ulam-Hyers stability of the fixed
point inclusion = € T'(x).

Definition 3.1.1. (Magdas [34]) Let (X, d) be a metric space, m a positive
integer, A, ..., Ay € Pu(X), Y := | JAiand T : Y — P(Y) a multi-valued

i=1
operator. If:
(i) U A; is a cyclic representation of Y with respect to T

i=1
(ii) there exists a strong comparison function ¢ : R, — R, such that

H(T(z),T(y)) <

< (max{d(o,). DL T(), D ), 510G () + DO T )

for any x € A;, y € A; 1, where A, 1 = Ay,
then T is called a multi-valued cyclic ¢-contraction of Ciri¢ type.

For the following notions see [53], [69] and [71].

Definition 3.1.2. Let (X,d) be a metric space. Then 7' : X — P(X) is
called multi-valued weakly Picard operator (briefly MWP operator) if for each
(x,y) € Graph(T) there exists a sequence (z,)nen in X such that:

(i) zo =z, 11 =y;

(ii) xps1 € T(xy), for each n € N;

(iii) the sequence (x,)nen is convergent and its limit is a fixed point of 7T'.

IfT:X — P(X) is a MWP operator, then we define
T°° : Graph(T') — P(Fr)
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by the formula
T>(z,y) := {2z € Fr | there exists a sequence of successive

approximation of T starting from (z,y) that converges to z}.

Definition 3.1.3. (Lazar [32]) Let (X,d) be a metric space and T : X —
P(X) a MWP operator. Then T is called a t-multi-valued weakly Picard
operator (»-MWP operator) if the function ¢ : Ry — R, is increasing and
continuous at 0 such that ¥(0) = 0, and there exists a selection ¢> of 7> such
that

d(z,t™(2,y)) < ¥(d(z,y)), for all (z,y) € Graph(T).
In particular, if ¢ (t) := ct, with ¢ > 0, then T is called a -MWP operator (see
[69]).

The main result of this section is the following theorem.

Theorem 3.1.4. (Magdas [34]) Let (X,d) be a complete metric space, m be
a positive integer, Ay, Ag, ..., Ay € Py(X), Y = UA,, v : Ry — Ry be a
strong comparison function and T 1Y — P (Y) be a multi-valued operator.
Assumc;nthat:

i) U A; is a cyclic representation of Y with respect to T';
i=1
(ii) T is a multi-valued cyclic p-contraction of Ciri¢ type.

Then the following statements hold:
(1) FT 7£ @,'
(2) for each (x,y) € Graph(T), there exists a sequence (x,,)nen of Successive

approzimations of T Startmg from any point (x,y) € Graph(T'), that converges

to a fized point x*(z,y) m A;, thus T is a MWP operator;

i=1
(3) the following estimations hold:

d(zn, v"(7,y)) < s(p"(d(z,y))), for any (z,y) € Graph(T), n > 1,
d(zn, 2" (2,y)) < s(d(2n, Tns1)), for any (z,y) € Graph(T), n > 1;
(4) for any (x,y) € Graph(T),
d(z,z*(z,y)) < s(d(z,y)), i.e. T is an s — MWP operator,
where s is given by Lemma 1.2.3;
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(5) Zd(mn,xn+1) < 00, t.e. T is a good MWP operator.

n=0

Proof. (1)+(2) Let (x,y) € Graph(T) be arbitrary. We construct a sequence

of successive approximations of 7" starting from (x,y) in the following way:

To = x that lie in a subset A; of Y,
ry =y €T (x) CT(A;), sox € Airy;
Tpi1 € T'(z,) such that d(x,, xni1) = D(xy, T(2,)), forn>1,  (3.1.1)

the existence of x,1 being assured by the proximinality of 7'(z,). Then
d(Tn; Tpi1) = D(wy, T(20)) < H(T(20-1), T(20))
< p((max {d(@a1,20), Dl@n1, T 1)), Dlwa, T(wn)),

[D(z-1,T(x,)) + D(zp, T(xn_l))]}> forn > 1. (3.1.2)

|

Notice that
D(xp—1,T(xp-1)) < d(xp_1,2,) and D(x,, T(x,-1)) = 0.
Using the triangle inequality,

D(n—1,T () < d(n_1,20) + D(xn, T(2,))
=d

(Tp—1, Tpn) + d(Tp, Tpi1), n > 1.
So

[d<xn*1a xn) + d(wm anrl)]

DO | —

%[D(xnl, T(2,)) + D(@n, T(2n1))] <

< maX{d(vxnfl:mn): d<xn7 anrl)}a n > 1.

Using the monotonicity of ¢, the relation (3.1.2) becomes
d(xp, Tpt1) < @(max{d(x,_1,2,),d(zp, xpi1)}), for n > 1.

The following cases need to be discussed:
e there exists &k > 1 such that

d(iL’k,l,iL'k) < d(xk;karl)- (313)
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In this case,
d(Tg, Th1) < o(d(zg, Tgr)).

Because ¢(t) < t, for any ¢t > 0, it is necessary d(zg, 1) = 0 which is a
contradiction with (3.1.3).

o d(zy, xpi1) < d(zp_1,2,), for any n > 1.
Thus, for any n > 1,

A(xp, Tpi1) < @(d(zp_1,2,)) < ... < @"(d(x0,x1)). (3.1.4)
For p > 1, we have
A(T, Tnap) < " (d(z0,21)) + - .. + " P (d (30, 71)) (3.1.5)
and denoting S, := S_1=0 ©*(d(, x1)), we immediately get that
d(zp, Tpyp) < Sntp — Sn. (3.1.6)

As ¢ is a strong comparison function,
[e.e]
k(d
SO .T(), 'Il < 00,
k=0

thus there exists S € R, such that lim S, = S.

n—oo
By (3.1.6) we get that (z,),>1 is a Cauchy sequence in the complete metric

space Y. Hence, the sequence (z,,),>1 converges to an z*(z,y) € Y. But (z,,)n>1
has an infinite number of terms in each A; for i € {1,2,---  m}, so from each

A; one we can extract a subsequence convergent to z*(x,y). Because A; are
closed, we obtain that z*(z,y) € ﬂ A;.
i=1
We will prove that z* € T'(xz*). We have:
D(z*,T(x%)) < d(z*,xps1) + D(xpi1, T'(2"))
< d(z, 2ng1) + H(T (), T(27))
<d(z*, zps1) (max{ T, "), D(xy, T(2y,)), D(x*, T'(z")),

1

5 (D" T(@,) + D(x, T(q:*)))}), for n > 0. (3.1.7)
We observe that

D(x*,T(z,)) < d(z*,z,) + D(x,, T(x,)) = d(z*, 2,) + d(20, Tni1),
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and
D(z,,T(z")) < d(zy,,z") + D(z*,T(z")), for n > 0.

By summing and using again the monotonicity of ¢, the inequality (3.1.7)

becomes

D(z*,T(z")) < d(x*,zpe1) + gp(max{d(:vn,a:*), d(xp, Tpir), D(x*, T (x")),

d(a*,x,) + %(d(xn,xw) + D" T()}).

Passing to the limit as n — oo, we get

D(z*,T(z")) < p(D(z*,T(z"))). (3.1.8)
If D(x*,T(x*)) > 0, according to Lemma 1.2.2, we have

(D" T(")) < Da", T(x"))

which is a contradiction with (3.1.8). Therefore, D(z*, T'(z*)) = 0.

(3) By letting p — oo in (3.1.5), we obtain an a priori estimation:
d(xp, %) < s(p™(d(xg,x1))), for any n > 1.
Using (3.1.4) and the monotonicity of ¢,

d(l‘n, xn-{—p) S d(l’n, xn—&—l) + d(l’n—i—la xn+2) +...+ d(l’n+p_1, xn—&—p)

hS]
—

IN

@k(d($n7xn+1)), for any n > 0,
0

b
Il

and letting p — o0,

d(xy,, Z d(xp, Tpi1)), n >0 (3.1.9)

k=0

which considering the definition of s yields an a posteriori estimation
d(xy, ") < s(d(zp, Tpe1)), for any n > 1.
(4) For n =0, (3.1.9) becomes:
d(xg,z") < s(d(zg,x1)).

(5) Using the inequality (3.1.4),

> d(xn, nga) < Zso (w0, 1)) = s(d(xo, 1)) < o0.
n=0
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Remark 3.1.5. If we choose ¢(t) = kt, for k € (0,1), then we have a general-
ization of the following theorem (Theorem 2.1 in [42]), where the multi-valued

operator T takes closed and bounded values.

Theorem 3.1.6. (Neammanee, Kaewkhao [42]) Let A and B be nonempty
closed subsets of a metric space (X,d). Suppose T : AUB — P(X) is a multi-

valued mapping with closed and bounded valued, satisfying the conditions:
(i) T(A) C B,T(B) C 4;
(ii) there ezists k € (0,1) such that for any x € A, y € B,
H(T'(x), T(y)) < kd(z,y).
Then T has at least one fixed point in AN B.

Remark 3.1.7. If the strong comparison function ¢ is subadditive, then the
proximinality condition can be less restrictive: the values of the multi-valued

operator 1" should be closed. The proof runs in the same manner.
A data dependence theorem for the stated problem is:

Theorem 3.1.8. (Magdas [34]) Let T : Y — Py0.(Y) be as in Theorem 3.1.4
and U : Y — P(Y') such that:

(Z) FU 7& Q;
(1) there exists n > 0 such that

p(T(x),U(x)) <n, for anyx €Y.
Then p(Fy, Fr) < s(n), where s is given by Lemma 1.2.5.

Proof. Let x; be a fixed point of U. Since T'(x};) is proximinal, there exists

yu € T'(z7;) such that
D(zy, T(xy)) = d(xg, yu).-

Then, from Theorem 3.1.4, for arbitrary (z,y) € Graph(T'), we have:
d(x, vp(z,y)) < s(d(z,y)),

where z.(z,y) is a fixed point of T.

Choosing z := z7; and y := yy,

d(ag, v7) < s(d(zy, yo)) = s(D(xy, T(ay))
< s(p(T(zy), Ulay))) < s(n)
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Thus we obtain
D(zj;, Fr) < d(zj,x7) < s(n), for any z;, € Fy.
It follows p(Fy, Frr) < s(n). O

Theorem 3.1.9. (Magdas [34]) (Generalized Ulam-Hyers stability of the in-
clusion x € T(x)) Let T 1Y — P,0.(Y) be as in Theorem 3.1.4, ¢ > 0 and
r €Y be such that D(x,T(z)) < €. Then there exists x* € Fr such that
d(z,xz*) < s(e), where s is given by Lemma 1.2.3.

Proof. Using the monotonicity of s and the inequality d(z,z*(x,y)) <
s(d(z,y)) by Theorem 3.1.4, for (z,y) € Graph(T") with d(z,y) = D(z,T(x))

(the existence of y is assured by the proximinality of 7'(z)), we have:
d(z,z") < s(d(z,y)) = s(D(z, T(2))) < s(e).
[l

Remark 3.1.10. Many open problems related to the multi-valued cyclic ¢-
contraction of Ciri¢ type operators can be discussed. We present here two such
open questions:

1) Is the fixed point problem for a multi-valued operator T': Y — P, (Y)
satisfying the conditions of Theorem 3.1.4 well-posed with respect to D 7, that

is, assuming there exists a sequence (z,)ney C Y such that
D(zp,T(2,)) — 0 as n — oo,

it follows that (z,)nen converges to a fixed point of T'.

2) In which conditions the operator 7' : Y — P,,..,(Y) satisfying the as-
sumptions in Theorem 3.1.4 has the limit shadowing property 7, that is, assum-
ing that there exists a sequence (2, )neny C Y such that D(2,41,7(2,)) — 0 as
n — 00, then there exists a sequence (x,,),en C Y of successive approximations

for T, such that d(x,, z,) — 0 as n — oo.

71



3.2 Best proximity point theorems for

multi-valued operators

The purpose of this section is to study existence of the solutions and generalized
Ulam-Hyers stability of the following best proximity problem for a cyclic multi-

valued operator:

If (X,d) is a metric space, A,B € P(X), T : AUB — P(X) is a multi-
valued operator satisfying the cyclic condition T'(A) C B, T(B) C A, then we

are interested to find
" € AU B such that D(z*,T(z")) = D(A, B). (3.2.1)
x* is said to be a best proximity point of 7.

The concept of multi-valued Ciri¢ type cyclic operator is as follows.

Definition 3.2.1. (Magdas [37]) Let (X, d) be a metric space, A, B € P(X),
and T': AU B — P(X) be a multi-valued operator. If:

(i) T(4) C B, T(B) C A:

(ii) there exists a comparison function ¢ : Ry — R, such that for any

re€A yeB,
H(T(z),T(y)) < p(M(z,y) — D(A, B)) + D(A, B),
where

M(fﬂ,y)ZmaX{d(w,y),D(fCaT(w)%D(y,T(y)), %[D(%T(y)) + D(y,T(l‘))]} :

then 7T is called a multi-valued Ciri¢ type cyclic operator.

Example 3.2.2. The following operators are multi-valued Ciri¢ type cyclic
operators:

(1) A multi-valued cyclic contraction (see [42]) i.e. a multi-valued cyclic
operator T : AU B — P(X) satisfying the condition:

there exists k € (0,1) such that for any x € A, y € B,

H(T(x), T(y)) < kd(x,y) + (1 — k)D(A, B).

(2) A multi-valued cyclic operator T': AU B — P(X) satisfying a Kannan

type condition (for the single-valued case see [48]):
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there exists k € (0, %) such that for any z € A, y € B,
H(T(x), T(y)) < k(D(z,T(x)) + D(y. T(y))) + (1 — 2k) D(A, B).

(3) A multi-valued cyclic operator T': AUB — P(X) satisfying a Bianchini
type condition (for the single-valued case see [49]):

there exists k € (0,1) such that for any = € A, y € B,
H(T'(z), T(y)) < k-max{D(x,T(x)), D(y,T(y))} + (1 — k) D(A, B).
The following lemma will be used to prove our results.

Lemma 3.2.3. [42] Let be (A, B) a pair of nonempty subsets of a metric
space (X, d), satisfying the property UC, and let be a sequence (T,)nen in A.
If there exists a sequence (Yp)nen in B such that d(x,,y,) — D(A, B) and
d(Tpi1,yn) = D(A, B), then (z,)nen is a Cauchy sequence.

Our first main result extends Theorem 1.4.5 to multi-valued Ciri¢ type
cyclic operator in the framework of metric spaces with the property UC. More
than that, it extends Theorem 1.4.6 to the case of multi-valued Ciri¢ type

cyclic operator in the setting of proximinal values.

Theorem 3.2.4. (Magdas [37])

Let (X,d) be a complete metric space, A € Py(X),B € P(X), such that
(A, B) satisfies the property UC. If T : AU B — Pp0p(X) is a multi-valued
Ciri¢ type cyclic operator, then the following statements hold:

(1) T has a best proximity point z¥ € A;

(ii) there exists a sequence (Tn)nen with To € A and xny1 € T(xy,), such

that (o )nen converges to x¥.

Proof. (1)+(ii)) We construct a sequence of successive approximations of T
starting from an arbitrary x € A in the following way:
To=1x € A,
Tpi1 € T'(z,) such that d(x,, x,+1) = D(xy,, T(2,)), for n >0,
the existence of x,; being assured by the proximinality of T'(z,).
Then, for n > 1,

d(@n, Tni1) = D(wn, T(xn)) < H(T(2-1), T(20))
< o(M(2y_1,2,) — D(A, B)) + D(A, B), (3.2.2)
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where
M(zn 1, 2,) = max{d(xn_l,xn),D(:vn_l,T(a:n_l)),D(xn,T(xn)),
S 1D () + D, T )] }):

Notice that
D(zp_1,T(xp—1)) = d(xy_1,x,) and D(x,, T (x,—1)) = 0.
Using the triangle inequality,

D(xy—1,T(x,)) < d(xp—1,2n) + D(xy, T(2,))
d

(:En—lyxn) + d(xnvxn—&—l), n 2 1.

So

[d(xp_1,2n) + d(Tn, Tpi1)],s

%[D(l'n—l, T(xn)) + D(2n, T(xn_1))] < %

and
M(xnfla ajn) < max{d(xnfla .CL’n), d(l'n; $n+1)}> n > 1.

Denoting z, = d(x,, x,1+1) — D(A, B) and using the monotonicity of ¢, (3.2.2)
becomes

zn < @(max{z,_1,z,}), for n > 1.

Because ¢(t) < t, for any t > 0, we get
zn < p(2p-1), for any n > 1.
Thus
2y < " (21) = 0, so d(x,, 141) — D(A, B) when n — co.

Since

(I2n)n€N C A7 (x2n+2>n€N - A, and (x2n+1)n€N C B)

by Lemma 3.2.3, (2, )nen is @ Cauchy sequence in the complete metric space
X. Hence, the Cauchy sequence (x2,)nen converges to a point x% which lies

in A because (za,)nen C A and A is closed.
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For n > 1, we have

Each

Thus

D(A, B) < d(x%, o,_1) < d(z%, Ton) + d(T2n, T2n_1),
so d(z, Tan—1) = D(A, B) when n — oo.
D(A, B) < D(w2, T(27))
< H(T(r2n-1), T(27))
< (M (x2n-1,773) — D(A, B)) + D(A, B)
< M(xop_1,2%)

— max {d(w311,24), D01, T(w20-1)), Dlwan, Tlwan),

1

51D (@21, T(w2,)) + Dz, T(wan-1))] |

term from maximum’s expression tends to D(A, B):

) = D(A, B);

) d(JIQn 1, Ign) — D(A, B)7
)

)

(.',an lax*A
D(l‘2n 1, (I2n 1
D(J'an ( 2n

D(x9y, T(z2n—1

d($2na 952n+1) — D(A> B)%

Il
o

)
)
)
)

[ (1’271—1; J,’Qn) + D(ZEQn, T(ZEQn))] — D(A, B)

[\3|>—l

[D(22n—1, T (72,))] <

N | —

D(z9,, T(z%)) — D(A, B).

Then we have

Therefore

Remark 3.2.5. If in Theorem 3.2.4 D(A, B) = 0, then we obtain a fixed point

D(z%,T(z%)) = D(A, B).

result similar to Theorem 3.1.4 for m = 2.

Theorem 3.2.6. (Magdas [37])

L

et (X,d) be a complete metric space, A, B € Py(X), such that the pairs
(A, B) and (B, A) satisfy the property UC. Let T : AU B — Ppou(X) be a

multi-valued operator. Then the following statements hold:
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(i) If T is a multi-valued Cirié type cyclic operator, then T' has at least one
best prorimity point in A and at least one best proxzimity point in B;

(i1) If T satisfies the following stronger condition:

for any x € A, y € B,

o(T(x), T(y)) < (M (z,y) — D(A, B)) + D(4, B),

then there exist a best proximity % € A and a best prozimity point x3; € B
such that:

d(z%y, a%) <sup{t >0|t— p(t) <3D(A,B)}.

Proof. (i) It is a consequence of Theorem 3.2.4.

(i) d(zy, ) < D(xy, T(2)) + (T (x%), T(xp)) + D(ap, T(vp))

I
[\)
-
—~

) +0(T(x}), T(xp) <

) + p(max{d(z}y, vp), D(xy, T(x})), D(@g, T(xp)),

)+ D(ap, T(23))} — D(A, B)) + D(A, B)

max{d(z’,x%), D(A, B), D(A, B),

[d(z%,2%) + D(A, B) + d(2%,2%) + D(A, B)[} — D(A, B))
, B) + o(d(2y, 2))

IA IA

= Do = N
2g 2
)
& =T
S w5

I
w
-

e
w

Thus, d(z%, ) — (d(z}, 2)) < 3D(A, B). O

Corollary 3.2.7. (Magdas [37]) Let X be a uniformly convex Banach space,
AB € Pyop(X) andT : AUB — Py (X) be a multi-valued operator. Then
the following statements hold:

(i) If T is a multi-valued Cirié type cyclic operator, then T has at least one
best proximity point in A and at least one best prozimity point in B;

(i1) If T satisfies the following stronger condition:

for any x € A, y € B,

6(T(x), T(y)) < o(M(z,y) — D(A, B)) + D(4, B),

then there exist a best proximity x* € A and a best proximity point v € B
such that:

2% — 2| < sup{t >0t — o(t) < 3D(A, B)}.
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Proof. (i) By Remark 1.1.4, any closed and convex set is proximinal.

Since A and B are convex, by Proposition 1.4.4, the pairs (A, B) and (B, A)
satisfy the property UC.

Applying Theorem 3.2.4 we get the existence of a best proximity point
x% € A and a best proximity point =3 € B.

(ii) It is an immediate consequence of Theorem 3.2.6. O

If, in Theorem 3.2.6, ¢ is a subadditive strong comparison function, then
the condition that the multi-valued operator takes proximinal values can be

removed. More precisely, we obtain the second main result, as follows.

Theorem 3.2.8. (Magdas [37]) Let (X, d) be a complete metric space, A, B €
P.(X), such that (A, B) satisfies the property UC. If T : AUB — P(X) is a
multi-valued Cirié type cyclic operator, with a subadditive strong comparison
function @, then the following statements hold:

(i) T has a best proximity point x% € A;

(ii) there exists a sequence (Tp)nen With xpy1 € T(xy,) starting from an

arbitrary (xg,z1) € Graph(T), such that (xo,)nen converges to x¥.

Proof. (1)+(ii) Let (z,y) € Graph(T) be arbitrary. We construct a sequence
of successive approximations of 7" starting from (x,y) in the following way:
ro=x€Aand zy =y € T(z) CT(A) C B;
If d(xo,z1) > D(A, B) then ¢ (zy) < 2o, where zg := d(zo,x1) — D(A, B).
For g1 € (0,29 — ¢ (20)) there exists xo € T'(z1) C T(B) C A such that

d(l’l,!L'g) S H(T($0),T(ZL’1)) +e1.

If d(xy,29) > D(A, B) then ¢ (z1) < 21, where 21 := d(z1,22) — D(A, B).
C

For g5 € (0,min{ey, 21 — ¢ (21)}), there exists z3 € T'(z3) C T(A) C B
such that
d(z2,23) < H(T(21), T(22)) + €2
Following this procedure in the case z,_1 := d(z,_1,x,) — D(A, B) > 0,
for n > 2 we choose
en € (0,min{e,_1,2,-1 — @ (2n-1)})- (3.2.3)

There exists x,1 € T'(z,) such that
d(xp, xp1) < HT(xp-1), T () + €n,n > 1,
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the existence of x,,1 being assured by Lemma 1.1.1.
Since T is a multi-valued Ciri¢ type cyclic operator, using the same reasoning

as in Theorem 3.2.4, we have
zn < p(max{z,_1,2,}) + &n, for n > 1. (3.2.4)
Using (3.2.3), we obtain
zn < p(max{z,_1,2n}) + 2n-1 — @(2n-1), for n > 1. (3.2.5)
We suppose that z, 1 < z,. Using the subadditivity of ¢ and Lemma 1.2.2,
P(zn) = (20 = 201+ 201) < (20 = Zn1) T 9(2n-1) < 20 = 2n1 + 0(201),

SO 2z > @(2,) + 2n-1 — @(2,_1) which contradicts (3.2.5).
We have z, < z,_; and (3.2.4) becomes

Zn S Sp(zn—l) + En
< p(@(zn2) +en-1)) +en
< 802<an2) + @ (6n71> +En
n—1
< @"(20) + ) ¢Fens)
k=0
-1
< "(20) + Z ©"(e1) — 0, when n — oo.

k=0
Then
d(xp, xpi1) = D (A, B) when n — oc.

Applying Lemma 3.2.3 for the sequences
(:L‘Qn)nEN C A7 (x2n+2)n€N - A, and (x2n+1)n6N C B7

results that (xs,),en is a Cauchy sequence. Because the metric space X is
complete and A is closed, the sequence (z2,)nen C A converges to a point

x% € A. Using the same reasoning as in Theorem 3.2.4,
D(zy,,T(x%)) — D(A, B), when n — oc.
Then we have
D(A, B) < D'y, T(&)) < d(w'y, 220) + D2, T(x'y)) = D(A, B).
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Therefore

D(z%,T(2%)) = D(A, B).

If in the above construction, there exists &k > 1 such that d(zy_1,2x) =
D(A, B), then

D(A, B) S D(l‘k_l,T(ka_l)) S d(l‘k_l,l‘k) = D(A, B)

SO Tj_1 is a best proximity point of T.

We will show that, in this situation, xj is also a best proximity point of T.

where

M(zpr,z) = max{d(xk,l,mk),D(xk,l,T(xk,l)),D(xk,T(xk)),

SID 1, 7)) + Do Tl )]} )

maa:{D(A, B), D(xy, T (x1)),

IN

%[d(xk—laxk) + D(xk’T(ka})
< D(wy, T(zy)).

Thus D(xy, T(xy)) — D(A, B) < o(D(x, T(x)) — D(A, B)), which means
D(xy, T(xy)) = D(A, B).
There exists x41 € T'(xy) such that
d(xy, vry1) = D(xg, T(xx)) = D(A, B),

From now on, following this procedure we construct the terms of our sequence

(Zn)nen With z,41 € T'(x,,) such that
d(xy, Tpi1) = D(zp, T(x,)) = D(A, B), for any n > k.
From this point, the proof runs in the same manner as in the case

d(xp, xpns1) > D(A, B), for any n € N.
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Hereinafter we define and study the generalized Ulam-Hyers stability of the

best proximity problem (3.2.1) for a cyclic multi-valued operator.

Definition 3.2.9. (Magdas [37]) Let (X,d) be a complete metric space and
let A,B € P(X).Let T: AUB — P(X) be a multi-valued operator satisfying
the cyclic condition T'(A) C B,T(B) C A. The best proximity problem (3.2.1)
is called generalized Ulam-Hyers stable if there exists ¢/ : R, — R, increasing,
continuous at 0, with ¥(0) = 0 and there exists ¢ > 0 such that for any ¢ > 0
and x € B with

D(x,T(r)) < e+ D(A,B),

there exists a solution z% € A of (3.2.1) such that
d(z,z%) <Y(e) +c- D(A, B).
Our stability result is the following.

Theorem 3.2.10. (Magdas [37]) Let (X,d) be a complete metric space, A €
P,(X),B € P(X), such that (A, B) satisfies the property UC and ¢ be a
comparison function. Let T : AU B — P,.0:(X) be a multi-valued operator.

Assume that:
(i) T(A) C B,T(B) C A;
(i1) for any x € A, y € B,

6(T(x), T(y)) < p(max{D(z, T'(x)), D(y, T(y))} — D(A, B)) + D(A, B).
Then the best proximity problem (3.2.1) is generalized Ulam-Hyers stable.

Proof. T is a multi-valued Ciri¢ type cyclic operator, so the best proximity
problem has at least one solution z% € A.
d(z,vy) < D(x,T(x)) +6(T(2), T(x})) + D(xy, T())
< e+ D(A,B) + p(max{D(z,T(x)), D(z%,T(x%))} — D(A, B))
+2D(A, B)
e+ p(max{e + D(A,B),D(A,B)} — D(A, B)) + 3D(A, B).

IN

In conclusion,
d(z,z%) < e+ p(e) +3D(A, B),

proving that the best proximity problem (3.2.1) is generalized Ulam-Hyers
stable. u
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3.3 Coupled fixed point and coupled best
proximity point theorems for multi-valued

cyclic contraction type operators

The purpose of this section is to study the coupled fixed point problem and
the coupled best proximity problem for multi-valued cyclic contraction type
operators. The approach is based on fixed point results and best proximity

point results for appropriate operators generated by the initial problems.

Definition 3.3.1. Let (X, d) be a metric space, A,B € P(X),Y = AUB
and ¢ : R, — R, a strong comparison function. A multi-valued operator
F :Y xY — P(Y) is called a cyclic coupled @-contraction of Ciri¢ type
multi-valued operator if the following statements hold:

(i) F is cyclic with respect to A and B, that is

F(Ax B)C Band F(B x A) C A;
(if)
H(F(z,y), F(u,v)) < @(M(z,v,y,u)), for any z,v € A, yu€ B (3.3.1)

where

M(z,v,y,u) :max{d(a:, u),d(v,y), D(z, F(x,y)), D(u, F(u,v)), D(v, F(v,u)),
Dly, F(y,2). 5

%[D(y, F(v,u)) + D(v, F(y, :U))]}-

[D(x, F(u,v)) + D(u, F(z,y))],

The following theorem which is a particular case of Theorem 3.1.4 will be

used to prove the first result in this section.

Theorem 3.3.2. Let (X,d) be a complete metric space, A, B € Py(X) and
T:AUB — P,o.(AU B) a multi-valued cyclic @-contraction of Ciri¢ type,
that is:

(i) T(A) C B and T(B) C A;

(i1) there exists a strong comparison function ¢ : Ry — Ry such that for

anyr € A and y € B,
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H(T(2), T(y)) < ¢ max {d(z,), D(z, T(x)), D(y, T (1)),

1
SID(@, T(y)+ Dy, T(x))] } ).

Then the following statements hold:

(1) there exists x* € AN B such that * € T'(z*);

(2) for any x € A and y € T(x), there exists a sequence (T )nen with
g =x, 1 =y and v, € T(x,_1), n > 1, that converges to a fixed point

e ANB of T.

The following lemma presents well-known results throughout literature (see

for example Mlegnite, Petrusel [39]).

Lemma 3.3.3. Let (X,d) be a metric space, d* the metric defined on X x X
by (2.8.5) and D* the gap functional, respectively H* the generalized Pompeiu-
Hausdorff functional generated by d*. Then for any a,b € X and any
A, B,C,D € P,.,.(X), the following statements hold:

(1) D*((a,b), € x D) = max{D(a, C), D(b, D)} ;
(2) D*(Ax B,C x D) =max{D(A,C),D(B,D)};
(3) H*(Ax B,C x D) =max{H(A,C),H(B,D)};
(4) D*(Ax B,B x A) = D(A, B).

Proof. (1)+(2) Since the sets C and D are proximinal then there exist
co € C,dy € D such that D(a,C) = d(a,cp) and D(b, D) = d(b, dy).

Then D*((a,b),C x D) =inf{d*((a,b),(c,d)) | c€ C, d € D}
= inf{max{d(a,c),d(b,d)} | c€ C, d € D}
= max{d(a, c), d(b,dp)}.

Similarly, we can prove (2).
(3) H* (A x B,C x D) =

max{ sup {D*((a,b),C x D)}, sup {D*((¢,d),Ax B)}}.
(a,b)eAxB (e, d)eCxD
Using statement (1), we have

H*(Ax B,Cx D)=
max{ sup {D(a,C),D(b,D)}, sup {D(c,A),D(d,B)}}

(a,b)eAXB (¢, d)eCxD
=max{H(A,C),H(B,D)}.
(4) We use statement (2) for C' = A, D = B. O
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Lemma 3.3.4. Let (X, d) be a metric space, d* the metric defined on X x X
by (2.3.5). If a multi-valued operator F : X x X — P(X) takes proximinal
values with respect to d then the multi-valued operator T : X x X — P(X x X),
T(x,y) = (F(x,y), F(y,z)) takes proziminal values with respect to d*.

Proof. For any pair (a,b) € X x X, F(a,b) is a proximinal set, which means
that for any « € X, there exists ¢ € F(a,b) such that

d(xz,c) = D(z, F(a,b)).

In a similar way, for any y € X, there exists d € F(b,a) such that
d(y,d) = D(y, F'(b, a)).

Then for any (z,y) € X x X, there exists (¢,d) € T'(a, b) such that

d*((x,y), (¢,d)) = max{d(z, c),d(y,d)}
= max{D(z, F(a,b)), D(y, F(b,a))}
= D*((z,y),T(a,b)).

The first result in this section is the following theorem.

Theorem 3.3.5. (Magdas [35]) Let (X, d) be a complete metric space, A, B €
Py(X),Y =AUB and F : Y XY — P,.0,(Y) be a cyclic coupled o-contraction
of Ciri¢ type multi-valued operator.
Then the following statements hold:
(1) there exist *,y* € AN B such that
at € F(z",y"), y" € F(y",27),

(that is the pair (x*,y*) is a coupled fized point of F');
(2) for each (a,b) € A x B there exists a sequence (an,by)nen € Y X Y

with ag = a, by = b and
a, € F(by_1,an-1), by € F(an_1,b,_1) forn >1

that converges to a coupled fized point (z*,y*) € AN B of F.
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Proof. 1t is easy to observe that

M(z,v,y,u) = M(v,z,u,y), for any x,v € A, y,u € B.

If we change the roles between x and v and similarly for y and wu, then the

inequality (3.3.1) becomes

H(F(v,u), F(y,z)) < o(M(x,v,y,u)). (3.3.2)

From (3.3.1) and (3.3.2) we obtain

max{H (F(z,y), F(u, ), H(F(y,z), F(v,u))} < o(M(z,v,y,u)).

Let T:Y XY = P(Y xY), T(x,y) = (F(z,y), Fy,x)).
We consider on Y x Y the metric d* defined by (2.3.5), using the same
functionals D* and H* as in lemma 3.3.3.
For z = (z,y) € A X B, w = (u,v) € B x A, using Lemma 3.3.3,
H*(T(2), T(w)) = H*((F(z,y), F(y, 2)), (F(u,v), F(v,u)))
— max{H(F(z,y), F(u,v), H(F(y,z), F(v,u))}

< o(M(z,v,y,u)). (3.3.3)
By Lemma 3.3.3,

D*(2,T(2)) = max{D(z, F(x.y)), D(y, F(y,2))},

D*(w, T(w)) = max{D(u, F(u,v)), D(v, F(v,u))},

S (0, T(2)) 4+ D* (2, T(w))] = g lmax{D(u, F(z,)), Dlv, F(y, 1))
+ max{D(z, F(u,v)), D(y, F(v,u))}]

> max {%[D(u, F(x,y)) + D(x, F(u,v))],

%[D(U, F(y,z)) + D(y, F(v, U))]}-

Using the monotonicity of ¢, (3.3.3) becomes

H(T(2),T(w)) <p(max{d*(z,w), D*(z,T(2)), D*(w, T (w)),
L. *
forany z € Ax B, w € B x A,
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and because T satisfies the cyclic condition
T(Ax B)=(F(AxB),F(BxA)CBxA, T(BxA)CAXxB,

where A x B, Bx A € P,(Y xY), we conclude that T is a multi-valued cyclic
p-contraction of Ciri¢ type.
By Lemma 3.3.4, the property of the operator F to have proximinal values
is transferred to the operator T, so we are in the conditions of Theorem 3.3.2.
Then there exists (z*,y*) € (A x B) N (B x A) such that (z*,y*) €
(F(x*,y*), F(y*,2*)) and for each (a,b) € A x B there exists a sequence
(Gpy bp)neny € Y X Y with ag = a, by = b and

(anubn) € (F(bn—han—1)7F<an—17bn—1))a n Z 1

that converges to (z*,y*). ]

Hereinafter we define and study the generalized Ulam-Hyers stability of the
following coupled fixed point problem.

Definition 3.3.6. (Magdag [35]) Let (X,d) be a metric space, Y € P(X),
F:Y xY — P(Y) be a multi-valued operator. By definition, the coupled
fixed point problem

xr € F(x,y)
, T,y €Y, (3.3.4)

y € Fly,x)
is said to be generalized Ulam-Hyers stable if there exists an increasing function
Y Ry — R4, continuous at 0, with ¢(0) = 0 such that for each € > 0 and for
each solution (z,y) € Y x Y of the inequality

max{D(z, F(z,y)), D(y, F(y, 7))} <e,

there exists a solution (z*,y*) € Y x Y of the coupled fixed point problem
such that

max{d(z,z"),d(y,y")} < ¥(e).
Our stability result is a consequence of the Theorem 3.1.8.

Theorem 3.3.7. (Magdas [35]) If all the hypotheses of Theorem 3.3.5 take
place, then the coupled fized point problem (3.3.4) is generalized Ulam-Hyers
stable.
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Proof. Let any € > 0 and let (Z,7) € Y X Y such that
D(z,F(7,9)) <¢
D(y, F(y,7)) <e.
As before, we consider T: Y x Y — P(Y xY),
T(z,y) = (F(z,y), F(y,x)).
For z = (7,7),
D*(z,T(z)) = max{D(z, F(z,9)), D(y, F(y,7))} < .
Applying Theorem 3.1.8, there exists a fixed point z* = (z*, y*) of T" such that

d*(z,z*) < s(e), that is there exists a solution (z*,y*) of the coupled fixed
point problem (3.3.4) such that

max{d(T, z"),d(y, y")} < s(e).
O

In the last part of this section we will consider the following best proximity
problem for a cyclic coupled multi-valued operator:
If (X,d) is a metric space, A,B € P(X),Y =AUB, F:Y xY — P(Y)

is a coupled multi-valued operator satisfying the cyclic condition
F(Ax B)CB,F(BxA)CA,
then we are interested to find (z*,3*) € A x B such that
D(z*, F(z*,y")) = D(y*, F(y*,x")) = D(A, B). (3.3.5)

(z*,y*) is said to be a coupled best proximity point of F.
Notice that, in particular, if AN B # () then (z*,y*) is a coupled fixed point
of F.

Definition 3.3.8. (Magdag [35]) Let (X, d) be a metric space, A, B € P(X),
Y = AU B. A multi-valued operator F' : Y x Y — P(Y) is called a cyclic
coupled Ciri¢ type multi-valued operator if:

(i) F(Ax B) C Band F(B x A) C A;

(ii) there exists a comparison function ¢ : Ry — R, such that

H(F([E,y),F(U,U)) S gO(M(ZE,U,yﬂL) - D(A’B)) +D<Aa B)7

for any x,v € A, y,u € B.
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Lemma 3.3.9. Let A and B nonempty subsets of a metric space (X,d), and
d* the metric defined on X x X by (2.3.5). If (A, B) and (B, A) satisfy the
property UC with respect to d then (A x B, B x A) satisfy the property UC with

respect to d*.

Proof. We denote D*(A x B, B x A) = D(A, B) = D. Let z,, = (an,by), 2, =
(a,b) € Ax B,y, = (fn,an) € B x A such that d*(z,,y,) — D and
d*(zp, yn) — D as n — oo.

Then

max{d(a,, ), d(b,,a,)} = D and
max{d(a,, B,),d(b,, )} — D as n — .

It is obvious that d(ay, 8,) — D, d(al,, 5,) — D and because (A, B) satisfies
the property UC we get d(a,,al,) — 0.

From d(b,,«,) — D,d(b,,a,) — D as n — oo and using (B, A) satisfies
the property UC we get d(b,,b,) — 0.

Finally,

d*(zp, 2n) = max{d(an, a,,),d(bn,b,)} — 0 as n — oo.

The next result is a consequence of the Theorem 3.2.4.

Theorem 3.3.10. (Magdas [35]) Let (X, d) be a complete metric space, A, B €
P.(X) such that (A, B) and (B, A) satisfy the property UC, and Y = AU B.
IfF:Y XY — P, (Y) is a cyclic coupled Cirié type multi-valued operator,
then the following statements hold:

(i) F has a coupled best proximity point (z*,y*) € A X B;

(i) there ezist two sequences (Tp)nen, (Yn)nen with

(13073/0> € A X Ba Tnt1 € F@n;!/n)a YUn+1 € F(yn,xn),

such that ((xon, Yon))nen converges to (x*,y*).

Proof. Considering again on Y x Y the metric d* defined by (2.3.5), in a similar

manner as in Theorem 3.3.5, we obtain that the operator
T:Y xY = P(Y xY),T(x,y) = (F(z,y), F(y,2))
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is a multi-valued Ciri¢ type cyclic operator which takes proximinal values.

Using Lemma 3.3.9, the pair (A x B, B x A) satisfies the property UC with
respect to d*.

Consequently, we are in the conditions of Theorem 3.2.4, so T has a best
proximity point (z*,y*) € A x B and there exists a sequence (Z,, Y, )nen With
(x0,%0) € Ax B and (2,41, Ynt1) € T'(Tp, Yn) such that (za,, Yon )nen converges
to (z*,y*) with respect to d*. O
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