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Preface

For the last few decades fixed point theory has been an active and thriving area of research
for mathematicians. The fixed point theory is mainly concerned with obtaining conditions on
the structure that the underlying space(set) X must be endowed with and on the properties
of selfmapping f on X, in order to obtain the existence (and uniqueness) of fixed point. The
underlying ambient space cover a variety of structures: metric space, generalized metric space,
linear topological spaces, lattice and statistical metric space etc. The fundamentals of theory
are attributed to the celebrated and remarkable mathematicians such as Banach, Brouwer

and Tarski in metric, topological and discrete perspectives respectively.

In 1922 the famous Polish mathematician Stafen Banach laid the ground for metric fixed
point theory by formulating his notable theorem, known as Banach contraction principle. His
theorem carved a niche for itself as a rapidly growing area of research in mathematics. It has
become the most celebrated tool in non-linear analysis to find the existence of solutions for
various linear and nonlinear equations such as Volterra integral equations, integro-differential
equations and existence of equilibria in game theory as well. These applications elicit the

panoptic nature of Banach contraction principle.

In metric fixed point theory the results critically rely on prenominal geometric conditions
of underlying spaces in conjunction with some sufficient metric constraints imposed on the
behavior of mappings. Although a huge number of results have been established, there are
still several interesting questions which remain to be answered regarding to what extent the
theory can be nurtured and extended. Mathematicians have been intrigued and endeavored
in the search of these questions which led them to the new avenues of research except for

some questions which seem merely tantalizing. Thereby contributing enormously in the field



of fixed point theory by finding the fixed point(s) of selfmappings or non-selfmappings defined
on several ambient spaces and satisfying variety of conditions. Among these fixed point
theorems, some of them have much more practical importance, i.e., they provide a constructive
method for finding fixed point(s). Thus provide information on convergence rate along with
error estimates. Banach contraction principle is one of such theorems wherein the proposed
iterative scheme converges linearly. Commonly, the iterative procedures serve as constructive
methods in fixed point theory. A number of fixed point theorems have been obtained by

considering the following ways:

1. by weakening the contractive assumption and possibly by simultaneously giving to the
space a sufficiently rich structure in order to compensate the relaxation of the contrac-

tiveness assumption; or

2. by enriching/extending the structure of the ambient space.

Various extensions of Banach contraction principle have also been obtained by unifying the
ideas mentioned above or by adding suitable supplementary conditions. In many problems,
in particular the problem of convergence of measurable functions with respect to a measure
evoke the need to generalize the notion of a metric. This quest led Czerwik to the concept of
b-metric. Afterwards, many mathematicians undertook further developments in this direction

and established some exciting fixed points results.

On the other hand the inception of statistical metric spaces by Menger in 1942 opened a new
avenue in research. He introduced the basic concepts of probabilistic geometry. Fixed point
theory is a part of probabilistic analysis which has become a dynamic area of research. The
introduction of fundamental notions of statistical metric space and its geometry owed a lot
to Menger. Schweizer and Sklar contributed a major influence upon the development of the

theory of probabilistic metric spaces.

The theory of fixed points of a self mapping on a partially ordered set is owed to Turinici. Af-
terwards Ran and Reurings undertook further investigations in this context. They presented
some fixed point theorems wherein the mappings do not necessarily require to satisfy con-

traction condition for all possible pairs of points in the underlying set rather the contraction



condition has to be satisfied only for those points which are related to each other with respect

to the partial order defined on the set.

In this context Jachymski generalized the idea by delineating the underlying set with a graph.
He introduced the notion of Banach G-contractions and obtained a very novel variant which

is a hybrid of Banach contraction principle and the main results of Ran and Reurings.

The purpose of this dissertation is twofold: to generalize the notion of Banach G-contraction
by weakening contractive condition; to give the underlying space a rich geometric structure
so that the notion becomes more viable. In the quest of the first aspect we bring in light two
new categories of mappings: integral G-contractions; weakly G-contractive mappings in the
setting of metric space. In Chapter 3, by using the graph theoretic approach we obtain some
significant fixed point theorems for such class of contractions. While the quest of the sec-
ond objective led us to undertake some investigations in b-metric space and statistical metric

space.

In Chapter 4 we contribute some recent developments in the direction of b-metric space. In
first half of Chapter 4, by using the concept of y-contractions and Hardy-Roger’s contrac-
tive condition we introduce two new notions when the underlying b-metric space is endowed
with a graph G. Furthermore, in the second half of Chapter 4 by using the gauge function
two convergence theorems are established which give the constructive iterative process to ap-
proach the fixed point. We also calculate a priori and a posteriori estimates for the proposed
iterative scheme. As an application we obtaine an existence theorem for the solution of first
order differential equation where the rate of convergence of proposed iterative scheme is at

leat » > 1.

Chapter 5 is devoted to fixed point theorems for mappings in probabilistic metric space en-
dowed with a graph G. In this context we extende the concept of Banach G-contractions and

put forth a new type of contractions known as probabilistic G-contractions.

After unveiling every new concept, examples are furnished to elucidate the validity of our
notions and to show the degree of generality of our results over the pre-existing results. As
applications of some of our results we also obtaine some fixed point theorems for cyclic con-

traction.



Chapter 1

Introduction and preliminaries

The purpose of this chapter is stipulated with the basic concepts, terminologies and notations
which are used throughout this dissertation. We aim to write each chapter self content and
pedagogical. For this reason we also add preliminaries section to the chapters where they
are necessary. Subsequently let us represent with R the set of all real numbers, N the set of

natural numbers, RT := [0, 00) and ) the empty set.

1.1 Fixed points and weakly Picard operators

Let X and Y are nonempty sets and f : X — Y then fx represents the image of x under f.
We assume that the set X is endowed with a metric d. Let f : X — X be a self-map. A
point £ € X is a fixed point of f if
f&) =¢.
Let us denote with Fizf, the set of all fixed points of f, i.e.,
Fizf={z e X : f(zx) =z}

Example 1.1.1. Assume X := (—o0,+00) and f: X — X.

1. If f(z) = 2% + 3z + 1 then Fizf := {-1};

2. If f(z) = 2? then Fizf := {0,1};

3. If f(z) = x then Fixf :=R;



4. If f(x) = x + 1 then Fixf := (.

Definition 1.1.2. A mapping f : X — X is said to be Lipschtizian if there exists a constant
%k > 0 such that
d(fz, fy) < kd(z,y) forall z,y € X. (1.1)

One can observe that every Lipschitizian map is necessarily continuous. The smallest real

number x for which (1.1) is satisfied is known as Lipschitizian constant for f.

Definition 1.1.3. A mapping f : X — X is said to be a contraction if there exists a constant
k € [0,1) such that
d(fz, fy) < kd(z,y) forall z,y € X. (1.2)

Let X be any nonempty set and f : X — X. For a given x € X we define f"x inductively
by for = x and f*"*lz = f(f"z);n = 0,1,2,---. We call f"x the n-th iteration of z under

f. For any xy € X the sequence {x,};n =0,1,2,--- defined by
xn:fxnflzfnan n=12---,
is known as the sequence of successive approximation or Picard iterations starting at xg.

Definition 1.1.4. [84] A mapping f : X — X is called a Picard operator (briefly, PO) if f
has a unique fixed point £ € X and lim, o f"x =€ for all z € X.

Definition 1.1.5. [95] A mapping f : X — X is called a weakly Picard operator (briefly,
WPO) if the sequence {f"x} converges for all x € X and the limit of the sequence is a fixed

point of f.

Example 1.1.6. Let X :=[0,1] and f : X — X is defined as fz = 2%. Then Fixf = {0,1}

and f is a weakly Picard operator.

It is obvious that the class of weakly Picard operators subsumes the class of Picard oper-

ators.



1.2 Gauge functions

Let ¢ : [0,00) — [0,00). Consider the following properties:
(1)p t1 < ta = @(t1) < @(t2), for all t1,ty € [0, 00);
(1) p(t) <t fort > 0;

(ii1)y 9(0) = 0

(1v)p limp—oo ™ (t) =0 for all ¢ > 0;
(V) Yonro¢™(t) converges for all ¢ > 0;
(vi), @ is continuous;

(vii)y t — @(t) — 00 as t — oo;

(viii), @ is subadditive.

The function ¢ : [0,00) — [0, 00) satisfying at least one of the above properties is known as a

gauge function. It is easily seen that: (i), and (iv), imply (it),; (i), and (ii), imply (ii7).,.

Definition 1.2.1. A function ¢ : [0,00) — [0, 00) satisfying (i), and (iv), is said to be a

comparison function.

Definition 1.2.2. [86] A function ¢ : [0,00) — [0, 00) satisfying (i), and (v), is known as a

(¢)-comparison function.

Example 1.2.3. Let ¢ : Rt — R* be defined by ¢(t) = t € R*. Then ¢ is a comparison

_t .
T+
function but not a (c)-comparison function. On the other hand define ¢ : RT — RT as

p(t)=1;0<t<1land ¢(t)=t—3;¢t>1. Then ¢ is a (c)-comparison function.

It follows from above example that any (c)-comparison function is a comparison function

but converse may not be true.

Subsequently, let .J always denote an interval in RT containing 0 i.e., an interval of the form
[0, R], [0,R) or [0,00) ([0,0] = {0} is a trivial interval). Let P,(¢) denote a polynomial of
the form P,(t) = 1+t +--- + "1 and Py(t) = 0. Let " denote nth iterate of a function
prd —J.



Definition 1.2.4. [85] Let » > 1. A function ¢ : J — J is said to be a gauge function of

order r on J if it satisfies the following conditions:
(1) @(At) < XNg(t) for all A € (0,1) and ¢ € J,

(71) @(t) <t for all t € J\ {0}.

The condition (i) of Definition 1.2.4 elicits ¢(0) = 0 and ¢(¢)/t" is nondecreasing on
JA\{0}.

Example 1.2.5. (i) The function ¢ : J — J defined by ¢(t) = ct (0 < ¢ < 1) is a gauge
function of first order on J = [0, c0).
(#7) The function ¢ : J — J defined by o(t) = ct” (¢ > 0,7 > 1) where R = (1/¢)"/~V is a

gauge function of order r on J = [0, R).

1.3 Graph theory

A graph G is a mathematical model which is conveniently used to delineate many real world
situations. A graph G is a pair (V(G), E(G)) where the vertex set V(G) is a nonempty set of
elements and the edge set E(G) is a binary operation on V(G). A graph G may be directed
or undirected. A directed graph is one in which each edge is specified with the direction from
one vertex to other. Let G = (V(G), E(G)) be a directed graph. By G~! we denote the graph
obtained from G by reversing the direction of edges and by letter G we denote the undirected
graph obtained from G by ignoring the direction of edges. It will be more convenient to treat

G as a directed graph for which the set of its edges is symmetric, i.e.,
E(G) = E(G)UE(G™).

Definition 1.3.1. Let x and y are vertices in a graph G. Then a path in G from z to y of
length [ is a sequence {z;}!_, of I + 1 vertices such that zo = z,7; = y and (z;_1,7;) € E(G)

fori=1,---,L.

Definition 1.3.2. A graph G is called connected if there is a path between any two vertices.

The graph G is weakly connected if G is connected.



Definition 1.3.3. Let G be a graph such that F(G) is symmetric and z is a vertex in G, the
subgraph G, consisting of all edges and vertices which are contained in some path beginning

at x is called component of G containing .

In such case V(G.) = [z]g, where [z]5 is the equivalence class of a relation R defined on
V(G) by the rule: yRz if there is a path in G from y to z. Clearly, G, is connected. For

comprehensive study on the subject we refer the readers to [55].

1.4 b-metric space

From the last few decades fixed point theory is being rapidly evolved not only in metric
structure but also in various abstract spaces. The b-metric space is one of the interesting
generalizations of metric space which was initiated in some works of Bourbaki, Bakhtin,
Czerwik and Heinonen. Afterwards, several articles appeared in literature which deal with
the fixed point theory for single valued and multi-valued functions in a b-metric space |7, 8,

13, 17, 19, 20, 21, 22, 31, 49, 78, 81] etc.

Definition 1.4.1. [31, 8] Let X be a non-empty set and s > 1 be a given real number. A
function d : X x X — R is said to be a b—metric if and only if for all 2, y, 2 € X the following

conditions are satisfied:
(d1) d(x,y) = 0 if and only if x = y;
(d2) d(z,y) = d(y, v);
(d3) d(z, 2) < s[d(z,y) + d(y, z)].
The pair (X, d) is called a b—metric space with the coefficient s.

The following example show that the class of b-metric spaces is essentially larger than the

class of metric spaces.

Example 1.4.2. [12, 31, 49] 1. Let X := [,(R) with 0 < p < 1 where [,(R) := {{z,} CR:
Yoo |zn|P < 0o}, Define d: X x X — RY as:

o0

d(z,y) = (Z T — ynlp)l/p,

n=1

8



where = {x,,},y = {yn}. Then (X,d) is a b-metric space with coefficient s = 21/7,
2. Let X := L,[0, 1] be the space of all real functions z(t), t € [0, 1] such that fol lz(t)|P < oo.
Define d : X x X — R™ as:

o) = ([ 1t - wioypar) "

Then (X, d) is a b-metric space with coefficient s = 21/7.

1.5 Probabilistic metric space

In 1942 Menger [67] introduced the notion of probabilistic metric space (briefly, PM space)
and since then there have been made enormous developments in the theory of probabilistic
metric space in many directions [27, 44, 107]. The fundamental idea of Menger is to replace
real numbers with distribution functions as values of metric. This intuitive approach was the
result of the simple fact that even in measurement of ordinary length the number given as the
distance between two points is often not the result of a single measurement but the average of
a series of measurements. Hence in such case the implication of theory of metric space i.e., the
very association of a single real number with a pair of elements becomes an over idealization.
Hence in such and many similar situations it is more appropriate to look upon the distance

as a statistical rather than a determinate one.

A succinct and intuitive response to fill this gap is to assign a distribution function F, , instead
of a real number d(z,y) with every pair of elements x,y. This leads to the generalization
of metric space known as statistical or probabilistic metric space. For detailed discussion
on probabilistic metric spaces and their applications we refer the readers to Onicescu |75,

Chapter 7|, Schweizer [105, 106, 107] and Hadzi¢ and Pap [44].

Definition 1.5.1. A mapping F' : R — [0, 1] is called a distribution function if it is non-
decreasing, left continuous with inf;cr F'(t) = 0 and sup;cg F'(t) = 1. In addition if F'(0) =0

then F' is called a distance distribution function.

Let DT denote the set of all distance distribution functions satisfying lim;_., F'(t) = 1.

The space DT is partially ordered with respect to usual pointwise ordering of functions, i.e.,



F < G if and only if F(t) < G(t) for all t € R. The element ¢y € DT acts as the maximal

element in the space and is defined by

0 ift<0
t — - ) 13
“o(t) {1 if+> 0. (13)

Definition 1.5.2. A statistical or probabilistic metric space (briefly, PM-space) is an ordered
pair (X,.Z) where X is a nonempty set and .% : X x X — D7 and the following conditions
are satisfied (F (z,y) = Fy 4, for all (z,y) € X x X):

(PM1) Fpy(t) =€(t) <= =y and z,y € X;
(PM2) F,y(t) = Fy.(t) for all z,y € X and t € R;

(PM3) if Fy () =1 and F, .(s) =1, then F, .(t + s) = 1,

for all z,y,2 € X and for every t,s > 0.

Example 1.5.3. (Sehgal [104]) Let (X, d) be a metric space. Define Fy ,(t) = eo(t — d(z,y))
for all z,y € X and t > 0. Then (X,.7) is a PM-space induced by the metric d.

10



Chapter 2

Banach contraction principle and its
generalizations

In 1922 Banach presented a very interesting theorem in his doctoral dissertation which is
known as Banach contraction principle. It has been extensively used to study the existence of
solutions of many nonlinear differential and integral equations and to prove the convergence
of algorithms in computational mathematics. The aim of this chapter is to present a brief lit-
erature review of metric fixed point theory. Furthermore, some necessary and relevant results

are also refurnished and their proofs can be found in monographs in the list of references.

2.1 Banach contraction principle

Theorem 2.1.1. (Banach contraction principle [9]) Let (X, d) be a complete metric space
and f: X — X be a contraction mapping with contraction constant x € (0,1). Then f has

a unique fixed point £ € X. Moreover, for any x € X:

1. the iterative sequence {f"z} converges to &;

2. the following priori estimate holds

n

(") < 1

d(z, fx) n=0,1,2,---;
3. the following posteriori estimate holds
d(fn+1x7§) Sd(fnJrlx?fnx) n=0,1,2,---

11



The strength of contraction theorem lies in the fact that it not only provides a constructive
algorithm to approach the fixed point but it also provides the error bounds. Following well
known theorem is due to Picard-Lindeldf which illuminates the validity of Banach contraction

principle.

Theorem 2.1.2. (Picard iteration theorem [30]) Consider the following first order initial

value problem
2 (t) = f(t,z(t)), x(to) = xo. (2.1)

Suppose the following conditions hold:
1. f is continuous on a rectangle

R={(t,x) : [t —to| < a,|x — xo| < b}.

2. f is Lipschitz function with respect to x, or equivalently

for (¢,z),(t,y) € R and k > 0.

Then the initial value problem (2.1) has a unique solution on an interval [tg — 3, to + 3] where

. b1
f < min{a, ¢, + }.

The direct applications of Banach principle such as the existence of solutions for differential
equations, existence of equilibria in game theory etc., elucidate its significance. This is one
of the most important reason why the researchers have always been intrigued and propelled
to establish a variety of generalizations of Theorem 2.1.1. A lot of interesting fixed point
theorems have been obtained by considering contraction condition involving not only d(z,y)
on right hand side of (1.2) but also the displacement of x and y under the mapping f i.e.,
d(x, fx),d(y, fy), d(z, fy), d(y, fz).

Next subsection deals with some extensions obtained by weakening contractive condition and

by imposing some supplementary conditions to the structure of metric space or the mapping

I

12



2.2 Weaker forms of contraction

Banach [9] showed that every contraction mapping on a complete metric space always pos-
sesses a unique fixed point. Edelstein [36] defined the notion of contractive mappings. The

mapping f : X — X is said to be contractive if
d(fz, fy) < d(z,y) for all x,y € X with z # y. (2.2)

In order to obtain a fixed point of a contractive map we have to add further assumptions such
as there exists a point « € X for which { f"x} contains a convergent subsequence or the space

is compact. The mappings f : X — X is said to be nonexpansive if
d(fz, fy) < d(z,y) for all z,y € X. (2.3)

To obtain a fixed point of nonexpansive map we also need to impose some certain assumptions
such as uniform normal structure or compactness of the space. The mapping f : X — X is

said to be weakly contractive if

d(fxa fy) < d(iU,y) - w(d(xay)) for all z,y € X, (24)

where 1 : [0,00) — [0,00) is continuous, nondecreasing such that 1 is positive on (0, 00),
¥(0) = 0 and lim;_,o () = co. Alber and Guerre-Delabriere [3] introduced the notion of
weakly contractive mapping when the underlying space was taken to be a Hilbert space. They
proved that every weakly contractive mapping defined on a Hilbert space posses a unique fixed
point point, with out any additional assumption. Later on, Rhoades [93] showed that this
result also holds for metric spaces. From the definitions it is clear that weakly contractive

maps lie between contraction maps and contractive maps.

The inception of Kannan’s fixed point theorem in 1969 [57] has carved a niche for itself in
fixed point theory like Banach principle. The mapping f : X — X is said to be a Kannan

mapping if there exists k € [0, %) such that

d(fz, fy) < kld(z, fx) + d(y, fy)] forall z,y € X. (2.5)

Unlike contraction, contractive, nonexpensive and weakly contractive mappings the Kannan’s

mappings are not necessarily continuous. By pursuing on the same lines, Chatterjea [26]

13



proposed the following condition:

d(fz, fy) < kld(z, fy) +d(y, fx)] forall z,y € X, (2.6)

where £ € [0, 3).
The notion of Kannan’s mapping was further refined by Ciri¢, Reich and Rus [28, 91, 98],
Zamfirescu [113] and then by Hardy and Rogers [45]. The mapping f : X — X is said to be
a Cirit-Reich-Rus operator if there exists nonnegative real numbers a, b, ¢ with a + b+ ¢ < 1
such that

d(fz, fy) < ad(z,y) + bd(z, fx)+ cd(y, fy) forall z,y € X. (2.7)

Hardy and Rogers [45] attenuated the class of Ciri¢-Reich-Rus operators by defining the

following condition:

d(fz, fy) < ad(z,y) + bd(z, fx) + cd(y, fy) + ed(z, fy) + fd(y, fx) forall z,y € X, (2.8)

where a+b+c+e+ f < 1. The condition (2.8) unified the notion of Kannan’s and Chatterjea’s

mappings and also incorporates with Ciric-Reich-Rus operators as well.

Theorem 2.2.1. (Rhoades |93, Theorm 1|) Let (X, d) be a complete metric space. Assume

the mapping f : X — X is weakly contractive. Then f has a unique fixed point.

Theorem 2.2.2. (Nemytzki-Edelstein [70, 36]) Let (X,d) be a compact metric space and

f: X — X be a contractive mapping. Then f has a unique fixed point.

Theorem 2.2.3. (Kannan [57]) Let (X, d) be a complete metric space and f: X — X be a

Kannan mapping. Then f has a unique fixed point.

Theorem 2.2.4. (Chatterjea [26]) Let (X,d) be a complete metric space and f : X — X

satisfies (2.6). Then f has a unique fixed point.

Theorem 2.2.5. (Hardy and Rogers [45]) Let (X,d) be a complete metric space and f :
X — X satisfies (2.8). Then f has a unique fixed point.

Branciari [23] generalized the Banach contraction principle by proving the existence of

unique fixed point of a mapping on a complete metric space satisfying a general contractive

14



condition of integral type. Afterwards, many authors undertook further investigations in this

direction (see, e.g., [6, 35, 94, 110, 112]).

Let @ denote the class of all mappings ¢ : [0, +00) — [0, 400) which are Lebesgue integrable,

summable on each compact subset of [0, +00), nonnegative and for each € > 0, foe o(s)ds > 0.

Theorem 2.2.6. (Branciari |23, Theorem 2.1|) Let (X, d) be a complete metric space, k €
(0,1), and let f: X — X be a mapping such that for each z,y € X,

d(fz,fy) d(zy)
/ o(s)ds < fi/ o(s)ds, (2.9)
0 0

where ¢ € ®. Then f has a unique fixed point £ € X such that for each z € X, lim,,_., f™x =
t.

Clearly, when ¢(s) = 1 for s € [0,+00) Theorem 2.2.6 subsumes Banach contraction
principle. But converse may not hold (see, [23, Exmaple 3.6]). Subsequently, Rhoades
[94] further generalized Theorem 2.2.6 by replacing term d(z,y) in (2.9) with m(z,y) =
max{d(z, y),d(z, fz), d(y. fy), LG,

2.3 p-contractions

Matkowski [66] introduced the class of p-contraction in metric fixed point theory. Afterwards,
many authors contributed to further developments in this direction by analyzing the properties
on function ¢ (see, [11, 76, 77, 85, 97, 99]). Most of the fixed point theorems for such class of
mappings are established wherein iterative sequence converges to the fixed point. But only
a few of them cater with a constructive method to approach the fixed point and also render

information on convergence rate (see, e.g., [11, 85]).

Definition 2.3.1. Let f: X — X and ¢ : RT — R™ be a gauge function. Then f is said to
be -contraction if:

d(fx, fy) < ¢(d(z,y)), forall z,yeX. (2.10)

Theorem 2.3.2. (Rakotch [89]) Let (X,d) be a complete metric space and f : X — X

satisfies

d(fz, fy) < p(d(z,y))d(z,y), forall z,yeX.
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Where ¢ : R* — [0,1) is nondecreasing. Then f is a Picard operator.

Theorem 2.3.3. (Browder [24]) Let (X, d) be a complete metric space and D be a bounded
subset of X. Assume f: D — D satisfies

d(fz, fy) < p(d(z,y)), forall z,ye X,

where ¢ : [0, 00) — [0, 00) is monotone nondecreasing and right continuous such that ¢(t) < ¢

for all ¢ > 0. Then f is Picard operator.

In the following, Berinde [11] calculated the rate of convergence for iterative process by

using (c)-comparison function.

Theorem 2.3.4. (Berinde [11]) Let (X, d) be a complete metric space and f : X — X be
a p-contraction where ¢ is a (¢)-comparison function. Then f has a unique fixed point &.

Moreover, for any z € X:

1. the iterative sequence {f"x} converges to &;

2. the following estimates hold
d($n7€) S S(d(xn,$n+1)7 n:071)2)"' )

where s(t) = 77, ©F(t).

Theorem 2.3.5. (Matkowski [66]) Let (X,d) be a complete metric space and f : X — X
be a p-contraction where ¢ is a comparison function. Then f has a unique fixed point £ and

{f"x} converges to & for any = € X.

Recently, Proinov [85] came up with a very nice variant wherein the constructive iterative

scheme was proposed with a higher order of convergence towards the fixed point.

Lemma 2.3.6. (Proinov [85]) Let ¢ be a gauge function of order r > 1 on J. If ¢ is a

nonnegative and nondecreasing function on J satisfying:
o(t) =te(t) forallte J (2.11)
Then it has the following properties:
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1. 0<¢(t) < 1foralltelJ;
2. $(At) < A1 (t) for all A € (0,1) and ¢ € J.

Assume that f : D C X — X is an operator on X and satisfies the following iterated

contractive condition:
d(fz, fz) < o(d(z, fz)) forall z € D, fr € D with d(z, fz) € J, (2.12)

where ¢ is a gauge function of order 7 > 1 on an interval J. A point xg € D is said to be an
initial point of f if d(zg, fzg) € J and all the iterates xg, x1,- - - , are well defined and belong
to D.

Theorem 2.3.7. (Proinov [85]) Let f : D C X — X be an operator on a complete metric
space (X, d) such that f satisfies contractive condition (2.12) with a Bianchini Grandolfi gauge
function ¢ on an interval J having order » > 1. Further, suppose that zg € D is an initial

point of f, then following statements hold true.

1. The iterative sequence {x,,} remains in B(zo, po) and converges with rate of convergence at

least r > 1 to a point & which belongs to each of the closed balls B(zy,, pn),n = 0,1,-- -,

and
> d(xna fL‘nJrl)
pn = d(Tn, Tp o(d(Tn, T < ) 2.13
( +1)jz_:0 [ ( ( +1))] 1— ¢(d($n7xn+l)) ( )
where ¢ is a nonnegative and nondecreasing function on J satisfying (2.11).
2. Following priori estimate holds for all n > 0,
d(zn, €) < d(wo, 2 )iw(ﬂ < MM o fao) (2.14)
n = 0 0 =~ =1\ 0 0/, .
where A = ¢(d(zo, fxo)).
3. Following posteriori estimate holds for all n > 1,
= P;i(r
d@n€) < pld@n,aa-1)) Y [$lo(d@n z01))] 7"
§=0
Qp(d(xnv xn—l))
1 = ¢lp(d(zn, Tn-1))]

s 9z [P(d(2n, 2n1))]"
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4. For all n > 1, we have,

d(Zpi1, 20) < @(d(2n, 2n_1) < N d(20, f0). (2.16)

5. If £ € D and f is continuous at &, then £ is a fixed point of f.

2.4 «a — ¢ contractive mappings

In [100] Samet et al. introduced the notion of a — ¢ contractive mappings. Soon after that
a huge literature emerged consuming this idea in each and every possible way to extend the

notion (see e.g., [51, 54, 60]).

Definition 2.4.1. (Samet et al. [100]) Let (X, d) be a metric space and f : X — X. Then

f is said to be an a — ¢ contractive mapping if

a(z,y)d(fz, fy) < e(d(z,y)) forall z,y € X, (2.17)

where ¢ : [0,00) — [0,00) is nondecreasing such that > >, ¢™(¢t) < oo for each ¢t > 0 and
a: X x X —[0,00).

Theorem 2.4.2. (Samet et al. [100]) Let (X, d) be a complete metric space and f: X — X

be an o — ¢ contractive mapping satisfying the following conditions:
(i) f is a-admissible, i.e., a(z,y) > 1 = a(fz, fy) > 1 for every z,y € X;
(1) there exists zo € X such that a(zo, fxg) > 1;
(ii1) f is continuous.

Then f has a fixed point.

Theorem 2.4.3. (Samet et al. [100]) Let (X, d) be a complete metric space and f: X — X

be an « — ¢ contractive mapping satisfying the following conditions:
(i) f is a-admissible, i.e., a(z,y) > 1 = a(fz, fy) > 1 for every z,y € X;
(1) there exists z¢g € X such that a(zo, fxo) > 1;

(#3) if {z,} is a sequence in X such that a(z,,zp4+1) > 1 for alln € N and z,, — z € X as

n — oo then a(x,,z) > 1 for all n.

Then f has a fixed point.
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2.5 Contractions on an ordered metric space

Following Turinici [111], Ran and Reurings [90] studied fixed points of self mappings on a
metric space (X, d) endowed with the partial ordering <. In this context, many interesting
results have been established by some authors for partially ordered set endowed with a com-
plete metric (see e.g., [1, 34, 40, 72, 84, 87, 90]). Most of these fixed point results are hybrid

of Banach principle and Knaster-Tarski’s theorem (see, [41, 53]).

Let (X,=) be a partially ordered set and f : X — X. The mapping f is said to be
nonincreasing if z,y € X,z <= y = f(x) = f(y). The mapping f is nondecreasing if
z,y € X,z <y = f(x) 2 f(y). The mapping f maps comparable elements to compara-
ble elements if:

forall z,y e X, v Ry = fz < fyor fy =< fx.

Theorem 2.5.1. (Ran and Reurings [90]) Let (X,d) be a complete metric space endowed
with a partial ordering <. Let f: X — X satisfies

d(fz, fy) < kd(z,y) for all z,y € X, with x <y,
where k € (0,1). Moreover, if the following conditions are satisfied:
1. dzg € X with xg = fxg or frg =X xo;
2. f is monotone and continuous;
3. every pair of elements of X has an upper and a lower bound.
Then f is Picard operator.

Nieto and Rodriguez-Lopez [72]| further improved Theorem 2.5.1 and as an application
obtained existence result for the solution of periodic boundary value problem for ordinary

differential equations.

Theorem 2.5.2. (Nieto and Rodriguez-Lopez [72]) Let (X,d) be a complete metric space
endowed with a partial order <. Let f : X — X be nondecreasing (with respect to <) and
satisfies

d(fz, fy) < kd(z,y) for all z,y € X, with x <y,
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where k € (0,1). Assume that one of the following conditions hold:

1. f is continuous and there exist some xg € X such that either x¢g < fxg or fzg < xo;

2. for any nondecreasing sequence {x,}, x, — = implies x,, < x for n € N and there exists

xo € X such that xg < fzo;

3. for any nonincreasing sequence {z,}, , — x implies z < x,, and there exists z9 € X

such that fzg = zg.

Then f has a fixed point. Furthermore, if every pair of elements of X has an upper or a lower

bound then f is a Picard operator.

Following the same direction authors in |71, 73, 84| extended above result by enfeebling

continuity condition in the following way.

Theorem 2.5.3. ([71, 73, 84]) Let (X, d) be a complete metric space endowed with a partial

order <. Let f: X — X preserves comparable elements and satisfies
d(fz, fy) < kd(z,y) forall z,y € X, with x <y,
where k € (0,1). Assume that the following conditions hold:

1. either f is orbitally continuous; or
for any sequence {z,} if x,, — = and every pair of elements (z,,z,+1) is comparable
for n € N then there exists a subsequence {z, } such that the pair of elements (z, ,x)

are comparable for k € N;

2. there exists zp € X such that the pair (zg, fzg) is comparable.

Then f has a fixed point. Furthermore, if every pair of elements of X has an upper or a lower

bound then f is a Picard operator.

Afterwards authors in [2] moved ahead and by weakening contractive condition presented

the following result.

20



Theorem 2.5.4. (Agarwal et al. [2]) Let (X, d) be a complete metric space endowed with a

partial order <. Let f: X — X be nondecreasing and for all z,y € X with = < y satisfies

A(fr, y) < o maxtd(a, ). da, f), dly, Fo), 51z f9) + dly, F)]}),

where ¢ : RT — RT is nondecreasing with limn — co@™(t) = 0 for each ¢ > 0. Assume that

the following conditions hold:

1. either f is continuous; or

for any nondecreasing sequence {z,} if x,, — x then x,, <z for n € N;
2. there exists zg € X such that zy < fxg.
Then f has a fixed point.

Further developments in this direction were found in [77] by O’'Regan and Petrusel. Re-
cently, Harjani and Sadarangani [46] obtained some fixed point results for weakly contractive

mappings defined on partially ordered set endowed with a complete metric space.

We state following results from Harjani and Sadarangani [46] for convenience. In Chapter 2

some generalizations of the following main results will be proposed.

Theorem 2.5.5. (Harjani and Sadarangani [46, Theorem 2|) Let (X, d) be a complete metric
space endowed with a partial order <. Let f : X — X be a continuous and nondecreasing

mapping such that
d(fzx, fy) < d(z,y) —¢(d(x,y)) for all z,y € X with z > y, (2.18)

where ¢ : [0,00) — [0,00) is continuous nondecreasing such that 1 is positive in (0, 00),
¥(0) = 0 and limy_,o () = co. If there exists zy € X with x9 < fxzo then f has a fixed

point.

Above result was further refined by making use of the following hypothesis which was
appeared in (Nieto and Rodriguez-Lopez |72, Theorem 1])

If {x,} is a nondecreasing sequence in X such that z, — z then z, < x for all n € N.

(2.19)
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Theorem 2.5.6. (Harjani and Sadarangani [46, Theorem 3]) Let (X, d) be a complete metric
space endowed with a partial order <. Assume that X satisfies (2.19). Let f : X — X be

nondecreasing mapping such that
d(fz, fy) < d(x,y) — $(d(z,y)) for all 2,y € X with z = y, (2.20)

where ¢ : [0,00) — [0,00) is continuous nondecreasing such that 1 is positive in (0, c0),
¥(0) = 0 and limy_, o ©(t) = oo. If there exists xg € X with z¢p < fxzo then f has a fixed

point.

It was shown in Nieto and Rodriguez-Lopez [72] that the following two conditions are
equivalent.

For z,y € (X, <) there exists a lower or an upper bound. (2.21)

For z,y € (X, <) there exists z € X which is comparable to x and y. (2.22)

Theorem 2.5.7. (Harjani and Sadarangani [46, Theorem 4|) Adding condition (2.22) to the
hypothesis of Theorem 2.5.5 (resp. Theorem 2.5.6) we obtain the uniqueness of the fixed
point.

Theorem 2.5.8. (Harjani and Sadarangani [46, Theorem 5|) Let (X, d) be a complete metric
space endowed with a partial order <. Let (X, <) satisfies (2.22) and f : X — X be a

nonincreasing mapping such that

d(fz, fy) < d(z,y) — (d(z,y)) for x = y, (2.23)

where ¢ : [0,00) — [0,00) is continuous nondecreasing such that 1 is positive in (0, 00),

¥(0) = 0 and lim;_.o ¥ (t) = co. Suppose also that either

(i)  f is continuous, or
(i) X is such that if 2, — = is a sequence in X whose consecutive terms are comparable,
then there exists a subsequence {z,, } of {z,} such that every term is comparable to the limit

x.

(2.24)

If there exists zg € X with xg =< fxg or g = fxg then f has a unique fixed point.
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Theorem 2.5.9. (Harjani and Sadarangani [46, Theorem 6]) Let (X, d) be a complete metric
space endowed with a partial order <. Let (X, <) satisfies (2.22) and f : X — X maps

comparable elements to comparable elements, that is,
forx,ye X,z Sy= fx =< fyor fx = fy.
Further assume that f satisfies the following condition
d(fzx, fy) < d(z,y) —¢(d(x,y)) for all z,y € X with z > y,

where ¢ : [0,00) — [0,00) is continuous nondecreasing such that 1 is positive in (0, c0),
¥(0) = 0 and limy . 9(t) = oco. Suppose that either f is continuous or X is such that
condition (2.24) holds. If there exists xg € X with 2y comparable to fzo then f has a unique

fixed point €. Moreover, for x € X, lim,, o, f"x = €.

For further study on the subject we refer the readers to [2, 25, 29, 39, 71, 72, 74, 90|. In
[72, 73, 90], some applications for the solutions of matrix equations and ordinary differential

equations are furnished.

2.6 Contractions on a metric space endowed with a graph

Jachymski [52] established a generalized and novel variant by utilizing the graph theoretic
approach instead of partial ordering and unified the results given by authors [72, 84, 90].
From then on, investigations have been carried out to obtain better and generalized results by
weakening contraction condition and analyzing connectivity of graph (see, [4, 15, 101, 102]).
Jachymski [52] showed that a mapping on a complete metric space still has a fixed point
provided that the mapping satisfied contraction condition for pairs of points which form edges
in the graph. Subsequently, Beg et al. [10] established a multivalued version of main result
of Jachymski [52]. Later on, Bojor [15] obtained some results in such settings by weakening
the condition of Banach G-contraction and introducing some new type of connectivity of the
graph.

We state, for convenience the following definition and main result due to Jachymski [52]. First

we need to recollect some definitive notations. Let X be a complete metric space with metric
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d (unless specified otherwise) and  is the diagonal of the Cartesian product X x X. Let G
be a directed graph such that the set V(G) of its vertices coincides with X, and the set E(G)
of its edges contains all loops, i.e., E(G) D €. Assume that G has no parallel edges. We may

treat G as a weighted graph by assigning to each edge the distance between its vertices.

Definition 2.6.1. (Jachymski [52, Definition 2.1]) A mapping f : X — X is called a Banach

G-contraction or simply G-contraction if f preserves edges of G, i.e.,
for all z,y € X, (z,y) € E(G) = (fz, fy) € E(G), (2.25)
and f decreases weights of edges of G in the following way:
dke(0,1) forallz,y € X, (z,y) € E(G) = d(fx, fy) < k d(z,y). (2.26)

Theorem 2.6.2. (Jachymski [52, Theorem 3.2]) Let (X, d) be a complete metric space en-

dowed with a graph G and let the triple (X, d, G) have the following property:

(P) : for any sequence {z,} in X, if x,, —» = € X and (z,znt+1) € E(G) for n € N then
there exists a subsequence {z,, } such that (z,,,z) € E(G) for k € N.

Assume f : X — X be a G-contraction and Xy := {z € X : (z, fx) € E(G)}. Then the

following assertions hold.

1. card Fizf = card{[x]z: v € Xy}

(For a set S card S is the number of elements in S).
2. Fixf #0 <= Xy #0.
3. f has a unique fixed point <= there exists ro € Xy such that Xy C [zo]5.
4. For any x € Xy, f ’M@ is a Picard operator.
5. If Xy # () and G is weakly connected then f is a Picard operator.
6. If X' :=U{[z]5: 7 € Xy} then f |xs is a weakly Picard operator.

7. If f C E(G) then f is a weakly Picard operator.
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Bojor [15] relaxed the condition X ¢ # () by introducing the following notion of f-connectivity

which is somewhat stronger than connectivity or weak connectivity of a graph.

Definition 2.6.3. (|15, Definition 8|) Let X be a nonempty set endowed with a graph G and
f: X — X. The graph G is called f-connected if for all z,y € V(G) such that (z,y) & E(G),
there exists a path in G, {z;}Y, from  to y such that zo = z,2y =y and (24, fz;) € E(G)
foralli=1,2,--- N — 1. A graph G is weakly f-connected if G is f-connected.

Definition 2.6.4. (|15, Definition 7]) Let (X, d) be a metric space endowed with a graph G.

The mapping f : X — X is said to be a G-Ciri¢-Reich-Rus operator if:
for all =,y € X, (x,y) € E(G) = (f=x, fy) € E(G); (2.27)
there exist nonnegative real numbers a, b, c with a + b+ ¢ < 1 such that
forall z,y € X, (z,y) € E(G) = d(fx, fy) < ad(z,y) + bd(x, fx) + cd(y, fy). (2.28)

Theorem 2.6.5. (Bojor, |15, Theorem 6]) Let (X, d) be a complete metric space endowed
with a graph G and f : X — X be a G-Ciri¢-Reich-Rus operator. Assume that:

1. G is f-connected;

2. for any sequence {z,} in X, if z, — x € X and (zy,2xp+1) € E(G) for n € N then there
exists a subsequence {x,, } such that (z,,,z) € E(G) for k € N.

Then f is a Picard operator.

In this context, many authors undertook further proceedings and put forth some nice
refinements of Theorem 2.6.2. For some recent developments in this direction we refer the
readers to [4, 10, 15, 16, 33, 42, 101]. In [42|, it has been substantiated with the help of
a counter example that Theorem 2.6.2 can not be improved for any @-contractions where

¢ : RT — RT is nondecreasing such that lim, ., ¢"(t) = 0,t > 0.

Example 2.6.6. (Gwozdz-Lukawska and Jachymski [42]) Let (X, d) be a Euclidean metric
space with X = {s, : n € N}, where s, = > }_, % Then (X, d) is complete. Let the graph
G consists of V(G) = X and E(G) = {(sn,Sn+1) : n € N} U {(sn,sn) : n € N}. Then G
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is reflexive and connected. Set fs, = s,11, for n € N. Note that f is edge-preserving. Let
(x,y) € E(G) and = # y. Then there is k € N such that + = s, and y = s,4;. Hence,
|lr —y| =1/(k+1) and |fx — fy| = 1/(k + 2). Define a function ¢ : R — R by;

?(0) =0, o¢(t)=1/3 fort>1/2,

and ¢|(g,1 /9] is the polygonal line with nodes (1/(n+1),1/(n+2)) for n € N. Then |fz— fy| =
o(Jz — y|). It is easy to see that ¢ is nondecreasing, continuous and such that ¢(¢) < ¢ for
t > 0, hence lim,,_,o ¢"(t) = 0. Furthermore, f is nonexpansive, hence continuous. Since
every convergent sequence in X is constant for sufficiently large n, which infers that all

conditions Theorem 2.6.2 are satisfied but f has no fixed point.

2.7 Cyclic contractions

Kirk et al. [63] introduced the notion of cyclic representations and cyclic contractions to
generalize Banach contraction principle. This theory has been further investigated and evolved
by many authors (see, e.g., [5, 58, 59, 61, 62, 79, 82, 88]). We recall the definition which is

primitively rooted in [63]| but its succinct version is refurnished in [96].

Definition 2.7.1. Let X be a nonempty set, m a positive integer and f : X — X an operator.

Then X := U, A; is known as a cyclic representation of X with respect to f if
1. A;,i=1,2,--- ,m are nonempty sets;
2. f(A1) C A, -+, f(Am—1) C Anm, f(Am) C A (2.29)

Theorem 2.7.2. (Kirk et al. [63]) Let (X, d) be a complete metric space. Let m be positive
integer, {A;}7, be nonempty closed subsets of X, Y :=U";A4; and f : Y — Y. Assume that

1. UL, A; is cyclic representation of Y with respect to f;
2. 3k € (0,1) such that d(fz, fy) < k d(z,y) for x € A;,y € Aj11 where A1 = Ay,
Then f has a unique fixed point { € N*, A; and f"y — £ for any y € U" | A;.
Petric [82] refined above result by using Ciri¢-Reich-Rus mappings.
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Theorem 2.7.3. (Petric [82]) Let (X,d) be a complete metric space. Let m be positive
integer, {4}, be nonempty closed subsets of X, Y :=U";A4; and f : Y — Y. Assume that

1. U™, A; is cyclic representation of Y with respect to f;

2. there exist nonnegative real numbers a, b, ¢ with a + b + ¢ < 1 such that for x € A;,y €

A;+1 where A,,11 = A we have
d(fx, fy) < ad(x,y) + bd(z, fz) + cd(y, fy). (2.30)
Then f has a unique fixed point { € N*; A; and f"y — £ for any y € U™ | A;.
Karapinar [58] furnished the lore by investigating cyclic weakly contractive mappings.

Theorem 2.7.4. (Karapinar [58, Theorem 6]) Let (X, d) be a complete metric space. Let m
be positive integer, {A4;}7"; be nonempty closed subsets of X, Y :=U";A4; and f:Y — Y.

Assume that:

1. U™, A; is cyclic representation of Y with respect to f and

2. there exists 9 : [0,00) — [0, 00) where v is continuous, nondecreasing, positive on (0, 00),

1(0) = 0 and the following holds:
d(fx,fy) < d(l’,y) - ¢(d($,y)) for x € Al,y € AiJrl; Am+1 = Al‘
Then f has a unique fixed point { € N*, A; and f"y — £ for any y € U™ | A;.

Pacurar and Rus [79] undertook further investigations in this context by establishing a

brief study of cyclic ¢-contractions in metric fixed point theory.

Theorem 2.7.5. (Pacurar and Rus [79, Theorem 2.1|) Let (X,d) be a complete metric
space. Let m be positive integer, {A;}!"; be nonempty closed subsets of X, Y := U>, A; and
f:Y =Y. Assume that:

1. U™, A; is cyclic representation of Y with respect to f and

2. there exists a (c¢)-comparison function ¢ : [0, 00) — [0, 00) such that

d(fz, fy) < p(d(z,y)) for x € A,y € Ajp1; Apmyr = Ar

Then f has a unique fixed point { € N*, A; and f"y — £ for any y € U™ | A;.
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Chapter 3

Fixed point theorems in metric spaces
endowed with a graph

Motivation behind this chapter is to generalize the notion of Banach G-contractions by weak-
ening contraction inequality. In this context we introduced two new notions: weakly G-
contractive mappings; integral G-contractions [101, 102].

Subsequently throughout this chapter let (X,d) be a metric space. Let €2 denote the
diagonal of the cartesian product X x X. Let G be a directed graph such that the set of
its vertices V(G) coincides with X, and the set of its edges E(G) contains all loops, that is,
E(G) 2 Q. We assume that G has no parallel edges. We may treat G as a weighted graph

by attributing to each edge the distance between its vertices.

Definition 3.0.6. [52] A mapping f : X — X is called orbitally continuous if for all z,y € X

and any sequence {k,} of positive integers, f*x — y implies f(f*z) — fy as n — oc.

Definition 3.0.7. [52] A mapping f : X — X is called orbitally G-continuous if for all z,y €
X and any sequence {k,} of positive integers, ffnz — y and (f*»z, fF+12) € E(G) Vn € N
imply f(f*x) — fy.

Definition 3.0.8. Two sequences {z,} and {y,} in a metric space (X,d) are said to be
equivalent if d(xy,y,) — 0. Moreover if each of them is Cauchy then these are called Cauchy

equivalent.

In [52, 4], the authors put forth the following:
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(C) for any {z,} in X such that z,, — x with (zp41,2,) € E(G) for all n > 1 there exists a
subsequence {z,, } of {x,} such that (z,z,,) € E(G) [52];

(H) for any {z,} in X such that x, — x € X with z,, € [z]5 for all n > 1 then r(z,,2) — 0

[4].

A graph G satisfying property (C) or (H) is called (C)-graph or (H)-graph respectively. It
has been shown that properties (C) and (H) are independent (see, |4, Examples 2.1, 2.2]). In
this context we define the following properties for a graph G. Let f : X — X and the metric
space (X, d) is endowed with a graph G:

(Cs) for any {f"z} in X such that f"z — y € X with (f"*lz, f"z) € E(G) there exists a
subsequence { f™z} of {f"x} and ng € N such that (y, f"x) € E(G) for all k > no;

(Hy) for any {f"x} in X such that f"r — y € X with f"z € [y]5 for all n > 1 then

r(f"z,y) — 0.

Subsequently, we call a graph G satisfying property (C¢) or (Hy) as (Cy)-graph or (Hy)-graph
respectively. It is easily seen that in a graph G the property (C) subsumes property (Cy) for

any self-mapping f on X but converse may not hold as shown below.

Example 3.0.9. [102] Let X = [0, 1] endowed with usual metric d(z,y) = |z — y|. Consider
a graph G consisting of V(G) := X and E(G) = {(;17, Z—i;) :n € N}U{(55,5n71) 11 €
N,z € [0,1]} U{(5%,0) : n € N,z € [0,1]}. Note that G does not satisfy property (C) as

747 — 1. Whereas by defining f : X — X as fzr = §, G satisfies property (C¢). Since,

[l =57 — 0asn — oo,
Similarly, any graph G satisfying the property (H) also satisfies (H ) whereas next example

shows that the converse may not hold.

Example 3.0.10. [102]|Let X = [0, 1] endowed with usual metric d(z,y) = |z — y|. Consider
a graph G consisting of V(G) := X and F(G) := {(;17,0) : n € N}U{(57,0) : n € Nz €
0,1]} U {(0,1)}. Since, ;47 — 1 but 7(;55,1) = |57 — 0] +]0 — 1| » 0. Thus property (H)
does not hold in G. On the other hand by defining f : X — X as fr = 5 then G satisfies

(Hp).
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3.1 Weakly G-contractive mappings

Motivated by Jachymski [52] using the language of graph theory, we obtain some fixed point
results that unify and extend main results by Harjani and Sadarangani [46]. In particular,
we show that Theorems 2.5.5—2.5.9 are special cases of our results. Consequently, as an
application of our results we obtain a fixed point result for weakly contractive cyclic mappings
and for a-type weakly contractive mappings. An example has been established to demonstrate
the degree of generality of our result over some pre-existing results. Inspired form [52] we

introduce the following intuitive notion.

Definition 3.1.1. Let (X, d) be a metric space endowed with the a graph G. A mapping
f X — X is called weakly G-contractive if it satisfies the following two conditions. For
z,y € X:

(fz, fy) € E(G) whenever (z,y) € E(G), (3.1)

d(fl’, fy) < d(.’E, y) - 1/1(d(£6, y)) whenever (IE, y) € E(G)’ (32)
where 1 : [0,00) — [0, 00) is continuous nondecreasing such that ¢ is positive on (0, c0) and
$(0) = 0.

Example 3.1.2. Let (X,d) be a metric space. Consider the graph G defined by Gy =

(X, X x X). Then any weakly contractive map is weakly G-contractive.

3.1.1 Fixed point theorems for weakly G-contractive mappings

Let us denote by r(z,y) = > i~ d(zi—1,2), where {z}7, is a path from z to y in G. We

start with the following lemma.

Lemma 3.1.3. Let (X, d) be a metric space and f : X — X be a weakly G-contractive map.

Then for any x € X and y € [z]z we have

lim d(f"x, f"y) = lim r(f"x, f"y) = 0. (3.3)
n—oo n—oo
Proof. Let x € X and y € [z]5. Then there exists a path x = zg, 21, -+ , 2 = y in the graph

G. As f is weakly G-contractive, from (3.1) and (3.2) we get
(f"zi_l, f”zl) S E(G) Vi=1,2,---,l, YneN (34)
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and

IN

d(f" zin, [0 ) = (A e, S ) (3.5)
< d(f"lziog, fMm) Vi=1,2,--- 1, VneN. (3.6)

d(f"zi—1, f"2)

This shows that {d(f"z;—1, f"z;)} is a nonincreasing sequence of nonnegative real numbers,
bounded below by 0, thus convergent. Let d(f"z;_1, f"z;) — ~. Taking limit as n — oo in
(3.5) we get v < v —(y) <+. Therefore, 1)(y) = 0 and by using the properties of 1) we get
v = 0. Thus

lim d(f"zi—1,f"2z)=0Vi=1,2,--- ,[,Vn € N. (3.7)

n—oQ

By triangular inequality, we have

d(f"z, f"y) = d(f"zo0, f"2)
< d(f"z0, fz1) FHd(f" 2, [Te) o d(f 21, [ 7).

Taking limit as n — oo and using (3.7), we get

lim d(f"z, f"y) < lim r(f"a, f"y) = 0.

n—oo

O

Assume that z € X and a is any positive real number. For convenience we define the

following:

B.(r) ={y € [7]g : r(x,y) < a,for at least one path between x and y in G}
and

Ba(z)={y € [z]g s 7(z,y) < a,for at least one path between z and y in G}.

Proposition 3.1.4. Let (X, d) be a metric space and f be a weakly G-contractive mapping
from X into X. Let there exists zo € X such that fxg € [zo]g then the sequence {f"xo} is

Cauchy.
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Proof. Since frg € [z0]s then from Lemma 3.1.3 we obtain

lim 7(f"" g, fhaq) = 0. (3.8)

n—oo

Now, we will show that {f"z¢} is a Cauchy sequence. Since lim,, oo 7(f"lzg, f"zg) = 0, for

€ > 0, there exists ng € N such that

(. f0a0) < inf {56 (d(ay. £ 0)) 39

where the vertex z; € X is adjacent to f"0xg with a single edge. Since, fzo € [xo]s5 then by

induction there exists a path between f™zq and f"0Flzg in G. This evokes the existence of

at least one vertex x; € X adjacent to f™xy. We claim that f(%e(fnoxo)) C Be(froxg). Let
z € Be(fxg). Let {y;}\_, be a path between z and f™xzg such that yo = z and y, = f™xg
then {fy;}._, is a path between fz and ff™0xq. So that fz € [f"O‘ng]é = [f"omo] 5

Then two cases arise:

Case 1. If 0 < r(z, f"x0) < 5.

Since z € [f™x], using (3.2) & (3.9) along the path {fz, -, frotlay .- f x4}, we

have
r(fz, fx0) = r(fz, [ wo) +r(f" o, f0u0)
I
= Y d(fyir, fyi) +r(f0 o, f0m0)
i=1
I I
< Y dlyin,yi) — Y (d(yir, vi) + (0 o, fM00)
i=1 i=1
< (2, fM0mo) 4+ r(f0 o, f0m0)
< € € .
>~ 5 + 5 = €.

Case 2. If § < r(z,2p,) < e

In this case, again using (3.2) & (3.9) along the path {fz,---, ff0 lpg, - | ffoxg}, we
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have
2 f”0+1x0)+r(f"0+1$0 fn0$0)

T(fzafnox(]) =

d(fyi1, fys) +r(f" o, f*x0)

Il
.M“"‘

@
Il
—

||M~

I
d(yi1, ) = Y 0(di-1,9:) + r(f w0, 7o)
i=1

z f”oxo) G(d(y—1,m)) + r(f  ao, fOu0)

z, f"x0) — Y(d(yi—1, ["x0)) + Y(d(yi—1, ["x0)) < €.

INA
<
A —~

<

This proves our claim. As f0Flzy € B (fmoxg) then f(fmotlzg) € B (f0xg). Thus,
frotky, [f™xo]g for k = 1,2,---. Repeating the same procedure it follows that f"zo €

B(froxg), for n > ng. It infers that for each n > ng

d(f"xo, f"x0) < r(f"zo, f"x0) < e

It simply yields f"xg € B(f™xo;¢) for all n > ng. Finally, it vindicates that {f"zo} is a

Cauchy sequence in X. O

Theorem 3.1.5. Let (X,d) be a complete metric space endowed with a graph G and f :
X — X be a weakly G-contractive mapping. Suppose that the following conditions holds

(i) G satisfies property (Cy),

(i7) there exists some xg € X :={zx € X : (z, fx) € E(G)}.
Then f][xo has a unique fixed point £ € [zo]5 and f"y — & for any y € [xo].
Proof. Let zg € Xy ie, (fro,70) € E(G) then frg € [xo]s. Thus Proposition 3.1.4 yields
{f™xo} is Cauchy. Since X is complete there exists & € X such that f"zy — &.

Suppose condition (i) holds. Then there exists a subsequence {f"*z} of {f"x¢} and p € N
such that (£, f"x0) € E(G) for all k € N and k > p. Now, using (3.2) we have for all & > ny

d(f€,€) < d(f& f™ao) +d(f 1 g, )
d(&, f™ o) — (d(&, f™x0)) + d(f™ g, €)
d(&, f™ao) + d( " ag, €).

IN

IN
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Letting k — oo we get d(f&,£) = 0. Thus ¢ is fixed point of f. We observe that
{zo, fxo, -, fMxo, -, fPxo,&} is path from xg to £ in G. It vindicates ¢ € [zo]g- Now let

y € [x0]g be arbitrary. Then by Lemma 3.1.3 we have

lim d(f"y, f"z0) = 0.

n—oo

Thus lim,, . f™(y) = €.

Suppose f has two fixed points £ and 7. Then it follows from Lemma 3.1.3 that

d(&,m) = d(f"S, f"n).
Taking limit as n — oo we get £ = . O

Remark 3.1.6. Indeed f is a Picard operator on X if G is a weakly connected graph because

X = [wo] 5

Theorem 3.1.7. Let (X,d) be a complete metric space endowed with a graph G and f :

X — X be a weakly G-contractive mapping. Assume that G is weakly connected satisfying

property (Hys). Then f is Picard operator.

Proof. Let G is weakly connected and xg € X then there exists a path between xg and fxg in
G or equivalently fzq € [z0]5- By Proposition 3.1.4, { f"xo} is Cauchy. Since, X is complete
then f"zqg — £ € X. Since, G is weakly connected so that for each n there exists a path of
finite length from f"xzg to &. Let {2]'}I" be a path between f"x¢ to & with 2 = f"zo and

2t = & then

d(€, f€) < d(&, f" o) + d(f"H o, f€)

< A& o) + Y d(fA s f2)
=1

< (& ) + Y d(2 g, ) = ) Ww(d(zg, )
=1 =1

< d(€ [ o) + 7 (f w0, €).

Since G is weakly connected then f"zg € [¢] ¢ for all n so that the right hand side of above

inequality converges to 0 as n — oo. Thus, we conclude f§ = £. Let y € X := [xg] be
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arbitrary then by Lemma 3.1.3, f®y — £. Uniqueness of fixed point can be proved similarly
as in Theorem 3.1.5. O

Theorem 3.1.8. Let (X,d) be a complete metric space endowed with a graph G and f :
X — X be a weakly G-contractive mapping. Suppose that the following conditions holds:

(1) f is orbital G-continuous;
(i7) there exists some xg € Xy :={x € X : (z, fx) € E(G)}.

Then f has a fixed point § € X and f"y — § for each y € [z¢]z. Moreover, if G is weakly

connected then f is Picard operator.

Proof. Since, (wo, fro) € E(G) imply fxo € [vo]g then from Proposition 3.1.4 {f"zo} is
Cauchy. Since, X is complete there exists £ € X such that f"zqg — £. By orbital G-continuity
as (f"xq, f"Tlazg) € E(G) for all n > 1 we obtain ff"xg — f&. Hence, f&€ = €. Let y € (20l

be arbitrary then from Lemma 3.1.3, f"y — &. Uniqueness can be easily followed. O

Theorem 3.1.9. Let (X,d) be a complete metric space endowed with a graph G and f :
X — X be a weakly G-contractive mapping. Suppose that the following conditions holds

(1) f is orbitally continuous,

(ii) there exists some xo € X such that fxg € [zo]5-

Then f has a fixed point £ € X and f"y — ¢ for any y € [z9]5. Moreover, if G is weakly

connected then f is Picard operator.

Proof. Since, fxo € [z]g then from Proposition 3.1.4 { f"x¢} is Cauchy so that the Complete-
ness propert of X yields f"xo — £ € X. Since, f is orbitally continuous then ff"zg — f¢&.
Hence, f§ = . Let y € [xo]g be arbitrary then from Lemma 3.1.3, f"y — &. O

Remark 3.1.10. Let (X,d) be a metric space and > be a partial order in X. Define the
graph G1 by
E(Gi) ={(z,y) e X x X 1z = y}.
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Note that for this graph, condition (3.1) means f is nondecreasing with respect to this order.
Furthermore for the graph G property (C) is equivalent to the statement; that any nonde-
creasing sequences {x,}, with x,, — x has a subsequence {z,, } such that > z,, for all
k € N, which is certainly weaker than condition (2.19). Furthermore, the weak connectivity
of the graph gives condition (2.22). Therefore, Theorems 2.5.5, 2.5.6 and 2.5.7 are special
cases of Theorem 3.1.5 when G = G which satisfies property (C).

Proposition 3.1.11. Let (X, d) be a metric space endowed with a graph G and f: X — X
be a weakly G-contractive mapping. Then f is weakly G~ '-contractive as well as weakly

G-contractive.

Proof. Let (z,y) € E(G™1), then (y,z) € E(G). Since f is weakly G-contractive, (fy, fr) €
E(G). Thus (fz, fy) € E(G™'). Therefore, condition (3.1) is satisfied for the graph G~1. As
(y,x) € E(G) and f is weakly G-contractive, from (3.2) we get d(fy, fz) < d(y,z)—(d(y,x))
and symmetry of d implies that d(fz, fy) < d(x,y) — ¥ (d(z,y)). Thus condition (3.2) also
holds for the graph G~!. Hence f is weakly G~ '-contractive mapping. Similar argument

shows that f is weakly G-contractive mapping. O

Remark 3.1.12. Consider the following graph in the metric space (X, d)
EGo) ={(z,y) e X xX:z=yVyra}

For this graph (3.1) holds if f is monotone with respect to the order. Moreover, Gy = G1 and
it follows from above proposition that if f is weakly G1-contractive it is weakly Ga-contractive.
Therefore Theorems 2.5.8 and 2.5.9 are special cases of Theorem 3.1.5 when G = G2 which
satisfies property (C).

Lemma 3.1.13. Let (X, d) be a metric space endowed with a graph and f : X — X be a

G-contractive map. Suppose for some zg € X, fxg € [zo]5. Then

(1) f([zolg) € [zolg,

(i) flzo) Is @ G 4o -contractive.
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Proof. Let x € [xg]s. Then there is a path 2 = 29,21, -+ , 21 = 2o between = and x¢. Since f
is G-contractive, (fz;i—1, fz;) € E(G)Vi=1,2,---,1. Thus fx € [fxo]z = [x0a-
Suppose (z,y) € E(Gy,). Then (fz,fy) € G, since f is G-contractive. But [zo)g is f

invariant, so we conclude that (fz, fy) € E(G,,). Condition (3.2) is satisfied automatically,
since éxo is a subgraph of G. O

3.1.2 Applications and an illustrative example

The following example substantiates the validity of our results over some pre-existing results

in literature.

Example 3.1.14. Let X := [0, 00) equipped with the usual metric d. Let ¢ : [0,00) — [0, 00)
be defined as ¥ (t) = % Define a mapping f : X — X as

2
fo = r—%, ifzel0,1]\ {1,123, .-}
2z, otherwise.

Consider the graph G such that V(G) := X and E(G) := QU {(0,z) : z € [0,1] \
IR R

It can be easily seen that G satisfies (3.1) and (3.2). Theorem 3.1.5 yields 0 is a fixed point of f.
On the other hand one cannot invoke Theorem 2.2.1 (specifically by taking z = 0,y = 1, (2.4)

does not hold). Also we note that f is not a Banach G-contraction. Since, {(0, 2)},>3 C E(G),
then

1 1 1 1 1
— — < — | = — ). Nl
d(fO,fn)— - 2n2|_/{\n| ﬁd(O,n) (3.10)

Letting n — oo, (3.10) yields k > 1.

In [63] authors introduced the notions of cyclic representations and cyclic contractions.

From Theorem 3.1.5 one can easily invoke [58, Theorem 6| as follows.

Corollary 3.1.15. (|58, Theorem 6|) Let (X,d) be a complete metric space. Let m be a
positive integer, {A4;}7", be nonempty closed subsets of X, Y := U™, A; and f:Y — Y.

Assume that the following conditions hold:

1.U" A; is cyclic representation of Y with respect to f and
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2. there exists ¢ : [0,00) — [0, 00) where 9 is continuous, nondecreasing, positive on (0, c0),

1(0) = 0 and the following holds:

d(fﬂf,fy) < d((lf,y) - w(d(xay)) for z € Awy € Ai-i-l; Am+1 = Al'
Then f has a unique fixed point { € N*, A; and f"y — £ for any y € U™ | A;.

Proof. Since, A;, i € {1,---,m} are closed then (Y, d) is a complete metric space. Consider
a graph G consisting of V(G) := Y and E(G) = QU {(z,y) € Y XY :z € A,y €
Ait1;i=1,--- ,m}. For such a graph the first condition in view of Definition 2.7.1 infers that
f preserves edges. Thus from second condition it follows that f is a weakly G-contractive
mapping. Now let fx — z* € Y such that (f"x, f**'z) € E(G) for all n > 1 then in view
of Definition (2.7.1), sequence {f"x} has infinitely many terms in each A; so that one can
easily extract a subsequence of {f™x} converging to z* in each A;, since A;’s are closed then
z* € N, A;. Now it is easy to form a subsequence {f"*z} in some A;, j € {1,--- ,m} such
that (f™x,z2*) € E(G) for k > 1. Thus G is weakly connected and satisfies property (C).

Hence, conclusion follows from Theorem 3.1.5. O

Definition 3.1.16. ([36, 37]) A metric space (X, d) is said to be e-chainable, for some € > 0, if
for x,y € X there exist z; € X; i =0,1,2,--- ] with g = x,2; = y such that d(z;—1,2;) < €
fori=1,2,---,1L.

Now we state and prove another consequence of Theorem 3.1.9.

Theorem 3.1.17. Let (X, d) be a complete e-chainable metric space. Let ¢ : [0,00) — [0, 00)
is continuous, nondecreasing, positive on (0,00) and (0) = 0. Assume that f : X — X

satisfies,

for all xz,y € X. Then f is a Picard operator.
Proof. Let G := (V(G), E(G)) such that V(G) := X and E(G) :={(z,y) € X x X : d(z,y) <
€}. Since X is e-chainable which shows G is weakly connected. Let (z,y) € E(G), from (3.11)

we have,

d(fCC, fy) < d(l‘,y) - ¢(d($,y)) < d(d?,y) <€

38



Thus (fz, fy) € E(G) so that f is weakly G-contractive. Further, (3.11) implies that f is

continuous. The conclusion follows from Theorem 3.1.9. O

Now we define the following.

Definition 3.1.18. Let (X, d) be a metric space and f : X — X. The mapping f is said to

be an a-type weakly contractive mapping if

a(z,y)d(fzx, fy) < (:L“,y) —Y(d(x,y)), forall z,y € X, (3.12)

where a : X x X — [0,00) and 9 : [0,00) — [0,00) is continuous nondecreasing such that

is positive on (0, 00) and (0) = 0.

Theorem 3.1.19. Let (X, d) be a complete metric space. Suppose that f : X — X be an

a-type weakly contractive mapping and satisfies the following conditions:
(i) f is a-admissible, i.e., a(z,y) > 1 = a(fz, fy) > 1 for every z,y € X;
(1) there exists zog € X such that a(zo, fxo) > 1;

(#3) if {z,,} is a sequence in X such that a(z,,zp4+1) > 1 for alln € N and z,, — z € X as

n — oo then a(xzy,,z) > 1 for all n.
Then f has a fixed point.
Proof. Consider a graph G := (V(G), E(G)) consisting of
V(G):=X and E(G):={(z,y) € X x X : a(x,y) > 1}.

Then for such a graph condition (z) implies that f preserves edges and condition (ii) invokes
the existence of some g € X with (2o, fxo) € E(G). Let (z,y) € E(G) then a(x,y) > 1 and

inequality (3.12) yields

d(fz, fy) < a(z,y)d(fz, fy) < (z,y) — P(d(z,y)). (3.13)

Thus f is weakly G-contractive mapping. Moreover it is easy to observe that condition (4ii)
is equivalent to property (C). Hence all the conditions of Theorem 3.1.7 are satisfied and the

conclusion follows. O
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3.2 Integral G-contractions

Branciari [23] generalized the Banach contraction principle by proving the existence of unique
fixed point of a mapping on a complete metric space satisfying a general contractive condition
of integral type. In this section motivated by the work of Jachymski [52] and Branciari [23], we
introduce two new contraction conditions for mappings on complete metric spaces. Moreover,
using these contractive conditions, we obtain some fixed point theorems for mappings on
complete metric spaces. Our results generalize and unify some results by above mentioned
authors. In the following we introduce the notion of integral G-contraction which basically

unifies the two different concepts of contractions in (Jachymski 52|, Branciari [23]).

Definition 3.2.1. A mapping f : X — X is called an integral G-contraction if for all
z,y € X:
(fx, fy) € E(G) whenever (z,y) € E(G) (3.14)

and
d(fz,fy) d(z,y)
(2,y) € B(G) implies / b(s)ds < r / 6(s)ds (3.15)
0 0

for some k € (0,1) and ¢ € ®. Here ® denote the class of all mappings ¢ : [0, +00) — [0, +00)
which are Lebesgue integrable, summable on each compact subset of [0,+00), nonnegative

and for each € > 0, [; ¢(s)ds > 0.

Remark 3.2.2. Note that if f: X — X satisfies (2.9) then f is an integral G;-contraction
where G = (X, X x X). Moreover, every Banach G-contraction is an integral G-contraction

(take ¢(x) = 1), but the converse may not hold.

3.2.1 Fixed point theorems for integral G-contractions
We start by proving the following trivial proposition.

Proposition 3.2.3. Let f : X — X be an integral G-contraction with contraction constant

k€ (0,1) and ¢ € ®, then

(i) f is both an integral G~!-contraction and an integral G-contraction with the same con-

traction constant x € (0,1) and ¢.
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(i) [z] & Is f-invariant and f on]a is an integral émo—contraction provided that there exists

some w9 € X such that fxg € [xo]g.

Proof. (i) It is a direct consequence of symmetry of d.

(i) Let x € [vo]z. Then there is a path z = 20,21, ,2m = z¢ between x and z¢ in
G. Since f is an integral G-contraction then (fzie1, fzi) € E(é)Vz = 1,2,---,1. Thus
fx € [fxolg = [zolg-

Suppose that (z,y) € E(Gy,) then (fz, fy) € E(G) as f is an integral G-contraction. But

[z0]g is f invariant, so we conclude that (fz, fy) € E(Gy,). Furthermore, (3.15) is satisfied

automatically because émo is a subgraph of G. O

Lemma 3.2.4. Let f: X — X be an integral G-contraction and y € [z, then
lim d(f"x, f"y) = 0. (3.16)
n—oo

Proof. Let * € X and y € [r]5 then there exists N € N such that o = z, zx = y and

(zi—1,7;) € E(GQ) foralli =1,2,--- | N. By Proposition 3.2.3 it follows that (f™x;_1, f"x;) €

d(frxi—1,f"xs) d(fmta g, )
/ o(s)ds < m/ o(s)ds, (3.17)
0 0

E(G) and

holds for all n € N and i = 0,1,2,--- , N. Denoting, d,, = d(f"x;—1, f"z;) for all n € N. If
dym = 0 for some m € N then it follows from (3.17) that d,, = 0 for all n € N with n > m.
Therefore, in this case, lim, o d, = 0. Now, assume that d,, > 0. We claim that {d,} is
non-increasing sequence. Otherwise, there exists no, € N such that d,,, > d,,,—1. Now, using

properties of ¢, it follows from (3.17) that

d

dno—l o d”o—l
0< /0 o(s)ds < @(s)ds < /1/0 o(s)ds.

0
Since, 0 < ¢ < 1, this yields a contradiction. Therefore, lim, .o, d, =7 > 0. Let r > 0, then

it follows from (3.17) that

r dn dn—1 T
/ ¢(s)ds = lim ¢(s)ds < k lim ¢(s)ds = K/ ¢(s)ds. (3.18)
0 0

It implies (1 — x) [; ¢(s)ds < 0 and it further implies [ ¢(s)ds = 0 which is a contradiction.
Thus, lim, oo d, = lim,—eo d(f"zi—1, fMx;) = 0,¥i = 1,2,--- , N, in both cases. From
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triangular inequality we have d(f"z, f"y) < Zfil d(f"z;—1, f"x;) and letting n — oo gives
limy, o0 d(f"x, f"y) = 0. O

Now we define a subclass of integral G-contractions. We call this a class of sub-integral
G-contractions. Let us denote with W the class of all mappings ¢ € ® satisfying the following

condition: 5 5
a+ a
/0 o(s)ds S/O ¢(s)ds+/0 o(s)ds (3.19)

for every o, 8 > 0. Note that every constant function ¢(x) = k > 0 belongs to the class V.

Example 3.2.5. Define ¢1, ¢2 : [0,00) — [0, 00) by

‘M

ifx#0

otherwise.

3

hle) = —. @(x)—{ %

It is easy to see that ¢q, ¢o satisfy (3.19) and thus belong to the class W.

Definition 3.2.6. We say that an integral G-contraction is a sub-integral G-contraction if

pe V.

Lemma 3.2.7. Let f : X — X be a sub-integral G-contraction and y € [z]5. Then there

exists p(z,y) > 0 such that
d(f"z,f"y)
/ ¢(s)ds < k"p(x,y), V meN. (3.20)
0

Proof. Let x € X and y € [a:]é then there exists N € N such that x9 = z, xxy = y and

(xi—1,2;) € E(GQ) for all i = 1,2,--- | N. Since ¢ € ¥ using triangular inequality, it follows

that
d(fme,fy) N o pd(fraio, frai)
/ @(s)ds < Z/ ¢(s)ds, (3.21)
0 = Jo
and
d(frxi—1,f"x;) d(x;_1,7;)
/ @(s)ds < /ﬁ”/ o(s)ds. (3.22)
0 0

Since, (f"zi—1, f"z;) € E(G) for alli =1,2,3,..., N and n € N so that from (3.21) and (3.22)

we get

d(f"z,f"y) N o rd(mio,@)
/ ¢(s)ds < /{”2/ o(s)ds
0 = /o
= K'p(z,y), (3.23)
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where p(x,y) = Zf\io Od(xi_l’xi) ¢(s)ds. O

Theorem 3.2.8. Let f: X — X be a sub-integral G-contraction. Assume that:
(i) Xy ={x e X :(z, fx) € E(G)} # 0

(i) G is a (Cy)-graph.

Then, for any zo € Xy, f ‘[xo]g; is a Picard operator. Further, if G is weakly connected then f

is a Picard operator.

Proof. Let xg € Xy then fzg € [z0]5. Suppose m > n > 1 so that using Lemma (3.2.7), we

obtain

d(f™wo,f™x0)
/ o(s)ds
0

IN

d(fmwo,f" @) d(f™ tzo,fmxo)
/ (s)ds + -+ / 6(s)ds
0 0

(K™ 4+ K"+ 52 4+ K™Y p(20, f0)

IN

n

IN

[11% ]p<$07f370) —0 as n— 0.
— KR

It follows that { f™xz(} is a Cauchy sequence in X. Therefore, f"xg — £ € X. Let y is another
element in [zo]s then it follows from Lemma 3.2.4 that f"y — &, too. Next, we show that
€ is a fixed point of f. Since, ffxg — & € X and (f"wq, f"29) € E(G) for all n € N
and G is (Cy)-graph then there exists a subsequence {f" o} of {f"xo} and p € N such that
(f™x0,€) € E(G) for all k > p. Therefore, (zo, fro, f2x0, ..., f?x0,€) is a path in G and so
in G from z to &, thus & € [z0]g- From (3.15), we get

d(f kT lag, £€) d(f™kx0,8)
/ o(s)ds < I€/ ¢(s)ds VYV keN,
0 0

letting £ — oo, we have fod(g’fé) ¢(s)ds = 0, which implies that d(, f§) = 0. This shows that
f‘[wo}@ is a Picard operator. Moreover, if G is weakly connected then f is a Picard operator,

since [zo]g = X. O
Remark 3.2.9. Theorem 3.2.8 generalizes claims 4° & 5° of [52, Theorem 3.2].

Corollary 3.2.10. Let (X, d) be a complete metric space endowed with a graph G such that
G is a (Cy)-graph. Then the following statements are equivalent:

43



(1) G is weakly connected.

(2) Every sub-integral G-contraction f on X is a Picard operator provided that Xy # (.

Proof. (1) = (2) : It is immediate from Theorem 3.2.8.
(2) = (1) : On the contrary suppose that G is not weakly connected then G is disconnected,
i.e., there exists 2o € X such that [z,]5 # 0 and X\ [z,]5 # 0. Let yo € X\[20]5, we construct

a self-mapping f as:

o= T, if xE[:po]é
Yo if z€ X\ [rog

Let (z,y) € E(G) then [z]g := [y]5 which implies fz = fy. Hence (fx, fy) € E(G) as G
contains all loops and further (3.15) is trivially satisfied. But z, and y, are two fixed points

of f contradicting the fact that f has a unique fixed point. O

Theorem 3.2.11. Let f : X — X be a sub-integral G-contraction. Assume that f is orbitally
G-continuous and Xy := {z € X : (z, fz) € E(G)} # 0. Then for any 29 € Xy and y € [z0]5,
lim, 00 f"y = € € X where £ is a fixed point of f. Further, if G is weakly connected then f

is a Picard operator.

Proof. Let g € X then the arguments used in the proof of Theorem 3.2.8 imply that { "z}
is a Cauchy sequence. Therefore, f"xg — & € X. Since (f"xq, f""txg) € E(G) for all n € N
and f is orbitally G-continuous therefore & = lim,_, o, ff"zg = ft. Note that if y is another
element from [zo]5 then it follows from Lemma 3.2.4 that lim, .o f"y = §. Finally, if G is

weakly connected then [z] & ‘= X which yields that f is a Picard operator. O
Remark 3.2.12. Theorem 3.2.11 generalizes claims 2° & 3° of [52, Theorem 3.3].

Theorem 3.2.13. Let f : X — X be a sub-integral G-contraction. Assume that f is orbitally
continuous and if there exists some xg € X such that frg € [z¢]g then, for y € [z0]g,
limy, o fMy = & € X where £ is a fixed point of f. Further, if G is weakly connected then f

is a Picard operator.

Proof. Let ©y € X be such that fzg € [zg] & then using the same arguments as in the

proof of Theorem 3.2.8, {f™xzo} is Cauchy and thus lim, .~ f"z9 = & € X. Moreover,

44



& =lim,_ .o ffxg = f€, as f is orbitally continuous. Note that if y is another element from
[z0] 5 then it follows from Lemma 3.2.4 that lim, . f"y = . If G is weakly connected then

[z0]g = X this yields that f is a Picard operator. O

Remark 3.2.14. Theorem 3.2.13 generalizes claims 2° & 3° of [52, Theorem 3.4] and thus
generalizes and extends the results of Nieto and Rodrtyguez-Ltopez [72, Theorems 2.1 and
2.3|, Petrusel and Rus [84, Theorem 4.3] and Ran and Reurings [90, Theorem 2.1].

Corollary 3.2.15. Let (X,d) be a complete metric space endowed with a graph G. Then

the following statements are equivalent:

(1) G is weakly connected.

(2) Every sub-integral G-contraction f on X is a Picard operator provided f is orbitally

continuous.

Proof. (1) = (2): It is obvious from Theorem 3.2.13.
(2) = (1): Note that the example constructed in Corollary 3.2.10 is orbitally continuous. [

Remark 3.2.16. Corollary 3.2.15 generalizes claims 20 & 3° of [52, Corollary 3.3].

Theorem 3.2.17. Let f: X — X be an integral G-contraction. Assume that the following

assertions hold:
(¢) there exists xg € Xy such that
/ o(s)ds < ﬁ/ P(s)ds Vz,y € O(zo) C [wo]5 (3.24)
0 0
where, O(z0) = {zo, fzo, f*x0, - };
(#7) G is a (Cy)-graph.

Then, for any x¢ € Xy, f on]é is a Picard operator. Furthermore, if G is weakly connected

then f is a Picard operator.
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Proof. Let z9 € Xy, then fzo € [z0]g. Now, it follows from Proposition 3.2.3(ii) that

O(zo) C [z0]g- Moreover, from Lemma 3.2.4 we get
lim d(f"zo, f"ag) = 0. (3.25)
n—oo

We claim that {f"zo} is Cauchy sequence. Otherwise, there exists some € > 0 in such a way

that for each k € N there are mg,ni € N with ng > my > k, satisfying
d(fmkx(), f”’“xo) > €. (3.26)

We may choose sequences {my}, {ni} such that corresponding to my the natural number ny

is the smallest satistfying (3.26). Therefore,
e < d(f™wo, fwo) < d(fM o, [ o) + d(f™  wo, [ o) < d(f"*wo, [ wo) + e
On letting £ — oo and using (3.25) we get
kli»n;o d(f™xg, [ xy) = €. (3.27)

Moreover, using (3.25) and(3.27), it follows from

d(f™ Lo, f™ o) < d(f™ o, fEwo) + d(f o, MR a0) 4+ d(f o, ™ o),
and

d(f™ g, ™ x0) < d(f w0, ™ Tao) + d(f™ L wo, f ag) + d(f™ P, fMxg),
that

lim d(f™ ag, ™ tag) = e (3.28)

n—od
Since f*~lxg, flay € O(z0) it follows from assertion (i) that
d(f™exo,f™k o) d(f™ " ao, fmR o)
/ o(s)ds < I-i/ o(s)ds. (3.29)
0 0
Letting & — oo and using (3.27) and (3.28) we get (1 — k) [ ¢(s)ds < 0. As 0 < k < 1 this
implies that € = 0. Therefore, {f"zo} is Cauchy sequence in X. The rest of the proof runs

on same lines as the proof of Theorem 3.2.8. O
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Remark 3.2.18. Theorem 3.2.17 generalizes [23, Theorem 2.1].

Remark 3.2.19. The conclusion of Theorem 3.2.17 that f is a Picard operator provided
that G is weakly connected remains valid if we replace assertion (ii) by (i)’ f is orbital

G-continuous or (i)” f is orbitally continuous.

3.2.2 Applications and illustrative example

Following example elucidates the degree of generality of Theorem 3.2.17 over main results of

Branciari [23] and Jachymski [52].

Example 3.2.20. Let X := [0,1] be equipped with the usual metric d. Define f : X — X,
¢ :[0,400) — [0,4+00) by

T . 1 1_9 .
fo= T if x—lﬁ, and (s) = ss “(1 —logs) if s> 0,
0 if x# 7, 0 if s=0,

for all n € N and p > 1 is any fixed positive integer. Consider the graph G such that
V(G) := X and E(G) :=QU{(0,z) : 2z € X} U {(n%rl, 1) :n € N}. We observe that (3.14)

holds. Moreover, fg o(s)ds = T%, so that (3.15) is equivalent to
1 1
d(fz, fy)i=rv < g d(z,y)?=v) for (x,y) € E(G). (3.30)

Next we show that (3.30) is satisfied for kK = ﬁ <1
Case i. Let (z,2) € E(G) then (3.15) is trivially satisfied.
Case ii. Let (0,2) € E(G);z # L for n € N the condition (3.15) is trivially satisfied. Let

(0,2) € E(G);z = L for n € N then

1
. 1 1 1
d(fzx, fy)dT=Tv = ‘ -0 |W*°‘ = 3.31
and L
1 1 1 1
d(z,y)Tw = ’7_0 | 5-o] _ . 3.32
From inequality (3.30) we need to show that
1 1
< 3.33
(04 ) = [T+ p))” (43



or equivalently,

[ n }n 1 < 1
n+p (n—l—p)p_l—l—p’

Since, ) for all n € N and 72— < 1. Thus inequality (3.33) is satisfied.

1 1
P < k) < T

Case iii. Let (n+1’ 1) € E(G) for n € N then we have

1

1
n+1+p n+p

1 ] (n+14-p)(n+p)

[ [
(n+1+p)(n+p)

d(fz, fy) = = |

(3.34)
and .
11 | p— 1 n(n+1)
d(z,y) @ = ’f_ nonfl| = {7} . 3.35
(, y) T n+1 n(n+1) ( )
We need to show that
[ 1 }(nJrler)(ner) _ 1 [ 1 }n(nJrl) (3.36)
(n+1+p)(n+p) ~ (1+p)in(n+1) ’ '
on rearranging we have
[n(n—{— 1)]n(n+1) _ 1
[(n+ 1+ p)(n + p)|(ntitpr)nte) = (p+1)°
or,
[ n ]n(nH) [ n+1 }n(nﬂ) 1 1
ntp n+1l+p [+ 1+ p)(n+ p)]r 2w = T4p’
By analyzing L.H.S, we see that nL-&-p < 1and nf{ip < lforalln € Nand [(n+1+p)(n+1p)](p2+znp+p) <

€5 +117)(n =7 < (n}rp) < (141rp) for all n € N. Which infers that inequality (3.36) is indeed
1

true. Therefore, f is an integral G-contraction with contraction constant x = Tip- Note that

G is weakly connected (C)-graph and (3.24) also holds for O(0). Thus all the conditions of
Theorem 3.2.17 are satisfied and f is a Picard operator with fixed point 0. Note that f is not

a Banach G-contraction, since, for (T+1’ f) € E(G),

1 1
d(fm’fﬁ) _ Inti4p — Tﬂ;‘

1 1 - 1 1
A1) |

— 1, as n — oo.

By setting p = 2 in above example we have

1

S5 19T = ()t =

(5.2

13
(3,7)

Therefore one can not apply Theorem 2.2.6 [23].
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Following result is an important consequence of Theorem 3.2.8.

Theorem 3.2.21. Let (X, d) be a complete metric space. Let m be a positive integer, {4;}7,
be nonempty closed subsets of X, Y :=U" A4; and f:Y — Y. Assume:

(i) U, A; is a cyclic representation of Y with respect to f;

(ii) there exists ¢ € ¥ such that fod(fx’fy) o(s)ds < ﬁf()(d(x’y)) ¢(s)ds whenever, z € A;,y €

Ai+1, where Am+1 = Al.
Then f has a unique fixed point £ € N"; A; and f"y — £ for any y € U™ A;.

Proof. Since, A;, i € {1,---,m} are closed then (Y, d) is complete metric space. Consider a
graph G consisting of V(G) :=Y and E(G) := QU {(z,y) € Y xY 1z € A,y € Ait1;i =
1,---,m}. By (i) & (ii) it follows that f is sub-integral G-contraction. Now let f"x — z* € Y
such that (f"x, f**'z) € E(G) for all n > 1 then in view of (2.29) the sequence {f"z} has
infinitely many terms in each A; so that one can easily extract a subsequence of {f™z}
converging to x* in each A;, since A;’s are closed then z* € N A;. Now it is easy to form
a subsequence {f™z} in some A;, j € {1,---,m} such that (f™x,2*) € E(G) for k > 1,
it vindicates G is weakly connected (Cy)-graph. Hence, conclusion follows from Theorem

3.2.8. O
Remark 3.2.22. Taking ¢(s) = 1, Theorem 3.2.21 subsumes the main result of [63].

Definition 3.2.23. Let (X, d) be a metric space and f : X — X. We call the mapping f an

a-type sub-integral contraction if
d(f=,fy) d(zy)
oz, y) / 6(s)ds < x / 6(s)ds, for all 2,y € X, (3.37)
0 0
where a: X x X — [0,00), k € (0,1) and ¢ € V.

Theorem 3.2.24. Let (X, d) be a complete metric space. Suppose that f : X — X be an

a-type sub-integral contraction and satisfies the following conditions:
(i) f is a-admissible, i.e., a(z,y) > 1 = a(fz, fy) > 1 for every z,y € X;
(1) there exists zo € X such that a(zo, fxo) > 1;
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(117) if {zy} is a sequence in X such that a(z,,z,4+1) > 1 for all n € N and z, — z € X as

n — oo then a(xzy,,z) > 1 for all n.
Then f has a fixed point.
Proof. Consider a graph G := (V(G), E(G)) consisting of
V(G):=X and E(G):={(z,y) € X x X : a(x,y) > 1}.

Then for such a graph condition (i) implies that f preserves edges i.e., (z,y) € E(G) =
(fz, fy) € E(G). Let (z,y) € E(G) then a(z,y) > 1 and inequality (3.37) yields

d(fx.fy) d(fx.fy) d(z,y)
/ o(s)ds < a(x, y)/ o(s)ds < m/ o(s)ds. (3.38)
0 0 0

Thus f is sub-integral G-contraction. The condition (i) invokes the existence of some zy € X
with (zo, fzo) € E(G) so that Xy # (). Furthermore it is easy to observe that condition (i)
yields that G is a (C)-graph. Hence all the conditions of Theorem 3.2.8 are satisfied and the

conclusion follows. O

3.3 Conclusion

1. In Section 3.1 we introduced the notion of weakly G-contractive maps and established
some fixed point theorems for such mappings. The notion of weakly G-contractive maps
generalizes and unifies the notion of Banach G-contractions and weakly contractive
maps. Therefore Theorems 3.1.5, 3.1.7 subsume not only the class of weakly contractive
maps but also class of all Banach G-contractions. This elicits the novelty of the results.
Moreover, Example 3.1.14 illuminates the degree of generality of our result over some

pre-existing results.

2. The purpose of Section 3.2 is stipulated with the concept of integral G-contractions.
The notion of an integral G-contraction not only generalizes/extends the notion of a
Banach G-contraction but it also improves the integral inequality (2.9). Whereas, the
notion of a sub-integral G-contraction generalizes the notion of a Banach G-contraction
and partially generalizes the integral inequality (2.9). Therefore, Theorem 3.2.8 gen-

eralizes/extends some results of Jachymski [52| and provides partial improvement to
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the main result of Branciari [23]. At this point, a very natural question is bound to
be posed: Are the conclusions of Theorem 3.2.8, 3.2.11, 3.2.13 still valid for integral
G-contractions? We have provided a partial answer to this question in Theorem 3.2.17
on the expense of inequality (3.24). But it remains open to investigate an affirmative
answer without the crucial condition of (3.24). Moreover, Example 3.2.20 invokes and

elucidates the generality of Theorem 3.2.17.
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Chapter 4

Fixed point theorems in b-metric
spaces

The motivation behind the present chapter is stipulated with the notion of b-metric space
which propelled us to undertake some investigations by flavoring the underlying ambient
structure with a graph G [103]. The idea intrigued us to present two different classes of
contraction mappings which are discussed in Section 4.2. Consequently, we apply our results
to obtain fixed point theorems for cyclic contractions. Moreover, we also obtain b-metric

version of Theorem 2.4.3 due to Samet et al.[100].

In Section 4.3 two convergence theorems are presented for the class of p-contractions in b-
metric space where ¢ is a gauge function of order » > 1. Furthermore, the error estimates for
the convergence of proposed iterative process are also calculated. To illuminate the novelty
of obtain result an example is furnished. As an application we obtain an existence theorem
for the solution of first order differential equation wherein the iterative scheme converges to
the solution with the higher order as compared to the Picard method where the convergence

to the solution is linear.

4.1 Preliminaries

Subsequently, throughout this chapter let (X, d) be a b-metric space (unless specified other-
wise) with a coefficient s > 1. We recall some auxiliary notions and results in a b-metric space

[8, 22, 31, 49] which are needed subsequently.

52



Definition 4.1.1. Let (X, d) be a b-metric space. A sequence {x,} in X is:

(1) convergent if and only if there exists € X such that d(z,,z) — 0 as n — oo and we

write limy, oo T, = ;
(74) Cauchy if and only if d(zy, z,) — 0 as m,n — oo.

Definition 4.1.2. A b-metric space (X, d) is complete if every Cauchy sequence in X con-

verges.

Remark 4.1.3. Let (X, d) be a b-metric space then:

(i) every convergent sequence has a unique limit;
(ii) every convergent sequence is Cauchy;
(4i) in general the b-metric d is not a continuous functional [32].

Definition 4.1.4. Let (X,d) be a b-metric space and A be a nonempty subset of X then
closure A of A is the set consisting of all points of A and its limit points. Moreover, A is

closed if and only if A = A.

In the following the b-metric version of Cantor’s intersection theorem is given which can

be easily established running on the same lines as in the proof of its metric version.

Theorem 4.1.5. [18] Let (X, d) be a complete b-metric space then every nested sequence of

closed balls has a non-empty intersection.

Definition 4.1.6. [48] Let f : D C X — X and there exist some z € D such that the set
O(z) = {z, fx, f?x,---} C D. The set O(x) is known as an orbit of x € D. A function G
from D into the set of real numbers is said to be f-orbitally lower semi-continuous at ¢t € X

if {x,,} € O(z) and z,, — t implies G(t) < liminf G(zy,).

Matkowski [66] introduced the class of @-contractions in metric fixed point theory to
generalize Banach contraction principle and subsequently further study was developed in this
setting by different authors when underlying space was taken to be a partially ordered set

(see, e.g., [2, 77]). For details on ¢ contractions we refer the readers to [11, 97].
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Berinde [12] took a further step to investigate ¢ contractions when the framework was taken
to be a b-metric space and for some technical reasons he had to introduce the notion of b-
comparison function in particular he obtained some estimations for rate of convergence [12].

See also 12, 20, 78, 83|.

Definition 4.1.7. (Berinde, [12]) Let s > 1 be a fixed real number. A non-decreasing function
¢ : RT — RT is known as a b-comparison function if the following holds;

(Vi) Y g 8" (t) converges for all ¢ € RT.

The concept of b-comparison function coincides with the comparison function when s = 1.
Let (X, d) be a b-metric space with coefficient s > 1, then () = at ;¢ € RT with 0 < a < 1

is a b-comparison function.

4.2 b-metric endowed with a graph G

Throughout this section let (X, d) be a b-metric space with coefficient s > 1 and Q is the
diagonal of the cartesian product X x X. G is a directed graph such that the set V(G) of its
vertices coincides with X, and the set E(G) of its edges contains all loops, i.e., E(G) 2 €.
Assume that G has no parallel edges. We assign to each edge having vertices x and y a unique

element d(z,y).

4.2.1 Fixed point theorems for mappings in b-metric endowed a graph
We introduce the following definition.

Definition 4.2.1. We say that a mapping f : X — X is a b-(p,G) contraction if for all
z,y € X:
(fz, fy) € E(G) whenever (z,y) € E(G); (4.1)

d(fzx, fy) < p(d(z,y)) whenever (z,y)€ E(G), (4.2)

where ¢ : Rt — R* is a comparison function.

Remark 4.2.2. Note that a Banach G-contraction is a b-(¢, G) contraction.
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Example 4.2.3. Any constant mapping f : X — X is a b-(¢, G) contraction for any graph
G with V(G) = X.

Example 4.2.4. Any self mapping f on X is trivially a b-(¢,G1) contraction, where G =
(V(G), E(G)) = (X, Q).

Example 4.2.5. Let X = R and define d : X x X — R by d(z,y) = |z — y|>. Then d is
a b-metric on X with s = 2. Assume the self mapping fx = 5, for all x € X. Then f is a
b-(¢, Go) contraction with ¢(t) = % and Go = (X, X x X). Note that d is not a metric on X.

Definition 4.2.6. Two sequences {x, } and {y, } in X are said to be equivalent if lim,, oo d(Zp, yn) =

0 and if each of them is a Cauchy sequence then they are called Cauchy equivalent.

As a direct consequence of Definition 4.2.6, we get the following remark.

Remark 4.2.7. Let {x,} and {y,} be equivalent sequences in X. (i) If {z,,} converges to =
then {y,} also converges to = and vice versa. (ii) {y,} is a Cauchy sequence whenever {x,,}

is a Cauchy sequence and vice versa.

Proposition 4.2.8. Let f : X — X be a b-(¢,G) contraction where ¢ : Rt — R* is a

comparison function then

(i). fis a b-(p, G) contraction and a b-(¢, G~1) contraction as well.

(7). [xo]g is f-invariant and f|;,). is a b-(p, G) contraction provided that zp € X is such

that fzg € [l‘o]é

Proof. (i). It follows from (d2) (Definition 1.4.1).

(ii). Let € [x0]s. Then there is a path 2 = g, 21,--- , 2 = xo between x and zg. Since f
is a b-(¢, ) contraction then (fz;—1, fz;) € E(G)Vi =1,2,--- 1. Thus fx € [fxo]s = [xo]a-
Suppose (z,y) € E(Gy,). Then (fz, fy) € E(G) as f is a b-(p, G) contraction. But [zo]z is f

invariant, so we conclude that (fx, fy) € E(Gg,). the condition (4.2) is satisfied automatically
as éxo is a subgraph of G.
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From now on we assume that coefficient of b-comparison function ¢ is at least as large as

the coefficient of b-metric s.

Lemma 4.2.9. Let f : X — X be a b-(¢,G) contraction where ¢ : Rt — RT is a b-
comparison function. Then given any z € X and y € [z]5, two sequences {f"x} and {f"y}

are equivalent.

Proof. Let x € X and y € [r]5 then there exists a path {z;}l_,in G from z to y with zy = z,

x; =y and (x;_1,z;) € E(G). From Proposition 4.2.8 as f is a b-(p, G) contraction. So that
(f"wio1, ;) € B(G) implies d(f"zi—1, f"z:) < o(d(f" w1, [ ;) (4.3)

forallm e Nand i =0,1,2,---,l. Hence,
d(f"xi—1, fMx;) < ¢"(d(xi—1,7;)) Yn €N and ¢ =0,1,2,--- . (4.4)

We observe that {f"x;}._, is a path in G from f"x to fMy. From (d3) Definition 1.4.1 and

(4.4) we have,
l

l
d(f"x, fry) < std(fPaioa, fra) <Y s (d(wiog, w)). (4.5)
=1 =1
Letting n — oo we obtain d(f"z, f"y) — 0. O

Proposition 4.2.10. Let f be a b-(¢, G) contraction where ¢ : RT — R™ is a b-comparison
function. Suppose that there is zo in X such that fzg € [zo]z. Then {f"z¢} is a Cauchy

sequence in X.

Proof. Since fxg € [xo]5. Let {yi};_q be a path from 2 to fz then using the same arguments

as in Lemma 4.2.9, we arrive at
,
d(fMxo, fM ) < Zsigon(d(yi_l,yi)), for all n e N. (4.6)
i=1
Let m > n > 1, then from above inequality it follows for p > 1

d(f"xo, " Pxg) < sd(fMwo, [T o) + s2d(fM o, [P w0) 4 - A SPA(fMTP g, 1 Pa)
n+p—1

B Snl,l[ Z s'd(f7 o, f1 0]
j=n
1 T ‘n+p71 o
= Sn—1[zsz Z 7o’ (d(yi-1,vi))]- (4.7)
i=1 j=n
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Denoting for each i =1,2,--- |r

n

S =Y s* M i1, m)), n>1

k=0
relation (4.7) becomes
1 L .
("0, 7 Pw0) < 5 [0 8 (Shpmr — Sicall,
i=1
Since, ¢ is a b-comparison function, so that for each ¢ = 1,2,--- ,r we obtain

oo
Z s* M (d(yi—1, yi)) < 0.
k=0
Then corresponding to each 4 there is a real number S? such that

lim S = 57

n—oo

(4.9)

In view of (4.9) relation (4.8) gives d(f™zo, f"Pxg) — 0 as n — oo. It infers that {f™xo} is

a Cauchy sequence in X.

O

In the following the notions of (Cy) and (Hy) graphs are refurnished in the settings of

b-metric space.

Definition 4.2.11. Let f : X — X, y € X and the sequence {f"y} in X is such that

fry — ¥ with (f™y, f**ly) € E(G) for n € N.

1. We say that a graph G is a (Cy)-graph if there exists a subsequence { f"*y} and a natural

number p such that (f"y,z*) € E(G) for all k > p [101].

2. We say that a graph G is an (Hy)-graph if f"y € [z*]5 for n > 1 then r(f"y,z*) —
0 (as n — o). Where r(f™y,z*) = M s%d(z1,2) ; {2}, is a path from f"y to

z* in G.

Obviously every (C)-graph is a (Cy)-graph for any self mapping f on X but the converse

may not hold as shown in Chapter 2 (see, Example 3.0.9).
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Example 4.2.12. Let X = {1 : n € N}JU{0}UN with respect to the b-metric d(z,y) = [z—y|?
and I is an identity map on X. Consider a graph Go consisting of V(G3) = X and

(GQ) = {(nv n+1) (n.1|.17n)7(n70) (5n’0) ne N}

Since, z, = = — 0 as n — 0o. We note that G is a (C)-graph but r(z,,0) = 2|2 — L

’2
n+1
22| Lo

] —nl?+22n2 » 0 as n — oco. Thus Gy is not an (Hj)-graph.

Example 4.2.13. Let X = {1 : n € N} U {% : n € N} U {0} with respect to b-metric
d(z,y) = |r —y|? and I is identity map on X. Consider a graph G5 consisting of V(G3) = X
and

(G3) = {(n’ n+1) (n—ll—l’ %)) (%’0)7’”/ € N}
Since, x, = E — 0 as n — oo. Clearly G3 is not a (Cr)-graph but it is easy to verify that Gs

is an (Hj)-graph.

Above examples show that for a given f the notions of (Cy)-graph and (H)-graph remain
independent when the underlying space is a nontrivial b-metric space even if f is an identity

map.

Theorem 4.2.14. Let (X,d) be a complete b-metric space such that d is continuous. Let
f: X — X be ab-(p,G) contraction where ¢ is a b-comparison function. Assume that the

following conditions hold:
(i) there is xo in X for which (zo, fzo) is an edge in G;
(i7) G is a (Cy)-graph.

then f has a unique fixed point ¢ € [vo]5 and for any y € [zo]s5, f"y — & Further if G is

weakly connected then f is Picard operator.

Proof. Tt follows from Proposition 4.2.10 that {f"x¢} is a Cauchy sequence in X. Since X
is complete there exists & € X such that fPxg — t. Since, (f"wo, f"Tlxg) € E(G) for all
n € N and G is a (Cy) graph there exists a subsequence { f™xg} of {f"xo} and p € N such
that (f™xg,¢) € E(Q) for all k > p. Observe that (xo, fxo, f2z0,- -+ , fMT0, -+, [P0, &) is
a path in G. Therefore, § € [9]z. From (4.2), we get

d(f o, f€) < @(d(f™ 30, €)) < d(f™x0,E) k> no, (4.10)
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letting & — 0o we obtain limy_ .o, f™ " lzg = f¢, as d is continuous. Since {f™ g} is a
subsequence of { f"zo}, we conclude that f§ = £. Finally, if y € [x¢]g, it follows from Lemma

4.2.7 that f"y — £.
O

Theorem 4.2.15. Let (X,d) be a complete b-metric space such that d is continuous. Let
f X — X be a b-(¢,G) contraction where ¢ is a b-comparison function. If G is weakly

connected (Hy)-graph then f is Picard operator.

Proof. Let G is weakly connected (Hs)-graph. From the Proposition 4.2.10 f"zy — £ € X,
then r(f"zo,&) — 0 as n — oco. Now for each n € Nlet {y/'};i=0,1,---, M, be a path from
"z to § with yo = € and yy, = f"xzo in G then

(&, f§) < s[d(&, f"mo) + d(f" o, £6)]
My,
< s[d(& o) + ) std(fyitys fup)]

=1

My,
sld(&, ™ o) + ) s'p(d(yir, vi)]
1=1

IN

My,
< s[d(g, £ ao) + > std(yp g, y)] = sld(E, £ o) + (M0, €),
=1

letting n — oo above inequality yields f§ = €. Let y € [xo]z := X be arbitrary then from
Lemma 4.2.9 and Remark 4.2.7 it is easily seen that fmy — &. O

Following example shows that the condition of (Cy)-gragh or (H)-graph in the hypothesis
of Theorem 4.2.14 & 4.2.15 can’t be dropped.

Example 4.2.16. Let X = [0,1], d(z,y) = |z — y|?> and fo = 2/2 for all z € (0,1] and
f0 = 1/2. Then (X,d) is a complete b-metric space with s = 2. Further, d is continuous
and f is a b-(p, G1) contraction (with ¢(t) = t/4) where V(G1) = X and E(G1) = {(z,y) €
(0,1]x(0,1];x > y}U{(0,0), (0,1)}. Note that G; is weakly connected but f has no fixed point

in [xO]G~1 = X. Observe that G is not a (Cy)-graph because the sequence f"z = 57 — 0 for

x € (0,1] and (f"x, f**2) € E(G1);n € N but it does not contain any subsequence such that
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(Zny,,0) € E(G1). Also we note that for any fixed z € (0,1], r(f"z,0) = 2[|55 —1|*+[1-0[*] -»

0 asn — oo.

The notions of orbital and orbital G-continuity for a self-mapping f can be induced in

b-metric space intuitively as follows.

Definition 4.2.17. Let (X, d) be a b-metric space. A mapping f : X — X is called orbitally
continuous if for all z,y € X and any sequence {k, }nen of positive integers, f*»x — y implies
f(ffnz) — fy as n — oo. A mapping f : X — X is called orbitally G-continuous if for
all z,y € X and any sequence {k, }nen of positive integers, o — y and (fFra, fintlz) €

E(G) ¥n € N imply f(f*rz) — fy.

Theorem 4.2.18. Let (X, d) be a complete b-metric space, f be a b-(¢, G) contraction where
© is a b-comparison function. Assume that d is continuous, f is orbitally G-continuous and

there is xy in X for which (zg, fzo) is an edge in G. Then f has a fixed point £ € X. Moreover,

for any y € [wo]z, f"y — &.

Proof. 1t follows from Proposition 4.2.10 that { ™z} is a Cauchy sequence in (X,d). Since
X is complete there exists £ € X such that lim,_ f"2¢ = £ Since (f"xo, " tzo) € E(G)
for all n € N and f is orbitally G-continuous. Therefore, continuity of d implies that f& = &.
Let y € [wo]5 be arbitrary then it follows from Lemma 4.2.9 that lim,, .. f"y = &. O

Slightly strengthening the continuity condition on f our next theorem deals with the graph
G which may fail to have the property that there is o in X for which (zg, fz¢) is an edge in
G.

Theorem 4.2.19. Let (X, d) be a complete b-metric space, f be a b-(¢, G) contraction where
 is a b-comparison function. Assume that d is continuous, f is orbitally continuous and there
is 7o in X for which fz¢ € [zo]5. Then for any y € [zo]g, f"y — £ € X where ¢ is a fixed

point of f.

Proof. 1t follows from Proposition 4.2.10 that {f"xo} is a Cauchy sequence in X. Since X
is complete there exists & € X such that f"xg — &. Since, f is orbitally continuous then

limp, 0 ff"20 = f§ which yields f§ = &. Let y € [zo]x be arbitrary then from Lemma 4.2.9,
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Remark 4.2.20. In addition to the hypothesis of Theorem 4.2.18 and Theorem 4.2.19 if we

assume that G is weakly connected then f will become Picard operator [84] on X.

Remark 4.2.21. Theorem 4.2.14 generalizes /extends claims 4° & 5° of [52, Theorem 3.2] and
[78, Theorem 4(1)]. Theorem 4.2.18 generalizes claims 2° & 3° of [52, Theorem 3.3]. Theorem
4.2.19 generalizes claims 2° & 3% of [52, Theorem 3.4] and thus generalizes extends results
of Nieto and Rodriguez-Lopez |72, Theorems 2.1 and 2.3|, Petrusel and Rus [84, Theorem
4.3| and Ran and Reurings [90, Theorem 2.1]. We mention here that Theorem 4.2.14 can not
be improved using comparison function instead of b-comparison function (see, Lukawska and

Jachymski [42, Example 2|)

We observe that Theorem 4.2.19 can be used to extend famous fixed point theorem of
Edelstein to the case of b—metric space. We need to define the notion of e-chainable property

for the b-metric space.

Definition 4.2.22. A b-metric space (X, d) is said to be e-chainable for some e > 0 if for each
x,y € X there exist z; € X; ¢ =0,1,2,---,] with zy = x,2; = y such that d(z;_1,2;) < €
fort=1,2,--- 1.

Corollary 4.2.23. Let (X,d) be a complete e-chainable b-metric space. Assume that d is
continuous. Let there exists a b-comparison function ¢ : R™ — R* such that f : X — X
satisfies,

d(w.y) < e implies d(fz, fy) < @(d(z,y)), (4.11)

for all z,y € X. Then f is a Picard operator.

Proof. Consider a graph G consisting of V(G) := X and E(G) := {(z,y) € X x X :d(z,y) <
€}. Since X is e-chainable so G is weakly connected. Let (z,y) € E(G), from (4.11) we have,

d(fz, fy) < pld(z,y)) < d(z,y) <e.

Then d(fz, fy) € E(G). Therefore, in view of (4.11) f is b-(¢, G) contraction. Further, (4.11)

implies that f is continuous. Now the conclusion follows by using Theorem 4.2.19. O

Now we establish a fixed point theorem using a general contractive condition.
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Theorem 4.2.24. Let (X, d) be a complete b-metric space, G be a (C¢)-graph in X x X such
that V(G) = X and f : X — X be an edge preserving mapping. Assume that d is continuous
and there exist d, 3,7 > 0 with sd + (s + 1)3 + s(s + 1)y < 1 and for all (z,y) € E(G)

d(fz, fy) < dd(x,y) + Bld(z, fx) + d(y, fy)] +v[d(z, fy) + d(y, fz)]. (4.12)

If there is zo in X for which (xo, fxo) is an edge in G then f has a fixed point in [z¢]g.

Proof. Since f is edge preserving then (f"zg, f"*1x¢) € E(G) for all n € N. From (4.12) and
using (d3) Definition 1.4.1 it follows that

d(f"xo, [ o) < 8d(f" wo, [Mwo) + BlA(f"  wo, fMwo) + d(f w0, [ o))
+ysld(f* o, fhao) + d( o, [ o))
On rearranging,

O+ B+s

d(fnl’O, fn+1=7?0) < [m

}d(f“*lxo,f"xo).

Repeating iteratively we have,

) n
T o, o) (1.13)

For m > n > 1 and using (d3) Definition 1.4.1, we have

d(f"zo, f"ag) < [

d(fnxo,fm$0) § Sd(f Z0 fnJrle) 82 (fnJrlx fn+2 0)_i_m_'_smfnd(fmflmo,fmwo)

d(zo, fxo) mE: [5+ﬂ+78} (using 4.13)

= = 1—06—7s
1 )
< (xo,fxo)Zs [igjmj (4.14)

n

<.
Il

0+B+7s
1—-B—~s

sequence { f"xo} converges to some £ € X. Since, G is a (Cy)-graph, there exists a subsequence

{f™xo} and a natural number p such that (" xo,§) € E(G) for all k > p. From (4.12) for

Since, s[ } < 1 then {f™zy} is a Cauchy sequence in X. By completeness of X the

all £ > p we have

d(f™Hao, f€) < dd(f @, &) + BlA(f ™ wo, [ o) + d(E, fE)]
+ Ald(f" o, £€) +d(€, f™ o). (4.15)
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Since the b-metric d is continuous and 5 + v < 1 so letting &k — oo inequality (4.15) yields
&€ = & Also note that (zg, fzo, f2xo,- -, fMxg, -, fx0,€) is a path in G and hence in
G, therefore £ € [zo & O

We note that Theorem 4.2.24 does not guarantee the uniqueness of fixed point but this

can be accomplished under some assumptions as in the following theorem.

Theorem 4.2.25. In addition to the hypothesis of Theorem 4.2.24 we further assume that if
0+ 250+ 2y < 1 for the same set of §, 3, > 0 and for any two fixed points &1, &2 there exists
z € X such that (£, 2) and (§2,2) € E(G). Then f has a unique fixed point.

Proof. Let & and & are two fixed points of f then there exists z € X such that (1, 2), (§2,2) €
E(G). By induction we have (&1, f"2), (&2, f"2) € E(G) for all n = 0,1,---. From (4.12) we

have,

5d(§17 fn_lz) + ﬁd(fn_lzv fnz) + W[d(é.l’ fnz) + d(fn_lzv 51)]
< dd(&r, fPTY) + Bsld(f Tz &) + d(&r, fR2)] Al f2) + d(F Tz &)

d(gb fnz)

IA

A

On rearranging,

0+ sB+7y

d(&, f'z) < [1_Sﬂ_7]d(£1,f"_lz), forallm=1,2,---. (4.16)
Continuing recursively, (4.16) gives
o+ 85 +Vqn
"< |——— . 4.1
d(glaf Z)_ [1_36_'7] d(glvz) ( 7)
Since, [ffigfl] < 1then lim,,_, d(&1, f2) = 0. Similarly one can show that lim,,_,o, d(&2, f™2)
0. Thus by using (d3) Definition 1.4.1 it infers that d(&;,&2) = 0. O

Suppose that (X, <) is a partially ordered set. Consider graph Go consisting of E(Gs) =
{(z,y) € X x X : 2 2 yory =z} and V(G2) coincides with X. We note that if a self
mapping f is monotone with respect to the order < then for the graph Gs, it is obvious
that f is edge preserving or equivalently we can say that f maps comparable elements onto

comparable elements.

Following corollaries are the direct consequences of Theorem 4.2.25.
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Corollary 4.2.26. Let (X, d) be a complete metric space where X is a partially ordered set
with respect to <. Let f : X — X be nondecreasing (or nonincreasing) with respect to <.

Assume that there exists 9, 5,y > 0 with § 4+ 26 + 2v < 1 such that,

d(fx, fy) < 0d(x,y) + Bld(x, fz) + d(y, fy)] +~[d(z, fy) + d(y, fz)],
for all comparable z,y € X. If the following conditions hold:
(i) there exists zg € X such that z¢ < fxo,

(11) for nondecreasing (or nonincreasing) sequence {z,,} — = € X, there exists a subsequence

{zn, } such that x,, <z, for all k.

Then f has a fixed point. Moreover, if for all z,y € X there exists z € X such that z < z

and y =< z then the fixed point is unique.

Corollary 4.2.27. Let (X, d) be a complete metric space where X is a partially ordered set
with respect to <. Let f: X — X be nondecreasing (or nonincreasing) with respect to <.

Assume that there exists a constant 0 < ¢ < 1/2 such that,

d(fz, fy) < cld(z, fz) + d(y, fy)],
for all comparable z,y € X. If the following conditions hold:
(1) there exists zp € X such that xo < fxo,

(73) for nondecreasing (or nonincreasing) sequence {z,,} — = € X, there exists a subsequence

{zn, } such that x,, <z, for all k.

Then f has a fixed point. Moreover, if for all x,y € X there exists z € X such that z < z

and y < z then the fixed point is unique.

Corollary 4.2.28. Let (X, d) be a complete metric space where X is a partially ordered set
with respect to <. Let f : X — X be nondecreasing (or nonincreasing) with respect to <.

Assume that there exists a constant 0 < ¢ < 1/2 such that,

d(fz, fy) < cld(z, fy) + d(y, fz)],

for all comparable z,y € X. If the following conditions hold:
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(7) there exists zg € X such that z¢ < fxo,

(79) for nondecreasing (or nonincreasing) sequence {z,,} — = € X, there exists a subsequence

{zp, } such that x,, <z, for all k.

Then f has a fixed point. Moreover, if for all x,y € X there exists z € X such that x < z

and y =< z then the fixed point is unique.

4.2.2 Some consequences and applications

We note that in Theorem 4.2.24 the condition "there is zp in X for which (zg, fz¢) is an edge
in G" yields f"xg — &, where £ € X is a fixed point of f. Consider a graph G := (X, X x X).
For such graph under the assumptions of Theorems 4.2.24, 4.2.25 it infers that f is a Picard
operator. Thus many standard fixed point theorems can be easily deduced from Theorem

4.2.25.

Corollary 4.2.29. (Hardy and Rogers [45]). Let (X,d) be a complete metric space and let
f X — X. Suppose that there exists constants 9, 3,7~ > 0 such that

d(fz, fy) < dd(x,y) + Bld(z, fz) + d(y, fy)] +v[d(z, fy) + d(y, fz)],

for all x,y € X, where § + 26 4+ 2v < 1 then f has a unique fixed point in X.

Corollary 4.2.30. (Kannan [57]). Let (X, d) be a complete metric space and let f: X — X.

Suppose that there exists a constants ¢ such that

d(fz, fy) < cld(z, fx) + d(y, fy)],

for all z,y € X, where 0 < ¢ < 1/2 then f is Picard operator.

Corollary 4.2.31. (Chatterjea [26]). Let (X, d) be a complete metric space and let f : X —

X. Suppose that there exists a constants ¢ such that

d(fz, fy) < cld(z, fy) + d(y, fz)],

for all z,y € X, where 0 < ¢ < 1/2 then f is Picard operator.

65



The concept of cyclic representations and cyclic contractions can also be invoked intuitively
when the underlying space is a b-metric. Let X be a nonempty set endowed with a b-metric d.
Let m be a positive integer and {X;}"; be nonempty closed subsets of X and f: U X; —
Ui X; be an operator. Then X := U, X; is known as a cyclic representation of X with
respect to f if

f(X1) C Xoyooo f(Xm—1) € Xy f( X)) € X1 (4.18)

and operator f is known as cyclic operator.

Theorem 4.2.32. Let (X, d) be a complete b-metric space such that d is a continuous func-
tional on X x X. Let m be a positive integer, {X;}”, nonempty closed subsets of X,
Y = U™ X;, ¢ : Rt — RT be a b-comparison function and f : Y — Y. Further suppose
that

(1) U™, X; is cyclic representation of Y with respect to f;
(i)  d(fz, fy) < p(d(z,y)) whenever, z € X;,y € Xij1, where X;p 11 = X;.
Then f has a unique fixed point { € N%, X; and f"y — ¢ for any y € U" | X;.

Proof. We note that (Y, d) is a complete b-metric space. Let us consider a graph G consisting
of V(G) ==Y and E(G) :=QU{(z,y) e Y xY :z e X;,y € Xjy1;i=1,--- ,m}. By (i) it
follows that f preserves edges. Thus for this graph G in view of condition (i7) the mapping f
is b— (i, G) contraction. Now let f"x — x* in Y such that (f"z, f**'z) € E(G) for alln > 1
then in view of (4.18) the sequence {f™z} has infinitely many terms in each X; so that one
can easily extract a subsequence of {f"x} converging to z* in each X;. Since X;’s are closed
then z* € NI, X;. Now it is easy to form a subsequence {f"*z} in some X, j € {1,---,m}
such that (f™z,z*) € E(G) for k > 1, it implies that G is a weakly connected (Cy)-graph

and thus conclusion follows from Theorem 4.2.14. O

Remark 4.2.33. |79, Theorem 2.1(1)| can be deduced from Theorem 4.2.32 if (X,d) is a

metric space.

On the same lines as in proof of Theorem 4.2.32 we obtain the following consequence of

Theorem 4.2.25.
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Theorem 4.2.34. Let (X, d) be a complete b-metric space such that d is continuous functional
on X x X. Let m be positive integer, {X;}"; nonempty closed subsets of X, Y :=U" X,
and f:Y — Y. Further suppose that

(i) U™, X; is cyclic representation of Y with respect to f;

(ii) there exist d, 3,y > 0 with sé + s(s + 1)5 + s(s+ 1)y < 1 such that
d(fx, fy) < od(x,y) + Bld(z, fz) + d(y, fy)] +ld(z, fy) + d(y, fz)];

whenever, x € X;,y € X;y1, where X411 = X;.
Then f has a fixed point £ € N2, X;.

Remark 4.2.35. [15, Theorem 7] and [82, Theorem 3.1] can be deduced from Theorem 4.2.34

but it does not ensure f to be a Picard operator.

Remark 4.2.36. We note that in proof [15, Theorem 7| author’s argument to prove G
(as assumed in proof of Theorem 4.2.32) a (C)-graph is valid only if the terms of sequence
{x,} are Picard iterations otherwise it is void. For example let Y = U?_; X; where X; =
{£:nisodd} U {0}, Xo = {1 : niseven} U {0}, X3 = {0} and define f : ¥ — Y as
fr =%z €Y\ Xand fr = 0;2 € Xo. We see that (4.18) is satisfied and 2 — 0 but
X3 does not contain infinitely many terms of {z,}. In the following we give the corrected
argument to prove G a (C)-graph.

Let x,, — x in X such that (zp,2n41) € E(G) for all n > 1. Keeping in mind construction
of G there exists at least one pair of closed sets {X;, X1} for some j € {1,2,---,m} such
that both sets contain infinitely many terms of sequence {z,,}. Since X;’s are closed so that
x € X;N X4y for some j € {1,--- ,m} and thus one can easily extract a subsequence such

that (xy,,z) € E(G) holds for k > 1.

Definition 4.2.37. Let (X, d) be a b-metric space and f : X — X. We call the mapping f

a (b, — ¢) contraction if

alz,y)e(fx, fy) < d(z,y), forallz,ye X, (4.19)

where v : X x X — [0,00) and ¢ : RT — RT be a b-comparison functions.

67



Remark 4.2.38. We note that if (X, d) is a simple metric space i.e., s = 1 then Definition
4.2.37 coincides with Definition 2.4.1 due to Samet et al. [100].

Theorem 4.2.39. Let (X, d) be a complete b-metric space such that d is a continuous func-
tional. Suppose that f : X — X be a (b,a — ¢) contraction and satisfies the following

conditions:
(i) f is a-admissible, i.e., a(z,y) > 1 = a(fz, fy) > 1 for every z,y € X;
(i) there exists xg € X such that a(zg, fzg) > 1;

(117) if {zy} is a sequence in X such that a(zy,,zp+1) > 1 for all n € N and z, — = € X as

n — oo then a(zy,,z) > 1 for all n.
Then f has a fixed point.
Proof. Consider a graph G := (V(G), E(G)) consisting of
V(G):=X and E(G):={(z,y) € X x X : a(x,y) > 1}.

For the graph G the condition (i) implies that f preserves edges i.e., (z,y) € E(G) =
(fz, fy) € E(G). Let (x,y) € E(G) then a(z,y) > 1 and from inequality (4.19) we obtain

e(fx, fy) < oz, y)p(fz, fy) < d(z,y) (4.20)

Thus f is b-(¢, G) contraction. The condition (i) vindicates the existence of some zp € X
with (zo, fzo) € E(G). Furthermore it is easy to observe that the condition (i) implies
that G is a (C)-graph. Hence all the conditions of Theorem 3.2.8 (1) are satisfied and the

conclusion follows. O

Remark 4.2.40. Theorem 4.2.39 extends Theorems 2.4.2 and 2.4.3 due to Samet et al. [100]
to the case of b-metric spaces. Thus for (s = 1) when d is a simple metric, Theorem 4.2.39

subsumes Theorems 2.4.2 and 2.4.3 as special cases.

Theorem 4.2.41. Let (X,d) be a complete b-metric space such that d is a continuous
functional. Suppose that there exist d, 3,7 > 0 with s6 + s(s + 1)8 + s(s + 1)y < 1 and
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a: X x X —[0,00) such that f: X — X satisfies the following contractive condition:

alz,y)d(fz, fy) < od(x,y) + Bld(z, fx) + d(y, fy)] + ~[d(x, fy) + d(y, fz)], forall z,y € X.
(4.21)

Assume the following conditions hold:
(i) f is a-admissible, i.e., a(z,y) > 1 = a(fz, fy) > 1 for every z,y € X;
(1) there exists zo € X such that a(zo, fxo) > 1;

(111) if {xy} is a sequence in X such that a(zy,,z,41) > 1for all n € N and z, — = € X as

n — oo then a(x,,z) > 1 for all n.
Then f has a fixed point.

Proof. The proof follows the same lines as in Theorem 4.2.39. Consider a graph G :=
(V(G), E(G)) consisting of

V(G):=X and E(G):={(z,y) € X x X : a(x,y) > 1}.

For the graph G the condition (i) implies that f preserves edges i.e., (z,y) € E(G) =
(fz, fy) € E(G). Let (z,y) € E(G) then o(z,y) > 1 and from inequality (4.21) we obtain

d(fz, fy) < ez, y)d(fz, fy) < dd(z,y)+Bld(z, fz)+d(y, fy)|+~[d(z, fy)+d(y, fr)]. (4.22)

Thus f satisfies (4.12). The condition (i) infers the existence of some zy € X such that
(z0, fzg) € E(G). Furthermore, the condition (ii7) implies that G is a (C)-graph. Hence all

the conditions of Theorem 4.2.24 are satisfied and the conclusion follows. O

Now we establish an existence theorem for the solution of an integral equation as a con-

sequence of our Theorem 4.2.14.
Theorem 4.2.42. Consider the integral equation
b
o(t) = [ hts,2(s))ds +g(0) € [anb), (4.23)
a
where k : [a,b] X [a,b] x R" — R™ and ¢ : [a,b] — R"™ is continuous. Assume that
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(1) k(t,s,.) : R™ — R™ is nondecreasing for each ¢, s € [a, b];

(i7) there exists a (c)—comparison function ¢ : R* — RT and a continuous function p :
[a,b] x [a,b] — R* such that
|k(t, s,z(s)) — k(t,s,y(s))| < p(t,s)e(|z(s) — y(s)|) for each t,s € [a,b] and = < y
(i.e., z(t) < y(t); Vt € [a,b));

(i11) SUPyefq,p) fabp(t,s)ds <1;
(1v) there exists zg € C([a, b],R™) such that zo(t) < ff k(t,s,zo(s))ds+g(t) for all t € [a, b].

Then the integral equation (4.23) has a unique solution in the set {x € C([a,b],R") : z(t) <
xo(t) or z(t) > xo(t); Vt € [a,b]}.

Proof. Let (X,]|.||c) where X = C([a,b],R") and define a mapping T : C([a,b],R") —
C([a, b, R™) by .
Ta(t) = / k(t, s,2(s))ds + g(t), ¢ € [a,b]. (4.24)

Consider a graph G consisting of V(G) := X and E(G) = {(z,y) € X x X : z(t) < y(t)Vt €
[a,b]}. From property (i) we observe that the mapping 7" is nondecreasing, thus 7' preserves
edges. Furthermore G is a (C)-graph that is for every nondecreasing sequence {z,} C X
which converges to some z € X then x,(t) < z(t) for all ¢t € [a,b]. Now for every z,y € X
with (z,y) € E(G) we have,

b
Tz(t) - Ty(t)] < /lk(t,Sw(S))k‘(t,&y(S))d’S
b

IN

/ p(t, s)p(|2(s) — y(s)|)ds

a

IA

b
(11 — ylloo) / ot 5)ds.

Hence, d(Tz, Ty) < ¢(d(x,y)). From (iv) we have, (zo,Tzo) € E(G), so that [z9]z = {z €
C(la,b],R™) : z(t) < zo(t) or z(t) > xo(t);Vt € [a,b]}. The conclusion follows from Theorem
4.2.14. 0

Note that Theorem 4.2.42 specifies the region of solution which invokes the novelty of our

result.
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4.3 Contractions using gauge function ¢

Recently, Proinov [85] extended Banach contraction principle with higher order of conver-
gence. He proposed an iterative scheme for a mapping satisfying a contractive condition
which involves gauge function of order » > 1 and obtained error estimates as well. His re-
sults include as special cases some results of Mysovskih [69], Rheinboldt [92], Gel'man [38]
and Huang [50| and others. In [64] authors extended the results of Proinov to the case of

multi-valued mappings.

Inspired by the work of Proinov [85] in this section we investigate whether the consequences
of his results hold when the underlying structure is replaced with a b-metric space. We give
an affirmative answer to this question. Our results generalize main results of Proinov [85] and
thus subsume many results of authors [38, 50, 69, 92]. We establish an example to substanti-
ate the validity of our results. Consequently, in Subsection 3.3.2 we also obtain an existence
theorem for the solution of an initial value problem.

A gauge function ¢ : J — J satisfies: ¢(At) < Np(t) for all A € (0,1) and ¢t € J; and ¢(t) < t
for all t € J\ {0}.

Definition 4.3.1. ([14]) A nondecreasing function ¢ : J — J is said to be a Bianchini
Grandolfi gauge function if >~ >7 (@™ (t) < oo for all t € J.

Subsequently, Let (X,d) be a b-metric space with coefficient s > 1. We assume that
f: D C X — X be an operator and there exist some xy € D such that O(zg) C D. Let the

operator f satisfies the following iterated contractive condition:
d(fz, f?z) < p(d(z, fx)) for all z € O(xg) such that d(z, fz) € J, (4.25)

where ¢ is a gauge function of order » > 1 on an interval J. We establish two convergence

theorems for iterative processes of the type
Tp+l = fxn, n=0,1,2-- (4.26)

where f satisfies (4.25).
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4.3.1 b-Bianchini Grandolfi gauge functions

In [85] Proinov proved his main results by assuming Bianchini Grandolfi gauge functions and
the mapping f satisfying contractive condition (4.36) when the underlying set is endowed
with a metric (see, Corollary 4.3.16). But in the setting of b-metric space for some technical
reasons we have to restrict ourselves to the gauge functions satisfying > o, s"¢"(t) < oo
for all ¢ € J where s is the coefficient of b-metric space. Furthermore, taking into account
such crucial condition in order to calculate a priori and a posteriori estimates we consider the

gauge functions of the form:
p(t)=t——= forallteJ, (4.27)

where s > 1 is the coefficient of b-metric d and ¢ is nonnegative nondecreasing function on J
such that
0<¢(t)<1l foralltelJ (4.28)

Remark 4.3.2. One can always define a non-negative non-decreasing function ¢ on J satis-

fying (4.27) and (4.28) as follows:

(4.29)

s g
¢(t)—{wt’ fteJ\{0}

0, ift=0,

where s is the coefficient of b-metric d.

For a fixed s > 1, let us consider the following simple examples of gauge functions of order

(i) o(t) =<, 0 < c < 1is a gauge function of order 1 on J = [0, c0);

(i) o(t) = <, (¢ > 0,7 > 1) is a gauge function of order 7 on J = [0, h) where h = (%)ﬁ

s ?

It is essential to mention here that to establish the fixed point theorem (see, Theorem 4.3.14)
we do not necessarily require the gauge functions ¢ satisfying (4.27),(4.28). But we consider
oo

the gauge function such that ) > s"¢"(t) < oo for all t € J where s is a coefficient of

b-metric space.
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Lemma 4.3.3. Let ¢ be a gauge function of order » > 1 on J. If ¢ is a nonnegative and

nondecreasing function on J satisfying (4.27) and (4.28). Then,

(1).0§@<1f0rallt6¢],

(2). ¢(ut) < p"1o(t) for all u € (0,1) and t € J.

Remark 4.3.4. When d is a simple metric then s = 1. In such case every gauge function
satisfying Y 07 ) ¢™(t) < oo is of the form ¢(t) = t¢(t) where ¢ is nonnegative nondecreasing
function on J [85]. Thus the condition 0 < ¢(t) < 1 for all ¢ € J becomes superfluous and is

directly followed from Lemma 4.3.3.

Lemma 4.3.5. Let ¢ be a gauge function of order > 1 on J. If ¢ is a nonnegative and

nondecreasing function on J satisfying (4.27) and (4.28). Then for every n > 0 we have
(1). " (t) < t[@]]g"(r) forall t € J,

(2). le™(t)) < s[2D]™ for all ¢ € J.

S

Proof. (1). Set p = @ and let t € J. Then from Lemma 4.3.3 we obtain 0 < pu < 1. For
1 = 0 the case is trivial. We shall prove (1) by using mathematical induction. For n = 0,1
the property (1) is trivially satisfied as it reduces to an equality. Let it also holds for any
integer n > 1, i.e.,

" (t) < )
Since ¢ is nondecreasing on .J so we obtain (as tu (") ¢ J because t € J and p < 1)

mn r T T T r Cbt T T T
O (t) < pltp ] < () < el )ti) — ¢ P+ — gy P (),

(2). By making use of Lemma 4.3.3 and monotonicity of ¢ then (1) leads to the following

o(e"(1)) < o(t[2D] 70

S

[M =D gy —

S

8[@]1“%1)&(@ _ S[@]w

S S

IA

which completes the proof. O

Definition 4.3.6. Let ¢ > 1 be a fixed real number. A nondecreasing function ¢ : J — J is

said to be a b-Bianchini Grandolfi gauge function with a coefficient ¢ on J if:

o(t) =) q"¢"(t) <oo forallte . (4.30)
n=0
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We note that a b-Bianchini Grandolfi gauge function also satisfies following functional
equation:

a(t) = qo(p(t)) +t. (4.31)

It is easy to see that every b-Bianchini Grandolfi gauge function is also Bianchini Grandolfi
[14] gauge function but converse may not hold. A b-Bianchini Grandolfi gauge function having
coefficient g1 > 1 is also a b-Bianchini Grandolfi gauge function having coefficient g > 1 for

every g2 < qi.
From now on, we always assume that the coefficient of b-Bianchini Grandolfi gauge function

is at least as large as the coefficient of b-metric space.

Lemma 4.3.7. Every gauge function of order » > 1 defined by (4.27) and (4.28) is a b-

Bianchini Grandolfi gauge function with coefficient s > 1.

Proof. Tt is immediately followed from first part of Lemma 4.3.5 and using the fact that

P,(r) >nforr>1and n > 0. O
4.3.2 Fixed point theorems using gauge function ¢

For convenience we define a function E : D — R™ by E(z) = d(z, fz) and assume that there

exist some xg € D such that O(xg) C D so that the condition (4.25) can be put in the form:
E(fx) < p(E(z)) forall z € O(x) such that E(z) € J. (4.32)

Lemma 4.3.8. Suppose xp € X be such that O(zg) C D. Assume that E(xg) € J then
E(zy) € J for all n > 0.

Proof. Since, xg, 1,22, - , oy are well defined and belong to D. From (4.32) we have
E(z1) = d(z1,22) < @(d(z0,71)) = ¢(E(x0)) € J  (as E(xo) € J).
Hence, E(z1) € J. Similarly, iterating successively we get E(z,) € J for all n > 0. O

Definition 4.3.9. Suppose 2y € D be such that O(xg) C D and E(xg) € J. Then for
every iterate z,, € D,n > 0 we define the closed ball B(x,, p,) with center at z,, and radius

pn = so(E(xy)), where o : J — R* is defined by (4.30).
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Lemma 4.3.10. Suppose xy € D be such that O(zp) C D and E(xg) € J. Assume that
B(wn, pn) C D for some n > 0 then x,41 € D and B(zny1, pas1) C B(xn, pn).

Proof. Since, E(zg) € J then Lemma 4.3.8 invokes E(z,) € J for all n > 0. The condition
(4.31) implies o(t) > ¢ for all t € J. We have

d(Tn, Tnt1) < o(d(@n, Tni1)) < s0(d(Tn, Tny1)) = pn-

Thus 2,11 € B(zn, pn) C D. Now let € B(zny1, pns1). As E(z,) € J so that from (4.32)

we have E(zn41) < ¢(E(zy)). By making use of (4.31) we get

d(z,zn) < sld(, zny1) + E(zn)]

A

< slpnt1 + E(2n)] = s[so(E(zn41)) + E(2n)]

slso(p(E(zn))) + E(2n)] = s0(E(2n)) = pn-

IN

Hence, x € B(xp, pn)- O

Definition 4.3.11. (Initial Orbital Point). We say that a point xp € D is an initial orbital
point of f if E(zg) € J and O(zg) C D.

Following lemma is obvious.

Lemma 4.3.12. For every initial orbital point g € D of f and every n > 0 we have
B(onr) < 9(B@n)) and  Blzn) < ¢"(B(zo).
Furthermore, if ¢ is a gauge function of order r > 1 defined by (4.27) and (4.28) then

E(wn) < E(zo)u™")  and  ¢(E(wn)) < sp” = ¢(zo)p” ",

(E(z0))

where pu = ¢ - and ¢ is nonnegative nondecreasing on .J satisfying (4.27) and (4.28).

Proof. By making use of Lemma 4.3.8 we obtain E(zp4+1) < @(E(z,)). Since ¢ is nonde-
creasing then it is easily followed that E(x,) < ¢"(E(x¢)). Now from Lemma 4.3.5 (1) we
have

B(wn) < ¢ (Blao)) < Blag)|[2EE0)] )

75



By using Lemma 4.3.5 (2) we obtain

P(E(zn)) < ¢(¢" (E(20))) < 5| —— ——

O

Following lemma gives bounds for inclusion radii and throughout its proof we will make

use of the following facts,
0<gt) <1, Pir)=j, 0<p” <1,

whereer,u:Mandj:O,l,Z,---.

s

Lemma 4.3.13. Suppose xg € D is an initial orbital point of f and ¢ is a gauge function of
order 7 > 1. Let ¢ be a nonnegative and nondecreasing on J defined by (4.27) and (4.28).
Then for radii p, = so(E(zy)),n =0,1,2,---, the following estimates hold:

oo Pj(r sE(xn
L pn < sE(@a) X320 [#(B ()] " < ey,

o) rr_11P;5(r sE(xy,
2. pp < sE(xy,) Zj:(] [gﬁ(E(wo))M 1} i) < W?

Hpn(r)

r 0o rn_171Pj(r
3. pn < sE(wo)uP ) 52 [@(E(wo))u" " < sB(wo) b,

j=0

0o Pj(r s Tn
4. pnr1 < sp(E(wn)) 32720 [6(0(E(wn)))] 0 < %,

0o prtl_17 P (r S Tn,
5. puit < sp(Blwa) Y52y [o(Bleo)p ]P0 < Bl

BB (x0))

where p = .

Proof. 1. From definition of p, we have

pn=50(B(xa)) = sy /¢ (E(zy))
=0
< s i s E(zp,) [W]Pj(r) (using Lemma 4.3.5)
=0
_ sE(xn)isj[W]Pj(r) (4.33)
=0
> i sE(zy)



2. From (4.33) we have

pn < sE(xa) Y [$(E(z,))] 7"

IA
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3. By making use of first part of Lemma 4.3.12 in above we have

pn < SE(xn)Z[¢(E(x0))ur"—1]Pj(r)
=0

< sBop™ Y (6B ]
5=0

< sE(xo)pr ")
T L= g(E(mo))u

4. Now by making use of Lemma 4.3.5 we have

pust = s0(B(enin)) = 3 Sp(B(@a)
j=0

IN

SE(Tn+1)) Z s’ [d)(E(inH))]Pj(r)
§=0
(as E(xpt1) < p(E(xy,) and ¢ is nondecreasing)

so(B(za) Y [6le(E(za)))] "
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5. From (4) we have,

prvr < sp(B(en) Y [B(E(wn1))] "
=0
< sp(E(xn)) Z [(b(E(xo))u’"nﬂfl]Pj( ) (using Lemma 4.3.12)
=0
sp(E(zn))

Now we proceed to formulate the following fixed point theorems.

Theorem 4.3.14. Let f : D C X — X be an operator on a complete b-metric space
(X, d) such that the b-metric is continuous and f satisfies (4.25) with a b-Bianchini Grandolfi
gauge function ¢ of order » > 1 on an interval J with coefficient s > 1. Then starting
from an initial orbital point zg of f the iterative sequence (4.26) remains in B(zg, po) and
converges to a point ¢ which belongs to each of the closed balls B(zy,pn),n = 0,1,2,---

where p,, = so(d(zy,Zns1)),0 defined in (4.31) and s > 1 is a coefficient of b-metric space.

Furthermore, for each n > 1 we have

d(@pt1,2n) < ©(d(@n, Tn-1))-

If ¢ € D and the function E(x) = d(z, fz) on D is f-orbitally lower semi-continuous at &
then £ is a fixed point of f.

Proof. Since xg € D is an initial orbital point of f then from Lemma 4.3.10 we have
B(zni1, pns1) C B(apn, pn) for alln > 0.

So that x,, € B(zo, po) for all n > 0. According to the definition of p and using Lemma 4.3.12

we have
pn = s0(E(zy)) < so(¢"(E(20)))
= )PP (El0))
§=0

- L 5" (Ba)) foralln 0. (4.34)

S’I"L
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Since ¢ is a b-Bianchini Grandolfi gauge function then from (4.34) we obtain
pn— 0 as n— oo, (4.35)

which implies that {B(xn, p,,)} is a nested sequence of closed balls. By Cantor’s theorem (for
complete b-metric spaces), we deduce that there exists a unique point £ such that & € B(x,, pp)
for all n > 0 and z,, — & or equivalently, lim,, . d(zy, &) = 0. From (d3) Definition 1.4.1 we

have

d(§, frn) < s[d(§,zn) + d(@n, f2,)] = s[d(§, z0) + d(Tn, Tpi1)].
Letting n — oo and since the b-metric is continuous we obtain
lim d(§, fx,) = 0.
If ¢ € D and E(x) = d(x, fr) is f-lower semi continuous at £ then

d(&, f§) = B(¢) < lim inf E(z,) = lim inf d(an, 2n41) =0,

n—oo

which infers £ = f€. Furthermore, from Lemma 4.3.12 we obtain the following
AT, Tp1) = E(zn) < @(E(zn-1))
= p(d(zn-1,2n)).
O

Remark 4.3.15. Theorem 4.3.14 gives a generalization of [85, Theorem 4.1| and extends it to
the case of b-metric spaces. It reduces to [85, Theorem 4.1] when s = 1. Hence Theorem 4.3.14
not only extends the result of Proinov [85] but in turn it also includes results of Bianchini

and Grandolfi [14] and Hicks [47] as special cases.

Corollary 4.3.16. (|85, Theorem 4.1]) Let (X, d) be a complete metric space and f : D C

X — X be an operator satisfying
d(fz, f?z) < o(d(z, fz)) for all z € D and fx € D with d(x, fz) € J, (4.36)

where ¢ is a Bianchini Grandolfi gauge function on an interval J. Then starting from an

initial point o of f the iterative sequence {z,} remains in B(x, pg) and converges to a point
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¢ which belongs to each of the closed balls B(zy,, pn) : n = 0,1, -+ where p, = o(d(zn, fT,))
and o(t) = > 7 ¢™(t). Moreover, if £ € D and f is continuous at £ then ¢ is a fixed point
of f.

Proof. Let xg € D be an initial point then it is an initial orbital point. It follows from Lemma

4.3.8 that E(zy) € J forn =0,1,2,---. Thus from (4.36) we have
d(fz, fz) < o(d(z, fz)) for all z € O(xg) with d(z, fz) € J. (4.37)

Thus Theorem 4.3.14 yields =, — £ € X. Also since the iterative sequence {z,} € O(zp) and

the mapping f is continuous at point £ then fxz,, — f£. Thus

E(€) = d(¢, £€) < lim_ s[d(& 2n11) + d(znia, fE) =0 < lim inf E(z).

n—oo
This yiels f-orbital lower semi-continuity of F(x) = d(z, fx) at point £. Hence the conclusion

follows from Theorem 4.3.14. O

Theorem 4.3.17. Let f: D C X — X be an operator on a complete b-metric space (X, d)
such that the b-metric is continuous and let f satisfies (4.25) with a b-Bianchini Grandolfi
gauge function ¢ of order r > 1 and coefficient s on an interval J. Further, suppose that

g € D is an initial orbital point of f then following statements hold true.

1. The iterative sequence (4.26) remains in B(xq, po) and converges with rate of convergence
at least r > 1 to a point ¢ which belongs to each of the closed balls B(xy, pn),n =
0,1,---, and

o0

Pn = Sd(xm wn—i—l) Z [(b(d(:rn, xn+1))]

§=0
sd(xp, Tni1)
- 1= Qs(d(mn?xn—&-l))

where ¢ is nonnegative and nondecreasing function on J satisfying (4.27) and (4.28).

(4.38)

2. For all n > 0 the following priori estimate holds:

dan€) < DS 6B (o)

O (E(w0)) ™)
1 — ¢(E(x0))™"]

= d(o, fxo) (4.39)
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3. For all n > 1 the following posteriori estimate holds:

dwn,€) < sp(dwn,wn-1) 3 [Slp(d@n,zp-1)))] 7
=0

< $@(d(Tn; Tn—1))
1= ¢lp(d(@n, zn-1))]
so(d(Tn, Tn-1))
1 — ¢(d(zn, Tn-1)) [wril |

s

IN

(4.40)

4. For all n > 1, we have
d(Tn+1,Tn) < @(d(Tn, Tp—1) < an(r)d(xoa fxo). (4.41)

5. If ¢ € D and the function G(z) = d(x, fx) on D is f-orbitally lower semi-continuous at £
then £ is a fixed point of f.

Proof. 1. From Theorem 4.3.14 it follows that iterative sequence (4.26) converges to £ € X

and further ¢ € B(wy,, p,) for all n = 0,1,2,---. Moreover, estimate (1) of Lemma 4.3.13
implies
> Pi(r) sd(Tn, Tni1)
< sd( <L :
pr & e men) 2 en DS T
2. Form>n
d(Tp, Tm) < sd(Tp,Tn+1) + 82d(:vn+1, T I sm_”_ld(:nm,Q, Tm-1) + 8" "d(Tm—1, Tm)
1 m—1 '
= Snfl Z SJE(CC])
j=n
1 m—1 o
= gn—1 s’¢!(E(x0)) (from Lemma 4.3.12 E(x,) < ¢"(E(x0)))
j=n
1 = E Py(r)
< s’ E(xg) [M] o (using Lemma 4.3.5)
sn—l1 s
=n
m—1
< E@) 5~ P
— Sn_l 9

where A = ¢(E(xzg)). Keeping n fixed and letting m — oo we get

Ay, £) < E0) i AP — 4o, o) Z APi(r (4.42)

Sn—l sn— T en—1
Jj=n
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Since,

g + 7,,n—l—l 2 2,'0717 g + 7,,n—l—l + 7nn—|—2 Z 37“”,

rn 7n’n,+1 prag rn ,’nn+l ,’,,n+2 3rn
)\ < )\ 3 )\ < A 3

which gives
Z)\Pj(r) = AP0 L \Bia(r) 4oL

= APR[1 g A7 AT g

< AP X X" N3 +o] = (4.43)
Hence from (4.42) we obtain
= G(E (o)) (")
xn) S d X b X n
) g (0, T0) = p(Ba))]
3. From (4.42) we have for n > 0
d(zo, 1) 5
d(zn, §) < 1 > [o(d(zo, z1))] .
j=n
Setting n = 0, yp = ¢ and y; = x1 we have
d(yo, &) < sd(yo,y1) > [(d(yo, y1)) )]0,
7=0
Setting again yp = x,, and y; = xp+1 gives
d(xmg) < xmxn+1 Z xmxn—‘rl )]Pj(T)
j=
> P;i(r
< sp(d(en a1)) Y [$(p(d(@n,za-1)))]
§=0
< sp(d(on, Tn-1)) Z [Qb(@(d(xna xnfl)))]j
§=0
— SSO(d(xna xnfl)) . (444)

1= o(p(d(zn, tn-1)))
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From Lemma 4.3.5(2) we obtain

O(d( T, T r O(d(xp, Tp_ r—
Spld(zn m)) < s 28Dy, ) [Pyt (g
which implies
1 1
< . 4.46
1= ¢(p(d(@n, 2n-1))) = 1 — §(d(p, wp1)) [ 2ERLn=t)) 7 A
Thus from (4.44) and (4.46) we deduce for n > 1,
s(d(Tn; Tn-1))
d(xn, &) <
8 S T el )
< s(d(Zn, Tn-1)) ‘
T 1 ¢(d($n,$n_1)) [M]Tfl
4.
d<1'n+17xn) = E(xn) < @(E(xn 1))
B B 1)
< B(xo)u 10 yr ™" using Lemma (4.3.3)
— E(xo) P 1 “I’Tn_l
= Blao)u") = 1P Od(ag, fro).
5. Its proof runs on the same lines as the proof of Theorem 4.3.14. O

Remark 4.3.18. For s = 1 Theorem 4.3.17 reduces to [85, Theorem 4.2]. It also generalizes
(taking s = 1 and ¢(t) = At, 0 < A < 1) results of Rheinboldt [92, 12.3.2|, Kornstaedt |65,
Satz 4.1|, Hicks and Rhoades [48] and Park [80, Theorem 2|. First two conclusions of Theorem
4.3.17 are due to Gel'man [38, Theorem3]| (taking s = 1 and ¢(t) = ct",¢ > 0,7 > 1). It also

yields some results of Hicks |47, Theorem 3|.

Corollary 4.3.19. Let f: X — X be an operator on a complete b-metric space (X, d) such

that the b-metric is continuous. Further, assume that f satisfies:
d(fz, fy) < p(d(z,y)) forall z,y € X with d(x,y) € J, (4.47)

where ¢ is a b-Bianchini Grandolfi gauge function of order » > 1 on an interval J and with
coefficient s > 1. Assume that 2o € X is such that d(zg, fxg) € J. Then the following

statements hold.
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(i) The iterative sequence (4.26) converges to a fixed point & of f.
(73) The operator f has a unique fixed point in S = {z € X : d(z,§) € J}.
(7i7) The estimates (4.38)-(4.41) are valid.

Proof. From (4.47) we have

d(fz, fy) < p(d(z,y)) < d(z,y),

which gives the continuity of f in b-metric space (X, d). Thus conclusions (7) and (i7i) follow
immediately from Theorem 4.3.17. Let &’ is another fixed point of f in S then d(£, &) € J.
It follows from (4.47) that d(&, &) < (d(&,&")) which yields £ = €. O

Remark 4.3.20. For s = 1 when b-metric space under consideration is a simple metric space
then above corollary coincides with [85, Corollary 4.4]. Thus conclusions of Corollary 4.3.19

are consequences of results of Matkowski [66].

4.3.3 Application and illustrative example

The following example elucidates the degree of generality of our results.

Example 4.3.21. Let X := {z1, 22, 23}. Define a function d : X x X — R" as

1 1
d($2,1’3) =7 1 d($1,$3) = %7 d(xzawj) = d(xjvwl)

d(x1,2) = 1

ﬁv
and d(z;,z;) =0 for all 4,5 = 1,2, 3,

where k > 3 is any positive integer. It is an easy exercise to see that d is a b-metric with

coefficient s > ké“—il > 1. Define f: X — X as

fri=z1, fro=x1, frz=uaxo.

Setting ¢(t) = t? on J = [0, ;7] then ¢ is a b-Bianchini Grandolfi gauge function with
coefficient % having order 2. Moreover, it is easily seen that all conditions of Theorem
4.3.14 are satisfied.

On the other hand assume that 1, x9, z3 are real numbers and the set {x1, 9, 23} is endowed
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with the Euclidean metric d.. For each gauge function ¢ defined on some interval [0, k) one
can find nio € [0, h) for some ng € N. In such case, identifying as z1 = n%vx? = %,1‘3 = %.

Assume f as defined above then with respect to Euclidean metric d. we have,

which contradicts the definition of ¢. Hence, one can not invoke main results of Proinov |85,

Theorem 4.1, 4.2, Cororraly 4.4].

Theorem 4.3.22. Consider the following initial value problem,

2 (t) = f(t,z(t), x(to) = xo. (4.48)
Assume that:
(i) f is continuous;
(#1) f satisfies the condition
[f(t,x) = f(t,y)| < Klo(t) —y(0)]" for (¢,2),(t,y) € R; (4.49)
(#74) f is bounded on R ie.,
Flea)] < 5 (4.50)

where R = {(t,z) : [t —to| < ($)" L, |z — 2o/ < E},r>2and 0 < k < L.
Then the initial value problem (4.48) has a unique solution on the interval I = [to—(£)" !, to+

B,

Proof. Let C(I) be the space of all continuous real valued functions on I where I = [ty —

(3)" Y, to 4+ (£)" ] with the usual supremum metric, i.e.,

d(z,y) = max|z(t) - y(t)|-

Integrating 4.48 gives
t
x(t) =z + | f(r,z(7))dr. (4.51)
to
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Indeed finding the solution of initial value problem (4.48) is equivalent of finding the fixed
point of self mapping T : X — X defined by

Txz(t) =x0+ t f(r,x(r))dr, (4.52)

where X = {z € O(I) : |z(t) — zo| < %;k > 0} then X is closed subspace of C(I). We see
that if 7 € I then |7 —to| < ()" ! and z € X gives |2(7) — zo| < g Thus (7,z(7)) € R
and since f is continuous on R therefore the integral in (4.52) exists and 7" is defined for each

x € X. To see that T maps X to itself. We use (4.52) to write

Ta(t)~xo| = | [ f(ra(r)ir
< [ Ifatlar
< %]t—to\ (using (4.50))
B,k
< ?(E) 1—5‘
Now by using (4.49) we have
T2 =Ty < [ If(ra(r) = Fry()
< k[ lar) —ytr)rdr
< k(maxa(r) - y(r))It — tol
< k(maxle(r) ~ y()]) ()
= () (maxle(r) ~ y(r)])" (45
Thus (4.53) implies
A(Te, Ty) < (1) >(d(ay))" (4.54)

We take J = [0,k]. So that it suffices to take p(u) = (+)"2u” for u € [0,k];k < 1 then ¢ is
a gauge function of order r > 2. Also, for u € J — {0} we have

1 r—2,r 1 r— r— 1 r— r—
p(u) = (E) u” = (%) 20ty ? < (%) 202k = < . (4.55)

Thus from (4.54) we obtain d(Tx,Ty) < ¢(d(x,y)) for all x,y € X and d(z,y) € J. Further,
for any x € X it is easily seen that d(z,zq) < % which yields d(z,y) < k for z,y € X.
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Therefore, all the conditions of Corollary 4.3.19 are satisfied. Hence the iterative sequence
Ty =Tx,_1; n=1,2,--- converges to the unique fixed point of T" at a rate of convergence

r > 2. On the other hand Picard iterations converges to the solution linearly. ]

4.4 Conclusion

1. Section 4.2 is devoted to some fixed point theorems in b-metric space endowed with a
graph G. In this context we defined the notions of b-(¢, G) contractions and Hardy
and Rogers type G-contractions and established fixed point theorems for such classed
(see, Theorem 4.2.14 & 4.2.25). Consequently, our results evoke the notions of cyclic
contractions in b-metric space which substantiates the validity of results (see, Theorem
4.2.32 & 4.2.34). Moreover, b-(¢, G) contractions subsumes the so called notion of o — ¢
contractions due to Samet et al. [100] (see, Theorem 4.2.39).

2. In Section 4.3 we have established two convergence theorems in the setting of a b-metric
such that the self-mapping satisfies a contraction condition involving a gauge function
of order 7 > 1. The gauge function ¢ has to satisfy the condition »_° ;s"¢"™(t) < oo
where s > 1 is the coefficient of underlying b-metric space. An example (Example 4.3.21)
has been furnished to assess the degree of generality of our results. As an application
we established an existence theorem for the solution of an initial value problem which

not only gives the unique solution but also locates the domain for solution.
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Chapter 5

Fixed point theorems in probabilistic
metric spaces

Because of its comprehensive and panoptic aspect the Banach contraction principle has been
extended in many different directions for single and multi-valued mappings not only in metric
space but in probabilistic metric space as well. As we have mentioned earlier that Nieto
and Rodriguez-Lopez [73], Ran and Reurings [90], Petrugel and Rus [84] established some
elegant results for contractions in partially ordered metric spaces. Afterwards Jachymski [52]

established a nice generalization by utilizing graph theoretic approach.

Motivated by the work of Jachymski one can pose a very natural question: Is it possible to
establish a probabilistic version of the main result of Jachymski [52] (see, Corollary 5.2.12)7
In this chapter we give an affirmative answer to this question [56]. Our results are substantial
generalizations and improvements of corresponding the results of Jachymski [52] and Sehgal
[104] and others (see, e.g., [72, 73, 90]). Subsequently, we apply our main results to the setting

of cyclical contractions and to that of (e, §)-contractions as well.

5.1 Preliminaries

In the following we recall some basic notions which can be found in [67, 104, 107].

Definition 5.1.1. A mapping A : [0,1] x [0,1] — [0, 1] is called a triangular norm (briefly,

t-norm) if the following conditions hold:

(i) A is associative and commutative,
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(i1) A(a,1) = a for all a € [0,1],
(7i1) A(a,b) < Alc,d) for all a,b,c,d € [0,1] with a < cand b <d.
Typical examples of t-norms are Aps(a,b) = min{a, b} and Ap(a,b) = ab.

Definition 5.1.2. (Hadzi¢ [43|, Hadzi¢ and Pap [44]|) A t-norm A is said to be of .7-type
if the family of functions {A"(¢) }nen is equicontinuous at ¢t = 1, where A™ : [0,1] — [0, 1] is
recursively defined by:

Al(t) = A(t,t), and A™(t) = A(A"Y(t),t); t€[0,1],n=2,3,---.

A trivial example of a t-norm of J#-type is Ap; := min, but there exists t-norms of

H-type with A # Ay (see, e.g.,[43]).

Definition 5.1.3. A Menger probabilistic metric space (briefly, Menger PM-space) is a triple
(X,.Z,A) where (X,.%) is a PM-space, A is a t-norm and instead of (PM3) in Definition

1.5.2 it satisfies the following triangle inequality:
(PM3)" Fio(t + 5) 2 A(Fry(t), Fy.2(s)),
for all x,y,z € X and t,s > 0.

Remark 5.1.4. (Sehgal [104]) Let (X, d) be a metric space. Define Fy(t) = €o(t — d(z,y))
for all z,y € X and ¢ > 0. Then the triple (X,.#, Aj) is a Menger PM-space induced by the

metric d. Furthermore, (X, .%, A)ys) is complete if and only if d is complete.

Schweizer et al. [108] introduced the concept of neighborhood in PM-spaces. For ¢ > 0
and ¢ € (0,1] the (e, d)-neighborhood of z € X is denoted by N, (e, ) and is defined by

Ny(e,0) ={y e X : Fy (e) >1—6}.

Furthermore, if (X, .#,A) is a Menger PM-space with supy.,.; A(a,a) = 1 then the family
of neighborhoods {N;(e,d) : z € X,e > 0,6 € (0,1]} determines a Hausdorff topology for X.

Definition 5.1.5. Let (X,.#,A) be a Menger PM-space.
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(1) A sequence {z,} in X converges to an element x in X (we write z,, — x or lim,, o T, =
x) if for every € > 0 and § > 0 there exists a natural number N (e, §) such that Fy, ,(e) >

1 — 6 whenever n > N.

(2) A sequence {x,} in X is Cauchy sequence if, for every ¢ > 0 and 0 > 0 there exists a

natural number N (e, d) such that F,, ;. () > 1— 6, whenever n,m > N.

(3) A Menger PM-space is complete if and only if every Cauchy sequence in X converges to

a point in X.

Theorem 5.1.6. (Sehgal [104]) Let (X,.#,A) be a complete Menger PM-space where A is a
continuous ¢t-norm satisfying A(z,x) > x for each x € [0,1]. Let f: X — X and there exists

k;0 < Kk < 1 such that f satisfies the following contraction condition
Firp py(kt) > Fpy(t), (t>0) forall z,y e X. (5.1)
Then there exists a unique fixed point £ € X. Furthermore, f"y — £ for every y € X.

Sherwood [109] established the following fixed point theorem for the class of ¢-norms of
JC-type.

Theorem 5.1.7. Let (X,.%#,A) be a complete Menger PM-space where A is a t-norm of
JC-type. Let f : X — X and there exists k;0 < kK < 1 such that f satisfies the following

contraction condition
Fiy py(kt) > Fpy(t), (t>0) forall z,ye X. (5.2)
Then there exists a unique fixed point £ € X. Furthermore, "y — £ for every y € X.

Now we attribute to some basic notations from graph theory which are needed subse-
quently. Let (X, d) be a metric space, € be the diagonal of the Cartesian product X x X, G
be a directed graph such that the set V(G) of its vertices coincides with X and the set E(G)
of its edges contains all loops, i.e., E(G) 2 . Assume that G has no parallel edges. For each

(x,y) € E(G) we attribute a unique distance distribution function Fj ,,.

90



5.2 Probabilistic G-contractions

We start with the following instinctive definition.

Definition 5.2.1. Let (X,.#,A) be a PM-space. A mapping f : X — X is said to be a
probabilistic G-contraction if there exists k € (0,1) such that the following condition holds
for all z,y € X:

(fz, fy) € E(G) whenever (z,y) € E(G), (5.3)

(x,y) € E(G) implies Fyp py(kt) > Fpy(t) (t > 0). (5.4)

Example 5.2.2. Let (X,d) be a metric space endowed with a graph G and the mapping
f: X — X be a Banach G-contraction. Then the induced Menger PM space (X,.%,Ayy) is

a probabilistic G-contraction.

To see this, let (z,y) € E(G) then (fz, fy) € E(G) as f is a Banach G-contraction. Further,
there exists x € (0,1) such that for z,y € X with (z,y) € E(G) we have

d(fz, fy) < kd(z,y). (5.5)

Now for ¢ > 0 we have

Fpopy(kt) = eo(nt —d(fz, [y))

> (Kt — kd(z,y)) = Fpy(t).
Thus f satisfies (5.4).

From Example 5.2.2 it infers that every Banach G-contraction is a probabilistic G-contraction

with the same contraction constant.

5.2.1 Fixed point theorems for probabilistic G-contractions
We start with the following proposition.

Proposition 5.2.3. Let f : X — X be a probabilistic G-contraction with a contraction
constant x € (0,1). Then
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(i) f is a probabilistic G —contraction and a probabilistic G~'—contraction with the same

contraction constant x.

(i1) [zo]g is f—invariant and f ’[&?0]@ is probabilistic G, —contraction provided that zo € X

is such that fxg € [xo]5.

Proof. (i) It follows from symmetry of F ,.

(1) Let x € [wo]s. Then there is a path 2 = 2o, 21, - , 21 = @9 between = and zg. Since f is
a probabilistic G—contraction then (fz;_1, fz;) € E(G)Vi =1,2,---,l. Thus fz € [fxo]s =
[0 -

Suppose (z,y) € E(éxo) Then (fx, fy) € E(G) as f is a probabilistic G—contraction. But
[%0] is f invariant, so we conclude that (fz, fy) € E(Gy,). The condition (5.4) is satisfied

automatically, since C:‘xo is a subgraph of G.

O

Lemma 5.2.4. Let (X,.#,A) be a Menger PM-space under a t—norm A satisfying sup,,
A(a,a) = 1. Assume that the mapping f : X — X is a probabilistic G-contraction. Let
y € [7]g then Fyny gny(t) — 1 asn — oo (t > 0). Moreover, f"z — 2z € X (n — o00) if and

only if f"y — z (n — 00).

Proof. Let x € X and y € [7]5 then there exists a path (x;);i = 0,1,2,---,1 in G from x
to y with zo = 2, 7y = y and (2,_1,%;) € E(G). From Proposition 5.2.3 it infers that f is
a probabilistic G—contraction. By induction for ¢ > 0 we have, (ffxi_q, fMa;) € E(é) and

Fpng,  fre;(kt) > Fyno1y, | -1y, (t) for all n € Nand 4 =1,---,1. Thus we obtain

t
anl’i—hfnxi (t) Z anflxi_hfnflxi(g)
t
= anf%i—hf"*zxi(?)

t

> Fxl',l,xi(in) —1 (aS n— OO)
K

Let ¢t > 0 and § > 0 be given and since sup,.; A(a,a) = 1 then there exists A(d) € (0, 1) such

that A(1— X, 1 —=X) > 1—4. Choose a natural number n’ such that for all n > n’ we have,
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Fingy oy (5) > 1= X and Fyng, g, (5) >1— A We get for all n > n/

v

t t
A(anxovf”$1(§)7Ff"wl,f"m(i))
A(l=X\1-X)>1-4,

Ff"$07f”ff2 (t)

v

so that Fng g, (t) — 1 as n — oo, (t > 0). Continuing recursively one can easily show that
Fingy fng,(t) — 1 as n— o0, (t>0).

Let f"z — z € X. Let t > 0 and § > 0 be given, since sup,.; A(a,a) = 1 then there exists
A(d) € (0,1) such that A(1—A,1—X) > 1—4. Choose a natural number ng such that for all

n > ng we have, an$7fny(%) >1— X and sznx(%) > 1 — A. So that for all n > ng, we have,

t t
FZ,f"y(t) > A(Fz,f”x(g)y Ff”x,f"y(i))
> A(l-=XAN1-=X)>1-0.
Hence, f"y — z as n — oo. O

Every t-norm can be extended in a unique way to an n-array as: A?leci =0, A x; =
A(A;‘:_llxi,xn) for n = 1,2,---. Let (x;)'_; be a path between two vertices x and y in a
graph G. Let us denote with L, ,(t) = Al_ | F,. | ..(¢) for all . Clearly the function L, is
monotone nondecreasing.

In the following we extend the notions of (Cy) and (Hy) graphs to probabilistic metric spaces.

Definition 5.2.5. Let (X,.%#,A) be a PM-space and f : X — X. Suppose there exists a
sequence {f"z} in X such that f?z — z* and (f"x, f""'2) € E(G) for n € N. We say that:

(i) G is a (Cy)-graph in X if there exists a subsequence {f™z} of {f"x} and a natural
number N such that (" z,2*) € E(G) for k > N;

(i) G is an (Hy)-graph in X if f"z € [2*]5 for n > 1 and the sequence of functions

{Lng = (t)} converges to €(t) uniformly as n — oo (t > 0).

Example 5.2.6. Let (X,.%#, A) be a Menger PM-space induced by the metric d(x,y) = |z —y|
on X = {2 :neN}U{0} UN and I be an identity map on X.
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Consider the graph G consisting of V(G2) = X and

E(GQ) = {(%v %4_1)’ (%4_1’”)7 (nv 0)’ (%70%” € N}
We note that z,, = % — 0 as n — oo. Also it is easy to see that Gy is a (Cr)-graph. But
since, A(a,b) = min{a, b} then

n—1|—1’)7 eo(t — |L —nl)), eo(t —n))

1
Lono(t) = A(Aleoft — |-~ i
= ¢€(t—n)»e(t) asn— oo.

Thus G is not an (Hy)-graph.

Example 5.2.7. Let (X, . %, A) be a Menger PM space induced by the metric d(z,y) = |z —y|

on X ={1:neN}u {n—\ﬁ :n € N} U {0} and I be an identity map on X. Consider the

graph G consisting of V(G3) = X and
B(G3) = {5 i) (2 (51, 0)sm € N
Since, x,, = % — 0 as n — oo. Clearly G4 is not a (Cy)-graph. But,

V5

n+1

Ly, 0(t) =€t — ) — €o(t) as n — oo(t > 0).

Thus G is an (H)-graph.

From above examples we note that the notions of (Cy)-graph and (Hy)-graph are inde-

pendent even if f is an identity map.

Following lemma is essential to prove our fixed point results.

Lemma 5.2.8. (Mihet [68]) Let (X,.#,A) be a Menger PM-space under a t-norm A of
J-type. Let {z,} be a sequence in X and there exists x € (0, 1) such that:

Frpwnii (k) > Fpp ) 4, () foralln e Nt > 0.

Then {x,} is a Cauchy sequence.

Theorem 5.2.9. Let (X,.%#,A) be a complete Menger PM-space under a t-norm A of -
type. Assume that the mapping f : X — X is a probabilistic G-contraction and there exists
xo € X such that (xg, fxg) € E(G) then the following assertions hold.
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(4). If G'is a (Cy)-graph then f has a unique fixed point § € [xo]5 and for any y € [zo]g, f"y —

&. Moreover, if G is weakly connected then f is a Picard operator .

(i1). If G is weakly connected (Hs)-graph then f is a Picard operator .

Proof. Since f is a probabilistic G-contraction and there exists xg € X such that (xq, fxg) €

E(G). By induction (f"zq, f"*'z¢) € E(G) for all n > 1 and for t > 0,
Fpngy gy (Kt) > Fynoig ng(t)  for all m > 1. (5.6)

(7). Since, t-norm A is #-type then from Lemma 5.2.8 it infers that {f"xg} is a Cauchy

sequence in X. From completeness of Menger PM-space X there exists £ € X such that
lim f"xg=¢. (5.7)
n—oo

Now we prove that £ is a fixed point of f. Let G be a (Cf)-graph. Then there exists a
subsequence {f™xo} of {f"zo} and N € N such that (" x,{) € E(G) for all Kk > N. Note
that (o, fxo, f?20, ..., f 20, -, f"™Nx0,£) is a path in G and so in G from xg to &, thus
§ € [x0]g. Since f is probabilistic G-contraction and (f"*z0,§) € E(G) for all K > N. For
t>0and k> N, we get

Fpnytigg () 2 Fpnvigy e(rit)
> Firrgoe(t) =1 as k — oo.
Thus we obtain,
lim fo ey = fe. (5.8)
k—o0

Hence, we conclude that f¢ =¢. Now let y € [xo]5 then from Lemma 5.2.4 we get
lim fPy = €. (5.9)
n—oo

Next we prove the uniqueness of fixed point. Suppose £* € [zo]5 = [{]5 such that f&* = £,

then from Lemma 5.2.4 for t > 0, we have,
Fg’g* (t) = Ff"ﬁ,f”ﬁ* (t) —1 n — oo. (510)
Hence, £* = £. Moreover, if G is weakly connected then f is Picard operator as [zo]5 = X.
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(i1). Let G be a weakly connected (H)-graph. By using the same arguments as in the first
part of proof we obtain lim, o, f"x¢o = €. Since G is weakly connected for each n € N there
exist a finite M,, € N such that (2}');i = 0,---, M, be a path in G from fMxo to & with
2y = fMwo, 2y, =& and (2], 2 Z)EE(G)

Fee(t) = Fepe(nt)
> A(Fg g (5 )Ff”“zof&(m))
> A(Fy proia (5 SN LY (2;;))
> Ay o () A F (1)
= Ao (D). Ly masz )
> AP gt Lo () (5.11)

where M = max{M, : n € N}. Since, G is an (Hj)-graph and (f"zo, f""2) € E(G)
for n € N with lim, . f"zo = £ € X. Then sequence of functions {Lng, ¢(t)} converges
to €o(t), (t > 0) uniformly. Let ¢ > 0 and 6 > 0 be given, as the family {AP(¢)}, € N is
equicontinuous at point ¢ = 1 there exists A(J) € (0,1) such that AP(1 — ) > 1 — ¢ for
every p € N. Choose ng € N such that for all n > ng we have, F¢ pns1,,(%) > 1 — X and

Lifngee(5r) > 1 — A, So that in view of (5.11) for all n > ng we have
Fepe(t) > A1 —=AN1-X)
= Al1-)N)>1-46 (5.12)

Hence, we deduce f¢§ = &. Finally, let y € X := [z9]g be arbitrary then from Lemma 5.2.4,

Corollary 5.2.10. Let (X,.#,A) be a complete Menger PM-space under a t-norm A of J#-
type. Assume that X is endowed with a graph G which is either (Cy)-graph or (H)-graph.

Then following statements are equivalent:
(i) G is weakly connected.

(7i) For every probabilistic G-contraction f on X if there exists g € X such that (zg, fzg) €
E(G) then f is a Picard operator .
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Proof. (i) = (ii): It is immediate from Theorem 5.2.9.
(ii) = (i): Suppose that G is not weakly connected. Then G is disconnected, i.e., there exists

r* € X such that [z*]5 # 0 and X \ [z¥]5 # 0. Let y* € X \ [2*]5, we construct a self

G
mapping f by:

o= v* o if oz e [2¥]
Cy it re X\ [r¥]5

Let (z,y) € E(G) then [z]5 := [y]z which implies fz = fy hence (fz, fy) € E(G) as G
contains all loops. Thus the mapping f preserves edges. Also, for ¢ > 0 and x € (0,1) we
have, Fiy py(kt) = 1 > Fp . (t) thus (5.4) is trivially satisfied. But 2* and y* are two fixed

points of f contradicting the fact that f is a Picard operator. O

Remark 5.2.11. Taking G = (X, X x X), Theorem 5.2.9 improves and extends result of
Sehgal {104, Theorem 3| to all Menger PM-spaces with ¢t-norms of J#-type. Theorem 5.2.9

generalizes claim 4° of [52, Theorem 3.2| and thus we have the following consequence.

Corollary 5.2.12. (Jachymski [52, Theorem 3.2|) Let (X,d) be a complete metric space
endowed with a graph G. Assume that the mapping f : X — X is a Banach G-contraction
and the following property is satisfied:

(P) for any sequence {z,} in X, if z, — z in X and (z,,2p+1) € E(G) for all n > 1 then

there exists a subsequence {zy, } with (z,,,z) € E(G) for all k > 1.

If there exists xo € X with (zo, fzo) € E(G). Then f|f,, is a Picard operator . Furthermore,

if G is weakly connected then f is a Picard operator.

Proof. Let (X, %, A)r) be the Menger PM-space induced by the metric d. Since, the mapping
f is a Banach G-contraction then it is a probabilistic G-contraction (see, Example 5.2.2)
and property (P) invokes G is a (Cy)-graph. Hence the conclusion follows from Theorem

5.2.9(i). O

Example 5.2.13. Let (X,.%#,Ajr) be a Menger PM-space where X = [0,00) and F, ,(t) =

m for t > 0. Then (X, .#, Ajps) is complete. Define a selfmapping f on X by:

p

. (5.13)
0, otherwise.

f {"”2 if z= % and p > 3 is fixed integer,
€Tr =
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Further assume that X is endowed with a graph G consisting of V(G) := X and E(G) :=
QU{(%,L):n,meNand nm}U{(2,0): 2 # L}. It can be seen that f is a probabilistic

n’m
G-contraction with k = % and satisfies all conditions of Theorem 5.2.9 (7).

Note that for z =1 and y = % and for each x € (0,1) we can easily set 0 < t < ﬁ such

that,
Kt t

< ;
Kt+]3—0] t+|1-23

or,

Ffl,f%(ﬂt) < FL%(t) fOI' 0 <t< m

Hence, one can not invoke [104, Theorem 3].

In the following we extend the notions of orbital continuity and orbital G-continuity of a

self-mapping to the case of probabilistic metric spaces.

Definition 5.2.14. Let (X,.%#,A) be a Menger PM-space under a t-norm A of s#-type. A
mapping f : X — X is said to be: (i) continuous at point z € X if whenever x,, — z in X
implies fx, — fx as n — oo; (ii) orbitally continuous if for all x,y € X and any sequence
{kn}nen of positive integers, f¥»x — y implies f(f*x) — fy as n — oo; (i) orbitally
G-continuous if for all 2,y € X and any sequence {k, }nen of positive integers, f¥»a — y and

(ffng, fintla) € E(G) Vn € N imply f(f*x) — fy (see, [52]).

Theorem 5.2.15. Let (X,.%#,A) be a complete Menger PM-space under a t—norm A of
JC-type. Assume that the mapping f : X — X is a probabilistic G-contraction such that f
is orbitally G-continuous and let there exists zop € X such that (xg, fzg) € E(G). Then f
has a unique fixed point § € X and for every y € [vo]g, "y — §. Moreover, if G is weakly

connected then f is a Picard operator .

Proof. Let (xo, fzg) € E(G) then by induction (f"xq, f**lzg) € E(G) for all n € N. By
using Lemma 5.2.8 it follows that f"zg — £ € X. Since, f orbitally G-continuous then
f(f"xo) — f€. This gives { = f¢. From Lemma 5.2.4 for any y € [vo]g5, f"y — &.

O

Remark 5.2.16. We note that in Theorem 5.2.15 the assumption that f is orbitally G-

continuous can be replaced by orbital continuity or continuity of f.
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Remark 5.2.17. Theorem 5.2.15 generalizes and extends claims 29 & 3% [52, Theorem 3.3]
and claim 3° [52, Theorem 3.4].

As a consequence of Theorems 5.2.9, 5.2.15 we obtain following corollary which is actually
a probabilistic version of Theorem 2.5.3 and thus generalizes and extends results of Nieto and
Rodriguez-Lopez |72, Theorems 2.1 and 2.3], Petrugel and Rus [84, Theorem 4.3] and Ran
and Reurings [90, Theorem 2.1].

Corollary 5.2.18. Let (X, <) be a partially ordered set and (X,.%#, A) be a complete Menger
PM-space under a t-norm A of J7-type. Assume that the mapping f : X — X is nonde-
creasing (nonincreasing) with respect to the order "<" on X and there exists x € (0,1) such
that:

Firp py(kt) > Fpy(t) forall z,y € X, withx <y, (t >0). (5.14)

Also suppose that either

(7) f is continuous, or

(79) for every nondecreasing sequence {z, } in X such that z,, — = in X we have z,, < x for

all n > 1.

If there exists ¢ € X with zy < fxo, then f has a fixed point. Furthermore, if (X, <) is such

that: every pair of elements of X has an upper or lower bound, then f is a Picard operator .

Proof. Consider a graph G; consisting of V(G1) = X and E(G1) = {(z,y) €e X x X 1z =
y}. If f is nondecreasing then it preserves edges with respect to graph G; and condition
(5.14) becomes equivalent to (5.4). Thus f is a probabilistic Gi-contraction. In case f is
nonincreasing consider Go with E(G2) = {(z,y) € X x X : © <y or z = y} and vertex set
which coincides with X. Actually, Go := évl and from Proposition 5.2.3 if f is a probabilistic
(G1-contraction then it is a probabilistic G5 contraction. Now if f is continuous then conclusion
follows from Theorem 5.2.15. On the other hand if (i7) holds then G and G5 are (Cy)-graphs

and conclusions follow from first part of Theorem 5.2.9. O

By relaxing J#-type condition on ¢-norm, our next result deals with compact Menger
PM-space using the following class of graphs as fixed point property is closely related to

connectivity of graph.
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Definition 5.2.19. Let (X,.#) be a PM-space endowed with a graph G and f : X — X. As-
sume the the sequence {f"z} in X with (f"z, f"*'z) € E(G) for n € N and Fyun, jot1,(t) —
1(t > 0). We say that the graph G is an (Ey)-graph if for any subsequence f™ 2 — z € X
there exists a natural number N such that (f™z,z) € E(G) for all k > N.

Theorem 5.2.20. Let (X, .#,A) be a compact Menger PM-space under a t—norm A satisfy-
ing sup,; A(a,a) = 1. Assume that the mapping f : X — X is a probabilistic G-contraction
and let there exists xg € X such that (zo, fzg) € E(G). If G is an (Ef)-graph then f has a

unique fixed point £ € [zo]g-

Proof. Since, (zo, fro) € E(G) then (f"xq, f" o) € E(G) for n € N and

t
K

)

Ff”fﬂo,f"“xo(t) 2 anflwo,fnro(

13
= on,flo(g)_’l as n— oo (t>0).

From compactness let {f™x} be a subsequence such that f™zy — £ € X. Let t > 0
and & > 0 be given, since sup,.; A(a,a) = 1 then there exists A(0) € (0,1) such that
A(1=X,1-=X) >1-20 choose n’ € N such that for all k > n’ we have, Fnpz () >1— A

and ank$07fnk+1xo(%) > 1 — A. Then we obtain

t t
Ff"k+19ﬂ0,£(t) Z A(Ff"kﬂro,f"kmo(i)’Ff"’“fE07§(§))
> Al=-M\N1-X)>1-4.

Thus, f™Hlzg — €.
Choose n; € N such that for all £ > ny we have, ank+1x0’§(%) > 1-Xand Fynige(5) > 1=,
Since, G is an (Ey)-graph there exists NV € N such that (f" x¢,&) € E(G) for all k > N. Let

no = max{ni, N} then for k > ny we get

t t
Fff,{(t) Z A(ank+1330,f§(§)’ankJrlfl'O,f(i)
t t
Z A(ankxo,f(%)JFf"k+1m07§(§)

> A1-A\1-)\)>1-5.
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Hence, f¢ = £. Note that {xo, fzo, -, f"xo, -+, [MNxo,{} is a path in G, so that ¢ €
[zo0] &- O

So far it remains to be investigated. Is it possible to extend Theorem 5.2.20 to all complete

Menger PM-spaces?

Definition 5.2.21. [104] Let (X,.#) be a PM-space. Let € > 0 and 0 < 6 < 1 be a fixed real
numbers. A mapping f : X — X is said to be an (e, d)-contraction if there exists a constant

k € (0,1) such that for z € X and y € N, (e,d) we have,
Firy py(kt) > Fpy(t) forallt >0 (5.15)

The PM space (X,.#) is said to be (g, d)-chainable if for each z,y € X there exists a finite
sequence (xn)ﬁf:o of elements in X with g = x and xy = y such that 2,41 € Ny, (e,9) for

i=0,1,---,N—1.

It is important to note that every (e, d)-contraction mapping is continuous. Let =, — x
in X then there exists a natural number N (e, d) such that x,, € N,(e,d) for all n > N. Thus

for t > 0 and for all n > N we obtain,

Vv

o, p(t) Ffz, fo(Kt)

Vv

F,, 2(t) —1 asn — oo.

Hence, fz, — fx.

Theorem 5.2.22. Let (X,.#,A) be a complete (e, §)-chainable Menger PM-space under a
t-norm A of J-type. Let the mapping f : X — X is an (g,0)-contraction. Then f is a

Picard operator .

Proof. Consider the graph G consisting of E(G) = {(z,y) € X x X : F, y(e) > 1 -0} and
V(G) coincides with X. Let z,y € X. Since the PM-space (X,.%) is (e, d)-chainable there
exists a finite sequence (z;)Y in X with zgp = = and zy = y such that Fy, ,,,,(¢) > 1—0

for : = 0,1,--- N — 1. Hence, (z;,z;+1) € E(G) for i = 0,1,--- , N — 1. This implies G is

101



connected. Let (z,y) € E(G) then y € N,(g,0). Since, the mapping f is an (g, d)-contraction
thus (5.4) is satisfied. Finally we have,
Fpapy(€) 2 Frapy(ke)

Thus, (fz, fy) € E(G). Hence, f is a probabilistic G-contraction and the conclusion follows
from Theorem 5.2.15. O

Remark 5.2.23. Theorem 5.2.22 has an advantage over Theorem 7 of Sehgal and Bharucha-
Reid [104] which is only restricted to continuous t-norms satisfying A(t,t) > ¢t. Moreover, the

proof of our result is rather simple and easy which evokes novelty of Theorem 5.2.22.

Definition 5.2.24. (Edelstein [36, 37]) The metric space (X, d) is e-chainbale for some € > 0
if for every =,y € X there exists finite sequence (mi)fl\fzo of elements in X with zg =z, 2y =y
and d(x;,xiy1) <efori=0,1,--- /N — 1.
Remark 5.2.25. [104] If (X, d) is an e-chainable metric space then induced Menger PM-space
(X,.Z#,Ap) is an (e, 0)-chainable space.
Corollary 5.2.26. (Edelstein [36, 37]) Let (X, d) be a complete e-chainable metric space.
Let f: X — X and there exists k € (0,1) such that
Voyex{d(z,y) <e = d(fz, fy) <k d(z,y)}. (5.16)
Then f is a Picard operator.
Proof. Since the metric space (X, d) is e-chainable then the induced Menger PM-space (X, %, A)
is (e,d)-chainable for each 0 < § < 1. We only need to show that the self mapping f
on X is (e,0)-contraction. Let x,y € X be such that y € N,(e,0), i.e, Fpy(e) > 1—6 or
eo(e—d(z,y)) > 1—0. By definition of € it implies d(z,y) < € and thus d(fz, fy) < k d(z,y).
Now for t > 0 we get
Froy(rt) = e(rt—d(fz, fy))
> ot —d(z,y))
= F,,(1).

Hence the conclusion follows from Theorem 5.2.22. O
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5.2.2 Application

The notion of cyclic contractions by Kirk et al. [63] can be extended in probabilistic metric
space as well.

Let X be a nonempty set and (X,.7#, A) be a PM-space. Suppose m be a positive integer and
{A;}™, be nonempty closed subsets of X and f : U”;A; — U, A; be an operator. Then

X = U™, A; is known as cyclic representation of X with respect to f if;
f(A1) C Ay f(Am—1) C Ap, f(Am) C A4 (5.17)

and the operator f is known as cyclic operator |63].
In the following we present the probabilistic version of main result of [63], as a last consequence

of Theorem 5.2.9.

Theorem 5.2.27. Let (X,.%#,A) be a complete Menger PM-space under a t-norm A of -
type. Let m be a positive integer, {4;}; nonempty closed subsets of X, Y := U"; 4; and
f:Y =Y. Assume that:

(1) U™, A; is cyclic representation of Y with respect to f;

(#7) Ik € (0,1) such that Fry ¢y (kt) > Fpy(t), (t > 0) whenever, x € A;,y € Aj1, where
Apt1 = Ay

Then f has a unique fixed point £ € N*; A; and f"y — £ for any y € U" | A;.

Proof. Since, U™ | A; is closed then (Y, .%#, A) is complete. Let us consider a graph G consisting
of V(G) :=Y and E(G) == QU {(z,y) € Y XY 1z € A,y € Aiy1;i=1,--- ,m}. By (4)
it follows that f preserves edges. Now let f"z — z* in Y such that (f"z, f"*'z) € E(G)
for all n € N. Then by (5.17) it infers that the sequence {f"x} has infinitely many terms in
each A;;i € {1,2,--- ,m}. So that one can easily identify a subsequence of {f"x} converging
to 2* in each A; and since A;’s are closed then z* € N, A;. Thus, we can easily form a
subsequence {f" x} in some A;, j € {1,--- ,m} such that (f™z,2*) € E(G) for k > 1. It

elicits G is weakly connected (Cy)-graph. Hence, by Theorem 5.2.9 conclusion follows. O
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5.3 Conclusion

The notion of probabilistic G-contractions extends/generalizes the notion of Banach G-contractions
and the contractions on partially order sets. The obtained results based on this intuitive ap-
proach are of great agrement to that presented in [104]. Probabilistic cyclic contractions eluci-
date the novelty of our results. Moreover Example 5.2.2 substantiates the degree of generality
of our main results. Our further goal is to extend this notion by weakening contractiveness

assumption.
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