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Organization of the chapters

The thesis comprises of seven chapters. In chapter - I, we have given a brief history of
Fixed Point Theory and its applications. Also, in this chapter we recall related several

definitions, theorems.

In chapter - II, we have introduced the concept of tripled best proximity point in metric
spaces. As an application to our main result, we prove some tripled best proximity point
theorems in metric spaces which are the generalizations of recent results of Sintunavarat
and Kumam([170]). Some examples and application in integral equations are given to
support our results. Also our result improves the results of Babu and Alemayehu([60])

in metric spaces by giving shorter proof than of Babu and Alemayehu([60]).

In chapter - III, we have developed tripled coincidence point theorems in ordered cone
metric spaces over a solid cone. Our results extend some coupled common fixed point

theorems of Nashine, Kadelburg and Radenovic([63]).

Chapter - IV is divided into three sections:
In section - I, we have introduced the concept of compatible maps in Fuzzy metric spaces
to establish triple coincidence point Theorem. Our result extends the work of Hu([172])

and we have supported our result by a suitable example.

In section - II, we have developed the notion of (f, g)-reciprocal continuity and proved
a common fixed point theorem for a pair of sub-compatible maps by employing a gen-

eralized (p,1)-weak contraction condition in fuzzy metric spaces. As an application of

vi



these results in Fuzzy Metric Spaces, we present a theorem that involves (¢, ¥)-weak

cyclic contraction condition.

Section - III deals with a common fixed point theorem in Fuzzy metric spaces. Here
we established the Presi¢ type fixed point theorem([1411]) and obtain the uniqueness of
common fixed point for three maps in Fuzzy metric spaces. Also, we have deduced the

main theorem of George([129]) as a corollary to our theorem under some conditions.

In chapter - V, we have proved some periodic point and fixed point theorems for a
rational inequality in complex valued metric spaces. Also, we have given an application

for our main theorem in complex valued metric spaces.

In chapter - VI, we focus on various tools of obtaining Fixed Point such as various kinds
of compatible maps (for example: Compatible Maps of Type(A), Type(B), Type(C),
Type(P), weakly compatible maps, etc.) for details of tools in Fixed Point Theorems
we refer Murthy([121]). We have shown that these pairs satisfy a contractive condition
of integral type in Menger Space using the above tools. Also, we improve the results
of Branciari ([5]), Rhoades ([15]), Kumar, Chugh and Vats([153]). In addition, we have
introduced the notion of Universal weakly compatible maps and proved a fixed

point theorem for a weakly compatible pair of maps.

In chapter - VII, we have introduced a new notion “f-g reciprocal continuity in G-metric
spaces” and proved common fixed point theorem for generalized (i, 1))-weak contraction
condition. As an application of our result, we prove a theorem for (p,)-weak cyclic

contraction condition.
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CHAPTER 1

INTRODUCTION

1.1

By fixed point, we shall mean a point which is invariant under any transformation. Let
X be a non-empty set and let T : X — X. If T'(x) = z, then x is a fixed point of 7.

The importance of Fixed Point Theory lies in solving equations of the type T'(z) = 0.
For example, consider an equation 22 — 6z +5 = 0. In this equation we know that z = 1

and x = 5 are the roots of this equation. This equation can be written as x = %. If

72

5 then z = 1 and z = 5 are two fixed points of T. Thus, it is easy

we write T'(z) =

to see that the problem of finding the solution of an equation is the same as to find a
fixed point for an equation of the form T'(x) = x.

“Fized point theory and applications”, one of the most interesting and popular branch of
Mathematics, comes under Functional Analysis; it is growing very rapidly in the form of
developing theory and applications. Their applications are widely used in mathematical
economy, mathematical physics, engineering and game theory, etc.

The Modern Fixed Point Theory originated as a consequence of proving the existence
of solutions to a differential equation. In 1844, Cauchy([l]) was the first who gave an
independent proof for the existence and uniqueness of the solution of the differential

equation



where T is continuously differential function. Later Lipschitz([133]) simplified Cauchy’s
proof in 1877, using a condition that is called “Lipschitz condition.” In 1890, Peano ([51])
attempted a deeper result of Cauchy’s theorem by supposing only the continuity of 7. In
1930, Caccioppoli([128]) established a fixed point theorem by replacing the contraction
property by convergence property. In 1910, Brouwer([95]) proved a fixed point theorem
in which, if C' is a unit ball in R™ and T : C' — C be a continuous function, then 7" has
a fixed point in C.

In 1927, Schauder([78]) extended the above result of Brouwer by assuming C as a
compact convex set in his theorem. Again Schauder([79]) proved in 1930, that any
compact convex nonempty subset of a normed linear space has the fixed point property.
Tychonoff([10]) in 1935, proved that any compact convex nonempty subset of a locally
convex space has the fixed point property. By fixed point property, we shall mean that
every continuous mapping of a topological space X into itself has a fixed point.

Now we recall the classical Banach Fixed Point Theorem (1922) in metric spaces:
Theorem 1.1.1([134]) Let (X, d) be a complete metric space and T" be a mapping from

X into X such that

d(T(z), T(y)) < a.d(x,y), where for all z, y € X and a € [0, 1),

if {x,} is a sequence in X such that z,, = T"(x), where 27 € X be an arbitrary point

of X. Then T has a unique fixed point in X.

These have been a number of generalizations of this result by Bryant([158]), Ciric([98]
- [100]), Edelstein([102]), Sehgal ([159] - [160]), Jaggi and Das([11]), etc.

Edelstein([103]) generalized contraction principle due to Banach([131]) in a complete
metric space called contractive mapping principle. Chu and Diaz([112]) and Sehgal([160])

extended this mapping.

Sehgal’s result was further extended and generalized by Guseman([96]), Khazanchi([101]),



Rhoades and Ray([20]), Iseki([¢1]) and Sharma([9]).

Rakotch([11]), Browder([17]), Boyd and Wong([!2]) replaced Lipschitz constant by some
real valued functions which are less than unity.

After 1960, it was quiet natural for the community to ask a question about fixed point
that “Does there exist a contractive mapping which does not force a mapping T to
be continuous”. It was Kannan([131]) who answered this question affirmatively and
proved a fixed point theorem for a mapping which does not satisfy the condition due to
Banach([134]).

The contraction condition introduced by Kannan([131] is as follows:

there exists a number, 0 < 8 < % such that

d(T(x), T(y)) < Bld(x, T(x)) +d(y, T(y))] forall z,yeX

After Kannan’s([131]) contraction condition a variety of contractive conditions were in-
troduced by many researchers. Some of them are Kannan([132]), Reich([150]), Fukshima([61])
, Bianchini([130]), Chatterjee([116]), Zamfirescu([150]), Hardy - Roger([50]), etc in met-
ric and their related spaces. Although their contractive conditions are more general than
of Banach([134]) and Kannan([131]), their corresponding proofs are basically same.

In 1976, Jungck ([52]) gave a generalization of the Banach’s Fixed Point Theorem for a
pair of commuting self maps and one of the function as a continuous map in a complete
metric space (X, d). Perhaps Jungck is the first who studied these three conditions at a
time i.e., Commuting pair of maps, continuous map and containment of ranges in the
history of fixed point theory and applications.

Jungck’s theorem inspired the Fixed Point Theorist as well as many applied discipline
researchers to generalize the contraction and contractive type mappings in many ways
(for eg. see Das and Naik [35], Jungck[52], Chang([113]), Fisher([16] - [19]), Prasad[31]

and jungck[53]).



Various kinds of compatibility:

Two self maps f and g of a metric space (X, d) are said to be commuting if fg(z) = gf(z)
for all z in X.

Sessa([115]) generalized the concept of commuting mappings and introduced weakly
commuting maps. Self - mappings f and g of a metric space (X, d) are called weakly

commuting pair if

d(fg(x),gf(x)) < d(g(z), f(x))

for all z in X.

Obviously, commuting maps are weakly commuting but the converse is not true.

In 1986, Jungck([53]) introduced the concept of compatible maps in a metric space as a
generalization of commuting maps and weakly commuting mappings. One can observe
that every pair of weakly commuting maps is compatible but the converse is not true.
Refer for examples([53] - [55], [144] etc.).

An equivalent definition of compatible maps is given by Jungck, Murthy and Cho by in-
troducing the concept of compatible maps of type(A) and shown that compatible maps
and compatible maps of type(A) are independent to each other. Refer for details and
examples([50]).

Reader may find a review on such type of pair of maps having the property of non -
commuting pair in metric spaces given by Murthy.([124]).

Tripled Best Proximity Point in metric spaces:

One of the most exciting result is the extension of Banach Fixed Point Theorem in
complete metric space for non - self mapping as such that A to B does not necessarily
have a fixed point where A and B are nonempty closed subsets of a complete metric
space (X, d), with AN B = ¢.

A point z in A for which d(z,T(x)) = d(A, B) is called a best proximity point of T’

whenever a non - self mapping 7" has no fixed point, where d(A, B) = inf{d(z,y) :



x € A,y € B}. A best proximity point represents an optimal solution to the equation
T(z) = x. Since best proximity point reduces to a fixed point, if the underlying map-
ping is assumed to be self - mappings, the Best Proximity Point Theorems are natural
generalizations of the Banach Fixed Point Theorem.

Example 1.1.2 Let X = R be endowed with the metric d(z,y) =| z — y | and let
A =12,4] and B = [—4,—2]. Clearly, d(A, B) = 4.

Define T': A — B such that F'(x) = —z. Here we do not a have fixed point.

It is remarkable that Best Approximation Theorem is an approximate solution to the
equation 7'(z) = x, when T has no solution. Indeed, the well-known best approximation
theorem of Fan ([32]) asserts that if A is a nonempty compact convex subset of a Haus-
dorff locally convex topological vector space B, and T : A — B is a continuous mapping,
then there exists an element x satisfying the condition d(z,T(x)) = inf,cs d(T(2),y).
Later, several researchers such as Reich [151], Prolla ([77], Sehgal and Singh [161] -
[162], Vetrivel, Veeramani and Bhattacharyya [166], Wlodarczyk and Plebaniak ([35]-
[90]), Eldred and Veeramani [2], Mongkolkeha and Kumam [29] and Sadiq Basha and
Veeramani [138]-[110], Sadiq Basha [137]) obtained extensions of Fan’s theorem in many
directions.

In this context, we mildly modify the concept of tripled fixed point introduced by Brinde
and Borcut([157]). We introduce the following notion of tripled best proximity point.
Definition 1.1.3 Let A and B be nonempty subsets of a metric space (X,d) and
F:Ax Ax A — B be a mapping than an element (z,y,2z) € A x A x A is called a

tripled best proximity point of F| if

d(z, F(x,y,2)) = d(y, F(y, 2,2)) = d(z, F(z,2,y)) = d(A, B).

where d(A, B) = inf{d(a,b) : a € A,b € B}.

Triplet coincidence point theorem in ordered cone metric spaces :



The concept of cone metric spaces was introduced by Huang and Zhang([97]) which is
the generalization of a metric space. In this they have replaced d : X x X — R by
d: X x X — FE, where FE is the set of real Banach Space.

In 2004, the concept of partially ordered metric space(POMS) was introduced by Ran
and Reurings ([20] ). Guo and Lakshmikantham ([37]) studied the concept of coupled
fixed points in POMS. Later, Bhaskar and Lakshmikantham ([154]) studied monotone
property in POMS and supported this by providing an application to the existence of
periodic boundary value problems. Recently, Karapinar([10]) proved coupled fixed point
theorems for nonlinear contractions in ordered cone metric spaces over normal cones
without regularity. He assumed the continuity and commutativity of both mappings in
complete space. Shatanawi ([167]) proved coupled coincidence and coupled fixed point
theorems in cone metric spaces which were not necessarily normal. Some results on this
are due to Sabetghadam ([18]), Ding and Li ([66]), and Aydi, Samet and Vetro([(7]).
According to Borcut and Berinde ([157]), we shall furnish the following definition(1.1.4
and 1.1.6):

Consider partial ordering on X x X x X in the following manner:

for (z,y, 2), (u,v,w) € X x X x X, (u,v,w) < (z,y,2) & x> u,y <v,z>w.
Definition 1.1.4 Let (X, <) be a partially ordered set and F' : X x X x X — X
and g : X — X. The mapping F' is said to have mixed g - monotone property if F' is
monotone ¢ - non-decreasing in x and z, is monotone g - non-increasing in y i.e., for

any z,y,z € X

T1,T2 € X,g(l’l) < g(l’g) = F(Il,y,Z) < F({L‘27y, Z) (111)
y1,y2 € X, g(n1) < 9(y2) = F(x,y1,2) = F(2,92,2) (1.1.2)
21, 22 € Xag(zl) S 9(22) = F(ﬂf,y, Zl) S F(xayv'ZQ) (113)



hold.

Remark 1.1.5 g - monotone property on X x X is introduced by Lakshmikantham and
Cirié([163)).

Definition 1.1.6 Let (X,d, <) be a nonempty ordered cone metric space and F' :
XXX xX—=X,¢g: X — X. An element (z,y,2) € X x X x X is called:

(T1) a tripled coincidence point of mappings F' and g if F(x,y,2) = g(z), F(y,z,y) =
9(y), F(z,y,2) = g(2).

(T3) a tripled fixed point of mapping F' if F(z,y,2) = g(x) =z, F(y,z,y) = g(y) =y
and F(z,y,z) = g(z) = 2.

Triplet coincidence point theorem in Fuzzy metric spaces:

Zhu and Xiao([174]) and Hu([172]) gave a coupled fixed point theorem for contractions
in fuzzy metric spaces, and Fang([33]) proved some common fixed point theorems under
¢-contractions for compatible and weakly compatible mappings on Menger probabilistic
metric spaces.Very recently, the concept of tripled fixed point has been introduced by
Berinde and Borcut ([157]). In their paper, some new tripled fixed point theorems are
obtained using the mixed g-monotone mapping. Their results generalize and extend the
results of Bhaskar and Lakshmikantham([151]).

Now we furnish here some definitions for our theorems:

Definition 1.1.7 An element (z,y,2) € X x X x X is called a tripled fixed point of the
map F : X XX xX - Xandg: X - Xif F(z,y,2) =g(x) =z, F(y,z,2) = g(y) =y
and F(z,y,z) = g(z) = 2.

Definition 1.1.8 An element (z,y, 2z) € X x X x X is called a tripled coincidence point
ofthemaps FF: X x X x X = X and g: X = X if F(z,y,2) = g(x), F(y,z,2) = g(y)
and F(z,y,z) = g(z).

Presi¢c type mapping and Common fixed point theorem in Fuzzy metric

spaces:



In 1965, Presi¢([111]) extended Banach’s contraction mapping principle to operators
defined on product spaces which follows:
Theorem 1.1.9 Let (X, d) be a metric space, k a positive integer, X* = product of X, k—

times and T': X* — X be a mapping satisfying the following condition:

d(T(JJl, Loy 7$k>7 T($2, T3, - 7$k+1)) < Ch-d(l‘h $2)+Q2-d($27 $3)+' : '+Qk-d($k, $k+1)

where x1, 29, - ,Try1 are arbitrary elements in X and qi,qo, - - , qx are non-negative

constants such that ¢ + g2 + --- + g < 1. Then, there exists some z € X such

that * = T(z,x,--- ,z). Moreover, if x1,zs,- - ,z; are arbitrary points in X and for
n € N, pix = T(xp, Tps1, , Tnyk_1), then the sequence {z,} is convergent and
limx,, = T (limx,, limz,, - limz,).

Note that for £ = 1 the above theorem reduces to the well-known Banach Contraction
Principle.

In this section, we have proved a common fixed point theorem of Presi¢ type mapping
in the setting of Fuzzy metric spaces which extends the results of George ([129]).
Common fixed point theorems in complex valued metric space:

This study has been already done by many mathematicians and we have another view
point to revisit the study of complex valued metric spaces. The study of new discov-
eries in mathematics and their basic properties are always favorite topics of interest
among the mathematical research community. In this context, the concept of 2-metric
spaces was introduced initially by Gdéhler([135]) in his series of papers and he gave a
thought on dimensions of ordinary metric spaces. Since the metric for a pair of points
is non-negative real, (i.e. [0,00)). The concept of probabilistic metric spaces in which
the probabilistic distance between two points is considered has given a new height and
interest to the study to know more about stars in the universe. In a similar way, the

study of fuzzy metric spaces was initially done by Grabiec([105]) and Erceg([101]) in



which the degree of agreement and disagreement were considered.

So far, the study was done around the real numbers for e.g. Metric spaces, 2-Metric
spaces, Normed linear spaces, Fuzzy metric spaces, Probabilistic metric spaces, etc. Let
X be a non-empty set and let d: X x X - R, |||]|:N—=>R, d:XxXxX—>R
and M (z,y,t) : X x X x[0,00] — [0,1], F : X x X — [0, 1]. It was quiet natural to ask
“What happens if we replace R by some other sets which are not necessarily completely
ordered sets like R?” and this was answered by a few researchers by introducing the
cone metric spaces, the partially ordered metric spaces, the modular metric spaces and
very recently, the complex valued metric spaces, respectively by Huang and Zhang([97]),
Matthew ([136]), Chistyakov([165]), Azam, Fisher and Khan ([1]).

Here, first we shall introduce the concept of complex valued metric space by modifying
the same introduced initially by Azam, Fisher and Khan([4]). As an application of these
concepts, we shall construct a theorem and its application in integral equations.
Common fixed point theorems in Menger spaces:

In metric spaces d(x,y) stands for distance between two points x and y. If the exact
distance is not known, then the concept of probable distance comes. The concept of
a Probabilistic Metric Space (in short PM-space) is used to deal with such situations.
The notion of Probabilistic Metric Space (or Statistical Metric Space) was initially in-
troduced by Menger([387]) in 1944, which is a generalization of Metric spaces. The idea
in Probabilistic Metric space is associated with distribution functions with a pair of
points, say (p,q), denoted by F(p,q;t) where t > 0 and interpreted this function as
the probability that distance between p and ¢ is less than ¢. The study of PM-spaces
was expanded rapidly with the pioneering works of Schweizer-Sklar([76], [70], [71], [72],
[164], etc).

Here, we establish a fixed point theorem for integral type contraction condition in the



probabilistic metric space for a pair of compatible maps of type (A) ( or compatible of
type (P) or weak compatible of type (A)) maps.

Generalized (p,1))-Weak Contractions in G - metric spaces:

Now we recall the following from the History of Fixed Point Theory and Applications:
Boyd and Wong in 1969 ([12]) introduced such type of functions to generalized Con-
traction Condition due to Banach:

Theorem 1.1.10 Let (X,d) be a complete metric space and v : [0,00) — [0,00) be
upper semi continuous from the right such that 0 < ¢ (t) <tforallt >0.IfT: X — X

satisfies

AT(@), T(y)) < b(d(x,y)) forall z,ye X,
then it has a unique fixed point z € X and {T™(z)} converges to x for all z € X.
Later, Chang([!13]) generalizing and unifying fixed point theorems of Jungck([52]), Das
and Naik([85]), etc.

Theorem 1.1.11 Let (X, d) be a complete metric space, a self - mapping f on X such
that for some positive integer m, f™ is continuous. Let {g;}2, : f™ (X)) — X be a

sequence of mappings such that

g(f" X)) C X)),  i=1,2,-,

and suppose g; commutes with f,2 = 1,2,--- . Further, suppose there exists a sequence of
positive integers {m;}32, such that for any positive integers i, j and any z,y € f™ (X))

the following holds

d(g;" (x), ;" (y))



where the function A satisfies the following conditions (A1), (A2) or (A1), (A3):
(A1)A : [0,00) — [0, 00) is nondecreasing and right continuous.

(A2) For any real number ¢ € [0,00) there exists a suitable real number t(g) € [0, o)
such that

(a) t(q) is the upper bound of the set

{t€0,00):t < g+ At)},
(b) limy, oo A™(t(q)) = 0.
(A3) For every t > 0, A(t) <t and

limy o (t — A(t)) = 0.
Then f and g;, i = 1,2,-- have a unique common fixed point f(y*), where y* € X is
the limit of the sequence {y,}2, defined as y,, = ¢/ (z,) = f(zps1),n=1,2,---
Alber and Guerre-Delabriere ([173]) suggested a generalization of the Banach contrac-
tion mapping principle by introducing the concept of weak contraction in Hilbert spaces.
Later, Rhoades ([11]) realized that this result of Hilbert spaces is valid in complete met-
ric spaces also.
Rhoades ([11]) proved the following theorem and the contractive condition introduced
called as weak contraction:
Definition 1.1.12 Let X be a metric space. A mapping T : X — X is called contrac-

tive if and only if

d(T(z), T(y)) < d(z,y) — e(d(x,y)),

V z,y € X, where ¢ is an altering distance function.
In 1984, Khan, Swaleh and Sessa ([110]) have introduced the concept of an altering

distance function in metric spaces in the following manner:

Definition 1.1.13 A function ¢ : [0,00) — [0,00) is an altering distance function if

©(t) is monotone non-decreasing, continuous and ¢(t) = 0 if and only if ¢ = 0.

11



Theorem 1.1.14 [[11], Theorem 2| Let (X, d) be a complete metric space. If T': X — X
is a weakly contractive mapping, then 7" has a unique fixed point.
Dutta and Choudhury([122]) further generalized the weak contraction condition of

Rhoades ([11] in particular Theorem 2).

Theorem 1.1.15 Let (X, d) be a complete metric space and T': X — X satisfying

P(d(T(x), T(y)) < ¢(d(x,y)) — eld(z,y)),

V z,y € X where ¢ and ¢ are altering distance function. Then T has a unique fixed
point.

Many results are available using (p, 1)-Weak Contractions in metric spaces as well as in
its related spaces. One can see some of them in (Zhang and Song ([127]), Dorié ([35])).
Here, we deal with such type of contractions having control functions. In fact, all
contractions are the generalizations of Banach by including the distance function within
the real valued function. We have proved some fixed point theorems in G-metric space

by using (¢, 1) - contraction condition.

12



CHAPTER 2

TRIPLED BEST PROXIMITY POINTS AND COMMON
FIXED POINTS IN METRIC SPACES

2.1

Present chapter has been divided into two section. In this chapter, we shall prove two
types of theorems in metric spaces.

1. In section - I, we shall prove tripled best proximity point theorems supported by
examples and at the end we shall give an application in integral equations of our result.
2. In section - II, we improve the results of Babu and Alemayehu ([60]) in metric spaces
by giving shorter proof than of Babu and Alemayehu ([60]).

Throughout this section N denotes the set of all positive integers, R denotes the set of

all real numbers and d(A, B) = inf{d(x,y) : * € A and y € B}, where AN B = ¢.

2.2 Section I

We need the following important definitions for proving our main theorem.

Definition 2.2.1[155] Let A and B be nonempty subsets of a metric space (X, d). Then
(A, B) is said to satisfy the property UC if the following holds:

if {x, } and {z,} are sequences in A and {y, } is a sequence in B such that lim,, .. d(zp, y,) =

d(A, B) and lim,, . d(z,, yn) = d(A, B), then lim,,_,, d(x,, z,) = 0.

* Published in “Fixed points of nonlinear contraction,” Advances in Fixed Point Theory, 3 (2013),
No. 4, 600-607ISSN: 1927-6303, Available online at http://scik.org
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Definition 2.2.2[170] Let A and B be nonempty subsets of a metric space (X, d). The
ordered pair (A, B) satisfies the property UC™, if (A, B) has the property UC and the
following condition hold:

if {x,} and {z,} are sequences in A and {y,} is a sequence in B satisfying:

(1) d(zn,yn) = d(A, B) as n — oo,

(ii) for every € > 0 there exists N € N such that d(z,,,y,) < d(A, B) + ¢, for all

m>n> N,

then, for every € > 0 there exists N; € N such that d(z,,,2,) < d(A, B) + € for all

m>n > Nj.

Definition 2.2.3[157] Let A be a nonempty subset of a set POMS X and F': A x A X
A — A be a mapping. An element (z,y,z) € A x A x A is called a tripled fized point
of Fif

r=F(r,y,2),y=F(y,z,y) and z = F(z,z,y).

In view of the above concepts, now we shall introduce the notion of tripled best prox-
imity point in metric spaces by modifying the notion of the same introduced by Brinde

and Borcut([157]) in partially ordered metric spaces.

Definition 2.2.4 Let A and B be nonempty subsets of a metric space (X,d) and
F:Ax Ax A — B beamapping. An element (z,y,2) € Ax A x A is said to be tripled

best proximity point of F if

d(x, F(x,y,2)) =d(y, F(y,z,x)) = d(z, F(z,z,y)) = d(A, B).

It is easy to see that, if A = B in above definition, then a tripled best proximity point

reduces to a tripled fixed point.
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Now, we are going to introduce the notion of a cyclic contraction for a pair of mappings
in metric spaces by modifying slightly the notion which was initially introduced by
Eldred and Veeramani([2]).

Definition 2.2.5 Let A and B be nonempty subsets of a metric space (X, d). The maps
F:AxAxA— Band G: Bx B x B — A is said to satisfy cyclic contraction for

some «a € [0, 1);

d(F(2,y,2), G(u,0,w)) < Zld(z,u) +d(y,v) +d(z,w)] + (1 = @)d(4, B),

wl|Q

for all (z,y,2z) € Ax Ax A and (u,v,w) € Bx B x B.

Remark 2.2.6 If (F, G) is a cyclic contraction, then (G, F') is also a cyclic contraction.

Example 2.2.7 Let X = R endowed with the metric d(z,y) =| x—y | and let A = [2,4]
and B = [—4, —2|. Clearly, d(A, B) = 4.
Define F: Ax AxA— Band G: Bx BxB— Aby

—u—v—w-+06
6

—r—y—2—06

F(z,y,z) = 5

and G(u,v,w) =

Fix a = % for arbitrary (z,y,2) € A x Ax A and (u,v,w) € B x B X B, we get

d(F<$7 Y, Z), G(u, v, ’LU)) :‘ _x_yG_Z_G _ —u—v6—w+6

< lozultly=vitle—ul

= Sld(x,u) +d(y,v) + d(z,w)] + (1 — a)d(A, B).
This implies that (F,G) is a cyclic contraction pair with o = %

15



Example 2.2.8 Let X = R? endowed with the metric given by

d((2,y, 2), (u,v,w)) =max{| z —u|,[y —v ||z -w]}

and let A = {(2,0): 0 <z <1} and B = {(z,1) : 0 <z < 1}. Clearly, d(A, B) = 1.
Define F: Ax AxA— Band G: Bx BxB — Aby

r+y+z
3

u—+v+w

F((:L‘, 0)> (ya O)v (Za O)) = ( ) 1) and G((uv 1)7 (07 1)7 (wv 1)) = (

For arbitrary z,vy, z,u,v,w € [0, 1], we get

d(F((z,0), (y,0), (2,0)), G((u, 1), (v, 1), (w, 1)) = d((“5=, 1), (*55,0))

= 1.

For all @ > 0, we have
51d((2,0), (v, 1)),d((y,0), (v, 1)),d((2,0), (w, 1))] + (1 — a)d(A, B)
= Sfmax{| z —u |, 1} + max{|y v .1}
+max{] 2z —w|,1}] + (1 — @)d(A, B)
=2x3+(1-aq)

=1.

This implies that (F,G) is a cyclic contraction.
Before presenting our main Theorem, we need to prove the following lemmas:

Lemma 2.2.9 Let A and B be nonempty subsets of a metric space (X,d). A pair of

maps F' and G is satisfying cyclic contraction condition, if

Ton+1 = F(Z'Qna Yon, Z2n)7 Yon+1 = F(Z/2m Z2n, 5C2n), 2on+1 = F(Z2n, Ton, y2n),
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for all n € NU {0},

and

Ton42 = G($2n+1, Yon+1, 22n+1)7 Yon+2 = G(y2n+1, 29041, $2n+1), 2on42 = G(22n+17 Ton+1, y2n+1)
for all n € NU {0},

then

hmn—)oo d($2n> $2n+1) = d(A, B), hmn—>oo d($2n+1, x2n+2) = d(Aa B)7
hmn—>oo d(y2n7 y2n+1) - d(A7 B)u hmn—>oo d(an—l—la y2n+2) - d(A7 B)7
lim,, o d(22n7 Z2n+1) = d(A> B)a limy, 00 d(22n+17 22n+2) = d(Aa B)

Proof. For each n € NU {0}, we have

d(2n, Tant+1) = d(2n, F(Tan, Yon, 220))
= d(G(anfl, Yon—1, Z2n71); F<G<x2n717 Yon—1, 22n71>7 G(Z/anl; 22n—1, xzn—l)y
G(z2n-1,Tan—1,Y2n-1)))
< %[d(l?nfla G (Tan—1,Y2n—1, Z2n-1)) + d(Y2n—1, G(Y2n—1, Z2n-1, Tan—1))

+d(z9n—1, G(22n-1, Tan—1, Yon—1))] + (1 — a)d(A, B)

w|R

[d(F(ZEQnJ; Yon—2, Zzn—2)a G(F<x2n72> Yon—2, Z2n72)7 F(y2n727 2on—2, 372n72),
F(Z2n—2, Lon—2, yzn—2)) + d(F(yzn—27 Z29n—2; $2n—2), G(F(yzn—2, Z29n—2; $2n—2)7
F(29n—2, on—2, Yon—2), F(@an—2, Yon—2, 2on—2)) + d(F(22n—2, Toan—2, Yon—2),
G(F(Zznd, Ton—2, y2n72), F($2n72, Yon—2, z2n72); F(y2n72, 22n—2; I2n72>>]

+(1 — a)d(A, B)

<

wle

{%[d(ﬂhnfz, F($2n72, Yon—2, Z2n72)) + d(y2n72, F(y2n—2, 22n—2, $2n72))
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+d(zan—2, F(22n—2, Tan—2, Yon—2)) + (1 — @)d(A, B)]
+%[d(y2n—2, F(Y2n—2, Z2n—2, Tan—2)) + d(22n—2, F'(22n-2, Ton—2, Y2n—2))
+d(2n—2, F(Tan-2, Yon—2, 22n—2)) + (1 — a)d(A, B)]
+5[d(22n-2, (2202, T2p—2, Yon—2)) + d(Tan—2, F(T2n—2, Y2n—2, 220-2))
+d(Y2n—2, F(Y2n—2, 22n—2, T2n—2)) + (1 — a)d(A, B)]
+(1 —a)d(A, B)}

>

= %[d<x2n727 F<x2n727 Yon—2, z2n72)) + d(y2n727 F(y2n727 29n—2, x2n72))

+d(2on—2, F(22n-2, Tan—2, Yan—2))] + (1 — a?)d(A, B).

By induction, we have
d(Zan, Tony1) < O‘%[d(wo; F(x0,%0, 20)) + d(yo, F' (Yo, 20, 20)) + d(z0, F'(20, 0, %0))]

+(1 - a?M)d(A, B),
and on taking n — oo, we get d(za,, Ton11) — d(A, B).

Arguing as above for each n € NU {0}, we have
d(Tant1; Tan2) = d(@T2nt1, G(T2n41, Yont1, 220+1))
= d(F(@2n, Y2n, 22n), G(F(Z2n, Y2n, 220), F(Yon: 220, T2n), G (220, Tan, Y2n)))
< §ld(@an, F(22n, Yon, 22n))+d(Y2n, F(Yan, 220, T2n))+d(220, F (220, T2n, Y2n))]
+(1 — a)d(A, B)

[d(G(ﬂJzn—h Yon—1, Z2n—1)7 F(G(xQn—h Yon—1, ZQn—l)u G(y2n—17 Zon—1, 95271—1),

w|Q

G(Zanla Ton—1, y2n71)) + d(G(y2n—17 Z2n—1, x2n71>7 F(G(y%—l, 22n—1, x2n71>,
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G<Z2n717 Ton—1, y2n71), G($2n717 Yon—1, z2n71))] + d(G(Z’an, Ton—1, y2n—1)7
F(G(z2n—17 Lon—1, an_l), G($2n—17 Yon—1, ZQn—l)u G(?hn—l, Z9n—1, $2n—1))
+(1 — a)d(A, B)

<

w|R

{5 ld(z2n—1, G(T2n—1, Y201, 220-1)) + d(Y2n—2, G(Y2n-1, 2201, T2n-1))
+d(zon-1, F(z2n-1, Tan—1,Yon-1)) + (1 — @)d(A, B)]

+5[d(y2n-1, G(Y2n-1, 2201, T2n-1)) + d(22n-1, G(220-1, T2n—1, Y20-1))
+d(z2n-1, G(T2n-1,Yon-1, 22n-1)) + (1 — a)d(A, B)]

+5[d(22n-1, G(22n-1, Tan—1, Yon-1)) + d(T2n—1, G(T2n—1, Y2n—1, Z2n-1))

+d(yan—1, G(Y2n—1, 220-1, Tan-1)) + (1 — a)d(A, B)] + (1 — a)d(A, B)}

2

= %[d<x2n—1> G(xZn—la Yon—1, ZQn—l)) + d(an—la G(yzn—h ZQn—l,fBQn—l))

+d(22n717 G(ZQn—la Ton—1, y2n71))] + (1 - 042)d<147 B)-

By induction, we get
d(Tony1, Tonyz) < %[d(iﬁb F(z1,y1,21)) +d(y1, F(y1, 21, 21)) + d(21, F(21, 21, 31))]

+(1 = a?™)d(A, B),
and on taking n — oo, we obtain d(Za,11, Tant2) — d(A, B).

Similar arguing for {yon}, {yon+1}, {220} and {22,411}, we will have d(yan, yont1) —
d(A,B)7 d(y2n+17y2n+2) — d(A7 B)a d(Z2mZ2n+1) — d(A7 B) and d<z2n+1722n+2) —

d(A, B) respectively.

Lemma 2.2.10 Let A and B be nonempty subsets of a metric space (X, d) such that

(A, B) and (B, A) satisfy the property UC and a pair of maps F' and G satisfying cyclic
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contraction condition, if

Lon+1 = F($2na Yon, 2271)7 Yon+1 = F(y2n7 22, x2n)7 2on+1 = F(Z2n7 Lon, an)7

for all n € NU {0},

and

Ton42 = G($2n+1, Yon+1, 22n+1), Yon+2 = G(y2n+1, 29041, $2n+1), 2on+2 = G(ZQn-i-la Lon+1, y2n+1),

for all n € NU {0},

then for € > 0, there exists a positive integer Ny such that for all m > n > N,

1
§[d($2m, Tant1) + A(Yam, Yont+1) + d(22m, 2on+1)] < d(A, B) + €. (2.2.1)

Proof. By Lemma 2.2.9, we have d(x9,, xont1) — d(A, B) and d(xeni1, Tonia) —
d(A, B) as n — oo. Since (A, B) satisfies the property UC, we get d(za,, Tan+2) — 0 as
n — oo. Similarly d(yan,, Yonr2) — 0 and d(22,, 22,12) — 0 as n — oco. Since (B, A) satis-

fies the property UC, we get d(xon11, on+3) — 0, d(Yan+1, Yon+s) and d(zani1, 22n43) — 0

as n — oQ.

If possible suppose that (2.2.1) does not hold. Then there exists € > 0 such that for all

k € N, there exist m; > n, > k satisfying

%[d(:@mk’ 'ran""l) + d(y2mk7 ank+1> + d(z2mk7 Z2nk+1)] > d<A7 B) + €

and

%[d(Ika—Q, Tang+1) + A(Y2mp—2, Yong+1) + A(Z2my—25 22n,41)] < d(A, B) + €.

Therefore, we get
d(A,B) +¢€ < %[d(xzmk7$2nk+l) + d(Yomy> Yoy +1) + d(22my, s 22n,4+1)]
< Hd(@omy Tom—2) + A(Tom,—2, Tong+1) + A(Y2my , Yome—2)
+d(Yomy—25 Yongt+1) + A(22my s Zomp—2) + d(22my—2, Z2ng+1)]

< %[d(xQMkv x2mk*2) + d(y2mk7 y2mk*2) + d(Zkaa Zka*Z)] + d(Av B) + €.
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Letting k — oo, we obtain

%[d(mekv Tongt1) + A(Yomy» Yong+1) + A(22my» 2on,41)] = d(A, B) + €.

By using the triangle inequality we get
%[d(@mk, Tanet1) + A(Y2my,, Yone+1) + A(Z2my s Z2n,41)]

< [d(%mk, $2mk+2)+d($2mk+2, $2mk+3)+d($2mk+3, $2nk+1)+d(y2mk, y2mk+2)

W=

+d(Yomy 42, Yomy+3) + A(Yomy 13, Yong+1) + A(22my, > 22my+2) T A(Z2m; 12, Z2m;+3)
+d(22my+3, Z2ny+1)]

= 2 d(Tomy, Tomy+2) TG (T2my+1, Yomp+15 Z2mt1)s F (T2my 42, Yomp+2: Z2mi+2))
Fd(T2my+3, Tang+1) + A(Y2my > Yomp+2) T AG(Y2mp+15 Z2mp+1> Tomy+1)-
F(Yamy+2, Z2mp+25 Tamp+2)) + A(Y2my+3, Yong+1) + A(22my,, 22my+2)
+d(G(Z2mp+15 T2mp+1> Y2mp+1) > F(22mp+2, Tompt2, Yomp+2) ) FA(22my+3, Zong+1)]
< %{d(%mm Tomy+2) T35 [ (@T2my 11, Tomy+2) FA(Y2my 1, Yomy +2) A (Z2my 41, Z2my+2)]
+(1 = a)d(A, B) + d(Z2my+3, Tang+1) + A(Y2m,, , Yomy+2)

+51A(Yomp 41, Yomy+2) + d(Zomy 41, Zomy+2) + A(T2my 41, Tomyt2)]

+(1—a)d(A, B) +d(Yam, +3, Yomy+1) + dA(22my s Zomgr2) + 5 [d(22my 115 22my +2)
+d(Tamp+1: Tamy+2) HA(Y2my 11, Yomy+2)]+ (L= ) d(A, B)+d(22m,+3, 220,+1) }
= %[d(xQka Tomy+2) + A Tamy 13, Tang+1) + A(Y2my, > Yomy+2)

+d(Yamy+3, Yon,+1) + A(22my s 22mp+2) + d(Zomy+3, 22n,+1)]

+5[d(@2my 11, Tamyt2) TA(Yamy+15 Yomy+2) FA(22my 41, Zomy+2) | H(1—a)d(A, B)
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= %[d(Ikaa Tomy+2) FA(Tom, 43, Tong+1) FA(Yomy, , Yomy+2) +A(Y2m, 13, Yon,+1)
+d(22mys 22mp+2) + A(22my+3, 22n,41)]

+S1AF (T2my Y2m > 22my)s G(T2my 1, Y2my 115 Z2my 1))

+d(F (Y2my» 22m, T2my)s G(Yompt1, 22my+1, Tamy+1))

+d(F (22my,, Tamy» Y2my,)» G (Z2mpt15 T2mpt1, Yome+1))] + (1 — @)d(A, B)

< 3ld(@amy, Tamy+2) + d(Tam, 13, Tong41) + A(Y2my, s Y2m, +2)

+d(Y2my+35 Yonp+1) + A(22my, s Z22my+2) + d(Z2my+35 220, +1))

+5{51d(@amy,, Tamp+1) + d(Y2my,, Yomy+1) + d(22my,, 22my+1)] + (1 —a)d(A, B)

_|_

@R

[d(mek, y2mk+1) + d(Zkau Z2mk+1) + d<x2mk7x2mk+1>] + (1 - Oé)d(A, B)
+(1 — a)d(A, B)

= %[d(ﬁzmk, Tomy+2) +A(Tomy 13, Tang 1) A (Yamy Yo +2) + A Y2y +3, Yo, +1)

+d(2amy » Zomy+2) + A(Z2mp+3, Z2n,+1)] + %2 [d(Z2my,> Tomp+1) + A Y2my s Yomp+1)

+d(22my s 22m+1)] + (1 — a?)d(A, B).

By taking k — oo, we get
d(A,B) + € < a?ld(A, B) + €]+ (1 — a?)d(A, B)

=d(A, B) + a?¢,

which is a contradiction and so, we conclude that (2.2.1) holds true.
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Lemma 2.2.11 Let A and B be nonempty subsets of a metric space (X, d) such that
(A, B) and (B, A) satisfying the property UC* and a pair of maps F' and G satisfying
cyclic contraction condition, if

Top41 = F($2n, Yon, Z2n)> Yon+1 = F(y2n7 Zons $2n)7 2n+1 = F(Z2m Ton, an)7

for all n € NU {0},

and

Ton42 = G(272n+1, Yon+1, Z2n+1)7 Yon+2 = G(yzn+1, 22n+41, 5172n+1), 2on+2 = G(22n+1, Ton+1, y2n+1),

for all n € NU {0},

then {xan}, {xont1}, {von}, {vons1}, {z2n} and {29,411} are Cauchy sequences.

Proof. By Lemma 2.2.9, we have d(za,,Z2,+1) — d(A, B) and d(x9,41,Tonie) —
d(A, B) as n — oo. Since (A, B) satisfies the property UC*, we get d(xapn, Tonia) — 0
as n — o0o. Also, since (B, A) satisfies the property UC*, we have d(xg9,1,Tons3) — 0

as n — 0o. We now show that for every € > 0 there exists N € N such that

d(l’gm, $2n+1) S d(A, B) -+ €, (222)

for all m >n > N.
Suppose that (2.2.2) does not hold, then there is € > 0 such that for all £ € N there

exist my > n;, > k with

d(l’gmk,$2nk+1> > d(A, B) + €. (223)

Now we have

d(A, B) +e< d($2mk, ZL’an_H)

< d(Tomy s Tong—1) + A(T2n,—1, Tong11)

< d(A, B) + € + d(Ton,—1, Tang+1)-
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Taking k — oo, we get d(Tom,,, Tan,+1) — d(A, B) + €.

Next, by Lemma 2.2.10, there exists N € N such that

1
g[d($2mka x2nk+1) + d(ykaa y2nk+1) + d(Zka, Z2nk+1)] < d(A> B) + €,

for all m > n > N. By using the triangle inequality we get
d(@2my,, Tonr1) < d(T2my s Tamyt2) + A(T2my 12, Tang+3) + d(T2n, 43, Ton11)
= d(Tomy » Tamy+2) FAG(Tomy 115 Yomp+1> 22mp+1)s F(Tong+2, Yong+25 Zon,+2))
+d(Ton,+3, Tong+1)
< d(Tomy s Tomy+2) + F[A(T2my 11, Tong+2) + d(Y2my+1, Yong+2)
+d(2omp+1, 22ng+2)] + A(Xan, 13, Tongr1) + (1 — a)d(A, B)

[d(F(iCka, Yomy, s Zka), G($2nk+1, Yony+1, 22nk+1>)

w|Q

+d(F(y2mk, 22my, 332mk), G(y2nk+1, 22np+15 x2nk+1))
+d<F(Z2mk s Lomy, mek)a G(Z2nk+17 Ton,+1, y2nk+1))]
+(1 - a)d(A, B) + d(fl?'ka, 332mk+2) + d($2nk+3, x2nk+1)

< [d(z2m, s Tong+1) + A(Y2my s Yonp+1) + A(22my, > Z2n,+1)]

wle

{

w|R

+(I—a)d(A, B)+5[d(Y2my > Yon,+1) +A(22my » 220, +1) +A(T2my, , Ton, +1)]
+(1—a)d(A, B)+$d(22my s 220, +1) +d(T2my s Tony+1) T d(Y2my s Yang+1)]

+(I—a)d(A, B)}+(1—a)d(A, B) +d(5€2mk7 $2mk+2) +d($2nk+3, $2nk+1)

a2

= S d(womy, Ton+1) + AY2my s Yong+1) + A(22my s Z2n,+1)]
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+(1 — a?)d(A, B) + d(Tam, , Tomy,+2) + A(Ton, +3, Tan,+1)
< Oéz(d(A, B) +€> + (1 — a2)d(A, B) + d(l’gmk, $2mk+2) +d(l’2nk+3, Jfgnk+1)

= d(A, B) + ¢ + d(xam, , Tomy+2) + d(Ton,+3, Ton,+1)-
Taking k — oo, we get

d(A, B) + ¢ < d(A, B) + a’c,

which is a contradiction and hence, condition (2.2.2) holds true. Since (2.2.2) holds and
d(za,, xont1) — d(A, B), by using property UC* of (A, B), we deduce that {z,} is a
Cauchy sequence. In a similar way, we can prove that {zo,+1}, {von}, {y2ns1}, {220}

and {z9,,1} are Cauchy sequences.

2.2.1 Tripled Fixed Point Theorems

By using the above lemmas, we shall prove the main theorem of Best Proximity Point:

Theorem 2.2.1.1 Let A and B be nonempty subsets of a metric space (X,d). The
mappings F': AX Ax A — Band G : Bx B x B — A satisfying the following

conditions:

(1) (F,G) is a cyclic contraction pair of mappings;

(17) (A, B) and (B, A) satisfying the property UC*.

If

Ton41 = F(l‘zn, Yon, Z2n)7 Yon4+1 = F(yzn, Z2n5 $2n)7 Zon+1 = F(Z2n, Tan, an),

for all n € NU {0},

and
Ton42 = G<x2n+1> Yon+1, z2n+1)7 Yon+2 = G(y2n+1, Z22n+1, $2n+1), 2on+2 = G(Z2n+17 Ton+1, yzn+1),
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for all n € NU {0},

then

(@) {zan}, {z2ns1}, {von}s {v2ns1}, {z2n} and {z9,,1} are Cauchy sequences.

(b) F and G have a tripled best proximity point, say respectively (p, ¢,r) and (p', ¢/, 1")
such that

d(p,p’) +d(q,q') +d(r,r") = 3d(A, B),

whenever, as n — oo, we have X9, — p, Yon — ¢, 220 — 7, Tops1 — Py Yons1 — ¢

and 29,11 — 1.

Proof By Lemma 2.2.9, as n — oo, we get d(za,, Tont1) — d(A, B). Then, by Lemma
2.2.11, we have that {xs,}, {y2,} and {z2,} are Cauchy sequences and hence, there exist

p,q,r € A such that x5, — p,y2, — ¢ and 2, — r. From

d(A> B) S d(p7 x2n71) S d(p7 'x2n) + d($2n7 ];27171)’ (224)

letting n — oo in (2.2.4), we have d(p, x9,—1) — d(A, B). By a similar argument we get

d(q,yan—1) = d(A, B) and d(r, z2,-1) — d(A, B). It follows that
d(z2n, F'(p,q,7)) = d(G(T2n-1, Y2n—1, 220-1), F'(p, ¢, 7))

< Sld(@on-1,p) + d(y2n-1,9) + d(22n-1,7)] + (1 — )d(A, B).
Taking n — oo, we get d(p, F'(p,q,7)) = d(A, B). Similarly, we can prove that d(q, F'(¢,7,p)) =
d(A, B) and d(r, F(r,p,q)) = d(A, B). Consequently, (p, q,r) is a tripled best proximity
point of F.
Similarly, we can prove that there exist p’,¢’, 7" € B such that xo, 1 — 0/, yony1 — ¢
and zp,11 — 1’. Moreover, we also have d(p/, G(p/,¢',r")) = d(A, B), d(¢',G(¢,7",p')) =

d(A, B) and d(r',G(r'",p',q)) = d(A, B) and so (p/,¢',r’) is a tripled best proximity
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point of G.

Finally, we show that d(p,p’) + d(q,q’) + d(r,r") = 3d(A, B). For n € NU {0}, we have

d(@m J72n+1) = d(G<x2n—17 Yon-1, Z2n—1), F($2n, Yon, Zzn))

< Sld(z2n—1, Ton) + d(Yon—1, Yon) + d(22n-1, 22n)]

+(1 — a)d(A, B),

and letting n — oo, we get

d(p,p’) <

w|Q

Analogously, for n € NU {0}, we have

d(y2n, y2n+1) = d(G(y2n—1, Zon—1, 172n—1), F(?/Qna Z2n, 372n))

S %[d(y%z—la an) + d(Z2n—17 Z2n) + d(xQn—la x2n)]

+(1 —a)d(A, B),

and letting n — oo, we get

d(q,q') <

w| o

Again, for n € NU {0}, we have

d(Zzn, 22n+1) = d(G(22n—17 Ton—1, y2nf1), F(Z2n7 T2n, y2n))

<

w|R

[d(z2n—1, 22n) + d(T2n—1, Ton) + d(Y2n—1, Yon)]

+(1 — a)d(A, B),
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[d(p,p) +d(q,q') +d(r,7")] + (1 — )d(A, B).

[d(q,q") +d(r,7") +d(p,p)] + (1 — a)d(A, B).

(2.2.5)

(2.2.6)



and letting n — oo, we get
d(r,') < S[d(rr") + d(p,p') + d{g, )] + (1 - a)d(A, B). (2.27)

It follows from (2.2.5), (2.2.6) and (2.2.7) that

3
d(p,p') +d(q,q') + d(r,r") < ga[d(p,p’) +d(g,q) +d(r,7")] +3(1 — a)d(A, B),
which implies that
d(p,p') +d(g,q') +d(r,r") < 3d(A, B). (2.2.8)

Since we know that d(A, B) < d(p,p), d(A, B) < d(q,q") and d(A, B) < d(r,r"), so we
have

3d(A, B) <d(p,p') +d(q,q) + d(r,7"). (2.2.9)

From (2.2.8) and (2.2.9), we have

d(p,p") +d(q,q") +d(r,r") = 3d(A, B).

This completes the proof.

By using Lemma (2.2.9), we are ready to prove the following theorem.

Theorem 2.2.1.2 Let A and B be nonempty compact subsets of a metric space (X, d).
The maps FF: AXx AXx A— Band G: B x Bx B — A be such that the ordered pair
(F,G) is a cyclic contraction, if

Ton+1 = F(332m Yon, Z2n)> Yon+1 = F(y2n7 22n5 l’zn), Zon4+1 = F(Zzn, Lon, y2n)7

for all n € NU {0},

and

Ton42 = G($2n+1, Yon+1, Z2n+1)7 Yon+2 = G(yzn+17 22n+1, 5132n+1), 2on+2 = G(22n+1, Ton+1, y2n+1),

for all n € NU {0},
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then the mappings F' and G have a tripled best proximity point, say respectively (p, q,r)

and (p/,q’,7"), such that
d(p,p') + d(g. ¢') + d(r,r") = 3d(A, B).

Proof. Using Lemma 2.2.9, we have xs,, yon, 20, € A and Top11, Yoni1, 2201 € B for all
n € NU{0}. Since A is compact, the sequences {2, }, {y2n} and {z2,} have convergent

subsequences {Zap, }, {y2n, } and {za,, } respectively, such that

Top, =D E A yan, > q€ A, and 29, -1 € A,
as n — oo.

Clearly, we have

d(A> B) < d(p, x2nk—1) < d<pa x2nk) + d($2nka x2nk—1)' (221())

Again, by Lemma 2.2.9, we obtain d(zay,, Tan,—1) — d(A, B) as n — oo. Now taking
k — oo in (2.2.10), we have d(p, xon,—1) — d(A, B).

By a similar argument, we observe that d(q,yan,—1) — d(A, B) and d(r, z2,,-1) —
d(A, B).

Now, from

d(A, B) < d((zn,, F(p,q,7))

= d(G(ﬁan_l, Yony,—1, Z2nk—1)7 F(p7 q, T))

< §ld(2n,—1,p) + d(Yan,—1,9) + d(z2n,—1,7)] + (1 — @)d(A, B),
letting k — oo, we get d(p, F(p,q,7)) = d(A, B).
Similarly, we can prove that d(q, F(q,r,p)) = d(A, B) and d(r, F(r,p,q)) = d(A, B).
Thus F has a tripled best proximity (p,q,7) € A x A x A. Since B is also compact,

so we can prove in a similar way that G has a tripled best proximity point (p/,q¢’,7’") €
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B x BxB.
Finally, we show that d(p,p’) + d(q,q') + d(r,7") = 3d(A, B).

For n € NU {0}, we have
d(xan ) xan+1) = d(G(x2nk717 y2nk717 Zan*1)7 F<x2nk> y2nk7 Z2nk))

+(1 —a)d(A, B),

and letting n — oo, we get

d(p,p') <

w| o

[d(p,p") +d(q,q) +d(r,7)] + (1 — a)d(A, B). (2.2.11)
Analogously, for n € NU {0}, we have
d(Yanys Yan+1) = AGWan—1, 22n—15 Tong—1), F(Y2n, s 220, T2n, )

< §ld(Yany—1, Yon,,) + d(22n, -1, 22n,.) + d(Zon,—1, Ton, )]

+(1 — a)d(A, B),

and letting n — oo, we get

d(q,q") <

w| e

[d(q,q) +d(r,7") +d(p,p)] + (1 — a)d(A, B). (2.2.12)

Again, for n € NU {0}, we have

d(Z2nk7 Z2nk+1) = d(G(Zan—ly Long—1, y2nk—1), F<22nk7 Lony, y2nk))

< Sld(zon, -1, 22ny,) + d(Ton,—1, Ton, ) + dA(Yon,—1, Yon,, )]

+(1 — a)d(A, B),
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and letting n — oo, we get
d(r,r") < %[d(r, ') +d(p,p') + d(q,q)] + (1 — a)d(4, B). (2.2.13)

It follows from (2.2.11), (2.2.12) and (2.2.13) that

3
d(p,p') +d(q,q') + d(r,r") < ga[d(p,p’) +d(g,q) +d(r,7")] +3(1 — a)d(A, B),
which implies that
d(p,p') +d(q,q) +d(r,r") < 3d(A, B). (2.2.14)

On the other hand, we know that d(A, B) < d(p,p’), d(A, B) < d(q,q') and d(A, B) <

d(r,r"), so we obtain by combining all to obtain the following condition:

3d(A, B) <d(p,p’) +d(q,q") + d(r,r"). (2.2.15)

Finally, from (2.2.14) and (2.2.15), we get

d(p,p') +d(q,q) + d(r,r") = 3d(A, B).

This completes the proof.

Now, here we shall consider the case of d(A, B) = 0 to prove the following result as
a corollary to Theorem (2.2.1.2).

Corollary 2.2.1.3 Let A and B be nonempty compact subsets of a metric space (X, d),
satisfying all the hypothesis of Theorem (2.2.1.2). Indeed, if d(A, B) = 0, then F' and

G have a unique common tripled fixed point (p,q,7) € ANB x ANB x AN B.

Proof. If d(A, B) = 0 then (A, B) and (B, A) satisfying the property UC*. Therefore,

by using Theorem 2.2.2.1 we claim that F' has a tripled best proximity point
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(p,q,7) € Ax Ax A that is

d(p, F(p,q,r)) = d(q, F(q,r,p)) = d(r, F(r,p,q) = d(A, B) (2.2.16)

and G has a tripled best proximity point (p’,¢',r") € B x B x B that is

d(p', G, ¢ ,r")) = d(d,G(q ' p)) = d(r',G(r', p',¢)) = d(A, B). (2.2.17)

Also by Theorem 2.2.1.2, we have

d(p,p) + d(q,q) + d(r,7") = 3d(A, B). (2.2.18)

Assuming d(A, B) = 0 and using (2.2.16) we conclude that

p=F(p.qr),q=F(q,rp) andr = F(r,p,q),
i.e. (p,q,r) is a tripled fixed point of F.

Again using (2.2.17) and applying d(A, B) = 0, we get

P =GW. ¢ ").d =G, p) and ' = G(r',p', ¢'),
ie. (p/,q,r") is a tripled fixed point of G.

A similar argument for (2.2.18) and d(A, B) = 0, we have

dip,p)+d(q,q¢)+d(r,”")=0=p=p,qg=¢ and r =1".
Consequently, we conclude that (p,q,7) € ANB x AN B x AN B is a common tripled
fixed point of F' and G.
To show the uniqueness of common tripled fixed point of F' and G, suppose that (p, ¢, 7')

is also a common tripled fixed point of ' and G, i.e.
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Using the fact that the ordered pair (F,G) is a cyclic contraction, we get

A(p,p) = d(F(p,q.7),G(p.4,7) < S[d(p.p) + d(g,d) + d(r. )], (2219)
d(g,d) = d(F(q,.p), G(@.7.5)) < 5ld(g,d) +d(r.) + d(p.p)]. (2:2.20)
d(r.7) = d(F(r.p, ). G(*,p. @) < S[d(r.#) +d(p.p) + d(.d)] (2:2.21)

Adding (2.2.19), (2.2.20) and (2.2.21), we obtain

A(p,P) + d(a,4) + d(r,7) < ald(p, 5) + dlg, @) + d(r, 7],
which implies that d(p,p) + d(q,q) + d(r,7) = 0 = d(p,p) = d(q, q) = d(r,7) = 0. Thus
(p,q,7) is a unique common tripled fixed point of ' and Gin ANBx ANB x ANB.
Example 2.2.1.4 Let X = R endowed with the usual metric d(z,y) =| x — y | and let
A =1]-1,0] and B =[0,1]. Define F': Ax Ax A— B by

—r—Y—z —U— V=W

F(z,y,z) = and G(u,v,w) = 1

Clearly, d(A, B) = 0 and (F,G) is a cyclic contraction with v = . Indeed, for arbitrary

(x,y,2) € Ax Ax A and (u,v,w) € B x B x B, we get

d(F(z,y, 2), G(u,v,w)) =| =F"= — =55

—x—Y—=z 2u+2v+42w
§| 6 + 12

=sle—ul+ly—v|+][z-w])

= Sld(z,u) +d(y,v) + d(z,w)] + (1 — a)d(A, B).
Therefore, all the hypotheses of Corollary 2.2.1.3 hold. Thus, F' and G have a unique
common tripled fixed point (0,0,0) € ANBx ANB x AN B.

If we take A = B and F' = G in Corollary 2.2.1.3, then we obtain the following conse-

33



quence.
Corollary 2.2.1.5 Let A be a nonempty compact subset of a metric space (X, d) and
F:AxAxA— Abe such that

d(F(z,y,2), F(u,v,w)) < =[d(x,u) + d(y,v) + d(z,w)], (2.2.22)

w| o

for all (x,y,2), (u,v,w) € A x A x A and some non-negative number o < 1. Then F

has a unique tripled fixed point (p,q,7) € A x A x A.

2.2.2 Application in Integral Equations

Now, we shall establish an application in integral equation to our corollary(2.2.1.5):
T
x(t) = / k(t,s)[f(s,x(s)) + g(s,z(s)) + h(s,z(s))] ds + b(t), t€[0,T]. (2.2.23)
0

Let C([0,7],R) be the set of continuous functions defined on [0, 7], where T" > 0. Also
define the metric d : R x R — R by

d(z,u) = sup |z(t) —u(t)|, for all z,u € R.
te[0,T

Note that (C([0,7],R),d) is a complete metric space. Let Y be a compact subset of
(C([0, T], R), d).

Now, we are ready to prove the following theorem:

Theorem 2.2.2.1Suppose the following hypothesis are satisfied:

(hl) k€ C([0,T] x [0,T],R) and sup |k(t,s)| =6 < 1/T;

$,6€[0,T]

(h2) beY;
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(h3) f,g,h € C([0,T] x R, R);

(h4) for all x,y, z,u,v,w € Y and t € [0,T] we have
[F(tx(8) = F(E u@)] + 1g(t y(@) = g(t, v(@)] + [At, 2(1)) = h(t, w(t))]
< %(Il’(t) —u(t)] + |y(t) = v(®)] + [2() —w(t)]).

Then, the integral equation (2.2.23) has a unique solution.

Proof. Define the mapping F': Y xY xY — Y by

F(x,y,2)(t) = /0 k(t,s)[f(s,x(s)) + g(s,y(s)) + h(s, z(s))] ds + b(t), t€[0,T].

It is easy to show that (x,y, z) is a solution of (2.2.23) if and only if (z,y, z) is a tripled
fixed point of F'. Now, we intend to prove the existence and uniqueness of such a point,

by using Corollary 2.2.1.5. Indeed, by hypothesis (h4) we get easily

|E(x,y, 2)(8) = F(u, v, w0)(t)]

IN

Jo 1k(t, )| 5lle(s) = u(s)| + ly(s) = v(s)| + |=(s) = w(s)[] ds

= %(foT |k (¢, 5)| ds) [d(z,u) + d(y,v) + d(z, w)],
fOI' all z,Y,z,u,v,w S Y and ¢ < [O,T]

By hypothesis (h1), it follows that

oT

d(F(x,y,2), F(u,v,w)) < ?[d(x, u) + d(y,v) + d(z,w)],

for all z,y, z,u,v,w € Y, that is condition (2.2.22) of Corollary 2.2.1.5 holds true with
a = 0T < 1. Hence, by using Corollary 2.2.1.5, we obtain a unique tripled fixed point

of F' and so the integral equation (2.2.23) has a unique solution.
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2.3 Section 11

In this section, we improve the results of Babu and Alemayehu([60]) in metric spaces
by giving shorter proof than of Babu and Alemayehu([60]).

We recall the following definitions to prove our theorems and propositions:

Definition 2.3.1([57]). Let A and S be selfmaps of a set X. If A(u) = S(u) = w (say),
w € X, for some v in X, then u is called a coincidence point of A and S and the set
of coincidence points of A and S in X is denoted by C'(A,S) and w is called a point

of coincidence of A and S.

Definition 2.3.2 Let A, B, S and T be selfmaps of a set X. If u € C(A,5) and v €
C(B,T) for some u,v € X and A(u) = S(u) = B(v) = T(v) = z(say), then z is called

a common point of coincidence of the pairs (A,S) and (B, T).

Definition 2.3.3 The pair (A, S) is said to be

(i) satisfy property (E.A)([109]) if there exists a sequence {z,} in X such that

lim A(z,)= lim S(x,) =1 for some ¢ in X.

n—o0 n—o0

(ii) be compatible ([53]) if lim d(AS(z,), SA(x,)) = 0, for some t in X whenever

n—o0

{z,} is a sequence in X such that lim A(z,) = lim S(z,) =t.

n—o0 n—oo

(iii) be weakly compatible ([58]), if the commute at their coincidence point.
(iv) be occasionally weakly compatible (owe) ([111], [113]), if AS(x) = SA(z) for some
z e C(A,S).
Remark 2.3.4 (i) Every compatible pair is weakly compatible but not conversely([55]).

(ii) Weak compatibility and property (E. A) are independent to each other ([69]).
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(iii) Every weakly compatible pair is occasionally weakly compatible but its converse

need not be true ([111]).

(iv) Occasionally weakly compatible and property (E. A) are independent of each other

([590)-

Definition 2.3.5 ([169]) Let (X, d) be a metric space and A, B, S and T be four selfmaps

on X. The pairs (A, S) and (B, T) are said to satisfy common property (E.A), if there

exist two sequences {z,} and {y,} in X such that lim A(z,) = lim S(z,) =t =
n— oo n—oo

lim B(y,) = lim T'(y,) for some ¢ in X.
n—oo

n—oo

Remark 2.3.6 Let A, B, S and T be self maps of a set X. If the pairs (A,S) and
(B,T) have common point of coincidence in X then C(A,S) # ¢ and C(B,T) # ¢.

But converse is not true.

Example 2.3.7 Let X = [0, 1] with usual metric and A, B, S and T self maps on X
and defined by A(z) =1—2% S()=1—-2; B(z)=3+a% T(z)=14*2

for all z € X.
When z = 0, then A(0) = S(0) =1 and when = = 1, then A(1) = S(1) = 0.

When z = 0, then B(0) = T(0) = 1 and when z = 3, then B() =T(3) = 3.

)
Then we observe that C(4,S) = {0,1} and C(B,T) = {3, 2} but the pairs (4, 5) and

(B,T) not having common point of coincidence.

Remark 2.3.8 The converse of the Remark 2.3.6 is true provided it satisfies inequality
(2.3.2).

Proposition 2.3.9 ([110]) Let A and S be two self maps of a set X and the pair (A4, )
is satisfies occasionally weakly compatible(owc) condition. If the pair (A, S) have unique

point of coincidence A(x) = S(z) = z, then z is the unique common fixed point of A
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and S.
Proof: Let
A(x) = S(z) = {z}(say ) for any = € C(A,95). (2.3.1)

Assume the pair (A, S) satisfies the property owc, so that
A(z) = AS(xz) = SA(x) = S(z) implies that z € C(A,S).

From (2.3.1), we get A(z) = S(z) = z.

Hence proposition follows.

Tas, Telci, Fisher ([30]) proved the following:

Theorem 2.3.10 Let A, B, S and T be selfmaps of a complete metric space (X, d) such
that A(X) C T(X) and B(X) C S(X) and satisfy the inequality

[d(Az, By)|* < ¢y maz{[d(Sz, Ax)]*, [d(Ty, By)]* [d(Sz, Ty)]*}

+co max{d(Sx, Az)d(Sz, By), d(Ty, Ax)d(Ty, By)}

+c3d(Sz, By)d(Ty, Ax)
for all z,y € X, where ¢y,c9,c3 >0, ¢1 +2¢co < 1, ¢; +c3 < 1. Further, assume that the
pairs (A, S) and (B,T) are compatible on X. If one of the mappings A, B, S and T is

continuous, then A, B, S and T have a unique common fixed point in X.

2.3.1 Main Results

First we establish the following propositions:

Proposition 2.3.1.1 Let A, B, S and T be self maps of a metric space (X, d) satisfying:

[d(Az, By)]* < 1 maz{[d(Sz, Az)]*, [d(Ty, By)]*, [d(Sz, Ty)]*}
+co max{d(Sx, Ax)d(Sz, By), d(Ty, Ax)d(Ty, By)}
+c3d(Sz, By)d(Ty, Ax) (2.3.2)
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for all x,y € X, where ¢, ¢o,¢c3 > 0 and ¢; + ¢3 < 1. Then the pairs (4, S) and (B, T)
have a common point of coincidence in X if and only if C(A, S) # ¢ and C(B,T) # ¢.

Proof. If Part: It is trivial.
Only if part: Assume C(A,S) # ¢ and C(B,T) # ¢.
Then there is a u € C(A,S) and v € C(B,T) such that

A(u) = S(u) = p (say) (2.3.3)

B(v) =T(v) = q (say) . (2.3.4)

On taking z = v and y = v in (2.3.2), we get

[d(Au, Bv)]? < ¢; max{[d(Su, Au)]?, [d(Tv, Bv)]?, [d(Su, Tv)]*}

+co maz{d(Su, Au)d(Su, Bv), d(Tv, Au)d(Tv, Bv)}

+c3d(Su, Bv)d(Tv, Au).

Using (2.3.3) and (2.3.4), we get

[d(p, q)]? < (c1 + ¢3)[d(p, q)]?, a contradiction. Thus p = q.

Therefore A, B, S and T have common point of coincidence in X.

Proposition 2.3.1.2 Let A, B, S and T be four self maps of a metric space (X,d)

satisfying the inequality (2.3.2). Suppose that either

(i) B(X) C S(X), the pair (B, T) satisfies property (E.A.) and T'(X) is a closed sub-

space of X; or

39



(ii) A(X) C T(X), the pair (A,S) satisfies property (E.A.) and S(X) is a closed
subspace of X, holds.

then,

(a) the pairs (A, S) and (B, T) satisfy the common property (E.A.), and

(b) the pairs (A, S) and (B, T) have a common point of coincidence in X.

Now, we are going to present the improved version of Theorem 2.2, ([60])
Theorem 2.3.1.3 Let A, B, S and T satisfy all the conditions given in Proposition
2.3.1.2 and the following additional assumption that the pairs (A,S) and (B,T) are

owc on X.
Then A, B, S and T have a unique common fixed point in X.
Proof. By Proposition 2.3.1.2 the pairs (A, S) and (B,T) have common point of coin-
cidence. Therefore there is u € C(A,S) and v € C(B,T) such that

A(u) = S(u) = z(say) = B(v) = T(v). (2.3.5)
Now, we show that z is unique common point of coincidence of the pairs (A, S) and
(B,T).
Let if possible 2’ is another point of coincidence of A, B, S and T. Then there is u' €
C(A,S) and v € C(B,T) such that

A(u') = S(') = 2/ (say) = B(v') = T (V). (2.3.6)

Putting x = v and y = ¢’ in inequality (2.3.2), we have

[d(Au, Bv)]? < ¢; max{[d(Su, Au)]?, [d(Tv, Bv)]?, [d(Su, Tv)]*}
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+c maz{d(Su, Au)d(Su, Bv), d(Tv, Au)d(Tv, Bv)}
+c3d(Su, Bv)d(Tv, Au)
Now, using (2.3.5) and (2.3.6), we get

[d(z,2")]* < (1 + ¢3)[d(2,2')]? and arrive at a contradiction. Hence z = 2’ and we have

C(A,S) = {z} = C(B.T)
By Proposition 2.3.9, z is the unique common fixed point of A, B, S and T" in X.

Remark 2.3.1.4 Proposition 2.5 of ([00]) and Theorem 2.6 of ([60]) are remain true, if

we replace completeness of S(X) and T'(X) by the completeness of S(X)NT(X) in X.

For this we have given an Example 2.3.7 in the following manner without proof.

Now, we modify the Proposition 2.5 and Theorem 2.6 of ([60]).

Proposition 2.3.1.5 Let A, B, S and T be four self maps of a metric space (X,d)
satisfying the inequality (2.3.2) of proposition 2.3.1.1 Suppose that (A,S) and (B,T)
satisfy a common property (E.A) and S(X) NT(X) is a closed subspace of X, then

A, B, S and T have unique common point of coincidence.

Theorem 2.3.1.6 In addition to the above proposition 2.3.1.5 on A, B, S and T, if
both the pairs (A, S) and (B,T) are owc maps on X, then the point of coincidence is a

unique common fixed point of A, B, S and T

Proof. By Proposition 2.3.1.5 the pairs (A, S) and (B,T) have common point of coin-
cidence. Therefore there is u € C(A, S) and v € C(B,T) such that

A(u) = S(u) = z(say) = B(v) = T'(v). (2.3.7)

Now, we show that z is unique common point of coincidence of the pairs (A, S) and
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Let if possible 2z’ is another point of coincidence of A, B, S and T. Then there is v’ €

C(A,S) and v € C(B,T) such that

AW = S(') = 2'(say) = B(v') = T(V). (2.3.8)

Putting = v and y = v’ in inequality (2.3.2), we have

[d(Au, Bv)|* < ¢; maz{[d(Su, Au))?, [d(Tv, Bv))?, [d(Su, Tv)]*}

+co maz{d(Su, Au)d(Su, Bv), d(Tv, Au)d(Tv, Bv)}

+c3d(Su, Bv)d(Tv, Au)

Now, using (2.3.7) and (2.3.8), we get

[d(z,2")]* < (1 + ¢3)[d(2,2')]? and arrive at a contradiction. Hence z = 2’ and we have

C(A,8) ={z} =C(B,T)
By Proposition 2.3.9, z is the unique common fixed point of A, B, S and T" in X.

Now, we are ready to give an example to support our main Theorem 2.3.1.4.

Example 2.3.1.7 Let X = [%, 1) with the usual metric. We define mappings A, B, S

and T on X by

%a 1f? VIS [%7 %)7 %7 lfa VS [%7%)7
Az) = B(z) =

%7 1f? VS [%7 1) %, lf, xr &€ [%,1)
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if, z € [1,2);

S(x) = T(x)=

(=[]

, if, v € [%, %),

N =

T+2 ifxeldl) 1-2 if z€[3,1)

We observe that S(X) = {3} U[3,2) and T(X) = (3,3] U {2} are not closed and
S(X)NT(X) = {2} is a closed subspace of X.

The pairs (A, S) and (B, T) satisfies a common property (E.A) at the sequence {z,},

{zn}=2+—-15 n=123.inX
Case (i): If z,y € [£, 2) then the inequality (2.3.2), we get
33

(5)? < er maw{(})% ()% ()} + e maw{d.d 535} +e5 1.3

N =

v.e.,, 25 <16¢; + 26 + 318

Case (il): If z,y € [2,1) the inequality (2.3.2) holds trivial.

Case (iii): If z € [}, 2) and y € [2,1) then from inequality (2.3.2), we have

(5)° < ermaz{sg, (§ — )% (54)°} + camaz{zs, (3 = HE - Y + (3 - 3).
4<cy+cp+c3.(4—3y).

Case (iv): if z € [3,1) and y € [3, 3)

(L) < comaa{ (3 — DR (B)% (559} + comaa| 3 = 1115 — & 1.3

teag |5~ 15 |

In all cases the inequality (2.3.2) holds with ¢; = %, Co = 5% and ¢; = £. The pairs (4, S5)
and (B, T') satisfies owc at the point % The point % is a unique fixed point of A, B, S
and T
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CHAPTER 3

TRIPLED COMMON FIXED POINT THEOREMS IN
ORDERED CONE METRIC SPACES

3.1

In this chapter, we establish a tripled coincidence point theorem in ordered cone metric
spaces over a solid cone. Our results extends coupled common fixed point theorems of
Nashine, Kadelburg and Radenovic ([05]).

We recall some definitions for our main results.

Cone metric spaces:

Definition 3.1.1 Let E be a real Banach space with respect to a given norm || . ||g
and let Og be the zero vector of E. A non-empty subset P of F is called a cone, if the

following conditions hold:
1. P is closed, non-empty and P # {0g};

2. a,be R, a,b>0,z,y € P= (ax+by) € P;

3. z€Pand -2 € P=2=0.

A cone P C FE is partial ordering < with respect to P is naturally defined by x < y if

and only if y — x € P for z,y € E. We shall write z < y to indicate that x < y but

*Published in
“Tripled common fixed point theorems for w-compatible mappings in ordered cone metric spaces,
”Advances in Fixed Point Theory, 2 (2012), No. 2, 157-175 ISSN: 1927-6303, Available online at
http://scik.org
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x # y while x < y will stand for y — = € int(P), int(P) denotes the interior of P.

The cone P is called normal if there is a number K > 0 such that for all z,y € F,
O <z <yimplies | z |e< K || v || &

We always suppose that E is a real Banach spaces with cone P satisfying int(P) # ()
(such cones are called solid).

Definition 3.1.2 Let X be a nonempty set. Suppose the mapping d : X x X — P

satisfies:

1. d(z,y) = Og if and only if z = y;
2. d(z,y) = d(y,x) for all z,y € X;

3. d(z,y) 2 d(x,z) +d(y, 2) for all z,y,z € X.

Then d is called a cone metric on X and (X,d) is called a cone metric space. It is
obvious that cone metric spaces generalizes metric spaces.

Example 3.1.3 Let E = R* P = {(v,y) € E : 2,y > 0} C R?>, X = R and
d: X x X — FE such that d(z,y) = (|x — y|, |z — y|), where o > 0 is a constant. Then
(X,d) is a cone metric space.

Definition 3.1.4 Let (X, d) be a cone metric space. Let {z,} be a sequence in X and
reX.

(a) If for every ¢ € E with Op < ¢ there is N € N such that d(z,,z) < ¢, for
all n > N, then {z,} is said to be convergent to x. This limit is denoted by

{4Myy 00Xy, = T OF T, —> T aS 1L — 0O.

(b) If for every ¢ € E with Op < ¢ there is N € N such that d(z,,z,) < ¢, for all

n,m > N, then {x,} is called a Cauchy sequence in X.

(c) If every Cauchy sequence in X is convergent in X, then (X, d) is called a complete

cone metric spaces.
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Let (X, d) be a cone metric space. Then the following properties are often used(particularly

when dealing with cone metric spaces in which the cone need not be normal):

(Py) If E is a real Banach space with a cone P and if a < ha wherea € P and h € [0, 1),

then a = Og;
(P) if 0p = u < ¢ for each Op < ¢, then u = Og;
(P3) if u,v,w € F,u <= v and v < w, then u < w;

(Py) if ¢ € int(P),0 = a, € FE and a,, — Og, then there exists £ € N such that for all

n > k we have a,, < c.

In 2004, the concept of partially ordered metric space(POMS) was introduced by Ran
and Reurings ([20] ). Guo and Lakshmikantham ([37]) studied the concept of cou-
pled fixed points in POMS. Later Bhaskar and Lakshmikantham ([151]) introduced the
monotone property in POMS and their results were supported by an application to the
existence of periodic boundary value problems. Recently, Karapinar([16]) proved cou-
pled fixed point theorems for nonlinear contractions in ordered cone metric spaces over
normal cones without regularity condition. He assumed continuity and commutativity
for both maps in a complete POMS. Shatanawi ([167]) proved coupled coincidence and
coupled fixed point theorems in cone metric spaces which were not necessarily normal.
Some results on these spaces are given by Sabetghadam ([!%]) , Ding and Li ([06]), and
Aydi, Samet and Vetro([67]).

According to Borcut and Berinde ([157]), we recall the following definition(3.1.5 - 3.1.6):
Consider partial ordering on X x X x X in the following manner:

for (z,y, 2), (u,v,w) € X x X x X, (u,v,w) < (z,y,2) & x> u,y <v,z>w.
Definition 3.1.5 Let (X, <) be a partially ordered set and F' : X x X x X — X

and g : X — X. The mapping F' is said to have mixed g - monotone property if F' is
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monotone g - non-decreasing in x and z is monotone ¢ - non-increasing in y that is, for

any x,y,z € X

r1,79 € X, g(11) < g(2) = F(71,9,2) < F(72,9, 2) (3.1.1)
y1,92 € X, g(y1) < g(ye) = F(z,y1,2) > F(x, 92, 2) (3.1.2)
21,20 € X, g(21) < g(22) = F(x,y,21) < F(z,y, 22) (3.1.3)

hold.

Definition 3.1.6 Let (X, d, =) be a nonempty ordered cone metric space and
F:XxXxX—=>X, g:X— X Anelement (z,y,2) € X x X x X is called:

(T1) a tripled coincidence point of mappings F' and g if F(x,y,2) = g(z), F(y,z,y) =
9(y), F(z,y,2) = g(2).

(T3) a tripled fixed point of the F if F(x,y,z2) = g(x) = x, F(y,x,y) = g(y) = y and
F(z,y,x) = g(z) = z; in this case (gz, gy, gz) is called a triplet point of coincidence.
Definition 3.1.7 ([91]) Let (X, d, <) be a nonempty ordered cone metric space. Then
we say that the mappings F': X x X x X — X and g : X — X are w - compatible if,
9F (z,y,2) = F(g(x),9(y), 9(2)), 9F(y,2,9) = F(9(y),9(2),9(y)) and gF(z,y,x) =

F(g(2),9(y), g(x)), holds, whenever g(x) = F(z,y,2), g(y) = F(y,z,y) and g(z) =
F(z,y,x).

3.1.1 Main Results

Theorem 3.1.1.1 Let (X, d, =) be an ordered cone metric space over a solid cone P.

Let FF: X x X x X — X and g : X — X be mappings such that F' has a mixed g -
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monotone property on X and there exists three elements x, yo, 20 € X with

g(l'()) j F($07y07750)7
9(yo) = F(yo, 20, yo0) (3.1.4)
9(20) = F(20, %0, Yo)-

Suppose further that F' and g satisfy

d(F(z,y,2), F(u,v,w)) = aid(gz, gu) + axd(F(x,y, 2), gx) + azd(gy, gv)
+a4d<F(u7 v, U)), gu) + a5d(F<I, Y, Z)? gu)

+agd(F(u,v,w), gz), (3.1.5)

for all (z,y, 2), (u,v,w) € X x X x X with (gz < gu, gy = gv and gz = gw), where

a; >0, fort:=1,2,...,6 and 2?21 a; < 1. Further suppose that

F(X x X x X) C g(X); (3.1.6)

g(X) is a complete subspaces of X. (3.1.7)

Also, suppose that if X has the following properties:

(i) {z,} is a non - decreasing sequence in X such that x,, — =z, then z,, < z for all

néeN,

(ii) {yn} is a non - increasing sequence in X such that y, — y, then y, = y for all

néeN,

(iii) {z,} is a non - decreasing sequence in X such that z, — z, then z, < z for all

néeN,
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then there exist z,y,z € X such that g(z) = F(z,v,2), ¢(y) = F(y,z,y) and

g(z) = F(z,z,y), that is, F' and ¢ have a tripled coincidence point in X.

Proof.
Let o, 0, 20 € X be such that g(zo) < F(xo,%0,20), 9%0) = F(Yo,20,%0) and

9(20) = F(z0, 20, Y0).
Since FI(X x X x X) C ¢g(X), we can define 1, ¥, z; € X such that

g(l‘l) = F('TO;yOaZO)? g(yl) = F(y0720ay0) and g(zl) = F(ZOax())yO)'

For x4, 19, 20 € X we can define

g9(xg) = F(21,01,21),9(Y2) = F(y1,21,11) and  g(z2) = F (21,21, y1).

Proceeding in this way, we can construct three sequences {x,}, {y,} and {z,} in X such

that

g(xn—&—l) = F(:L’n, Yn, Zn)7g(yn+1) = F(yna Zn, yn)mg(zn—&-l) = F(memyn)- (318)

for all n > 0.

Now we prove that for all n > 0,

9(7n) 2 9(Tni1), 9(Yn) = 9(Ynt1) and g(zn) = g(2ny1)- (3.1.9)

By condition (3.1.5), we have g(zo) = F(xo,%0,20) = 9(z1), 9(yo) = F(yo, 20, Y0) =
g(y1) and g(z0) =2 F(z0,20,%) = g(21). i.e., (3.1.9) holds for n = 0. We assume

that (3.1.9) holds for some n > 0. As F' has the mixed g - monotone property and

9(xn) =2 9(@nt1),9Un) = 9(Ynt1) and g(2z,) = g(2p41), from (3.1.8) and (3.1.1 -
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3.1.3), we get
9(Tns1) = F(Tn, Yns 2n) = F(ni1, Yn, 2n),
(Ynt1, Zns> Yn)» (3.1.10)

(zn-‘rl? L,y yn)

g<yn+1> = F(ynaznayn) = F
g(zn+1) = F(znaxn7yn) j F

Also, we have

F(l’n_H, Yn, Zn)a
(Yn+15 Zn, Yn), (3.1.11)

F
F<Zn+1a Ly yn)

9(@ny2) = F(Tns1, Ynt1s Zns1) =
9(?/n+2) - F<yn+17 Zn4-1s yn-l—l) =
=

g(znﬁ) = F(an, Tpt1, yn+1)

Then from (3.1.10) and (3.1.11) we obtain

9(@ni1) 2 9(Tns2) 9(Yns1) = 9(Yns2) and  g(zny2) 2 g(2n42)-
By induction, we conclude that (3.1.9) holds for all n > 0.

Using condition (3.1.5), we have
d(g2n, gTni1) = d(F(Tn-1,Yn—1, 20-1), F(Tn, Yn, 20))
= a1d(9n-1, 97n) + a2d(F(Tn-1, Yn-1, 1), 9Tn-1)) + a3d(gYn-1, 9Yn)
+asd(F (T, Yn, 2n), 920)) + asd(F(Tn-1, Yn-1, Zn-1), 92n))
+agd(F(Tp, Yn, 2n), §Tn-1))
= a1d(gzn-1, 9Tn) + a2d(gTn, gTn-1) + a3d(gYn—1, gyn) + aad(gTni1, grn)
+asd(gxn, gr,) + agd(9Tni1, GTn_1)
= a1d(92n-1, 95) + a2d(gTn, 9Tn-1) + a3d(gYn—1, 9Yn) + asd(9Tni1, gTn)
+ag[d(gzni1, g7n) + d(9n, gTn-1)].

= (a1 + ag + ag)d(gxn—1, 92n) + (as + ag)d(9Tn, 9Tn11) + asd(gYn—1, 9Yn)

20



which implies that

(1 — a4 — a)d(gn, gTny1) = (a1 + az + ag)d(gTn—1, 97n) + azd(gyn—1,9yn) (3.1.12)

Similarly,

d(gyna gyn+l) = d(F<yn—1a Zn—1Yn—1, F(yna Zns yn))

= a1d(9Yn—-1, 9Yn) + a2d(F(Yn—-1, Zn—1, Yn—1, 9Yn—1)) + a3d(gzn—1, g2n)

+a4d(F(yn> Zns Yn, gyn)) + a5d<F(yn—17 Zn—1Yn—1, gyn))

—|—a6d(F(yn7 Zny Ln, gynfl))

= a1d(gYn—1, 9Yn) + a2d(GYn; GYn—1) + a3d(g2n—1, 92n) + a1d(gYn+1, GYn)

+asd(9Yn, 9yn) + a6d(9Ynt1, GYn—1)

= a1 d(gYn—1, 9Yn) + a2d(gYn, 9Yn—1) + asd(92n—1, 9%n) + a1d(gYn+1, GYn)

+a6d(9Yn+1, 9Yn) + A(GYn, GYn—1)]-

- (al +as + a6)d(gyn—17 gyn) + (CL4 + a6>d<gym gyn+1) + a3d(gzn—17 an)

which implies that

(1 = as — ae)d(gyn, gyn+1) = (a1 + az + a6)d(gYn—1, 9yn) + asd(gzn—1,92,) (3.1.13)

Also,

d<gznagzn+1) = d(F(Zn—laxn—layn—l)a F(Zn7xn7yn))

j ald(gznfly gzn) + a2d<F(Zn717 Tn—1;Yn—1, gznfl)) + a3d(gxn717 gxn)
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+asd(F(2n, Tny Yns 92n)) + asd(F (2n-1, Tn—1, Yn-1, 92n))
+agd(F(zn, Tny Yns §Zn—1))

= a1d(9zn_1, 92n) + a2d(9zn, g2n_1) + azd(grn_1, gn) + asd(92n11, 92n)
+asd(gzn, 92n) + a¢d(92ns1, 9Zn-1)

= a1d(9zn—1, 9%n) + a2d(g2n, 92n—1) + asd(gn_1, 92,) + asd(gzn11, g2n)
+ag[d(9zn41, 97n) + d(g2n, 92n-1)]

= (a1 + a2)d(92n-1,92n) + a3d(9Tn_1, gx,) + asd(92zns1, 92n)
+asld(92nt1, 92n) + d(92n, G2n—1)]

= (a1 + ag + ag)d(9zn_1,92n) + (a4 + ag)d(9zns1, g2n) + asd(gzn_1, 9T4)

which implies that

(1 — Q4 — a6)d(gzm an_H) = (al + ag + aﬁ)d(gzn—lv gzn) + a3d(g=rn—17 gl‘n> (3'1'14)

Adding (3.1.12), (3.1.13) and (3.1.14) we obtain that

(1 — a4 — ag)[d(gTn, 9Tny1) + d(gYn, GYnt1) + d(g2n, 92n11)]
j (CL1 + as + a6>[d(gxn—1> gxn) + d(gyn—la gyn) + d(gzn—la an)]
+a3[d(g$n—1a gxn) + d(gyn—la gyn) + d(gzn—la gzn)]

= (a1 + a2 + a3 + ag)[d(gTn-1, 9Tn) + d(gYn-1, gyn) + d(g2n-1, 924)] (3.1.15)

Now starting from d(gzni1,92n) = d(F(2n, Yn, 2n)s F(Tn—1,Yn-1, 2n—1)) and using that

9(Tn1) 2 9(Tn), 9Wn-1) = 9(yn) and  g(zn—1) = g(zn),

we get that
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d(ganrl? gxn> = d(F(l’n, Uns Zn;s F(txnfl; Yn—1, anl))

= a1d(gzy, grn—1) + a2d(F (T, Yn, 2n, 9Tn)) + a3d(gYn, 9Yn—1)

+a4d(F(xn—1a Yn—1, Zn—1, gxn)) + a5d(F(xn7 Yns Zn, gxn—l))

+a6d(F(xn,1, Yn—15 "n—1, gxn))

= ald(gxm gﬂ?nq) + a2d(gxn+17 gxn) + a3d(gyna gyn71> + a4d(gxn7 gxnfl)

+asd(gTni1, 9Tn-1) + asd(gTn, gT,))

= a1d(92n, 9Tp—1) + a2d(9Tni1, gTn) + a3d(gYn, GYn—1) + asd(gTr, gTn_1)

+as[d(gTni1, 9Tn) + d(9Tn, gTn_1)]

d(9Tny1, 9Tn) = (a1 + ag + a5)d(gzn, gTn_1) + (a2 + a5)d(gTni1, 9T0) + a3d(GYn, GYn-_1)
(3.1.16)

Similarly,

d(gyn—i-h gyn) = d(F<yn7 Zny Yns F(yn—b Zn—1, yn—l))
= (a1 + ay + a5)d(gyn, gyn—1) + (a2 + as5)d(gYn+1, GYn)

+azd(92n, 92n—1) (3.1.17)

d(gszrl; gzn) j (al + Q4 + a5)d(gzn? gznfl) + <a2 + &5)d(gzn+1, gzn)

+asd(gTn, 9Tn—1) (3.1.18)
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Combining (3.1.16), (3.1.17) and  (3.1.18) we obtain that

(1 — Qg — a5>[d(9$n+17 gxn) + d(gynH’ gyn) + d(gzn+17 gzn)]
= (a1 + aq + a5)[d(92n, 9Tn—1) + A(GYn, GYn—1) + d(g2n, g2n—1)]
+a3[d(gn, 92n-1) + d(9Yn, GYn—1) + A(92Zn, 92n-1)]

= (a1 + a3 + a4 + a5)[d(g2n, gTn-1) + d(gYn, gyn-1) + d(92n, 92n-1)] (3.1.19)

Again combining (3.1.15) and  (3.1.19), we get

[d(gxn—i-la gxn) + d(gyn—i-la gyn) + d(gzn—i-la gzn)]

2a) + as + 2a3 + ay + a5 +
j ( a9 9 g2a2 _CLa34 _aéS _026 CLG)[d<gxn7gxnfl)"i_d(gymgynfl)—i_d(gzn?gznfl)]

= MNd(g2n, gTn-1) + d(gYn, GYn—1) + d(92n, g2n—1)]

201 + as + 2a3 + a4 + a5 + ag and 0 < A < 1.

where A\ =
2-&2-&4-&5-@6

Since Z?=1 a; < 1. using the above relation n - times, we obtain
d(ganrlv gxn) + d(gyn+17 gyn) + d<gzn+17 gzn)
= A[d(9n-1, 9Tn) + d(gYn—1, 9Yn) + d(g2n-1, 92n)]

=< N d(gTn—2, gTn-1) + A(GYn—2, gYn—1) + d(g2n—2, g2n—1)]

= X"d(gxo, gz1) + d(9yo, gy1) + d(g20, 921)].

d(gTny1, 9Tn) +A(GYnt1, GYn) +d(92n11, 97n) = A'[d(g20, g21) +d(9Y0, gy1) +d(g20, g21)]-
(3.1.20)

As letting n — oo in (3.1.20), we obtain

d(ganrl?gxn) + d(gyn+17 gyn) + d(gszrl? gzn) — OE as n — oQ.
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Hence, d(gxn+17gxn) = d<gyn+1agyn> = d(gszrlngn) — OE' as n — oQ.
Now we will show that {gz,}, {9y, }and{gz,} are Cauchy sequences. For any m >n > 1,

and repeated use of triangle inequality, we have
d(gTn, g2m) + d(gYn, 9Ym) + d(92n, 92m)
= d(g2n, 9Tn41) + d(gZni1, §Tni2) + -+ + d(gTm-1, 9Tm)
+d(gYn, 9Yn+1) + A(GYnt1; GYns2) + -+ + A(GYm—1, 9Ym)
+d(92n; 92ns1) + d(92n41, 92n42) + -+ + d(gZm—1, 92m)
< AT 4 X [d (g, g21) + d(gyo, gyn) + d(g20, 921)]

= 25 1d(gwo, g1) + d(gyo, gy1) + d(920, 971)]

— 0 as n — oo.
from (Py) it follows that for 0p < ¢, and for very large n : 25 [d(gzo, gz1) +d(gy0, 9y1) +
d(gz0,921)] < ¢, and by (P3), it implies
[d(92n, 97m) + d(gYn, 9Ym) + d(92n, 92m)] < c.
Since,

d(9xn, gTm) = [d(92n, 92m) + A(GYn, GYm) + d(92n, 92m)],

d(9Yn> 9Ym) = [d(gTn; 9Tm) + A(GYns 9Ym) + d(g2n; 92m)],

and

d(92n, 92m) = [d(9Tn, 9Tm) + d(9Yn, GYm) + d(92n, 92m)]

again by (Ps), d(gxn, gTm) < ¢, d(gYn, 9Ym) <K ¢ and  d(gzn, 9zm) < c for very large
enough n. Hence {g9z,}, {g9y.} and {gz,} are Cauchy sequences in g(X). By com-

pleteness of g(X), there exists gz, gy, gz € g(X) such that {gx,} — gz, {gy.} — gy
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and {gz,} = gz asn — oo.

Since {gz,} and {gz,} are nondecreasing and {gy, } is non-increasing, using the con-
ditions (i), (1) and (i), we have g(x,) < gz, ¢g(yn,) = gy and g(z,) =X gz
for all n > 0. If g(z,) = gz, g(yn) = gy and g(z,) = gz for some n > 0, then
gz = g(xn) 2 g(Tn1) 2 g2 = g(@n), 9Y = 9Wns1) = 9(yn) = gy and gz = g(2,) =X
9(2n11) = gz = g(2n) which implies that gz = g(zn) = F(¥n, Y, 20), 9y = 9(yn) =
F(Yn, 2n,yn), and gz = g(zn) = F(zn, Tn, Yn), that is, (zn,Yn, 2,) is a triplet coin-
cidence point of F' and g. Now, we suppose that (92, 9yn, 92,) # (9, 9y, gz) for all
n > 0.

Now we shall show that F(z,y,2) = gz, F(y,z,y) =gy and F(z,x,y)= gz.

For this, consider
d(F(x,y,2),92) R d(F(z,y,2),9%Tn1) + d(gTni1, gT)
= d(F(2,y,2), F(xn, Yn, 20)) + d(g2ni1, g7)
= ad(g, grn)+axd(F(z,y, 2), 92)+aszd(gy, 9yn) +asd(F (20, Yn, 2n), 9Tn)
+asd(F(x,y, 2), gxy) + agd(F (2, Yn, 2n), 97) + (9211, gT)
= a1d(gw, gp) + a2d(F (2,y, 2), 9) + asd(gy, gyn) + asd(F(gTni1, gn)
+asd(F(x,y, 2), 92,) + aed(gxni1, 9Tn) + aed(gx,, gx)
+d(gTni1, 92n) + d(gzn, gz)
(1—ay—as)d(F(x,y,2),9x) 2 (1+ a1+ as + ag)d(9Tn, 9z) + (1 + as + ag)d(g2ni1, 9Tn)

+asd(gy, gyn)

which further implies that

1+ a1 + as + ag as
d(F(ZL‘,y,Z),g:L‘) j (1 — a9 — CL5) d(nggxn) + (1 — a9 — a5)d(gyagyn)

o6



1 + ay + ag .
+—(1 g — as)d(gxn—i-l;gxn)a

since g(z,) — gz, ¢g(yn) — gy and g(z,) — gz, then for Op < c there exists

(1+ -+ a3 + ) @)
N € N such that d(gzx, gz,) < T —a3—a3) ¢, d(gy, gyn) < 0=y —a3)*

and  d(grpi1,97,) < %c and forall n > N.

Thus, d(F(z,y,2), gr) < c.

Now according to (F,) it follows that d(F'(x,y, z), gx) = Og, and F(x,y, z) = gx.
Similarly, we can get F(y,z,y) =gy and F(z,x,y) = gz.

Hence (gz, gy, gz) is tripled coincidence point of mappings F' and g.

This completes the proof.

Now we prove the existence and uniqueness of a tripled common fixed point.
Theorem 3.1.1.2 Let (X, d, =) be an ordered cone metric space over a solid cone P.
Let FF: X x X x X — X and g : X — X be two mappings satisfying the hypothesis of
Theorem 3.1.1.2. Further assume that for every (x,y, 2), (z*, y*, 2*) € X x X x X there
exists (u,v,w) € X x X x X such that (F(u,v,w), F(v,w,u), F(w,u,v)) is comparable
to (F(z,y,2), Fy, z,x), F(z,z,y)) and (F(x*, y*, z*), F(y*, z*,2%), (2%, 2*,y*)). Then F'
and g have a unique triple common fixed point, that is, there exists a unique (u, v, w) €
X x X x X such that u = g(u) = F(u,v,w), gv) = F(v,w,v) and  g(w) =
F(w,u,v), provided F' and g are w - compatible.

Proof. From Theorem 3.1.1.1, the set of tripled coincidence points of F' and g is
nonempty. Suppose (z,y, z) and (z*,y*, 2*) are tripled coincidence points of F, that is
9(@) = F(z,y,2), 9(y) = F(y,2,y), 9(z) = F(z,2,y), g(z") = F(z",y",2"), g(y") =

F(y*, z*,y*) and g(z*) = F(z*, 2%, y*). We will prove that

g(x) = g(z"),g(y) = g(y") and g(2) = g(z").
By assumption, there exists (u, v, w) € X x X x X such that (F(u,v,w), F(v,w,u), F(w,u,v))

is comparable to (F(z,y, 2), F(y, z,z), F(z,x,y)) and (F(x*, y*, z*), F(y*, 2%, %), (2%, %, y")).
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Put ug = u,vg = v, wy = w and choose uy, vy, w; € X so that g(u;) = F(ug, vo, wo), g(v1) =
F(vo,wo,v9) and g(wy) = F(wp,up,vp). Then, similarly as in the proof of Theorem

3.1.1.1, we can inductively define sequences {gu,}, {gv,} and {gw,} with

G(Uny1) = F(Un, Uy, wy), g(Vns1) = F(Up, wp,v,) and  g(wpi1) = F(wp, un,v,) YV n.
Further, set 29 = 2,90 = y,20 = 2,25 = 2",y = y* and zj; = 2" and in a similar
way, define the sequence {gz,}, {g9yn}, {92} and {gx:},{y:}, {z:}. Then it is easy to

show that

9(wn) = F(x,9,2),9(yn) = F(y,2,y) and  g(z,) = F(z,7,y)

and

g(ay) = F(a*, g 27), g(yy) = F(y", 2% y") and g(z;) = F(z%, 2%, y")
as n — oo. Since (gx,9y,92) = (F(z,y,2), F(y,z,y), F(z,z,y)) = (g9x1,9y1,921) and
(F(u,v,w), F(v,w,v), F(w,u,v)) = (gui, gv1, gw; ) are comparable, then gx < guy, gy =
gv; and gz < gw;. It is easy to show that, similarly, (g, gy, gz) and (gu,, gu,, gw,)
are comparable for all n > 1, that is, gz < gu,, gy = gv, and gz = gw,, or vice versa.

Thus from (3.1.5) we have

d(gx, gupy1) = d(F(x,y, 2), F (U, Un, wy))

= ard(gz, gun) + azd(F(z,y, 2, gx)) + asd(gy, gv,)

+aad(F (ttn, U, wn, gitn)) + asd(F(2,, 2, guy,))

+a6d(F(un, Upy Wh, gflf))

= ayd(gz, guy,) + axd(gz, gx) + asd(gy, gvn) + asd(Gpi1, giin)

+a5d(gzv, gun) + aGd(gunJrla gl’)

= ard(gx1, gun) + asd(gy, gvy) + asld(guni1, gz)
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+d(gz, grn)] + asd(guni1, 9).

= (a1 + ay + as)d(gz, gu,) + asd(gy, gvn) + (a4 + ag)d(guny1, g).

which implies that

(1 —ag — ag)d(gz, guns1) =X (a1 + a4 + as)d(gz, gu,) + asd(gy, gu,). (3.1.21)
Similarly,

(1 —ag — ap)d(9y, guni1) = (a1 + ag + a5)d(gy, gv,) + azd(gz, gw,). (3.1.22)

(1 —ag —ag)d(gz, gwp11) = (a1 + a4 + as)d(gz, gw,,) + asd(gz, gu,). (3.1.23)

Adding up (3.1.21,3.1.22) and (3.1.23) we obtain that

(1 — as — ag)[d(gz, guni1) + d(gy, gup+1) + d(g2, gwni1)]
= (a1 + ay + as)[d(gz, gun,) + d(gy, gv,) + d(gz, gw,)]
+az[d(gz, gun) + d(gy, gva) + d(gz, gwy)]

= (a1 + a3 + as + a5)[d(g, gun) + d(gy, gvn) + d(gz, gwn)]  (3.1.24)

Now stating from d(gu,y1, gx) = d(F(ty, vp, wy), F(x,y, 2)) we get that
d(guni1, gr) = d(F (U, Un, Wy, F(z,y, 2))
= ar1d(guy, gz) + agd(F (U, Un, Wy, guy,)) + asd(gu,, gy)
+asd(F(z,y, 2, 9z)) + asd(F(uy,, Uy, Wy, gT))
+aed(F(z,y, 2, gun))

= a1d(gun, 9x) + a2d(gun+1, gun) + azd(gun, gy) + asd(gz, gx)
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tasd(guntr, 9x) + agd(gz, gun))
= a1d(gun, gv) + as[d(gunt1, 92) + d(gz, guy,)] + asd(gv,, gy)

+asd(gz, gr) + asd(gun1, g7) + asd(g9z, gun))
(1 = as — az)d(gunt1, g7) = (a1 + az + a)d(gz, gu,) + azd(gvn, gy)
Similarly,
(1 — a2 — as)d(gvn+1, 9y) = (a1 + a2 + ag)d(gy, gvy) + azd(gwy, g2)

(1 —as — az)d(gwni1,92) = (a1 + az + ag)d(gz, gwy,) + asd(gu,, gz)

Adding (3.1.25), (3.1.26) and (3.1.27) we obtain that

(1 — G2 — a5)[d(g$7 gunJrl) + d(gyvgvn+1> + d(gza gwnJrl)]
< (a1 + az + ag)[d(gz, gun) + d(gy, gvn) + d(gz, gw,)]
+a3[d(gilj', gun) + d<gy7 gvn) + d(gza gwn)]

= (al +az +az + a’6)[d(gx7 gun) + d(gy7 gvn) + d(gzu gwn)]
Now adding (3.1.24) and (3.1.28) we get

[d(g, guni1) + d(gy, gvni1) + d(g2, gwni1)]
2a1+a2+2a3+a4+a5+a6)
2-&2-@4-(15-@6

[d(gz, gun) + d(gy, gvn) + d(gz, gw,)]

= (

2a1—|—a2+2a3+a4—|—a5—|—a6
2-&2-&4-@5—0,6 )

with 0 < XA < 1. Where \ =

Since Z?Zl a; < 1. using relation (3.1.29) n - times, we obtain
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[d(gz, guns1) + d(gy, gunsr) + d(92, gwni1)] 2 A[d(gz, gun) + d(gy, gvn) + d(g2, gwy)]

=< N[d(g, gun—1) + d(gy, gva—1) + d(g2, gwn_1)]

= A'[d(gz, guo) + d(gy, gvo) + d(gz, gwo)]-
Then [d(gx, guni1) + d(gy, gvni1) + d(gz, gwni1)] = Op as n — 0.
Thus d(gz, guns1) = d(gy, guns1) = d(92, gwn1) — O as n — oo. Since 0 < A < 1.
Hence [d(gx, guns1) + d(gy, guas1) + d(gz, gw,y1)] < ¢ for each ¢ € intP and large n.
Since 0p =< d(gz, gunt1) = [d(9z, guni1) + d(gy, guni1) + d(gz, gwny1)], it follows by
(Ps) that d(guni1,9x) < ¢, for n large enough and so {gu,} — gx when n — oc.
Similarly, {gv,4s1} — gy and {gw,.1} — gz. By the same procedure one can show
that {guy ,} — go*, {gvi } = gy* and {gw) ,} — gz*. By the uniqueness of the
limit, it follows that gz = gz*, gy = gy* and gz = gz*. as n — oo. Hence (gz, gy, g2)
is the unique tripled point of coincidence of F' and g.
Now we show that F' and ¢ have a unique common tripled fixed point. For this, let

gr = u. Then we have u = gr = F(z,y, z). By w - compatibility of F' and g, we have
gu=g(gx) = g(F(z,y,2)) = F(g9z,9y,92) = F(u,v,w),
gv = 9(9y) = 9(F(y,2,v)) = Flgy, 92, 9y) = F(v, w,v), and

gw = g(g92) = g(F(2,2,y)) = F(92, 9y, 9x) = F(w,u,v).

Hence the triple (u, v, w) is also triple coincidence point of F' and g. Thus we have

gu =gx,gv =gy and gw = gz.

Therefore

u=gu= F(u,v,w),v=gv=F(v,w,v) and w = F(w,u,v).

Thus (u,v,w) is common triple fixed point of F' and g.
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To prove the uniqueness, let (u*, v*, w*) be any common triple fixed point of F' and g.
Then u* = gu = F(u*,v*,w*),v* = gv* = F(v*,w*,v*) and w* = F(w*,u*, v*).
Since the (u*,v*, w*) is a triple coincidence point of F' and g.

We have

gu* = gzr,gv* =gy and gw* = gz.
Thus

w=gut=gr=u,v* =g =gy =v and w*=gw* =gz =w.
Hence the common triple fixed point is unique.

This completes the proof.

As an immediate consequence of above theorem 3.1.1.1 we have the following corollary:
Corollary 3.1.1.3. Let (X,d, =) be an ordered cone metric space over a solid cone
P.Let F: X x X xX — X and g : X — X be mappings such that F' has the
mixed ¢ - monotone property on X and there exists three elements xq, 39, 20 € X with
gro = (20,90, 20), 9%0 = F(yo0, 20,%0) and gzo = F(20, Yo, ¥o). Suppose further that F,

g satisfy that

d(F(x,y,2), F(u,v,w)) 2 ad(gz, gu) + Bd(gy, gv) + vd(gz, gw) + éd(F(z,y, 2), gu),

for all (x,y,2), (u,v,w) € X with (9 < gu, gy = gv and gz = gw), where

a,B,v,0 >0 and o+ B+ v+ 0 < 1. Further suppose

1. F(X x X x X) C g(X);

2. g(X) is a complete subspaces of X.

Also, suppose that if X has the following properties:
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(1) {x,} is a non - decreasing sequence in X such that x,, — x, then z,, < z for all

n € N,

(77) {y,} is a non - increasing sequence in X such that y, — y, then y, = y for all

néeN,

(#7i) {z,} is a non - decreasing sequence in X such that z, — z, then z, < z for all

n € N,

then there exists x, y, z € X such that g(z) = F(x,y,2), g¢(y) = F(y,z,y) and g¢g(z)=
F(z,y,x), that is, F' and g have tripled coincidence point in X.
Similarly corollary can be stated as a consequence of Theorem 3.1.1.1. Putting g = ix

(the identity map) then we get the following corollary.

Corollary 3.1.1.4. Let (X,d, =) be complete ordered cone metric space over a solid
cone P. Let

F: X x X x X — X be amappings having the mixed monotone property on X and
there exists three elements zg, yo, 20 € X with z¢ < F(x, Y0, 20), Yo = F (yo, 20, yo) and

20 = F'(z0, Yo, To). Suppose further that F, g satisfy

d(F(z,y, 2), F(u,v,w)) < ard(z,u) + ad(F(z,y, 2), ) + azd(y, v)
+ ayd(F(u,v,w),u) + azd(F(z,y, 2),u) + agd(F(u, v, w), z),

for all (z,y,2),(u,v,w) € X with (z 2 u, y > v and z = w), where a; > 0, for

1=1,2,...,7 and Z?:1 a; < 1. Also suppose that if X has the following properties:

(1) {z,} is a non - decreasing sequence in X such that x,, — x, then z,, < z for all

néeN,

(17) {y,} is a non - increasing sequence in X such that y, — y, then y, = y for all

néeN,

63



(#4i) {z,} is a non - decreasing sequence in X such that z, — z, then z, < z for all

n € N,

then there exists z,y,z € X such that x = F(z,y,2), y = F(y,z,y) and 2z =

F(z,y,x), that is, F' and g have tripled coincidence point in X.

Now, we furnish the following example to support our Theorem 3.1.1.1 and 3.1.1.2.

Example 3.1.1.5. Let X = [0, 1] be taken with the standard order and with the cone
metric given by d(z,y) = (| x—y |, | z—y |) for fixed @ > 0. (Here E = R*> and P =
{(z,y) € E:z,y >0} is asolid cone.) Consider the mappings F': X x X x X — X

and g : X — X given by

(22 —y? =22, ifz>y>z
F(z,y,2) = and g(z) = 2?,

W=

jan)

if otherwise;

;11 and a5 =ag = 0.

and the contractive condition taken with a; = a3 = %, Ay = a4 =
We will check that this condition is satisfied for all z,y, z,u,v,w € X with (z 2 u,y =
v and 2z =< w). The other conditions of Theorems are obviously satisfied. Consider
the following possibilities.

Casel. x >y > zand u>v > w. (and hence u > x >y > v > w > z). Then
d(F(2,y,2), F(u,0,w)) = d(3(2* — y* = 2°), 5(«* = v* —w?)) = (L,al)

where

and
sd(gz, gu) + d(F(x,y, z), g) + §d(gy, gv) + 3d(F(u,v,w), gu) = (D, aD),

1
where D = $(u® — 2?) + 5222 + 4* + 2%)) + 5(y* — v?) + 5(2u* 4+ v + w?)) clearly

L < D, Hence contraction condition (3.1.5) holds true.
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Case2. x>y > zand u>w > v (and hence v > x >y > w > v > z). Then
d(F(x,y,z), Fu,v,w)) = d(%(:v2 —y?—2%),0) = (L,al)
where
L=~y =),

and
sd(gz, gu) + 1d(F(x,y, 2), gx) + 5d(gy, gv) + 1d(0, gu) = (D, aD),
where

1 1

1 1
D= g(u2 —2?) + E(2x2 +y2+2)) + g(gﬁ —v%) + Zu2

clearly L < D, Hence contraction condition (3.1.5) holds true.
Case3. = > y > z and any other combination between u, v, w other than u > v > w.
Then
d(F(z,y,2), F(u,v,w)) = d(3(2* — y* — 2%),0) = (L,aL)
where
TP
and
gd(gz, gu) + 1d(F(2,y, 2), gz) + 5d(gy, gv) + 1d(0, gu) = (D, aD),
where
1 1

1 1
8(U2 — %) + E(2$2 +y? +2%) + g(?ﬁ — %) + ZUQ

D —
clearly L < D, Hence contraction condition (3.1.5) holds true.
Case4. u > v > w and any other combination between z,y, z other than x > y > z.
This case is treated analogously to the previous one.
Caseb5. Any other combination between x,y, z other than x > y > 2 and also in be-
tween u, v, w other than v > v > w. Then
d(F(z,y,2), F(u,v,w)) = d(0,0) = 0 and the contractive condition is trivially satis-
fied.
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Thus all the condition of Theorem 3.1.1.1 and 3.1.1.2 are satisfied. The mapping F' and

g have a unique common tripled fixed point (0,0, 0).
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CHAPTER 4
SOME RESULTS IN FUZZY METRIC SPACES

4.1

We shall divided this chapter into three parts.

e In section - I, we have proved tripled coincidence point theorem and fixed point

theorems for compatible maps.

e In section - II, we have proved theorem by using (f; g)-reciprocally continuity

under Generalized (¢, 1))-weak contractions maps, and

e Section - III, will be of Presic¢ type contraction maps for obtaining common fixed

points.

Now we are ready to discuss in detail about of the fuzzy metric spaces.

Zadeh([91]) of Univ. of California, Berkeley introduced the concept of fuzzy sets in 1965.
There are many viewpoints of the notion of the metric space in fuzzy topology.We can
divide them in two category:

(). First category involves those results in which a fuzzy metric on a set X is treated

asamap d: X x X — R*", where X represents the totality of all fuzzy points of a set

*Published in
“Generalized (¢, 1)-weak contractions involving (f, g)-reciprocally continuous maps in fuzzy metric
spaces,” Annals of Fuzzy Mathematics and Informatics Volume 5, No. 1, (January 2013), pp. 45 -57,
http://www.afmi.or kr
*“A common fixed point theorem of presic type for three maps in fuzzy metric space” Annual Review of
Chaos Theory, Bifurcations and Dynamical Systems Vol. 4, (2013) 30-36, www.arctbds.com. Copyright
(c) 2013 (ARCTBDS). ISSN 2253 - 0371.
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and satisfy some axioms which are analogous to the ordinary metric axioms. In such an
approach numerical distances are set up between fuzzy objects.

(7). Second group studied those results in which the distance between objects is fuzzy
and the objects themselves may or may not be fuzzy.

Erceg ([101]), Kaleva and Seikkala ([107]) and Kramosil and Michalek ([75])discussed
in length about fuzzy metric spaces. Grabiec ([105]) proved a fixed point theorem
in fuzzy metric space. Subramanyam ([123]) generalized Grabiec’s result for a pair
of commuting maps in the pattern of Jungck 1976 ([52]). George and Veermani([!1])
modified the concept of fuzzy metric space and defined a Hausdorff topology on this
fuzzy metric space which have some important applications in quantum particle physics
particularly in connection with both string and E - infinity theory. Also shown that
every metric induces a fuzzy metric in Hausdroff topology.

Fuzzy Metric Spaces:

We recall the following definitions and lemmas for our results in fuzzy metric spaces.

Definition 4.1.1([91]) A fuzzy set A in X is a function with domain X and values in
[0, 1].

Definition 4.1.2([70]) A binary operation x : [0,1] x [0,1] — [0,1] is a continuous

t-norm if it satisfies the following conditions:

1. x is associative and commutative;
2. % is continuous;
3. ax1=a for every a € [0,1];

4. axb<cxdifa<candb<d forall a,b,c,d € [0,1].

Definition 4.1.3([11]) A triplet (X, M, ) is said to be a fuzzy metric space, if X is an

arbitrary set, * is a continuous ¢-norm and M is a fuzzy set on X x X x (0, 00) satisfying
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the following conditions;

for all z,y,2z € X and t,s > 0;

(M) M(z,y,t) >0,

(M) M(z,y,t) =1 if and only if z =y,
(Ms) M(z,y,t) = M(y, z,1),

(My) M(z,y,t)* M(y,z,8) < M(z,z,t+s),

(Ms) M(z,y,-):(0,00) — [0,1] is continuous.

In view of (M;) and (M,), it is worth pointing out that 0 < M(x,y,t) < 1 for all t > 0,
provided = # y. In view of Definition 4.1.3, George and Veermani ([11]) introduced
the concept of Hausdorff topology on a fuzzy metric spaces and show that every metric
space induces a fuzzy metric space.

In fact, we can fuzzify metric spaces into fuzzy metric spaces in a natural way as it can

be shown by the following example. In other words, every metric induces a fuzzy metric.

Example 4.1.4 Let (X, d) be a metric space and define a * b = ab for all a,b € [0, 1].

Define M (z,y,t) = m for all z,y € X and ¢t > 0, then (X, M, ) is a fuzzy metric

space, called standard fuzzy metric space induced by (X, d).
Definition 4.1.5([11]) Let (X, M, *) be a fuzzy metric space, then

1. a sequence {z,} in X is said to be convergent to x if lim,, oo M (z,,z,t) = 1, for all

t > 0;

2. a sequence {z,} in X is said to be a Cauchy sequence, if for a given € > 0, there

exists ng € N, such that M (z,, z,,t) > 1 — ¢, for all t > 0 and n,m > ny;
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3. a fuzzy metric space (X, M, ) is said to be complete if and only if every Cauchy

sequence in X is convergent.

4.2 Section 1

Sedghi, Altun and Shobe([152]) gave a coupled fixed point theorem for contractions in
fuzzy metric spaces and Fang([$3]) gave some common fixed point theorems under ¢ -
contractions for compatible and weakly compatible mappings in Menger probabilistic
metric spaces. Many authors have proved fixed point theorems in (intuitionistic) fuzzy
metric spaced or probabilistic metric spaces. Here we shall follow the proof of Hu([172])

for obtaining coincidence and fixed points.

We recall the following results:
Definition 4.2.1([117]) Let supy.,.; A(¢,t) = 1. At - norm A is said to be of H-type

if the family of functions {A™(¢)}2°_; is equicontinuous at ¢ = 1, where

ANt = tAt, AT =tA(A™(t), m=1,2,..,t and €[0,1].  (4.2.1)

The t - norm A,; = min is an example of t - norm of H - type, but there are some other
t - norms A of H - type ([117]).
Obviously, A is a H - type t norm if and only if for any A € (0, 1), there exists (\) €

(0,1) such that A™(¢t) > 1— X for all m € N, when t > 1 — 6.

Remark 4.2.2(see [105]).

(i) For all z,y € X, M(z,y,.) is non - decreasing.
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(ii) It is easy to prove that if =, — x,y, — y,t, — t, then

limpy oo M (Zp, Yy tn) = M(2,y,1t). (4.2.2)

(iii) In a fuzzy metric space (X, M, *), whenever M (z,y,t) > 1 —r for

x,y € X,t>0,0<r <1, wecanfindaty,0 <ty <tsuchthat M(z,y,to) > 1—r.

(iv) For any r; > rq, we can find an r3 such that ry xrg > ry and for any r4 we can find

r5 such that r3 % r5 > ry, where 1,79, 73,74, 75 € (0,1)).

Definition 4.2.3([152]) Let (X, M, *) be a fuzzy metric space and M is said to satisfy

the n - property on X x X x (0, 00) if

iy, oo M (2,5, k")) =1, (4.2.3)

whenever z,y € X,k > 1 and p > 0.

Lemma 4.2.4 Let (X, M, *) be a fuzzy metric space. If M satisfies the n - property,
then

limy_ oM (z,y,t) =1, Vo,y € X. (4.2.4)

Proof. If not, since M(z,y,.) is non - decreasing and 0 < M(x,y,.) < 1, there exists
Zo,Yo € X such that limy_ oo M (x0,%0,t) = A < 1, then for £ > 1,k"t — 400 as

n — oo and t > 0. We get lim,, oo[(M (xg, yo, k"t))™ ] = 0, which is a contraction.

Remark 4.2.5 Condition (4.2.4) cannot guarantee the n - property. For this see the

following example.

Example 4.2.6([172]) Let (X,d) be an ordinary metric space, a x b < ab for all
a,b € 10,1], and 9 be define as following:
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avt, if  0<t<d4,
W(t) = (4.2.5)
1— L if  t>4,

where a = (1)(1 — 7). Then t(¢) is continuous and increasing in (0, 00),

P(t) € (0,1) and limy—, 100 (¢) = 1. Let
M (z,y,t) = [1p(t)] 4=, Ve,y e X, t >0, (4.2.6)
then (X, M, %) is a fuzzy metric space and

lim M(z,y,t) = lim [1h(t)]*@¥) =1, V z,y€X,t>0, (4.2.7)

t—400 t—-+o0

But for any z #y,p=1,k > 1,t > 0,

) — T 4.

lim [M(z, g, k0] = Tim [(0(k")] "9 = Tim [1 — —

(4.2.8)

Now, we recall the following:

® = {¢ : R* — R'}, where RT = [0,00) and each ¢ € ® satisfies the following
conditions:

(¢@)) ¢ is non decreasing;

(¢(2)) ¢ is upper semi - continuous from the right;

(D)) T2 4@ (t) < 400 for all t > 0 where ¢"*1(t) = ¢(¢"(t)),n € N.

It is easy to prove that, if ¢ € ®, then ¢(t) < t for all £ > 0.

Lemma 4.2.7(]33]) Let (X, M, *) be a fuzzy metric space, where * is a continuous t -
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norm of H - type. If there exists ¢ € ® such that

M(z,y,¢(t)) > M(x,y,t), forallt >0, (4.2.9)

then z = y.

In this context, we slightly modify the concept of tripled fixed point introduced by
Brinde and Borcut([157]) in POMS into fuzzy metric space we also introduce the fol-

lowing notion of tripled fixed point and tripled coincidence point.

Definition 4.2.8 Let (X, M, %) be a nonempty fuzzy metric space. An element (x,y, z) €
X x X x X is said to be tripled fixed point of the map F' : X x X x X — X if

F(z,y,2) =z, Fy,z,z) =y and F(z,y,z) = z.

Definition 4.2.9 Let (X, M, ) be a nonempty fuzzy metric space. An element (z,y, z) €
X x X x X is said to be tripled coincidence point of the maps F': X x X x X — X

and g: X — X if F(z,y,2) = g(x), F(y,»,2) = g(y) and F(z,y,z) = g(2).

Now we define the concept of compatibility for a pair of maps F' : X x X x X — X
and g: X — X.
The notion introduce by us is analogous to the notion of Hu([172]) in the setting of

Fuzzy Metric Spaces.

Definition 4.2.10 The maps F' : X x X x X — X and g : X — X are said to be

compatible pair of maps if

im M (g(F(Tn; Yns 2n)), F(9(2n), 9(Yn), 9(20)), 1) = 1,

n—00

im M (g(F(Yn, Tns 20)), F(9(Yn), 9(70), 9(20)), 1) = 1,

n—00
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and

lim M (g(F(2n; Yns Tn))s F(9(20), 9(Yn), 9(2n)), ) = 1,

n—o0

whenever {z,},{y,} and {z,} are sequences in X, such that

lim F(xn, Yn, zn) = lim g(x,) =z, im F(y,, T, 2,) = lim g(y,) =y
x n—oo

n—oo n— n—00

dim Flens o, 2n) = Jim g(zn) =

forall x,y,z€ X and t>0.

Definition 4.2.11 The mappings F': X x X x X — X and g: X — X are said to be

commutative if

9(F(z,y,2)) = F(gz, gy, g2),
for all z,y € X.

Remark 4.2.12 If F' and ¢ are commutative pair of maps then they are compatible

pair of maps.

4.2.1 Main Results

Now, we prove some results of tripled coincidence point theorem under weaker condi-
tions, which generalizes the result of Hu([172]).

Throughout this section:

N

[M(z,y,t)]" = M(z,y,t) * M(z,y,t) * ...« M(z,y,1), (4.2.10)

n—times
for all n € N.

Theorem 4.2.1.1 Let (X, M, *) be a complete FM - Space, where * is a continuous t
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- norm of H - type satisfying (4.2.4). Let F': X x X x X — X and g : X — X be

mappings such that there exists ¢ € ® satisfying

M(F(z,y,z), F(uv,w),¢(t)) = M(g(x), g(u),t) * M(g(y), g(v),t) * M(g(z), g(w), 1),
(4.2.11)

for all z,y, z,u,v,w € X, t > 0. Suppose that

(@) P(X x X x X) C g(X);
(b) g is continuous;

(¢) F and g are compatible.

Then there exists z,y,z € X such that g(z) = F(z,y,2), ¢(y) = F(y,z,2), g¢(2)=
F(z,y,x) i.e.,, F and g have a triple coincidence point in X.

Proof. Let zg,yo, 20 € X be arbitrary points in X. Since F'(X x X x X) C g(X), then
there exists x1,y1, 21 € X such that

g(w1) = F(x0,Y0, 20), 9(1) = F(yo, To, 20), and g(21) = F (20, Yo, To)-

Continuing in this way, we can construct sequences {z,}, {y,} and {z,} in X such that

g(xn—&-l) = F(xmynazn)yg(ynﬂ-l) = F(yn,xn, Zn) and g(zn-‘rl) = F(Znaymxn)y
(4.2.12)

for alln > 0.

We shall divided the proof in two steps:

Step I: First we show that {gz,}, {gy.} and {gz,} are Cauchy sequences. Since * is a
t - norm of H - type, then for any A > 0, there exists a ;1 > 0 such that

(L—p) s (L—p)x..x(l—p)>1=A (4.2.13)

.

~
k—times
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for all k € N.

Since M (x,y,.) is continuous and lim;_, oM (x,y,t) = 1 for all z,y € X,

to > 0 such that
M(gzo, gz1,t0) = 1 — p,
M (gyo, gy, t0) =1 — p,
M (gzo,9z1,t0) > 1 — p.

there exists

(4.2.14)

On the other hand, since ¢ € ®, by condition (¢3)) we have Y >, ¢"(ty) < oo. Then

for any t > 0,4 mng € N such that

t>> " ¢k (ty)

k=ng

From condition (4.2.11), we have

M (g1, g2, ¢(to)) = M(F (0,0, 20), F(21,y1,21), p(t0))

Z M(gxmgl‘l?to) * M(gy(hgyla tO) * M(QZOagthO)'

M(gy1, gy2, ¢(to)) = M(F (Yo, To, 20), F(y1, 1, 21), #(t0))

2 M(gy07gy17t0) * M(gx(hgxla t(]) * M(.gz07gzlvt0)'

and
M(9217922, ¢(t0)) = M<F(2073/0>330)a F(Zlayla 5Ul)a ¢(t0))

2 M(.gzngzhtD) * M(gyl)?gylat()) * M(ngagxth)

Similarly, we can also get

M (g2, g3, ¢*(to)) = M(F(x1,y1, 21), F(22,92, 22), $*(to))

(4.2.15)

> M(g'rlv 9Tz, ¢(t0>> * M<gy17 gY2, ¢<t0)) * M(.gzh gz2, ¢(t0))

= M(F(x0, Y0, 20), F(x1,y1,21), 0(to))
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*M (F(yo, %o, 20), F'(y1, 21, 21), ¢(to))
*M (F (20, Yo, Zo), F'(21, 41, 1), d(t0))
> M(gxo, gz1,t0) * M(gy0, gy1,to) * M(gz20, g1, to)
* M (gyo, gy1,to) * M (gxo, g1, to) * M(g20, 921, o)
*M (920, 921, o) * M (gyo, gy1, to) * M (g0, g71,t0)
= [M(gxo, gz1,t0)]* * [M(gy0, g1, t0)]* * [M(g20, 921, 0)]°.
M(gya, gys, ¢*(to)) = M(F(y1, 21, 21), F (Y2, ¥2, 22), $* (o))
> M(gy1, gy2, ¢(to)) * M (g1, gra, d(to)) * M(gz1, g2, ¢(to))
= M(F (yo, %o, 20), F'(y1, 21, 21), ¢(to))
*M (F (0, Yo, 20), F'(21, 1, 21), #(to))
*M (F (20, Yo, To), F'(21, 41, 21), ¢(to))
> M(gyo, 9y, to) * M (gzo, gx1,t0) * M(g20, 921, to)
*M (g0, g1, t0) * M(gYo, g1, to) * M(g20, 921, t0)
*M (920, 921, o) * M (gyo, gy1,to) * M (g0, g71,t0)
= [M(gy0, gy1, t0)]® * [M (g0, g21,t0)]* * [M (920, 921, t0)]>.

M(gz27 gz3, ¢2(t0)> > [M<g'207 gz1, tO)]?) * [M(gy07 gy1, t0>]3 * [M(gxm gy, tO)]3‘
Continuing in this way, we get
M (g2, grns1, 9" (to)) = [M(gzo, g1, o)™ *[M(gyo, gyr, to)]*" *[M(gz0, 921,10)]" ",
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M(gyn7 9Yn+1, (bn(t())) Z [M(gy07 gyi, tO)]3n71 * [M(gﬂlo, gxy, to)]3n71 * [M(gz()? gz, to)]3n717

M(g2n, g2ns1, 9" (to)) > [M(g20, g21,t0)]>" *[M(gy0, gy1,to)]>" *[M (g0, g1, t0)*"

So, from (4.2.14) and (4.2.15), for m > n > ny, we have

M(gl’n,g$m,t0> > M(gxnuqxﬂ% Z (bk(t()))

k=ng

m—1

> M(gzn, gm, kZ:f (to))

> M(g2n, gTpi1, 0" (to)) * M(gZni1, gTnia, " (t0))
ook M(gTm—1, 9Tm, 9™ (to))
Z [(M(gy07 gy, to))g]nil * [(M(gl'(), gry, t0)3"_1 * [M(gzm gz, t())]3n_1

*[M(gyOJ gyi, tO)]?)n * [M(g$0, gry, to)]3n * [M<gz()7 gzi, to)]3"

m—2

s - -x[M(gyo, gy1, t0)]*" " *[M (g0, g1, )" *[M (920, 921, t0)]?

= [(M (g0, gy1,10))2 2" 77" s [(M (g0, gy, to)2]¥" G771

*[(M(ga, gz, t0>)%]3n—1(3m_n71)

2 (1= p) s (L= p)* s (1= p)

>1-A
which implies that

Mgz, grm,t) > 1= A, (4.2.16)

for all m,n € N with m > n > ng and t > 0. So {g(z,)} is a cauchy sequence. Similarly,
we have {g(y,)} and {g(z,)} are Cauchy sequences.
Step II: Here we shall prove that g and F have a tripled coincidence point. Since X is

complete, there exists x,y, 2 € X such that
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limp oo F' (T, Yny 2n) = limy 009 () = T,

limp oo F'(Zny Yny Tn) = limy009(2n) = 2,

Suppose F' and g are compatible, so we have
limnaooMQ]F(xm UYn,s Zn), F(gxna 9Yn, gzn)v t) =1,
llmn—)ooM(gF(y’m L,y Zn)7 F(gynv gy, gzn)7 t) = 1a

limp oo M(gF (Zn, Yny Tn)s F (9205 GYn, gzn), t) = 1.
vV t>0,
Now we prove that g($) = F(I,y,Z), g(y) = F(y,.T,Z) and g(Z) = F(Z7y7‘r>

Now by condition (4.2.11) and (4.2.12), we have
M(gz, F(z,y,2),¢(t)) = M(g9ni1, F(z,y, 2), ¢(kit)) * Mgz, ggani1, ¢(t) — ¢(kat))
= M(gF (@0, Yn, 2n), F(2,y, 2), (k1)) xM (g2, ggns1, (t) —¢(krt))
> M(gF(@n; Yn, 20), £ (920, GYn, 92n), S(kit) — ¢ (kat))
*M(F(gn, gyn, 92n), F(2,y, 2), ¢(kat))
*M (g2, 99Tni1, (1) — d(kit))
= M(gF (@0, Yn, 2n), F (90, GYn, 92n), d(kit) — d(kat))
*M (gg:n, g, kat) * M(ggyn, gy, kat)

*M(ggznv gz, th) * M(QI, 99Tn41, ¢(t> - (b(klt))a
V 0 < ky < ky < 1. Since g is continuous and {g, F'} are compatible pair and letting
n — 0o, then we have M (gz, F(z,y,2),$(t)) > 1, implies gx = F(x,y, 2).

Similarly we can get gy = F(y,x, z) and gz = F(z,y, ).
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Hence we have shown that F' and g have triple coincidence point.

As an immediate consequence of the above theorem, we have the following corollaries:
Corollary 4.2.1.2 Let (X, M, *) be a complete FM - Space, where x is a continuous t
- norm of H - type satisfying (4.2.4). Let F': X x X x X — X and there exists ¢ € ®

such that

M(F(z,y,z2), Fuv,w),¢(t)) > M(x,u,t)* M(y,v,t) * M(z,w,t), (4.2.17)

for all z,y, z,u,v,w € X,t > 0. Then there exits z,y, z € X such that
x=F(z,y,2),y = F(y,z,2),z = F(z,y,x) i.e., F have a common tripled fixed point
in X.

Corollary 4.2.1.3([152]) Let a*b > ab for all a,b € [0,1] and (X, M, %) be a complete
FM - Space such that M has n - property. Let F': X x X x X — X and g : X — X be

two function such that

M(F(z,y, z), F(u.v,w), kt) > M(gx, gu,t) * M(gy, gv,t) * M(gz, gw,t),  (4.2.18)

forall x,y, z,u,v,w € X, where 0 < k <1, F(XxXxX) C ¢g(X) and g is continuous
and commutes with F.

Then there exists triple coincidence point (x,y, z) € X such that

g9(x) = F(z,y,2),9(y) = F(y,2,2),9(2) = F(z,9,2).

Now we are ready to give an example which validate our main theorem:

Example 4.2.1.4 Let X = [—-2,2],a*b=ab for all a,b € [0, 1]. ¢ is defined as (4.2.5).

Let
M(z,y,t) = ()],
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for all z,y € [0,1]. Then (X, M, %) is a complete FM - space.
Let ¢(t) =%, g(z) =z and F: X x X x X — X be defined as

_rty+z

F(x,y,z) = 1 Ve,y € X.

Thus F satisfies all the condition of Theorem 4.2.1.1, and the points (0,0, 0) are tripled
coincidence points of g and F.

It is easy to see that F(X x X x X) = [—%, %],

|lz—uty—v+z—w|

M(F(x,y, 2), F(u,v,w), () = [W(o(t)] (4.2.19)

For all ¢ > 0 and x,y € [—2,2]. The condition (4.2.17) is equivalent to

BN 2 o] o o) (4.2.20)
Since ¥ € (0,1), we can get
L e (0 R (IR (IR TR

)T > [w()] (4.2.22)

that is,

V(=) > [0Vt > 0. (4.2.23)

Now, we consider the following cases.
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Case 1: (0 <t < 4). Then (4.2.23) is equivalent to

aﬁ > (ay/(1)",

and it can be easily to verify.
Case 2: (t > 8). Then (4.2.23) is equivalent to

equivalent is

t t t t
AIn3t - In— —|—4Int-[n§ > [n4t+61n2t-fn§ +In§

since

hods for all ¢ > 8. So (4.2.23) holds for ¢ > 8.
Case 3: (4 <t < 8). Then (4.2.23) is equivalent to

for all x that 2In2 < xz < 3In2. We can verify it holds.

t t t t t t
In*t — 4In3t - In— — 4Int - In§ + 6In’t - In§ + ]n4§ —In*= 4 In- <0,

(4.2.24)

(4.2.25)

(4.2.26)

(4.2.27)

(4.2.28)

(4.2.29)

Hence it is verified that the functions F) g, ¢ satisfy all the conditions of Theorem 4.2.1.1
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and (0,0,0) are the triple coincidence point of F' and g in X.

4.3 Section 11

In this section, we recall the following definitions.
In 1984, Khan, Swaleh and Sessa ([110]) have introduced the concept of an altering

distance function in metric spaces in the following manner:

Definition 4.3.1 A function ¢ : [0,00) — [0,00) is an altering distance function, if
©(t) is monotone non-decreasing, continuous and ¢(t) = 0 iff ¢t = 0.

Now we introduce the notion of (f, g)-reciprocal continuity in Fuzzy Metric Space:

Definition 4.3.2 Let f and g be self-maps of a fuzzy metric space (X, M, *). The
maps f and g are said to be (f, g)-reciprocally continuous iff lim,, ., ff(z,) = fu and
lim, 0 g9(2,) = gu, whenever {z,} is a sequence in X such that lim, . f(z,) =

lim,, . g(x,) = u for some u € X.

In 1994, Mishra, Sharma and Singh [I118] have introduced the concept of compatible

maps in fuzzy metric spaces which follows:

Definition 4.3.3 Let f and g be self-maps of a fuzzy metric space (X, M, x). The maps
f and g are said to be compatible if lim,, .. M (fg(z,),gf(x,),t) = 1, whenever {z,}
is a sequence in X such that lim,,_, f(z,) = lim, o g(x,) = u for some v € X and for

all t > 0.

In 1996, Pathak, Cho, Chang and Kang([71]) introduced the concept of compatible
maps of type (P) in metric spaces and given its relationship with compatible maps and

compatible maps of type(A) in metric spaces introduced by Jungck [53] and Jungck,

83



Murthy and Cho [50], respectively.

According to this notion, we give the following definition:

Definition 4.3.4 Let f and g be self-maps of a fuzzy metric space (X, M, *). The
maps f and g are said to be weakly compatible of type (P) iff there exists a se-
quence {z,} in X such that lim, , f(z,) = lim, s g(x,) = u for some u € X and

limy, oo M(ff(22), 99(z,),t) =1, for all t > 0.

Here we observe the following result:

Proposition 4.3.5 Let f and g be self maps of a fuzzy metric space (X, M, *) and let
the pair be (f, g)-reciprocally continuous maps. Then f and g have a coincidence point

iff they are weakly compatible maps of type (P).

Proof. (If part) Suppose that f and g have a coincidence point, say u. If we consider

a sequence {x,} in X such that x,, = u for all n > 0, then we have

lim, oo f(zn) = fu =2z = gu = lim,_, g(z,),
for some z € X.
Since f and g are (f,g)-reciprocally continuous maps, then lim, . ff(z,) = fu and
lim,, o g9(x,) = gu. This implies that lim,, oo M (f f(2,), 99(x,),t) = M(fu,gu,t) =1
and therefore, f and g are weakly compatible maps of type (P).
(Only if part) Now, assume that f and g are weakly compatible maps of type (P).
Corresponding to a sequence {x,} in X such that lim, .. f(z,) = lim,_ 0 g(z,) = u

for some u € X and using (My) of Definition 4.1.3, we can write

M(fu, gu,t) = M(fu, ff(2n), 5)xM(f f(2n), 99(xn), 5)xM (99(zn), gu, 5)-

Taking n — oo, we get

M(fu, gu,t) > iy, oo M(ft, ££(20), L) % iy oo M(££(20), g9Tn, L)
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s 1imy 00 M(99(70), gu, 5),
which implies, since f and g are (f, g)-reciprocally continuous and weakly compatible

maps of type (P), that M(fu,gu,t) = 1. Therefore, f and g have a coincidence point.

Gopal and Imdad ([38]) studied the concept of sub-compatible maps in fuzzy metric
spaces. Subsequently, Murthy and Tas discussed and utilized it in ([126]). We recall
that this concept was initially introduced by Bouhadjera and Thobie ([63]) in metric
spaces to weaken the notion of occasionally weakly compatible maps ([113]) and weak

compatible maps [57]. On this topic, we ask the reader to see [36, 39, 119].

Definition 4.3.6 Let f and g be self-maps of a fuzzy metric space (X, M, x). The maps
f and g are said to be sub-compatible iff there exists a sequence {z,} in X such that

limy, 00 f(2,) = lim, o g(2,) = u for some u € X and

nh_{go M(fg(l‘n),gf(xn),t) =1,
for all £ > 0.

Now, we give some illustrative examples of sub-compatible and ( f, g)-reciprocally con-

tinuous maps with coincidence point and without coincidence point.

Example 4.3.7Let X = [0,00) and M(z,y,t) = m, for all z,y € X and t > 0.
Define f,g: X — X by

z?,  ifzxel0,1) x, if z €10,1)
f(z) = and g(x) =
2z, ifxe[l,00) r+1, ifzell, o)

Let {z,,} be a sequence in X such that {z,} =1 — -5 for all n > 0. Then, we have

limy, o0 f(2n) = limy, o0 g(2) = limy, 00 fo(z,) = lim, 0 gf (z,) = 1
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and

limy, o0 M(fg(xn), 9 (2n),t) = 1.
Therefore, the maps f and g are sub-compatible.
On the other hand the maps f and g are not compatible. In fact, let {z,} be a se-
quence in X such that {z,} = 1+ - for all n > 0. Then, we have lim, .o, f(7,) =

n+1?

lim, o g(x,) = 2, lim,, o fg(x,) =4, lim,, o gf(z,) = 3 and so

t

Example 4.3.8 Let X = R and M(z,y,t) = m, for all z,y € X and ¢ > 0. Define
fig: X — X by

5, ifz e (-o0,1) r+1, ifze(—o0,1)
fz) = and g(z) =
z, ifxel,o00) 20 —1, ifzell,o0)

Let {x,} be a sequence in X such that ,, =1+ %, for all n > 1. Then, we have

limy, o0 f2n) = limy, o0 g(2,) = limy, 00 fg(x,) = limy, o0 gf (2,,) = 1

and

lim,, o0 M(fg(xn)agf(xn)at) =1
Therefore, the maps f and g are sub-compatible.
On the other hand, the maps f and ¢ are not compatible. In fact, let {z,} be a

sequence in X such that {z,} = % — 2, for all n > 1. Then, we have lim,,_,, f(x,) =

lim, 00 g(x,) = —1, lim,, oo fg(z,) = —%, lim,, 0 gf(x,) = 0 and so
lim M t) = t 1
Jim M(fg(xn), 9f (@n),t) = 1 7 -
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It is easy to show that f and g are (f, g)-reciprocally continuous maps with coincidence
point x = 1 (that is also a common fixed point of the pair (f,¢)) and this implies that

f and g are weakly compatible maps of type (P).

Example 4.3.9 Let X = [0,00) and M(z,y,t) = m, for all x,y € X and ¢t > 0.
Define f,g: X — X by
1+x, ifzel0,1); 11—z, ifze|0,1];
f(z) = and g(z) =
z, if x € [1, 00); 20 —1, ifz e (1,00).

Notice that f and g are discontinuous. Let {z,} be a sequence in X such that {z,} =

1+ n%l, for all n > 0. Then, we have

and

lim,, o0 M(fg(xn)a gf(xn)> t) =L
Therefore, the maps f and g are sub-compatible.
On the other hand, the maps f and g are not compatible. In fact, let {x,} be a sequence

in X such that {z,} = %, for all n > 1. Then, we have lim,, ,, f(z,) = lim, o g(z,) =

1, limy, oo fg(x,) = 2, lim, o gf(z,) = 0 and so

t

It is easy to show that f and g are (f, g)-reciprocally continuous maps without a coin-

cidence point. Therefore, f and g are not weakly compatible maps of type (P).

87



4.3.1 Main Results

Before entering into our theorem and its proof, We need the following definitions given

by Gopal and Imdad([9]) in fuzzy metric spaces.

Definition 4.3.1.1 Let (X, M, %) be a fuzzy metric space and f,g : X — X be given
maps. The map g is called a generalized (p,1))-weak contraction with respect to f if
there exists a function ¢ : [0,00) — [0,00) with ¥(r) > 0 for » > 0 and ¥(0) = 0 and

an altering distance function ¢ such that

4 (m - 1) < (m(; Pl 1) — (m&? e 1) (4.3.1)

holds for all z,y € X and each ¢ > 0 with

m(f,g) = min{M(fz, fy,t), M(gz, fz,t), M(gy, fy,t)}.
If f = Ix, where Ix is the identity map, then g is called a generalized (¢, 1))-weak
contraction.

Theorem 4.3.1.2 Let f,g : X — X be (f,g)-reciprocally continuous self-maps of a

fuzzy metric space (X, M, *) such that

L g(X) € J(X),
2. one of f(X) and g(X) is a G-complete subset of X,

3. g is a generalized (¢, 1)-weak contraction with respect to f.

If f and g are sub-compatible maps and v is a continuous function, then f and ¢ have
a unique common fixed point in X, that is, there exists u € X such that u = fu = gu.

Proof. Let 2 be an arbitrary point in X. Since g(X) C f(X), we can define, for each
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n > 0, a sequence of points xg,x1,Z2,...,%y,,..., such that x,,; is in the pre-image

under f of {g(x,)}, that is, g(xo) = f(x1),9(x1) = f(x2),...,9(zn) = f(Tps1),... for

every n > (0. Moreover, we can define a sequence y,, in X by
Yn = g(zn) = f(xpg1), forall n>0. (4.3.2)

Suppose that ¥, = y,+1 for some n. Then by condition (4.3.1) we have easily y,11 = Ynio
and S0 Y., = Y, for every m > n. Thus the sequence {y,} is Cauchy sequence. Assume

that y,.1 # yn, for all n > 0. Then, for x = z,,1 and y = z,,, we have

m(f,g) = min{M(f(zny1), f(2n),t), M(g(Tn11), f(Tni1),t), M(g(xn), f(zn), 1)}

= min{M(ym Yn—-1, t)’ M(yn+1> Yn, t), M(ym Yn—1, t)}

NOW7 if m(fa g) = M(yn+17 Yn, t)a we obtain

"”(M<g<xn+11>,g<xn>,t>‘1) - @(m‘l)

1 1
S 4 (M<yn+17ymt> - 1) B w <M(yn+17ymt) - 1>

which implies that M (Y11, yn,t) = 1, a contradiction as y,+1 # y, for all n.

Then, we must have m(f, g) = M (yn, Yn_1,t) and hence

1 1 1
S —— S ) [y
4 (M<yn+1aymt> 1) S 4 (M(ynlaymt) ) w <M(yn17yn7t) )

1
< —— — 1.
4 (M(ynvyn1>t> )

Consequently, considering that the ¢ function is non-decreasing, we have that

M(yn7yn+17t) > M(yn—lyy’mt)a for all n,

and hence {M (yn_1,yn,t)} is an increasing sequence of positive real numbers in (0, 1].
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Let S(t) = limy, 00 M (Yn—1, Yn,t). Now, we show that S(t) = 1, for all ¢ > 0. If not,

there exists ¢ > 0 such that S(t) < 1. Then from the above inequality, on taking n — oo,

()=o)~ (sm )

and arrives at a contradiction. Therefore M (y,, yn+1,t) — 1 as n — oo.

we obtain

Now, for each positive integer p, we write

t t t
M(yna Yn+p» t) Z M<yna Yn+1, ]_9) * M<yn+17 Yn+2, ]_)) koeee ok M(yn+p717 Yn+p, 2;)
It follows that

Im M(yn, Ynip,t) > 1xls---x1l=1,

n—oo

and hence {y,} is a G-cauchy sequence.
Since f(X) is G-complete, then there exists u € f(X) such that y, — u as n — 0.

Clearly,

lim y, = lim g(z,) = lim f(2,41) = u.

n—o0 n—o0 n—00
Now, (f, g)-reciprocal continuity of f and g implies that f f(x,) — fu and gg(z,) — gu,
as n — oo. From ff(x,) — fu, by construction of the sequence (4.3.2), we have
fo(x,) = ff(xni1) = fu, as n — 0o. On the other hand, sub-compatibility of f and g

yields lim, oo M (fg(zn), gf(x,),t) = 1 which implies that ¢gf(x,) — fu. Now, taking

x=uand y= f(x,), we get

m(f,g) = min{ M (fu, f f(2n), 1), M(gu, fu,t), M(gf(zn), ff(2n), 1)}

—> M(.gu? fu7 t)?

as n — oo. Now, by

1 1 1
¥ <—M<gu,gf(rn>,t> - 1) S¢ <—m<f,g> - 1) —v <—m<f,g> - 1) )
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on taking n — oo, we get M (gu, fu,t) = 1, which implies that gu = fu. It means that
u is a coincidence point of f and g.

Now, we shall show that w is also a common fixed point of f and g. For this we assert
that gu = u, and so gu = v = fu. On the other hand, if gu # u, then taking z = u and

Yy = x,, we have

m(f,g) = min{ M (fu, f(zn),t), M(gu, fu,t), M(g(za), f(2n), 1)}

It follows that m(f,g) — M (gu,u,t), as n — oo.

Now, by

7 (M(yu,;m)?t) - 1) = (ﬁ - 1) - (molf 9 1) |

on taking n — 0o, we get

“’(m*)S (m‘l)‘@”(mﬂ’

which implies gu = u. Therefore fu = u = gu and hence u is a common fixed point of
f and g.
For uniqueness of a fixed point, we shall assume that z be another common fixed point

of f and g. Then, by putting x = v and y = 2z, we have

m(f.g) = min{M(fu, fz,t), M(gu, fu,t), M(gz, f2,1)}
= min{M(u, z,t), M(u,u,t), M(z,z,t)}

= M(u,z,t).

Consequently

91



1 1
¥ (M(gu,gz,t) - 1) =@ (M(u,z,t) - 1)

1 1
S ¥ <M(u,z,t) - 1) - ¢ (M(u,z,t) - 1) ’
which implies M (u, z,t) = 1, that holds if and only if u = z. Therefore u is a unique
common fixed point of f and g.

Example 4.3.1.3 Let X = [0, 1] and M (z,y,t) = forall z,y € X,t > 0. Define

_t
t+lz—y|
@, 1 :[0,00) = [0,00) by ¢(t) =t and ¢(t) = £, for all ¢ > 0. Define also f,g: X — X
by

L ifzel0,];

f(z) = g for all z € [0,1] and g(z) = v

0, ifze(3,1]
Let {x,} be a sequence in X such that x, = %, for all n > 1. Then, we have

lim f(z,) = lim g(z,) = lim fg(z,) = lim gf(z,) = lim ff(z,) = lim gg(z,) =0

n—0o0

and

Tim M(fg(zn), gf(wn), 1) = 1.

Therefore, the maps f and g are sub-compatible. It is easy to show that f and g are
(f, g)-reciprocally continuous and satisfy the contractive condition (4.3.1). Thus, all the
hypotheses of Theorem 4.3.1.2 hold and x = 0 is a unique common fixed point of f and
g.

Remark 4.3.1.4 Theorem 4.3.1.2 extends and complements the related results of ([30])

and references therein.

4.3.2 Cyclic (p,1)-Weak Contaction

In 2010, Pacurar and Rus ([115]) introduced the concept of cyclic ¢-contraction and

proved a fixed point theorem for cyclic ¢-contraction in complete metric spaces. Later
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Gopal, Imdad, Vetro and Hasan([10]) introduced the notion of cyclic weak ¢-contraction

in fuzzy metric spaces. For other results in partial metric spaces one can refer to [28].

Definition 4.3.2.1([115]) Let X be a nonempty set, m be a positive integer and g :

X — X an operator. By definition, X = |J X; is a cyclic representation of X with
i=1

respect to g if

(i) X;, i =1,2,...,m are nonempty sets,

(11) g(Xl) C XQ, e ,g(Xm_l) C Xm,g(Xm) C Xl.

Example 4.3.2.2([10]) Let X = R. Assume A} = A3 = [-2,0] and Ay = A4 = [0,2],

4
so that Y = |J A; = [-2,2]. Define g : Y — Y such that g(z) = —%, forallz € Y. It is
i=1

4
clear that Y = J A; is a cyclic representation of Y.
i=1

Results in[10] inspired us to introduce the notion of cyclic weak (¢, 1)-contraction in

fuzzy metric spaces.

Definition 4.3.2.3 Let (X, M, ) be a fuzzy metric space, Aj, As, ..., A, be closed
subsets of X and Y = (J A;. An operator g : Y — Y is called a cyclic weak (p,1))-
i=1

contraction if the following conditions hold:

m
(i) Y = U A; is a cyclic representation of Y with respect to g;
=1

1=

(ii) there exists a function ¢ : [0,00) — [0, 00) with ¢(r) > 0 for r > 0 and (0) =0

and an altering distance function ¢ such that

(g ~) = (v 1) (g 1) 099

forany z € A;, y € Ajq (1 =1,2,--- ,;m, where A,,.1 = Ay) and each ¢ > 0.
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Now, we develop the following result.

Theorem 4.3.2.4 Let (X, M,x) be a fuzzy metric space, Aj, As,..., A, be closed

subsets of X and Y = (J A; be G-complete. Suppose that there exists a continuous
i=1

function ¢ : [0,00) — [0,00) with ¥(r) > 0 for 7 > 0 and ¥(0) = 0 and an altering

distance function . If g : Y — Y is a continuous cyclic weak (¢, ¥)-contraction, then

¢ has a unique fixed point u € () A;.
i=1

Proof Let 7o € Y = |J A; and set x,, = gz,_1 (n > 1). Clearly, we get M (z,,, xp11,t) =
i=1

M(g(xn-1),g(xy),t) for any t > 0. Besides for any n > 0, there exists i,, € {1,2,...,m}

such that z,, € A;, and z,41 € A;,+1. Then by (4.3.3), for ¢ > 0 we have

7 (M@n,iml,w - 1) - ¥ (M<g<xn11>,g<:cn>,t> - 1)
=¥ (M<xn_11,xmt> - 1) v (Mm_ll,xmt) - 1)

< o (M (xn_lh - 1) | (4.3.4)

It implies that M (x,, x,11,t) > M (2,1, 2,,t) for all n > 1 and so {M(x,_1,,,t)} is

a non-decreasing sequence of positive real numbers in (0, 1].

Let S(t) = lim M(zp_1,2n,t). Now, we show that S(¢) = 1 for all £ > 0. If not, there

n—oo

exists some ¢ > 0 such that S(¢) < 1. Then, on making n — oo in (4.3.4), we obtain

()= ()~ (s )

which is a contradiction. Therefore M (x,,, x,11,t) = 1 as n — oo.

Now, for each positive integer p, we have

M(xm anrp? t) Z M(l‘n, Tn+1, t/p) * M(anrla Tn+2, t/p) koeee Xk M(anrpfl; xn+p7 t/p) It
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follows that

lim M(x,, Zpip,t) > 1kl -x1=1,

n—oo

and hence {z,} is a G-Cauchy sequence.

Since Y is G-complete, then there exists z € Y such that lim z, = z. On the other

n—oo

hand, by the condition (i) of Definition 4.3.2.3, it follows that the iterative sequence {z,,}
has an infinite number of terms in A; for each ¢ = 1,2,...,m. As Y is G-complete, from
each A;, i =1,2,...,m, one can extract a subsequence of {x,} that converges to z. In

m
virtue of the fact that each A;, i =1,2,...,m, is closed, we conclude that z € [ A; and
i=1

so () A; # (. Obviously, () A; is closed and G-complete. Now, consider the restriction
i=1 1=1

of gon () A, ie., g| ) Ai: () A — () A; which satisfies the assumptions of Theorem
i=1 i=1 i=1 i=1

m m
(4.3.1.2) and thus, g| (] A4; has a unique fixed point in [ A;, say u, which is obtained
i=1 i=1
by iteration from the starting point xy € Y. To this aim, we have to show that z,, — u
as n — oo, where x, = gr,_1 (n > 1). We have proved that, for every zy € X, the

sequence {x,} converges to some z € X. Then, by (4.3.3), we have

1 1 1
¥ (M(mn,u,t) o 1) S ¥ (M(a:nfl,u,t) - 1) - ¢ <M($n71,u,t) o 1) '

Now, letting n — oo, we get

1 1 1
¥ (M(z,u,t) B 1) < ¥ (M(z,u,t) o 1) o ¢ <M(z,u,t) - 1)
which is a contradiction if M (z,u,t) < 1, and so, we conclude that u = z. Obviously, u

is a unique fixed point of g.

Remark 4.3.2.5 Theorem 4.3.2.4 extends and generalizes the related results of ([15,

, 43]) in fuzzy metric spaces via cyclic weak (¢, 1))-contraction.

Example 4.3.2.6 Let X = R and M(x,y,t) = m, for all z,y € X,t > 0. Assume
A=Ay =---=A,=101],sothat Y = [JA4; = [0,1] and define g : Y — Y by

=1
g(x) = %2 for all # € Y. Furthermore, if ¢, % : [0,00) — [0, 00) are defined by 9(s) = §

95



and ¢(s) = 5 for all s > 0, we have

1 2% — |
o7 1) = 0
M(gz, gy,t) 8t

=) G 1)

Clearly, g is a cyclic weak (¢, ¥)-contraction and all the conditions of Theorem (4.3.2.4)

IN

are satisfied. Therefore g has a unique fixed point 0 € [ A;.
i=1

4.4 Section III

Here we have proved common fixed point theorem of Presi¢ type mapping in Fuzzy
metric spaces which extends the results of George ([129]).

Now we shall introduced the concept of 2k - weakly compatible pair of maps. This
notion is analogous to the notion introduced by Rao, Kishore and Ali ([92]).
Definition 4.4.1 ([92]) Let X be a non empty set and T : X?* — X, f: X — X.(f,T)
is said to be 2k - weakly compatible pair, if f(T'(p,p,---,p)) =T (fp, fp, -, fp) when-
ever p € X such that fp="T(p,p, - ,p).

4.4.1 Main Results

Consider a function ¢ : [0, 1]** — [0, 1] such that:
(1) ¢ is an increasing function, i.e.,
1 <Y1, T < Yo, 0, Top < Yo implies d(ar, 2o, -+, o) < (Y1, Y2, 0, Yok)-
(17) o(t,t,t,---) >t forallt € X.

(i7i) ¢ is continuous in all variables.
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Now we prove our main theorem:

Theorem 4.4.1.1 Let (X, M, *) be a Fuzzy Metric space, k is a positive integer and

S, T:X%* — X, f: X — X be mappings satisfying

M(S(x1, g, -+, Tog—1, Tag), T(T2, T3, - -+, Tok, Tag+1), qt) > H{M (fxy, frizr,t) 1 1 <i <2k}
(4.4.1)

for all xq, 9, -+ ,xory1 in X,0 < ¢ < % and t € [0, 00)

M(T(y1,y2, - Yok—1,Y2k), S(Y2, Y3, s Yors Yokt1), qt) = HAM (fyi, fyiva,t) : 1 < i <2k}
(4.4.2)

for all y1,¥2, -+, yor1 in X,

M(S(u,u,--- ,u), T(v,v, - ,v),qt) > M(fu, fo,t),Yu,v € X with (u#v)
(4.4.3)
Suppose that f(X) is complete and either (f,S) or (f,7T) is 2k - weakly compatible
pair.

Then there exists a unique point p € X such that

fp=p=Smp,---,p)=T(p,p, - .p).

Proof Suppose x1,z9, - - - , xo, are arbitrary points in X and for n € N.
Define f(zoryon-1) = S(Ton—1, Ton, T2nt1, "+, Tonpok—2) and
f($2k+2n) = T(xzm Lon+1; L2an+2, " * - ,I2n+2k—1)-

Let a,, = M(f (), f(Tni1), qt).

Claim: a,, > (3= 0r)? for all n € N,

1 2(1 2k (]
Whereez%,and[(:mm{e( +\/O‘_1)79( +\/Oé_2)’_“’9 (14 /o)
! L—ya ' 1 ym 1= Jan

K—o
K+0”)2 for n=1,2,---,2k.

By selection of k we have a,, > (

Now
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Qo1 = M(f(22r41), f(Tort2), qt)

== M(S($1a XToy* - 7x2k—1ax2k)a T(IQ,$3, s, T2k, $2k+1)7 qt)

> ¢{M(f<$2),f($l+1),t) ri=1,2,--- 72k} by (4'4'1)

= ¢{Of1,0&2, e aa2k—1aa2k}
K -6 K —6? K — §*-1 K — 0%
> 2 2 2 2
—¢{(K+81)7(K+82)7 7(K+82k_1)7(K+02k>}
K—92k K_92k K_QQk K_92k
Z¢{( 2}6)2’( 2k>2"” 7( 2k)27< 2k)2}
K+46 K+4 K+4 K+46
_ 02k
> (u)Q
K + 0%
 p2k+1
> (&)Q
K+02k+1
K_02k+1
Thus aggr1 > (W)Q

Similarly,
oo = M(f(2r+2), [(T2r43), t)
= M(T (22,23, -+ , Tok, Top1), S(T3, Ta, - -+, Tant2), q1)
> {M(f(x;), f(xiz1),t) :i=2,3--+,2k+1} by (4.4.1)

= ¢{a;:i=2,3,---2k+1}

K—92 K—93 K_92k K_92k+1

Z¢{<K+02)27(K+03)2?"' 7(K+92k)2’(K+92k+1>2}

- ¢{<K—02k+1)2 K_02k+1 > (K_82k+1)2 K_92k+1)2}
— K+92k+1 ) K+62k+1 ) ’ K+62k+1 ) K+62/€+1

K — 92kz+1 )
2 (K+02k+1)
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K _ p2k+2

2
> ( K+ 92k+2)
K — p2k+2

2
( K + 62k+2>
Hence the claim is true.

Thus agpi2 >

Now, by claim for any n,p € N, we have

M), f (Enin)ot) = M(F(0), f(nis)s o) % M (), f(Ens), o)

2

t
¥k M(f(xn+p—l)> f($n+p), ﬁ)
Z O * Qlpqq % -0 % Qnip—1

_on __92n __onp
> (R (B2 (2
K+2) " Kt K +2m

—1*x1%x---%x1 as n — oo.

Hence {f(z,)} is Cauchy sequence. Since f(X) is a complete then there will exists z in
f(X) such that lim, , f(x,) = z. There exists p € X such that z = fp. Then for any

integer n, using (4.4.1) and (4.4.2), we have
M(S(p,p,p--- . p), [ 1) = limn o M(S(p,p, -+ D), [ T2t 261, 1)
= lim, oo M(S(p,p, -+ ,p), S(T2n_1,Ton, " ** , Tont2k—2), 1)
> limy, o0 M(S(pp, -+, 0). T(p, P+ @20-1) 5)
S M(T(p,p, -+ Tan1), S(D, P+ - Tan1, Tan), ) # - -
*M(T(p, Loan—1,""" ,$2n+2k—3), S(!EQn—l, Lon, * " ,$2n+2k—2), %%1)
> limy o0 {M (fp, fp. t), M(fp, f,1), -+, M(fp, fran-1,1)}
*{ M (fp, fp, 1), M(fp, fp, 1), M(fr2n—1, fr2n,1)}

% - - .ok gb{]\/[(fp’ fx2n717t)7 M(fiCanl, fx2n7t)7
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oo M(fronton—3, fTongon—2,t)} — 1,

ie, M(S(p,p,---,p), f(p),t) =1 andso c(f,T)# ® where ¢(f,T) denote the set of
all coincidence points of the mappings f and 7.

So that

S(p.p,---p)=fp (4.4.4)

Consider

M(f(p),T(p,p, 7p)7t) = M(S(p,p, 7p)7T<pap:"' ,p),t)

Thus

T(p,p, - p) = f(p) (4.4.5)

Now suppose that (f,S) is 2k - weakly compatible pair. Then we, have

f(S(p,p,---,p) = S(f(p), f(p),---, f(p))

)= f(f(p)) = f(Sw,p, - ,p)) = S(f(p), f(p),- -, f(p)):
Suppose that f(p) # p. Then from (4.4.3), we have

M(fQ(p>,f(p),t) = M(S(f<p)7f(p)7 T 7f(p))7T(p7p7 T 7p)7t)

> M(f2*(p), f(p),t).

It is a contradiction.

Therefore f(p) = p. Now from (4.4.4) and (4.4.5), we have
fp)=p=>5pp,--,p)=Tp,p,--p)
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Uniqueness of p:

Suppose there exists a point ¢ # p in X such that

fla)=q=5(q.9,--,0) =T(q,q,--- ,q)

Consider

M(f(p), f(q).t) = M(S(p,p,---,p),T(q,q,--- ,q)1)
Z ¢{M(f<p)af(Q)vt)’M(fO?)af(Q)vt)’"' 7M(f(p)vf(Q)7t)}

> M(f(p), f(q),1).

It is a contradiction. Therefore p = q.

When S =T and 2k is replaced by k in main theorem, we get the following corollary.

Corollary 4.4.1.2 Let (X, M,*) be a FM - space, k is a positive integer 7' : X* —

X, f: X — X be mappings satisfying

M(T(xq, 29, ,xx), T(x9, 23, ,xpy1, qt) = H{M(f(x;), f(wiz1),t) : 1 < i <2k}

for all z1, 29, -+ ;211 in X,0< ¢ < % and t € [0, 00)

M(T(u,u, - u),T(v,v,---,v),qt) > M(f(u), f(v),t),Vu,v € X with u#v

Suppose that f(X) is complete and (f,T) is k - weakly compatible pair. Then there

exists a unique point p € X such that f(p) =p=S(p,p,---,p) =T(p,p, - ,p).
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CHAPTER 5

PERIODIC POINTS IN A COMPLEX VALUED METRIC
SPACE

5.1

In this chapter, first we shall introduce the concept of complex valued metric space by
modifying the same introduced initially by Azam, Fisher and Khan([]). As an appli-
cation of these concepts, we shall construct a theorem and its application in integral
equations.

The first result of this type was due to Sehgal([160]) and his result was generalized by
Guseman([96]), Khanzanchi([101]), Rhoades and Ray([20]) and Murthy and Pathak([125]).
Complex Valued Metric Space:

Let X be a nonempty set and let p : X x X — C, where C is a set of complex numbers
in which ordering is not the same as in the set of real numbers. We recall some impor-
tant definitions, lemmas and theorems for our further study on common fixed points in
complex valued metric spaces.

Let C be a set of complex numbers and &, & € C. Define a partial order < on C which
follows:

The elements &1, & € C are partially ordered denoted by

&1 2 & = Re(6) < Re(&e), Im(&) < Im(&),

or
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§1 = & = Re(&1) < Re(&a), Im(&1) < Im(&2),

Two elements &;,& € C, and

& 2& (or & =&)

If one of the following conditions holds:

(i) Re(&1) = Re(&), Im(&:) = Im(&,),

(i) Re(&§1) < Re(&a), Im(&1) < Im(&2),
or Re(&) > Re(&2), Im(&1) > Im(&a),

(iii) Re(&) < Re(&2), Im(&) = Im(&s),
or Re(&1) > Re(&), Im(&) = Im(&,),

(iv) Re(&1) = Re(&2), Im(&1) < Im(&2),
or Re(&1) = Re(§2), Im(&1) > Im(&a)

In particular,

&1 356 (or & 7z &), if & # & and one of (i7), (i) and (iv) is satisfied.
We will also write & < & (or & = &), if (1) is satisfied.

Note that 0 X &1 3 & =] & <] & |,

For all &, &, &eC

§236,6<=§ <&

Definition 5.1.1 Let X be a nonempty set. Suppose that the mapping p : X x X — C,

satisfies

(CM;) 0 =< p(z,y) for all x,y € X and p(z,y) =0 if and only if z =y;
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(CMZ) p(l‘,y) = p(yax) for all T,y S X7

(CMs) p(z,y) = plx, 2) + p(z,y) for all z,y,z € X.

Then p is called a complex valued metric on X and (X, p) is called a complex valued

metric space.

Remark 5.1.2 For various examples on complex valued metric spaces refer ([1], [19],
[171)).

A point z in X is called an interior point of a set A C X if there exists 0 < r € C such
that

B(z,r)={y € X : p(z,y) <r} C A.
A point z of X is called a limit point of A, if there exists B(z,r) centered at x with ra-

dius r which contains at least one point of A other than z. i.e. (B(z,7)—{z})NA: # ¢.

A subset G of X is said to be open if each point of G is an interior point of G. A

subset B of X is said to be closed if each limit point of B is in B.

The family F' = {B(z,7r) : x € X,0 < r} is a sub-basis for the Hausdorff topology
on X.

A sequence {z,} of X is said to be a convergent sequence and converges to a point
x € X, if for a given € € C with ¢ > 0, there exists a positive integer ng such that

p(xn, ) < € for all n > ny.

A sequence {z,} of X is said to be a Cauchy sequence, if for a given ¢ € C with

e = 0 there exists a positive integer ng such that p(z,,z,) < € for all m,n > ny.
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A complex valued metric space (X, p) is said to be complete, if every Cauchy sequence

in X is a convergent sequence.

Lemma 5.1.3 Let (X, p) be a complex valued metric space and let {x,} be a sequence

in X. Then {z,} converges to z if and only if | p(z,,z) | = 0 as n — 0.

Lemma 5.1.4 Let (X, p) be a complex valued metric space and let {x,} be a sequence

in X. Then {z,} is a Cauchy sequence if and only if | p(x,, Zpim) |— 0 as m,n — oco.

5.1.1 Main Results

We prove the following theorem in complex valued metric space.

Theorem 5.1.1.1 Let £ and F' be two self mappings of a complete complex metric
space (X, p) such that there exist positive integers p(z) and ¢(x) such that for each

T,y € X,

p(z) a(y)
p(EP®) gz F1W)y) < a(p(x,y))p(x, EP®x)p(y, F1Wy)
p(z,y) + p(z, FWy) + p(y, EF@)z)

+ B(p(x,y))p(z,y)  (5.1.1)

where «, 5 : C; — [0,1) such that for all z,y € X, a(z) + () < 1.

Then F and F' have a unique common fixed point in X.

Proof Let zg be an arbitrary point of X and define the sequence {z, }

EP@En-1)g,  when n is odd,
Ty = (5.1.2)
Fa@n-1g . when n is even
forn=1,2,3---

If xo, 41 = Xopyo, then {z,} is a Cauchy sequence.
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Now suppose that zg,11 # Ta,42 for each p(z) # q(y). Then

P(Toni1, Tonyo) = p(EPE) gy, FU@nt)g,

<~ _o(p(x2n; Ton+1)) p(T2n, BP0 20, p(wan i1, P12 29,,41)
= p(Tans Tont1) + p(xon, Fq(xz"“)xznﬂ) + p(Tant1, Ep(m")llfzn)

+ﬁ(p(x2m x2n+1))p(x2m $2n+1)

= Oé(ﬂ(l’2m 372n+1))p(332n, $2n+1)l)($2n+1, 56'2n+2)
= p(@on, Tont1) + p(T2n, Tanta) + p(Tont1, Tont1)

+B8(p(T2n, Tant1)) p(T2n, Toni1)

= Oé(p(i@m $2n+1))p($2n7 332n+1) + B(P(%n, $2n+1))0($2n, 932n+1),
since p(Toni1, Tant2) = P(Ton, Tante) + p(T2n, Toni1))-

Or equivalently

P(Toni1, Tonta) = 6(p(Ton, Tont1))p(Tan, Tant1), (5.1.3)

where 6 = a + [ < 1.

Similarly, replacing x by x9,.2 and y by xs,.3, we have

p($2n+2, $U2n+3) = Oé(ﬂ($2n+17 I2n+2)) + 5(P($2n+1, $2n+2)),0($2n+1, 372n+2)7

or equivalently

P(Ton+2, Tants) = 6(p(Tant1, Tant2)) P(Tont1, Toant2) (5.1.4)
where 6 = a+ [ < 1.

From (5.1.3) and (5.1.4), we have

p(xna xn+1) j 5(p<xn717 xn))p(lhnfla xn)
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for all n € N, which implies that

| p(n; na) [ < [(p(en—s2)) || p(En—1; ) | < | plan,0) | - (5.1.5)

Therefore {p(zn—1, %) tnen is monotonically decreasing and bounded below.
Hence | p(z,—1,,) |— d for some d > 0.
To prove that d = 0, we shall assume d > 0. Taking the limit as n — oo in (5.1.5), we

have

| 5(p(zp-1, 7)) |— 1.

Since § €A, | p(xy_1,x,) |— 0, is a contradiction. Therefore, we have d = 0.

Now, we shall show that the sequence {z,} is a Cauchy sequence. It is easy and enough
to show that {zo,} is a Cauchy sequence.

Since X is complete, every Cauchy sequence in X is convergent and converges to a point
u (say) in X.

Suppose F'(u) # u. Then from (5.1.1), we have
p(:l:‘2n+1’ F‘I(u)u) = p(Ep($2n)x2n’ Fq(u)u>

< a(p(x%’“ U/)),O(.IQ,,” E’p($2n)x2n)p(u7 Fq(u)u)

+6(p<x2n7 u))p(xgn, u)

Letting n — oo in the above inequality, it follows that | p(u, F9 ™) |— 0.

Thus F9™y = v. Similarly we can show that EP®y =« and so u is a periodic point of
E and F.

Now we shall show that this point is unique. If possible, let v be another periodic point

of E and F. i.e. EP®Wy =y and F1y = v. Then
p(u,v) = p(EPOy, Fiy)
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< _alplu, v))p(u, B*u)p(v, F1)v)
= p(u,v) + p(u, F*) + p(u, B u)

+6(p(u, v))p(u, v)

and so

p(u,v) = B(p(u,v))p(u,v)

which implies that u = v, since 0 < B(p(u,v)) < 1).

Hence u is a unique periodic point of E and F.

Now Eu = EEPWy = EP®W E(u) implies that E(u) is a periodic point of £. From the
uniqueness of u.F(u) = u. Similarly, F'(u) = u. Hence, u is a common fixed point of F
and F.

This completes the proof.

Theorem 5.1.1.2 Let £ and F' be two self mappings of a complete complex metric
space (X, d) such that there exists positive integers p(x) and ¢(x) such that for each

r,y € X,

pz, EP®z)p(y, F1¥y)
p(x,y) + plx, F1Wy) + p(y, EP

p(E"@) g, F1Wy) < o @) © Bp(z,y) (5.1.6)

where a, 5 > 0 and a + 3 < 1.

Then E and F' have a unique common fixed point in X.

Proof Let o be an arbitrary point of X and define the sequence {x,}

EP@En-1)g . when n is odd,
Ty, = (5.1.7)

Fa@n—1)g . when n is even

formn=1,2,3---.

If x9, 411 = Topyo, then {z,} is a Cauchy sequence.
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If not let 9,11 # Tan42 for each p(z) # q(y). Then

P(Toni1, Tonio) = P(Ep(m")%m Fq(m"“)%nﬂ)

< p(Ton, BP@2) 20 Y p(@9p 41, F1 @225 1)
T p(@2n, Tant1) + p(Ton, Fq(x2"+1)$2n+1) + p(T2nt1s Ep(x2n)$2n)

+B8p(T2n, Tant1)

< ,O(ZUQm$2n+1)0($2n+1,352n+2)
—  p(@on, Tani1) + p(Tan, Tont2) + p(T2n41, Tant1)

+5P(w2na x2n+1)>

since

P(Tont1, Tanta) = p(Ton, Tanta) + P(Tan, Tont1))

and so

P(Toni1, Tanto) = (a+ B)p(Tan, Tont1)-

Thus, for any m > n,
P(Tns ) =2 p(Tn, Tg1) + P(Tngrs Tnga) + 0+ p(Tm1, Tin)

j <5n + 5n+1 + 5n+2 4+t 6m—1)p(x0’x1)
and so
57’L

1—_5 | d(CC(),ZL‘l) |—> 0

| p(Tny ) |<
as m,n — oo, where § = o+ < 1. This implies that {z,,} is a Cauchy sequence in X.
Since X is complete, every Cauchy sequence in X is a convergent and so the sequence

{z,} converges to a point u in X.

Suppose F(u) # u, then from (5.1.6), we have

p($2n+17 F(u)u) = p(Ep(xzn)xQH, Fq(u)u)

P(Z2n, Ep(mn)m%)P(ua Fq(u)u)

<o
(p(ana u) + p(fbgn, Fq(U)u) + p(u, Ep(mn)xQn))

+ 50(172717 U)
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Letting n — oo in the above inequality implies that | p(u, F®u) |— 0. Thus F("y = u.

Similarly we can show that £y = u and so u is a periodic point of E and F.

Now we shall show that this point is unique. Suppose if possible that v is another
periodic point of £ and F. i.e. E®y =u and F®v = v. Then
plu,v) = p(EPu, Filo)y)

pu, E"u)p(v, F*v)
p(u, v) + p(u, F10) + p(u, E"“u)

- BP(U, U)?

which implies that u = v, since 8 < 1. Hence u is a unique periodic point of £ and F.

<«

+ Bp(u,v)

Now Eu = EEPMqy = EPM E(u) implies that E(u) is a periodic point of E. Then from
the uniqueness of u, we have F(u) = u. Similarly, F'(u) = u. Hence, u is a common fixed
point of £ and F.

This completes the proof of the theorem.

As an immediate consequence of the above theorems, we have the following corollaries:

Corollary 5.1.1.3 Let E be a self mapping of a complete complex metric space (X, p)

such that there exists positive integers p(z) and ¢(z) such that for each z,y € X,

p(EP(ﬂv)x EQ(y)y) < Oé(p(ZL‘, y))ﬂ(ffa Ep(x)x)p<y, Eq(y)y)

= (@ y) + pla, EOy) + ply, EX@x) + B(p(z,y))p(z,y)

where o, 8 : Cy — [0,1) such that for all z,y € X,a(z) + f(z) < 1. Then F has a

unique common fixed point in X.

Corollary 5.1.1.4 Let E be a self mappings of a complete complex metric space (X, p)

such that there exists positive integers p(z) and ¢(z) such that for each z,y € X,

p(z, Ep(x)x)p<y7 Eq(y)y)
p(z,y) + p(z, B1Wy) + p(y, Er@) )

p(EP@ g B1Wy) < o + Bp(,y)
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where «, § > 0 such that o + < 1. Then E has a unique common fixed point in X.

Corollary 5.1.1.5 Let E be a self mapping of a complete complex metric space (X, p)

such that there exists positive integer p such that for each x,y € X,

a(p(z,y))p(z, EPx)p(y, EPy)

p(EPx, EPy) <
( ) p(x,y) + p(x, Ery) + p(y, Erx)

+ B(p(x,y))p(r,y)

where o, 8 : Cy — [0,1) such that for all z,y € X,a(z) + f(z) < 1. Then F has a

unique common fixed point in X.

Corollary 5.1.1.6 Let E be a self mappings of a complete complex metric space (X, p)

such that there exists positive integer p such that for each x,y € X,

p(x, EPx)p(y, EPy)
p(z,y) + p(x, EPy) + p(y, EPx)

p(EPz, EPy) < a + Bp(x,y)

where «, f > 0 such that a + 8 < 1. Then E has a unique common fixed point in X.

Corollary 5.1.1.7 Let E be a self mapping of a complete complex metric space (X, p)

such that for each z,y € X,

a(p(z,y))p(r, Ex)p(y, By)

p(Ex, By) < p(z,y) + p(x, By) + p(y, Ex)

+ B(p(x,y))p(z,y)

where o, 8 : Cy — [0,1) such that for all z,y € X,a(z) + f(z) < 1. Then F has a

unique common fixed point in X.

Corollary 5.1.1.8 Let E be a self mappings of a complete complex metric space (X, p)

such that for each =,y € X,

p(z, Ex)p(y, Ey)
p(z,y) + p(z, By) + p(y, Ex)
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where «, f > 0 such that o + < 1. Then E has a unique common fixed point in X.

5.1.2 Application

As an application of the above result we shall construct the following:

Let X = C([a,b],R"), a>0andlet p: X x X — C be defined by
pla,y) = mazieiap) | 2(t) = y(0) oo VI+a® e
Consider the Urysohns integral equations

a:(t):/ Kt s, 2(s))ds + g(t), (5.1.8)

x(t) = / Ks(t,s,x(s))ds + g(t), (5.1.9)

where t € [a,b] CR,z,9,h € X and K, Kj:[a,b] X [a,b] x R" — R".

Suppose K7, K are such that F,, G, € X for all x € X, where

Fu(t) = /b Ku(t, s, 2(s))ds, (5.1.10)

G.(t) = /b Ky (t,s,z(s))ds (5.1.11)

for all t € [a, b].

If there exist two mappings «, [ : Cy — [0, 1] such that for all z,y € X the fol-

lowing hold:

(i) a(t) +B(t) <1;
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(ii) the mapping v : C4 — [0, 1] defined by ()=

(iii) || Fo(t) — Gy(t) + g(t) = h(t) [l VI+ a2 eitan'a

= a(maxieqn Az, y)(t) Az, y) + B(maxieqp Az, y) () B(z,y),

where

Az, y) (1) =] 2(t) = y(t) [loo VIF a2 eitn'a

and

B, y)(t) = | Fut) + g(t) — 2(t) [l || Gy(t) + B(E) — y(t) [l

I Fe(t) +9(0) —y(@) o+ 1 Gy(t) +h(t) —2(t) o+ d(z,y)
Then the system of integral equations (5.1.8) and (5.1.9) has a unique common solution.

Proof Define 5,7 : X — X by S(z) = F, + g and T'(z) = G, + h. Then

p(Sz, Ty) = max | Fu(t) = Gy () + g(t) = h(1) o VI+a? e'™ e,

t€la,b]

plw, Sx) = max || Fu(t) + g(t) = 2(t) oo VI+a® ™0,

tela,b]

ply, Ty) = max | Gy(t) + h(t) = y(t) lloo VI+a? e,

t€fa,b

p(y, Sx) = max | Fu(t) + g(8) — y(t) ||oo VI+ a2 et e

telab

)

gy

®

P(%T?J) - trél[aa}bc} || Gy<t> + h(t) — x(t) ||oo m itan_la.

Then we can easily see that for x,y € X,

o(Ex. Fy) < a plx, Ex)ply, Fy) 5

plx, y) + plx, Fy) + ply, Ex) + p(z,y).

By applying Theorem 5.1.1.1 we get the solution to (5.1.8) and (5.1.9) of Urysohn’s

Integral Equations which is unique.
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CHAPTER 6

COMMON FIXED POINTS FOR INTEGRAL TYPE
CONTRACTIVE CONDITION IN MENGER SPACES

6.1

In this section, we shall establish a fixed point theorem for integral type contraction
condition in the probabilistic metric space for a pair of compatible maps of type (A) (
or compatible of type (P) or weak compatible of type (A)) maps.

In 2002, Branciari ([5]) introduced the integral contraction type of condition for obtain-
ing fixed points. His theorem generalizes the Banach Fixed Point Theorem([131]) in
metric spaces.

Generalizations of integral type contraction condition for a pair of maps are given by
Rhoades ([15]), Kumar ,Chugh and Vats ([153]), etc.

Menger spaces:

First, we recall that a real valued function defined on the set of real numbers is known
as a distribution function if it is non-decreasing, left-continuous and

inf f(z) = 0,sup f(z) = 1.

An example of a distribution function is Heavyside function Hz(z), defined by

*Published in
“Common fixed points for integral type contractive condition in menger space”International Journal
of Mathematics and Scientific Computing, VOL. 2, NO. 1, 2012
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0 :ifz<0
H(z) =
1 :ifz>0

Definition 6.1.1 A probabilistic metric space (PM-space) is a pair (X, F') where X
is a nonempty set and F' is a function defined on X x X into L, the set of distribution

functions, such that if z,y and 2z are points of X, then
(i) F(z,y;0) =0;
(17) F(x,y;t) = H(t) if and only if x = y;
(iii) F(z,y;t) = F(y, z;1);
(1iii) F(z,y;s) = 1 and F(y,z;t) = 1 then F(z,z;s+1t) = 1 for all z,y,2 € X and

s,t> 0.

For each z and y in X and for each real number ¢t — 0, F'(x, y;t) is to be thought of as
the probability that the distance between = and y is less than ¢. Of course, any metric
space (X,d) may be regarded as a PM-space. Indeed, if (X, d) is a metric space, then

the distribution function F'(z,y;t) defined by

F(x,y;t) = H(td(x,y))

induces a PM-space , where d is a usual metric.
In this section, (X, F') is considered as probabilistic metric space with the condition that

limy o F(x,y;t) =1 for all z,y in X.

Definition 6.1.2 A t-norm is a 2-place function A : [0,1] x [0,1] — [0, 1] satisfying

the following;
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(a) A(0,0) =0,

(b) A0, 1) =1,

(c) Ala,b) = A(b,a),

(d) Ifa<ec, b<d, then Aa,b) < Ac,d),

(e) A(A(a,b),c) = A(a, A(b,c)) for all a,b,cin [0, 1].

Definition 6.1.3 A Menger PM-space is a triplet (X, F, A) where (X, F') is a PM-space

and A is a t-norm with the following condition:

F(z,z;s+1t) > A(F(x,y;8), Fy,z;t)) forall z,y,z€ X and s,t>0.

This inequality is known as Menger’s triangle inequality.
In 1966, the notion of contraction mapping on PM-space was first introduced by Seghal(|
Moreover, “every contraction mapping on a complete Menger space has a unique fixed

point”. For more detail see, ([37], [124], [71], [72], [76], [106], [164]).

Theorem 6.1.4 Let (X, F') be a PM-space and f : X — X be an arbitrary mapping
on X. Then f is called a contraction if there exist k € (0, 1) such that for all z,y in X
and t > 0, we have F'(f(x), f(y); kt) > F(x,y;t).

In 1991, Mishra ([117]) introduced the concept of compatible mappings in PM-space.

Theorem 6.1.5 Let f and g be self mappings on a Menger space (X, F,A). Then
the mappings f and g are called compatible, if lim,, o, F'(fgz,, gfz,,t) = 1, whenever
{z,} is a sequence in X such that lim,,_, fz, = lim,_,. gz, = u for some u € X, for
all ¢ > 0.

In 1992, Cho, Murthy and Stojakovic ([175]) introduced the notion of Compatible map-

pings of type (A) in Menger Spaces which follows:
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Theorem 6.1.6 Let f and g be self mappings on a Menger space (X, F, A). The map-
pings f and g are called compatible maps of type (A) if lim,, oo F'(fg(zn), 99(z,),t) =1
and lim, o F(fg(x,),99(x,),t) = 1, whenever {z,} is a sequence in X such that

lim,, .o f(z,) = lim, o g(,) = u for some u € X for all ¢ > 0.

Theorem 6.1.7 ([72]) Let f and g be self mappings on a Menger space (X, F, A). The
mappings f and g are called weak compatible maps of type (A) if

limy, oo F'(fg(xn), 9g9(xn),t) = 1 or lim, oo F'(fg(xn), 99(2,),t) = 1 whenever {z,} is a
sequence in X such that lim, . f(z,) = lim, o g(x,) = u for some u € X and for all

t>0.

Remrk 6.1.8 Now we state some results, which highlight relation among compatible
mappings, compatible mappings of type (A),compatible mappings of type (P) and weak

compatible mappings of type (A).

(i) Let f and g be compatible (res. compatible mappings of type (P),compatible map-
pings of type (A) and weak compatible mappings of type (A)) self-mappings of a Menger
space (X, F,A) . If f(t) = g(t) for some t € X ,then fg(t) = gf(t).

(ii) Let f,g: (X, F,A) — (X, F, A) be continuous mappings .Then f and g are compat-
ible if and only if f and g are compatible mappings of type (A) (or compatible mappings

of type (P), weak compatible mappings of type (A)).

(iii) Let (X, F,A) be a Menger space. Let f,g : X — X be compatible mappings of
type (A) (compatible mappings of type (P) ,weak compatible mappings of type (A)). If

one of f and g is continuous, then f and g are compatible.

(iv) Let f,g: (X, F,A) — (X, F, A) be compatible mappings of type (A) ( compatible
mappings of type (P) ,weak compatible mappings of type (A)) and fx = gz for some
z € X, then fg(x) = gg(z) = gf(x) = gg(x).
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6.2 Variants of compatible maps

Now, we shall prove our theorems in Menger Spaces:

Theorem 6.2.1 Let f and g be compatible self maps of a complete metric space (X, d)
satisfying the following conditions:

(6.2.1) f(X) C g(X),

(6.2.2) one of the mapping f or g is continuous

(6.2.3) fod(fx’fy) o(t)dt < c.fod(gx’gy) o(t)dt, for each z,y € X,c € [0,1).

where ¢ : R™ — R is a Lebesgue-integrable mapping which is summable, non-negative,
and such that

(6.2.4) [ ¢(p)dp > 0 for each e > 0.

Then f and g have a unique common fixed point.

Remark 6.2.2 Rhoades pointed out that inequality (6.2.3) should be as d(fz, fy) <

d(gz, gy)-
Since ¢ < 1, fod(fz’fy) o(t)dt < c.fod(gz’gy) o(t)dt implies d(fz, fy) < d(gz,gy) for all
z,y € X.

If d(fx, fy) > d(gz, gy), for some z,y € X then by using (6.2.3), we have

d(gz,gy) d(fx,fy) d(gz,gy)
[ ewmars [T swar< [ st
0 0 0

which is a contradiction.

Now in this section, we give an analogue of the Theorem 6.2.1 in the probabilistic
metric space setting using compatible of type (A) ( or compatible of type (P) or weak
compatible of type (A)) maps.

Theorem 6.2.3 Let (X, F, A) be a complete Menger space. Let f and g be compatible
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of type (A) ( or compatible of type (P) or weak compatible of type (A)) self maps of X
satisfying the following conditions:

(6.25) (X) C g(X),

(6.2.6) one of the mappings f or g is continuous,

(6.2.7) OlfF(fI’fy’Ct) o(p)dp < folfF(gw’gy’Ct) ¢(p)dp, for each x,y € X,t > 0,c € [0,1),
where ¢ : RT — R is a Lebesgue-integral mapping which is summable (with finite
integral) on each compact subset of R, non-negative, and such that for each € > 0,

(6.2.8) [; o(p)dp > 0.

Then f and g have a unique common fixed point.

Proof Let zyp € X, since f(X) C g(X), choose z; € X such that g(x1) = f(z9). In
general, choose z,,,1 such that y, = g(z,11) = f(x,).

For each integer n > 1, we have from (6.2.7),

1—F(Yn,Yn+1,t 1-F(f(xn),f(xn it
fo (Yn\Yn+1 )¢(p)dp: . (f(zn), f(®nt1) )¢(p)dp

—F(g9(zn),9(xn 71
Sfol (9(@n),g(Tn+1) C)gzﬁ(p)dp

1-F(f(xn-1),f(xn ,i

1-F(g(xn— )7g(xn)7i)
< Jy T o(p)dp.

In this fashion one can obtain

17F(ynvy'n+1vt) 17F(fy07ylycin)
/ ¢@@=/ $(p)dp.
0 0

Letting n — oo and using Lebesgue Dominated Convergence Theorem and for ¢ € [0, 1),
it follows in view of (6.2.8) that lim, . F(yn, Ynt1,t) = 1. Now we shall show that {y,}
is a Cauchy sequence in X.

For each integer n > 1, from (6.2.7), we have
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1=F(f(zn),f(®n41),t)

I

S— — — o—
=
5

1_F(yn7yn+l 7t)
/ o(t)dt
0

1-F(g(zn),9(xn41),L)

IN

1*F(f(xn—l):f(x’ﬂ)7%)

17F(g(xn71)7g(90n)’f2)
<

Proceeding this way, we obtain after n-th iteration

fol_F(ynvyn+lvt) ¢(t)dt S fol—F(yo,yl,%n) ¢(t)dt
Letting lim,, ., and using Lebesgue Dominated Convergence Theorem and ¢ € [0, 1), it
follows that lim, o0 F'(Yn, Yni1,t) = 1.

Similarly, we have lim,, oo F'(Yni1, Yni2,t) = 1.

Now for any positive integer p, we will have
F(Yn, Ynsps t) = F(Yn, Ynt1, %) k... p—times...* F(Ynip_1, Ynip, %)

Z F(yn7yn+1> i) *¥...p— times . .. * F(ymyn—f—la ]ﬁ))

for any positive integer p.

Since limy, o0 F'(Yn, Yni1,t) = 1, for £ > 0, it follows that

My, oo F(Yns Ynap, t) > Lok 1 > 1.

Thus {y,} is a Cauchy sequence in X.

But f and g are compatible mappings of type (A) ( or compatible of type (P)or weak
compatible of type (A) ) ,and ¢ is continuous ,therefore, by Remark 6.1.8., we have
lim, o0 fg(zn) = g2.

Now from (6.2.7),we have

1_F(fg(xn)7f(xn)7t) 1—F(gg(ccn),g(xn),%)
/ o(t)dt §/ o(t)dt,
0

0

On letting lim,,_,, and using Lebesgue Dominated Convergence Theorem it follows that
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gz = z. Again from (6.2.7)

fol—F(f(wn)vfzvt) ¢<t)dt S fOI_F(g(xn)Vg%E) ¢(t)dt7

Taking lim,, .., and using Lebesgue dominated convergence theorem it follows in view
of (6.2.8) that fz = z. Hence z is a common fixed point of f and g.
For Uniqueness:

Suppose that w(# z) is another fixed point of f and g. From (éii), we have

1—-F(z,w,t) 1-F(fz,fw,t)
/ o(1)dt / o(1)dt
0 0
1-F(g(xn),gw,%)
< / o(1)dt
0

1—F(z,w,%)
- / o(1)dt
0

since ¢ € [0, 1), therefore z = w and so uniqueness follows.

Example 6.2.4 Let X = [0, 1] be equipped with the usual metric space.

Define F(z,y,t) = for all z,y € X and for each ¢ > 0. Define mappings

t+d€x,y)
fr9: X = by f(x) =3 and g(x) = § for all x € X.
Clearly f(X) =10,3] C gX =0, 3].

2
Moreover, ¢ is defined by ¢(t) = t for ¢ > 0 is a Lebesgue integral mapping which is
summable (with finite integral) on each compact subset of R*, non-negative, and such
that for each € > 0, [; ¢(t)dt > 0.

Now

Jo TR gpydp = [T 6 (p)dp,

where 1 — F(fx, fy,ct) = {%}

and 1 — F(gx, gy,t) = {M}

(2t+d(z,y))
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Thus all the conditions of Theorem (6.2.3) are satisfied with ¢(t) = ¢ for t > 0,¢$(0) =0
and ¢ € [2,1) also 0 is the unique common fixed point of f and g .
Next, we shall prove a theorem for a weakly compatible maps satisfying a contractive

condition of integral type as follows:

Theorem 6.2.5 Let (X, F, A) a Menger space. Suppose f and g are weakly compatible
self maps of X satisfying (6.2.5), (6.2.7), (6.2.8) and the following condition:
(6.2.9) any one of f(X) or g(X) is complete

Then f and g have a unique common fixed point.

Proof From proof of Theorem (6.2.3), we conclude that {y,} is a Cauchy sequence in
X and from (6.2.9) either f(X) or g(X) is complete, for definiteness assume that g(X)
is complete. Note that the sequence {y2,} is contained in g(X) so has a limit in g(X).
Call it 2. Let u € g7'z. Then gu = 2. Now we show that fu = z. From (6.2.7), we

have

1—F(f(27n),fu,t) 1_F(g($n)7gu7é)
/ ¢(p)dp = / ¢(p)dp,
0 0

for each z,y € X,c € [0,1). Letting lim,,_,,, and using Lebesgue Dominated Conver-
gence Theorem, it follows in view of (6.2.8) that fu = z.

Since f and g are weakly compatible, it follows that fz = fgu = gfu = gz.

Now we show that z is a common fixed point of f and g.

From (6.2.7) , we obtain

1-F(fz,z,)
/ o(p)dp
0

1-F(fz,fu,t)

/ o(p)dp
0
1—F(gz,9u,%)

/ ¢(p)dp

l—F(fz,z,%)
/ 6(p)dp
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which is a contradiction, since ¢ € [0, 1), this implies fz = z = gz and therefore , z is a
common fixed point of f and g.
For Uniqueness:

Suppose that w(# z) is also another common fixed points of f and g. Then from (6.2.7)

1—F(z,w,t) 1-F(fz fwt)
/ $(p)dp = / o(p)dp
0 0
17F(gzvgw7%)
< / 6(p)dp
0

17F(z,w,£)
- / o(p)dp
0

which implies that z = w, and hence uniqueness follows.

, we have

Example 6.2.6 Let X = [3,22] and d be usual metric on X. let f,g : X — X be
defined by

3 rifx=3 3 cifxr =3
fl@)=49 8 :if3<z<7 and g(x)=49 10 :if3<a<7

3 ifax>7 ITH cife>7

/

Define 9, ¢ : [0,00) — [0, 00) where 1(t) = (t + 1)'"! — 1 and o(t) = ¥ (1).

Also define

F(z,y,t) = m for all x,y € X and for each ¢ > 0.

Moreover, fX = {3} U {8}, ¢X = [3,8] U{10}. Hence fX C gX .

To see that f and ¢ are non-compatible maps, consider the sequence
{r,=7+1n>1}in X.

Then lim,, o f(x,) = 3,1im, 00 g(x,) = 3,1lim, 00 fg(x,) = 8 and lim,, o, gf (z,) = 3.
Hence f and ¢ are non-compatible maps.But they are weakly compatible maps since

they commute at coincidence point at x = 3. Thus f and g satisfy all the conditions of

the theorem 6.2.5 and have a unique common fixed point at x = 3.
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6.3 Universal weakly compatible maps

Now we shall define universal weakly compatible maps in probabilistic metric spaces

which follows:

Theorem 6.3.1 A pair of self-mappings (f,g) of a Menger space (X, F,A) is said to
be Universal weakly compatible maps if there exists a sequence {z,} € X such that

F(f(zn),g9(x,),t) =1 for some t € X.

Example 6.3.2 Let X = [0, +00). Define S,7: X — X by
T(z)=%and S(z) =%  forall z € X.

Consider the sequence {z,} = & .

Clearly lim,, o S(2,) = lim, o, T'(x,) = 0.

Then S and T are Universal weakly compatible maps.

Example 6.3.3 Let X = [2,4+00). Define f,g: X — X by

g(z) =%+ and f(z) =252 forall z € X.

Suppose that f and g are Universal weakly compatible maps.
Then, there exists a sequence {z,} in X satisfying

lim,, o f(x,) = lim, o g(z,) = z for some z € X. Therefore,

lim, oz, =3z — 1 and lim,,_, x,, = 322_1.Thus, z =

1
3
which is a contradiction, since % is not contained in X.

Hence f and g are not Universal weakly compatible maps.

Example 6.3.4 Let X = [0, 1] be equipped with the usual metric d(x,y) = |z — y| .

Define F(z,y,t) = m for all z,y € X and for each ¢t > 0.

Hence (X, M, A) is a menger space. Also define
l—z :if0<z<3

flx) = and g(x) =
s Dif g <2 <1

N[
=
@)
IA
&
IA
N =

(@]
=
N
N
&
VAN
[S—y
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Consider the sequence {x,} = {% — %},

we have lim,, o f(3 — 1) =1 =lim,,» g(3).

Thus, the pair (f,g) are Universal weakly compatible maps.

Further, f and g are weakly compatible since z = % is their unique coincidence point

and

f9(3) = f(3) =9(3) = 9f(3).

We further observe that d(fg(% — %),gf(% — %)) #0,

showing that lim,, o, F(fgz,, gfz,,t) # 1 therefore, the pair (f, g) is non compatible.
Example 6.3.5 Let X = R™ be equipped with the usual metric d(z,y) =[x — y| .
Define F(z,y,t) = m for all z,y € X and for each t > 0.

Hence (X, M, A) is a menger space. Also define f,g: X — X by
fr=0,ff0<x<land fr=1,if x> 1orx=0; and gz = [z], the greatest integer
that is less than or equal to z, for all x € X. Consider a sequence

{z,} ={1+ %}, n > 21in (1,2), then we have lim,_,o fz, = 1 = lim,_,o gx,. Similarly
for the sequence {y,} = {1 — %}n > 21in (0,1), we have lim,, o fy, = 0 = lim,, 0 gYn.
Thus the pair (f,g) are Universal weakly compatible maps. However, f and g are not
weakly compatible as as each u; € (0,1) and us € (1,2) are coincidence points of f and
g, where they do not commute. Moreover, they commute at x = 0,1, 2... but none of
these points are coincidence points of f and g. Further, we note that pair (f, g) is non
compatible maps.

Now we are ready to prove a theorem for a pair of weakly compatible maps along with

the notion of Universal weakly compatible maps.

Theorem 6.3.6 Let (X, F, A) be a Menger space. Suppose f and g are weak compatible
self-maps of X satisfying (6.2.5), (6.2.7), (6.2.8) and the following:

(6.2.10) f, g are Universal weakly compatible maps

(6.2.11) f(X) or g(X) is a closed subset X.
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Then f and g have a coincidence point. Moreover f and g have a unique common fixed

point.

Proof. Since f and g be Universal weakly compatible maps,therefore, there exists a
sequence {x,} in X such that lim, . fz, = lim, . gz, = u € X. Since either f(X) or
g(X) is a closed subspace of X, for definiteness we assume that g(X) is a closed subset of
X. Further, note that the sequence {y,} which is contained in g(X), so there is a limit
in g(X). Call it be u such that u = ga. Therefore, lim,_,, fz, = u = ga = lim,,_,, gz,

for some a € X. This implies u = ga € gX. Now we show that u = fa = ga. From

1—F(a,xn,ct) 1-F(ga,gzn,t)
/ $(p)dp = / o(p)dp
0 0

Letting lim,_,~, and using Lebesgue dominated convergence theorem and ¢ € [0,1) it

(6.2.7) ,we have

follows in view of (6.2.8) that F'(fa, fa,ct) < F(ga, fa,t),this implies that u = ga = fa.
Thus a is the coincidence point of f and g. Since f and g are weakly compatible, there-

fore, fu = fga = gfa = gu.
Now we show that fu = wu. Now from (6.2.7),we have

fl—F(fu,fa,ct) S(p)dp = 1-F(gu,ga,t)

0 = Jo ¢(p)dp which in turns implies that fu = u. Hence u

is the unique common fixed point of f and g.
For Uniqueness:

Suppose that w(## z) is also another fixed point of f and g. From (6.2.7), we have

folfF(z,w,t) ¢(t)dt _ OlfF(fz,fw,t) ¢(t)dt

< fol_F(gz’gw’%) o(t)dt = fol_F(Z’w’%) ¢(t)dt since ¢ € [0, 1), therefore z = w and so unique-

ness follows.
Now we give an illustrate example to discuss the validly of out main theorem 6.3.6.

Example 6.3.7 Let X = [0,1] be equipped with the usual metric space. Define

F(z,y,t) = m for all ,y € X and for each ¢ > 0. Hence (X, M,A) is a menger

space. Also define f,g : X — X by f(z) = %, and g(x) = 3, for all z € X .Clearly

126



f(X) =1[0,3] C gX = [0, 1].Moreover, ¢ defined by ¢(t) =t for ¢ > 0 is a Lebesgue
-integral mapping which is summable (with finite integral) on each compact subset of

R, non-negative, and such that for each € > 0,

/OE o(t)dt >0

. Now,

1—F(fz,fy,ct) 1-F(gz,g9y,t)
/ o(p)dp = / o(p)dp.
0 0

where 1 — F(fz, fy,ct) = { zo 72— 3Ct+dxy }and 1 — F(gzx,gy,t) = {%}
Thus all the hypothesis of Theorem(6.3.6) are satisfied with ¢(t) =t for t > 0 ,¢(0) =

and ¢ € [%, 1) and 0 is the unique common fixed point of f and g.

6.4 Variants of R-weakly commuting mappings

In 2007, Kohali and Vashistha ([81]) introduced the notions of R-weakly commuting
mappings of type (7), R-weakly commuting mappings type (i7) and R-weakly commuting
mappings type (iii) in probabilistic metric spaces as follow:

Definition 6.4.1 A pair of self-mappings (f, g) of a Menger space (X, F, A) is said to
be

(i) R-weakly commuting mappings of type (7) if there exists some R > 0 such that
F(gfx, ffx,t) > F(fz, gz, &),

(ii) R-weakly commuting mappings of type (i7) if there exists some R > 0 such that
F(fgz,ggz,t) > F(fz, gz, %),

(iii) R-weakly commuting mappings of type (i) if there exists some R > 0 such that
F(ffx,ggx,t) > F(fx, gz, +)for all 2 € X and t > 0.
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Theorem 6.4.2 Theorem 6.2.5 (or Theorem 6.3.6) remains true if weakly compatible
property is replaced by any one (retining the rest of hypothesis) of the following:

(a) R-weakly commuting property

(b) R-weakly commuting property of type (i)

(c¢) R-weakly commuting property of type (i7)

(d) R-weakly commuting property of type (ii7)

(

e) weakly commuting property.

Proof Since all the conditions of Theorem 6.2.5 (or Theorem 6.3.6 ) are satisfied, then
the existence of coincidence points for both the pairs is insured. Let x be an arbitrary
point of coincidence for the pair (f,g), then using R-weak commutativity one gets
F(fgx,gfx,t) > F(fz,gx,+) = 1 which amounts to say that fgz = gfz. Thus the
pair (f,g) is weakly compatible.

Now applying Theorem 6.2.5 (or Theorem 6.3.6), one concludes that f and g have a
unique common fixed point . In case (f, g) is an R-weakly commuting pair of type (i7),
then F(fgx,ggx,t) > F(fz,gzx, %) = 1 which amounts to say that fgzr = ggx.

Now F(fgx,gfx,t) > A(F(fgz, g9z, 3),

F(ggz,gfr,+)) = A(1,1) = 1, yielding thereby fgz = gfz. Similarly, if pair is R-
weakly commuting mappings of type (¢) or type (iii) or weakly commuting, then pair
(f,g) also commutes at their points of coincidence. Now in view of Theorem 2.3 (or
Theorem 3.1 ) , in all the cases f and g have a unique common fixed point. This
completes the proof.

As an application of Theorem 6.2.5 (or Theorem 6.3.6) we prove a common fixed point

theorem for two finite families of mappings which runs as follows:

Theorem 6.4.3 Let { f1, fo...fm} and {g1, g2, ..., gn} be two finite families of self-mappings
of a Menger space (X, F,A) such that f = fife...f;m, 9 = G192..-gn, satisfy conditions
(6.2.5),(6.2.7) and (6.2.8) and the following:
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gm(X) is a closed subspace of X. Then f and g have a point of coincidence.
Moreover, if f;f; = f;fi and grgr = qugy, for all 4,5 € I, = {1,2,...m},k,l € I =

{1,2,...,n}, then (for all i € I,k € ), f; and g have a common fixed point.

Proof The conclusion is immediate i.e., f and ¢ have a point of coincidence as f,
and ¢ satisfy all the conditions of Theorem 6.2.5 (or Theorem 6.3.6). Now appealing
to component wise commutativity of various pairs, one can immediately prove that
fg = gf hence, obviously pairs (f,g) is coincidentally commuting. Note that all the
conditions of Theorem 6.2.5 (or Theorem 6.3.6) are satisfied ensuring the existence of a
unique common fixed point say z. Now one need to show that z remains the fixed point
of all the component maps. For this consider

f(fiz) = ((fifor - f) fi)2 = (frfor fn-1) (Fin fi)2) = (froo- fn1) (fifin2)

= (fr-fm—2)(fm-1fi(fm2)) = (f1- fn2) (fifm-1(fm?))

= ... = fifilfafsfa - fmz) = fifi(fofse fm2)

= fi(f.) = fiz. Similarly, one can show that

flgr2) = gi(f2) = g2, f(gr2) = gr(92) = gkz and g(fiz) = fi(g2) = fiz, which show
that (for all I and k) f;z and grz are other fixed points of the pair (f,g)w. Now
appealing to the uniqueness of common fixed points of both pairs separately, we get

z = f;z = grz,which shows that z is a common fixed point of f;, g; for all 7 and k.

Corollary 6.4.4 Let f and g be two self-mappings of a Menger space (X, F, A) such
that f,, and g, satisfy the conditions (6.2.5), (6.2.7) and (6.2.8) .
If one of f,,(X) or g,(X) is a complete subspace of X, then f and g have a unique

common fixed point provided (f, g) commute.
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CHAPTER 7
GENERALIZED (cp,zp)-WEAK CONTRACTIONS

7.1

In this chapter, we shall deal with such type of contractions involving some control
functions. In fact, all contractions are the generalizations of Banach by including the
distance function within the real valued function. We have proved some fixed point
theorems in G-metric space by using (¢, ) - contraction condition.

Generalized Metric Spaces:

Now we recall the main definitions for the concept of G-metric space introduce initially

by Mustafa and Sims([170]):

Definition 7.1.1 Let X be a nonempty set. Suppose that a mapping G : X x X x X —

R* satisfies:

(1) G(z,y,z) =0if and only if z =y = z,
(17) 0 < G(z,y, z) for all z,y € X, with x # y,
(1i1) G(z,z,y) < G(x,y,2) for all x,y,z € X with z # y,
() G(z,y,2) = G(z,z,y) = Gy, z,x) = - - - (symmetry in all three variables), and

(v) G(z,y,2) < G(x,a,a) + G(a,y, z) for all x,y, z,a € X.

*Accepted in
“Fixed point theory for generalized (¢, ) - weak contractions involving f — g reciprocally continu-
ity"Indian Journal Of Mathematics Special Volume Dedicated To Professor Billy E. Rhoades Vol. 56,
No. 1, 2014.
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Then G is called a G-metric on X and (X, G) is called a G-metric space.

Definition 7.1.2 A G-metric is said to be symmetric if G(z,y,y) = G(y,z,x) for all

z,y € X.

Definition 7.1.3 Let (X, G) be a G-metric space. We say that {z,} is:

(vi) a G-Cauchy sequence if, for any € > 0, there is an ng € N (the set of all positive

integers) such that for all n,m,l > ng, G(zn, Tm, ;) < €

(vii) a G-convergent sequence if, for any € > 0, there is an z € X and an ng € N, such

that for all n,m > ng, G(x, z,, T,,) < €.

A G-metric space X is said to be complete if every G-Cauchy sequence in X is convergent
in X. It is known that {z,} converges to = € (X, Q) if and only if G(z,, z,,z) — 0 as

n,m — oQ.

Definition 7.1.4 Let f and g be self maps of a set X. If w = fx = gx for some x in
X, then z is called a coincidence point of f and g, and w is called a point of coincidence
of f and g.

We have introduced the notion of f-g reciprocal continuity in G-metric spaces which

follows:

Definition 7.1.5 Two self mappings f and g of a G - metric space (X, G) are said to be
f-g reciprocally continuous if and only if lim,, . ff(z,) = fu and lim,_,« gg9(z,) = gu,
whenever {x,} is a sequence in X such that lim,, ,o f(x,) = lim, . g(x,) = u for some
ue X.

In 1996 Pathak, Cho, Chang and Lee ([70]) defined a mapping called compatible map-
ping of type (P) in metric spaces. We redefine the same in the setting of G-metric spaces

in the following way:
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Definition 7.1.6 Let f,g : (X,G) — (X,G) be mappings. f and g are said to be
compatible maps of type(P) if

lim G(ff(zn), 99(7n), 99(xn)) =0

n—o0

whenever {z,} is a sequence in X such that f(x,),g(z,) — z, for some z € X, as

n — OQ.

Observation 7.1.7 Let f and g be f-g reciprocal continuous mapping of a GG - metric
spaces (X, G). Then f and g have coincidence point if and only if they are compatible

mapping of type(P).

Proof

“If part”Suppose that f and g have coincidence point. Since f and g are f-g reciprocal
continuous mappings then there exists a sequence {z,} in X such that lim,_, f(z,) =
lim,, . g(x,) = z and lim,, o, ff(x,) = fz,lim, . gg(x,) = gz for some z € X.

Now by triangle inequality of the G-metric space we have

G(ff(xn), 99(xn), 99(xn)) < G(ff(zn), [2, [2) + G(fz,92,92) + G(g9z, 99(xn), 99(n))

. Taking n — oo, then we have

limy, 0o G(f f(70), 99(7n), 99(20)) <limy oo G(f (), f2, f2) + im0 G(f2, 92, 92)

+ lim,, 00 G(92, 99(n), 99(0))
which implies that G(f f(z,), 99(xn), 99(xn)) — 0 as n — oo. Therefore, f and g are
compatible maps of type(P).
“Only if part”Now assume that f and g are compatible maps of type(P). Since f and

g are f-g reciprocal continuous mappings then there exists a sequence {z,} in X such
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that lim, o f(z,) = lim, o g(x,) = 2z for some z € X. But then triangle inequality

implies
G(fz,92,92) S G(fz ff(an), [ () + G(f f(2n), 99(xn), 99(xn)) + G(g9(2n), 92, 92)

Taking n — oo since f and ¢ are f-g reciprocal continuous maps, so we have
lim,, 0o G(f2,92,92) <im0 G(f2, [ f(n), ff(2n))Himy, o0 G(f f(20), 99(20), g9(21))

+ limy 00 G(99(20), 92, 92)
which implies that G(fz, gz,gz) — 0 as n — oo. Therefore, f and g have coincidence
point. This completed the proof.
Now we introduce the concept of compatible mapping in the setting of GG - metric spaces
which was earlier introduced by Jungck([53]:
Definition 7.1.8 Let f and g be self-maps of a G-metric space (X, G). The maps f
and g are said to be compatible if lim, o G(fg(zn), 9f(xn), gf(x,),t) = 0, whenever
{z,} is a sequence in X such that lim, . f(z,) = lim, o g(x,) = u for some v € X
and for all ¢t > 0.
Very recently, Bouhadjera and Thobie ([63]) introduced the concept of sub-compatible
maps as a generalization of compatible maps in metric spaces. Now, we introduce the

notion of sub-compatible mapping in the setting of G-metric spaces.

Definition 7.1.9 Let f and g be self-maps of a G - metric space (X,G). The maps
f and g are said to be sub-compatible if and only if there exists a sequence {x,} in X

such that lim,, . f(2,) = lim, 0 g(x,) = u for some v € X and which satisfy

nh—{{olo G(fg(xn)a gf($n), gf(xn)) =0,
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7.1.1 Main Results

Now we are in a position to prove our main theorem in G-metric space:

Definition 7.1.1.1 Let (X, G) be a G-metric space and f,g: X — X be given maps.
The map g is called a generalized (p,1))-weak contraction with respect to f if there
exists a function ¢ : [0,00) — [0,00) with ¢(r) > 0 for r > 0 and ¥(0) = 0 and an

altering distance function ¢ such that

o(G(gz, 9y, 9y)) < o(m(f,g)) —(m(f,g)) (7.1.1)

holds for every z,y € X and each t > 0 with

m(f,g) = max{G(fz, fy, fy), G(gz, fz, fx),G(gy, [y, fy)}-

If f = Ix, where Ix is the identity map, then ¢ is called a generalized (¢p,1))-weak

contraction.

Theorem 7.1.1.2 Let f,g : X — X be f-g reciprocally continuous self-maps of a

complete G - metric space (X, G) such that

L. g(X) C f(X),

2. g is a generalized (¢, 1)-weak contraction with respect to f.

If f and g are sub-compatible maps and v is a continuous function, then f and g have

a unique common fixed point in X, that is, there exists u € X such that u = fu = gu.

Proof Let 2y be an arbitrary point in X. Since g(X) C f(X), we can define, for each

n > 0, a sequence of points g, x1, T, ..., Z, such that x,.; is in the pre-image under
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fof {gx,}, 1. e, g(xo) = f(x1),9(x1) = f(x2),...,9(xn) = f(Tps1),.... Moreover, we

can define a sequence y,, in X by

Yn = g(xn) = f(xn—i-l)' (7.1.2)

Suppose that ¥, = y,+1 for some n. Then by condition (7.1.1) we have easily ¥n11 = Yni2
and 8o Yy, = y, for every m > n. Thus the sequence {y,} is Cauchy. Assume that

Ynt1 7 Yn, for all n. Then, for v =z, and y = x,,, we have

m(f,9) = max{G(f(zns1), f(xn), f(2n)), G(g(2ni1), f(@nia), [(@n11)), Glg(zn), f(2n), f2n))}

= max{GYn, Yn—1:Yn-1)> GUn+1:Yn, Un), G(Yns Yn—1,Yn—-1) }-

So, if m(f,9) = G(Yns1, Yn, Yn), We obtain

o(G(9(Tnt1); 9(T0), 9(7n)) = P(G(Ynt1s Yns Un))

S 90<G(yn+1> Yn, yn)) - ¢(G(yn+1v Yn, yn))

which implies that G(yn11, Yn, yn) = 0, a contradiction as y,+1 # y, for all n.

Then, we must have m(f, 9) = G(Yn, Yn—1, Yn—1) and hence

O(G(Yns1:Yns Yn)) < O(G(Yn-1,Yn> Yn)) — V(G (Yn=1, Yn> Yn))

< o(G(Yn, Yn—1,Yn-1))-

Consequently, considering that the ¢ function is non-decreasing, we have that

G(Yn, Yn+1> Yn+1) > G(Yn—1,Yn, yn), for all n, (7.1.3)

and hence {G(Yn—1,Yn, yn)} is an non - decreasing sequence of positive real numbers in
(0,1]. Let S(t) = limp—0oG(Yn—-1,Yn,Yn). Then we show that S(¢) = 0. If not, there

exists S(f) <1 and S(t) > 1. Then from the above inequality, on taking n — oo, we
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obtain

pS(t) < S(t) —¥sS(t)

a contradiction. Therefore G(yn, Yni1,Ynsr1) — 0 as n — oc.

Now, for each positive integer p, we write

G(Yn Yntps Yntp) < G(Yns Ynt1, Ynt1) T GUns1s Unt2s Ynt2) + -+ G(Unsp—15 Yntps Yntp)-
It follows that

i Gy, Yntps Ynip) O +0 4+ +0 =0,

and hence {y,} is a G-cauchy sequence.
Since (X, G) is complete G - metric space, then there exists u € X such that y,, — u as
n — oo.

Clearly,

A5, = 0, 9() = Ji0, F@nsr) =
Now, f-g reciprocal continuity of f and g implies that ff(z,) — fu and gg(z,) — gu.
We have ff(x,) — fu, then by construction of the sequence (7.1.2) we have fg(z,) =
ff(xus1) = fu. On the other hand, sub-compatibility of f and g yields
lim, 0o G(fg(xn), 9f (2,),9f(xn)) = 0, which implies that gf(z,) — fu. Now, taking

r=wuand y = f(z,), we get

— G(gu, fu, fu), as n— oo.

Now, by

(Ggu, gf(xn), 9 (xn))) < @(G(gu, gf (xn), 9. (x0))—(G(gu, g f (2n), 9.f (x0))),
on taking n — oo, we get G(gu, fu, fu) = 0, which implies that gu = fu. It means that
u is a coincidence point of f and g.

Now, we shall show that u is also a common fixed point of f and g. For this we assert

136



that gu = u, and so gu = v = fu. On the other hand, if gu # u, then taking z = u and

= x,, we have

m(f,9) = max{G(fu, f(xn), f(xn)), G(gu, fu, fu), G(g(zn), f(xn), f(xn))}-
It follows that m(f, g) — G(gu,u,u), as n — oo.

Now, by

o(G(gu, g(zn), g(zn)) < @(m(f,9)) —(m(f,g)),

on taking n — 0o, we get

P(Ggu, u,u) < o(Ggu,u, u)) — V(G(gu, u, u)),
which implies gu = u. Therefore fu = u = gu and hence v is a common fixed point of
f and g.
Finally, to prove uniqueness of the fixed point, we suppose that z is another common

fixed point of f and g. Then, taking x = u and y = 2z, we have
m(f,g) = max{G(fu, fz, [2),G(gu, fu, fu),G(gz, [z, fz)}
= max{G(u, z, z), G(u,u,u),G(z,z,2)}

= G(u, z, z).

Consequently
p(Glgu, 92,92)) = ¢(G(u, 2, 2))

< 9(G(u,2,2)) = P(G(y, 2, 2)),
which implies G(u, z,z) = 0, that holds if and only if u = z. Therefore u is a unique

common fixed point of f and g.

Example 7.1.1.3 Let X = [0,1] and (X, G) be the complete G-metric space defined
by G(z,y,2)=|z—y|+|y—z|+]|z—a]|,forall z,y,z € X.
Define ¢, 9 : [0,00) — [0,00) by ¢(t) =t, and () =% for all ¢>0.
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Define also f,g: X — X by

. L ifze|0,1]
flz) = B for all x€[0,1] and g(z) = :
0 ifae(s1]

Let {x,} be a sequence in X such that {x,} = {5-},n € N. Then we have

hmn—)oo f(xn) = 1imn—>oo g(xn> = lzmn—wofg(xn) = hmn—)oo gf(xn) = 1imn—>oo ff(xn) =
limy, 00 g9(x,) = 0, s0 lim,, oo G(fg(xy), 9f(xn), gf (z,)) = 0.

Hence pair of maps {f, g} is sub - compatible and f-g reciprocal continuous. Also we
can easily show that the maps f and g satisfies the contractive condition (7.1.1). Thus

this example satisfies all the conditions of the above theorem, and x = 0 is unique

common fixed point for the mappings f and g.

Remark 7.1.1.4 Theorem 7.1.1.1 extends and complements the related results of ([05])

and references therein.

7.1.2 Cyeclic (¢,1)-Weak Contraction

Since contraction mapping is always continuous so it suggests in a natural way that
the question of obtaining fixed points in metric spaces where the self-mapping in a
metric spaces not necessarily continuous. The answer of this question given by Kirk,
Srinivasan and Veeramani ([168]) and turned the direction of obtaining fixed point by
introducing cyclic representations and cyclic contractions. In 2010, Pacurar and Rus
([115]) introduced the concept of cyclic ¢-contraction and proved a fixed point theorem
for cyclic ¢—contraction in complete metric spaces. Later Gopal, Imdad, Vetro and

Hasan([10]) introduced the notion of cyclic weak ¢—contraction in fuzzy metric spaces.

Definition 7.1.2.1 ([l 15]) Let X be a nonempty set, m a positive integer and g : X —
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m
X an operator. By definition, X = [J X, is a cyclic representation of X with respect
i=1

to g if

(i) X;, i =1,2,...,m are nonempty sets,

(i) g(X1) C Xar- s g(Xmmo1) C Xy g(Xon) C X7

Example 7.1.2.2 ([10]) Let X = R. Assume A; = A3 = [-2,0] and Ay, = A4 = [0, 2],

4
so that Y = |J A; = [-2,2]. Define g : Y — Y such that g(z) = =%, forallz € Y. It is
i=1

4
clear that Y = J A; is a cyclic representation of Y.
i=1
By drawing the idea of Gopal, Imdad, Vetro and Hasan([10]), we introduce the notion

of cyclic weak (¢, 1))-contraction in the setting of G - metric spaces.

Definition 7.1.2.3 Let (X, G) be a G - metric space, A, A, ..., A, be closed subsets
of X and Y = |J A;. An operator g : Y — Y is called a cyclic weak (¢, ¥)-contraction

=1
if the following conditions hold:

(i) Y = U A; is a cyclic representation of Y with respect to g;
i=1

(ii) there exists a function 1 : [0,00) — [0, 00) with ¢(r) > 0 for » > 0 and ¥(0) =0

and an altering distance function ¢ such that

(G(97, 9y, 9y)) < p(G(7,y,y)) — V(G(2,y,Y)), (7.1.4)
forany x € A;, y€ Ay (1 =1,2,--- ,m, where A,,.; = A;) and each ¢t > 0.

Now, we are ready to prove the following theorem.

Theorem 7.1.2.4 Let (X, G) be a G - metric space, Ay, Ay, ..., A, be closed subsets

of X and Y = (J A; be G-complete. Suppose that there exists a function 1 : [0, 00) —
i=1
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[0,00) with ¢(r) > 0 for r > 0 and ¥(0) = 0 and an altering distance function ¢. If
g 'Y — Y is a continuous cyclic weak (¢, 1)-contraction, then g has a unique fixed
point u € [ A.

i=1

Proof.Let xy € Y = |J A; and set z,, = g(z,—1) (n > 1). Clearly, we get G(zp, Tpi1, Tnt1) =
i=1

G(g9(xn-1),9(xn), g(x,)) Besides for any n > 0, there exists i,, € {1,2,...,m} such that

x, € A;, and x,41 € A;, 1. Then by (7.1.4), we have

O(G (T, Tng1, Tuy1)) = @(G(9(Tn-1), 9(2n), g(74)))
< o(G(@n-1,Tn,70)) = V(G (Tp1, Tn, 0))

S @(G(xn—laxnamn)

which implies that G(z,,, Tpy1, Tni1) < G(Tp_1, T, x,) foralln > 1 and so {G(x,_1, Tp, T,) }
is a non-decreasing sequence of positive real numbers in (0, 1].

Let S(t) = lim G(zp_1,%n,z,). Now, we show that S(t) = 0. If not, there exists

n—-+o0o

S(t) <1 and S(t) > 1. Then, on making n — +oc in (7.1.5), we obtain

p(S(1) < @(S(t) = »(5(t))

which is a contradiction. Therefore G(x,,, Z,11,Tpe1) — 1 as n — +00.

Now, for each positive integer p, we have
G (T, Trps Tntp) < G(Tns Tngt, Tng1) G (Tngt, Tngz, Tog2)+ +G(Tngp-15 Tnsps Tnip)-

It follows that

lim G2, Tnip, Tnip) <0+0+---0=0,

n—-+o0o

and hence {z,} is a G-Cauchy sequence.
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AsY is G-complete, then there exists z € Y such that lim x, = z. On the other hand,

n—-+o00

by the condition (i) of definition (7.1.2.3), it follows that the iterative sequence {z,} has
an infinite number of terms in A; for each i = 1,2,...,m. Since Y is G-complete, from
each A;, i =1,2,...,m, one can extract a subsequence of {x,} that converges to z. In

m
virtue of the fact that each A;, i = 1,2,...,m is closed, we conclude that z € [ A4;
i=1

and thus (| A; # (0. Obviously, () A; is closed and G-complete. Now, consider the
i=1 i=1

m m m m
restriction of g on () A;, i.e., g| () 4i : [ Ai — ) A; which satisfies the assumptions
) . ! !

7 i=1 i=1 i=1

of Theorem(7.1.1.1) and thus, g| (] A; has a unique fixed point in () A;, say ¢, which
i=1 i=1
is obtained by iteration from the starting point xq € Y. To this aim, we have to show

that x, — u as n — oo. Then, by (7.1.4), we have

p(Glan,u,u)) < p(Glan1,u,u)) = P(G(zn1, u, u)).

Now, letting n — +o0, we get

o(G(z,u,u)) < o(G(z,u,u)) — V(G(z,u,u))

which is a contradiction if G(z,u,u) < 0, and so, we conclude that u = z. Obviously, u
is a unique fixed point of g.

Example 7.1.2.5 Let X = R and G(z,y,2) = |[x —y| + |y — 2| + |z — z|, for all
z,y,z € X. Assume A) = Ay =--- = A, =[0,1], so that Y = G A; =10, 1] and define
g:Y =Y byg(x) = %2. Furthermore, if ¢, : [0, 00) — [0, oo)Z;e defined by ¥ (s) = §

and ¢(s) = 3 for all s > 0, we have

22 — g2 y? — 2 2?2 — y?
o(G(gz, gy, 9y)) _ | S |+‘ 3 | 1 |

< P20 oo, ) — i@y,
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Clearly, g is a cyclic weak (¢, ¥)-contraction and all the conditions of Theorem (7.1.2.4)

are satisfied. Therefore g has a unique fixed point 0 € () A;.
i=1
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