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Binayak S. Choudhury, Krishnapada Das
and Samir Kumar Bhandari

ABSTRACT. In this paper we introduce and establish a cyclic contraction result
in probabilistic 2-metric spaces. A control function has been utilized in our
theorem. This result generalizes some existing results in 2-metric spaces. Our
result is illustrated with an example.

1. Introduction

Fixed point theory has an important role in modern mathematics. In 1922, S.
Banach [1] proved the well known Banach contraction mapping principle in metric
spaces. This contraction mapping principle is one of the pivotal results of mathe-
matical analysis. Its importance lies in its vast applications in a number of branches
of modern mathematics.

The concept of metric space has been extended in various ways. One such ex-
tension has been made by Gahler [14] in which a positive real number is assigned to
every three elements of the space. He introduced the following important definition
of 2-metric space.

Definitioin 1.1. 2-metric space [14,15]
Let X be a non empty set. A real valued function d on X x X x X is said to be a
2-metric on X if

(i) given distinct elements x,y € X, there exists an element z € X such
that

d(x,y,z) #0,
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(ii) d(x,y,z) = 0 when at least two of x,y, z are equal,

(iil) d(z,y, z) = d(z, z,y) = d(y, z,x) for all x,y,z € X and

(iv) d(z,y, z) < d(z,y,w) + d(z,w, 2) + d(w,y, ) for all z,y,z,w € X.
When d is a 2-metric on X, the ordered pair (X, d) is called a 2-metric space.
In 1972 Sehgal and Bharucha-Reid [33] generalized the Banach contraction map-
ping principle to probabilistic metric spaces. Probabilistic metric spaces are proba-
bilistic generalization of metric spaces. In this space, instead of a nonnegative real
number, every pair of elements is assigned to a distribution function. The inherent
flexibility of these spaces allows us to extend the contraction mapping principle in
more than one inequivalent ways.

Definitioin 1.2. [18,32] A mapping F': R — R" is called a distribution function
if it is non-decreasing and left continuous with tin}f% F(t) =0 and sup F'(t) = 1,
€ tER

where R is the set of real numbers and RT denotes the set of non-negative real
numbers.

Definitioin 1.3. Probabilistic metric space [18, 32]

A probabilistic metric space (briefly, PM-space) is an ordered pair (X, F'), where X
is a non empty set and F' is a mapping from X x X into the set of all distribution
functions. The function F} , is assumed to satisfy the following conditions for all
z,y,2 € X,

(i) Fpy(0)=0,

(ii) Fypy(t) =1for all t > 0 if and only if x = y,

(iil) Fyy(t) = Fy () for all t > 0,

(iv) if Fpy(t1) = 1 and Fy .(t2) = 1 then F, .(t1 +t2) = 1 for all

Menger space is a particular type of probabilistic metric space in which the tri-
angular inequality is postulated with the help of a ¢t-norm.
Shi, Ren and Wang give the following definition of n-th order t-norm.

Definitioin 1.4. n-th order t-norm [34]
A mapping T : 11" ,[0,1] — [0,1] is called a n-th order t-norm if the following
conditions are satisfied:
(i) 7(0,0,....,0) =0, T(a,1,1,...,1) = a for all a € [0, 1],
(ii) T(a1, ag,, a3, ... an) = T(ag, a1,as,....,an) = T(az, as, a, ..., an)
= ....= T(ag, A3,A4y ey Ay, 0,1),
(111) Q; 2 bi, i:1,2,3,....,n implies T(al, a2, A3, ...., an) 2 T(bl, b27 bg, T bn),
(IV) T(T(al, A2, A3, .o.uy an), bQ, bg, bn)
= T((J,l7 T(az, a3y ...y Ap, bg), b3, ceey bn)
= T(ah as, T(ag, Abeeeey Qpyy bz, bg), b4, ceny bn)
= 71((117 az,...,n—1, T(an, bg, bg, ceey bn))
When n = 2, we have a binary ¢-norm, which is commonly known as ¢-norm.
Definitioin 1.5. Menger space [18,32]
A Menger space is a triplet (X, F, A), where X is a non empty set, F' is a function
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defined on X x X to the set of all distribution functions and A is a 2nd order
t-norm, such that the following are satisfied:
(1) F,4(0)=0forall z,y € X,

(i) Fyy(s) =1 for all s > 0 if and only if x =y,

(iii) Fpy(s) =Fya(s) forall z,y € X, s >0 and

(iv) Fpy(u+v) > A(F, »(u), F, 4 (v)) for all u,v > 0 and z,y, 2 € X.
The theory of Menger spaces is an important part of stochastic analysis. Schweizer
and Sklar have given a comprehensive account of several aspects of such spaces
in [32].
Probabilistic 2-metric space is the probabilistic generalization of 2-metric spaces.

Wen-Zhi Zeng [37] first introduced the concept of probabilistic 2-metric space.

Definitioin 1.6. probabilistic 2-metric space [37]
A probabilistic 2-metric space is an order pair (X, F') where X is an arbitrary set
and F'is a mapping from X x X x X into the set of all distribution functions such
that the following conditions are satisfied.
(1) Fpy.(t)=0for ¢t <0 and for all z,y,z € X,
(ii) Fguy,-(t) =1 for all t > 0 iff at least two of z,y, z are equal,
(iii) for distinct points z,y € X there exists a point z € X
such that F, , (t) # 1 for t > 0,
(iv) Fyy2(t) = Fy.y(t) =F, 4 4(t) for all x,y,2z € X and t > 0,
(V) Fy;,y,w(tl) =1, Fx,w,z(tQ) =1land Fw7y7z(t3) = 1 then Fl-,y,z(tl +12 +t3) =
1, for all z,y,z,w € X and t1,ta,t3 > 0.
A special case of the above definition is the following.

Definitioin 1.7. 2-Menger space [17]
Let X be a nonempty set. A triplet (X, F,A) is said to be a 2-Menger space if F'
is a mapping from X x X x X into the set of all distribution functions satisfying
the following conditions:
(i) Fpy.-(0) =0,
(i) Fpy,(t) =1 for all t > 0 if and only if at least two of z,y,z € X are
equal,
(iii) for distinct points z,y € X there exists a point z € X
such that F, , ,(t) # 1 for t > 0,
(iv) Fopy.(t) =Fy . y(t) = F,y2(t), for all z,y,2z € X and t > 0,
(V) Fryz(t) = AlFeyw(tr), Fow,z(t2), Fuy,-(13))
where t1,ta,t3 > 0, t1 +to +t3 =1, x,y,2z,w € X and A is the 3rd order ¢t-norm.
Definitioin 1.8. [17] A sequence {z,} in a 2-Menger space (X, F,A)is said to
be converge to a limit z if given € > 0,0 < A < 1 there exists a positive integer
N¢,» such that

(1.1) an,w,a(e) =21-2A

for all n > N » and for every a € X.
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Definitioin 1.9. [17] A sequence {z,} in a 2-Menger space (X, F,A)is said to
be a Cauchy sequence in X if given € > 0,0 < A < 1 there exists a positive integer
N¢,» such that

(12) Fxn,xm,a(e) 2 1 - A
for all m,n > N, and for every a € X.

Definitioin 1.10. [17] A 2-Menger space (X, F, A) is said to be complete if every
Cauchy sequence is convergent in X.

Several results of metric fixed point theory has been extended to these spaces.
Some of the fixed point results in 2-metric spaces are [19,21,24,26,27,29] while
the references [2,6,16,17,35] are some fixed point results in probabilistic 2-metric
spaces.

In 1984 Khan, Swaleh and Sessa introduced a new category of contractive fixed
point problems in metric spaces [22]. They introduced the concept of “altering
distance function”, which is a control function that alters the distance between
two points in a metric space. This concept was further generalized in a number
of works. There are several works in metric fixed point theory involving altering
distance function, some of these are noted in [28,30] and [31].

Recently first two authors of the present paper had extended the concept of altering
distance function to the context of Menger spaces in [3]. They have introduced the
®-function. The definition is as follows:

Definitioin 1.11. ®-function [3]
A function ¢ : R — R is said to be a ®-function if it satisfies the following
conditions:

(i) ¢(t) =0 if and only if t =0,

(ii) ¢(t) is strictly monotone increasing and ¢(t) — oo as t — oo,

(iii) ¢ is left continuous in (0, c0),

(iv) ¢ is continuous at 0.
With the help of ®-function Choudhury and Das [3] introduced a new type of con-
traction mapping in Menger spaces which is known as ¢-contraction. The idea of
this control function has opened new possibilities of proving more fixed point results
in Menger spaces. This concept has also applied to a coincidence point problems.
Some recent results using ®-function are noted in [4,5,7,8,11,12] and [25].
Recently cyclic contraction and cyclic contractive type mappings have been ap-
peared in literature. Kirk, Srinivasan and Veeramani [23] initiated this line of
research in metric spaces.

Definitioin 1.12. [23] Let A and B be two non-empty sets. A cyclic mapping is
a mapping T : A|JB — AJ B which satisfies:

TAC B and TB C A.
Kirk, Srinivasan and Veeramani [23], amongst other results, established the follow-
ing generalization of the contraction mapping principle.
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THEOREM 1.1. [23] Let A and B be two non-empty closed subsets of a complete
metric space X and suppose f: X — X satisfies:
(1) fAC B and fBC A,
(2) d(fz, fy) < kd(z,y) forall z € A and y € B where k € (0,1).
Then f has a unique fized point in A B.

The problems of cyclic contractions have been strongly associated with prox-
imity point problems. Some other results dealing with cyclic contractions and
proximity point problems may be noted in [10,13,20,36,38] and [39].

The present authors introduced a ¢-contraction in the context of 2-Menger
spaces for two mappings in [9]. The following theorem was established.

THEOREM 1.2. [9] Let (X, F,A) be a complete 2-Menger space, where A is
the minimum t- norm, Ty, T are two self maps on X such that for all x,y,a in X
andt >0,

t

(13) Fle,Tgy,a(¢(t)) 2 Fz,y,a(d)(g))

where ¢ € (0,1) and ¢ is a ®-function. Then Ty and Ty have a unique common
fixed point in X.

In this paper we define another contraction, namely, a cyclic contraction in
2-Menger spaces and have shown that in a 2-Menger space with minimun ¢-norm,
the said contraction has a unique fixed point. Our theorem is supported with an
example.

2. Main Result

THEOREM 2.1. Let (X, F,A) be a complete 2-Menger space with the 3rd order
minimum t-norm A and let there exist two non-empty closed subsets A and B of X
such that the mapping T : A\J B — A|J B which satisfies the following conditions:

(2.1) TACB and TBCA
(22) Froya@() > Feya(6(5))

forallz € A,y € B and a € X where 0 < ¢ < 1, ¢ is a ¢-function. Then A\ B
is non-empty and T has a unique fized point in A[)B.

PROOF. Let = be an arbitrary point of A. Now we construct the sequence
{zp,}52, in X by z,, = T"z, n € N, where N is the set of natural numbers.
Asxc A, Tz € B, T?x € A, T3z € B and in general we obtain

(2.3) Ty =x9, € A and Tz =x9,.1€B for all n>0.
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For any non-negative integer n and for fixed a € X, we have
FT27L+11"T27L+2m7a(¢(t)) = FTTQ"r,TT2"+1z,a(¢(t))
t
(24) = FTQ"lm,T27L+1x,a(¢(E))'
(by (2.2) and (2.3))
Again, for any t > 0, for fixed ¢ € X and n > 0, we have
Frong pentig o (0(t) = Fppen-1y rreng o (1))
= Fryong rr2n-14,0(0(1))
Z FTQ”x,TW"*lz,a(d)(%))

t
(25) = FTQ"—la;,T%’m,a((ﬁ(E))'
Combining (2.4) and (2.5), for all n > 0, ¢t > 0 and for some a € X, we have
4
(2.6) Fopwnira(0(t)) 2 Fopyan,a((2))-

By successive application of the above inequality for some a € X, n > 0 and for all
t > 0, we have

Fopnin,a(@(t)) 2 Froar,a(6(5))-
Taking limit on both sides as n — oo for all ¢ > 0, we have from above inequal-

ity
(2.7) lim Fyo,0a((t) = 1.

By virtue of property of ¢ and F we can choose s > 0 such that s > ¢(¢). Then,
for all @ € X and t > 0, we have

(2'8) nll_{r;o Fw7z7w7z+l)a(8) =1

We next prove that {x,} is a Cauchy sequence. If possible, let {z,} be not a
Cauchy sequence. Then, there exist € > 0 and 0 < A < 1 for which we can find
some a € X and subsequences {x, ()} and {z, )} of {z,} with n(k) > m(k) > k
such that

(2.9) F

wm(k)7wn(k))a(€) <1l-A
We take n(k) corresponding to m(k) to be the smallest integer satisfying (2.9), so

that
(2.10) F,

Tm (k) Tn(k)—1,2

() =1— A
If €; < € then, we have

van(k)axn(k)ya(el) < me(m»xn(k),a(e)-
From the above, we conclude that it is possible to construct {,, )} and {, )}
with n(k) > m(k) > k and satisfying (2.9), (2.10) whenever € is replaced by a
smaller positive value. As ¢ is continuous at 0 and strictly monotone increasing
with ¢(0) = 0, it is possible to obtain € > 0 such that ¢(e2) < e.
Then, by the above argument, it is possible to obtain an increasing sequence of
integers {m(k)} and {n(k)} with n(k) > m(k) > k such that

(2.11) Fo ey ngea(@(€2)) <1 = A
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and
(2.12) me(k)wzn(k)—ha(d)(ez)) >1-A\

Now, we have the following possible cases.

Case-I: m(k) is odd and n(k) is even for an infinite number of values of k.
Then, there exist {m(l)} C {m(k)} and {n()} C {n(k)} where m(l) is odd and
n(l) is even for all I with n(l) > m(l) > [ such that for some a € X,

(2’13) FZL’m,(L),:En(l),a(qs(eQ)) < 1 - >\
and
(2'14) Fxm(l)7mn(l)—lya(¢(€2)) =z1-A

Now, from (2.13), for some a € X and for e > 0, we have
1-=A> Fzm(l),zn(l),a(d)(EZ))
= Frmwy rowa,a(9(€2))
= FTT"L(Z)*1m,TT"(l>*1m,a((b(e?))
2 Frmw-1, mm0-14,a(0(2))
(by (2.2) and (2.3))

€
(2'15) = Fwnz(l)—l751711(1)—17‘1((;5(?))'

By virtue of property of ¢, we can choose s1, 52 > 0 such that ¢(2) = ¢(e2)+s1+852.
By (2.15), for all a € X and e > 0, we have
1-=A> me(L)—lvwn(l)—laa((é(%))

> A(F, me,(w,In(z)—1,a(¢(€2)))

M) —1:Zn(1)—1>Tm (1) (81)7 anl(l)flvmm(l),a(s2)7

me(t) 7I7L(l)—l7a(¢(62)))'

Using (2.8), for all a € X and for sufficiently large I, we have

(2.16) > A(F,

M) =1:Tm (@), gy 4 (51) Frm(l)flamm,(l),a(s2)7

(2.17) me(z)—lﬂfmux%(l),l(51) >1-A
and
(2'18) szn(L)flvmm(l),a(SQ) z1-A

Now, using (2.14), (2.17), (2.18) in (2.16), for all ¢ € X and ez > 0, we have
1-A>A0-XN1-XN1-X)=1-),
which is a contradiction.

Case-II: The integers m(k) is even and n(k) is odd for an infinite number of
values of k. Then, there exist {m(l)} C {m(k)} and {n()} C {n(k)} where m(l)
is even and n(l) is odd for all [ with n(l) > m(l) > [ such that for some a € X,
(2.13), (2.14) hold.

Then, we arrive at a contradiction exactly as in the Case-I above.

Case-III: The integers m(k) and n(k) both are even for an infinite number of
values of k. Then, there exist {m(l)} C {m(k)} and {n()} C {n(k)} where m(l)
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and n(l) both are even for all | with n(l) > m(l) > I such that for some a € X,
(2.13), (2.14) hold.

By virtue of the property of ¢, we can choose 71,72 > 0 such that ¢(ea) > 11 + 2.
Now, from (2.13) for all @ € X and for e; > 0, we have

L=A>Fy 02,0 .a(@(€2)), that is,

(2‘19) I-=A> A(meu)»%,(z),mm(z)ﬂ (771)’ Fx771(l)7mm(l)+1>a(?72)7

Ffbm(z)+1,In(z),a(¢(€2) /) 7’2))
Again, by virtue of property of ¢, we can choose 0 < €3 < €5 such that
d(e2) —m —1m2 = ¢(e3) and < > e where 0 < c < 1.
Now, from (2.19) for all a € X, we have

(2.20) 1-A > A(Fx'm(l)1x'm,(l)+17xn(l) (m)s Fxm(z),xm(znha (12), me(z)+17$7L(1)7a(¢(53)))-

For ¢35 > 0, for all a € X, we obtain

Foriyir iy a(@(€3)) = Fppm g prn—14,4(6(€3))
=3)) (by (2.2) and (2.3))

> FTm(l)w)Tn(l)—lw,a( (?

= Fop iy n.a(@(2))

2 Fopy wnay-1.a(P(€2))
(2.21) >1-X (by (2.14))

Again, by (2.8) for sufficiently large [ and for all a € X, we have

(2'22) Fxm(l)vxm(l)+laxn(l) (771) Z1-2A
and
(2'23) me(z),wm(z)+1,a(n2) Z1-A

Using (2.21), (2.22), (2.23) in (2.20) for all a € X, we obtain
I-A>A(1-A1-A1-)\)=1-)\
which is a contradiction.

Case-IV: The integers m(k) and n(k) both are odd for an infinite number of
values of k. Then, there exist {m(l)} C {m(k)} and {n())} C {n(k)} where m(()
and n(l) both are odd for all I with n(l) > m(l) > I such that for some a € X,
(2.13), (2.14) hold.

Then, we arrive at a contradiction exactly as in the Case-III above.

Combining all the above four cases we can conclude that {z,} is a Cauchy
sequence.

Since X is complete, we have z,, — 2z in X for n — oco. The subsequences
{zo,} and {x9,_1} of {x,} also converges to z. Now {z3,} C A and A is closed.
Therefore z € A. Similarly, {3,_1} C B and B is closed. Therefore z € B. Thus
we have z € A B.
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Now we prove that Tz = z.
For this, we have

(224) Fz,Tz,a(¢(t)) P A(FZ7TZJC2n+1 (51)7 Fz,x2n+17a($2)7
Frzn+1,Tz,a(¢(t) — 81 — 52))-

(where s1, 89 > 0 and ¢(¢) > s1 + $2)
Now, by the property of ¢ we can choose &1, > 0 such that s; = ¢(&;) and
P(t) — 51— s2. = ¢(&2).
Now, from (2.24), we get
Fz,Tz,a(¢(t)) 2 A(FZ,TZ,TTZ”.'E(Qb(gl)), Fz,zgn+1,a(82)7 FTT2"."c,Tz,a(¢(£2)))
= A(Frreng 12 (0(61)), Frwnir,a(52), Frreng 72.q(0(€2)))-
Now, using the inequality (2.2) we get

FZ,TZ’a(qs(t)) = A(FT%z,z,z(qb(%))ﬂ F27m2n+17a(82)7 FT2"$,Z,a(¢(%)))'
By the property of ¢ and F we have

FTQn’:L’,Z,Z<¢(%)) =1

FZ,TZ,a(Qb(t)) = A(l, szzn+1,a(52)v Frzmz,a(ﬁb(%)))
Taking limit as n — oo and by the property of F, we get

Hence

Fz,Tz,a(¢(t>) > A(l, 1’ 1) =1.
Hence z = Tz.

To prove the uniqueness of the fixed point, let v be another fixed point of T" in
AN B, that is, Tv = v.
Let a € X be any element different from z and v.

Now,
Fz,v,a(¢(t)) = FTz,Tv,a(¢(t))
> Fra(9(}))
= FTz,Tv,a(¢(%))
> Fea(0(3))-

Repeating this process n times we get

FZ,v,a(¢(t)) = FTZ,Tv,a(¢(t)) = Fzm,a(‘b(cin))-
Letting n — oo on both sides we get from the above inequality,

Fr0,a(9(t) 2 Frpoa(d(57)) = L.
(since ¢ is strictly increasing and ¢(t) — oo as t — oo )
Hence, F. v.a(6(t)) = 1, which implies that z = v.

Hence the fixed point is unique. O

Example 2.1. Let X ={«,3,7,0}, A={a, 8,0}, B = {v,d}, the t-norm A
is a 3rd order minimum t-norm and F be defined as
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0, it t<0,
Fago(t) = Fags(t) =4 040,  if 0<t<4,

1, it ¢4,

0, it t<0,
Foayst) = Fgq,5(t) _{ 1 it t>0.

Then (X, F,A) is a complete 2-Menger space. If we define T': X — X as follows:
Ta=0,TB =Ty =09,Té =06 then the mapping T satisfies all the conditions of
the Theorem 2.1 where ¢(t) =t, 0 < ¢ < 1 and § is the unique fixed point of T in
ANB.
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