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ABSTRACT. In this paper, we define the concept of (F,h,a, 3,1)- contractive mappings in a probabilistic
Menger space, which generalizes some previous related concepts. Also, we investigate the existence of fixed

points for such mappings. Some examples are given to support the obtained results.

1. INTRODUCTION AND MATHEMATICAL PRELIMINARIES

The study of fixed points of mappings in a Menger PM-space satisfying certain contractive conditions has
been at the center of vigorous research activity. Menger PM-space were introduced in 1942 by Menger [9].
Afterwards the study of these spaces was performed by Schweizer and Sklar [8] and many others, [3-6]. In
1984 Khan et al. introduced the concept of altering distance function [15]. A ¢-function is the extension
of altering distance function and has been worked by many authors, [16], [17].The concepts of oo — 1)—type
contractive and a— admissible mappings were introduced by Gopal et. al. [7], who also established some
fixed point theorems for these mappings in complete Menger spaces. After that, Shams and Jafari generalized
this concept to («, 8, 1)-contractive and o — f—admissible mappings and proved some fixed point theorems

for such maps [14].
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In this paper, we give a generalization of the concepts discussed in [1,14]. Thus we introduce the concept of
(F, h,a, B,1)- contractive mapping in Menger PM-space, and establish corresponding fixed point theorems
for such contractive mappings which are based on the mentioned generalized notion of such a contractive
mapping. In particular, the presented theorems extend, generalize and improve the results in [1,14]. Also,
some examples are given to support the obtained results.

We first bring notion, definitions and known results, which are related to our work. For more details, we
refer the reader to [2].
We denote by R the set of real numbers, RT the set of non-negative real numbers and N the set of positive

integers

Definition 1.1. A distribution function is a function F : (—oo0,00) — [0,1], that is non-decreasing and left
continuous on R. Moreover, inficr F(t) = 0 and sup,cp F(t) = 1. The set of all the distribution functions
is denoted by D, and the set of those distribution functions such that F(0) = 0 is denoted by D. We will

denote the specific Heaviside distribution function by:

Definition 1.2. A binary operation T : [0,1]x[0,1] — [0, 1] is a continuous t-norm if the following conditions

hold:

()
(b)
()
(d)

T is commutative and associative,
T is continuous,

T(a,1) = a for all a € [0,1],
T(a

(

The following are three basic continuous t-norms.

,b) < T(c,d) whenever a < ¢ and b < d, for a,b, c,d € [0,1].

(i) The minimum t-norm, say Ty, defined by T (a,b) = min{a, b}.
(ii) The product t-norm, say T}, defined by T)(a,b) = a.b.
(iii) The Lukasiewicz t-norm, say Tr,, defined by Tr(a,b) = max{a +b—1,0}.

These t- norms are related in the following way: T, < Tp < Ty,.

Definition 1.3. A Menger PM-space is a triple (X, F,T), where X is a nonempty set, T is a continuous
t-norm, and F is a mapping from X x X into DT such that the following conditions hold:

(PM1) F,,(t) = H(t) if and only if x =y,

(PM2) Foy(t) = Fyalt)

(PM3) Fyy(t+s) > T(Fy (1), F,y(s)) for all z,y,z € X and 5,t >0
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Definition 1.4. Let (X, F,T) be a Menger PM-space. Then

(i) A sequence xz,, in X is said to be convergent to x if, for every e >0 and 0 < A < 1, there exists a positive
integer N such that F,, (e) > 1— A, whenever n > N.

(ii) A sequence x,, in X is called Cauchy sequence if, for every e > 0 and A > 0, there exists a positive integer
N scuh that Fy, .. (€) >1— X whenever n,m > N.

(ili) A Menger PM -space is said to be complete if and only if every Cauchy sequence in X is convergent to
a point in X.

(iv) A sequence x, is called G-Cauchy if nhﬁn;(} Fepanim(t) =1, for each m € N and t > 0.

(v) The space (X, F,T) is called G-complete if every G-Cauchy sequence in X is convergent.

It follows immediately that a Cauchy sequence is a G-Cauchy sequence. The converse is not always true.

This has been established by an example in [11].

According to [8], the (e, A)-topology in Menger PM-space (X, F,T) is introduced by the family of neigh-
borhoods N, of a point = € X given by

N, = N,(e,A):e>0,Ae(0,1),

where
Ny(e,N) ={y e X : F, y(e) >1— A}

The (e, A) -topology is a Hausdorff topology. In this topology, a function f is continuous in z¢ € X if and

only if f(x,) — f(xo), for every sequence x,, — xg, as n — 0.

Definition 1.5. [10] A function ¢ : [0,00) — [0,00) 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 (0,00),
(iv) ¢ is continuous at 0.

In the sequel, the class of all ®-functions will be denoted by ®. Also we denote by ¥ the class of all continuous

functions ¥ : [0,00) — [0,00) such that ¥(0) =0 and ¥"(a,) — 0, whenever a,, — 0 as n — oo.

Theorem 1.1. [1] Let (X, F,T) be a G-complete Menger PM-space and f : X — X be a mapping satisfying

the following inequality
1 1
_1§¢<_1> (1.1)
Fpa,py(0(ct)) Foy(o(t))
where x,y € X,c € (0,1), p € ®,9 € U and t > 0 such that Fy ,(p(t)) > 0. Then f has a unique fized point.
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Definition 1.6. [14] Let (X,F,T) be a Menger PM-space and f : X — X be a given mapping and

a,f: X x X x(0,00) = [0,00), be two functions, we say that f is a — 3-admissible if

(i) For all z,y € X and for allt >0, a(z,y,t) > 1= a(fz, fy,t) > 1,

(ii) For all z,y € X and for allt >0, B(z,y,t) < 1= B(fx, fy,t) < 1.

2. FIXED POINT THEOREMS FOR (F,h, a, 3,1)-CONTRACTIVE MAPPINGS

In this section, we state some allied definitions and results which are needed for the development of the

present topic. Also we introduce the notion of (F,h, «, 8,)-contractive mappings in Menger PM-spaces

and prove some fixed point theorems for such a contractive mappings.

Definition 2.1. [12, 13] We say that the function h: RT x RT — R is a function of subclass of type I, if

x>1= h(l,y) < h(z,y) for ally € RT.

Example 2.1. [12,13] Define h: Rt x RT — R by:

(a) Az, y) = (y + 171> 1;

(b) hlz,y) = (x+1)%,0 > 1;

(¢) hz,y) =a"y, n € N;

(d) h(z,y) = y;

() h(z,y) = 57 (X2 y, neN;

() h(z,y) = [ (Dimg) +1] 1> 1,neN

for all z,y € R*. Then h is a function of subclass of type I.

Definition 2.2. [12,13] Let h, F: RT x R™ — R, then we say that the pair (F,h) is an upper class of type

L if h is a function of subclass of type I and:
(i) 0<s <1 = F(s,t) < F(1,1),
(ii) h(1,y) < F(1,t) = y <t forallt,y € RT.

Example 2.2. [12,13] Define h, F: RT x R* — R by:

(a) h(z,y)=(y+1)*1>1 and F(s,t) =st+1;

(b) h(z,y) = (x+1)¥,1>1 and F(s,t) = (1 +1)%;

(¢) h(z,y) =z™y, m € N and F(s,t) = st;

(d) hz,y) =y and F(s,t) = t;

(d) h(z,y) = =5 (Ciso2') y, n € N and F(s,t) = st;

() hiw,y) = [ (Tl v') + z}y,z >1,neN and F(s,t) = (1+1)%

for all z,y,s,t € RT. Then the pair (F,h) is an upper class of type L.



Int. J. Anal. Appl. 18 (4) (2020) 637

Definition 2.3. [12,13] We say that the function h : RT x RT x RT — R is a function of subclass of type
I,

if v,y > 1= h(1,1,2) < h(z,y,2) for all z € RT.

Example 2.3. [12,13] Define h: Rt x RT x RT — R by:

for all x,y,z € RY. Then h is a function of subclass of type II.

Definition 2.4. [12,15] Let h: Rt x RT x Rt — R and F: Rt x RT — R, then we say that the pair (F,h)
is an upper class of type I, if h is a subclass of type II and:

(i) 0<s<1= F(s,t) < F(1,1),

(ii) h(1,1,2) < F(s,t) = z < st for all s,t,z € RT.

Example 2.4. [12,13] Define h: Rt x RT x Rt = R and F: RT x RT — R by:

(a) h(z,y,2) = (z+ D", 1> 1,F(s,t) =st+1;

(b) h(z,y,2) = (zy +1)*,1 > 1,F(s,t) = (1 +1)%;

(¢c) h(z,y,2) =z, F(s,t) = st;

(d) h(x,y,z) =a™y"2P, m,n,p € N, F(s,t) = sPtP

(e) h(z,y,z2) x"L+x;yp+yq 2 myn,p,q, k €N, F(s,t) = skth

for all z,y,z,s,t € RY. Then the pair (F,h) is an upper class of type II.

Now we introduce the following definition that is a generalization of inequality (1.1) introduced in [1], see

example 2.6.

Definition 2.5. Let (X, F,T) be a PM-space and f : X — X be a given mapping. We say that f is an
(F,h,a, 8,1)- contractive mapping if there exist two functions o, 8 : X x X x (0,00) — [0,00) and ¢ € ¥

satisfying the following inequality
1 1
Pttt ) et ()
A ) R Fesa(ole) )
for all z,y € X and for all t > 0 such that F, ,(¢(t)) > 0, where ¢ € (0,1) and ¢ € P.

Remark 1 If a(x,y,t) =1 and B(z,y,t) =1 for all z,y € X and for all ¢ > 0, the condition (2.1) reduce

to condition (1.1), but the converse is not necessarily true, (see example 2.6 ).
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The following Theorem shows that a (F, h, «, 8,1) contractive mapping under which conditions has fixed

points. Also, examples 2.5 and 2.6 show that this theorem extends the previous results in [1,14].

Theorem 2.1. Let (X, F,T) be a G-complete Menger PM-space and f : X — X be a (F,h,«,B,%) con-
tractive mapping satisfying the following conditions:
(i) f is a — B-admissible.
(ii) There exists xo € X such that a(xg, fro,t) > 1 and B(xo, fro,t) <1, for all t > 0.
(i) If {xn} is a sequence in X such that a(zy,Tni1,t) > 1 and B(Xp, Tpi1,t) < 1 for alln € N and for all
t>0, and x,, = x as n — o0, then a(xy,z,t) > 1 and B(x,,z,t) <1 for alln € N and for all t > 0.

Then f has a fixed point, i.e, there exists a point u € X such that fu = u.

Proof. Let z¢ € X be such that a(zg, fzo,t) > 1 and B(xo, fzo,t) <1 for all t > 0. Define a sequence {z,, }
in X so that x,4+1 = fx,, for all n € N. Assume that z,1 # z, for all n € N. Then, by using the fact that

f is a — B-admissible, we write

alxg, fro,t) = oz, x1,t) > 1 = alxy,z,t) = afzo, fr1,t) > 1.
Similarly we write

B(zo, fxo,t) = B(xo, 1,t) < 1= B(z1,22,t) = B(fzo, fr1,t) < 1.

By induction, it follows that a(z,,2n11,t) > 1 and S(zp, Xni1,t) < 1, for all ¢ > 0. From the properties of

function ¢, we can find ¢t > 0 such that F, ., (¢(t)) > 0. Thuse by applying (2.1), we have

F (LMW - 1)) > F (B(xmxht),@/}(m _ 1)>
> h (a(mo,xl,t), (W _ 1)
> {1 )

.

1
Fiay, 2, (p(ct)) Fag.2: (£(1))
Repeating the above procedure successively n times, we obtain

d (1’¢"<W )2 (L @y V)

—1 < 4 —1) (2.2)
Hence we have

1 1
_ 1<yt ——1).
Fromn(o(@) =Y (le,m«o(;z)) )
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Rewrite this sentence for n > r,

i ner 1
Frveonlpen) =Y (an,Ml(so(ﬁ.)) 1), (23)

Since ¥"(a,) — 0 whenever a, — 0, we have from (2.3), for all » >0

Fppwni(@(ct)) = 1. (2.4)

Now let € > 0 be given, then by virtue of the properties of ¢, we can find » > 0 such that p(c"t) < e. Then

it follows from (2.4) that F, ., ., (€) = 1, as n — oo for every € > 0. On the other hand, we know that

€ € €
anymn+p (6) 2 T(Fﬂﬁn,rn+1 (5)7 T(Ffbn+17ﬂ?n+2(§)7 (a3 (Fﬂﬁn+p—1,fbn+p(];))"')'

Thus, letting n — oo, we have for any integer p, F. (e) = 1, as n — oo for every € > 0. Hence {x,} is

Tn,;Tntp
a G-Cauchy sequence

As (X, F,T) is G-complete, {x,} is convergent and hence x,, — u as n — oo for some v € X. Again

Frua(©) 2 T (Fpusn (5) Fopera(3)) - (2.5)

Using the properties of ¢-function, we can find a to > 0 such that ¢(t2) < §. Hence there exists ng € N such

that for all n > ng, Fy,, .(o(t2)) > 0. Then, for n > ng, we write

F1ot—tm 1) 2 F (B )

Fwn,u(@(? Fwn,u“@(?

1
> 0 (el uplt), (s 1)
Ff1"7fu(g0(t2))
1
> b (1, . S 1)
Fro, fu((t2))

—
I S Y SR S
Foingu(5) 7 Frapu(e(t2) 7 u(e(B2) 7

Making n — oo, utilizing 1(0) = 0 and the continuity of 1), we obtain
anﬂ,fu(g) —1 asn— oo. (2.6)

Passing to the limit for n — oo in (2.5), from (2.6), the continuity of 7" and the fact that =, — u as n — oo,

we have F'yy, ,(€) = 1 for every e > 0. Hence u = fu. O

The uniqueness of the fixed point is proved in the next theorem.

Theorem 2.2. With the same hypotheses of Theorem 2.1, if for all x € X and for all t > 0, there exists

z € X such that a(x,z,t) > 1 and B(z, z,t) < 1, then f has a unique fized point.
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Proof. Let u,v € X be such that fu = v and fv = v. From hypotheses there exists z € Y such that

a(u,z,t) > 1 and a(v, z,t) > 1, B(u,2,t) < 1 and B(v, z,t) < 1. Since f is a — S-admissible, we get
alu, ffz,t) > 1, av, f*2,t) > 1, Bu, fM2,t) <1, Bv, fMz,t) <1, (2.7)

for all ¢ > 0 and n € N. So by using (2.1) and (2.7), we obtain

(it Y) 2 T (e v )

1
> hau, ff1z,0), —1)
( ( A p—— ()

h (1 1 1)
- " Fru g1z (p(ct))
This implies that

1 1

Frtoe V=" F ey Y

Finally, making n — oo, we obtain f"z — w. A similar argument shows that for all n € N, f"z — v as

n — 0o. Now, the uniqueness of the limit gives us u = v and hence the proof is complete.

Corollary 2.1. [14] Let (X,F,T) be a G-complete Menger PM-space and f : X — X be a mapping
satisfying the following conditions:

(i) for all xz,y € X and for all t > 0 such that F, ,(o(t)) > 0, where ¢ € (0,1) and ¢ € O

- 1) < B(.’L’,y,t)’(/J(

alz,y,t)( -1 (2.8)

Fa,y(p(ct)) Foy(o(1))

(ii) f is a — B-admissible.

(iii) There exists xg € X such that a(xg, fxo,t) > 1 and B(xo, fxo,t) < 1, for all t > 0.

(iv) If {xn} is a sequence in X such that a(zy,xni1,t) > 1 and B(Tn, Tnt1,t) < 1 for alln € N and for all
t >0, and x, = = as n — 0o, then a(xn,x,t) > 1 and B(xn,x,t) <1 for alln € N and for all t > 0.

Then f has a fized point, i.e, there exists a point u € X such that fu=u

The following examples show the usefulness of definition 2.5 proposed in this paper to extend previous

results in [1,14].
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Example 2.5. Let X = R,T(a,b) = min{a, b} for all a,b € [0,1] and F, ,(t) = m for all z,y € X and
forallt > 0. Clearly (X, F,T) is a G-complete Menger PM -space. Define the mapping f: X — X by

x €1[0,1)

N

fx= 1 r=1

2 otherwise

and the functions o, 8 : X x X x (0,00) — [0,00) by

1 z,y€l0,1]
a(z,y,t) =
% otherwise,
4  x,yel0,1)
5($,y,t): 1 $=y=1

% otherwise.

We define h: RT x Rt - R, F: RT x RT = R by h(z,y) = (y +1)* and F(s,t) = st +1. Let c = 5. If we
define @, : [0,00) = [0,00) by @(t) = () =t, then the mapping f satisfies the hypotheses of theorem 2.1.
Let z,y € X be such that a(z,y,t) > 1 and B(x,y,t) < 1 for all t > 0, then by definition of f and « and
B, we have o(fx, fy,t) =1 and B(fx, fy,t) <1, that is, [ is a o — S-admissible. Also for xo = 1 we have
a(l, f(1),t) =1 and B(1, f(1),t) = 1. Suppose both x,y are in [0,1), then a(x,y,t) =1 and B(x,y,t) =4
and so by definition of F and h we have 4t +1 > 1, so inequality (2.1) holds. If t =y =1, then t +1 > I,
so inequality (2.1) holds. Also in other cases inequality (2.1) hold. Next, let {x,} is a sequence such that
a(ZTp, Tpy1,t) > 1 and B(xn, 2pi1,t) < 1, for alln € N and for all t > 0, and x,, — = as n — oo, this
implies ,, = 1 and so a(xn, z,t) =1 and f(zn, x,t) =1, for alln € N and for all t > 0. Hence we conclude
that all the conditions of theorem 2.1 hold and so, f has three fized points x = 1, x = % and x = 2. We
show that corollary 2.1 is not applicable in this case. Consider x =1 and y = 2, then by applying inequality

(2.8) we have 9 < ¢, which gives a contradiction to the fact that c € (0,1).

Example 2.6. Let X = R, T(a,b) = min{a, b} for all a,b € [0,1] and F, ,(t) = m for all z,y € X and

for allt > 0. Clearly (X, F,T) is a G-complete Menger PM -space. Define the mapping f : X — X by

% x € [0, ﬂ
fx =
% otherwise

and the functions a, 8 : X x X x (0,00) — [0,00) by
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1 z,yel0,i
a(r,y,t) = 03
% otherwise,
% x,y €0, i]
B(w,y,t) =

2 otherwise.
We define h: Rt x Rt — R, F: RT x RT = R by h(z,y) = 2y and F(s,t) = st. Let c = 3. If we define
0,1 [0,00) = [0,00) by (t) = (t) = t, then the mapping [ satisfies the hypotheses of theorem 2.1. It is
easy to show that f is o — B-admissible. Also for zg = %, we have a(i,f(i),t) =1 and B(i,f(i),t) = %
Nezxt, let {xy} is a sequence such that a(Tn, Tny1,t) > 1 and B(xn, Tpi1,t) <1 for alln € N, t > 0 and
Tp —> T asn — 00, this implies that {x,},x € [0, %] So by definition of «, B this implies that f(x,,z,t) <1

and a(zy,x,t) > 1 for alln € N and for allt > 0. The other conditions are the same as example 2.5. Hence

we conclude that all the conditions of theorem 2.1 hold and so, f has two fized points x = 3 and © = % We

show that theorem 1.1 is not applicable in this case. Consider x =1, and y = 2, then by applying inequality

(1.1) we givea a contradiction to the fact that ¢ € (0,1).
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