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Abstract. In this paper, we obtain some new fixed point theorems for (@, 7, ¢, £)-contractive multi-valued
mappings in a-n-7 -complete Menger PM-spaces, which turn out to generalize many results in existing
literatures. Some examples are also given to illustrate the definition and support our new results. Moreover,
some interesting fixed point results endowed with binary relations or graphs are derived as applications of
our main results.

1. Introduction

Karl Menger is a pioneer in probabilistic analysis who first introduced the concept of a probabilistic
metric space (for short, a PM-space) which laid a foundation for this branch [1]-[2]. Since then, many
scholars are devoted to the theory of PM-space and apply such theory to other branches of mathematics
[3]-[6]. During the past few years, fixed point problems under various conditions in Menger PM-spaces
have been studied extensively (see e.g. [7]-[10]).

Samet et al. [11] first introduced the concepts of a-1-contractive and a-admissible mappings in metric
spaces, while Asl et al. [12] initiated the notion of a.-admissible mappings for multi-valued mappings in
metric spaces, which was later extended by Mohammadi et al. [13] to a-admissible multi-valued mappings.
In 2013, Salimi et al. [14] modified the definitions of a-i-contractive and a-admissible mappings, and
Hussain et al. [15] further introduced the concept of a-1-i-contractive mappings for both single-valued
and set-valued mappings. Later, Gopal et al. [16] introduced the concepts of a-admissible mappings
and p-admissible mappings in Menger PM-spaces and obtained some fixed point theorems for a-y-type
contractive mappings, while S. H. Hong [17] introduced the concept of a.-1.-admissible mappings in
set-valued case in fuzzy metric spaces. Inspired by these results, we introduced the new concepts of a-
admissible mappings with respect to 1 in single-valued case and «a.-admissible mappings with respect to 7.
in set-valued case in Menger PM-spaces and studied the existence of fixed points for both singled-valued
and set-valued mappings under some contractive conditions [18].
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On the other hand, Ali ef al. [19] introduced the concept of (a, ¢, £)-contractive multi-valued mappings
and proved fixed point results for such mappings on complete metric spaces. In [20], the authors asked if
it is possible to prove corresponding results under weaker conditions. To this end, they made use of the
concept of a-completeness of a metric space raised by Hussain et al. in [21] and introduced a-continuity
for multi-valued mappings in a metric space to study the existence of fixed points for («, 1, £)-contractive
multi-valued mappings and obtained some general yet interesting results [20].

In this paper, we first introduce some new concepts such as a-n-7 -completeness of a Menger PM-
space, a-n-7 -continuity of a multi-valued mapping, and («, 1, 1, £)-contraction in the setting of Menger
PM-spaces. Then we prove some new fixed point results for (a, 1, ¢, £)-contractive multi-valued mappings
in a-n-7 -complete Menger PM-spaces, which generalize the main results of [20] and many other results
in the literatures. Some examples are also given to illustrate the definitions and to show the validity of
our new results. Finally, some fixed point results endowed with binary relations or graphs are given as
consequences of our main results.

2. Preliminaries

In this section, we will recall some known definitions, notations and results and introduce some new
concepts and establish some new lemmas which will be needed in the sequel. We first recall some basic
definitions and results about Menger PM-spaces.

Throughout this paper, we will denote by R, R* and IN the set of real numbers, positive real numbers
and natural numbers. For a nonempty set X, denote by N(X) the class of all nonempty subsets of X.

A mapping F : R — R* is called a distribution function if it is nondecreasing left-continuous with
sup F(t) = 1 and inf F(f) = 0.
teR teR

We will denote by D the set of all distribution functions while H will always denote the specific

distribution function defined by

0, t<0,
H(t):{ 1, £>0.

Let F1,F, € D. The algebraic sum F; @ F; is defined by

(F1 ® F2)(t) = sup min{Fy(t1), F2(t2)},

1+t =t

forall f € R.
Definition 2.1 ([6]). A mapping A : [0,1] %[0, 1] — [0, 1] is called a triangular norm (for short, a t-norm) if the
following conditions are satisfied: A(a,1) = a; A(a,b) = A(b,a); Aa,c) = A(b,d) fora > b,c > d;A(a, A(b,c)) =
A(A(a, b),c).

A typical example of a t-norm is A, defined by A;,(a, b) = min{a, b} for all a, b € [0, 1].
Definition 2.2 ([6]). A triplet (X, F,A) is called a Menger probabilistic metric space (for short, a Menger PM-
space) if X is a nonempty set, A is a t-norm and ¥ is a mapping from X X X into D satisfying the following
conditions (we denote ¥ (x, y) by F ,):

(PM-1) Fx,y(o) =0

(PM-2) F,,(t) = H(t) for all t € R if and only if x = y;

(PM-3) Fy(t) = Fx(t) forall t € R;

(PM-4) Fy (t +5) = A(Fy.(t), Fy,y(s)) forall x, y,z € X and t,s > 0.

Remark 2.1. If (X, 7, A) satisfies the condition sup A(t,t) = 1, then (X, #, A) is a Hausdorff topological space
0<t<1

in the (¢, A)-topology 7, i.e., the family of sets {Uy(e, A) : € > 0, A € (0, 1]}(x € X) is a basis of neighborhoods

of a point x for 7, where U,(¢, A) = {y € X : F,(€) > 1 - A)}[6].

By virtue of the topology 7, a sequence {x,} is said to be 7 -convergent to x € X(we write x, 5 x(n — 0))
if for any given € > 0 and A € (0, 1], there exists a positive integer N = N(g, A) such that F, () > 1-A
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whenever n > N, which is equivalent to lim F, ,(t) = 1 for all t > 0; {x,} is called a 7-Cauchy sequence
n—oo
in (X,¥,A) if for any given € > 0 and A € (0,1], there exists a positive integer N = N(e, A) such that
Fy x,(€) > 1 — A whenever n,m > N; (X,F,A) is said to be 7-complete if each 7-Cauchy sequence in
X is T -convergent in X. Note that in a Menger PM-space, when we write lim x, = x, it means that
n—oo

Xy KN x(n — o0).
Remark 2.2 ([6]). (1) (CB(X), ) is a metric space. If (X, d) is complete, then (CB(X), 6) is complete;
(2) Let (X, d) be a metric space. Define a mapping ¥ : X X X — Dby

Fx,y)t) = Fry(t) =H(t—d(x, ), Vx,ye X, teR 1)

Then (X, 7, Amin) is a Menger PM-space induced by (X, d) with A,(a, b) = min{a, b}, ¥a,b € [0, 1]. If (X, d) is
complete, then ~(X, F, Amin) is T -complete.
(3) Define ¥ : CB(X) x CB(X) — D by

F(A, B)(t) = Eap(t) = H(t — 5(A, B)), YA,B e CB(X), teR. )

Then ¥ is the Menger-Hausdorff metric induced by . Moreover, if (X, ,A) is a T—complete Menger
PM-space with the f-norm A > A,,, where A,,(a,b) = max{a + b —1,0},Ya,b € [0,1], then (2, ¥, A) is also a
7 -complete Menger PM-space.

Let (X, d) be a metric space, CB(X) be the family of all nonempty bounded closed subsets of X and 6 be
the Hausdorff metric induced by d, that is, 6(A, B) = max{sup,, d(x, B), sup yeB d(y, A)}, for any A, B € CB(X),
where d(x, A) = ;IEI}; d(x, v).

Let (X, ¥) be a PM-space and A be a nonempty subset of X. Then the function

Dy(t) = sup inf F,,(s), t€R

s<t XYEA

is called the probabilistic diameter of A. If sup Da(t) = 1, then A is said to be probabilistically bounded.
t>0
Let (X, F,A) be a Menger PM-space and Q) be the family of all nonempty probabilistically bounded

7 -closed subsets of X. For any A, B € (), define the distribution functions as follows:

F (A, B)(t) = Ea5(t) = sup A(inf sup Fy,, (s), infsup Fy (s)), s,t € R,
s<t YA yep YeB xea

F(x, A)(t) = Fya(t) = supsup Fy,(s), s, t€R,
s<t yeA

where 7 is called the Menger-Hausdorff metric induced by 7.

The following lemmas will play an important role in proving our main results in Section 3.
Lemma 2.1 ([6]). Let (X, 7, A) be a Menger PM-space with a continuous t-norm A on [0,1] X [0,1], x,y €
X, (x4}, {yn} € X and x, kR X, Yn kR y. Then liminfF, , (t) > Fy,(t) for all t > 0. Particularly, if F, () is
continuous at the point ¢y, then lim Fy, , (to) = Fy,y(to).

n—oo

Lemma 2.2 ([6]). Let (X, ¥, A) be a Menger PM-space. Then for any A, B,C € Q) and any x,y € X, we have
the following:

(i) Fya(t) =1forallt > 0if and only if x € A;

(ii) For any x € A, F,5(t) > Fap(t), for all t > 0;

(111) Fx,A(tl + tz) > A(Fx,y(tl), Fy,A(tz)), for all t1,to > 0;

(iv) Fya(ts + t2) > A(Fy5(t1), Fap(ta)), for all 1, ¢, > 0.

In [18], we introduced the following concept which is the generalization of the one in a metric space to
a Menger PM-space.
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Definition 2.3 ([18]). Let (X, ¥, A) be a Menger PM-space, T : X — N(X) be a set-valued mapping and
a,n: XXX x(0,+00) = [0, +o0) be two functions, where 7 is bounded. T is called an a.-admissible mapping
with respect to 1., if for all t > 0, we have

ax yt) <nlx,yt) = a.(Tx, Ty, £) < n.(ITx, Ty, t),x,y € X,

where a.(A,B,t) = sup a(x,y,t),and n.(4,B,t) = inf n(x, y,t).

x€A,yeB x€A,yeB
Now we introduce the following concept which is more general than the above one.

Definition 2.4. Let X # 0, T : X = N(X),and a, 1 : X X X X (0, +00) — [0, +0). T is called a-admissible with

respect to n, if for each x € X,y € Tx and ¢ > 0 with a(x, y,t) < n(x, y,t), we have a(y, z,t) < n(y, z, ), for all

z€Tyandt > 0.

Remark 2.3. An «a,-admissible mapping with respect to 1. is an @-admissible mapping with respect to 7,

but the converse is not true as is shown in the following example.

Example 2.1. Let X = [-1,1],and a, 1 : X X X X (0, +00) — [0, +00) and T : X — N(X) be defined by

Mx%o:f’xzwf>a
4, x+vy,
1, x=y,

’ /t: t Or

n(x, y,t) {6’ x#y, >

{x}r X é {_1/ 0}/
Tx=1{{0,1}, x=-1,
{1}, x=0.

Forx = -1,y =0 € Tx = {0,1}, a(x,y,t) < n(x, y,t),¥t > 0. Note that a.(Tx, Ty, f) = a.({0,1},{1},¢) =
4 > 1 = n.(0,1},{1},t) = n(Tx,Ty,t), so T is not an a.-admissible mapping with respect to .. But T is
a-admissible with respect to 7. In fact, consider the following cases.

Casel. x =0,y =1 € Tx. Then a(x,y,t) < n(x,y,t),Yt > 0. Thus, a(y,z,t) < n(y,z,t),¥Vt > 0, since
z=-1eTy={-1}.

Case 2. x = -1,y € {0,1}. Then a(x, y,t) < n(x,y,t),¥t > 0. Thus, a(y, z,t) < n(y,z,t),Vt > 0, sincez = 1
wheny=0and z=-1wheny=1.

Case 3. x ¢ {-1,0},y = —x. Then a(x,y,t) < n(x,y,t),¥t > 0. Thus, a(y,z,t) < n(y,zt),¥t > 0, since
z€{0,1}wheny=-landz=x € Ty = {x} when y # -1.

The following definition generalizes the concept of a-completeness in a metric space by Hussain et al.
[21] to a-n-T -completeness in a Menger PM-space.
Definition 2.5. Let (X, ¥, A) be a Menger PM-space and a, 17 : X X X X (0, +00) — [0, +00). (X, ¥, A) is called
a-n-7 -complete if each 7-Cauchy sequence {x,} in X with a(x,, x,4+1,t) < (x4, Xn11,t) foralln € N and ¢ > 0,
7 -converges in X.
Remark 2.4. If (X, ¥, A) is a 7 -complete Menger PM-space, then it is a-n-7 -complete Menger PM-space.
But the following example shows that the converse is not true.
Example 2.2. Let X = (0,+), d : X X X — R be defined by d(x, y) = |x — y| and ¥ be defined by (1). Then
(X, F, Amin) is a Menger PM-space. Define a, 1 : X X X X (0, +00) — [0, +00) by

1

M%%ﬂz{? 1>

3, otherwise,

3
nx, y,t) = {2’ wyellsl,

2, otherwise,
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It is easy to see that (X, 7, Amir) is not 7 -complete, but it is a-n-7 -complete. In fact, if {x,} is a 7-Cauchy
sequence in X such that a(x,, Xy+1,1) < (x4, Xn11,t) for alln € N and t > 0. Then x,, € [1,3] for all n € IN.
Since [1,3] is a 7 -closed subset of R, it follows that ([1,3], F, Auin) is T-complete, and thus there exists

x. € [1,3], such that x, KN X.(n — 00).

We also introduce the following concept which extends the one of a-continuity in a metric space [20] to
the setting of a Menger PM-space.
Definition 2.6. Let (X, #, A) be a Menger PM-space, a, 1 : X X X X (0, +00) — [0, +00), T : X — Q, T is called
an a-n-7 -continuous multi-valued mapping, if for sequence {x,} C X,

Xy 7 X.(1n — 00), a(xXy, Xps1,t) < N(xXp, Xps1,t) forall n € N and t > 0 = lim ﬁTxn,Tx(t) =1,¥t> 0.
n—oo

Remark 2.5. It is easy to see that the 7 -continuity of T implies the a-n-7 -continuity of T for all mappings
a and 7, but the converse is not true in general, which can be shown by the following example.

Example 2.3. Let X = [0, +0),d : XXX — Rbe defined by d(x, y) = |x—y|, and F, ¥ be defined by (1) and (2)
respectively. Then (X, 7, Ayin) and (Q, F, Apin) are both Menger PM-spaces. Define @, 1 : X X X X (0, +00) —
[0,+c0)and T : X — Q by

2
37 xrye[o/l]r
x,y,t) =43 ) t>0,
a(x Y1) {4, otherwise,

2, x,yel0,1]
’ ,t — 37 7 ' 7 7 t > 0
ey, H {1, otherwise,

2
_ {[o,lox Lo xel0l,

[1,x], x>1,

It is obvious that T is not a 7 -continuous mapping. Indeed, for {x,} = {1 + 1} in X, lim F,,1 () =
n—00 n’
lim H(t — d(1 + 1,1)) = lim H(t - 1)) = 1,Vt > 0,1e, 1+ 2 5 1(n - ). However, since lim Fr,, 11(f) =
n—oo n—oo n—oo
lim H(t — 6(Tx,, T1)) = lim H(t — (9 — %)),Vt > 0, there exists t; = 8 > 0, such that lim Fr,, 11(t)) =
n—o00 n—o0

n—oo

lim Hi-1)=0#1

n—oo

Now we show that T is a-n-7 -continuous. Let {x,} € X such that x, kR x.(n — 00), a(x, Xp41,£) <
1(xn, Xp41,t) forall n € IN and t > 0. Then we have x,,x € [0,1] for all n € IN. Therefore, lim Fro, () =
n—00

lim H(t — 5([0, 10x2], [0, 10x2])) = 1, ¥t > 0.

We denote by W the class of functions 1 : [0, +00) — [0, +00) satisfying the following conditions:

(Y1) 1 is a nondecreasing function;

(1) Ypoq Y"(t) < oo for all £ > 0, where " is the nth iterate of .

Such class of functions are referred to as Bianchini-Grandolfi gauge functions in some literatures (see
e.9.[22]-[23]). It is easy to see that for each 1 € ¥, the following assertions hold [6]:

(1) ,}1_{1010 Y"(t) =0 forall t > 0;

(2) Y(t) < tforeach t > 0.

Let E be the family of functions & : [0, 1] — [0, 1] satisfying the following conditions:

(&1) & is continuous;

(&2) € is strictly increasing on [0, 1];

(&) &(t) =0ifand only if t = 0 and &(f) = 1 if and only if t = 1;

(&4) & is subadditive.

(&5) E(t) < tforallt > 0and E(A(a, b)) > A(E(a), E(b)), Ya, b € [0,1].

We prove the following lemma which will be needed in proving our main results.
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Lemma 2.3. Let (X, 7, A) be a Menger PM-space, £ € E, B € Q and ¢ < 1. Suppose that there exists x € X,
such that E(F,5(t)) > 0,Vt > 0. Then there exists y € B, such that

5(Fx,y(t)) > Cé(Px/B(t)), Yt > 0.

Proof. Tt follows from &(F, g(t)) > 0,Vt > 0 and (&3) that F, p(t) > 0, Yt > 0. By the definition of F, p(:), there
exist {y,} C B, such that

lim Fy,, (t) = Fy5(t), Yt > 0. 3

By (&4), we have
E(Fyp(t)) < E(Fyp(t) — Fyy, (1) + E(Fyy, (1), Yt > 0.

From (&1) and (3), we obtain

lim sup &(Fyp(t)) — E(Fx.y, (1)) < limsup E(Fyp(t) — Fy,y, () < £(0) = 0,Vt > 0.
Thus, we get
E(Fyp(t)) — liminf E(F, (£) < 0,Vt >0,

which implies that
liminf E(F, () = E(Fxp(t) > c&(Fy (), Yt > 0.

Therefore, there exists N € IN, such that &(F,y, (t)) > c¢&(Fx5(t)), YVt > 0.

We next extend the concept of (a, ¢, £)-contractive mapping in metric spaces to (a, 1, , &)-contractive
mapping in Menger PM-spaces.
Definition 2.7. Let (X, #, A) be a Menger PM-space. T : X — Qs called an («, 1, ¢, &)-contractive mapping if
thereexisty e W, £ e Eand , 1 : X X X X (0, +00) — [0, +00), such that for all t > 0,

X,y € X ax,y,) < nx y, 1) = E(Fror, (Y1) 2 EM(x, y, 1), (4)

where M(xr Y, t) = min{Fx,y(t)r Fx,Tx(t)r Fy,Ty(t)/ [Fx,Ty @ Fy,Tx](Zt)}-

In order to prove our main results in the next section, we need some lemmas. To this end, we first recall
the following definition.
Definition 2.8 ([6]). Let X be a nonempty set, {d, : @ € (0, 1)} be a family of mappings from X x X into R*.
The ordered pair (X,d, : a € (0,1)) is called a generating space of quasi-metrics family, and {d, : a € (0,1)} is
called the family of quasi-metrics on X, if the following conditions are satisfied:

(QM-1) duo(x,y) = 0 for all « € (0,1) if and only if x = y;

(QM-2) dy(x,y) = do(y, x) foralla € (0,1) and x, y € X;

(QM-3) for any given a € (0, 1), there exists u € (0, @), such that

da(x/ ]/) S dy(xzz) + dy(zl ]/)/ vxr ]/,Z € X/

(QM-4) for any given x, y € X, the function a = d,(x, y) is nondecreasing and left-continuous.
By (&3) and (&5), we can prove the following lemma by imitating the proof of Lemma 1.7 in [24].

Lemma 2.4. Let (X, 7, A) be a Menger PM-space with A satisfying the condition sup A(t,t) = 1. For any
O<t<1
given A € (0, 1), define a mapping E, r(x, y) : X X X — R* as follows:

Ejer(x,y) = inf{t > 0: E(Fyy(t) > 1 - A} 5)

Then {E s : A € (0,1)} is a family of quasi-metrics on X and (X, Excr : A € (0,1)) is a generating space of
the quasi-metrics family {E; ¢ r : A € (0,1)}.

Remark 2.6. By (&5), it is also easy to see that Ej¢r(x,y) < € = Fyy(€) > 1 — A. This implies that if
Eyer(xy,x) = 0(n — ), YA € (0,1), then {x,,}7 -converges to x in (X, ¥, A). Also, if Ej ¢ r(xy, Xp) = 0(n, m —
), YA € (0,1), then {x,} is a 7-Cauchy sequence in (X, ¥, A).
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Also, we define the mapping Ef . .(x,y) : X X X — RR* as follows:

Ej cr(x,y) = inf{t > 0 : c&(Fyy(t) > 1 - A}

Imitating the proof in [25], we can similarly prove the following lemma.
Lemma 2.5. Let (X, F, A) be a Menger PM-space. Suppose that the function ¢ : [0, +c0) — [0, +00) is onto
and strictly increasing. Then

iInf(Y" () > 02 c&(Fyy(t)) > 1 — A} < Y"(inflt > 0 : c&(Fyy (1) > 1 - A)),

forany x,y € X,A € (0,1) and n € N, where c < 1.
Based on the above two lemmas, we can further prove the following lemma.
Lemma 2.6. Let (X, ¥, A) be a Menger PM-space with A satisfying sup A(t,f) = 1 and {x,} be a sequence in

0<t<1
X such that
EF e W (1)) > cE(Fxpxy (F), V> 0 and n € N, (6)
where 1 : [0, +00) — [0, +00) is onto, strictly increasing and i) € ¥, and & € E. Suppose further that

E% p(x0,x1) := sup {Ej ¢ p(x0,x1)} < +o0.
P I

Then {x,} is a 7-Cauchy sequence in X.
Proof. For any A € (0,1), it follows from Lemma 2.5 and (6) that

E/\,g,l:(xn, Xpt1) = inf{t >0: E(Fx"/xnﬂ(t)) >1-A}
= inf{g"@") () > 0 EFry 0 @@ 7HH)) > 1 - A}

< inf{t > 01 cE(Fr, (WM7H(E)) > 1 - A}
< YP'(Inf{t > 0: cE(Fyyx, (1) > 1= A})

= Y"(E] ¢ p(x0,x1))

< P(E p(x0, x1))-

For any given n,m € IN with n > m and for any given A € (0, 1), it follows from the above inequality and
Lemma 2.4 that there exists y € (0, A] such that

Exer(xn, Xm) < Eper(Xn, Xn+1) + Epe p(Xns1, Xne2) + <+ + Ep e p(Xn-1, Xm)

m—1

Z l/)j(ECg,p(XO/ x1)) = 0(n,m — oo).

j=n

IA

By Remark 2.5, {x,} is a 7-Cauchy sequence in (X, ¥, A). This completes the proof.

3. Main Results

In this section, we will prove some new fixed point theorems for («, 1, ¢, £)-contractive mappings in
a-n-7 -complete Menger PM-spaces.
Theorem 3.1. Let (X, ¥, A) be a Menger PM-space with A = A, and T : X — Qbean (a, 1,9, £)-contractive
mapping. Suppose that the following conditions hold:

(1) (X, F,A) is a-n-T -complete;

(2) T is an a-admissible multi-valued mapping with respect to 7;

(3) there exist xg € X and x; € Txo, such that a(xo, x1, ) < n(xo, x1, ), Vt > 0;

(4) T is an a-1-7 -continuous mapping.
Then T has a fixed point in X.
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Proof. Take xy € X and x; € Txy satisfying condition (3), i.e., a(xo, x1,t) < n(xo, x1,t), ¥Vt > 0. If xy = x1, then
the conclusion follows immediately. Now assume that xo # x;. If x; € Txy, then x; is a fixed point of T. Let
x1 ¢ Tx1. By (4), (£2) and Lemma 2.2 (iii), for all t > 0 and any 0 € (0,2t), we have

é(FTxo,TM (Qb(t))) 2 é(min{Fxo,xl (t)/ Fxg,Txo (t)/ Fxl,Txl(t)/ [Fxg,Txl 2] Fxl,Txo](Zt)})
> E(min{Fxo,m (i’), Fxo,Txo (t)/ Fxl,Tx1 (t)/ min{Fxo,Tm (Zt - 6)/ Fx1,Txo](6)})
= E(min{Fy, v (t), Fy, 12, (t), Fxo,m, 2 — 0)})

. 1 0
é(mln{Fxo,xl (t)/ Px1,Tx1 (t)/ Apin (Fxo,xl (t - E)/ Px1,Tx1 (t -

2

\%

)
Letting 6 — 0, by the left-continuity of the distribution function, we get
E(Fra, e, (@(8)) 2 E(min{Fu v, (8), Fr, 1, (), V£ > 0. )

Suppose that min{Fy, x, (t), Fx, tx, ()} = Fx, 7, (t), Yt > 0. Noting that x; € Txy, it follows from (7), (¢2) and
Lemma 2.2 (ii) that

EFxy, e (1)) 2 EF a1 (1)) 2 E(Fy 1, (D), VE > 0. (8)
which by induction yields that
EFs, (Y1) 2 E(Fr 1, (), Yk € N and > 0. ©)

Letting k — oo, by the property of i and (&3), we obtain Fy, 1y, (t) = 0,Vt > 0, which is in contradiction
with the definition of the distribution function. So min{Fy, «, (f), Fx 1x, (£)} = Fx, v, (t). Thus if follows from (7)
that

E(Fay ey (1)) = E(F g 1, (W (1)) = E(Fyy vy (B)), VE > 0. (10)
Fix ¢ < 1. By Lemma 2.3, there exists x, € Txj, such that

E(Fx e (P(8))) > c&(Fx, x, (P(1))) > CE(Fo (D)), YE > 0. (11)
Letc, = % Thenc¢; < 1.

If x; = x or x5 € Txy, then x, is a fixed point of T. So we now assume that x; # x, and x, ¢ Tx,. Since
x1 € Txp,x2 € Tx1, a(xg, x1,t) < 1(x0,x1,t) for all t > 0 and T is an @-admissible mapping with respect to 7,
we have a(x1, x2,t) < 1(x1,x2,t) for all t > 0. Using (4), (¢2) and Lemma 2.2(iii), we have

‘S(PTxl,sz (lp(t))) é(min{Fxlfxz (t)/ Fxl/Txl (t)r sz/sz(t)/ [FX1,TX2 & FXZ/Txl](Zt)})
E(min{Fxl,xZ(t)/ Fxl,Txl (t), sz,TxZ(t)/ min{Fxl,TxZ (Zt - 6)1 sz,Txl ](5)})
EmiIn{Fy, x,(t), Fx, x, (t), Fx, 7x, (2t = 0)})

. 0
E(mm{Fxm(t), sz,sz (t), Amin (Fxl,xz(t - E)/ sz,sz (t -

vV IV

o
2

[\

-
Letting 6 — 0, we get
é(ﬁTxl,sz (l,b(t))) > é(min{Fxl,xz(t)/ sz,sz (t)})/ ¥t > 0. (12)

Suppose that min{Fy, x,(t), Fx, 7x,(£)}) = Fx, 1v,(t), Yt > 0. Then we can similarly deduce a contradiction.
Thus/ min{FX1,xZ(t)/ FXZ,TXZ(t)}) = Fxl,xz(t)/ Vt > 0

E(F, o (1) 2 E(Fra, 12y (Y(1)) 2 E(F, (1)), VE > 0. (13)

Since ¢; < 1, by Lemma 2.3, there exists x3 € Tx,, such that

E(Fay s (1)) > €18(Fay o (P (1) > €18 (Fry 3y (D)), VE > 0, (14)
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which implies that
EFry s (W7(8))) > €1&(Fry s (P(1))) = €& (Fpy (8), VE > 0. (15)
Continuing this process, we can obtain a sequence {x,} in X such that x,, # x,41 € Tx,,
a(xy, Xnt1,1) < N(xXp, Xp41,t),¥n € Nand t > 0 (16)
and
E(Fry s (@0"(1) > 0E(Fy (1), ¥ € N and £ 0. (17)

By Lemma 2.6, we obtain that {x,} is a 7-Cauchy sequence in (X,#,A). By (16) and the a-n-7-

completeness of (X, ¥, A), we obtain that there exists x* € X, such that x, R (n — o).
By the a-n-7 -continuity of T, we get

lim FTx,,,Tx*(t) =1,Vt>0.
n—oo

By Lemma 2.2 (iv), we obtain

b, = t b, = t
Fe e () 2 AFr 13, (3), Pra, 1 (3)) = AFr 1,0 (5), Fra, e (3)), ¥t > 0.

2

Letting n — oo, we get Fy- 1+(f) = 1, ¥t > 0, which by Lemma 2.2 (i) implies that x* € Tx*. Hence, T has a
fixed point in X. This completes the proof.

From Theorem 3.1, we can obtain the following two corollaries.
Corollary 3.1. Let (X, ¥, A) be a Menger PM-space with A = Ay, and T : X — Qbean (a, 17, ¢, £)-contractive
mapping. Suppose that the following conditions hold:

(1) (X, F,A) is a-n-T -complete;

(2) T is an a*-admissible multi-valued mapping with respect to 1*;

(3) there exist xyp € X and x7 € Txp, such that a(x, x1, ) < n(xo, x1,t), Yt > 0;

(4) T is an a-n-7 -continuous mapping.
Then T has a fixed point in X.
Corollary 3.2. Let (X, ¥, A) be a Menger PM-space with A = Ay, and T : X — Qbean (a, 17, 1, £)-contractive
mapping. Suppose that the following conditions hold:

(1) (X, 7, A) is T-complete;

(2) T is an a*-admissible multi-valued mapping with respect to 1*;

(3) there exist xp € X and x; € Txy, such that a(x, x1, t) < n(xo, x1,t), ¥t > 0;

(4) T is an 7 -continuous mapping.
Then T has a fixed point in X.
Remark 3.1. Setting n(x,y,t) = 1 for all x,y € X and t > 0 in the above theorems and corollaries in this
section, we can obtain some corresponding fixed point results, which turned out to be the generalizations
of the main results in [20] from metric spaces to the framework of Menger PM-spaces. So our main results
also extend the results mentioned in Remark 2.9 of [20].

Now, we present an example to show the validity of our main result.
Example 3.1. Let X = (-8,8),d : X X X — R be defined by d(x, y) = [x — y| for all x, y € X, ¥ ,(t) = Fy,,(t) =

e for x,y € Xand t > 0, and Fap(t) = Eap(t) = e for A,B € CB(X) and t > 0. Then by Remark 2.2,
(X, F, Apin) and (Q, F, Ayin) are both Menger PM-spaces.
Define a,n: X X X X (0, +00) — [0, +c0) and T : X — Q by

Vxy, x,y€[0,3],
alxy,b) = {5 otherwise >0

7

27/
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=L, xyelo3], .

. 0
,  otherwise, !

ML%ﬂ={

[\S][e8)

and
[-7,1xl], x€(-8,0),
Tx=4[0,7], x€[0,3],
[%2,7], x€(3,8).

It is clear that (X, 7, Ayin) is not 7 -complete. Now, we show that Theorem 3.1 or Theorem 3.2 can be
applied. First of all, (X, F, Ayin) is a-n-7 -complete. Define i : [0, +00) — [0, +o0) and & : [0,1] — [0, 1] by
P(t) = £ forall t € [0, +c0) and &() = Vi forall t € [0, 1]. It is obvious that ) € W and & € E.

For x,y € Xand a(x,y,t) < n(x,y,t) for all t > 0, we have x, y € [0,2]. Then

_ =l

EFrory (WD) = Ve o' 2 e = E(F.y (1) 2 EM(x, y, D).

Therefore, T is an (a, 17, 1, £)-contractive mapping.

Moreover, it is easy to check that T is an a-n-admissible multi-valued mapping as well as an a-n-7 -
continuous mapping. Also, there exists xo = 2 € X and x; = % € Txg, such that a(xg,x1,t) = a(2, %,t) <
n, %, t) = n(xo, x1,t) for all t > 0. Thus, all the conditions of Theorem 3.1 are satisfied and so T has a fixed

point in X.

On the other hand, for each sequence {x,} in X with x, 7 x*(n = oo) and a(x,, Xu41,1) < N(xp, Xp41,t) for
alln € N and t > 0, we have a(x,, x,t) < n(x,, x,t) for all n € N and ¢ > 0. Thus, we can also deduce from
Theorem 3.2 that T has a fixed point in X. In fact, in this example, T has many fixed points such as 0, 5, 6,
etc.

4. Applications

In this section, we will apply our main results in Section 3 to obtain some interesting fixed point results
endowed with binary relations or graphs. We first deal with the results concerning about binary relations
for which the following notations and definitions are needed.

Let X be a nonempty set and R be a binary relation over X. Denote S := R R e,

x,y€X, xSy < xRy or yRx.

Definition 4.1. Let X be a nonempty set, and R; and R, be two binary relations over X. A multi-valued
mapping T : X — N(X) is said to be weakly comparative if for each x € X and y € Tx with xS1y and xSy, we
have yS;z and yS,z, for all z € Ty.

Definition 4.2. Let (X,¥,A) be a Menger PM-space and «a,7n : X X X X (0, +00) — [0,+00). (X,F,A) is
called 81-8,-T -complete if each 7 -Cauchy sequence {x,} in X with x,S1x,41 and x,S»x,41 for all n € N,
7 -converges in X.

Definition 4.3. Let (X, 7, A) be a Menger PM-space, a, 1 : X X X X (0, +00) — [0, +00), T : X — Q, T is called
an S1-8,-T -continuous multi-valued mapping, if for x € X and sequence {x,} C X,

Xp KN x.(n — ), x,81%,11 and x,8>x,41 forall n € N = lim Fr,, .(t) = 1,Vt > 0.
n—oo

Definition 4.4. Let (X, ¥, A) be a Menger PM-space. T : X — Qs called an (81, Sz, ¢, &)-contractive mapping
if thereexisty e W, £ € E,and a, 1 : X X X X (0, +o0) — [0, +00), such that for all £ > 0,

x,y € X,xS1y and xSyy = E(Fryry(P(1)) = EM(x, y, 1)), (18)
where M(x, y, t) = min{Fy,,(£), Fxx(£), Fy,1y(£), [Fx 1y ® Fy, ] (21)}.
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Theorem 4.1. Let (X, , A) be a Menger PM-space with A = A, R and R, be two binary relations over X,
and T : X — Qbe an (a, 1, 1, &)-contractive mapping. Suppose that the following conditions hold:
(1) (X, 7, A) is $1-82-T -complete;
(2) T is a weakly comparative mapping;
(3) there exist xg € X and x1 € Txg, such that xoS1x; and xSzx1;
(4) T is an $1-8,-7 -continuous mapping.
Then T has a fixed point in X.
Proof. Define the mappings «, 1 : X X X X (0, +00) — [0, +00) by

1, xSly,
Ly, t) = . t>0,
ax, v, ) {5, otherwise,
2, szy,
LY, 1) = . t>0
ey, 1) {3, otherwise,

Then it is easy to verify that the conditions of Theorem 3.1 are satisfied based on the conditions of this
theorem. Thus, the conclusion follows. This completes the proof.

Next, we consider fixed point results in which graphs are taken into account. Let X be a nonempty set.
First, recall that a set {(x,x) : x € X} is called a diagonal of X x X and is denoted by D. Consider a graph G
such that the set V(G) of its vertices coincides with X and the set E(G) of its edges contains all loops, i.e.,
D c E(G). We may assume that G has no parallel edges, so we can identify G with the pair (V(G), E(G)).
Moreover, we may assign to each edge of G the distance between its vertices which is called a weighted
graph.

Definition 4.5. Let X be a nonempty set endowed with two graphs G; and G,. A multi-valued mapping
T : X — N(X) is called weakly preserves edges if for each x € X and y € Tx with x,y € E(G1) and x, y € E(Gy),
we have (y,z) € E(G1) and (y,z) € E(Gy) forall z € Ty.

Definition 4.6. Let (X, ¥, A) be a Menger PM-space and a, 1 : X X X X (0, +00) — [0, +00). (X, F, A) is called
E(G1)-E(Go)-T -complete if each 7 -Cauchy sequence {x,} in X with x,S1x,41 and x,S2x,41 for all n € NN,
7 -converges in X.

Definition 4.7. Let (X, 7, A) be a Menger PM-space, a, 1 : X X X X (0, +00) — [0, +00), T : X — Q, T is called
an E(G1)-E(Gp)-T -continuous multi-valued mapping, if for x € X and sequence {x,} C X,

Xy 7, x.(1n = 00), (x,, Xn41) € E(G1) and (x,, x,41) € E(Gy) forall n € N = lim Fr, 1.(t) = 1,Vt > 0.
n—o0

Definition 4.8. Let (X, ¥, A) be a Menger PM-space. T : X — Q is called an (E(G1), E(G), ¥, &)-contractive
mapping if there exist p € ¥, £ e Eand a, 1 : X X X X (0, +00) — [0, +00), such that for all £ > 0,

x,y€X, (x,y) € E(G1) and (x, y) € E(G;) = E(FTx,Ty(llz(t))) > E(M(x,y, 1)), (19)

where M(x, y, t) = min{Fx,y(t)/ Fx,Tx(t)rFy,Ty(t)/ [Fx,Ty D Fy,Tx](Zt)}~
Theorem 4.2. Let (X, ¥, A) be a Menger PM-space with A = A,;, endowed with two graphs G; and G,, and
T : X — Qbe an (E(Gy), E(G2), ¥, £)-contractive mapping. Suppose that the following conditions hold:
(1) (X, F,A) is E(G1)-E(G2)-T -complete;
(2) T weakly preserves edges;
(3) there exist xg € X and x; € Txp, such that (xo, x1) € E(G1) and (xg, x1) € E(Gy);
(4) T is an E(G1)-E(G2)-7 -continuous mapping.
Then T has a fixed point in X.
Proof. Define the mappings a,n : X X X x (0, +00) — [0, +00) by

1, (x,y) € E(Gy), ‘s

. 0,
5, otherwise,

alx,y,t) = {
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2, (Ly)eE«th>

0.
3, otherwise,

n(x, y,t) =

Then it follows from Theorem 3.1 that the conclusion holds. This completes the proof.

Remark 4.1. Setting S1=8, or G1=G; in the theorems and corollaries in this section, we obtain some
corresponding fixed point results endowed with a binary relation or a graph, which extend the results in
Section 3 of [20] from metric spaces to Menger PM-spaces. Therefore, our results also generalize a large
number of results mentioned in Remark 3.13 of [20].
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