E symmetry MBPY

Article
From G-Completeness to M-Completeness

2 3

Rachid Mecheraoui *7, Aiman Mukheimer 2(* and Stojan Radenovié

1 Department of Mathematics, Faculty of Sciences and technology, Abbes Laghror University,

Khenchela 40000, Algeria

Department of Mathematics and General Sciences, Prince Sultan University, Riyadh 11586, Saudi Arabia
Department of Mathematics, College of Science, King Saud University, Riyadh 11451, Saudi Arabia
Correspondence: rachid.Mecheraoui@yahoo.fr

check for
Received: 27 May 2019; Accepted: 24 June 2019; Published: 27 June 2019 updates

Abstract: The purpose of this paper is to obtain a sufficient condition for a G-Cauchy sequence to be
an M-Cauchy sequence in fuzzy metric spaces. Our main result provides a partial answer to the open
question posed by V. Gregori and A. Sapena. For application, we give a new fuzzy version of the
Banach fixed point theorem.
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1. Introduction and Preliminaries

Since 1965, or since Zadeh introduced the theory of fuzzy sets, many authors have been interested
by the concept of fuzzy metric spaces. Kramosil and Michalek [1] introduced the notion of fuzzy metric
space by generalizing the concept of the probabilistic metric space to the fuzzy situation. In 1994, A.
George and P. Veeramani [2] modified the concept of fuzzy metric space introduced by Kramosil and
Michalek and defined a Hausdorff topology on this fuzzy metric space. They modified the definition of
Cauchy sequence in [3] (known in the literature as G-Cauchy sequence) to that known in the literature
as M-Cauchy sequence (which is actually the natural definition of a Cauchy sequence). Song [4] insists
that the definition of Cauchy sequence should be modified as: {x;},, and is a Cauchy sequence if and
only if M (xn,xn+p, t) — 1, for all t > 0, as n — oo uniformly on p € N. He also adds that otherwise
the definition of Cauchy sequence is incorrect. For more details, we refer the reader, for instance,
to [5]. In 2002, V. Gregori and A. Sapena [6] obtained the following fuzzy versions of the Banach
contraction principle:

Theorem 1 (Fuzzy Banach contraction theorem [6]). Let (X, M, *) be an M-complete fuzzy metric space in
which fuzzy contractive sequences are Cauchy. Let T : X — X be a fuzzy contractive mapping. Then, T has a
unique fixed point.

Theorem 2 (Fuzzy Banach contraction theorem [6]). Let (X, M, *) be a G-complete fuzzy metric space. Let
T : X — X be a fuzzy contractive mapping. Then, T has a unique fixed point.

A fuzzy contractive mapping and a fuzzy contractive sequence are defined as follows:

Definition 1. Let (X, M, *) be a fuzzy metric space.
o Amap T : X — X is fuzzy contractive if there exists k € (0,1) such that

1<k,
M(Tx, Ty,t) M(x,y,t)
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forallx,yin X, t > 0.
o A sequence {xp}, in X is fuzzy contractive if there exists k €]0, 1] such that

1 1

_ 1 <k|——— -1,
M(xn+11xn+2/ t) M(xn/xn+1rt)

forallt >0,ninN.

After that, the fuzzy-type Banach contraction principle has been generalized in many different
directions over the years, see for instance [7-14].
As an open question, authors in [6] posed:

Question 1. Is every fuzzy contractive sequence a Cauchy sequence in the sense of George and Veeramani (or,
simply, M-Cauchy)?

In [15], authors showed that in the case of fuzzy Menger spaces (see [1]) the answer is negative.

A partial answer of the previous question is given in this paper (Corollary 1). Furthermore, our
main results (Theorems 3 and 4) provide a characterization of the G-Cauchy sequences which are
M-Cauchy in fuzzy metric spaces. It should be emphasized that this characterization allows researchers
to obtain many new results concerning the fixed points in fuzzy metric spaces, for application we give
a new fuzzy version of the Banach contraction theorem (Theorem 5).

Before stating the main results, we need the following definitions.

Definition 2 (Schweizer and Sklar [16]). A binary operation = : [0,1] X [0,1] — [0, 1] is called a continuous
t-norm if it satisfies the following assertions:

(T1) =*is commutative and associative;

(T2) = is continuous;

(T3) ax1 =aforallac|0,1];

(T4) asb<cxdwhena <candb <d, witha,b,c,d € [0,1].

Definition 3 (George and Veeramani [2]). A fuzzy metric space is an ordered triple (X, M, *), such that X
denotes a nonempty set, » refers to a continuous t-norm, and M is a fuzzy set on X X X X (0, 00) — (0, +00),
satisfying the following conditions for all x,y,z € X and t,s > 0:

(F1) M(x,y,t) > 0;

(F2) M(x,y,t) = lifand only if x = y;

(F3) M(x,y,t) = M(y,x,t);

(F4) M(x,y,t)*M(y,z,s) < M(x,z,t+5s);

(F5) M(x,y,.) : (0,4+00) — (0, 1] is left continuous.

Definition 4 (George and Veeramani [2]). Let (X, M, ) be a fuzzy metric space. Then:

(i) A sequence {xy}, converges to x € X if and only if M(xy,x,t) — 1as n — oo forall t > 0;
(ii) A sequence {xy}, in X is an M-Cauchy sequence if and only if for all € € (0,1) and t > 0, there exists ng
such that M(xy, Xm, t) > 1 — ¢ for all m,n > ny;
(iii) A sequence {xp}, in X is an G-Cauchy sequence if and only if forallp € N, ¢ € (0,1) and t > 0, there
exists ng such that M(xu, Xn4p, t) > 1€ for all n > np;
(iv) The fuzzy metric space is G-complete (M-complete resp. ) if every G-Cauchy (M-Cauchy resp.) sequence
converges to some x € X.

Remark 1. Every M-Cauchy sequence is a G-Cauchy sequence, but the converse is not true. Therefore, every
G-complete fuzzy metric space is M-complete.
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Definition 5. Let (X, M, *) be a fuzzy metric space.
1. We define ¥ as the set of all functions ¢ : (0,1) x (0,1) — Ry satisfying

(A) @(t,t) <1, forallt e (0,1);
(B) ¢ is a continuous function and satisfies ¢(t,s) > 1 implies that t > s, for all t,s € (0,1);

2. Let ¢ € ¥, a sequence {x,}, C X is said to be a @p-fuzzy contractive sequence if
(C) @ (M(xn, Xm, t), M(xy41,Xm+1,t)) = 1, foralln,m € Nand all t > 0.
Example 1. Let (X, M, *) be a fuzzy metric space. Let T : X — X be self mapping such that

1 1
M(Tx, Ty, t) : k(M(x, Y1) _1)1 =

forallx,yin X, t > 0. Let ¢ be a function defined by

Then, ¢ € ¥ and {T"x} are a @-fuzzy contractive sequence for all x € X.

Example 2. Let (X, M, #) be a fuzzy metric space. Let T : X — X be self mapping such that
1-M(Tx, Ty, t) <k(1-M(x,y,t)), )

forall x,yin X, t > 0. Let ¢ be a function defined by

p(t,s) = k%, ke (0,1).

Then, ¢ € Y and {T"x} are a @-fuzzy contractive sequence for all x € X.

We use the following important technical lemma in the sequel.

Lemma 1. Let (X, M, *) be a fuzzy metric space, {t,}n is a decreasing sequence with positive terms such that
limy 00 £y = 0, and {x,}, is a sequence in X. If M (xy, X, 11, t)}n converges uniformly to 1, i.e.,

lim inf M(xy,, X401, 1) = 1, (3)

n—oo >0
then, for all x,y € X, we have

* {M(x, y, tn)}n is a decreasing and convergent sequence.

* Putting
v _ ] M(xyt) if te(0,0);
M(x/]/, t) - { limnHmM(x,y,tn) lf tZO, (4)
we get
nli_r)EloM(xn,an,O) =1 (&)

Proof. Letx,y € X and {t;}, C Rl be a decreasing sequence such that lim,, t, = 0. Since  — M(x, y, t)
is a bounded non-decreasing function [3], we deduce that {M(x, y,t,)}, is a decreasing and convergent
sequence. Let {x;}; C X be a sequence with

lim inf M(x,, x,,41,t) = 1,
00 150 (n n—+1 )
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This means that for every ¢ > 0 there exists 19 € N, such that for all n > ng and for all t > 0 we have
M(xp, xp41,8) > 1 - % But

1= M(xp,%,51,0) = lim (1 = M(xp, X011, tr)).-

k—oo

Forn > ng, using the above inequality, we obtain 1 - M(xn, Xn41,0) < = < ¢, hence M(xn, Xp41,0) > 1—¢,

N M

which proves the claim. O
Remark 2. Condition (3) is essential and can not be replaced by

lim M(x,, x,41,t) = 1,Vt> 0.

n—oo

The examples below shows that clearly.

Example 3. Let (X, d) be a metric space. Let M be the fuzzy set defined on X x X x [0, +o0] by

M(X, Y, t) = m

1
Lett, = - for all n € N*, we obtain lim, M(x, y, t,) = 0%Y, where

0%y — 1 if x=y
0 if x#y.

On the other hand, let {x,}, be a convergent sequence in X such that x, # x,1 for all n large enough. For all
t > 0, we get limy, M(xp, X,41,t) = 1 and limy, inf;s0 M (X, X, 11, ) = 0, while lim, M(x,, x,11,0) = 0.

Example 4. On X = [1, 4], we define for all x, y € X, t > 0 the fuzzy set defined on X X X x [0, +co] by

_ min{x, y} +¢
M(x,y,t) = max{x, y} +t

Here, for all convergent sequence {x,}, in X and all t > 0 we have

min{xy, x +t
liminf M(xy, Xy +1,¢) = liminf b, X 1)
no >0 n >0 max{x,, x, 11} +t

min{x,, X, 1}

im —m—mMmM
n max{x,, X,1}
= ]_,

and for all sequence {t,}, in Ry verifying limy, t, = 0 and all x,y € X we have lim, M(x, y, t,) = M(x,y,0)
and lim, M(xy,, x,+1,0) = 1.

2. Results

Now, we state our main result:

Theorem 3. Let (X, M, *) be a fuzzy metric space. Let ¢ € ¥ and {x,}, C X be a @-fuzzy contractive sequence,
then

(D- limy—eo M (X, Xy 41,£) = 1, forall t > 0;
(II)- the sequence {x,}, is a G-Cauchy sequence;
(ID- if limy—eo M(Xp, Xp11,t) = 1 uniformly on (0, +o0), then the sequence {x,}, is an M-Cauchy sequence.



Symmetry 2019, 11, 839 50f8

Proof. The proof is divided into two cases. Case 1: If there exists 19 € N such that x,;; = x;,, 41, then it
follows that x,, = xy,, for all n > 1y and the three parts in theorem 2.1 are, clearly, fulfilled. Case 2: We
assume that the relationship x, # x,,11 holds true for each n. Let t > 0 and n € N, by assumption (C) in
definition (1.9) we obtain

(M (xn41, Xn42,) , M (X0, Xnp1, 1)) 2 1, (6)

and by assumption (B) we deduce that
M (X141, Xps2,£) = M (X0, Xy 41, 1) - (7)

Consequently, the sequence {M (x,, x,41,t)}, is non-decreasing and bounded, for all t > 0, so, it
converges to some point 4; in [0, 1]. We claim that

ar = lian (X0, Xny1,t) =1, 8)

for all t > 0. Indeed, {M (xy, x,11, )}, is non-decreasing so, obviously, a; # 0. On the other hand, using
the continuity of the function ¢ (assumption (B)) and relation (6) it follows that ¢(a;,a;) > 1. But, by
assumption (A), if a; € (0,1), we get ¢(ar, a;) < a;(< 1). So, we deduce thata; = 1, for all t > 0. Let
p € N, by assumption (F4) we obtain

t t t
M(x”, xn+p, t) Z M(Xn, xn+1, 5) *M(xn+1, x”+2, ;) E O *M (xn+p_1, x;1+p, 5) .

Using relation (8) and assumption (T2) we get
lignM(xn,pr, t) =1,

for all p € N—which means that {x,}, is a G-Cauchy sequence. Now, we suppose that
limy,—00 M(xy, X 41,t) = 1 uniformly on (0, +0). To prove that {x,}, is an M-Cauchy sequence,
we assume to the contrary. Then, there exists some ¢ € (0,1) and some ty > 0 such that for every p € N
we find my > n, > p such that M(x,, xs,, to) < 1 —¢. Clearly, here my > n,. We choose minimal m,
and n, satisfying the above conditions, it yields

M(xmp,xnp,to) <1-¢ and M(xmp_l,xnp,to) >1-—e. 9)

Taking into account the left-continuity of the function t — M(x, y, t) and the fact that M (xmp_l, Xn,, to) >
1 — ¢, we can choose gp € N such that

1
M(xmp_l,xnp, to — q_o) >1-¢. (10)

Let M : X X X x [0,00) —> [0, 1] be defined as in lemma 1 (with t,, = - ! for all n € N). By virtue of

+1
assumption (F4) and relation (9) it follows that

1-¢ > M(xmp,xnp,to)

1 1
2 M(meIXMp—]/ q_o)*M(xmp—lrxnp/tO - q_o)/



Symmetry 2019, 11, 839 60f8

and by relations (10), limit (5) and the fact that M(x, y, ;) {n—c M(x,y,0) (Lemma 1), yields

1-¢ > M(xmp,xnp,to)
> M(xmp,xmp_l, O) +(1—¢)
—p—e0 L&
Consequently
plim M(xmp,xnp,to) =1-e¢. (11)

Suppose that for all p > 0, there exists p > py such that M(xy,,+1, Xy, +1,t0) < 1 — ¢ means—having in
mind relations (7),(11)—that the sequence {x,}, has two sub-sequences {xnp }p and {xmp }p, verifying

lim M(xmp,xnp,to) = lim M(xmp+1,xnp+1,to) =1-¢, (12)

p—)OO p—)DO
(for simplicity, we have saved the same notation for the sub-sequences). Now, we suppose that there
exists p1 = O such thatM(xmpH,xan, to) > 1— ¢ forall p > py. Suppose that lim,, M(xmp+1,xnp+1, tg) #

1-¢,i.e., there exists o > 0—for all ng € N, there exists p > 1y such that

M(XMp+1/xnp+1/tO) >a+ (1 - S).
. I 1 .
With g € N satisfying M(xmp+1,xnp+1, to — 5) > a+ (1-¢), we obtain

1-¢ > M(xmp,xnp,to)

1 1
2 M(xmp,xm,,ﬂr Zi) *M(xmp+1rxnp+l/ to - 5)
1
*M xnp—&-l/xnp/ Z

\%

M(xmp,xmpﬂ,O) o+ (1-¢)] *M(xanrl,xnp, 0)

_>p—>oo a+ (1 - 8),

contradiction, then
li;nM(xmpH,xan, t)=1-e. (13)

On the other hand, the fact that {x;}, is a p—fuzzy contraction sequence means
(P(M(xnp+l/xmp+1/ t))/M(xnp/xmp/t) >1. (14)

for all p € Nand ¢t > 0. Using limits (11), (12), (13), and relation (14) with assumptions (A,B) we get a
clear contradiction:
1>p(l-¢1-¢) 21,

which means that {x,}, is an M-Cauchy sequence. This achieves the proof. O

From this theorem, we can easily get the following results (we omit their proofs for simplicity):

Corollary 1. Every fuzzy contractive sequence verifying condition (3) is a Cauchy sequence in George and
Veeramani'’s sense.

Proof. Derives directly from Theorem 3. O

Theorem 4. Let (X, M, *) be a fuzzy metric space and {x,}, be a G-Cauchy sequence in X. If
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(D- limy— 0 M(xp, Xy11,t) = 1 uniformly on (0, +c0);
(II)- there exists @ in'Y such that {x,}, is a p-fuzzy contractive.

Then {x,}, is an M-Cauchy sequence.
Proof. Derives directly from Theorem 3. O

Theorem 5 (Fuzzy Banach contraction theorem). Let (X, M, *) be an M-complete fuzzy metric space. Let
T : X — X be a fuzzy contractive mapping and verifying condition (3). Then, T has a unique fixed point.

Proof. Derives directly from Theorem 3. O

3. Conclusions

In this paper, we introduced the notion of @-fuzzy contractive sequence and discussed the relation
between a G-Cauchy sequence and an M-Cauchy sequence. We established that, under some conditions,
any G-Cauchy sequence is an M-Cauchy sequence. For application, we gave a new fuzzy version of
the Banach Contraction Principal. This brings us a natural question: How large is the class of maps
that generate ¢-fuzzy contractive sequences (in the sense of: {T"x}, is a ¢-fuzzy contractive sequence)
in comparison with the existing generalizations of contraction mappings?
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