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Abstract

The common coupled coincidence points and common coupled fixed points in fuzzy semi-metric
spaces are investigated in this paper. In fuzzy semi-metric space, the symmetric condition is not
necessarily assumed to be satisfied. In this case, regarding the non-symmetry of metric, there are
four kinds of triangle inequalities that can be considered. In order to investigate the common coupled
coincidence points and common coupled fixed points, the fuzzy semi-metric space is further assumed
to satisfy the so-called canonical condition that is inspired from the intuitive observations. The
sufficient conditions for guaranteeing the common coupled coincidence points and common coupled
fixed points will be different for the four different kinds of triangle inequalities.
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1. Introduction

Probabilistic metric space was introduced by Schweizer and Sklar [I5] 6], 17] in which the (con-
ventional) metric space is associated with the probability theory. For more details on the theory of
probabilistic metric space, we may also refer to Hadzi¢ and Pap [8] and Chang et al. [2]. The Menger
space is a special kind of probabilistic metric space. Inspired by the Menger space, Kramosil and
Michalek [L1] proposed the so-called fuzzy metric space that is described below.
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Let X be a nonempty universal set, let x be a t-norm, and let M be a mapping defined on
X x X x [0,00) into [0,1]. The 3-tuple (X, M, x) is called a fuzzy metric space when the following
conditions are satisfied:

e for any x,y € X, M(z,y,t) =1 for all t > 0 if and only if z = y;
e M(z,y,0) =0 for all z,y € X;
o M(x,y,t) = M(y,x,t) for all z,y € X and ¢t > 0;

o M(z,y,t)« M(y,z,8) < M(x,z,t+s) for all z,y,2z € X and s,t > 0 (the so-called triangle
inequality).

The mapping M in fuzzy metric space (X, M, *) can be regarded as a membership function of
a fuzzy subset of X x X x [0,00). Sometimes M is called a fuzzy metric of the space (X, M, x).
According to the first and second conditions of fuzzy metric space, the mapping M (z,y,t) can be
interpreted as the membership degree of the distance that is less than or equal to ¢ between x and
y. In this paper, we shall consider the so-called fuzzy semi-metric space in which the symmetric
condition M (z,y,t) = M(y,z,t) is not assumed to be satisfied. In this case, there are four kinds
of triangle inequalities that should be considered. In order to investigate the the common coupled
coincidence points and common coupled fixed points, the fuzzy semi-metric space is further assumed
to satisfy the so-called canonical condition that is inspired from the intuitive observations.

The common coupled coincidence points and common coupled fixed points in fuzzy metric spaces
have been studied by Hu et al. [9], Mohiuddine and Alotaibi [12], Qiu and Hong [I3], and the
references therein. In this paper, we shall study the common coupled coincidence points and com-
mon coupled fixed points in fuzzy semi-metric spaces that is endowed with four kinds of triangle
inequalities. Although the common coupled fixed points are the special case of common coupled
coincidence points, if the uniqueness is considered, then the sufficient conditions will be completely
different. Therefore we shall separately study the common coupled fixed points and common coupled
coincidence points regarding the uniqueness.

This paper is organized as follows. In Section 2, we propose the fuzzy semi-metric space that is
endowed with four kinds of triangle inequalities. In Section 3, we introduce the auxiliary functions
that will be used to study the Cauchy sequence in fuzzy semi-metric space. In Section 4, we study
the Cauchy sequence in fuzzy semi-metric space by means of the auxiliary functions established in
Section 3. In Section 5, we derive many kinds of common coupled coincidence points in fuzzy semi-
metric spaces that can be endowed with the different types of triangle inequalities introduced in
Section 2. Finally, in Section 6, we also study the common coupled fixed points in fuzzy semi-metric
spaces.

2. Fuzzy Semi-Metric Spaces

The function * : [0,1] x [0,1] — [0,1] that satisfies the following axioms is called a t-norm
(triangular norm):

e (boundary condition) a * 1 = a.
e (commutativity) a b =0bx a.

e (increasing property) If b < ¢, then a xb < a *c.
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e (associativity) (axb) xc=ax* (bx*c).

By the commutativity of t-norm, if the t-norm is continuous with respect to the first component
(resp. second component), then it is also continuous with respect to the second component (resp. first
component). In other words, for any fixed a € [0, 1], if the function f(z) = axx (resp. f(z) =z *a)
is continuous, then the function g(z) = z x a (resp. g(z) = a * x) is continuous. Similarly, if the t-
norm is left-continuous (resp. right-continuous) with respect to the first or second component, then
it is also left-continuous (resp. right-continuous) with respect to each component. The following
properties regarding t-norm will be used in the further study.

Proposition 2.1. (Wu [19]) Suppose that the t-norm * is left-continuous at 1 with respect to the
first or second component. We have the following properties.

(i) For any a,b € (0,1) with a > b, there ezists r € (0,1) such that a *r > b.

p times

(ii) For any a € (0,1) and any p € N, there exists r € (0,1) such that T xr*--- x> a.

Proposition 2.2. We have the following properties.

(i) Given any fized a,b € [0, 1], suppose that the t-norm x is continuous at a and b with respect the
first or second component. If {a,}>2, and {b,}5°, are two sequences in [0, 1] such that a, — a
and b, — b as n — oo, then a, * b, — axb as n — oo.

(i) Given any fized a,b € (0, 1], suppose that the t-norm x is left-continuous at a and b with respect
the first or second component. If {a,};>, and {b,}2, are two sequences in [0,1] such that
a, — a— and b, — b— as n — oo, then a, xb, — a*xb as n — 0.

(iii) Given any fived a,b € [0,1), suppose that the t-norm x is right-continuous at a and b with
respect the first or second component. If {a,}>2 | and {b,}32, are two sequences in [0,1] such
that a, — a+ and b, — b+ as n — oo, then a, x b, — a*xb as n — oo.

Definition 2.3. Let X be a nonempty universal set, and let M be a mapping defined on X x X x
[0, 00) into [0, 1]. Then (X, M) is called a fuzzy semi-metric space when the following conditions are
satisfied:

e for any x,y € X, M(z,y,t) =1 for all t > 0 if and only if z = y;
o M(z,y,0) =0 for all x,y € X with z # y;

We say that M satisfies the symmetric condition when M (x,y,t) = M(y,z,t) for any =,y € X and
t > 0. We say that M satisfies the strongly symmetric condition when M (z,y,t) = M(y, z,t) for all
r,y € X and t > 0.

In general, the fuzzy semi-metric space (X, M) does not necessarily satisfy the symmetric condi-
tion. Therefore four kinds of triangle inequalities are proposed below.

Definition 2.4. Let X be a nonempty universal set, let x be a t-norm, and let M be a mapping
defined on X x X x [0, 00) into [0, 1].

e We say that M satisfies the p<-triangle inequality when the following inequality is satisfied:

M(z,y,t)* M(y,z,s) < M(z,z,t+s) for all z,y,2z € X and s,t > 0.
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e We say that M satisfies the >-triangle inequality when the following inequality is satisfied:

M(z,y,t) *« M(z,y,s) < M(x,z,t+s) for all z,y,z € X and s,t > 0.

e We say that M satisfies the <-triangle inequality when the following inequality is satisfied:

M(y,x,t) « M(y,z,8) < M(x,z,t+s) for all z,y,z € X and s,t > 0.

e We say that M satisfies the o-triangle inequality when the following inequality is satisfied:

My, z,t) * M(z,y,s) < M(z,z,t+s) for all z,y,z € X and s,t > 0.

We say that M satisfies the strong o-triangle inequality for o € {<,1>,<, ¢} when s,t > 0 is replaced
by s,t > 0.

Given a fuzzy semi-metric space (X, M), when we say that the mapping M satisfies some kinds
of triangle inequalities, it implicitly means that the t-norm x is considered in (X, M).

Remark 2.5. The following interesting observations will be used in the further study.
e Suppose that M satisfies the ><-triangle inequality. Then
M(a,b,t1) * M(b,c,ty) x M(c,d,t3) < M(a,c,ty +ta) x M(c,d,t3) < M(a,d, t; + ta + t3).
On the other hand, we also have
M(b,a,ty) * M(c,b,ts) = M(c,b,ty) *x M(b,a,t1) < M(c,a,t; + t3),
which implies
M(b,a,ty) « M(c,b,ty) x M(d,c,t3) < M(d,a,t; + ta + t3).
In general, we have
M (21, o, t1) * M (29, x3,t2) %+ % M (2, Xpi1,tp) < M (21, xpi1,t1 + o+ -+ tp)
and

M (wg,21,t1) * M (23, 39,12) % -+ % M (2py1, Tp, tp1) < M (Tpgr, 21,0 +ta+ -+ + 1)

e Suppose that M satisfies the >-triangle inequality. Since
M (c,b,ts) * M(a,b,ty) = M(a,b,t1) *« M(c,b,ts) < min{M(a,c,t; + ts), M(c,a,t; +t2)},
which implies
M(a,b,ty) * M(c,b,ts) x M(d,c,t3) <min{M(a,d,t; +ta +t3), M(d,a,t; +t2 +t3)}. (2.1)
In general, we have

M (1, 9,t1) % M (23, 32, t2) * M (x4, x3,t3) % - - - % M (Tpi1, Tp, tp)
§min{M(xl,a;pH,tl+t2+---+tp),M(xp+1,a:1,t1+t2—i—---—i—tp)}.
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e Suppose that M satisfies the <triangle inequality. Since
M(b,c,te) * M(b,a,t1) = M(b,a,t1) *x M(b,c,ta) < min{M(a,c,t; +ts), M(c,a,t; +ta)},
which implies
M(b,a,ty) * M(b,c,ts) x M(c,d,t3) < min{M(a,d,t; + ta +t3), M(d,a,t; +ts + t3)}. (2.2)
In general, we have
M (xg,x1,t1) * M (22, x3,t2) * M (x5, x4, 13) % - - - % M (2, Tpi1)
<min{M (z1,Tpy1, 01 +to+ -+ 1), M (xps1, 21,01 +ta+ -+ 1,)} .
e Suppose that M satisfies the o-triangle inequality. Then

M((I, ba tl) * M(ba Cy t2) * M(dv Cy t3) = M<b7 G, tl) * M(CL, ba tZ) * M(da Cy t3)
< ]\4(07 a,ty + tg) * M(d, C, tg) < M(CL, d, t1+ 10+ tg) (23)

and

M(b a tl) *M(C b tg) *M(C d t3) < (G,C,tl +t2) *M(C,d,tg)
= M(C, d, tg) * M(a, C, tl + tg) M(d, a, tl -+ t2 + tg) (24)

In general, we have the following cases.
(a) If p is even, then

M (I'I,SCQ,t1> * M (x27'r37t2) * M <x47x37t3> * M (l‘4,l’5,t4) * M ($6,1357t5)
* M($6,$7,t6) - X M(.Tp,,Tp_H, ) < M(a:p+1,x1,t1 +t2 + - +tp)

and

M(.Tg,l’l,tl) * M (l‘g,xg,tg) % M ($3,.T4,t3) * M (x5,x4,t4) % M ($5,l‘6,t5)
x M (I7,[E67t6) -x M (C(]p, ZL'p_H, ) < M (ZL‘l,[Ep+1, t1+to+ -+ tp> .

(b) If p is odd, then

M (21,29, 1) * M(Ig,xg,tg) s« M (24, x3,t3) %* M (x4, 25,t4) * M (x4, x5,1t5)
sk M (26, x7,t6) %+ x M (xp, xpi1,ty) < M (21, 2p1, 01 +ta+ -+ 1)

and
M (.TQ, €, tl) * M (x37'r27t2) * M (I‘g, x47t3) * M (x57‘r47t4) * M (:C57x67t5)
* M (x7,26,t6) * - - * M (xpr1,2ptp) < M (2p1, 21,8 +ta+---+1,).
Definition 2.6. Let (X, M) be a fuzzy semi-metric space.

e We say that M is nondecreasing when, given any fixed z,y € X, M(x,y,t;) > M(x,y,ts) for
t1 >ty > 0.



634 Wu

e We say that M is symmetrically nondecreasing when, given any fixed =,y € X, M(x,y,t;) >
M(y,x,tg) for t; >ty > 0.
Proposition 2.7. Let (X, M) be a fuzzy semi-metric space. Then we have the following properties.

(i) If M satisfies the >-triangle inequality, then M is nondecreasing.
(i) If M satisfies the >-triangle inequality or the <-triangle inequality, then M is both nondecreasing
and symmetrically nondecreasing.

(iii) If M satisfies the o-triangle inequality, then M is symmetrically nondecreasing.

Let (X, d) be a metric space. If the sequence {z,}>°, in (X, d) converges to z, i.e., d(x,,x) — 0

as n — 0o, then it is denoted by =z, %y 2 as n — co. In this case, we also say that x is a d-limit of
the sequence {z,}°°;.

Definition 2.8. Let (X, M) be a fuzzy semi-metric space, and let {z,,}5°, be a sequence in X.

>

e We write x,, — x as n — oo when

lim M(zp,z,t) =1 for all ¢t > 0.

n—o0

In this case, we call  a M"-limit of the sequence {x,}° .

. MH
o We write x,, — x as n — oo when

lim M(z,x,,t) =1 for all t > 0.

n—oo

In this case, we call = a M<-limit of the sequence {x,}52,.

. M
o We write x,, — x as n — oo when

lim M(z,,x,t) = lim M(x,x,,t) =1 for all ¢ > 0.

n—o0 n—oo

In this case, we call z a M-limit of the sequence {x,}> .
The following interesting results will be used for the further study.

Proposition 2.9. Let (X, M) be a fuzzy semi-metric space along with a t-norm x that is left-
continuous with respect to the first or second component, and let {(Tn,Yn,tn)}o2, be a sequence
in X x X x (0,00). Assume that the following inequality is satisfied

sup (a, * b,) > (sup (zn> * (sup bn)

for any sequences {a,}>2, and {b,}>>, in [0, 1].

(i) Suppose that M satisfies the >i-triangle inequality, and that t, — t°, x, My 2 and Un M, y°
as n — 0o. Then the following statements hold true.

e [f the mapping M (z°,y°,-) : (0,00) — [0, 1] is continuous at t°, then

Hm M(xp, Yn, t,) = M(x°,y°,t°).

n—oo
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e [f the mapping M (y°,z°,-) : (0,00) — [0, 1] is continuous at t°, then

Hm M (yn, Tn, tn) = M(y°, 2°,t°).

n—oo

(ii) Suppose that M satisfies the >-triangle inequality or the <-triangle inequality, and that t, — t°,
Ty Mo and Yn M, y° as n — oo. Then the following statements hold true.

e [f the mapping M (z°,y°,-) : (0,00) — [0,1] is continuous at t°, then

lim Mz, Yn, t,) = HUm M(y,, x,, t,) = M(x°,y°,t°).
n—oo

n—oo
e [f the mapping M (y°,z°,-) : (0,00) — [0, 1] is continuous at t°, then

Hm M (yn, Tn, t,) = Hm M(y,, Tn, t,) = M(y°, 2°,t°).

n—o0 n—oo

(i) Suppose that M satisfies the o-triangle inequality. Then the following statements hold true.
e Suppose that the mapping M (z°,y°,-) : (0,00) — [0,1] is continuous at t°, and that
(0] MD o] MD (o] : M<1 (o]
t, — t° asn — oo. If x, — z° and y, — y° as n — oo simultaneously, or x, — x
and yy, L Y° as n — oo simultaneously, then

Hm M (Y, Tn, t,) = M(x°,y°,t°).

n—oo

e Suppose that the mapping M (y°,2°,-) : (0,00) — [0,1] is continuous at t°, and that
o MD [¢] MD (o] N M<1 o]
t, = t° asn — oco. If v, — x° and y, — y° as n — oo simultaneously, or x, — x
and 1y, L y° as n — oo simultaneously, then

lim M(xp, Yn, t,) = M(y°, 2°,t°).

n—oo
Definition 2.10. Let (X, M) be a fuzzy semi-metric space, and let {x,}52, be a sequence in X.

e We say that {z,}°°, is a >-Cauchy sequence when, given any pair (r,t) with £ > 0 and
0 < r < 1, there exists n,; € N such that M(x,,z,,t) > 1 —r for all pairs (m,n) of integers
m and n with m >n > n,,.

e We say that {z,}°°, is a <-Cauchy sequence when, given any pair (r,t) with £ > 0 and
0 < r < 1, there exists n,; € N such that M(x,,zm,,t) > 1 —r for all pairs (m,n) of integers
m and n with m > n > n,,.

e We say that {x,}52, is a Cauchy sequence when, given any pair (r,t) with ¢ > 0and 0 < r < 1,
there exists n,; € N such that M(z,,, x,,t) > 1—r and M(xy, zy,t) > 1 —r for all pairs (m,n)
of integers m and n with m,n > n,; and m # n.

Definition 2.11. Let (X, M) be a fuzzy semi-metric space.

e We say that (X, M) is (>,>)-complete when each >-Cauchy sequence is convergent in the sense

MD
of x,, — =.

e We say that (X, M) is (>, <)-complete when each >-Cauchy sequence is convergent in the sense

M<1
of z,, — .
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e We say that (X, M) is (<,>)-complete when each <-Cauchy sequence is convergent in the sense

MD
of x,, — =.

e We say that (X, M) is (<, <)-complete when each <-Cauchy sequence is convergent in the sense

M<1
of x,, — .

Definition 2.12. Let (X, M) be a fuzzy semi-metric space.

e We say that the function f : X — X is (>,)-continuous with respect to M when, given any

sequence {x,}>, in X, z, M % as n — oo implies f(zn) ELiN f(z) as n — oo.

e We say that the function f : X — X is (>, <)-continuous with respect to M when, given any

sequence {x,}>°, in X, z, M % as n — oo implies f(zn) A f(z) as n — oo.

e We say that the function f : X — X is («,>)-continuous with respect to M when, given any

sequence {z,}> , in X, z, M 2 as n — oo implies f(x,) LI f(x) as n — oo.

e We say that the function f : X — X is (<, <)-continuous with respect to M when, given any

sequence {x,}>2; in X, z, M 2 asn — 0o implies f(x,) M f(x) as n — oo.

Based on the intuitive concept of the value M(x,y,t), we see that M(z,y,t) = 1 means the
distance between x and y that is surely less than or equal to ¢, and M (z,y,t) = 0 means the distance
between x and y that is surely greater than t. Therefore if  # y with distance ¢, # 0 between x
and y, then it is impossible for M (x,y,t) = 0 and for all ¢ > 0. In other words, there exists tq > 0
with t,, < t, satisfying M (z,y,ty) # 0. We propose the following definition.

3. Auxiliary Functions Based on the Infimum

Since M (z,y,t) is the membership degree of the distance between x and y that is less than or equal
to t, it is natural to see that the mapping M (z,y, -) is nondecreasing or symmetrically nondecreasing
as shown in Proposition On the other hand, since the distance will always be less than or equal
to a large t, it is also reasonable to argue that if ¢ is sufficiently large, then the membership degree
M (z,y,t) is close to 1. Therefore we propose the following definition.

Definition 3.1. Let (X, M) be a fuzzy semi-metric space. We say that M satisfies the canonical
condition when
lim M(x,y,t) =1 for any fixed z,y € X.
t——+o00
Let (X, M) be a fuzzy semi-metric space along with a t-norm *.
X* % [0,400) — [0,1] by

We define the mapping 7 :

n(x,y,u,v,t) = M(x,y,t) * M(u,v,t).

The following properties will be used to define the auxiliary functions.

Proposition 3.2. Let (X, M) be a fuzzy semi-metric space. Suppose that M satisfies the canonical
condition. If the t-norm % is left-continuous at 1 with respect to the first or second component, then

lim n(z,y,u,v,t) = 1. (3.1)

t—+o00
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The theorems of common coupled coincidence points and common coupled fixed points should be
based on the Cauchy sequences. Therefore we introduce the auxiliary functions to obtain the useful
properties regarding the Cauchy sequences. .

Definition 3.3. Let (X, M) be a fuzzy semi-metric space along with a t-norm x such that M
satisfies the canonical condition, and that the t-norm x* is left-continuous at 1 with respect to the
first or second component. Given any fixed z,y,u,v € X and any fixed A € (0, 1], we define the set

O\, z,y,u,v) = {t >0:n(x,y,u,v,t) > 1—A}.
and the function W(A, -, -, -, -) : X* — [0, +00) by
V(N z,y,u,v) = inf II(\, 2, y, u,v) =inf {t > 0 : n(z,y,u,v,t) > 1 — A}.

We need to claim TI(\, x, y, u,v) # (). In this case, we have W(\, x,y,u,v) < +00. Suppose that
II(\, z,y,u,v) = 0. By definition, we must have n(z,y,u,v,t) <1 — X for all ¢ > 0. This says that

lim n(z,y,u,v,t) <1—-X<1,

t—-+o0

which contradicts (3.1). Therefore we indeed have TI(\, x, y, u,v) # (). This says that Definition
is well-defined.

Proposition 3.4. Let (X, M) be a fuzzy semi-metric space along with a t-norm * such that M
satisfies the canonical condition, and that the t-norm x is left-continuous at 1 with respect to the first
or second component. Given any fized x,y,u,v € X and X € (0,1), we have the following properties.

(i) If € > 0 is sufficiently small such that V(X x,y,u,v) > €, then
77(5673/7%%‘1’0\75571%%”) - 6) <1l-=A

(ii) Suppose that M satisfies the <i-triangle inequality or the >-triangle inequality or the <-triangle
inequality. For any e > 0, we have

T](x7y7 U7U7W(>\7 I7y7 u7/l]) +€) Z 1 _A (3'2)
(iii) Suppose that M satisfies the >-triangle inequality or the <-triangle inequality. For any e > 0,
we have
n(x,y,u,v, V(N y,z,u,v)+€) >1—X\
and

77(957%“7’11,‘1’<)\,$7ij,“)+€) Z 1_)\

(iv) Suppose that M satisfies the >-triangle inequality or the <-triangle inequality or the o-triangle
inequality. For any e > 0, we have

T](x7y7u7v7ql(A7y’x7U7u)+6) 2 1_A

Proposition 3.5. Let (X, M) be a fuzzy semi-metric space along with a t-norm x such that M
satisfies the canonical condition, and that the t-norm * is left-continuous at 1 with respect to the first
or second component.
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(i) Suppose that M satisfies the >i-triangle inequality. Given any fized x1,Ta, -+, Tp, Y1, Y2, 1 Yp €
X and any fized p € (0,1], there exists A € (0,1) such that

(g, w1, T, Y1, Yp) < WA @1, 2, Y1, Y2) + WA, T2, 23, Y2, Y3) + -+

+ WA, Tp2, Tp—1, Yp—2: Yp—1) + W (A, Tp1, T, Yp—1, Yp) (3.3)
Wty 1, Ty Ypy 1) < V(A @1, T2, Yo, Y1) + W(A, 2, T3, Y3, Y2) + -+

+ \I/O‘: Lp—2, Lp—1, Yp-1, yp—Q) + ‘;[l()" Lp—1, Lps Yp, yp_l) (3'4)
(s Ty 01, Y1, Yp) < WA Ty Tpo1, Yp1, Yp) + WA Tpo1, Tp2, Yp2, Yp1)

+ -+ WA 23, 22, Y2, y3) + V(A 22, 21, Y1, Y2)
\Il(,u, T, 1, yp,yl) < \11()\,%, Tp—1, Yps yp,l) + \I'()\, Tp_1,Tp—2, ypflaypr)

+ -+ WA 3, 29, Y3, Y2) + V(N 22, T1, Y2, Y1)

(i) Suppose that M satisfies the >-triangle inequality. Given any fived x1, %o, -+ , Tp, Y1, Y2, ,Yp €
X and any fized p € (0,1], there exists A € (0,1) such that

maX{\I](,u7xlaxpay17yp)7Q(Naxlaxpaypayl%qj(ua ‘mpaxlaylayp)aqj(uaxpamlaypayl)}
S \II()Hajlnyv 91792) + \IJ(A’ x3,T2, Y3, 92) + \I]()\,ZE4, 1U37y47?/3)
+ -+ \Il<>\7 l‘p, xp—lu y}n yp—l)

(iii) Suppose that M satisfies the <-triangle inequality. Given any fived x1,xa, -, Tp, Y1,Y2,"* ,Yp €
X and any fized p € (0,1], there exists X\ € (0,1) such that

max{\ll(/'bvxhxpayl?yp):\I/(:uvxlaxzhypayl)?\I/(uvxpvmlayhyp)aqj(,ual‘p)xlaypayl)}
S WA, w2, 21,92, 1) + V(A 22, 23, Y2, y3) + (A, 73, 24, Y3, Ys)
+ -+ \Ij()\a xp—b a:pv yp—b yp)

(iv) Suppose that M satisfies the o-triangle inequality. Given any fized x1, X, -+ , Tp, Y1, Y2, - 1 Yp €
X and any fized p € (0, 1], there exists A € (0,1) such that the following inequalities are satis-
fied.

o [fp is even, then

W, 21, 2p, Y1, Yp) < WA, 21,22, Y1, Y2) + W (N, T2, T3, Y2, y3) + V(A 24, T3, Y4, Y3)

+ W(A, 24, T5,Ys, Ys) + W (A, 26, T5, Y6, Ys) + V(A 6, 27, Y6, Y1)

+ YN Ty, Tty Ypy Ypo1) (3.5)
U, 21, Tp Yps Y1) < WA, 21, 2, Yo, Y1) + WA, 2, 23, Y3, Y2) + V(N 24, T3, Y3, Ya)

+ WA, 24, T5, Y5, Ya) + V(A 26, 5, Y5, Ys) + V(N 26, 7, Y7, Ys)

+ YN Ty, T, Y1, Yp) (3.6)
W, 2, 21, Y1, Yp) < WA, 22, 21, Y1, Y2) + W (N, T3, T2, Y2, y3) + V(A 23, 24, Ya, Y3)

+ WA, 5, T4, Ys, ¥5) + V(A 25, 6, Y, Ys) + W (N, 27, 76, Vs, Yr)

+ o U T, Ty Yps Yp—1) (3.7)
Uy p, 21, Ypy 1) < WA, @2, 21, Yo, Y1) + WA, 23, T2, Y3, Y2) + WA, 23, T4, Y3, Ya)

+ W(A, 5, T4, Y5, Ya) + V(A 25, 6, Y5, Ys) + V(N 27, 76, Y7, Ys)

e WA, Ty, Ty, Yp15 Yp) (3.8)
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o [fpis odd, then

U, 1, T, Y1, Yp) < WA, 22,21, Y2, Y1) + W (A, 23, T2, Y3, Y2) + W(A, 23, T4, Y3, Ya)

+ WA\, x5, 24, Y5, Ys) + (N, @5, T6, s, Ys) + V(N 27, T, Y7, Y6)

+ o U T, Ty Ypo1, Yp) (3.9)
(g, 21, Tp Ypo Y1) < WA, T2, 1, Y1, Y2) + U (A, @3, T2, Y2, 3) + V(N 23, T4, Ya, Y3)

+ W(A, w5, 74, Y1, y5) + V(A 25,76, Y6, ¥5) + V(N 27, T6, Y6, Y7)

+ o U T, Ty Ypy Ypo1) (3.10)
U, Tp, 21,91, Yp) < WA, @1, Ta, Yo, Y1) + WA, 22, T3, Y3, Y2) + WA, 24, 3, Y3, Ya)

+ W(A, w4, 75,95, ya) + V(A 26, 5, Y5, ¥s) + V(N Z6, 27, Y7, Ys)

+ o+ U Ty T, Y1, Yp) (3.11)
(4t Tpy 21, Yps Y1) < WA, @1, 02,91, Y2) + WA, T2, 23, Y2, y3) + U(A, 24, 3, Ya, Y3)

+ W(A, w4, 75,91, y5) + V(A @6, T5, Y6, ¥5) + V(N T6, 27, Y6, Yr)

+ o+ YN Ty, Tty Ypy Ypo1) (3.12)

Proof . We just prove part (i). If 4 = 1, then U(1,2y,2,,v1,y,) = 0. The result is obvious.
Therefore we assume u € (0,1). According to part (ii) of Proposition , there exists A € (0,1) such
that

(IT=XN)s-%x(1—=X)>1—p. (3.13)

Given any € > 0, by the first observation of Remark [2.5], we have

M (xbxpa \Il<>\7 X1,T2,Y1, y2> + \IJ(A7 T2, T3,Y2, y3) Tt \Ij()‘7xp—17 Tp, Yp—1, yp) + (p - 1>€)
> M (21,29, V(A 21, T, Y1, Y2) +€) % -+ % M (21, 7, V(N Tp1, Tp, Yp1, Yp) + €) (3.14)

and

M <y17yp7 ‘Il<)\7 X1, T2, Y1, y2) + \I[(Ay T2,73,Y2, y3> +ee T+ \Ij(/\wrp*la xpvypflu yp) + (p - 1>€)
Z M (yl;yZa \II<)\a X1, T2, Y1, y2) + 6) *o-ox M (yp—laypv \Ij()‘wrp—la xp?l/p—la yp) + 6) (315)

Applying the increasing property and commutativity of t-norm to (3.14]) and (3.15)), we obtain
0 (@1, Tp, Y1, Yp, VA, 21, T, Y1, Y2) + WA, T, T3, Y2, Y3) + -+ + WA, @p1, T, Yp1,Yp) + (P — 1)€)

Z n (xlv x2,Y1,Y2, \I[()\a X1, T2, Y1, yQ) + E) *oeeekT) (xp—lv Tpy Yp—15 Yp, \IJ()\a Tp—1,Tp, Yp—1, yp) + 6)
>(1=X)x---x(1—=2X) (by (3.2) and the increasing property of t-norm)

>1—p (by (3.13)).
By the definition of W), we obtain
WX, 21,22, Y1, Y2) + V(N 22, 23,42, Y3) + -+ + V(N Zpo1, Tp, Yp—1,Yp) + (0 — 1) > W( 1, 21, Tp, Y1, Yp)-

Taking € — 0+, we obtain the inequality (3.3]).
On the other hand, we also have

M (xlwrpa \Il<)\7 X1, T2, Y2, yl) + \I[(/\7 X2, $37937yz) Tt \Ij()‘v'rp—la xpvypu yp—l) + (p - ]-)6)
> M (xlnya \Ij<)\7 Z1, T2, Y2, yl) + 6) *-oex M (xpflaxpa \II<>‘7$p717xp7 ypaypfl) + 6) (316)



640 Wu

and

M (yp7yla \I}()\a X1, T2, Y2, yl) + \IJ(A; T2, T3,Ys3, 92) +oeee \IJ(/\wrp—la :L‘p7yp7 yp—l) + (p - ]->€)
Z M (y273/17 \II()\J x1,T2,Y2, yl) + 6) * ook M (ypfypfl? \I]()\wrp*la Tp, Yp, yp71> + 6) (317)

Applying the increasing property and commutativity of t-norm to (3.16]) and (3.17)), we obtain

n (xla xp>ypa Y1, \I]()\axla X2, y2>yl) + \II<>\a X2,T3, Y3, y2) + -+ \IJ()\a xp—laxpa yp>yp—1) + (p - 1)6)
Z n (Ihx%y% Y1, \I[()\wxl; X2, y%yl) + 6) *oeeekT) (xp—17xp7 Yps Yp—1, \I}(Aa Tp—1, Tp, yp7yp—1) + 6)
>(1—=A)x*---%(1—=A) (by (3.2) and the increasing property of t-norm)

>1—p (by (3.13)).

By the definition of ¥, we obtain

\II(A7 X1,T2,Y2, yl) + \I[()‘yx% xs, y3)y2) +oeee \II(Av xp—hxpv yp7yp—1) + (p - ]->€ Z \Ij(l’% Xy, xpvylh yl)

Taking ¢ — 0+, we obtain the inequality (3.4). The other inequalities can be similarly obtained.
This completes the proof. [J

Proposition 3.6. Let (X, M) be a fuzzy semi-metric space along with a t-norm * such that M
satisfies the canonical condition, and that the t-norm x s left-continuous at 1 with respect to the
first or second component. Let {x,}>2, and {y,}5°, be two sequences in X. Then the following
statements hold true.

(1) {xn}2, and {yn}2, are two >-Cauchy sequences if and only if, given any e > 0 and X € (0,1),
there ezists n.x € N such that m > n > n. implies V(\, Ty, Tny Yim, Yn) < €.

(i) {xn}o2, is a >-Cauchy sequences and {y, }5°, is a <-Cauchy sequences if and only if, given any
e >0 and X € (0,1), there exists n.x € N such that m > n > n.  implies V(\, Ty, Tny Yn, Ym) <
€.

(ili) {x,}22, is a <-Cauchy sequences and {y, }°, is a >-Cauchy sequences if and only if, given any
€>0and X\ € (0,1), there exists nex € N such that m > n > nex implies W(\, Tpn, Ty Yoy Yn) <
€.

(iv) {zn}2 and {y,}o2, are two <-Cauchy sequences if and only if, given any e > 0 and A € (0,1),
there ezists n.x € N such that m > n > n. implies V(\, Ty, T, Yn, Ym) < €.

4. Cauchy Sequences

We shall present many kinds of situations that can guarantee the Cauchy sequence in order to
derive the theorems of common coupled coincidence points and common coupled fixed points.
Given any a € [0, 1], for convenience, we write

n times

——
(xa)" =a*xax*---*xa

and

2™ times
7\

Ve

t\1* t t £\
{*n(a,b,c,d,ﬁ)] :n(a,b,c,d,ﬁ)*n(a,b,c,d,ﬁ)*---*n(a,b,c,d,ﬁ>.
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Proposition 4.1. Let (X, M) be a fuzzy semi-metric space along with a t-norm * such that M
satisfies the canonical condition, and that the t-norm is left-continuous at 1 in the first or second
component. Let 0 < k < 1 be any fized constant, and let {x,}32, and {y,}5, be two sequences in

X.
(i) Suppose that M satisfies the e<-triangle inequality. Then the following statements hold true.

o Assume that there exist fized elements aq,by,c1,dy € X such that

sup U (A, aq1,b1,¢1,dp) < o0, (4.1)
A€(0,1)
and that
t\1*
n (‘rn7xn+laynayn+l7t> > [*7) (ab bi,ci,dy, ﬁ)} Jor each n € N. (4-2)

Then {x,}22, and {y,}5>, are <-Cauchy sequences.

e Assume that there exist fived elements as, ba, co,dy € X such that

sup U (A, ag, by, o, dy) < 00, (4.3)
A€(0,1)
and that
t\1*
n (xnyxn+1ayn+lvymt) > {*77 (GQ; by, ca, da, ﬁ)} for each n € N, (4-4)

Then {x,}>2, is a <-Cauchy sequence and {y,}5°, is a >-Cauchy sequence.

e Assume that there exist fived elements as, bs, c3,dz € X such that

sup VU (A, as, b, c3,d3) < o0, (4.5)
A€(0,1)
and that
t\1*
n(xn+17xn7yn7yn+17t) Z {*77 (CLg,bg,Cg,dg, H>:| fOT’ eaCh n e N7 (46)

then {x,}>, is a >-Cauchy sequence and {y,}5°, is a <-Cauchy sequence.

o Assume that there exist fized elements ay, by, cq,ds € X such that

sup W (A, ay,by,cq,dy) < 00, (4.7)
A€(0,1)
and that
t\1*
n(xn+17$n7yn+l>yn>t) 2 |:*77 (a4,b4,c4,d4, ﬁ):| fOT ea'Ch nc N7 (48)

Then {x,}>2, and {y,}5°, are >-Cauchy sequences.

n=1
(ii) Suppose that M satisfies the >-triangle inequality or the <-triangle inequality. We also Assume

that (4.1), (4.2), (4.7) and (4.8)) are satisfied. Then {z,}5°, and {y,}>>, are both >-Cauchy

and <-Cauchy sequences; that is, {x,}5>, and {y,}>>, are Cauchy sequences.
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(i) Suppose that M satisfies the o-triangle inequality, and that any one of the following two condi-
tions is satisfied:

e conditions (4.1), (4.2), (4.7) and (4.8) are satisfied;
e conditions (4.3)), (4.4), [4.5) and (4.6) are satisfied.

Then {x,}22, and {y,}5>, are both >-Cauchy and <-Cauchy sequences.

Proof . To prove part (i), it suffices to prove the first case. Given any A € (0,1), from (4.2)), we
have the following inclusions

27L
t
{t>02 l*n (al,bl,cl,dl,ﬁ)] 21—)\}

CH{t>0:n(Tn, Tnt1,Yn, Ynt1,t) > 1 — A}. (4.9)
Using part (ii) of Proposition [2.1], there exists Ag € (0,1) such that
[#(1 = X)]*" >1— A\
Therefore, if
n (01,517017651, kt—n) >1-=X

then, using the increasing property for t-norm,

2n
|:>k77 (al,bl,cl,dl,%)} > [*(1_/\0)]271 > ]_—/\7

t
{t>0:n<a1,bl,cl,d1,ﬁ> > 1—)\0}
t\1*
- {t>01 *1) (al,bl,cl,dl,ﬁ)] >1—)\}

277.
t
- {t>01 *7 (al,bl,cl,dl,ﬁ)} 21—>\} (4].0)

ql()‘axnvxn+17yn7yn+l)
=inf{t > 0: 9 (Tpn, Tpni1, Yn, Yns1,t) > 1 — A}
> 1

L 2
*T) (ahblachdl) ﬁ)] - A} (by "

t
< inf {t >0:7n (al,bl,cl,dl,ﬁ) >1-— /\0} (by (4.10]))
t)
t)

which also says that

Therefore we obtain

§inf{t>0:

:inf{k:”-t>0:n(a1,b1,01,d1, 21—)\0}
:k"'inf{t>0:7)(a1,b1,01,d1, 21—)\0}
:kn'\D<)\0,a1,b1,Cl,d1). (411)
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Now we assume that m,n € N with m > n. Given any p € (0,1], by part (i) of Proposition [3.5]
there exists A € (0,1) (which depends on m and n) such that

qj(ﬂaxmxmaymym)
< U, Ty Tty Yo Yot 1) + V(A Tt Toga,s Yntt Ynt)
+ -+ U\, T, Ty Yre15 Ym)
< K" W(Ag, a1, b, c1,dy) + KU (N, an, by, 01, dy)
o K™ W( N, ag, by, 1, dy) (by )

k(1 — ke K
(1_k ) SW(AQ,alythl?Ch)' 1—k

k.TL
S sup \Il()\chl)bl)Cl?dl)
A€(0,1) 11—

= ‘I’()\o,al,b1701,d1)'

? — 0 as n — oo, (4.12)

which also says that, given any € € (0,1) and p € (0, 1), there exists n, . € N such that m >n >n,, .
implies W (4, Tpy T, Yn, Ym) < €. By the fourth case of Proposition it follows that {z,}>2;
and {y,}22, are <-Cauchy sequences. The other results can be similarly obtained by using the
corresponding cases of Proposition and part (i) of Proposition

To prove part (ii), we consider the following cases.

e Suppose that M satisfies the >-triangle inequality. Using part (ii) of Proposition , we have

max { W (t, Ty Ty Yy Ym)s Y (s Tons Ty Yoy Y )5 Y (1 Tas Ty Y Y )s Oy Ty Ty Yomy Yn)
S \Ij()\’ Tms Tm—1;Ym, ym—l) + \Ij()\’ Tm—1yTm—2; Ym—1, ym—2>
+ -+ \Ij<)\7 Tn+25 Tp+1y Yn+2, yn-i—l) + \D(Aa Ty Tn+1y Yns yn—i—l)- (413)

By referring to (4.11)), we can similarly obtain

U(N, Tpi1, Try Yni1s Yn) < K™ - W( Ao, ay, by, cq,dy). (4.14)

By using (4.11)), (4.14), (4.13) and referring to (4.12]), we have

max { W (1, Zrs Ty Yns Ym )y V(s Tiny Ty Uns Y )s Yy Ty Tony Yy Yn)s Y (s Ty Ty Yimy Y ) }

k”’l
< max sup V(A aq,b1,c1,dy) |, | sup V(A ayq,by,cq,dy)]| o - — 0 asn — oo.
A€(0,1) Ae(0,1) 1—k

Using the above argument, we can show that {z,}>°, and {y,}:>, are both >-Cauchy and
<-Cauchy sequences.

e Suppose that M satisfies the <-triangle inequality. Using part (iii) of Proposition , we have

max { W (L, Tn, Ty Yy Y )y Y (s Tons Ty Yoy Yon )y Y (1 Tay Ty Y Y )s Wy Ty Ty Yomy Yn)
S \I’()\> Tn+1y Tny Yn+1, yn) + \D()H Tn41y Tn+2, Yn+1, yn+2)
+ \I}(A’ Tm—2, Tm—1; Ym—2, ym—l) + \Ij()\7 Tm—15Tms Ym—1, ym)

Using the above argument, we can show that {z,}>°, and {y,}>>, are both >-Cauchy and
<-Cauchy sequences.
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To prove part (iii), we consider the following cases.

e Assume that (4.1)), (4.2)), (4.7) and (4.8)) are satisfied. If p is even, then, using (3.5)) and (3.8)

in part (iv) of Proposition we can similarly show that {x,}2%, and {y,}°, are both >-
Cauchy and <-Cauchy sequences. If p is odd, then, using (3.9) and (3.12)) in Proposition ,
we can similarly obtain the desired results.

e Assume that (4.3)), (4.4), (4.5) and (4.6 are satisfied. If p is even, then, using (3.6) and (3.7)

in part (iv) of Proposition we can similarly show that {z,}>°, and {y,}>>, are both >-
Cauchy and <-Cauchy sequences. If p is odd, then, using (3.10) and (3.11) in Proposition [3.5]
we can similarly obtain the desired results.

This completes the proof. [J

Remark 4.2. We shall present the sufficient conditions to guarantee the finiteness (4.1).

e Suppose that M satisfies the p<-triangle inequality or the >-triangle inequality or the <-triangle
inequality. Then the mapping M (z,y, -) is nondecreasing by parts (i) and (ii) of Proposition 2.7}
Now we also assume that a and b have a finite distance beginning from a to b, and that ¢ and
d have a finite distance beginning from c to d. Then, by definition, there exists ¢}, > 0 and
tx, > 0 such that M(a,b,tf,) = 1 and M(c,d,t;) = 1. Let t* = max{t},,t:,}. Since the
mapping M (x,y, ) is nondecreasing, it follows that

n(a,b,c,d,t*) = M (a,b,t") * M (¢,d,t*) =1>1— X for all A € (0,1),
which says that
U (N a,bce,d) <t*<4oo forall A€ (0,1).

Therefore we conclude that

sup ¥ (A, a,b,c,d) <t* < +oo.
A€(0,1)

e Suppose that M satisfies the >-triangle inequality or the <-triangle inequality or the o-triangle
inequality. Then the mapping M (z,y, ) is symmetrically nondecreasing by parts (ii) and (iii)
of Proposition 2.7 Now we also assume that a and b have a finite distance beginning from b
to a, and that ¢ and d have a finite distance beginning from d to ¢. Then, by definition, there
exists t;, > 0 and t};, > 0 such that M (b,a,t;,) = 1 and M(d,c,t}.) = 1. Let t* = max{t;,, 5.}
Since the mapping M (z,y, -) is symmetrically nondecreasing, it follows thatM (a,b,t*) = 1 and
M(c,d,t*) = 1. Therefore we can similarly obtain

sup ¥ (A a,b,c,d) <t" < +oc.
A€(0,1)

5. Common Coupled Coincidence Points

Now we are in a position to present the theorems of common coupled coincidence points. Let X
be a nonempty universal set. We consider the mappings T: X x X — X and f: X — X.

e We say that the mappings 7" and f commute when

f(T(z,y)) =T(f(x), f(y))
for all z,y € X.
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e An element (z,y) € X x X is called a coupled coincidence point of mappings T" and f when

T(z,y) = f(z) and T'(y,z) = f(y).

In particular, if x = f(z) = T(z,y) and y = f(y) = T'(y,x), then (z,y) is called a common
coupled fixed point of T and f.

Let X be a universal set. Let {T,,}°°, be a sequence of mappings defined on X x X into X, and
let f be a mapping defined on X into itself satisfying 7,,(X, X) C f(X) for all n € N. Given any
two initial elements z,yo € X, since T,,(X, X) C f(X), there exist x1,y; € X such that

f(z1) = Ti(wo,y0) and f(y1) = T1(yo, 7o)

Similarly, there also exist x5,y € X such that

f(x) = Ta(w1,y1) and f(y2) = To(y1, 71).

Continuing this process, we can construct two sequences {z,}>°; and {y,}>2, such that

f(n) = Tu(Tn1,yn—1) and f(yn) = T(Yn-1,Tn1) (5.1)

for n € N.

In the sequel, we shall study the common coupled coincidence point by separately considering
the four different types of triangle inequalities. We first present some assumptions and conditions.
For the mappings f and {7,}52,, we consider the following assumptions:

(I) the mappings T,, : X x X — X and f: X — X satisfy T,,(X, X) C f(X) for all n € N;
(IT) the mappings f and 7T, commute, i.e., f(T,(x,y)) = T,(f(z), f(y)) for all x,y € X and all
n € N.

Regarding the auxiliary function ¥ that is associated with the mappings f and 77 in the sequence
{T},}5°,, we consider the following three conditions:

(a) there exist x*,y* € X satisfying

Ailfopl) WA (%), Tz y%), fy7), Ti(y", 27)) < oo; (5.2)

(b) there exist z*, y* € X satisfying

sup v (/\7T1($*7y*)7 f(x*)a Tl(y*7x*)7 f(y*)) < 0.
A€(0,1)

(¢) there exist z*,y* € X satisfying

sup W (A, f(z"), T (2", y"), f(y"), Th(y", ")) < o0
A€(0,1)

and

sup W (A, Th(z",y%), f(27), Ti(y", "), f(y")) < oo.
A€(0,1)

Let (X, M) be a fuzzy semi-metric space along with a t-norm *. We consider the following assump-
tions.
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(1) the t-norm * is left-continuous with respect to the first or second component;

(2) for any fixed x,y € X, the mapping M(x,y,-) : (0,00) — [0, 1] is left-continuous at each point
t € (0,00);

(3) for any n € N and a € [0, 1], the inequality (xa)™ > a™ holds true;

(4) for any fixed x,y € X, t > 0 and constant k, the mapping

ple) =M (2.0 1) (53)

klogy o

is differentiable on (0, c0) such that p'(a) # 0 for all a € (0, c0).
Regarding the completeness and continuities, we consider the following conditions.

(a) (X, M) is (<,>)-complete, and f is simultaneously (>, >)-continuous and (>, <)-continuous with
respect to M;
(a°) (X, M) is (<,>)-complete, and f is simultaneously (>, >)-continuous or (>, <)-continuous with
respect to M,
(b) (X, M) is (<, <)-complete, and f is simultaneously (<, >)-continuous and (<, <)-continuous with
respect to M;
(b%) (X, M) is (<,<)-complete, and f is simultaneously (<,>)-continuous or (<, <)-continuous with
respect to M;
(c) (X, M) is (>,>)-complete, and f is simultaneously (>,>)-continuous and (>, <t)-continuous with
respect to M;
(c®) (X, M) is (>,>)-complete, and f is simultaneously (>,>)-continuous or (>, <)-continuous with
respect to M;
(d) (X, M) is (>,<)-complete, and f is simultaneously (<, >)-continuous and (<, <)-continuous with
respect to M,
(d°) (X, M) is (>,<)-complete, and f is simultaneously (<,>)-continuous or (<, <)-continuous with
respect to M;
(e) (X, M) is (<,>)-complete or (>,>)-complete, and f is simultaneously (>,>)-continuous and
(>, <)-continuous with respect to M;
(e°) (X, M) is (<,>)-complete or (>,>)-complete, and f is (>,>)-continuous or (>, <)-continuous
with respect to M;
(f) (X, M) is (<,<)-complete or (>,<)-complete, and f is simultaneously (<,>)-continuous and
(<, <)-continuous with respect to M.
(f°) (X, M) is (<, <)-complete or (>,<)-complete, and f is (<,>)-continuous or (<, <)-continuous
with respect to M.

(g) (X, M) is (<,>)-complete or (>,>)-complete, and f is (>, <)-continuous with respect to M;
(h) (X, M) is (<, <)-complete or (>,<)-complete, and f is (<, <)-continuous with respect to M.
(i) (X, M) is (<,>)-complete or (>,>)-complete and f is (>,>)-continuous with respect to M;
(j) (X, M) is (<, <)-complete or (>, <)-complete and f is (<,>)-continuous with respect to M.

Theorem 5.1. (Satisfying the >-Triangle Inequality). Let (X, M) be a fuzzy semi-metric space
along with a t-norm x such that M satisfies the canonical condition and the D-triangle inequality.
Suppose that the following conditions are satisfied:

o the assumptions (1),(11),(1) and (2) are satisfied;
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o for any x,y,u,v € X, the following contractive inequality is satisfied:

where k;j satisfies 0 < k;; < k <1 for all i,7 € N and for some constant k.

Then we have the following results.

(i) Suppose that condition (a) is satisfied, and that condition (a) or condition (b) is satisfied. Then
the mappings {T,,}52, and f have a common coupled coincidence point (z°,y°). We further
assume that the assumptions (3) and (4) are satisfied. Then we have the following properties.
(A) If (z,y) is another coupled coincidence point of f and T,, for some ng € N, then f(z°) =

f(@) and f(y°) = f(y).
(B) There exists (z°,y°) € X x X such that (f(x°), f(y°)) € X x X is the common coupled
fized point of the mappings {1} .
Moreover, the point (x°,y°) € X x X can be obtained as follows.
e [f condition (a) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the
o M® M
limits f(x,) — z° and f(y,) — v°;
e [f condition (b) is satisfied, then the point (x°,y°) € X X X can be obtained by taking the
o M M
limits f(x,) — z° and f(y,) — v°,
where the sequences {x,}5°, and {y,}5°, are generated from the initial element (xo,yo) =
(x*,y*) € X x X according to (5.1)).

(i) Suppose that condition (b) is satisfied, and that condition (c) or condition (d) is satisfied. Then
we have the same result as part (i).

Proof . We can generate two sequences {x,}2°, and {y,}>2, from the initial element zq = z* and
Yo = y* according to (5.1). Then we have

f(@®) = f(x) and f(y") = f(vo)
and
Ti(z*,y") = Ti(xo,y0) = f(x1) and Th(y", 2*) = Ti(yo, T0) = f(y1)-
To prove part (i), from and (5.4)), we obtain

M (f(x1)7 f(l’g),t) =M (T1($07y0),T2($17y1),t>
t

> M (f(xo),f($1)7 é) * M (f(yo)af(yl)a k_u>
and

M (f(y1), f(y2),t) = M (T1(yo, 20), To(y1, 21), )

> 01 (1) S0 =) o (o) S ).

By induction, we can obtain

277,71

M (f (), f(2as1), t) > [*M (f(%)’f(“)’ m)}

oo (w100 )| (5.5)

i=1 ki,i—&-l
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and

2n—1

Muwmjwwmwz[M4Q@@ﬂﬁ%ﬁz%ﬁﬁ}

*}M(ﬂmxﬂm»ﬁzﬁgz)r . (5.6)

Since the mapping M (x,y, ) is nondecreasing by part (i) of Proposition and k; ;11 < k for each
i € N, applying the increasing property of t-norm to (5.5)) and (5.6]), we also have

n—1

o ) 2 [ (600,600, ) |« o (s o0 )

gn—1
t

= o (). o). o) S0, 5 )| (5.7)

and

2n71

M), S0 2 |30 (S e, 5 )| foar (o S 55 )]

-1

= [on (st . s s )] (55)

Applying the increasing property of t-norm to and , we have
n (f(xn)’ f(In-i—l)a f(yn)a f(yn+1)7t) =M (f(xn)a f(xn-i-l)’ t) * M (f(yn)v f(yn+1)7t)

> [on (o) o). 0. 5000 15 )] (5.9)

From part (i) of Proposition[4.1] it follows that {f(z,)}22, and {f(y.)}22, are <-Cauchy sequences.

We consider the following cases

e Suppose that condition (a) is satisfied. Since (X, M) is (<,>)-complete, there exist 2°,y° € X
such that g §
f(xy,) 2 2° and flyn) 2 4 as n — oo, (5.10)

Since f is simultaneously (>,>)-continuous and (>, <)-continuous with respect to M, we have

FOF() 25 F(2°) and F(f(ya)) 25 f(y°) as n — oo

and

which say that

Tim M(f(f(wn)), f(2°), 1) = 1, de, M(f(f(xn)), f(2%),8) = 1= (5.11)
Tim M(f(f(yn))s F(6°) 1) = 1, Le, M(F(F(yn))s F(y°) 1) = 1= (5.12)
Tim M(f(z®), f(f(2n)) 1) =1, Le, M(f(2°), f(f(2n)), 1) = 1= (5.13)
Tim M(f(y°), f(f(yn)) t) = 1, dees M(F(Y°), f(f(yn))st) = 1= (5.14)

for all ¢t > 0.
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e Suppose that condition (b) is satisfied. Since (X, M) is (<, <)-complete, there exist 2°,y° € X
such that . .
f(zy) 2 2° and f(yn) M 40 as n — oo (5.15)

Since f is simultaneously (<,>)-continuous and (<, <)-continuous with respect to M, we can
similarly obtain ((5.11))-(5.14]).

Using ((5.1) and the commutativity of T, and f, we obtain

f(f(@ni1)) = f(Tar1(@n, yn)) = Toa (f (2n), f(yn))) (5.16)

and
S i) = F(Tnia Yy 20)) = Toia (f (yn), f(20)))-
We shall show that f(z°) =T, (z°,4°) and f(y°) =T, ( ) for all n € N. Now we have

M (f(f(@ni1)), Ta(2®, y°), kt) = M (f(f(2n11)), Ta(2®,07), Kngrn - 1)
= M (T2 (f (), ( )y Tu(2%,9°), knsan - £) (by (5.16))
> M(f(f(@n)), f(2°),8) = M(f(f(yn), f(y°), 1) (by (B.4)). (5.17)

Using part (ii) of Proposition [2.2{ and applying (5.11]) and (5.12)) to (5.17]), we obtain
i inf M (f(F(@r0)), To(a, 7). )

> Jim [0 (@) £ ) 01 (£ A7) )| = 101 =1

n—oo

which says that

1> limsup M (f(f(xns1)), Tn(2°,y°),t) > liminf M (f(f(zne1)), Tn(z°,y°),t) > 1.

n—oo n—oo

Therefore we obtain

lim M (f(f($n+1))>TN($ovyo)vt) =1, ie, M (f(f(xn-l-l))aTn(xo»yo)’t) —1-. (518)

n—oo

Using the p<-triangle inequality, we see that
M (f(2°), Ta(2,y%), 2t) = M (f(2°), f(f (zn41)), 1) * M (f(f (@n41)), Tul2®, %), 1) -

Applying the left-continuity of t-norm * to (5.13]) and (5.18)), we obtain M (f(z°), T, (x°,y°),2t) =1
for all £ > 0. Therefore we must have f(z°) = T, (2°,y°) for all n € N. We can similarly show that

f(y°) = Tn(y°, 2°) for all n € N.
To prove property (A), let (Z,y) be another coupled coincidence point of f and T, for some
no € N, ie., f(z) = T,,(Z,y) and f(y) = Tpn,(y,Z). Since the mapping M (x,y,-) is nondecreasing,

by (5.4] -, we have

> 01 () 5@, ) o (500 10 )
> 0t () @) ) <t (160501 ) (5.19)
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and

> 01 (). 100 ) 0 (), FG@) ). (5.20

Therefore we obtain
L2 M), f@).0

> 01 ()50, ) # M (160,50, 7 ) (v E19)

> | (00 0.5 ) 01 (162,500 55 )| [ M (1050, 5 ) < 0r (10001005 )]
(by and (5.20))
_ :*M (f(:z:"),f(:z), %)r ] [
2oz [t (s s )] [ (1000005

(by repeating to use 1 and (5.20)) )
> [u (s )] o (o 5)]
(-by the assumption (*&)2"’1 > 2" and the increasing property of t-norm)
> [ (s 00 5)] [ (o000 5)]

(since M (z,y,t) <1 for any z,y € X and ¢t > 0),

-1

which is equivalent to

2 (), 10 2 M (16 5@ )|+ [ (P00 00 )| 62
Since M satisfies the canonical condition, we have

lim M(z,y,t) =1 (5.22)

t—o0
for any fixed x,y € X. Let

ple) =M (£2°)10). ez )
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Since 0 < k < 1, by (.22)), we have p(ar) — 1 as o — oo. Therefore we obtain
. o pan _t N
tim |1 () @), )|

= Jim [p(n)]" = lim expfn - p(n)] = exp [JEEO L]

— —
n—00 n—00 T p (1)

. 1
=exp | lim | —— T
[TH‘” < YO O) 'pl(”)>]

(using the assumption p'(a) # 0 and the I’'Hospital’s rule)
) (5.23)

and

lim [M (f<y°>,f<y>,,€lfm)r 1 (5.24)

n—oo

Since . .
M (f<x°>,f<x>, k—) < 1and M (f<y°>,f<y>, k—) <1

from (5.23)) and (5.24), it follows that the sequences converge to 1 from the left. Using the left-
continuity of t-norm at 1 and part (ii) of Proposition we obtain

Jm [M (f(xo)>f<$)7 #)r * [M (f(y"),f(y), #)]n —1xl=1

From (5.21), we obtain M(f(z°), f(Z),t) = 1 for all ¢ > 0, which implies f(2°) =
similarly show that M (f(y°), f(y),t) = 1 for all t > 0, which also implies f(y°) = f(y
To prove property (B), using the commutativity of 7}, and f, we have

J(Tu(a®,y°)) = Tu(f (2°), F (7)) = To(Ta(2®, 4°), Tu(y”, 2°)) (5.25)

f(z). We can
).

and
F(@(y®,2%) = To(f(y°), f(2°) = To(Tu(y®, 2°), Tn(2®, ¥°)). (5.26)
By regarding z as T, (z°,y°) and § as T,,(y°, x°), the equalities ((5.25) and (5.26|) say that
f(@) =Tu(2,y) and f(§) = Tu(y, 7).

Therefore, using property (A), we must have

[ (%) = f(z) = f(Tu(2°,9°)) = T (f(2°), f(¥°))
and
FW) = 1w = f(Tu(y,2°) =T, (f(¥°), f(z°)),

which says that (f(z°), f(y°)) € X x X is the common coupled fixed point of the mappings {7}, }5 ;.
To prove part (ii), we can similarly obtain

0 ) S, ) Fn),0) = o (S S S s 5 )| 620

From part (i) of Proposition [4.1] it follows that {f(z,)}32; and {f(y)}32, are >-Cauchy sequences.
We consider the following cases
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e Suppose that condition (c) is satisfied. Since (X, M) is (>,>)-complete, there exist x°,y° € X
such that g g
f(zy,) 2 2° and f(yn) M e as n — oo,

Since f is simultaneously (>,>)-continuous and (>, <)-continuous with respect to M, we can

similarly obtain ((5.11))-(5.14]).

e Suppose that condition (d) is satisfied. Since (X, M) is (>, <)-complete, there exist z°,y° € X
such that e .
f(z,) — 2° and f(y,) — y° as n — oc.

Since f is simultaneously (<,>)-continuous and (<, <)-continuous with respect to M, we can

similarly obtain ((5.11))-(/5.14]).

The remaining proof follows from the similar argument of part (i). This completes the proof. [J

Remark 5.2. The inequality (5.4 is based on the t-norm. If the t-norm in (5.4) is replaced by the
arithmetic product as follows

M(T(z,y), T(u,v), kt) = M(f(x), f(u),t) - M(f(y), f(v),1),
then we can simplify the sufficient conditions. We omit the detailed discussion.

In Theorem [5.1], since the fuzzy semi-metric M is not necessarily symmetric, if the contractive
inequality (5.4]) is not satisfied and alternatively the following so-called converse-contractive inequality

M(Ti(x,y), Tj(u, v), ki - t) = M(f(u), f(x), 1) « M(f(v), f(y),?)
is satisfied, then we can also obtain the desired results by assuming the different conditions.

Theorem 5.3. (Satisfying the <-Triangle Inequality: Converse-Contractive Inequality).
Let (X, M) be a fuzzy semi-metric space along with a t-norm % such that M satisfies the canonical
condition and the ><-triangle inequality. Suppose that the following conditions are satisfied:

e the assumptions (1),(11),(1) and (2) are satisfied;

o for any x,y,u,v € X, the following converse-contractive inequalily is satisfied:

M(T;(%, y)?ﬂ(ua U), kz] : t) Z M(f(U), f(.l’),t) * M(f(v)v f(y)7t>?
where k;; satisfies 0 < kj; < k <1 for alli,j € N and for some constant k.

Then we have the following results.

(i) Suppose that condition (a) is satisfied, and that condition (a°) or condition (b°) is satisfied.
Then the mappings {1,}:2, and f have a common coupled coincidence point (x°,y°). We
further assume that the assumptions (3) and (4) are satisfied. Then we have the following
properties.

(A) If (z,y) is another coupled coincidence point of f and T,, for some ng € N, then f(z°) =
1(@) and £(5°) = £(5).

(B) There exists (z°,y°) € X x X such that (f(x°), f(y°)) € X x X is the common coupled
fized point of the mappings {1} .
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Moreover, the point (x°,y°) € X x X can be obtained as follows.
e [f condition (a°) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the
limit f(x,) M 20 and f(yn) I y°;
e [f condition (b°) is satisfied, then the point (z°,y°) € X X X can be obtained by taking the
limit f(x,) M 20 and f(yn) M y°,

where the sequences {x,}5°, and {y,}5°, are generated from the initial element (xo,yo) =

(x*,y*) € X x X according to (5.1)).
(i) Suppose that condition (b) is satisfied, and that condition (¢°) or condition (d°) is satisfied.
Then we have the same result as part (i).

Remark 5.4. The assumption for the continuity of function f in Theorems[5.1]and [5.3]are different.
More precisely, the assumption for the continuity of function f in Theorem is stronger than that
of Theorem [5.3]

Theorem 5.5. (Satisfying the o-Triangle Inequality). Let (X, M) be a fuzzy semi-metric space
along with a t-norm * such that M satisfies the canonical condition and the o-triangle inequality.
Suppose that the following conditions are satisfied:

o the assumptions (1),(11),(1) and (2) are satisfied;

e for any x,y,u,v € X, the following contractive inequality is satisfied:
M(T(w,y), Tj(u, v), ki - t) = M(f(2), f(u),t) * M(f(y), f(v),1),
where k;j satisfies 0 < k;j; < k <1 for all i,5 € N and for some constant k.
e condition (c) is satisfied, and that condition (e°) or condition (f°) is satisfied.

Then the mappings {T,,}5°, and f have a common coupled coincidence point (z°,y°). We further
assume that the assumptions (3) and (4) are satisfied. Then we have the following properties.

(A) If (z,y) is another coupled coincidence point of f and T,, for some ng € N, then f(z°) = f(Z)

and f(y°) = f(y).
(B) There exists (x°,y°) € X x X such that (f(z°), f(y°)) € X x X is the common coupled fized
point of the mappings {T,,}52 .

Moreover, the point (x°,y°) € X x X can be obtained as follows.
e [f condition (e°) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
M® M®
f(zn) — 2° and f(y,) — y°;
e [f condition (f°) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
M< M-S
flzn) — 2% and f(y.) — ¥°,

where the sequences {x,}7°, and {y,}>, are generated from the initial element (xq,yo) = (z*,y*) €
X x X according to ((.1]).

Theorem 5.6. (Satisfying the o-Triangle Inequality: Converse-Contractive Inequality).
Let (X, M) be a fuzzy semi-metric space along with a t-norm % such that M satisfies the canonical
condition and the o-triangle inequality. Suppose that the following conditions are satisfied:
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e the assumptions (I),(11),(1) and (2) are satisfied;
e for any x,y,u,v € X, the following converse-contractive inequality is satisfied:
M(Ti(x,y), Tj(u, 0), kij - 1) = M(f(u), f(x), ) « M(f(v), f(y), 1),
where k;; satisfies 0 < kj; < k <1 for alli,j € N and for some constant k.
o condition (c) is satisfied, and that condition (e) or condition (f) is satisfied.

Then the mappings {T,}5°, and f have a common coupled coincidence point (x°,y°). We further
assume that the assumptions (3) and (4) are satisfied. Then we have the following properties.

(A) If (z,y) is another coupled coincidence point of f and T,, for some ng € N, then f(z°) = f(Z)

and f(y°) = f(9).
(B) There exists (x°,y°) € X x X such that (f(z°), f(y°)) € X x X is the common coupled fized
point of the mappings {T,,}52.

Moreover, the point (z°,y°) € X X X can be obtained as follows.

e [f condition (e) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the limit
M M
flan) = a® and f(yn) — ¥°;

e [f condition (f) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
Flan) 25 2 and f(y,) <5 y°,

where the sequences {x,}5°, and {y,}>, are generated from the initial element (xq,yo) = (x*,y*) €

X x X according to (5.1)).

Theorem 5.7. (Satisfying the >-Triangle Inequality). Let (X, M) be a fuzzy semi-metric space
along with a t-norm x such that M satisfies the canonical condition and the >-triangle inequality.
Suppose that the following conditions are satisfied:

o the assumptions (1),(11),(1) and (2) are satisfied;
e the following contractive inequalities is satisfied
M(Ti(x,y), Tj(u, v), kij - t) = M(f (), f(u),t) « M(f(y), f(v),1)
or the following converse-contractive inequalities is satisfied
M(Ty(z,y), Tj(u, v), kij - 1) = M(f(u), f(x),1) * M(f(v), f(y),1),
where k;j satisfies 0 < k;; < k <1 for all t,57 € N and for some constant k.
e condition (c) is satisfied, and that condition (g) or condition (h) is satisfied.

Then the mappings {T,,}5°, and f have a common coupled coincidence point (x°,y°). We further
assume that the assumptions (3) and (4) are satisfied. Then we have the following properties.

(A) If (z,y) is another coupled coincidence point of f and T,, for some ng € N, then f(z°) = f(Z)
and f(y°) = f(¥)-
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(B) There exists (x°,y°) € X x X such that (f(z°), f(y°)) € X x X is the common coupled fized
point of the mappings {T,,}52.

Moreover, the point (z°,y°) € X x X can be obtained as follows.

e [f condition (g) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
MP MP
flan) = 2° and f(yn) — ¥°;
e [f condition (h) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
Me M=
flzn) — 2% and f(y.) — ¥°,

where the sequences {x,}5°, and {y,}>, are generated from the initial element (xq,yo) = (z*,y*) €
X x X according to ((.1)).

Theorem 5.8. (Satisfying the <-Triangle Inequality). Let (X, M) be a fuzzy semi-metric space
along with a t-norm x such that M satisfies the canonical condition and the <-triangle inequality.
Suppose that the following conditions are satisfied:

o the assumptions (1),(11),(1) and (2) are satisfied;
e the following contractive inequalities is satisfied
M(T:(,9), Ty, 0), b - £) > M(F(2), F(u), ) % M(f(y), £(0),1
or the following converse-contractive inequalities is satisfied
M(T:(,9), Ty, 0), b - £) > M(F(w), £(2),) % M(F(0), £(3),1),
where k;; satisfies 0 < k;j; < k <1 for alli,j € N and for some constant k.
e condition (c) is satisfied, and that condition (1) or condition (j) is satisfied.

Then the mappings {T,}5°, and f have a common coupled coincidence point (x°,y°). We further
assume that the assumptions (3) and (4) are satisfied. Then we have the following properties.

(A) If (z,y) is another coupled coincidence point of f and T,, for some ng € N, then f(z°) = f(Z)

and f(y°) = f (7).
(B) There exists (x°,y°) € X x X such that (f(z°), f(y°)) € X x X is the common coupled fized
point of the mappings {T,,}52 ;.

Moreover, the point (x°,y°) € X x X can be obtained as follows.

e [f condition (i) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the limit
ME M
f(an) = a® and f(yn) — v°;
e [f condition (j) is satisfied, then the point (z°,y°) € X X X can be obtained by taking the limit
M< M<
flan) = a° and f(y.) — ¥°,
where the sequences {x,}5°, and {y,}°°, are generated from the initial element (xo,y0) = (x*,y*) €

X x X according to (5.1)).

Remark 5.9. We remark that the only difference between Theorems and is the continuity
of function f.
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6. Common Coupled Fixed Points

Let X be a nonempty universal set. Recall that an element (x,y) € X x X is called a common
coupled fixed point of mappings T': X x X — X and f: X — X when

v = f(z)=T(z,y) and y = f(y) =T(y, ).

It is clear that the common coupled fixed points are also the common coupled coincidence points.
Since the uniqueness of common coupled coincidence points was not guaranteed, in this section, we
shall provide the different arguments to prove the uniqueness of common coupled fixed points.

Theorem 6.1. (Satisfying the -Triangle Inequality). Let (X, M) be a fuzzy semi-metric space
along with a t-norm * such that M satisfies the canonical condition and the <-triangle inequality.
Suppose that the following conditions are satisfied:

o the assumptions (1),(11),(1), (2), (3) and (4) are satisfied;
e for any x,y,u,v € X, the following contractive inequality is satisfied:

where k;j satisfies 0 < k;j; < k <1 for all t,7 € N and for some constant k.

(i) Suppose that condition (a) is satisfied, and that condition (a) or condition (b) is satisfied. Then
the mappings {T,,}°°, and f have a unique common coupled fized point (x°,y°). Moreover, the
point (z°,y°) € X x X can be obtained as follows.

e [f condition (a) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the
limit f(x,) M 20 and f(yn) LI y°;
e [f condition (b) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the
limit f(x,) M 20 and f(yn) ELAY y°,
where the sequences {x,}5°, and {y,}5°, are generated from the initial element (xo,yo) =
(x*,y*) € X x X according to (5.1)).

(i) Suppose that condition (b) is satisfied, and that condition (c) or condition (d) is satisfied. Then
we have the same result as part (i).

e}

Proof . According to (5.1), we can generate two sequences {z,}>°, and {y,}>°, from the initial

element xqg = x* and yy = y*. Then we have

f(@") = f(zo) and f(y") = f(vo)
and
Ti(z", y") = Ti(xo, y0) = f(x1) and T1(y", ") = T1(yo, x0) = f(y1).
To prove part (i), from part (i) of Theorem we have f(z°) = T, (z°,y°) and f(y°) = T,(y°, z°)
for all n € N. We shall show that 2° is a fixed point of f. Using (5.1]), and the nondecreasing
property of M(z,y,-) by part (i) of Proposition 2.7, we have

M (f(xni1), f(2°),t) = M (Tog1 (2 yn), Tn(2°,y°), 1)

o (e 100 ) 0 () ). )

n+1,n

> 01 () £ ) 01 (F) £07) ) (62)
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and

M (f (Y1), f(y°

(Tn+1 ynaxn) T (y z ) t)

2 01 (Fln) F) ) 1 (S £, )
> 0 (f(). S ,—) M () a7 ) (63)

Therefore we obtain
1 Z M(f(xn-‘rl)? f(mo)at)

> 01 (1) @) g ) <0 (Fn)o S0 7 ) O 63)
)

[o{tes )1 3)
o or (s 1.5 ) o0t (e s )| v €2 ana @3)
= [ (s 101 5)] < [ (s 56005 )|

—1 2n71

>z [ (f(xn,f(:c"), D v (s )]
(by repeating to use and (6.3))

(e )] (o )

(by the assumption (xa)?" > a?" " and the increasing property of t-norm)
- i t - 271 i t 271/
> o (senns@rgs )| e[ (s s 5 )] (6.4

(since M(z,y,t) <1 for any x,y € X and t > 0),

| <+

k‘l@'\

2n—1

which is equivalent to

2 M) 1000 2 1 (500, 10 g )| o (F0 0000 s )| 69)

Llogsn
Since M satisfies the canonical condition, we have
tlggo M(zx,y,t) =1 (6.6)
for any fixed x,y € X. Let

ple) = (), 1), ).

flogs o
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Since 0 < k < 1, by (6.6]), we have p(a) — 1 as o — co. Therefore we obtain
. ot "
7}1_{{)10 {M (f(-fl),f(?? %wﬂ

— lim [p(n)]" = lim expfn - In p(n)] = exp [h:n L]

— —
n—00 n—+00 T p(n)

=exp | lim [ —
[’H‘” < ook pl(")>]
/

(using the assumption p'(a)) # 0 and the I’'Hospital’s rule)
=1 (6.7)

—_

and

n—oo

i [ 01 (700 10°) ot )| =1 (65)

Since
W (500,560, g ) < 1 ewd 0 (o) S07), ) <1

from (6.7) and , it follows that the sequences converge to 1 from the left. Using the left-continuity
of t-norm at 1 and part (ii) of Proposition 2.2, we obtain

5 [M (f@l)’f(f% kt)} * [M (f<y1>,f<y°>, kt)] Skl =

From ([6.5]), we obtain

T}LI{}OM (f(@ns1), f(2°), 1) = 1. (6.9)
We can similarly obtain
Tim M (f(2°), f (@), 1) = 1. (6.10)
We consider the following cases.
e Suppose that condition (a) is satisfied. From (5.10)), since f(z,) LI x°, i.e.,
JLIEOM(f(:UnJrl),xO,t) =1, (6.11)

the p<-triangle inequality says that

M (f(xo>7xov Qt) Z M (f(xo)>f<xn+l)7t> * M (f($n+1)7xo7t> :

Using the left-continuity of t-norm % and (6.10]) and (6.11)), we obtain M (f(z°),2°,2t) =1 for
all £ > 0 by taking n — oo.

e Suppose that condition (b) is satisfied. From (5.15)), since f(z,) LN x°, ie.,

T}LrlgoM($°,f(xn+1),t) = 1. (6.12)

The triangle inequality says that

M (2°, f(2°),2t) > M (2°, f(2ns1) ) % M (f(2asr), f(a°),1).

Using the left-continuity of t-norm * and and (6.12)), we obtain M (z°, f(x°),2t) =1 for
all £ > 0 by taking n — oo.
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The above two cases show that

for all n € N. We can similarly obtain
y'=f°) = Taly®,2°)

for all n € N.

To prove the uniqueness, let (Z,7) be another common coupled fixed point of f and {T,,}5°,, i.e.,
= f(z) =T,(z,y) and g = f(y) = T,.(y,x) for all n € N. Then, using the nondecreasing property
of M(z,y,-), we have

M(z°,z,t) = M(T,(2°,vy°), Tn(Z,9),t)

o ( ), £(3). kL) M (f(y°)7 )

k
> 01 () 5@, ) <M (16050 g ) =01 (a0 ) o (g ) 613

Therefore we obtain

1> M(x°,z,t)

t
> M| 2°, 7, —
i)

ot ot ot ot
> [M(a:,w,@)*M yyﬁﬂ*{M(w‘wﬁ)*M(yy@)} (by (6.13) and (6.14)))

*
Ng
\‘O
<

| <+
~_
Cx
<&
ﬁ
—_
=)
S~—

—1

on 2n
t
. } * {*M <y°,gj, E)] (by repeating to use ([6.13)) and (6.14))

t 2n71
* |:M (yo’g’ E)‘|

(by the assumption (xa)?"" > a2" and the increasing property of t-norm)

AV

V

*

=
VR

RO

=

(AV4
VRS
)

. o
Rl
T~
~~

- t - 27’L t 2’71
> M (a:o,:f, ﬁ) * [M (y",gj, ﬁ)} (since M (z,y,t) <1 for any z,y € X and ¢t > 0),
) ‘ (6.15)

which is equivalent to

o = o = 3 " o — 3 "
1> M(2°,z,t) > [M(a:,m,w)] *{M(y,y,w)} . (6.16)



660 Wu
We can similarly obtain

. .t v .t n
s ()] 1= o))

Therefore, from (6.16|), we have M (z°,z,t) = 1 for all ¢ > 0, which implies z° = z. We can similarly
show that M (y°,y,t) = 1 for all ¢ > 0, which also implies y° = y. This proves the uniqueness.
Finally, part (ii) can be obtained by applying part (ii) of Theorem to the above argument. This
completes the proof. [J

Remark 6.2. The inequality (6.1]) is based on the t-norm. If the t-norm in (6.1)) is replaced by the
arithmetic product as follows

M(T(2,y), T (u, ), kt) = M(f(x), f(u),t) - M(f(y), f(v),1),

then we can simplify the sufficient conditions. We omit the detailed discussion.

Theorem 6.3. (Satisfying the <-Triangle Inequality: Converse-Contractive Inequality).
Let (X, M) be a fuzzy semi-metric space along with a t-norm % such that M satisfies the canonical
condition and the ><-triangle inequality. Suppose that the following conditions are satisfied:

e the assumptions (1),(11),(1), (2), (3) and (4) are satisfied;

o for any x,y,u,v € X, the following converse-contractive inequality is satisfied:

M(Ti(z, y), Tj(u,v), kij - t) = M(f(u), f(2), 1) * M(f(v), f(y), ),
where k;; satisfies 0 < k;j; < k <1 for alli,j € N and for some constant k.

(i) Suppose that condition (a) is satisfied, and that condition (a°) or condition (b°) is satisfied.
Then the mappings {T,,}°>, and f have a unique common coupled fized point (x°,y°). Moreover,
the point (x°,y°) € X x X can be obtained as follows.

e [f condition (a°) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the
o M M
limit f(x,) — x° and f(y,) — y°;
e [f condition (b°) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the
. M M<
limit f(x,) — x° and f(y,) — y°,
where the sequences {x,}5°, and {y,}5°, are generated from the initial element (xo,yo) =
(x*,y*) € X x X according to (5.1]).

(i) Suppose that condition (b) is satisfied, and that condition (c°) or condition (d°) is satisfied.
Then we have the same result as part (i).

Theorem 6.4. (Satisfying the >-Triangle Inequality). Let (X, M) be a fuzzy semi-metric space
along with a t-norm * such that M satisfies the canonical condition and the >-triangle inequality.
Suppose that the following conditions are satisfied:

e the assumptions (1),(11),(1), (2), (3) and (4) are satisfied;
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e the following contractive inequalities is satisfied
or the following converse-contractive inequalities is satisfied
M(T(z,y), Tj(u, v), kij - 1) = M(f(u), f(x),1) * M(f(v), f(y),1),
where k;j satisfies 0 < k;j; < k <1 for all i,7 € N and for some constant k.
e Suppose that condition (c) is satisfied, and that condition (g) or condition (h) is satisfied.

Then the mappings {T,,}°>, and f have a unique common coupled fized point (x°,y°). Moreover, the
point (z°,y°) € X x X can be obtained as follows.

e [f condition (g) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
M M
f(@n) = a® and f(yn) — v°;

e [f condition (h) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
M M
f(an) = a® and f(y.) — ¥°,

where the sequences {x,}5°, and {yn}o>, are generated from the initial element (xq,yo) = (x*,y*) €
X x X according to (5.1)).

Theorem 6.5. (Satisfying the <-Triangle Inequality). Let (X, M) be a fuzzy semi-metric space
along with a t-norm * such that M satisfies the canonical condition and the <-triangle inequality.
Suppose that the following conditions are satisfied:

o the assumptions (I1),(I11),(1), (2), (3) and (4) are satisfied;
e the following contractive inequalities is satisfied
M(Ti(z,y), Tj(u, v), kij - 1) = M(f(2), f(u),t) * M(f(y), f(v),1)
or the following converse-contractive inequalities is satisfied
M(Ti(z,y), Tj(u,v), kij - 1) = M(f (), f(x), 1) « M(f(v), f(y), 1),
where k;; satisfies 0 < kj; < k <1 for alli,j € N and for some constant k.
e Suppose that condition (c) is satisfied, and that condition (1) or condition (j) is satisfied.

Then the mappings {T,,}°°; and f have a unique common coupled fized point (z°,y°). Moreover, the
point (z°,y°) € X x X can be obtained as follows.

e [f condition (i) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the limit
f(xy) M 2° and f(yn) M y°;

e [f condition (j) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the limit
Flan) 25 @ and f(yn) 25 o,

where the sequences {x,}7°, and {y,};>, are generated from the initial element (xq,yo) = (z*,y*) €
X x X according to (5.1)).
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Theorem 6.6. (Satisfying the o-Triangle Inequality). Let (X, M) be a fuzzy semi-metric space
along with a t-norm * such that M satisfies the canonical condition and the o-triangle inequality.
Suppose that the following conditions are satisfied:

e the assumptions (1),(11),(1), (2), (3) and (4) are satisfied;
e for any x,y,u,v € X, the following contractive inequality is satisfied:
M(T(,y), Tj(u, v), ki - t) = M(f(x), f(u),t) * M(f(y), f(v),1),
where k;; satisfies 0 < k;j; < k <1 for alli,j € N and for some constant k.
e Suppose that condition (c¢) is satisfied, and that condition (e°) or condition (f°) is satisfied.

Then the mappings T and f have a unique common coupled fized point (x°,y°). Moreover, the point
(x°,y°) € X x X can be obtained as follows.

o [f condition (e°) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
MP M®
flan) = a® and f(yn) — y°;

e [f condition (f°) is satisfied, then the point (z°,y°) € X x X can be obtained by taking the limit
M M
flan) — 2 and f(yn) — y°,

where the sequences {x,}5°, and {y,}>, are generated from the initial element (xq,yo) = (x*,y*) €
X x X according to ((.1]).

Theorem 6.7. (Satisfying the o-Triangle Inequality: Converse-Contractive Inequality).
Let (X, M) be a fuzzy semi-metric space along with a t-norm * such that M satisfies the canonical
condition and the o-triangle inequality. Suppose that the following conditions are satisfied:

e the assumptions (I1),(11),(1), (2), (3) and (4) are satisfied;
e the following converse-contractive inequalities is satisfied
M(Ty(z, ), Ty, 0), ki 1) > M(F(w), F(2),8) « M(F(v), F(1), 1),
where k;j satisfies 0 < k;; < k <1 for alli,j5 € N and for some constant k;
e Suppose that condition (c) is satisfied, and that condition (e) or condition (f) is satisfied.

Then the mappings T and f have a unique common coupled fixed point (z°,y°). Moreover, the point
(x°,4°) € X x X can be obtained as follows.

e [f condition (e) is satisfied, then the point (x°,y°) € X x X can be obtained by taking the limit
M® M®
flzn) — 2% and f(yn) —> y°;
e [f condition (f) is satisfied, then the point (2°,y°) € X X X can be obtained by taking the limit
Flan) 25 2° and f(ya) = v,

where the sequences {x,}5°, and {y,}°°, are generated from the initial element (xo,y0) = (x*,y*) €
X x X according to (5.1)).



Common coupled coincidence points in fuzzy semi-metric spaces 12 (2021) No. 12, 629-663 663

References

[1]
2]

3]

[4]
5

A. Aghajani and K. Nourouzi, Convex sets in probabilistic normed spaces, Chaos, Sol. Frac. 36 (2008) 322-328.
S.S. Chang, Y.J. Cho and S.M. Kang, Nonlinear Operator Theory in Probabilistic Metric Space, Nova Science
Publishers, New York, 2001.

Y.J. Cho, S. Sedghi and N. Shobe, Generalized fized point theorems for compatible mappings with some types in
fuzzy metric spaces, Chaos, Sol. Frac. (2009) 2233-2244

A. George and P. Veeramani, On some results in fuzzy metric spaces, Fuzzy Sets Syst. 64 (1994) 395-399.

A. George and P. Veeramani, On some results ofanalysis for fuzzy metric spaces, Fuzzy Sets Syst. 90 (1997)
365-368.

V. Gregori and A. Sapena, On fized point theorems in fuzzy metric spaces, Fuzzy Sets Syst. 125 (2002) 245-252.
M. Grabiec, Fized points in fuzzy metric spaces, Fuzzy Sets Syst. 27 (1988) 385-389.

0. Hadzi¢ and E. Pap, Fized Point Theory in Probabilistic Metric Spaces, Klumer Academic Publishers, 2001.
X.-Q. Hu, M.-X. Zheng, B. Damjanovi’c and X.-F. Shao, Common coupled fized point theorems for weakly com-
patible mappings in fuzzy metric spaces, Fixed Point Theory Appl. 2013, 2013:220.

0. Kaleva and S. Seikkala, On fuzzy metric spaces, Fuzzy Sets Syst. 12 (1984) 215-229.

I. Kramosil and J. Michalek, Fuzzy metric and statistical metric spaces, Kybernetika, 11 (1975) 336-344.

S.A. Mohiuddine and A. Alotaibi, Coupled coincidence point theorems for cCompatible mappings in partially
ordered intuitionistic generalized fuzzy metric spaces, Fixed Point Theory Appl. 2013, 2013:220.

Z. Qiu and S. Hong, Coupled fized points for multivalued mappings in fuzzy metric spaces, Fixed Point Theory
and Applications 2013, 2013:265.

A.P. Robertson and W. Robertson, Topological Vector Spaces, Cambrisge University Press, 1964.

B. Schweizer and A. Sklar, Statistical Metric Spaces, Pacific J. Math. 10 (1960) 313-334.

B. Schweizer, A. Sklar and E. Thorp, The metrization of statistical metric spaces, Pacific J. Math. 10 (1960)
673-675.

B. Schweizer and A. Sklar, Triangle inequalities in a class of statistical metric spaces, J. London Math. Soc. 38
(1963) 401-406.

V.M. Sehgal and A.T. Bharucha-Reid, Fized points of contraction mappings on probabilistic metric spaces, Math.
Syst. Theory 6 (1972) 97-102.

H.-C. Wu, Hausdorff topology induced by the fuzzy metric and the fized point theorems in fuzzy metric spaces, J.
Korean Math. Soc. 52 (2015) 1287-1303.



	Introduction
	Fuzzy Semi-Metric Spaces
	Auxiliary Functions Based on the Infimum
	Cauchy Sequences
	Common Coupled Coincidence Points
	Common Coupled Fixed Points

