symmetry

Article

Some Fixed Point Theorems for a-Admissible Mappings in
Complex-Valued Fuzzy Metric Spaces

Satish Shukla 12, Shweta Rai 2

check for
updates

Citation: Shukla, S.; Rai, S.; Shukla, R.
Some Fixed Point Theorems for
«-Admissible Mappings in
Complex-Valued Fuzzy Metric
Spaces. Symmetry 2023, 15, 1797.
https://doi.org/10.3390/
sym15091797

Academic Editors: Oluwatosin

Mewomo and Qiaoli Dong

Received: 3 August 2023
Revised: 15 September 2023
Accepted: 18 September 2023
Published: 20 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Rahul Shukla 3*

Department of Mathematics, Shri Vaishnav Institute of Science, Shri Vaishnav Vidyapeeth Vishwavidyalaya,
Gram Baroli Sanwer Road, Indore 453331, India; satishmathematics@yahoo.co.in

Department of Mathematics, Acropolis Institute of Technology & Research, Indore 453771, India;
shwetarail786@gmail.com

Department of Mathematical Sciences and Computing, Walter Sisulu University, Mthatha 5117, South Africa
*  Correspondence: rshukla@wsu.ac.za

Abstract: This paper discusses some properties of complex-valued fuzzy metric spaces and intro-
duces the a-admissible mappings in the setting of complex-valued fuzzy metric spaces. We establish
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the new concepts, claims, and results.
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1. Introduction

Zadeh [1] introduced fuzzy sets, which are an extension of classical sets that allow
for a degree of membership. This approach is particularly useful for systems with vague
or incomplete data. Kramosil and Michélek [2] first proposed the idea of fuzzy metrics,
which was later utilized by Grabiec [3] to introduce the fixed point theory in the context
of fuzzy metric spaces. George and Veeramani [4] modified the definition of fuzzy metric
spaces and discussed some topological properties in these spaces, demonstrating that the
topology generated by the modified fuzzy metric spaces is Hausdorff.

Definition 1 (Schweizer and Sklar [5]). A binary operation %: [0, 1] x [0, 1] — [0, 1] is called
a t-norm if:

(T1) axb="bx*a;

(T2) axb <cxdfora<cb<d;

(T3) (a%xb)*xc=ax(bxc);

(T4) ax0=0,ax1=a,foralla,b,c,d e [0, 1].

Definition 2 (George and Veeramani [4]). A triplet (F, M, x) is called a fuzzy metric space if
F is a nonempty set, * is a continuous t-norm and M : F x F x (0,00) — [0, 1] is a fuzzy set
satisfying the following conditions:

(GV1)M(by,bp,t) > 0;

(GV2)M(bq,bp,t) = 1ifand only if by = by;

(GV?))M(I)L bZ/ t) = M(bZI b1/ t)/

(GV4A)M(bq,b3,t+5) > M(by,bo, t) x M(b3,b3,s);

(GV5)M(bq,b3,.) : (0,00) — [0, 1] is a continuous mapping.

Forall by,by, b3 € Fands,t > 0.
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The notion of complex spaces is of great relevance in science; see, e.g., [6].
Azam et al. [7] introduced the notion of complex-valued metric spaces and allowed the
metric function to take the values in the set of complex numbers instead of real numbers.
They proved some common fixed point theorems in complex-valued metric spaces. Several
researchers extended and generalized the results of Azam et al. [7] in several ways; see
e.g., [8-12] and the references therein. In fuzzy metric spaces, the fuzzy metric is a fuzzy set
which attains its values in the real interval [0, 1]. Shukla et al. [13] extended the fuzzy sets to
their complex-valued version and introduced the notion of complex fuzzy sets. A complex
fuzzy set attains complex values with some particular bounds on it. With the help of this
extended notion, Shukla et al. [13] generalized and extended the notion of fuzzy metric
spaces due to George and Veeramani [4] and introduced the notion of complex-valued
fuzzy metric spaces. They also proved some fixed point theorems in this setting.

On the other hand, Samet et al. [14] introduced the a-admissible mappings in metric
spaces and generalized several fixed point results from metric spaces.

Definition 3 (Samet et al. [14]). Let F be a nonempty set and a: F x F — [0, 00) be a function.
A mapping T: F — F is called a-admissible if

b1,b2 € F,a(by,by) > 1implies a(Thy, Thy) > 1.

The function « can be chosen in several ways, so that one can obtain several useful
forms of a mapping defined on a space. Further, such functions can be used to weaken and
generalize the contractive constraints on mappings which are utilized to establish fixed
point results for the mappings under consideration. For generalization and extension of
a-admissible mappings and its application, we refer to [15-18] and the references therein.

The use of control functions in the contractive conditions is one of the most popular
ways to generalize the contractive conditions (see, e.g., [19,20] and the references therein).
Recently, Humaira et al. [21] used control functions and proved some fixed point results
in complex-valued fuzzy metric spaces. They illustrated the applicability of fixed point
theorems to the existence of unique solution of a nonlinear mixed Volterr—Fredholm-—
Hammerstein integral equations.

In Section 2, we state some known definitions and concepts related to complex-valued
fuzzy metric spaces and prove some topological properties in such spaces. We point
out some flaws in the proof of the main results of Humaira et al. [21] and present some
counterexamples of those results. In Section 3, we show that with some appropriate
assumptions and some improvements in the methods of the proof of [21], one can draw
all the conclusions of theorems of [21]. We have introduced some new contractive-type
mappings and established some new fixed point results. Our results are not only an
improvement to Humaira et al. [21], but at the same time, our results extend, generalize,
improve and unify the results of Shukla et al. [13], Humaira et al. [21], Samet et al. [14],
Ran and Reurings [22], Jachymski [23], and several other results into complex-valued
fuzzy metric spaces. We present several examples to verify our claims and illustrate our
conclusions. In Section 4, we have concluded the research work and provided the future
scope of the research.

This paper provides a critical analysis of existing research, identifying and highlighting
flaws, as well as presenting a new perspective and novel results that correct inaccuracies in
the literature.

2. Complex-Valued Fuzzy Metric Spaces, Some Examples and Discussion

In this section, we state some definitions about complex-valued fuzzy metric spaces,
establish some properties, discuss some concepts and results given by Humaira et al. [21],
and point out some flaws therein with justification through examples. First, we state some
definitions which will be needed in the sequel.

In what follows, C denotes the complex number system over the field of real numbers
(see, Shukla et al. [13]). Denote P = {(a4,b): 0 < a < 00,0 < b < o0} C C, 6 = (0,0),
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¢ = (1,1). Define a partial ordering < on Cby ¢1 =< ¢ (or, equivalently, ¢» > ¢1) if and only
if go — ¢1 € P. We write ¢1 < ¢ (or, equivalently, o > ¢1) to indicate that Re(g1) < Re(¢2)
and Im(g1) < Im(ga) (see, also, Azam et al. [7]). If {¢,} is a sequence in C, then it is
said to be monotonic (or monotonic with respect to <) if either ¢, < ¢, 41 foralln € Nor
Cni1 S¢guforalln e N.

The closed unit complex interval [ is defined by I = {(4,b): 0 <a <1,0<0b <1},
and the open unit complex interval by I, = {(a,0): 0 < a < 1,0 < b < 1}. Py represents
theset {(a,0): 0 < a < 00,0 < b < oo}. Itis obvious that, for ¢1,¢» € C, g1 < ¢ if and only
if g —¢1 € Py.

For A C C, if there exists an element inf A € C such that it is a lower bound of A,
thatis, inf A < aforalla € A and u < inf A for every lower bound u € C of A, then inf A
is called the greatest lower bound or infimum of A. Similarly, we define sup A, the least
upper bound or supremum of A, in the usual manner.

Remark 1. Humaira et al. [21] defined the open unit complex interval by I, = {(a,b): 0 <a <
1,0 < b < 1}. We point out that this way of defining 1, is not appropriate, because the elements
r € I, are used in defining the convergence and Cauchyness of sequences (see Definition 7), and
if we take r = (0,0) € I, then these notions (which were used by Humaira et al. [21]) become
inexpedient in context of the definition of complex-valued fuzzy metric spaces.

Remark 2 (Shukla et al. [13]). Let Gy, ¢), w € P forall n € N, then:

(@) If the sequence {G,} is monotonic with respect to < and there exists o, p € P such that
& 2¢p 2B, forall n € N, then there exists ¢ € P such that lim,—co Gn = G.

(b) Although the partial ordering < is not a linear (total) order on C, the pair (C, =) is a lattice.

() IfS C Cissuch that there exist o, p € Cwithaw <s X Bforalls € S, then inf S and sup S
both exist.

(d) Ifgnjg’njﬁforallnENandr}gr;ogn:K,then’}ijr;og;:E.

(e) UgnjwforallneNandT}ijn ¢n=¢ €D, theng =X w.
() Ifw 2 gnforalln € Nand lg‘ngn:gEP,thenwjg.
n—o00

Definition 4 (Shukla et al. [13]). Let F be a nonempty set. A complex fuzzy set M on F is
characterized by a mapping with domain F and values in the closed unit complex interval 1.

Definition 5 (Shukla et al. [13]). A binary operation *: I x I — [ is called a complex-valued
t-norm if:

L cixga=¢Ga%cy;

2. G1% Gy = G3* Gy whenever G1 = 63,62 = G4;

3. ¢1x(g2x63) = (61%62) *¢3;

4. ¢x0=0,cxl=c¢.

fOT’ ﬂll G,61,62,63,G4 e I.

Example 1. Let the binary operations p, xp, *1,*3": I x I — I be defined, respectively by the

following: for all ¢y = (a1,b1),62 = (ag,by) € I

1. ¢1%m¢2 = (min{ay,ax}, min{by, by }) (minimum of the corresponding coordinates).

2. G1#*pG2 = (a1a,biby) (product of the corresponding coordinates).

3. ¢1#r 62 = (max{a; +ay — 1,0}, max{b; + b, — 1,0}) (Lukasiewicz t-norm of the corre-
sponding coordinates).

4. g fcr = (max{%ﬂﬂ},max{%ﬂﬁ}) (Sugeno—Weber t-norm of

the corresponding coordinates).

Then, %y, *p, x, and x3" are complex-valued t-norms. It is obvious that x| is a particular case of
#3' when A = 0.
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Indeed, if Iy = [0, 1] is the closed unit real interval and *q, xp: Ig X Ig — I are two
t-norms, then *: I x I — I defined by

61 %62 = (a1 %1 42,01 x2 bp) for all g1 = (a1,b1),62 = (az,b2) € 1
is a complex-valued t-norm.

Example 2 (Shukla et al. [13]). Define : I x I — I as follows:

(a1,b1), if (ag,bp) =¢;
G1xG2 =12 (ag,bp), if(ay,b1)=2¢
0, otherwise,

forall g1 = (a1,b1),62 = (a,by) € I. Then, x is a complex-valued t-norm. Note that, 1 * G2
cannot be expressed as (ay 1 ay, by xp by), where x1, %y Iy X Ig — Ig are two t-norms.

Definition 6 (Shukla et al. [13]). Let F be a nonempty set, * a continuous complex-valued t-norm
and M be a complex fuzzy set on F x F x Py satisfying the following conditions:

(CEMST) 6 < M(b1,b2,¢);

(CEMS2) M(b1,b2,6) = Lif and only if by = by;

(CFMS?’) M(bll bZ/ Q) = M(I?z, |7l/ g)r

(CFMS4) M(b1,b2,6) * M(b2,b3,6") < M(b1,b3,6+¢');

(CFMS5) M(bq,by,-): Py — I is continuous;

for all by,by,b3 € Fand ¢,¢’ € Py. Then, the triplet (F, M, ) is called a complex-valued fuzzy
metric space and M is called a complex-valued fuzzy metric on F. A complex-valued fuzzy metric
can be thought of as the degree of nearness between two points of F with respect to a complex
parameter ¢ € Py.

Remark 3. In the definition of complex-valued fuzzy metric spaces, Humaira et al. [21] used the
condition “6 < M(by,by,¢)” instead of (CFMS1), i.e., they allowed the value of M(by,b>,¢) to
be 0. In view of the fact that a complex-valued fuzzy metric space is an extension of the concept
of George and Veeramani [4], the condition (CFMS1) is more natural than the condition as used
in [21]. Hence, we will use (CFMS1) instead of "0 = M(b1,b2,¢).”

The following remark follows directly from the continuity of * and the definitions of
P, Py, I and I.

Remark 4. (I) Ifgy,62 € I, then g1 *m G = inf{g1, 62}, and ¢1 *1 go = sup{¢1 +¢2 — ¢, 0}.

(I) For by,by € F,g € Py, v € Iy, if M(b1,ba,6) > £ — r, then there exists a ¢o such that
0 < go < gand M(by,ba,60) = £ —r.

(II) If ry,ro € lo and r1 > 1o, then there exists an r3 € I, such that rq x r3 > 1y and for any
ry € I, there exist a rs € I, such that r5  r5 = ry.

(IV) If {an},{Bn} are two convergent sequences in C such that a, < By for all n € N, then
lim oy < lim By.
n—oo n—oo

(V) If {ay} is a convergent sequence in C such that a, =< w,4q for all n € N, then

lim ay = supay.
n—oo n>1

Several examples of complex-valued fuzzy metric spaces are given in [13]. With the
help of the following propositions one can construct several more examples of complex-
valued fuzzy metric spaces.

Proposition 1. If (F,d) is a complex-valued metric space (see, Azam et al. [7]) such that 6 <
d(by,bp) < L forall by,by € F, then (F, M, x1) is a complex-valued fuzzy metric space, where
M(b1,b2,6) = € —d(by,bp) forall ¢ € Pyand by,by € F.



Symmetry 2023, 15,1797

50f 20

Proof. The properties (CFMS1)-(CFMS3) and (CFMS5) of Definition 6 are obvious. To
prove (CFMS4), suppose by,by,b3 € F and 61,62 € Py. Then, we have

M(b1,b3,61) *L M(b3,b2,62) = sup{M(by,b3,61) + M(b3,b2,62) — £, 0}
= sup{l —d(b,b3) —d(b3,b2),0}.

Since 6 < d(b1,b2) < £, we have M(bq,bz, 61 + ¢2) > 6. Also, since d(by,by) =
d(bl, b3) + d(bg,, bz), we have M(bl,bz,gl + gz) =/{— d(bl, bz) -0 — d(b1,b3) - d(bg, bz)
Therefore,

M(bl/ bZ/ G1 + GZ) t Sup{é - d(bll bS) - d(b3/ b2)/ 9} - M(bl/ b3/ Ql) XL M(b3/ b2/ €2)
This proves the result. [J

In the next proposition, we show that every pair of fuzzy metrics on the same set
produces a complex-valued fuzzy metric space.

Proposition 2. If (F, My, *1) and (F, My, ) are two fuzzy metric spaces, then (F, M, *) is a
complex-valued fuzzy metric space, where M(b1,b2,6) = (Mi(b1,b2,a), Ma(b1,b2, b)) for all
¢ = (a,b) € Pyandby,by € F, where x: 1 x I — I is defined by ¢1 * go = (aq *1 az, by xp by) for
all gy = (a1,b1),62 = (az,b2) € I.

Proof. The proof follows directly from the definition of * and the fact that (F, My, x1) and
(F, My, %) are fuzzy metric spaces. [

Lemma 1 (Shukla et al. [13]). Let (F, M, x) be a complex-valued fuzzy metric space. If g, ¢’ € Py
and ¢ < ¢/, then M(b1,b2,¢) = M(by,ba,¢’) forall by, by € F.

Definition 7 (Shukla et al. [13]). Let (F, M, ) be a complex-valued fuzzy metric space. A
sequence {b, } in F converges to some b € F if for each v € I, and ¢ € Py there exists ng € N
such that £ —r < M(by,b,c) forall n > ng. The sequence {b,} is called a Cauchy sequence if
limy, 0 infiysy M(by, b, ¢) = £ forall ¢ € Py. The complex-valued fuzzy metric space (F, M, *)
is called complete if every Cauchy sequence in F converges in F.

Lemma 2 (Shukla et al. [13]). Let (F, M, x) be a complex-valued fuzzy metric space and {b, } be
a sequence in F. Then:

(A) The sequence {b,} is convergent to b € F if and only if nh_r}r;o M(by,b,¢) = £ holds for all
G € Py.

(B) The sequence {by,} is a Cauchy sequence if and only if for each r € I, and ¢ € Py there exists
ng € Nsuch that £ —r < M(by, by, g) forall n, m > ny.

Definition 8. Let (F, M, x) be a complex-valued fuzzy metric space. A sequence {by } in F is called
a G-Cauchy sequence if for each p € N we have limy, co M(by, by yp,¢) = £ forall g € Py. The
complex-valued fuzzy metric space (F, M, x) is called G-complete if every G-Cauchy sequence in F
converges in F.

Remark 5. From Definition 7 and Lemma 2, it is clear that every Cauchy sequence in a complex-
valued fuzzy metric space is a G-Cauchy sequence and every G-complete complex-valued fuzzy
metric space is complete. Also, with the help of Proposition 2 and Note 3.13 of [4], one can easily
show that the the converse of these facts is not true.

Definition 9. Let (F, M, x) be a complex-valued fuzzy metric space. An open ball B(by,r,¢) with
center by € F and radius r € I,, ¢ € Py is defined by

B(b1,7,¢) = {ba € F : M(by,bp,¢) = £ —1}
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The collection {B(b1,7,6): b € F,r € I, ¢ € Py} is a neighborhood system for the topology T
on F induced by the complex-valued fuzzy metric M.

Theorem 1. In a complex-valued fuzzy metric space every open ball is an open set.

Proof. Let (F, M, %) be a complex-valued fuzzy metric space and by € F,r € I,,¢ € Py be
fixed. Consider the open ball B(b, 7, ); then, we shall show that for every b, € B(by,7,¢)
there exists an open ball with center b, contained in B(by,r,¢). Obviously, B(b,7,5) # @.
If by € B(by,7,6), we have M(by,by, ) > ¢ —r. Using (II) of Remark 4, we can choose a
number ¢g,0 < go < ¢ such that M(bq,by,60) = £ — r. Assume that rg = M(bq,b2,60);
then, there exists a complex number s such that < s < fandrg > £ —s > £ —r. As
ro > £ — s, again using (III) of Remark 4, we can find r{,6 < r; < £such thatry*ry = £ —s.
If by € B(bo, £ — 71,6 — 6o), then M(bo,b3,6 — ¢o) = 1. Therefore:

M(b1,b3,6) = M(b1,b2,60) * M(ba,b3,6 —¢co) =ro*r1 =€ —s>=L{—r.

This shows that by € B(bq,7,¢), and so, B(by, £ — 71,6 — go) C B(b1,7,¢). This com-
pletes the proof. [

Remark 6. If g1,62 € Py are such that g1 < ¢, then B(b,7,¢1)
r € Io. Also, if r1, 1y € I, are such that vy =< ry, then B(b,11,¢)
(oS Py.

B(b,r,¢2) forallb € F and

-
C B(b,rp,6) forallb € F and

Remark 7. For each b € F, if a sequence {Gn} in I, is such that lim, e G, = 6, then the
collection {B(b,Gn,Gn) : n € N} forms a local base at b. Indeed, if N(b) is a neighborhood of
b, then by definition there exists r € I,, ¢ € Py such that B(b,r,¢) C N(b), and by choice of
Gn, there exists m € N such that ¢, = inf{r,¢}. Now, using Remark 6, one can show that
B(b,6m,6m) C B(b,r,6). Hence, the topology T is first countable.

Theorem 2. The topology T induced by a complex-valued fuzzy metric is Hausdorff.

Proof. Let (F, M, *) be a complex-valued fuzzy metric space and b1,b, € F be two distinct
points, i.e., 8 < M(bq,bp,¢) < £ forall ¢ € Py. If ¢ € Py, assume that M(bq,by,¢) = r, then
r € I,. If r < rg < ¢, then using Remark 4 one can choose an r; € I, such that r xr; > 7.
We claim that B(b1, ¢ — r1,6/2) N B(ba, £ — 11,6/2) = @.

On contrary, suppose that there exists b3 € F such that b3 € B(b1,¢ —r1,6/2) N
B(bz,g — Tl,g/Z). Then,

r= M(blrbZI G) i M(blrbf)’/ 5/2) * M(bf)’/ bZr 9/2) i Y1 *x1 E rg ~ t.
This contradiction proves the claim, and so, the topology T is Hausdorff. [

Remark 8. The above theorem shows that the limit of a convergent sequence in a complex-valued
fuzzy metric space is unique.

Humaira et al. [21] proved the following theorem:

Theorem 3 (Theorem 3.1 of Humaira et al. [21]). Let (F, M, *) be a complete complex-valued
fuzzy metric space and let T: F — F be a mapping satisfying the inequality:

(0 — M(Tb1, Tha,g)) 2 (€ — M(b1,b2,6)) — p(£ — M(bq,02,6))

for all by,by € F,c € Py, where ¢, ¢: P — P both are continuous, monotonic nondecreasing
functions with ¥(g), ¢(c) > 6 for ¢ € Pyand p(0) = ¢p(0) = 0. Then, T has a unique fixed point.
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Remark 9. In the proof of the above theorem, from the monotonicity of function y the authors draw
the following conclusion (see the proof of Theorem 3.1 of [21]):

Pl — M(wg, wq+1,6)) < YL — M(wy—1,wq,6)) = M(wg, wyi1,6) = M(wg—1,wy,6)

for ¢ € Py. Note, this implication is not correct. In fact, the authors have drawn the above conclusion
on the basis that if 0 <a < £,0 < b < land p(¢{ —a) < (¢ — b), then b < a, which is not true.
To justify our claim we give the following example.

Example 3. Let : P — P be defined by ¢(g) = g|g| for all ¢ € P, where | - | is used for the
magnitude (modulus) of complex numbers. Then, P is a continuous and monotonic nondecreasing
function with Y (g) > 0 for ¢ € Py and P(0) = 6. Consider a = (0.9,0.1),b = (0.1,0.15) € P,
then® <a=</¢,0 <b=</{and

Pl —a) =1(0.1,09) < (0.9,0.85) = (£ —b).
But, note that b A a. Indeed, a and b are not comparable with respect to < .

The above implication was used to prove the Cauchyness of the sequence {w;} in
the proof of Theorem 3.1 as well as in several other places (in the proof of Corollary 3.4
and Theorem 3.5) of [21]. Therefore, we conclude that the proofs for these results provided
in [21] are not appropriate.

Remark 10. In the proof of the above theorem (i.e., Theorem 3.1 of [21]), the authors con-
structed a sequence {wy} in the complex-valued fuzzy metric space (F,M,x) such that
limg ;00 M(wy, wgy1,6) = L for all ¢ € Py, and then used (CFMS4) to obtain the following:

G S S
M(wqr Wy+s, G) = M(wq/ Wy+1, g) * M(wq+1r Wa+2, g) *ooox M(qursflr Wa+s, g) 1)
foreach s € N. As a consequence of the above inequality, they concluded that

L o _
qlgloioqirs{qM(wq,qurs,g)_K*é*...*é ¢ )

hence, limy 00 M(wq, wyys,6) = £ for each s € N. This conclusion is drawn from (1) on the basis
of the following:

(@) limg—00 M(wy, wy11,6) = £ forall g € Py;

(I) the right hand side of (1) precedes or equal to the left hand side and so the infimum of right hand
side over s € N (i.e., g + s > q) also precedes or equal to the infimum of left hand side, and so, in
limiting case (i.e., as q — oo), the infimum of the right hand side over s € N will tend to £.

But, as the value of each M (wgi—1,wgi, ) (in the right hand side of (1)) depends on the

parameter g which further depends on s € N, therefore, although lim, .o M(wg, wy+s,G) = £ for

each s € N may hold for such sequence, it is not fair to conclude (2). In particular, if the infimum over
s € N of the right hand side of the inequality (1) is 6, then as a conclusion, one can have only that
limy o0 infy 1559 M(wy, wyis, ) = 0 for each s € N; not limy 0 infy 4559 M(wg, wyis,G) = ¢
for each s € N (see the example below). So, the method used in [21] is not adequate. Also, by
the process which is adopted in [21], it is clear that the authors actually proved that the sequence
{wg} is G-Cauchy (not Cauchy), and since they have assumed the space (F, M, x) complete (not
G-complete), therefore the convergence of the sequence {wy} can not be concluded (as the authors
have done in [21]).
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Example 4. Let (R, My, ) be the standard fuzzy metric space with a xb = min{a, b} for all
a,b € [0, 1], where d is the usual metric on R (see, [4]); then, by Proposition 2, (R, M, %) is a
complex-valued fuzzy metric space, where

M(bl,bz,g) = (M(bl, bz,ﬂ),M(bl,bz,b))fOT ﬂllg = (Ll,b) e and b1, bz eF.

Define a sequence {wy} in F as follows: let wy € F and wy; = % forall ¢ € N. Since

limg ;0 d(wy, wyy1) = 0, hence we must have limg .o M(wgq, wy11,6) = £ for all ¢ € Py. But
note that for s € N, we have

. . 9 S
qirslﬁqM(wq,wﬁs,g) = slglg{M(wq,qu,g) *mM(wq+1/wq+2/g)

G
*m oo km M<wq+s—1/ Wy+s, g)}

a b

= inf 8 8
a wWo 7 b wo
seN S + 0+l g + 2q+T

= 0

forall ¢ = (a,b) € Py. Hence, from the above, one cannot conclude that lim inf M(wy, wgis,¢) =1

g0 q+s>q
foreachs € N.

Another version of the fixed point theorem proved by Humaira et al. [21] is as follows:

Theorem 4 (Theorem 3.5 of Humaira et al. [21]). Let (F, M, x) be a complete complex-
valued fuzzy metric space such that for any sequence {g,} in Py with lim; yeo gy = 00, we
have limg—,c0 infy, cr M(b1,02,64) = £ forall x € F. If T: F — F satisfies

Y(M(Thy, Tha,6)) = Pp(M(b1,b2,6)) — p(M(b1,b2,6)) 3)

for all by,by € F,c € Py, where ,¢: P — P both are continuous, monotonic nondecreasing
functions with ¥ (c), ¢(g) > 6 for ¢ € Py and (0) = ¢p(0) = 6, then T has a unique fixed point.

We provide a counterexample to prove that the above theorem is flawed.

Example 5 (Counterexample). Let F = [0, 1]; then (F, M, ) is a complete complex-valued
fuzzy metric space, where

by — Do
1+ab

M(by,bp,¢) = {1 — ]Efor all by,by € F,g = (a,b) € Py.

We note that, if {g,} is a sequence in Py such that ¢, = (agq,bg) for all ¢ € N and
limq_>oo Gq = 00, then for all by € F we have

. . . . ‘bl - b2|
4500 hoeF M(b1,b2,69) = blzIéF[ 1+ agbg =

Define a mapping T: F — F by Tb =b/2ifb # 0and TO = 1. Let ¢, ¢: P — P be two
mappings defined by P(¢) = ¢(¢) = ¢ forall ¢ € P. Then, it is clear that M(b1,b2,c) > 6 for all
b1,by € F and as Y(¢) = ¢(c) for all ¢ € Py; hence, the condition (3) is satisfied trivially. Note
that,  and ¢ both are continuous and monotonic nondecreasing functions. Thus, all the conditions
of the above theorem are satisfied but T has no fixed point in F. Hence, the existence of fixed point
cannot be concluded. Also, if we choose T as the identity mapping on F, then again (3) is satisfied
trivially for any arbitrary function ¢: P — P, and hence the uniqueness of fixed point is also an
incorrect conclusion of Theorem 3.5 of Humaira et al. [21].
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In the next section, the results of Humaira et al. [21] are improved and generalized
with suitable control functions and associated contractive conditions.

3. Fixed Point Theorems

We first state some definitions which will be needed in the sequel.

Definition 10. Let F be a nonempty set, a: F x F — [0, 00) a function and {b,} be a sequence
in F. Then, the sequence {by,} is called an a-sequence if a(by,by) > 1 for all n,m € N with
m > n. By 2, we denote the class of all a-sequences in F. By Fy, we denote the set {(b1,b2) €
F xF:a(by,by) > 1}. Then, a mapping T: F — F will be a-admissible if and only if (b1,by) €
Fo implies (Tby, Thy) € Fy forall by,by € F. The set F is called transitive if (bq,b2), (b2,b3) €
Fa implies that (b1,b3) € Fu. A sequence {b, },>0 is said to be a T-Picard sequence with initial
value by € F if b, = T"bg for all n € N. The set of all T-Picard sequences in F is denoted by
PT/ i.e.,
Pt = {{bn}: by = T"bg for some by € F}.

Definition 11. Let (F, M, *) be a complex-valued fuzzy metric space and a: F x F — [0,00) be a
function. Then:

1. By €, we denote the class of all Cauchy sequences in F. A sequence {b,} in F is called an
a-Cauchy sequence if {b,} € Ay N C.

2. The space (F, M, x) is called x-complete if every sequence of the class A, N € converges to
someb € F.

3. Amapping T is said to be continuous (respectively, a-continuous) at u € if for every conver-
gent sequence {by } in (respectively, {b, } € Uy), the sequence { Tb, } converges to Tu, where
u € is the limit of {b, }. The mapping is said to be continuous (respectively, a-continuous) on
A C ifit is continuous (respectively, a-continuous) at each point of A.

It is easy to see that the completeness implies a-completeness and the continuity
implies a-continuity, but the converse is not true, as shown in the following example.

Example 6. Let F = [0, 1) and d be the usual metric on F; then, (F, M, %) is a complex-valued
fuzzy metric space, where M(by,ba,6) = £ —d(by,b2)l for all b1,by € F and ¢ € Py. Define a
function a: F x F — [0,00) by

a(b1,02) = { 0, otherwise.

Then, it is clear that a sequence is Cauchy (convergent) in (F,d) if and only if it is Cauchy
(convergent) in (F, M, xr). As (F,d) is not complete, (F, M, x| ) is not complete. On the other hand,
if a sequence {b, } € Ay N €, then by definition of u, the sequence {b, } must be a nonincreasing
sequence in the interval [0,1/2), and hence it must be convergent to some b € [0,1/2). Hence,
(F, M, ) is a-complete.

Consider a mapping T: F — F defined by

Tb:{ b, f0<bh<1/2

0, otherwise.

Then, it is obvious that T is not continuous on F. On the other hand, since every sequence
{bn} € Ay is a nonincreasing sequence in the interval [0,1/2), and T is an identity mapping
in [0,1/2), therefore, if {b,} € Ay and converges to u, then u € [0,1/2) and {Tbh,} = {bn}
converges to Tu = u. Thus, T is a-continuous.

By ©® we denote the class of all functions ¢: I — I such that for any double sequence
{¢nm} in I we have limy, j—e0 Gn,m = 6 if and only if limy, y—co P(Gnm) = 6.
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Example 7. The following functions i: I — I are members of the class ©:

@ yl(g) =gforallgel;
(b) () =kgforall ¢ € I, wherek € (0,1) is fixed;
a+b
(© y(g) = m@for all¢ = (a,b) € I;
d) v = ceor(k) forall ¢ = (a,b) € I, where ceor(k) = (a¥,b%) and k € (0, 00) is fixed.

Definition 12. Let (F, M, x) be a complex-valued fuzzy metric space, a: F x F — [0, 00) and
T:F — F beamapping. Then:

(A) T is said to be a (y, ¢)-contraction if there exist P, ¢ € © such that

(L — M(Tb1, Tha,g)) 2 (€ — M(b1,b2,6)) — p(£ — M(b1,02,6))

forallby,by € F and ¢ € P,.
(B) T is said to be an «-(v, ¢)-contraction if there exist 1, ¢ € © such that

a(b1,b2) (€ — M(Thy, Tha,¢)) 2 (£ — M(b1,b2,6)) — p(£ — M(b1,b2,6))

forallby,by € F and ¢ € P,.

Let (F, M, x) be a complex-valued fuzzy metric space and T: F — F be a mapping.
Denote by P’ the set of all limits of T-Picard sequencesinF, i.e.,

P = {u € F: T"by converges to u for by € F }.

The set of all fixed points of T is denoted by Fix(T), i.e., Fix(T)={b € F: Th =b}. We
write s(b1,b2) € A C F X F if at least one of the pairs (b1,by) and (by, b1) is an element of A.
Ifa: F xF — [0, 00) is a function, then we define the property (S) as follows:

(S): for every u, v € P5 there exists z € F such that s(u,z),s(v,z) € Fa. 4)
Next, the theorem ensures the existence of fixed point of an a-(1, ¢)-contraction.

Theorem 5. Let (F, M, ) be an a-complete complex-valued fuzzy metric space, a: F x F — [0,00)
a function, and T : F — F be an a-(¢, ¢)-contraction. Suppose P+ N A, # @ and at least one of
the following conditions is satisfied:

(A) If {bu} € P+ NAy N € and converges to u € F, then there exists ng € N such that
S(bp, u) € Fy forall n > ny;
(B) T is a-continuous on P

Then, T has a fixed point in F.

Proof. Suppose Pt N A, # @. Then, there exists by € F such that {b,} € Pt N2y,
by = Ty = Tb, 1 foralln € Nand (by,by,) € F foralln,m € Nwithm > n.

We shall show that {b,,} € €. Since (b, bm) € Fy forallm > n,and T is an a-(¢, ¢)-
contraction, we have

(= MOns1,5m41,6)) = Pl —M(Tby, Thum,¢))
“(bi’l/ bm)lp(e - M(Tbi’l/ Tbmr G))

=
= Pl = Mbn,bm,g)) — ¢l — M(by,bm,G))

forall m > n and ¢ € Py. This shows that

IP(Z - M(bn-i-l/bm-&-l/ Q)) + ¢(£ - M(bnzbm/ g)) = l/J(E - M(bn/bmz g)) (5)
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forallm > nand ¢ € Py.Since ¢, ¢: I — I, hence we musthave 0 < (£ — M(by, bm,¢)) < £
and 0 = ¢(£ — M(by,bm,¢)) = Lforalln,m € N, ¢ € DPy; therefore, for each ¢ € Py, we
can define

an = sup Y(£ — M(bu,bm,G)), Bn = sup ¢(£ — M(bn,bm,G))-

m>n m>n

Then, by definitions of «;;, 8, and the inequality (5), we obtain

&1+ Pn Sy foralln € N. 6)

Since 6 = B, for all n € N, the above inequality yields «,, 1 = a,, for all n € N. Also,
since § < a, < {foralln € N, hence by Remark 2 there exists « € Psuch thatf < a < ¢
and

lim «, = nlgn sup (£ — M(by, bm,¢)) = a. ?)

n—o0 00m>n

From (6) we have B, < a, — a4 for all n € N, therefore
|Bn| < |an —ayy1| foralln € N.

For every given ¢ > 0, by (7) there exists n; € N such that |a, — a, 41| < € for all
n > ny, which with the above inequality gives

|sup ¢(£ — M(bpn, b, 6))| = |Bn| < eforalln > ny.

m>n

Since ¢(£ — M(bn,bm,G)) = sup,,., ¢(£ — M(by,bm,g)) for all m > n, hence

(€ — M(by, b, €))| < | sup ¢(£ — M(bu, b, €))| < e forall m > n > ny.
m>n

This shows that
lim ¢(¢ — M(bn,bm,g)) = 6.

n,m—oo

Since ¢ € O, the above shows that limy, ;e {¢ — M(bn,bm, )} =0, ie.,

n}ir_r}ooM(bn, Om, G) = L.

Hence, {b,} is a Cauchy sequence, i.e., {b,} € €.

Thus, {b,} € Pt N2A, N € and by a-completeness of F it converges to some u € F. We
shall show that u is a fixed point of T.

Case I. Suppose (A) holds; then, there exists 19 € N such that s(b,, u) € F, for all
n > np.

Assume that (b,, u) € F, for all n > ng (the proof for the second case is same). Then,
as T is an a-(1, ¢)-contraction, we have

l/J(E*M(Tbn,Tu,g)) a(bn,u)lp(é—M(Tbn, Tu/g))

=
= llj(é_M(bﬂrurg)) _qb(g_M(bl’l/urg))' (8)

Since {b,, } converges to u, we have limy, ,co M(by, u,¢) = ¢, ie, limye0{l — M(by,u,¢)}
=6,and ¢, ¢ € ©, we must have

lim (¢ — M(by,u,6)) = nli_r)r(}q(/)(f — M(by,u,g)) =0 forall g € Py.

n—oo

The above with (8) gives

lim (¢ — M(b,11, Tu,¢)) =0 forall g € Py.

n—oo
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Again, as ¢ € ©, we must have lim, o0 {¢ — M(b,41, T, ¢)} =0, i.e.,
1211 M(b, 41, Tu,g) = £ forallg € Py.
n (o)

Now, for every n € Nand ¢ € Py, we have
M(Tu,u,g) = M(Tu,buy1,6/2) x M(bpy1,u,6/2).

Letting # — oo and using Remark 2 in the above inequality, we obtain M(Tu,u,¢) = ¢
forall g € Py, i.e.,, Tu = u. Thus, u is a fixed point of T.

Case II. Suppose (B) holds. Then, since {b,,} € Pt N2A, N € and converges to u € F,
hence by a-continuity of T on P, the sequence { Th,} = {b,;1} converges to Tu. By the
uniqueness of the limit of convergent sequence in complex-valued fuzzy metric spaces the
limits of the sequences {b,, } and {b,, 11} must be same, i.e., Tu = u. Thus, u is a fixed point
of T. O

Remark 11. If (F, M, *) is a complex-valued fuzzy metric space, T: F — F is a mapping and
a: F xF — [0,00) is a function. Then, F is called T-a-complete if every sequence of the class
Pt N A, N € converges to some b € F. In the above theorem, even if we replace the a-completeness
of F with the T-a-completeness, it still ensures the existence of the fixed point of T.

We next establish a condition for the uniqueness of fixed point of T.

Theorem 6. Suppose that all the hypotheses of Theorem 5 are satisfied. In addition, if the property
(S) is satisfied and T is a-admissible, then T has a unique fixed point in F.

Proof. By Theorem 5, T has a fixed point u € F. We notice that if b € Fix(T), then T"b = b
for all n € N; therefore, b € P7, i.e., Fix(T)C P5. For uniqueness of fixed point u of T, on
the contrary, suppose that v € Fix(T) and u # v, and then v € P'; hence, by property (S),
there exists z € F such that s(u,z),5(v,z) € Fy. Suppose (1, z), (v,z) € Fy (the proof for all
other cases is same); then, as T is a-admissible, we have (T"u, T"z) € F, foralln € N. As
T is an a-(¢, ¢)-contraction, we have

Pl —M(u, T"z,¢)) = ¢ —M(T"u, T"z,¢))

= zx(T”_lu, T”_lz)tp(é — M(T"u, T"z,¢))

< Pl —M(T" Y, T 1z,0)) — (0 — M(T" tu, T" 1z,¢))
P —M(u, T"'2,6)) — p(£ — M(u, T"'2,¢)).

For each ¢ € Py, let v, = (¢ — M(u, T"z,6)),0n = ¢(£ — M(u, T""1z,5)) for all
n € N; then, from the above inequality we have

Yn+6n 2 yy_qforallm € N. )

Since vy, 0y € I, the above inequality shows that v, < 7,1 foralln € N. By Remark 2,
there exists oy € I such that lim, . y4 = . Again, by (9) we have 6, < 7,1 — ¥, for all
n € N,and so [6,] < |v,-1 — val| forall n € N. As limy 00 yn = 7, for every given ¢ > 0,

there exists 77 € N such that
10n| < |vn—1— vl < eforalln > ny.
This shows that

lim ¢(¢ — M(u, T"z,6)) = nlgn Oy = 6.

n—oo
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Since ¢ € ©, we must have limy oo {¢ — M(u, T"z,6)} = 6, i.e., limy s M(1, T"z,¢) = /.
Similarly, we obtain lim,_,.c M(v, T"z,¢) = £. Hence, u = v. This contradiction proves the
uniqueness of the fixed point. [

Example 8. Let F = [0,1); then, (F, M, ) is a complete complex-valued fuzzy metric space,
where
 pr—b|

1+ab

M(by,bp,¢) = {1 ]éfor all by,by € F, g = (a,b) € Py.

Leta, = zinfor all n € N and define a function a: F x F — [0,00) by

1, by=apbry=amm>norb; =by=0;
w(b1,02) = { 0, otherwise.

Then, it is clear that if {b,} € 2, N €, then b, — O (with respect to usual metric of R), and
hence {b, } must be convergent to 0 in (F, M, x1). Therefore, (F, M, =) is a-complete. Consider
the functions ,¢p: 1 — Iand T: F — F defined by ¢(¢) = ¢, ¢(g) = ¢/2 forall g € I and

0, otherwise.

Tb:{ An+1, lfb = an,

Then, T is a-admissible. For every fixed k € N and b, = T"ay = a,y forall n € N, we
have {b, } € Pt N Ay, hence P NA, # @. It is easy to verify that T is an a-(1p, ¢ )-contraction.
Also, note that P, = {0}, and hence T is an a-continuous mapping on P and property (S) is
satisfied. Thus, all the conditions of Theorem 6 are satisfied and hence by Theorem 6 the mapping T
must have a unique fixed point in F. Indeed, Fix(T)={0}.

The following example justifies the significance of the property (S) in Theorem 6.

Example 9. Consider the the complex-valued fuzzy metric space (F, M, *) and the function
a: F xF — [0,00) as defined in Example 6. Define a mapping T: F — F by

Tb:{ b/2, f0<b<1/2

b, otherwise.

Define the functions ¢, ¢: I — Iby () = ¢, ¢(c) = ¢/2forall ¢ € I. Then, one can verify
easily that T is an a-(y, ¢ )-contraction. Consider a T-Picard sequence {by }, where by € (1/2,1),
then by definition of T we have b, = b for all n € N, therefore (1/2,) C P}. Now, for any
u,v € (1/2,1) there exists no z € F such that s(u,z),s(v,z) € F,. Hence, the property (S) is not
satisfied. It is easy to verify that all other conditions of Theorem 6 are satisfied. Note that T has
infinitely many fixed points in F. Indeed, Fix(T) = {0} U (1/2,1).

The following corollary is a generalization of Theorem 3.1 of Shukla et al. [13].

Corollary 1. Let (F, M, %) be an a-complete complex-valued fuzzy metric space, «: F X F —
[0, 00) a function, and T : F — F be a mapping such that

D((I?l, bz)[ﬁ — M(Tbl, sz,g)] = k[f — M(bl, bz,g)}fOT all by,by € F.ce by

where k € (0,1). Suppose P+ N2, # @ and at least one of the following conditions is satisfied:

(A) If {bu} € Pt NAy N € and converges to u € F, then there exists ng € N such that
s(bp, 1) € Fy forall n > ng forall n > ny;
(B) T is a-continuous on P
Then, T has a fixed point in F. If the property (S) is satisfied and T is a-admissible, then the
fixed point of T is unique.
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Proof. The proof follows from Theorem 6 with ¢(¢) = ¢ and ¢(¢) = (1 —k)g. O

Remark 12. If we take the constant function a(bq,by) = 1 for all b1,by € F in the above corollary,
we obtain Theorem 3.1 of Shukla et al. [13].

The following corollary is an improved version of Theorem 3.1 of Humaira et al. [21]
in the sense that there is no constraint of continuity and nondecreasingness on the functions

1 and ¢.

Corollary 2. Let (F, M, x) be a complete complex-valued fuzzy metric space and let T: F — F be
a (, ¢)-contraction. Then, T has a unique fixed point.

Proof. The proof follows from Theorem 6 with a(by,by) =1 forall by,bp € F. O

We next prove that if F, is transitive, then for an a-admissible mapping, the constraint
Pr N2, # @ of Theorem 5 always holds; hence, we establish the existence and uniqueness
of fixed point of such mappings.

Theorem 7. Let (F, M, ) be an a-complete complex-valued fuzzy metric space, a: F x F — [0,00)
a function and T : F — F be an a-(¢, ¢p)-contraction. Suppose the following conditions are satisfied:
(I) Fy is transitive;

(I) T is a-admissible;

(IIT) There exists z € F such that (z, Tz) € Fy;

(IV) At least one of the following conditions is satisfied:

(A)  If{bu} € Pr NA, N C and converges to u € F, then there exists ng € N such that
s(bp,u) € Fy forall n > ny;

(B) T is a-continuous on P

Then, T has a fixed point in F. In addition, if the property (S) is satisfied, then the fixed point
of T is unique.

Proof. We shall show that there exists by € F such that {b,} € P+ N2A,. We define a
sequence {b, } in F as follows: by (III) there exists z € F such that (z, Tz) € Fy, letby =z
and by = Thg so that (by,b1) € F, Then, by (II) we obtain (Tbg, T2bg) = (b1, Thy) € Fyp. Let
Tby = by so that (by,b2) € Fy. On continuing in a similar way we obtain a sequence {b, }
such that

by = Tb,_1 and (b,,_1,by) €F, foralln € N.

Since F is transitive, it follows from the above inclusion that (b,,b,,) € F, for all
m > n. Thus, {b,} is a T-Picard sequence with initial value by, and so {b,} € Pt NA,.
Now, the proof follows from Theorem 6. [

By A, we denote the class of all functions ¢: I — I such that for any double sequence
{¢nm} in I we have limy, ;300 Gnm = ¢ if and only if limy 0 P(Gnm) = 6. While £
denotes the class of all functions ¢: I — I such that for any sequence {¢,} in I, we have
lim, 00 G = ¢ if and only if im0 P(Gn) = L.

Example 10. If ¢ € ©, then ¢ € A, where the function ¢: I — I is defined by $(g) = (¢ —¢)
forallg € I.

Example 11. The following functions y: I — I are members of the class £:

@ y(g) =gforallgel;

) () = ¢ forall ¢ = (a,b) € I, where ¢« ) = (a¥,b%) and k € (0, 00) is fixed;

() ¢(c) =LC—f(¢)lforall g € I, where f: I — [0, 1] is a function such that for any sequence
{gn} in I we have limy 0 f(¢n) = 0 if and only if limy_ye0 Gn = .
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In the next theorem, an improved version of Theorem 3.5 of Humaira et al. [21]
is presented.

Theorem 8. Let (F, M, x) be an x-complete complex-valued fuzzy metric space, a: F x F — [0,00)
a function, and T : F — F be a mapping satisfying the following condition: thereexist p € £,¢ € A
such that

P(M(Tb1, Tha,6)) = (b1, b2) [p(M(b1, b2, 6)) + (M(b1,b2,6))] (10)

forall by,by € F and ¢ € Py. Suppose P+ N Ay # @ and at least one of the following conditions is

satisfied:

(A) If {by} € Pt NAy N € and converges to u € F, then there exists ng € N such that
s(bu, 1) € Fy forall n > ny;

(B) T is a-continuous on P~

Then, T has a fixed point in F.

Proof. Suppose Pt N A, # @. Then, there exists by € F such that {b,} € P+ N2y,
by = Ty = Tb,_ 1 foralln € Nand (by,by) € Fy foralln,m € Nwithm > n.

We shall show that {b,} € €. Since (by,by) € Fu, n,m € N with m > n, from (10)
we have

P(MOut1,0mi1,6) = YM(Tbu, Thim,g))
(b, o) [P(M(bn, b, 6)) + P(M(bn, b, 6))]
Y(M(n,dm, ) + (M (bn, b, 6))

Y 1Y

for all ¢ € Py. Hence,

Y(MOn, b, ) + (M (bn, b, 6)) = $(M(bns1,0m1,6)) forallg € Pp. (1)

for all m > n. Since ¢, ¢: I — I, hence we must have 6 < Y(M(by,bm,¢)) = ¢ and
0 < ¢(M(by,bm,¢)) < £forall n,m € Nfor all ¢ € Py, and therefore for each ¢ € Py we
can define

an = sup P(M(bn,bm,6)), Bu = sup ¢(M(bn,bm, G))-

m>n m>n

Then, by definitions of «;,, 8, and the inequality (11) we obtain:

&y + By X ayyq foralln € N (12)

since §# < a, < {forall n € N, hence by Remark 2 there exists « € Psuchthatf < a < ¢
and

Since 6 = B, for all n € N, the above inequality yields a;, < «a,,41 for all n € N. Also,

lim a, = lim sup ¢(M(by,bm,¢)) = a. (13)

n—oo n—)oom>n

From (12), we have 8, < a,,11 — &y, for all n € N, and therefore
|Bn| < |ay41 —an| foralln € N.

For every given ¢ > 0, by (13) there exists n; € N such that |a, — ;11| < € for all
n > ny, which with the above inequality gives

| sup ¢(M(bu, b, ¢))| = |Bul < eforalln > nj.

m>n

Since ¢(M(by, i, 6)) = sup,,~,, ¢(M(bn,bm,c)) for all m > n, hence

|p(M (b, bm, ¢))| < |sup ¢(M(bn,bm,c))| < eforallm >n > ny.

m>n
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This shows that
lim  ¢(M(by,bm,¢)) = 0.

1,M—00

Since ¢ € A, the above equality shows that

n,%rBwM(bn,bm,g) = /.

Hence, {b, } is a Cauchy sequence, i.e., {b,} € €.

Thus, {b,,} € P+ N2, N € and by a-completeness of F it converges to some u € F. We
shall show that u is a fixed point of T.

Case 1. Suppose (A) holds; then, there exists 19 € N such that s(b,, u) € F, for all
n > nop.

Assume that (b, u) € F, for all n > n (the proof for the second case is same). Then,
from (10) we have

(b, u) [P(M(bn, 1, 6)) + p(M(bn, u,¢))]
P(M( Ty, Tu,c))

= P(MObnt1, Tu,g)) (14)

P(M(bn, u,6)) + (M(bn, 1, 6))

for all ¢ € Py. Since {b, } converges to 1, we have lim,_,co M(b,,u,¢) = ¢ for all ¢ € Py and
P € £, ¢ € A, and we must have

lim ¢p(M(by, u,6)) =4, nh_r)r(}o $(M(by,u,¢)) =0 forallg € Py.

n—oo

The above equality with (14) gives

lim ¢(M(by, 1, Tu,¢)) = L forall g € DPy.

n—oo

Again, as ¢ € £, we must have
1211 M(by41, Tu,g) = Lforallg € Py.
n [ee)

Now, for every n € Nand ¢ € Py we have
M(Tu/urg) >__ M(Tu,bn+1,g/2) *M(bnﬂ,u,g/Z).

Letting n — o0 and using Remark 2 in the above inequality, we obtain M(Tu,u,g) = ¢
forall g € Py, i.e.,, Tu = u. Thus, u is a fixed point of T.

Case II. The proof of this case is similar to the Case II of Theorem 5. [

Theorem 9. Suppose that all the hypotheses of Theorem 8 are satisfied. In addition, if the property
(S) is satisfied and T is a-admissible, then T has a unique fixed point in F.

Proof. By Theorem 8, T has a fixed point u € F. We notice that if b € Fix(T), then T"b =b
forall n € N, and therefore b € P, i.e., Fix(T)C P7.. For uniqueness of fixed point u of T,
on contrary, suppose that v € Fix(T) and u # v, then v € P, and hence by property (S),
there exists z € F such that s(u,z),s(v,z) € Fy. Suppose (u,z), (v,z) € Fy (the proof for all
other cases is same); then, as T is a-admissible, we have (T"u, T"z) € F, foralln € N. By
(10) we have
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p(M(u, T"z,¢))

= P(M(T"u, T"z,¢))

= a(T" ly, T 1z) tp(M(T”_lu,T”_lz,g))+4)(M(T”_1u,'l'”_1z,g))}
= p(M(T" 1, T 2,0)) + p(M(T" 1, T" 'z, )

= P(M(u, T"'2,6)) + ¢(M(u, T"'2,¢)).

For each ¢ € Py, let v, = w(M(u, T"z,6)),6, = ¢(M(u, T"1z,¢)) for all n € N; then,
from the above inequality we have

Yn1+ 0,1 Xy foralln € N. (15)

Since v,, 6, € I for all n € N, the above inequality shows that ,_1 < 7, for all
n € N. By Remark 2, there exists v € I such that lim, . s = . Again, by (15) we have
3y 1 =X 9n—yn_1foralln € N,and so |6, | < |yn — yn_1| foralln € N. Aslimy,_—e0 v = 7,
for every given € > 0 there exists n; € N such that

10n| < |vn — yn-1| < eforalln > ny.

This shows that
. . s B
nlgr;o(p(M(u,T z,6)) = nlglgoén =0.
Since ¢ € A, we must have lim, oo M(1#, T"z,g) = /. Similarly, we obtain

limy 00 M(v, T"z,6) = (. Hence, u = v. This contradiction proves the uniqueness of
the fixed point. [J

The proof of the following theorem is similar to the proof of Theorem 7.

Theorem 10. Let (F, M, *) be an a-complete complex-valued fuzzy metric space, a: F X F —
[0,00) a function, and T: F — F be a mapping satisfying the following condition: there exist
P € £,¢ € A such that

P(M(Tby, Tha,¢)) = a(br, 02)[(M(b1,52,6)) + ¢(M(b1,b2,6))]

forall by,by € F and ¢ € Py. Suppose the following conditions are satisfied:
() Fu is transitive;

(I1) T is a-admissible;

(IIT) There exists z € F such that (z, Tz) € Fy;

(IV) At least one of the following conditions is satisfied:

(A)  If{bu} € Pt NA, N € and converges to u € F, then there exists ny € N such that
S(bu,u) € Fo forall n > ng for all n > ny;
(B) T isa-continuous on P~

Then, T has a fixed point in F. In addition, if the property (S) is satisfied, then the fixed point
of T is unique.

As a generalization and extension of the results of Ran and Reurings [22] and
Jachymski [23] in complex-valued fuzzy metric spaces, we now present two consequences
of our results.

Let (F, C) beaposetand (F, M, *) be a complex-valued fuzzy metric space. A mapping
T:F — F is said to be an ordered-(1, ¢)-contraction if there exist ¢, ¢ € © such that

lp(e - M(Tblf Tb2/ Q)) = gb(g - M(blr bZl G>) - (P(g - M(blr bZ/ g))

for all ¢ € Py and for all b, b, € F with by T by. The mapping T is called order preserving
if b1 C by implies Thy C Thy for all by, by € F. By O, we denote the class of all sequence
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{bn} such that b, C b, 1. The space (F, M, *) is said to be O-complete if every sequence
{bn} € O- N € converges to some b € F. The mapping T is said to be O-continuous if for
every convergent sequence {b,} € Oc the sequence { Th,, } converges to Tu, where u € F
is the limit of {b,, }. A pair (b1,b2) € F x F is called C-comparable if by C by or by T by.

Theorem 11. Let (F,C) be a poset, (F, M, ) an O-complete complex-valued fuzzy metric space,
and T: F — F be an ordered-(1, ¢)-contraction. Suppose Pt N O. # @ and at least one of the
following conditions is satisfied:

(A) If{bn} € PrNO.N € and converges to u € F, then there exists ny € N such that b, T u
forall n > ng or u T by, for all n > ny;
(B) T is O-continuous on P

Then, T has a fixed point in F. In addition, if for every u,v € P." there exists z € F such that
the pairs (z,u) and (z,v) both are C-comparable, and T is order preserving, then T has a unique
fixed point in F.

Proof. Define a function a: F x F — [0, 00) by

(1, if b1 C by,
a(b1,b2) = { 0, otherwise.

Now, the proof follows from Theorem 6. [

Let (F, M, *) be a complex-valued fuzzy metric space and I be a graph with the set of
vertices V(I') = F and the set of edges E(I') C F x F. In this case, we say that (F, M, %) is
endowed with graph I'. A mapping T: F — F is said to be a I'-(¢, ¢)-contraction if there
exist ¢, ¢ € O such that

1/1(6 - M(Tbll TbZ/ g)) = lP(é - M<b1/ bZ/ G)) - ()b(f - M(bll bz' G))

for all ¢ € Py and for all by,by € F with (by,b2) € E(T). The mapping T is called edge
preserving if (b1,p2) € E(T') implies (Tby, Thy) € E(T') for all by, b, € F. By &, we denote
the class of all sequence {b, } such that (b,,b,,) € E(T) for all m > n, and then (F, M, *)
is said to be G-complete if every sequence {b,} € & N ¢ converges to some b € F. The
mapping T is said to be T'-continuous if for every convergent sequence {b,} € & the
sequence { Th, } converges to Tu, where u € F is the limit of {b,, }. A pair (b1,by) € F x F
is called edge connected in T if (by,by) € E(T) or (bp,b1) € E(T).

Theorem 12. Let (F, M, %) be a complete complex-valued fuzzy metric space endowed with a
graph T. Suppose (F, M, ) is G-complete and T: F — F be a T-(y, ¢ )-contraction. Suppose
P+ N® # @ and at least one of the following conditions is satisfied:
(A) If{bn} € Pr NS N & and converges to u € F, then there exists ng € N such that (b, u) €
E(T) forall n > ng or (u,b,) € E(T) forall n > ny;
(B) T is I'-continuous on P
Then, T has a fixed point in F. In addition, if for every u,v € P there exists z € F such that
the pairs (u,z) and (v, z) are edge connected in T, and T is edge preserving, then T has a unique
fixed point in F.

Proof. Define a functiona: F x F — [0, c0) by

_ | 1, if(by,bo) € E(T);
a(b1,02) = { 0, otherwise.

Now, the proof follows from Theorem 6. O
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4. Conclusions

The fixed point theory has several applications in various branches of science. In
particular, the metric fixed point theory influences the study of initial value problems,
boundary value problems, integral equations, economic systems, biological systems, dy-
namical systems, and many more. The fuzzy metric structures with complex values draw
the interest of the researchers working in the areas where the measurement has uncer-
tainties and complexity. Consequently, the spaces in which the metric function has fuzzy
and complex values are introduced, and fixed point results in such spaces are established.
Because of the nature of partial order in complex numbers, one has to be careful when
using the results in such spaces. The presented work consists of some observations on some
recent concepts and results established in the complex-valued fuzzy metric spaces, as well
as some new results related to the existence and uniqueness of fixed points of mappings.
Some topological properties of such spaces are established. The fixed point results are
proved with weaker constraints, e.g., x-continuity of mappings instead of continuity, T-«a-
completeness instead of completeness of underlying space are used, and the constraints of
nondecreasingness and continuity of control functions in contractive conditions have been
removed and so some recent results have been improved. We have introduced three new
classes of control functions, namely ©, A and £, so that our fixed point results can produce
several fixed point results as consequences.

The set-valued mappings have several applications, e.g., in finding the solutions of
differential inclusion, integral inclusion, difference inclusion, etc. (see, e.g., [24-26]). The
presented work is related to single-valued mappings, so it will be interesting to find an
analog of our results for set-valued mappings and their applications in inclusion problems.
On the other hand, to obtain the coincidence and common fixed point results for two (or
more than two) commuting and non-commuting mappings is a famous and interesting
way to generalize the fixed point results (see, e.g., [27-30] and the references therein)
as well as find some applications in solving nonlinear integral equations (see, ref. [31])
and in dynamical systems (see, ref. [32]). The results of this paper are still open for the
investigation of coincidence and common fixed points.
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