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ABSTRACT. In this manuscript, our aim is to describe the concept of intuitionistic fuzzy b-metric-like
spaces. We investigate some properties of this new space and give some useful examples. We also define
the concepts of convergence, Cauchy sequence and completeness in intuitionistic fuzzy b-metric-like space.
Furthermore, we establish some fixed point theorems in this setting and give an application to integral
equations to illustrate the usability of the obtained results.
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1 INTRODUCTION

Fréchet (1906) and Hausdorff (1914) defined the theory of metric spaces a century ago. Banach
(1922) established the Banach principle on metric spaces. Czerwik (1993) introduced the con-
cept of b-metric space and established some generalizations of Banach’s fixed point theorem
in this space. The concept of metric-like space and then some fixed point results were given by
Amini-Harandi (2012). Alghamdi et al. (2013) first introduced the concept of b-metric-like space
which is a generalization of b-metric space and metric-like space. Then Alghamdi et al. (2013)
established the existence and uniqueness of fixed points in a b-metric-like space. Moreover, an
application to integral equations was given by Alghamdi et al. (2013).

The theory of fuzzy sets was introduced by Zadeh (1965). Subsequently, many authors discussed
the concept of fuzzy sets in various fields, one of which is fuzzy metric spaces introduced by
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2 UNIQUE SOLUTION OF INTEGRAL EQUATIONS VIA INTUITIONISTIC FUZZY B-METRIC-LIKE SPACES

Kramosil & Michélek (1975). George & Veeramani (1994, 1995) refined the concept of fuzzy
metric space, as originally proposed by Kramosil & Michélek, resulting in a stronger version of
fuzzy metric space. Shukla & Abbas (2014) defined the notion of fuzzy metric-like spaces as
a generalization of fuzzy metric spaces. They also studied fixed point theorems for contractive
mappings in fuzzy metric-like spaces. Nadaban (2016) proposed the concept of fuzzy b-metric
spaces and demonstrated that the investigation of operators on fuzzy b-metric spaces has numer-
ous applications in Mathematics, Engineering, and Computer Science. Javed et al. (2021) intro-
duced the concept of fuzzy b-metric-like space and discussed some related fixed point results.
Also, an application for solving a first kind of Fredholm type integral equations was provided by
Javed et al. (2021).

Park (2004) defined the notion of intuitionistic fuzzy metric space and Hausdorff topology on
this intuitionistic fuzzy metric space. Generalizing both the concepts of intuitionistic fuzzy met-
ric spaces and fuzzy b-metric spaces, Azam & Kanwel (2022) introduced and investigated the
notion of intuitionistic fuzzy b-metric spaces. Alaca et al. (2006), in their study, generalized fixed
point theorems to the setting of intuitionistic fuzzy metric spaces. Onbagioglu & Pazar Varol
(2023) described the concept of intuitionistic fuzzy metric-like space, which is an extension of
metric-like space and intuitionistic fuzzy metric space. Moreover, Onbagioglu & Pazar Varol
(2023) obtained some fixed-point theorems in intuitionistic fuzzy metric-like spaces. Ahmed et
al. (2023) introduced the concept of intuitionistic fuzzy b-metric-like space and discuss some
fixed point results. Useful examples were given by them in this space.

In this article, we aim to redefine in an alternative way the concept of intuitionistic fuzzy b-
metric-like space defined by Ahmed et al. (2023) and to prove fixed point theorems within this
new structure. Our results both advance the studies in the field of intuitionistic fuzzy b-metric
spaces and offer a broader perspective for future research and applications, as they encompass
a wider scope than classical fixed point studies. We also present new results on the concepts of
convergence, Cauchy sequences, completeness of the space, and intuitionistic fuzzy b-metric-like
contraction (IFbML-contraction), which allow us to examine the structure more deeply. More-
over, we provide several useful examples and related definitions throughout the article to support
our results. In addition, we apply our findings to an integral equation defined in this new setting,
reinforcing the fixed point results we have obtained. For a more in-depth understanding of the
concepts, we recommend reviewing the studies of Gupta et al. (2017) and Sedghi et al. (2008) on
integral-type contraction mappings defined in intuitionistic fuzzy metric spaces. For applications
of fuzzy fixed point theory in mathematics and engineering, we suggest the study by Younis &
Abdau (2024) that generalizes the well-known results of Gregori & Sapena (2002), as well as
those of Jachymski (2008) on fuzzy metric spaces.

2 PRELIMINARIES

We start this section by listing various helpful definitions and notions for readers. In this study,
IR and IN will denote the set of all real numbers and the set of all positive integer numbers,
respectively.
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Definition 2.1. Let U # 0. A mapping ¢ : U x U — [0, o) is called b-metric on U if the following
three conditions hold for all d,n,r € U and b > 1:

(bM1) ¢(d,r)=0<d =,

(bM2) ¢(d,r) = ¢(r,d),

(bM3) ¢(d,r) <b[¢(d,n)+¢(n,r)].

The pair (U, ¢) is called a b-metric space (Czerwik, 1993).

Example 2.1. The space [, = {(d;) CIR: Y. | |d;i|P < e}, (0 < p < 1), together with the function
o(d,r)= (X2, |di— r,-|p)% where d = d;,r =r; € I, is a b-metric space (Kir & Kiziltunc, 2013).

Example 2.2. The space L, (0 < p < 1) of all real functions h(s),s € [0,1], such that

Jo |h(s)|Pds < oo is a b-metric space with ¢ (h,g) = fo |h(s) — (s)|pds)% where h, g € L, (Kir
& Kiziltunc, 2013).

Definition 2.2. Let U # 0. A mapping ¢ : U X U — [0,00) is called metric-like on U if the
following three conditions hold for all d,n,r € U:

(ML) ¢(d,r) =0=d =r,

(ML2) ¢(d,r) = ¢(r,d),

(ML3) ¢(d,r) < @(d,n) +@(n,r).

The pair (U, @) is called a metric-like space (Amini-Harandi, 2012).

Example 2.3. Let U = [0, ). Define the function ¢ : U x U — [0,0) by ¢(d,r) = max{d,r}.
Then (U, ) is a metric-like space (Amini-Harandi, 2012).

Definition 2.3. Let U # 0. A mapping @ : U x U — [0,0) is called b-metric-like on U if the
following three conditions hold for all d,n,r € G and b > 1:

(bML1) @2(d,r) =0 =d =r,

(bML2) po(d, r) = @(r,d),

(bML3) @(d,r) < b[g@(d,n) + @(n,r)].

The pair (U, #) is called a b-metric-like space (Alghamdi et al., 2013).

Example 2.4. Let U = [0, ). Define the function @: 8 x U — [0,0) by @(d,r) = (d+r)?. Then
(U, @) is a b-metric-like space with constant b = 2 (Alghamdi et al., 2013).

Example 2.5. Let U = [0, ). Define the function @: U x U — [0,0) by @(d, r) = (max{d,r})?*.
Then (U, @) is a b-metric-like space with constant b = 2 (Alghamdi et al., 2013).

Definition 2.4. An intuitionistic fuzzy set R is defined by R = {(d, ux(d), vy (d)) : d € U}
where Ug : U — [0, 1] and v : G — [0, 1] denote membership and non-membership functions,
respectively. Ug(d) and vg(d) are membership and non-membership degrees of each element
d € U to the intuitionistic fuzzy set R and Ug (d) + ve(d) < 1 for each d € U (Atanassov, 1986).
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Definition 2.5. A binary operation x* : [0,1] x [0,1] — [0, 1] is called a continuous t-norm if
satisfies the following conditions for all o, p, j,I € [0, 1]:

(Hoxl=0

(2Q)oxp=pxoandox(pxj) = (0*p)*j

B lfo<Ljand p<I,thenoxp < jxl

(4) = is continuous

(Schweizer & Sklar, 1960)

Example 2.6. The binary operations below are continuous t-norms
(Hoxp=op

(2) oxp=max{0,0+p—1}

(3) o p = min{o, p}

(Schweizer & Sklar, 1960)

Definition 2.6. A binary operation ¢ : [0,1] x [0,1] — [0,1] is called a continuous t-conorm if ¢
satisfies the following conditions for all o, p, j,I € [0, 1]:

(1) oc0=0

(2Q)oop=pooandoo(poj)=(oop)oj

B Ifo<Ljand p<I,thenoop < jol

(4) ¢ is continuous

(Schweizer & Sklar, 1960)

Example 2.7. The binary operations below are continuous t-conorms
(1)oxp=o+p—op

(2) oxp=min{o+p,1}

(3) o p = max{o, p}

(Schweizer & Sklar, 1960)

Definition 2.7. A 4-tuple (U, R, *,b) is called fuzzy b-metric-like space if U is an arbitrary set,
% is a continuous t-norm and R is a fuzzy set on U2 x (0, ) satisfying the following conditions,
foralld,n,r € G,b > 1and v,w > 0;

(FbML1) R(d, r,v) > 0,
(FbML2) R
(FOML3) R(d, r,v) = R(r,d,v),

(FOML4) R(d,n,v) *R(n,r,w) < R(d,r,b(v+w)),

(
(d,rv)y=1=d=r,
(
(
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(FOMLS5) R(d, r,.) : (0,00) — [0, 1] is continuous
(Javed et al., 2021).

Example 2.8. Take U = (0,0). Consider the t-norm defined by o x p = op, then

R(d,r,v)=e S (V d,r € U and v > 0) is an fuzzy b-metric-like (Javed et al., 2021).

Definition 2.8. A 5-tuple (U, R,3,%,0) is called intuitionistic fuzzy metric space if U is an
arbitrary set, * is a continuous t-norm, ¢ is a continuous t-conorm and R, 3 are fuzzy sets on
02 x (0,0) satisfying the following conditions, for all d,n,r € U and v,w > 0;

(IFM1) R(d, r,v) +S(d ry) <1,

(IFM2) R(d, r,v) >

(IFM3) R(d,rv) =l & d=r,

(IFM4) R(d, r,v) = R(r,d,v),

(IFM5) R(d,n,v) *R(n,r,w) < R(d, r,v+w),
(IFM6) R(d,r,.) : ( o) — (0, 1] is continuous,
(IFM7) 3(d, r,v) <

(IFM8) 3(d,r,v)=0<d=r,

(IFM9) 3(d,r,v) =3 (r,d,v),

(IFM10) 3(d,n,v) oS (n,r,w) > 3(d,r,v+w),

(d
(IFM11) 3(d,r,.) : (0,00) — (0, 1] is continuous.
Then (R, 3) is called an intuitionistic fuzzy metric on U (Park, 2004).

Example 2.9. Let (U, &) be a metric space. Let 0% p = op and o * p = min{o+ p,1} for all
0,p € [0,1]. Define fuzzy sets Rt and S on % x (0, ) as follows:

R(d,rv) = and 3(d,r,v) = oldyr)

kv'+mgo(d,r)
foralld,r € U,v>0andall h,k,m,n € IR". Then (U, R, 3, x,0) is an intuitionistic fuzzy metric
space (Park, 2004).

"
' +mg(d,r)

Remark 2.1. Note that the above example holds even with the t-norm o * p = min{o, p} and the
t-conorm 0 p = max{o, p} and hence (R, 3) is an intuitionistic fuzzy metric with respect to any
continuous t-norm and continuous t-conorm. In the above example by takingh=k=m=n=1
we get

%(d,}",V) -

and 3(d,r,v) = -241)

v+50(d r v+g(d,r) "

This intuitionistic fuzzy metric induced by a metric £ is called standard intuitionistic fuzzy
metric (Park, 2004).
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6 UNIQUE SOLUTION OF INTEGRAL EQUATIONS VIA INTUITIONISTIC FUZZY B-METRIC-LIKE SPACES

Definition 2.9. A 6-tuple (U, R,3,*,0,b) is called intuitionistic fuzzy b-metric space if U is an
arbitrary set, * is a continuous t-norm, < is a continuous t-conorm and R, 3 are fuzzy sets on
U? x (0,00) satisfying the following conditions, for all d,n,r € U, b > 1 and v,w > 0;

(IFbM1) R(d, rv)+8(d ry) <1,
(IFbM2) R(d,r,0) =
(IFbM3) R(d, rv)-l@d—r
(
(
(

(IFbM4) R(d,r,v) = R(r,d,v),

(IFbM5) R(d,n,v) +R(n,r,w) < R(d, r.b(v+w)),

(IFbM6) R(d,1,.) : [ o) — [0, 1] is left continuous and lim,_,. R(d,r,v) =1,
(IFbM7) S(d, r,0) =

(IFbM8) 3(d,r,v) =0 d =,

(IFbM9) 3(d,r,v) = 3(r,d,v),

(IFbM10) 3(d,n,v) 03 (n,r,w) > 3(d,r,b(v+w)),
(IFbM11) 3(d,
(Azam & Kanwel, 2022).

r,.) : [0,00) — [0, 1] is right continuous and lim, . 3(d,r,v) =0

Example 2.10. Let (U, ¢,b) be a b-metric space. Let o * p = min{o, p} and o * p = max{o, p}

for all o,p € [0,1]. Define fuzzy sets R and 3 on U? x (0,00) as follows: R(d,r,v) =
v o(d,r)
v+¢(d,r)’ v>0 and S(d,r,v) _ ) vt+o(dr)’ v>0
0, v=0, 1, v=0.

Then (U, R, 3, x,0,b) is intuitionistic fuzzy b-metric space (Azam & Kanwel, 2022).

Definition 2.10. A 5-tuple (U,R,3,%,0) is called intuitionistic fuzzy metric-like space if U is
an arbitrary set,  is a continuous t-norm, ¢ is a continuous t-conorm and R, 3 are fuzzy sets on
02 x (0,0) satisfying the following conditions, for all d,n,r € U and v,w > 0;

(IFML1) R(d, ,v) +S(d rv) <1,

(IFML2) R(d,r,v) >

(IFML3) R(d,r,v) =1 =d=r,

(IFML4) R(d, r,v) = R(r,d,v),

(IFMLS) R(d,n,v) «R(n, r,w) < R(d,r,v+w),
(IFML6) R(d,r,.) : ( o) — (0, 1] is continuous,
(IFML7) 3(d, r,v) <

(IFMLS8) 3(d,r,v) =0=d =,

(IFML9) 8(d,r,v) =3 (r,d,v),

Pesqui. Oper., Rio de Janeiro, Vol. 45, 2025: €295611



NIZAMETTIN UFUK BOSTAN, SUARA ONBASIOGLU ALTUHOVS and BANU PAZAR VAROL 7

(IFML10) 3(d,n,v) o3 (n,r,w) > 3(d,r,v+w),
(IFML11) 3(d,r,.) : (0,00) — [0, 1) is continuous.

(R, 3) are called an intuitionistic fuzzy metric-like on U with x and ¢ (Onbasioglu & Pazar Varol,
2023).

Example 2.11. Let 5 =IR", h € IR" and m > 0. Let o* p = op and 0o p = min{o+ p,1} for
all 0, p € [0,1]. Define fuzzy sets R and S on U? x (0,0) as follows:

R(d,r,v) = and 3(d,r,v) = %

hv+m(max{d r})
foralld,r € U,v > 0. Then (U, R, 3, *,0) is an intuitionistic fuzzy metric-like space (Onbagsioglu

& Pazar Varol, 2023).

Example 2.12. Let 5 = IR". Letox p = op and 0o p = min{o+ p, 1} for all 0, p € [0, 1]. Define
fuzzy sets R and 3 on U? x (0, 00) as follows:

ma)cid.r} .
max{d “max{dr} and S(d r V) T{dr}

e e

R(d,r,v) =

foralld,r € U, v > 0. Then (U, R, 3, %,0) is an intuitionistic fuzzy metric-like space (Onbasioglu
& Pazar Varol, 2023).

3 INTUITIONISTIC FUZZY B-METRIC-LIKE SPACE

We start this section with the definition of intuitionistic fuzzy b-metric-like space and study
its properties to support the structure. We give examples and also define convergence, Cauchy
sequence, completeness in intuitionistic fuzzy b-metric-like space. After that, we prove fixed
point theorems in this new structure.

Definition 3.1. A six tuple (U, R,3,*,0,b) is called intuitionistic fuzzy b-metric-like space
(shortly, IFbBMLYS) if U is an arbitrary set, * is a continuous t-norm, ¢ is a continuous t-conorm
and R, 3 are fuzzy sets on U x (0,00) satisfying the following conditions, for all d,n,r € U,

b>1andv,w > 0;

(IFbML1) R(d,r,v) + (d nv) <1
(IFbML2) R(d, r,v) >
(IFbML3) R(d,r,v) =1=d =,

(d,
(d,
(IFbML4) R(d,r,v) = R(r,d,v),
(d,
d,

(IFbML35) R(d,n,v) * R(n,r,w) < R(d,r,b(v+w)),
(IFbML6) R(d,r,.) : ( ,o0) — (0, 1] is continuous,
(IFbML7) 3(d, r,v) <

(IFbML8) 3(d,r,v) =0=d =,

(IFbML9) 3(d,r,v) = 3(r,d,v),
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(IFbML10) 3(d,n,v) o3 (n,r,w) > 3(d,r,b(v+w)),

(IFbML11) 3(d,r,.) : (0,00) — [0, 1) is continuous.

Then (R, 3) is called an intuitionistic fuzzy b-metric-like on U.

Example 3.1. Let U = [0,). Let ox p = op and 0o p = 0+ p—op for all o, p € [0, 1]. Define
fuzzy sets R and 3 on U? x (0, 00) as follows:

R(d v 3 1 —R(d, r,v) = 4
(d,r,v) = (d+r)2’ (d,r,v) = (d,r,v) = V()2

foralld,r € U, v > 0. Then (U,R,3,*,0,2) is an IFbMLS.

(IFbML1 )-(IFbML4),(IFbML6)-(IFbML9) and (IFbML11) are obvious. Now, we prove (IF-
bML5) and (IFbMLI10). Since (d 4 r)> < 2[(d + n)* + (n +r)?] for all d,n,r € U, we
have

(d+r)? <222 (d+n)* + 2 (n+r)2].

w

(d+r)? (d+n)? + (n+r)?
20+w) = v w
w(d4n)>+v(ntr)?

A

=

(d+r)? <1+ w(d+n)>+v(ntr)?

= 1+ 2(v+w) — vw

vwtw(d+n)>v(ntr)?
vw
vwAw(d+n)2+v(ntr)>+(d+n)? (n+r)?
vw
= yw < 2(v+w)
vww(d+n)24+v(ntr)2+(d+n)2(n+r)2 = 2(v+w)+(d+r)?

2(vtw)+(d+r)?

= 2(v+w)

IN

IN

v . w < 2(v+w)
vH(d+n)?  wH(ntr)2 = 2(v+w)+(d+r)?

= R(d,n,v)*R(n,r,w) <R(d,r,2(v+w))
for all d,n,r € U and v,w > 0. Hence (IFbMLS5) holds.

=

v . w 2(v+w)
We know that @R oy < )1 (@) for all d,n,r € U and v,w > 0.
2(v+w) ) )
=1- 2(vHw)+(d+r)? = 1= v+(0£+n)2 ’ w+(:+r)

= 1= v+(dv+n)2 ’ w+(n+r)2 +I-1+ (dv+n)2 - v+(dv+n)

= (1 - v+(dv+n)2)+ (1 - w+(:+r)2) - [1 -
- (1 ; t+(d+n )+ (1 ok 2+r) ) B [(1 N V*(dv*")z) ’ (1 - W+(}V1V+r)2 )}
= 3(d,n,v)o3(n,r,w) >3(d,r,2(v+w))

for all d,n,r € U and v,w > 0. Hence (IFbML10) holds.

+ w _ w
2 U wt(ntr)2 wh(ntr)?
w

v _ w + v . ]
vi(d+n)?  wt(ntr)? T vi(d+n)?  wt(ntr)?

Remark 3.1. Note that the above example also holds for 0 x p = op and 0o p = min{1,0+ p}.
Example 3.2. Let U = [0,00). Let ox p = op and oo p =0+ p—op for all o,p € |0, 1]. Define
fuzzy sets R and 3 on U? x (0,0) as follows:

3(d,rv)= M foralld,re U,v>0.

R(d,rV) = Smane vHma{dr})

Then (U, R, 3, *,0,2) is an IFbMLS.
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(IFbML1)-(IFbML4),IFbML6)-(IFbML9) and (IFbML11) are obvious. Now, we prove (IF-
bMLS5) and (IFbML10). Since (max{d,r})* < 2[(max{d,n})* + (max{n,r})?] for all d,n,r € U,
we have

(max{d,r})* < 2[*2 (max{d,n})* + = (max{n,r})*.

(ma)c{d,r})2 (max{al,n})2 (max{n,r}
2(v+w) < v + W
w(max{dn})*>+v(max{n,r})?

=

max{d,r})*

- 14+ ( <1+ w(max{d,n})*>+v(max{n,r})*

2(v+w) w

< vww(max{d n})?+v(max{n,r})*

< vw—+w(max{d,n})?+v(max{n,r})?+(max{d,n})?(max{n,r})?*

2(v4w)+(max{d,r})?
2(v+w)

=

W 2(V+W)
. vwHw(max{d,n})2+v(max{n,r})2+(max{d,n})%(max{n,r})2 < 2(v+w)+(max{d,r})?

v . w 2(v+w)
= v+(max{d,n})?  w+(max{n,r})? S 2(v+w)+(max{d,r})?

= R(d,n,v)*R(n,r,w) <R(d,r,2(v+w))
for all d,n,r € U and v,w > 0. Hence (IFbMLJ5) holds.

We know that V+(ma;’{d7n})2 . W+<ma”;{n7r}>2 < 2(V+W)3£¥;Zj{d’r})2 forall d,n,r € © and v,w > 0.
S e A R WHm;;{n B3
= 1= v+(maxv{dn} "Wt max{n a2t -1
Sl pveee 73y s e pweee 7§ A e ety A e e
= S T )
S Utvrw e vy A e ey A e e ey A e e
= El it 1~ e

1- W+(ma‘;c/{n,r})2 )}

(1- m) (
= 3(d,n,v)o3(n,r,w) >3(d,r,2(v+w))

for all d,n,r € U and v,w > 0. Hence (IFbML10) holds.

Remark 3.2. Note that the above example also holds for 0 x p = op and 0o p = min{1,0+ p}.

Proposition 3.1. Let (U, £) be a b-metric-like space with constant b > 1. Let o* p = op and
oop=o0+p—opforallo,p € [0,1]. Define fuzzy sets R and 3 on B2 x (0,0) as follows:

R(d. ) = g S(dorv) = oy

foralld,r € U, v > 0. Then (U, R, 3, *,0,b) is an IFbMLS.

Proof. (IFbML1 )-(IFbML4),(IFbML6)-(IFbML9) and (IFbML11) are obvious. Now, we prove
(IFbML5) and (IFbML10). Since @(d,r) < b[@(d,n) + go(d,r)] for all d,n,r € U, b > 1, we
have

pd.r) < D[ pd,n) + 23 o(n, ).
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1 O UNIQUE SOLUTION OF INTEGRAL EQUATIONS VIA INTUITIONISTIC FUZZY B-METRIC-LIKE SPACES

L gl o pldn)  pin)
wg(d,.n)+vg(n,r)

vw

= 1+ ;{?\Si:‘,)) <1+ wga(d,n)fv,{o(n,r)

b(v+w)+g(d,r)
b(v+w)

= vw+wp(d n)+vp(n r)

yw+wg(d, n)+v({0(n r)+g(d.n)o(n,r)

w

W < b(V+W)
vwHwg(d,n)+v@(nr)+o(dn)@(dr) — bv+w)+o(d,r)

v . w < b(v+w)
v+g@(dn)  wrp(ngr) — b(v+w)+g(d,r)

= R(d,n,v) «R(n,r,w) <R(d,r,b(v+w))
for all d,n,r € U and v,w > 0. Hence (IFbMLS5) holds.

[VANRRVAN

=

=

b(v+w)
We know that vﬂgv(dﬁ) . W+lg(n7r) < o) ) forall d,n,r € G and v,w > 0.

b(v+w)
b(v+w)+g0(d,r) < 1-
= 1-
(

P S
= 1= v+fJ(d n)  wtgp(nr)

Fl-1+4

+

W v v w w
1+50(d n) " wrpnr) vi@(dn) — vi@(dn) wt@nr) — wrp(nr)

1—-

1+50 (d.n) )+ (l w«h{;(n‘r)) - [1 - V+L(0L£d‘n) - w+ﬁv}v(n.,r) + v+(;£a',n) ’ W+5;(n,r)]
= (1 - v+[0(dﬁn ) + (1 w+,(g(n,r)) - [(1 - v+pl(d,n)) ’ (1 - w+{3(n,r) )}
= 3(d,n,v)oS(n,r,w) = 3(d,r,b(v+w))

for all d,n,r € U and v,w > 0. Hence (IFbML10) holds. U

Remark 3.3. Note that the above proposition also holds for o * p = op and 0o p = min{1,0+ p}.

Proposition 3.2. Let (U, &) be a b-metric-like space with constant b > 1. Let o* p = op and
oop=o0-+p—opforallo,p € [0,1]. Define fuzzy sets R and 3 on U2 x (0,0) as follows:

—#dr) —pAdr)
9t(d7rav) :e!TT, S(d,nv) — 1 —e v

foralld,r € U, v > 0 where m € IN. Then (U,R,3,*,0,b) is an IFbMLS.

Proof. (IFbML1 )-(IFbMLA4),(IFbML6)-(IFbML9) and (IFbML11) are obvious. Now, we prove
(IFbML5) and (IFbML10). Since @(d,r) < b[g(d,n) + g(d,r)] for all d,n,r € U, b > 1, we
have

pldr) blp(dn)+pnr)]

(vHw)m = (v+w)m
pd.r) odr) old.n)+p(nr)
= B S BT S )
< ol e
—p(d.r) —o(d,r) —o(d.n) —p(n,r)

= e (b(v+w))m Z e bvtw) > o7 ym e wh

= R(d,n,v) «R(n,r,w) <R(d,r,b(v+w))

for all d,n,r € U and v,w > 0. Hence (IFbMLS5) holds.

—p(d.r) —g(d,n) —gp(nr)
We know that ¢ @0+ > e™vm e~ wm forall d,n,r € U and v,w > 0.
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—pd.r) —o(dn) —o(n,r)
= 1 — e GO+w)™ S 1— (eT e Wt
—pldn)  —p(nr) —p(dn) —(dn) —(n.r) —oAnr)
= 1— (e T e wn ) + 1—1 +e v —e VT Je Wl —e Wl
—p(d.n) —p(n.r) —p(d.n) —pnr) —pdn)  —p(nr)
(l_e VI )+(l_e Wi )_[l_e VT —e W e 7 e wh

—p(d.n) —p(d.n) —pnr)

—pnr)
= (l—e v )+(Q—ew J)—[(1—e 7 )-(1—e v )]
= 3(d,n,v)o3(n,r,w) >3(d,r,b(v+w))
for all d,n,r € U and v,w > 0. Hence (IFbML10) holds. O

Remark 3.4. Note that the above proposition also holds for o x p = op and 0o p = min{1,0+ p}.
Proposition 3.3. Let (U, R, x,b) be a fuzzy b-metric-like space with constant b > 1.
Letoop=1—[(1—0)*(1—p)]forallo,p € [0,1]. Then (U,R,3 =1—R,*,0,b) is an [FbMLS.
Definition 3.2. Let (U, R,3,*,0,b) be an IFbMLS.

(a) A sequence (d;) in U is called convergent to d € U if limj_,o. R(d;,d,v) = R(d,d,v) and
lim; 0 3 (d;,d,v) = 3(d,d,v) for all v > 0.

(b) A sequence (d;) in U is called Cauchy sequence if lim; e R(dire,d;,v) and
lim; o0 S (dite,d;,v) exist and finite for all v > 0, e > 1.

(©) (U,R,3,%,0,b) is called complete if every Cauchy sequence (d;) in U converges to some
d € U such that

lim;_,eo R(d;,d,v) = R(d,d,v) = lim;_se0 R(dite,d;,v) and
lim; e 3(d;,d,v) = 3(d,d,v) = lim;_,eo 3 (djye,d;,v) forall v > 0,e > 1.

Remark 3.5. In an IFbMLS, the limit of a convergent sequence may not be unique. Consider
Example 3.2. and define a sequence (d;) in U by (d;) = 1+ foralli € IN.If d > 2, then

limi*)w m(di,d, V) = limi*)w W = limHm ﬁ = W = g{(d,d, V)
and

. . R 2 . 2 2

lim; e 3(d;,d,v) = llmiﬁw% = limj_se0 Vi7 = % =3(d,d,v)

for all v > 0. Hence, the sequence (d;) convergence to all d € U with d > 2.

Definition 3.3. Let (U, R, 3, *,0,b) be an IFbMLS. A mapping f : U — U is called intuitionistic
fuzzy b-metric-like contraction (shortly IFbML-contraction) if there exists u € (0,1) such that
m—l §,u~[m— 1land 3(F (d),F (r),v) <pu-3(d,r,v) foralld,r € Uandv > 0.
Here p is called the IFbML-contraction constant of /.

Theorem 3.1. Let (U,R,S,*,0,b) be an complete IFBMLS and f : U — U be an IFbML-
contraction with IFbML-contraction constant tt, then f has a unique fixed point ¢ € U and
R(c,c,v) =1,3(c,c,v) =0forallv>0.

Proof. Let (U, R, 3, *,0,b) be a complete IFBMLS. For an arbitrary d € U, let define a sequence
(d))cUObyd,=F(dy),da=F(d1),....di=F (di_y) foralli € IN.If d; = d;_, for some i € IN,
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then d; is a fixed point of f . Now, let assume that d; # d;_; for all i € IN. For v >0 and i € IN,
we get following from Definition 3.3;

1 _ 1 1 _ u
Ty L= sy L S sy~ = sy
Let take R(d;,di11,v) = R;(v) and 1 — pu = k, then we have that

1
To) S w 1()—|-I’<f0rallv>0

N

Continuing in the above inequality, we get

1 i i— i—2 _oou i i—2 _oou i
5o S gopy TR KR Tk k= gl (T T e Dk = gl

then, we obtain
1

s 1M
Now, fore > 1 and i € IN, we get
R(dite,di,v) R(di,dit1, 55) * R(div1,dive, 35)
R(di,dit1, 55) * R(dis1,div2, 3357 ) * R(dig2, disve, 3257)
R(di,div1, 35) * R(dit1,diva, 25) % % R(dive—2, diee—15 50 151)
R(dite-1,dite 3e=peT)
Ri(35) * Riv1 (5352) * - * Rive2 (5ot ) * Rire—1 (5e5e7)

By using (1) in the above inequality, we obtain

<R;(v) forall v>0,i€IN. (D

* IV IV IV

1 1 1
%(dH—e»th) > 7 -k S| — kLK e T -
‘KuiV%}liHl ERP- — 11—t EK:"‘7‘,_5_1_#1%9—1
0(25) 0(52,7) 0e=Tpe=T)
1 1
> i * o ok e I
Ry (5) Ro(2,2) Ro(GeTpe—1)

Here, i € (0,1), using the properties of continuous t-norm we have from the above expression
that im;_ye R(dite,d;,v) =1 forallv >0, e > 1.

For any i € IN and v > 0, similarly, from Definition 3.3. we obtain that,

S(F(d),F (diy1),v) < uS(di,dit1,v). Then, S(dit1,div2,v) = S(F (di),F (dit1),v) <
”S(divdﬂrhv)'

Setting, 3(di11,dit2,v) = 3i(v) and 1 — pt = k, it follows from the above inequality that
Si(\/) < ,USifl (V) = (1 —k)Sl;] (V) =3 (V) — kS (V)

From the above inequality we have

Si(\/) S Si,l(v)—kSl;l(v)
< (1=K)3ia(v) = (1 =kkSi2(v).
< (1-k2Siss(v) = (1-K)%Si=3(v).
< (1=k)'So(v) = (1=k) kS0 (v)).
(1=k)"[So(v) — kS0 (v)].
w1 So(v) —kSo(v)].
Then we get 3;(v) < u'~![3o(v) —kSo(v)] forall v>0,i € IN. 2)
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Now, fore > 1 and i € IN, we get
S(diye,di,v) S(disdit1, 55) S (dis1,dive, 55)
S(diydiv1:35) ©S(dit1,div2, 5757) S (div2, dites 5757)-
S(disdiv1, 55) 03 (dis1,dir25257) © - 0 Sdie—2, dive—1, 5151 ) © Sdite—1, dites 5=T5e= )-

[AANIA

Using (2) in the above inequality, we have

S(dige.div) < Sf_l(Tvly)Qs (322) 0+ 0Sive-3(zmrpemr) 0 Sive-2(z=remr)
K2 [B0(35) ~kSo(z5)] o 1! Bol ) —KSol )] o
'U,1+674[S()(2e,1$) kso(ze 1pe— 1)}<>:ul+e 3[80(2e Tpe— 1) kSO(Z“ Tpe— 1)]

Here, p € (0,1), using the properties of continuous t-conorm we obtain from the above

o A

expression that lim; e 3(dite,d;,v) =0 forallv >0, e > 1.

Therefore, since lim;_yeo R(djte,d;,v) = 1 and lim;_,ee 3 (djte,d;,v) =0 forall v > 0, e > 1, (d;)
is Cauchy sequence in (U,R,3,*,0,b).

Since (U, R, S, *,0,b) is a complete IFbMLS, there exists ¢ € U such that

lim R(d;,c,v) = 11m93( ite,di,v) = R(c,c,v) = 1. 3)
1—o0
and
lim 3 (d;, c,v) = th( dite,d;,v) =S3(c,c,v) =0 forall v>0,e>1. 4)

1—yoo

Now, we prove that ¢ is a fixed point for f . For this, we obtain from Definition 3.3. that

1 _ M
sx(r(d,-)f(c) <y (d - U=

<R(F (di), F (¢),v) and S(F (d;), F (¢),v) < uS(d;,c,v).

%(d c,v) +l K
Using the above inequalities, we obtain

%(C,F(C),V) Z ER(c7di+17ﬁ>*9(<di+17F(c>7ﬁ
= R(c,div1, 35) * R(F (di), F (c), 55)

%(C di+1 L)*%
’ ’ 2b W—H u

Y

and

SCYRORY

IA

S(e,dit1, 25) 03 (dit1,F (), 55)
S (e divns 25) 0 S(F (i), F(0), 35)

< S(edit, Zb)O[,LS(d,,C, 2;,)
Taking limit as i — o and using (3)-(4) in the above inequalities we get R(c,F (¢),v) =1
and 3(c,F (c),v) =0, that is fF (c) = c. Hence, c is a fixed point of f and R(c,c,v) =1 and
S(c,c,v) =0forallv > 0.
We investigate the uniqueness of the fixed point ¢ of F . Let z be another fixed point of F such

that R(c,z,v) < 1 and 3(c,z,v) > 0 for some v > 0, it follows that from the Definition 3.3.

1 _ 1
sz~ = srorey — LS Alsemy — U < s

S(c,z,v) =S3(F (¢),F (2),v) < u3(c,z,v) < 3(c,z,v), a contradiction.

— 1 and
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14 UNIQUE SOLUTION OF INTEGRAL EQUATIONS VIA INTUITIONISTIC FUZZY B-METRIC-LIKE SPACES

Hence, we must have R(c,z,v) =1 and S(c,z,v) = 0 for all v > 0 and therefore ¢ = z. O

Example 3.3. Let U = [0,2]. Let 0% p = op and o ¢ p = max{o, p} for all o, p € [0,1]. Define
fuzzy sets R and 3 on U? x (0,0) as follows:

7(111ax{d.r})2 7(max{d7r})2

R(d,r,v)=e v ,3d,rv)=1—e" v foralld,r€ G,v > 0.
Then (U, R,3,*,0,b) is an complete IFbMLS. Define f : U — U as follows:

0, d=1,
Fd)={4, delo,1),
4, de(1,2]

Then, we have nine cases:

Case 1: If d =r=1, then F (d) = F (r) =0.

Case2:Ifd =1andr€[0,1),then fF (d) =0, F (r) = 5.
Case 3:Ifd=1and r € (1,2],then f (d) =0, f (r) = 7.
Case4:1fd €[0,1) and r € (1,2], then F (d) =%, F (r) =%
Case 5:Ifd €[0,1) and r € [0,1), then / (d) =%, [ (r) =%
Case 6:1fd € [0,1) and r =1, then F (d) = 4, F (r) =0.
Case 7:1fd € (1,2] and r =1, then F (d) = 4, F (r) =0.
Case 8: If d € (

1,2)and r € (1,2], then F (d) = 4, F (r) =
Case 9:If d € (1,2] and r € [0, 1), then F (d) = 4, F (r)
All the above cases hold the IFbML-contraction:
@ <Ml

and

S(F(d), £ (r),v) < u-S(d.rv)

with the IFbML-contraction constant {1 € [%, 1). Hence F is an IFbML-contraction with p €
[%, 1). All the conditions of Theorem 3.1. are satisfied. Also, 0 is the unique fixed point of / and
%R(0,0,v) =1,3(0,0,v) =0 forallv > 0.

Theorem 3.2. Let (U,R,S,*,0,b) be a complete IFbMLS such that lim,_,. R(d,r,v) = 1 and
lim, 0. 3(d,r,v) =0foralld,r € 5,v>0and / : U — U be an mapping satisfying the condition:

R(F(d),F (r),av) > R(d,r,v) and S(F(d),F (r),av) < 3(d,r,v) for all d,r € U v > 0 where
o € (0,1). Then F has a unique fixed point ¢ € U and R(c,c,v) =1, 3(c,c,v) =0 forall v > 0.

Proof. Let (U,R,3,*,0,b) be a complete [FbMLS. For an arbitrary dy € U, define a sequence
(d;))inUbyd; =F (dy),dr = Fz(do) =F(d1),, di = Fi(do) = F (d;—) for all i € IN.
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If d; = d;_ for some i € IN, then d; is a fixed point of /. We suppose that d; # d;_; forall i € IN.
For v > 0 and i € IN we have from conditions in the hypothesis that

R(di,di1,v) = R(F (di-1),F (di),v) > R(d;-1,d;, 5 ) and

S(di,dir1,v) =3 (F (di=1), F (di),v) <3(di-1,d;, a) foralli € IN and v > 0.

Let R(d;,di1,v) = Ri(v) and S(d;,di+1,v) = 3:(v)) and apply the above expression repeatedly,
then we deduce that

Ri(v) = R(di,di+1,v) = R(F (di1), F (di),v) > R(di-1,di, q) = R(F (di-2),F (di-1),5) =
9{(dl'fZadl 1 2) >g{(d07dla at)

So
Ri(v) > Ro( ;) ®)
and similarly
3()<50(a)forallt€IN and v > 0. (6)

Ifi € IN and e > 1, then we get

R(dive,disv) > R(diydit1, 35) * R(dit1,dite, 55)
> R(di,dis1, 55) * R(div1,diva; 7257) * R(div2,dive, 3757)
> R(di,dit1, 5) * R(dis1,dis2, 5357) * o % R(dite—2,dive—1, 5=15e=1)
* R(dive—1,dives 5etpe1)
— Ri(2)+ Rt (5) + o R 2 (5tr) * Rt (5or)-
and
S(dire,di,v) < S(disdiy1,55)0S(div1,dite, 55)
< S(di,dit1, 25) ©3(div1,div2, 5357) ©S(dig2, dite, 3357
< S(didit1, 25) 03 (dig1,dis2, 577) 0 0 S(dige—2,dite—1, 3e=T5eT)
o B(dite-1,dites 5=tpet)

Si(ﬁ)osiﬂ(zzbz)o 08 ite Z(W)OSHHI(W)-
By using (5)-(6) in the above inequalities, we get

R(dire,di,v) = Ro(5p57) * Ro(gzppmr) * - * Ro(e=rpergre=r) and

S(dite,di,v) < So(5557) ©S0(szgmt) @0 S0 (G gmeT)-

Since 0 < a < 1, limy,e R(d,r,v) = 1 and lim,3(d,r,v) = 0 for all d,r € U and by the
properties of continuous t-norm and t-conorm we obtain from the above expression that

Moo R(diye,di,v) > 1515 ...x1 =1 and lim;_ye0 3 (djye,diy,v) <0000...00=0 forall v >
0,e>1.

From that, we have lim; o R(djte,d;,v) = 1 and lim;_ye0 S (djte,d;,v) = 0.

Hence, (d;) is a Cauchy sequence in (U, R,3,x,0,b). Since, (U,R,3,x,0,b) is complete
IFbMLS, there exists ¢ € O such that

im R(d;, c,v) = im R(diye,di,v) = R(c,c,v) =1 @)
1—o0 [—o0
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lim 3 (d;, ¢,v) = limi0e3 (dite, di,v) = S(c,c,v) =0 forall v>0,e>1. (8)

1—yo0

Now, we derive that ¢ € U is a fixed point of f . To demonstrate this we continue like below for
all i € IN and v > 0, we obtain from the hypothesis that

ER(CyF(C)yv) > %(c’d"‘*'l’ﬁ)*m(di+17F(C)7ﬁ)

= R(e,dit1, 55) * R(F (di), F (c), 55)
R(c,div1,95) *R(di, ¢, 5p5)

Y

and

S(c, F (c),v)

IN

S(c,div1,55) 03 (dit1,F (¢), 35)
S(e,div1,5)03(F (di), F (), 55)
< S(e,dis1,95)03(dic, 5pg).
Taking limit as i — e and using (7)-(8) in the above inequalities, we get R(c, F (¢),v) = 1 and
S(c, F (c),v) =0. Hence, c is a fixed point of F and R(c,c¢,v) =1 and 3(c,c,v) =0, for all v > 0.

To show the uniqueness of fixed point, let z be another fixed point of /. Using the conditions of
the hypothesis, we get

ER(C7Z5V) :EK(F(C)HE(Z)’V) 2 9((0,275),
S(C,Z,V) :S(F(C>7F(Z)7V) SS(QZ’é)'
That is R(c,z,v) > R(c,z, 5) and 3(c,z,v) < 3(c,z, 5 ), forall v > 0.

Since the above inequality holds for all v > 0, we get R(c,z,v) > R(c,z, ;) and 3(c,z,v) <
S(c,z,57), forall i € IN.

Now, let us take limit as i — o and use lim, . R(d,r,v) = 1, limy_,. 3(d,r,v) =0foralld,r € U
and v > 0, we obtain R(c,z,v) =1, 3(c,z,v) = 0 and so ¢ = z. Hence, the fixed point is unique.
O

4 AN APPLICATION TO INTEGRAL EQUATION
In this part, we examine the existence of solution for integral equations.

Consider the following integral equation:

o(t)= /OHS(I,Z,G(Z))dZ )

where H >0 and 6 : [0,H] x [0,H] X IR — IR.

Let .4 = C[0,H] be the set of all continuous real valued functions defined on [0,H]. Let o p =
op and 0o p =0+ p—op for all o,p € [0,1]. Define fuzzy sets R and 3 on A2 x (0,) as
follows:

—(lo)[+]z())?
ER(G(Z‘),T(I),V) = mMaX;c(0,H) € v

~(lo(@)|+zn)?
S(o(t),7(t),v) =1 — MaXcjo,H) € v

Pesqui. Oper., Rio de Janeiro, Vol. 45, 2025: €295611



NIZAMETTIN UFUK BOSTAN, SUARA ONBASIOGLU ALTUHOVS and BANU PAZAR VAROL 17

forall 6,7 € A =C[0,H], v> 0. Clearly (4, R,3,%,0,b) is a complete [FbMLS.

Let ®o(t) = f(f{ 6(t,z,0(z))dz for all 6 € .4 and r € [0,H]. Observe that the existence of a
solution of (9) is equivalent to the existence of a fixed point of ®.

Theorem 4.1. Assume that the following conditions hold.

(1) 6 : [0,H] x [0,H] x IR — IR is continuous

(2) There is a continuous function k : [0,H] x [0,H] — IR™ for all ¢,z € [0, H] such that
18(1,2,6/(2))| +18(1,2.7(2))| < &} k(t,2) (|0 (1) | +|7(r)]) where @ € (0, 1)

(3) limy 0o R(0 (1), 7(t),v) = 1 and sup,¢(g ) J K (r,2)dz < 1

lim, . 3(0 (2), 7(t),v) = 0 and inf,c(o 4] Ja Kk (t,2)dz > 0

Then the integral equation (9) has a unique solution.

Proof. For all 7 € [0,H], we have

— (Do (r)]+|@T(r)])? —(JH 8(1.2,0()dal+ JE 8(1.2.0(2))dzl)?
e oy = e oV
—(g1 132,02 ldz+ [ 16(1,2,7(2)) dz)?
e av
—(E18(1.2.0(2)|+18(1,2,7(2)) dz)?
o

v

Y

e

1
—(J§ a2 x(t.2) (o (1) +]7(1)))dz)?
e oy

1 1
—(F a2 x(t.2)((|o ()| +]2(1))?) 2 d2)?

= e av
—a(|o(0)|+7(0))> (JET x(r.2)d2)?

= e ov
—a(o(O)]+ 7)) (supye o g ST K(1.2)d2)?

Z e ov
_ +e( 2

> e (o@LH=(0))

Then, for all ¢ € [0, H], we have

— ([P0 ()| +|(n)])? ~(lo)|+]z())?
max,efo,n) € av >e v

It follows that

—(|@o (1) +@z(1))? —(lo®)+z())?
max;co p) € av 2 MaX;e[o,H) € v .
Thus we have
R(Po(t),Pr(t),av) > R(o(1),7(t),v).
We know that for all 7 € [0,H],

—(|®o ()| +|P(n)])? —(lo(@)|+[(n)?
, >e v .

v

Hence we have for all 7 € [0, H],

— (@ ()| +@r(1)])? —(lo()|+z(0))?
v v .

1—e <l-—e
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It follows that,

— (o ()| +|P(r)))? ~(lo@|+]z())?
I —max,cpo e ov < l—max,cpope v .

Thus we have 3(Po(z),P1(t), av) <3(o(t),z(t),v).

Also, observe that all conditions of Theorem 3.2. are satisfied. Therefore, the operator ® has a
unique fixed point. This means that the integral equation (9) has a unique solution. O

5 CONCLUSION

In this manuscript, we introduced the concept of intuitionistic fuzzy b-metric-like space and
established some properties. Also, we gave several fixed point results which is an important issue
in applications. This study is the extended form of fuzzy b-metric-like spaces (Javed et al., 2021).
The obtained results support the approaches in the literature. As is well-known, in recent years,
the study of fixed point theory has been extensively researched due to its fundamental role in
various fields of mathematics, science, and engineering. By proving fixed point theorems based
on new contractive mappings in intuitionistic fuzzy b-metric-like space, researchers can give new
applications of these theorems such as navigation and equilibrium Point in control systems.
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