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1. Introduction

Diverse investigations in science and engineering described by nonlinear functional equations can
be worked-out by reformulating them to their corresponding fixed point problems. Indeed, an operator
equation ;7 = 0 can be framed as a fixed point (fp) problem ¢; = j, where ¢ is a self-mapping with
an appropriate domain. The fp theorem (thrm), regularly named as the Banach fp thrm (see [10]),
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appeared in explicit form in Banach thesis in 1922, where it was used to establish the existence of a
solution for an integral equation. Since then, because of its simplicity and usefulness, it has gained
a number of generalizations and modifications by many authors. For some familiar articles in this
context, we refer [14, 39] In particular, the idea of family of contraction mappings was initiated by
Ciric [14]. Following [14], the study of existence of common fp of infinite family of self-mappings has
been examined by several investigators. Not long ago, Allahyari et al. [2] defined some new conditions
of contractions for infinite family of self-mappings and established a handful of results on the existence
and uniqueness of common fp in the bodywork of complete metric(cms) space, thereby, generalizing
the results in [14] and some references therein.

As a natural generalization of the notion of crisp sets, fuzzy set (fs) was introduced originally by
Zadeh [47]. Since then, to use this concept, many authors have progressively extended the theory and
its applications to other branches of sciences, social sciences and engineering. Heilpern [17] used the
idea of fuzzy set to launch a class of fuzzy set-valued maps (fsm) and proved a fp thrm for fuzzy
contraction mappings which is a fuzzy analogue of the fp thrm of Nadler [36]. Subsequently, several
authors have studied the existence of fp of fsm (see, e.g. [5, 6,30-35]).

The concept of intuitionistic fuzzy set (IFS) was inaugurated by Atanassov [4] as a further
generalization of fs theory. IFS provides a useful mathematical framework to manage inaccuracy and
hesitancy due to inadequate information. As a result, it has gained more robust applications in various
areas such as medical diagnosis, image processing, drug selection, decision making problems and so
on. Meanwhile, researches on IFS has been growing at a rapid rate and different results have been
presented in various domains. Not long ago, Azam et al. [5] introduced a new technique for analysing
fp results via intuitionistic fsm on a cms. Thereafter, Azam and Tabassum [6] provided some
conditions for existence of common coincidence points for three intuitionistic fsm and applied their
thrm to investigate existence criteria for solutions of a system of integral equations. Recently,
Tabassum et al. [46] established some common fp thrm for a pair of intuitionistic fsm in the setting of
(7, N, a)-cut set of IFS.

Nowadays, stability results for fp problems have become more useful in many branches of applied
sciences. Historically, stability theory of functional equations was initiated in 1940 by Ulam [44].
Along with other unsolved mathematical problems, most confusing question posed by Ulam was on
stability of group homomorphism. The first affirmative response to this question was provided by
Hyers [20], who solved the problem for additive mappings in Banach spaces. Shortly, this type of
problem propounded by Ulam was named Ulam-Hyers stability. Later on, Rassias [40] established a
notable generalization of the Ulam-Hyers stability of mappings. Thereafter, more than a handful of
mathematicians embraced these types of results to carry on their research in various arms of
mathematical analysis. For some work on this matter, the interested reader may consult the
monograph [23].

Following the above trends, first in this paper, common intuitionistic fuzzy fp thrm for sequence of
intuitionistic fsm in the setting of complete b-metric(cbms) spaces are established. Nontrivial examples
are constructed to verify the hypotheses of our main results. As far as we know, most available Ulam-
Hyers type stability results deal with crisp mappings. With this information, we introduce the idea of
stability and well-posedness of functional inclusions involving intuitionistic fsm. It is a known fact
that solutions of a functional inclusion is a subset of an appropriate space. Thus, intuitionistic fuzzy fp
problem for which the right-hand-side is an (a, 8)-level set of an intuitionistic fsm is also considered
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in this note. From application perspective, sufficient criteria for existence of solutions to an int-incl are
examined to point out an additional usability of our obtained results. The ideas established herein are
inspired by [2,14,17,21,44] and generalize, unify as well as complement the results obtained therein.

2. Preliminaries

As a generalization of ms, Czerwik [15] introduced the notion of a bms as follows:

Definition 2.1. [15] Let A be a nonempty set (n-set) and n > 1 be a constant. Suppose that the
mapping o : A X A — R, satisfies the following conditions for all ;, ¢,z € A:

(i) o(j,¢) = 0 if and only if j = ¢;
(i) o(y, 0) = o(¢, ) 3
(iii) o(y,0) < nlo(s,2) + o(z, O)].

Then, the triple (A, o, n7) is called a bms.

Example 2.2. [18] Let N7(A) = {7 € R(A) : ||Jlls» < o0}(0 < p < 1) be N? space defined on the unit
disk A, where X(A) is the set of all holomorphic functions on A and

1

1 d »

lI/llx» = sup (z—f |J(V€L9)|pd9) :
0<r<1 \ 470 J_x

Define o : N7(A) X NP(A) — R, by

1
1 (" »
o(y, ) = sup (ﬂ f IJ(re‘G)—f(re“’)l”de) ,

O<r<1

for all 7, £ € NP(A). Then (NP(A), 0,n) is a bms with the parameter n = 27!
Definition 2.3. [12] Let (A, 0,77) be a bms. A sequence {,},cv is said to be:

(i) Convergent(cgent) if and only if there exists j € A such that o(j,, 7)) — 0 as n — oo, and we
write this as lim,,_,., 0(J,, J) = 0.
(i) Cauchy(Cchy) if and only if o(j,, j,,) — 0 as n,m — oo.
(i11) Complete if every Cchy sequence in A is cgent.

Denoted by K'(A), the class of nonempty compact subsets of A. Let (A, p,77) be a bms. For V, A €
K(A), the function N : K(A) X K(A) — R,, defined by

max {supjEV 0(J, A),sup ¢, 0(J, V)} , if it exists
00, otherwise

N(V,A) = {

is called the generalized Hausdorff-Pompeiu bm on %K(A) induced by the bm o, where
0(), V) = infeey 0(), 0).

Definition 2.4. Let A be a n-set. Then an IFS ¥ in A is a set of ordered triples given by
Y= pe(D,ve() 1 ] € A}
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where uy : A — [0, 1] and vy : A — [0, 1] define the degrees of membership and non-membership,
respectively of jin A and satisfy 0 < uy + vy < 1, for each j € A. Moreover, the degree of non-

determinacy (or hesitancy) of j € A is defined as

he()) =1 = pe()) = ve()).
In particular, if Ay(j) = O for all j € A, then an IFS reduces to an ordinary fs.
We denote the collection of all intuitionistic fs in A by (IFS)™.
Definition 2.5. [4]LetL = {(a,8): a+B <1, (a,B) € (0,1] X [0, 1)} and ¥ is an intuitionistic fs in
A. Then the (a, §)-level set of W is defined as

[Pl =17 € A pp()) 2 aand vy(y) < B}

Definition 2.6. [43] Let A be an-set. A mapping F = {ur, ve) : A — (IFS)" is called an intuitionistic
fsm. A point u € A is called an intuitionistic fuzzy fp of F if there exist (@, 8) € (0, 1] X [0, 1) such that
ue [FM]((,”B).

Definition 2.7. [6] An IFS ¥ in a ms A is said to be an approximate quantity if and only if [¥], ) is
compact and convex in ¥ for each (a, ) € (0, 1] x [0, 1) with

sup uy(y) = 1 and inf v(y) = 0.
jGA ]EA

We denote the collection of all approximate quantities in A by W(A).

Remark 1. Any crisp set M can be represented as an intuitionistic fs by its intuitionistic characteristic
function M = (F,, T)) defined as:

1, ifjeM 0, ifjeM
FM<J>:{ / ‘iMo):{ /

0, ifj¢ M, 1, ifj¢ M.

Consistent with Azam and Tabassum [6], for each (a, 8) € (0, 1]1X[0, 1) such that [V ].p), [¥2]ep) €
K(A) and p(¥1, ¥;), 0(c0, ) : K(A) X K(A) — R, we define the following distance functions:

p(a,,B)(q"l, ¥y =0 ([\Pl](a,ﬁ)» [\PZ](a,ﬂ)) .

p(¥1,¥2) = sup pep(¥i, o).
(@,8)

D p(¥1,¥2) = H[Yilap), [P2lep)-

O(co,00) (1, ¥2) = sup D, 5 (‘F1, ¥2).
(a,p)

From [17], we note that p(, s is nondecreasing for each (a,f) € (0, 1] x [0, 1).
Samet et al. [42] introduced the idea of #-admissible mappings in the following manner.

Definition 2.8. [42] Let Abean-set, G: A — Aand6: A X A — R, be mappings. Then G is said
to be #-admissible if for all j, £ € A,

6(y,¢) > 1 implies (G, Gy) > 1.
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Definition 2.9. Let A be a n-set and {G,},>; be a family of single-valued mappings on A. A point
u € A is called a fp of this family if G,(«) = u for each n € N.

The following well-known result for a family of generalized contractions was established by Ciric
[14].

Theorem 2.10. Let (A, 0) be a cms and {G}ica be a family single-valued mappings on A. If there exists
jeAandn € (0,1) such that for all j,{ € A,

1
Q(Gi-x’ ij) < nmax {Q(]9 5)79(.}9 Gix)’ Q(€> G[y)7 5 [Q(]’ Gjy) + Q(€7 Gl])]} 5

then G; have a unique common fp in A for eachi € A.

For some recent extensions of Thrm 2.10, see [1,2,21,27] and references therein.

3. Main results

Definition 3.1. Let A be an arbitrary n-set and F,, = {uf,,ve,) : A — (IFS)*(n € N) be a sequence
of intuitionistic fsm. Then {F,},>; is said to be (a, 8)-admissible, if there exist (a,8) € (0, 1] x [0, 1)
and a function p : A X A — R, such that for each j € A and ¢ € [F, ] With p(j,€) > 1, we have
p(€,z) > 1 forall z € [F ;1 ]ap).

Theorem 3.2. Let (A,0,n) be a cbms, F, : A — (IFS)® be a sequence of intuitionistic fsm and
0<kij(@,jeN)withki. #1forallieN. Assume:

(i) limsup,_, k;; <1, for each j € N;
(i) Tp2y Q, < 00, where Q, = [0, e,
(iii) there exist (a,B) € (0,1] X [0, 1) and a function p : A X A — R, such that for each j € A,

[F1Jlp) is a nonempty compact subset of A, and

ki j

p(J, ON ([Fif](a,ﬁ)7 [ij](a,ﬁ)) < 7 [Q(J, [F Y]p) + oL, [Fix](a,ﬁ))] (3.1)

forall j,£ € A, i,je Nwith j# {andi # j;
(iv) there exists jo € A, J1 € [F1jolp With jo # j1 and p(jo, j1) = 1;
(v) {Fu}uz1 is (@, B)-admissible;

(vi) for each sequence {J,},>1 in A with p(J,, jor1) = 1 and j, — u, we have p(j,,u) > 1, for all
n €N,

(vii) there exists n > 1 such that the series Y, | Q1" is cgent.
Then there exists u € A such that u € (), [Fnut]op).
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Proof. From Conditions (iv) and (3.1), we have
Q(Jl, [F2]1](a,ﬁ)) SP(JO’ J1)N([F1J0](a,ﬁ), [F2]1](a,ﬁ))

o
<=210(Jo. (Fas1lap) + 01, [FIJO](Q”B))]

=— »Q(]O’ [FZJI]((y,ﬁ))] (3.2)

>77(Q(Jo, J1) + o, [F2]1](a,,8)))]
:kl,Z(Q(]O’ Ji) + o1, [F2]1](a,,8)))-

(3.2) yields

o1, [F211lep) <

G2 (3.3)
1 _kl,ZQ Jos> J1)- .

Since [F2/1]wp € K(A), there exists j, € [F2)1]@p such that from (3.3), o(j1, j2) < lf'k’fzg(]o,]l).

Using (a, 8)-admissibility of {F,},»;, we can find (a,8) € (0,1] x [0, 1) satisfying p(J; ) > 1.
Analogously, we have

ko,

3
002, [F32)ep) < o(J1, J2)-
’ (3.4)
<t hlmjn
T l—kpa 1=kt
And by hypotheses, there exists j3 € [F3/2](p such that o(J2, j3) < llfzk‘; 1flléT29( Jo» J1)- Recursively, we
see {]n}nzl such that Jn+l € [Fn+1]n](a,,6’), with p(]n’ ]n+1) > 17 and ’ ,
OUns Jn+1) < €u0(Jo, 1), n € N. (3.5)

From (3.5), using triangular inequality in (A, o, ), for all p > 1 , we obtain

Q(,]n+p’ ]n) < U(Q(,]}’H-p’ ,]n+l) + Q(]n+l’ ]n))
n+p-1

1
Un_l Z le(]la .]l+l)

I=n

IA

1 n+p-1 (36)
! Z anlQ(]OaJI)
I=n

1 (o8]
SWAZQ@mm)
I=n

Letting n — oo in (3.6) and applying Condition (vii), we find that lim,,_,c 0(Js+p, Jo) = 0. This shows
that {J,},>1 is a Cchy sequence in A. The completeness of A implies that there exists u € A such that
Jn — u as n — oco. By Condition (iv), p(j,,u) > 1, for all n € N. Now, we shall show that u is a
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common intuitionistic fuzzy fp of F,. Assume contrary; that is, u ¢ [F,u]s for some n € N so that
o(u, [Fyul@p) > 0. Let p > 0 be arbitrary. Then,

Q(I/t, [Fpu](a/,ﬁ)) S’?(Q(ua ]n) + Q(]na [Fpu](a,ﬁ)))
SUQ(M, ]n) + np(.]n—l ’ M)N([Fn]n—l](a,,@), [Fpu](a,ﬁ))

Ky,
577@(14, Jn) + 77( np)[Q(Jn—l’ [Fpu](oz,,B)) + Q(l/l, [Fn-xn—l](a,ﬁ))] (37)

SUQ(M, ,]n) + kn,p[Q(]n—l’ [Fpu](a,ﬁ)) + Q(ua .]n)]-

From (3.7), we have

Q(Lt, [Fpu](a,ﬁ)) <

(lim sup k,, ,)o(u, [F pu](rx,ﬂ))]

n—aoo

<o(u, [F pulip)s
a contradiction. Consequently, u € (", [Fnulp)- m]

Following Heilpern [17], we apply Thrm 3.2 to deduce the next result in association with
O(wo.c0)-etric for intuitionistic fs. It is pertinent to note that the study of fp of intuitionistic fsm in
connection Wwith O «)-metric is very significant in computing Hausdorff dimensions. These
dimensions help us to comprehend the notions of £*-space which is of great importance in higher
energy physics (see, e.g. [16]). Note that 0(« «) 1 @ metric on A (induced by the Hausdorff metric N)
and the completeness of (A, 0,7n) implies the completeness of the corresponding bms (A, N, ) and
(K(A), O(co,00)» 7). Furthermore,

(A, 0.m) = (K(A), R, m) = (K(A), 0(co.00- 1D

are isometric embeddings by means of j — {j}(non-fs) and M — y, respectively, where y,, is the
characteristic function of the crisp set M. For similar observations, see [7].

Theorem 3.3. Let (A,0,1) be a cbms and F, : A — W(A) be a sequence of intuitionistic fsm.
Assume that conditions (i), (ii), (iv), (v), (vi) and (vii) of Thrm 3.2 hold. If Condition (iii) of the thrm is
replaced with:

ki i
PO 0o F)FAO) < <2 [PUFHO) + pEFi))]
forall j,£ € Awith j # € and i # j. Then there exists u € A such that {u} C F;(u) for each i € N.

Proof. Let j € A and (a, ) = (1,0), then by hypotheses, [F, 1,0 1S @ nonempty compact subset of A
for each n € N. Now, forall j,¢ € A,

(7, O)Dq o)(Fi()), F ()

(1, ONF 11,0y [F i€ (1.0))

p(,0) sup NUFiJlwp) [Fitlap)
(a,8)€(0,1]x[0,1)

P 0000 (Fi( 1), F (D).

IA
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Since [F, 11,0y € [FuJlp € K(A) for each (a,B) € (0,1]x[0,1) and n € N, therefore, o(J, [F1 ]l p) <
0(J, [Fnjl.0) for each (a,p) € (0, 1] x [0, 1); this implies that p(,F,()) < o(J, [Fn7l1.0)- Hence, for
all €€ Aandi,jeN,

ki)
p(1, ONUFijla0), [Fi€lao) < 7] [Q(J’ [Fiylao) + o, [Fi]](l,O))]-

Consequently, Thrm 3.2 can be applied to find u € A such that u € (.2, [F;ul.0)- O

Theorem 3.4. Let (A,0,n) be a cbms, F, : A — (IFS)® be a sequence of intuitionistic fsm and
0<kij@,jeN)withkj. #1forallieN. Assume:

(i) limsup,_, k;; <1, for each j € N;
(ii) Ty Qu < 00, where Q, = [T\ 12
(iii) there exist (a,B) € (0,1] x [0, 1) and a function p : A X A — R, such that for each j € A,

[F1Jlp) is a nonempty compact subset of A, and

ki
p(J, ON ([Fi]](a,ﬁ)a [ij](a,ﬁ)) S# max{o(J, £),0(J, [Fijlwp)

oL, [F iC)p), 001, [F iyl p)s 0, [Fijliap)}

forall j,€ € A\, i,je Nwith j+ €andi + j;
(iv) there exists jo € A, J1 € [Fijolp With jo # 1 and p(jo, 1) = 1;
(v) {Fn}nzl is (a/,,B)-admissible;
(v i) for each sequence {},},>1 in A with p(j,, jor1) = 1 and j, — u, we have p(j,,u) > 1, for all
neN.
(vii) there exists n > 1 such that the series Y, | Q1" is cgent.

(3.8)

Then there exists u € A such that u € (2 [F,ut]op).

Proof. Using condition (iv) and (3.8), we have
071, [F271lep) <p(o, JONUF 1 J0l@p)> [F2 1 ]@p)
S% max{o(Jo, 1), 0(Jo, [F1J0]p)s
o1, [Fa11lep), 000s [F211)@p)s 015 [F1j0) )}

k
S% max{o(jo, 1), 0(J1, [F271]p)s (0, [F271]a )}

ki 3.9
ST’ max{o(jo, J1), 0(J1, [F2J1](.p))s

n©e(jo, 1) + 01, [F2jil@p)}

k
S%[U(Q(}o, J) + o0 Falep))]
=ki2[0(j0, J1) + 015 [Faj1)ep)]-

From (3.9), we have
ki

oy, [Fasilep) < 0(Jo, J1)- (3.10)

l—kl’z
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Since [F2)1]p € K(A), there exists j, € [F2)1]@p) such that (3.10) gives o(j1, j2) < llflljzg(]o, J1). By

(@, B)-admissibility of {F,},=1, we can find (e, ) € (0,1] x [0, 1) such that p(j;, ) > 1. On similar
steps, we have

k2,3
1- kz,g
k2,3 k1,2
1 —kys 1 —kyp

0(J2, [F32)p) o(J1, J2)

0(Jo, J1)-

Following the proof of Thrm 3.2, we generate a Cchy sequence {J,},>1 with p(J,, Jo+1) = 1 such that
Jn — uasn — oo, for some u € A. By Condition (vi), p(j,,u) > 1 n € N. Now, we show that
u is a common intuitionistic fuzzy fp of F,, n € N. Assume otherwise that u ¢ [F,u]qp so that
o(u, [Fru]@wp) > 0. Let p > 0 be arbitrary. Then, consider

Q(”a [Fpu](a,ﬂ)) SU(Q(M, .]n) + Q(.]na [Fpu]((l,ﬂ)))
577@(”, .]n) + 77P(]n—1, u)x([Fan—l](a,ﬁ)a [Fpu](a/,ﬁ))

kn,
SUQ(M’ .]n) + U(Tp)max{g(]n—la Ll), Q(.]n—la [Fp-xn—l](a,ﬂ))a

(3.11)
Q(l/t, [Fpu]((laﬁ))’ Q(.]n—l’ [Fpu](a,ﬁ))’ Q(I/t, [Fn-xn—l](a,ﬁ))}
<no(u, Ju) + kyp max{o(Jn-1, ), 0(Ju-1> Jn)
o(u, [F pulap), ©Un-1, [F pitlap)), 0, ju)}.
From (3.11), we have
o(u, [Foulwg) < (lim sup kn,p) o(u, [F,ulwp) (3.12)
< o(u, [Fpulwp) (3.13)
a contradiction. It follows that u € (N, [F ut]ap)- O

Theorem 3.5. Let (A,0,n) be a cbms, F, : A — (IFS)® be a sequence of intuitionistic fsm and
0<lijkij(,jeN)withl #1forallie€N. Assume:

(i) limsup,_, l;j <1, and limsup,_,  k; ; < 1 for each j € N;
(ii) Ty @ < oo, where @ = TIiLy 24
(iii) there exist (a,B) € (0,1] x [0, 1) a;fzd a function p : A X A — R, such that for each j € A,
[FnJlp) is a nonempty compact subset of A, and

p(J, ON ([Fi]](w,ﬁ)a [ij](a,ﬁ))

li (3.14)
< ;Q(& [F iylwp)elo(, [Fijlwp)s 0(1, O] + ki jo(J, ©)

forall j,€ € A, i,j € Nwith j # € and i # j; where ¢ : R, X R, — R, is a continuous
function with the property that ¢(t,t) = 1 for all t € R, and for any t,, s1,t,, 5, € R,, we have
h < b, 81 = s implies (11, 51) < @(t2, $2);
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(iv) there exists jo € A, J1 € [F1jolwp With jo # j1 and p(jo, j1) = 1;

(V) {Fn}nzl is (a/,ﬁ)-admissible;

(vi) for each sequence {j,},>1 in A with p(J,, Ju+1) = 1 and j, — u, we have p(j,,u) > 1, for all
n€N.

(vii) there exists n > 1 such that the series Y, Q1" is cgent.
Then there exists u € A such that u € (), [Fnut]op)-
Proof. From (iv) and (3.14), we have
o1, [F211lep) <pCo, JONUF 1 j0lp)> [F201)@p)
S%Q(h, [F271lep)e(@(o, [F1jo0lp), 0o, J1))
+ k1.20(j0> J1) (3.15)

ll,2

SFQ(]l, [F271)@p)e(©(o, J1), 000, J1)) + k12000, J1)
ll,2

STQ(JI’ [F2)1)p) + k120(j0, J1)-

From (3.15), we have

k
oUnFaplep) < —==000s J1)- (3.16)
T
Since [F2)1]p € K(A), we can find j, € [F21]p such that (3.16) becomes o(j;, j2) < lklgfyz 0(Jo» J1)-
On similar steps, we get '
ko3
02, [F312]ep) < o(J1» J2)

_hs
n

k2,3 k1,2
S( b )( li2 )Q(.]O’ .]1)
Y F
n n

By hypotheses, there exists j3 € [F3 2] such that

k k
o(J2, J3) S( = )(1 _1’2 )Q(Jo,h)

I /
IE] ha
n n

Recursively, we generate a sequence {,},>1 such that j,.1 € [F.1 Jnlep With p(Jn, Ju+1) = 1, and

O(ns Jnsr1) < Qd(jo, 1), n € N. (3.17)

From here, following the proof of Thrm 3.2, we deduce that {j,},>; i1s a Cchy sequence in A, and
the completeness of A implies that there exists u € A such that j, — u as n — oco. By Condition
(vi), p(ju,u) = 1, n € N. Next, we shall show that u is a common intuitionistic fuzzy fp of F,,. For
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this, assume contrary, that is, u & [F,u]p for all (a,5) € (0,1] X [0, 1). Let p > 0 be arbitrary. Then,
we have

o(u, [Fpulap) <nle(, jn) + 00, [Fpitlp))
<no(u, jn) + 10(n-1, WNRFn X011 p)> [Fpttlap)
<no(u, j,) + U(ln )Q(u [F pulia)e©n-1, [FrXn-1)(@p)s ©n-1, 1) (3.18)
+ kn,pQ(]n—l ’ Lt)
SUQ(M, .]n) + ln,pQ(u’ [Fpu](a,ﬂ))(p(Q(]n—l» ]n)’ Q(]n—l’ u))
+ kn,pQ(]n—l’ u)
From (3.18), by using the continuity of the function ¢, we obtain

o(u, [F,ulap) s(lim sup [, p)g(u, [Fpulap)

<Q(”a [Fpu](a,ﬂ))
a contradiction. This proves that u € (2, [F,ut]ap)- m]
We construct Example 3.6 to verify the assumptions of Thrm 3.2.

Example 3.6. Let A = [0, 1] be equipped with the metric o(j,£) = |7 — £|* for all ],5 € A. Then
(A,0,n =2)1s acbms. But (A, o, ) is not a metric, since for y = 0 and £ = 2 and z = 3, we have

26
0(,0)=4> 5 = 0(J,2) +0(z, 0).
Now, define a sequence of intuitionistic fsm F, = (ur,, vr,) : A — (IF'S YA by

L if0<t<l+4

T
pr (@ =3, if i+ L <t<i+ L
Tt lf§+#<tsl,
L if0<t<i+ L
50+n2° =P> 97T s
VE, () = 101?’ ifé+$<[§%+#
. if3+ L <<l

If (a,8) = (2+n2’ 50+n2) for all n € N. Then, for each j € A, we have

Ly
F, L = , = .
[ (J)](2+n2’50+n2) [0 6 i n+38

Take k;; = 3 + Then, limsup, k;; = % < 1, forall j € N; and Q, = []% bl (i)n.

= J>2+11 i=1 Tk 12
Therefore, anl n = Dl (152)’ < oo. Clearly, since n = 2, then )", Q17" = >, (12) . Hence, by
D’ Alembert’s ration test, the series | Q,n" is cgent. Moreover, define p : A X A — R, by

D) {1, if 7.£ € [0, 1)

0, otherwise.
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Now, we prove that

p(],f)N([F,-]]( 1 1 ), [ij]( 1 1 ))

2412 50+n2 2412 50+n2

kij
) = =
< 7 |:Q(]’ [ jf]( 1 i )) + Q(& [ z]]( | 1 ))]

2412 50+n2 2412 50+n2

Notice that for j = £ = 0,

P(O,O)N([on]( 12,%)’ [FJO]( 12, 12))

N

2+n2° 50+n2 2412 ° 50+n

forall i, j e Nand n > 1. Next, for ;,£ € (0, 1] with jy # ¢, and for all i, j € N with i # j, we have

p(],f)N([Fi]]( 1 #)» [ij]( 1 1 ))

2412 50+n2 2412 50+n2
2
1 J 1 ¢ J ¢ J 1 1
:x 0’_ _’O’_ -— = . - . —_— . S . S_
([ 6+i+8H 6+]+8) i+8 j+8| " |ix8| Tlirsp &
1 2 2
<l -
‘(6 T2 +22) i+ 1
S (0, [F ] )+ o6, [Fi )
23T G-+ )| ) T )

= » F; 1 1 f, Fi 1 1 .
” o(J, [ Jy](i 7))+Q( [ J](i ))

2412 50402 2402 50+n2

10°

2412 50+n2
see that {F,},s; is (@, )-admissible. Therefore, all the assumptions of Thrm 3.2 are satisfied. Hence,

we can see that there exists # = 0 € A such that 0 € ﬂ;’;l[FHO](# ] )

2412 50+n2

Moreover, for jo = 0 and j; = &, we get j; € [F]]o]( . #) = [O, %] and p(jo, j1) > 1. It is easy to

Remark 2. Theorems 3.2, 3.4 and 3.5 are improvements of the main results in [1,2,21], even when A
is a metric space; while Thrm 3.3 complements the result of Heilpern [17] even with n = 1.

4. Stability and well-posedeness of intuitionistic fuzzy fixed point inclusions

Stability is a notion associated with the limiting behaviours of a system. It has been examined in the
setting of both discrete and continuous dynamical systems (see, e.g. [41]) The study of the relationship
between the cgence of a sequence of mappings and their fp has also been deeply investigated in different
framework (see, e.g. [8]). Since set-valued mappings often have more fp than their corresponding
single-valued mappings, their set of fp become more interesting for the study of stability.

In this section, we introduce the idea of Ulam-Hyers stability for fp problems in the frame of
intuitionistic fsm. To this end, a few auxiliary definitions are inaugurated as follows.
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Definition 4.1. Let (A,0,7) be abms and F, : A — (IFS)" be a sequence of intuitionistic fuzzy
set-valued maps. Then, the intuitionistic fuzzy fixed point inclusion:

JE€Fujlwp, JEA, nEN 4.1)

is said to be

(i) Ulam-Hyers stable, if there exist a real number ¢ > 0 and («, 8) € (0, 11X [0, 1) such that for every
€ > 0 and any solution ¢* of the inequation:

o, [Fullap) < € 4.2)
there exists a solution u of the inclusion (4.1) such that
o(f*,u) < ge. 4.3)

(ii) Well-posed, if F, : A — (IFS)® has an intuitionistic fuzzy fp u in A, for each n € N and
lim,, . 0(Jn, u) = O for every sequence {j,},>1 in A such that lim, . 0(jn, [Frjnl@ep) = O, for
some (a,fB) € (0, 1] x [0, 1).

Theorem 4.2. Let (A, 0,n) be a cbms with parameter n > 1 and F, : A — (IFS)" be a sequence of
intuitionistic fsm. In addition to the hypotheses of Thrm 3.2, suppose that the following conditions hold:

(S1) For every n > 1, there exists € > 1 such that limsup, _, k;; < 1%5
defined in Theorem (3.2)).

(S2) p(7,€) = 1 for any j, € € A satisfying (4.1).

(S3) p(ju,u) = 1 for any sequence {j,},>1 in A such that 1im,_,c 0(Jn, [Frujulp) = 0 and
u € (Mo lFuttlap)-

Then, the intuitionistic fuzzy fp inclusion (4.1) is Ulam-Hyers stable if conditions (S 1) — (S 2) hold, and
well-posed if (S 3) is satisfied.

foralli,j € N. (ki;isas

Proof. First, we will show that the intuitionistic fuzzy fp inclusion (4.1) is Ulam-Hyers stable. For
each parameter n > 1, let € > 0 be chosen such that € > 7. Let £* be a solution of (4.1), which
means that o(¢*, [F,{*].p) < €. Taking Thrm 3.2 into consideration, we know that there exists u € A
such that u € [F,u]p), for each n € N so that o(u, [F,u]wp) = 0 < €, which means u verifies (4.1)
so that by hypothesis, p(¢*, u) > 1. Now, using the triangle inequality in (A, o,7) and the contraction
condition 3.1, for all p > 1, we have

Q(f*,u) = Q(f*, [Fpu](a,ﬂ))
nlo(€”, [an*](a,ﬁ)) + N([an*](a,ﬁ), [Fpu](a,ﬁ))]
nlo(€, [Ful*lap) + nol", WRAF, € ) 0p), [Fpttlop)]
ky
nlo(€”, [an*](a,ﬁ)) + 77( n’p)[Q(f*, [Fpu](a,ﬁ)) + o(u, [an*](a,ﬁ))] 4.4)
ne + kn,p[Q(g*’ M) + Q(I/t, [an*](a,ﬁ))]
ne + kuplo(€*, u) + no(u, £°) + no(€*, [Fol e p)]
ne + knplo(€*, u)(1 + 1) + nel.

IA

IA

IA

IAN A
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By condition (S 1), the inequality (4.4) becomes

o, u)(1 + 1) L _T€
1+e€ 1+e

o(f*,u) < ne+

3 2+€
= s

where ¢ = (z%;) n > 0; that is, o(¢*, u) < ge.
Next, in view of condition (S 3), we will show that the intuitinoistic fuzzy fp inclusion (4.1) is well-

posed. Since u € [F,u](,p), for each n € N, then for all p > 1, we have

0(Jn> u) < NloCn, [(Fujnliap) + RUFujnlap)s [Fpttlap)]
< ﬂQ(]n, [Fn]n](a/,ﬁ)) + TIP(]n, u)x([Fn.]n]((x,,B)’ [Fpu](a,ﬂ))

IA

k,
nQ(.]n’ [Fn]n]((z,ﬁ)) + U(Tp)[Q(Jn, [Fpu]((l,ﬂ)) + Q(l/t, [Fn]n](a,ﬁ))] (45)

IA

ﬂQ(]n, [Fn]n](a/,ﬁ)) + len,p[zQ(Jn’ l/l) + Q(]n’ [Fn_]n](a/,ﬁ))]

AT TR

1 _ znkn,p OJn> U nXn (@,B))-
Letting n — oo in (4.5) and noting that lim, . 0(Ju, [F1Jnl(ep) = 0, we obtain lim, . 0(J,, u) = 0,
proving the well-posedness of (4.1). O

5. Applications to Fredholm integral inclusions

In this section, we apply Thrm 3.4 to investigate sufficient conditions for existence of solutions to a
system of Fredholm int-incl. For basic concepts of int-incl, we refer the interested reader to [3,25] and
references therein.

Consider the following system of int-incl of Fredholm type:

b
K0 e | @) + f Li(t, s, ()os, 1 € [a,b] = J, 5.1)

where ;j € C(J,R) is an unknown function, f € C(J,R) is a given real-valued function and L, :
JxXJXR — F,(R) is a given multivalued map, for each n € N, where we denote the family
of nonempty compact and convex subsets of R by F.,(R), and the set of all real-valued continuous
functions on J is represented by C(J,R). By the function space L'(J), we mean the Lebesgue space
LP(J) for p =1 over J.

Let A = C(J,R) and define a metric 0 : A X A — R, as o(},¢) = |7 — €%, for all j,£ € A. Then
(A, 0,n7 =2)is acbms. Now, we study solvability conditions of (5.1) under the following assumptions:

Theorem 5.1. LetF, : A — (IFS)" be a sequence of intuitionistic fsm whose (a, B)-level set is given
as

b
(Frl@p) = {J eA:l(ne f(H)+ f L(t, s, j(s))os, t € [a,b] = J}-

Also, let o : A X A — R be a given function. Suppose that the following hypotheses are satisfied:
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(HI) the set-valued map L, : J X J X R — F,(R) is such that for every j € A, the map L, (t,s) :=
L,(t,s, j(5)) is lower semicontinuous for each n € N;
Let 0 < k; j(i, j € N) with k; ;.1 # 1 for each i € N satisfies:

(H2) lim; ., supk;; < 1, for each j € N;

g8)2;49w<mmmapgn:rmﬂ£%5;

2
(H4) there exist w(t,.) € L'(J) such that for allp > 1 and s,t € J, sup,., (fab w(t, S)QS) < ]% where

ki j satisfies (H2) — (H3), and for all i, j € N,
N(Li (1, $), L, (t, 9)) < w(t, 5)(|)(5) = £(s)P);

(H5) there exist jo € A, J1 € [Fijolp With jo # j1 such that o(jo, j1) = 0;

(H6) for each j€ A and € € [F,])ap with o(3,€) > 0, we have o(€,z) > 0 for all z € [F,1C]op)

(H7) if {Ju}ns1 is a sequence in A such that j, — u € A and o(J,, Ju+1) = 0, then o(J,,u) > 0, for all
ne€N;

(H8) there exists n > 1 such that the series .., Q" is cgent.

Then the system of integral inclusions 5.1 has at least one solution in A.

Proof. Consider a function p : A X A — R defined by

I, ifo(y,€)>0forall j#¢

0, otherwise.

ML0={

Observe that the set of solutions of (5.1) coincides with the intuitionistic fuzzy fp of sequence of
intuitionistic fsm F, : A — (IFS)™. Also, note that the hypotheses (H2), (H3), (H5), (H6) and (H7)
imply that conditions (i), (i7), (iv), (v) and (vi), respectively of Thrm 3.4 hold. Next, we will verify that
condition (ii7) and the assumptions on the (a, §)-level set [F, 7], hold for each j € A. To this end, let
J € A be arbitrary. Since the multivalued map L, : JxJ — F.,(R) is lower semicontinuous, it follows
from Michael’s selection thrm ( [28, Thrm 1]) that there exists a continuous map p, : J X J — R such
that p (7, s) € L, (7, 5), for each (¢, s) € J X J. Therefore, f(7) + fa b p,(t, 8)os € [Fujlwp- SO, [Fujlep
is nonempty for each n € N. One can easily see that [F, ]z 1s a closed subset of A. Further, given
that f € C (J) and L, (1, s) is continuous on J X J, their range sets are compact. Hence, [F, ] is also
compact. Take j;, j» € A, then there exists (o, ) € (0, 1] X [0, 1) such that [F, i ] s and [F,)2]p) are
nonempty compact subsets of A for each n € N. Let ¢; € [F, 1] be arbitrary such that

b
£y € f) + f L (.5, ji(Nos. 1€ J.

This means for each (¢, s) € J X J, there exists p,, € Ln“ (t, ) such that

b
b0 = f) + f P, (t,$)os, 1€ J.
Since from (H4),
N (Lit, 5. 1(8)), L8, 5, 12()) <o(t, ) (111(5) = a(9))
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foreach t,s € Jand i, j € N, so there exists p,, € L,,_]2 (¢, s) for each n € N such that

0t 9) = p(t, )P <w(t, ) (111(s) = 2(9))
for all (¢, s) € J x J. Now, consider the set-valued map 9t defined by

W(t, 5) = Ly, (1, ) 0 I € R 2 p,,(1,5) = 9] < w(t, $) (11 (5) = pa(s)D)]

Taking into account the fact that from (H1), M is lower semicontinuous, therefore, by Michael’s
selection thrm, there exists a continuous map p,, : J X J — R such that p (¢, s) € (2, s), for all
(t,8) € J x J. Then,

b b
6O = )+ f P/t S)os € F(1) + f Lt 5, p())os, 1 € J.

ThUS, 52 S [FnJZ](a,ﬁ)a and

b 2
|[1 (t) - 52(t)|2 < (f |,011 (t’ S) _pjz(ta S)lQS)

b 2
< sup(f w(t, S)QS) 171(s) = (o)

IA

ki
—L(171(5) = 12(s)*)
n

IA

Iﬂ _ 2 7. 2 7. 2
" max{|ji(s) = ()% [11(s) = Li(t, s, 1 ()", 12(8) = Li(2, 5, (),

71(8) = L2, 5, ()P, 172() = LiCt, s, i ()P

The above inequality yields

ki
NUFiji)aps [Firlep) < 7] max{o(j1, j2), 0(J1, [Fijilp)s 52)

0(J2, [Fjplp), 00, [Fjpnlep) 002, [Fijilep)}

Taking j = j; and j, = € in (5.2) gives condition (iii) of Theorem 3.4. Thus, all the hypotheses
of Theorem 3.4 are satisfied. So, we conclude that there exists a solution of the system of integral
inclusions (5.1). O

6. Conclusions

In the setting of bms, new common intuitionistic fuzzy fp thrm for sequence of intuitionistic fsm
are proved. The established ideas improve some important existing fp thrm for single-valued and
crisp set-valued maps in the corresponding literature. Moreover, the ideas of Ulam-Hyers stability and
well-posedness of intuitionistic fuzzy fp problems are initiated to complement their crisp set-valued
counterparts. Sufficient conditions for existence of solutions of int-incl are examined to indicate an
application of the established results herein.
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