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1. INTRODUCTION

The theory of fuzzy integral and differential equations is important in studying and
solving a large ratio of the problems in many topics in applied mathematics. Many authors
have studied them for several years. The study of fuzzy integral equations begins with
the investigations of Kaleva [1], and Seikkala [2]. These studies continued by Friedman
et al. [3], Lakshmikantham [1], Wu et al. [5], Song et al. [6], Diamond [7], Bede et
al. [8], Salahshour et al. [9], Allahviranloo et al. [10], Khastan [l1], Park et al. [12],
Nieto et al. [13] .... Recently, the study of fuzzy integral equations in two-dimensional
space was initiated. For example, Mirzaee et al. [14] studied the method of approximate
the solution of linear two-dimensional fuzzy Fredholm integral equations of the second
kind. In [15], Bica et al. constructed the fuzzy trapezoidal cubature rule providing its
remainder estimate for the case of Lipschitzian functions and apply an iterative numerical
method to approximate the solution of nonlinear fuzzy Fredholm integral equations in
two-dimensional space. Similarly, in [15], authors proved the convergence of the proposed
iterative numerical method for two-dimensional fuzzy Volterra linear integral equations
by providing the error estimate. Sadatrasoul et al. [16] introduced an optimal quadrature
formula for classes of two-dimensional fuzzy-number-valued functions of Lipschitz type.
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They also proved the convergence of successive approximations used to approximate the
solution of the two-dimensional Hammerstein fuzzy integral equation. Ezzati et al. [17]
discussed the existence of a solution for the fuzzy Volterra-Fredholm integral equations
of mixed type via Banach’s contraction principle.

In this work, we shall prove the existence and uniqueness of the solution for the two-
dimensional fuzzy Volterra-Fredholm integral equation.

The remainder of the paper is organized as follows. Section 2 presents some necessary
preliminaries of fuzzy analysis that will be used throughout this article. In Section 3, we
concern with the existence and uniqueness of the solution for the two-dimensional fuzzy
Volterra-Fredholm integral equation via Banach’s contraction principle. Moreover, some
properties of the solution are established. In section 4 contains an illustrative example
for the validity of the obtained results.

2. PRELIMINARIES

Denote by #.(R?) the collection of all nonempty convex and compact subsets of R<.
The Hausdorff metric dg in #.(R?) is defined as follows

dn (4, B) = max{sup inf [l = bllps, sup inf fla = bllg«},

where A, B € #,(R?). It is easy to see that the space (J#.(R?),d) is a complete metric
space.
Denote E? = {u : R? — [0, 1] such that z(z) satisfies (i)-(iv) stated below}
(i) x is normal, i.e there exists an zo € R? such that z(z) = 1;
(ii) x is fuzzy convex, that is, for 0 < XA < 1, 2(Az1+ (1= X)z2) > min{z(21), z(22)},
for any 21,20 € R%;
(iii) z is upper semicontinuous;
(iv) [#]° = cl{z € R?: z(z) > 0} is compact.
Let a € (0,1], denote by [z]* = {z € R%|x(2) > a}. We call this set an a-cut of the
fuzzy set x and defined by 0 € E4 as 0(x) = 1 if z = 0 and 0(x) = 0 if = # 0.
The supremum on E® is defined by

D(x1,20) = sup dp([x1]?, [x2])
a€l0,1]

for 21,75 € E4 and (EY, D) is a complete metric space.
For z,y,z € E% and A € R, we have

D(z+ z,y+ 2z) = D(z,y), DAz, \y) = AD(z,y), D(z,y) < D(z, z) + D(y, 2).

A mapping f : [a,b] — E%is called integrably bounded if there exists an integrable function
h such that ||z|| < h(t) for all z € [f(¢)]°.

Definition 2.1 ([18]). Let f : [a,b] — E?. The integral of f over [a,b], denoted by
2 f(t)dt, is defined by

|/ b s = [ ')t

b
= {/ f(t)dt!f: J — R% is a measurable selection for [f()]a}
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for all € [0,1]. A strongly measurable and integrably bounded mapping f : [a, b] — E¢
is said to be integrable on [a, b] if f; f(t)dt € E.

Next, we have the following some properties of the integral (see details in Lakshmikan-
tham et al. [15]). (1) Let f,g : [a,b] — E? be integrable and A > 0. Then

), (F) +g(s)ds = [} F(s)ds + [ g(s)ds.
i) [PAf(s)ds =\ [7 f(s)ds.
iii) D(f,g) is integrable and D(f; f(s)ds,fabg(s)ds) < f; D(f(s),g(s))ds.
(2) If f: [a,b] — E? is continuous then it is integrable.
(3) If £ : [a,b] — E? is integrable and ¢ € [a, b] then ff f(s)ds = [° f(s)ds+fcb f(s)ds.
Let J = [a,b] x[c,d] C RxR and C(J, E%) is denoted a space of all continuous functions
f:J — E¢ with the supremum metric D* defined by

D*(f7g): Sup D(f(tas)vg(tas))'

(t,s)ed
It is easy to see that D* is a metric in E4. In fact, (E?, D*) is a complete metric space.
Definition 2.2 ([19]). A mapping f : J — E? is called continuous at (to,so) € J if
falt,s) = [f(t,s)]* is continuous at (to, So) with respect to dy for all a € [0, 1].

Definition 2.3 ([19]). A mapping f : J x E¢ — E? is called continuous function at
(to, 80, 70) € J x E4 if for any fixed a € [0, 1] and arbitrary € > 0, there exists d(e, ) > 0
such that

dH([f(tv s7$)]a7 [f(t07 3071'0)]@) <€

whenever max{|t—to|,|s—s0|} < §(e, @) and dg ([2]", [z0]") < d(€, @), for (¢,5,2) € Jx E%.

Definition 2.4 ([19]). Let f:J— E%. The integral of f over J, denote by f: fcd f(t,s)dsdt,
is defined levelwise by the expression

Uab /cdf(t,é’)dsdt]r :/ab /cd[f(t, $)|*dsdt

b pd
= {/ / f(t,s)dsdt‘f . J — R is a measurable selection for [f(-, )]a}

for all a € [0, 1].

3. MAIN RESULTS

Let ©Q = [a,b] be the given subsets of R. Denote by C(A, B) the class of continuous
functions from the set A to the set B and & := [0,7] x Q. Consider the fuzzy Volterra-
Fredholm integral equation in two variables as follows:

u(t,s) = h(t,s) —|—/0 /QF(t, s,0,7,u(0,7),(Tu)(o,7))dodr, (3.1)
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for all (¢,s) € ¥, where

(Tu)(t,5) = /O /Q K(t, 5,0, u(é, 9))dedo, (3.2)

and u,h € C($, B, FEC(S xS x B1x B4 B, K € C(S xS x B4 EY).
Let ® be the space of continuous function from S into (E%, D) with Hy(u,0) < 6, that
is,
®={ulu:S— E? is continuous and  H; (u,0) < §},

where

Hy(u,v) = sup {D(u(t,s),v(t,s))e_)‘(Hs)},)\ > 0.
(t,8)ES

It is not difficult to check that (C(S, E9), Hy) is also a complete metric space.

Now, we give a prove of the existence and uniqueness of solution of the problem (3.1)
by using the Banach fixed point theorem.

Theorem 3.1. Let F € C(I x S x B4 x B4 EY) and K € C(3 x § x B4, E?) be satisfy
the following conditions:

(c1) there exists L € C(3 x $,R) such that
D(F(t,S,U, 7, ulavl)7F(t7570'7 T, u27v2)) < L(t7570a T){D(uhuQ) + D(Ulva)}a

for all (t,s,0,T,u1,v1), (¢, s,0,T, ul,vl) I x B x B4
(c2) there exists M € C(S x S, Ry) such that

D(K(t,s,a, T,u), K(t, s, 0,7, v)) M(t,s,o,7)D(u,v),

for all (t,s,0,7,u), (t,s,0,7,0) €I x I x B
(c3) there exists 1 > 0 such that

/ / t s,0,7,0,(70) (o, T)),O)dadr < Brertts),

for all (t,s,0,7) € I xS
(c4) there exists Ba € (O7 1] such that

t o
/ / L(t, S, 0, 7') (ek(o-l-‘r) + / / M(O’, 7,7, F)e)‘(ﬂ’?)cﬁd?) dodr < ﬁQeA(t-&-s)’
0 JQ 0 [e)

for all (t,s,0,7),(t,8,0,7) €I XT

Then the problem (3.1) has a unique solution on ®, provided that 51 + P20 < 1.

Proof. Let us the operator 2 : & — & defined by

(Qu)(t,s) = h(t,s) / / (t,s,0,7,u(0,7),(Tu)(0o,7))dodr. (3.3)

To prove the theorem, we shall divide the proof into three steps.



Existence and Uniqueness of Solution for Two-Dimensional ... 1359

Step 1. The operator 2 is continuous. Indeed, for (t,5,0,7) € & x Su € E4 and
h,k > 0, we have

D((2u)(t+ h,s+ k), (2v)(t, s))

t+h
:D(h(t+hs+k —|—/ F(t+h,s+k,o0,7u(o,7),(Tu)(o,7))dodr,
0 Q

h(t, s) / / (t,s,0,7,u(0,7), (ﬂu)(a,r))dadT)

< D(h(t + h,s + k), h(t,s))
+D</Ot+h/ F(t+h,s+k,o,7u(o,71),(Tu)(o,7))dodr,
/ / (t,5,0,7,u(0,7),(Tu)(o, T))deT)
< D(h(t + h,s + k), h(t, s
+/Ot+h/QD(F(t+h,s+k,o,r,u(a,r),(ﬂu)(a,T)),())dadT
+/Ot/QD(F(t-i-h,s—l—k,U,T,u(mT),(yu)(U,T)),

F(t, s, 0,7, u(o,7), (Tu)(o, T)))do’dT.

Since h is continuous function on & and the functions F, K are integrable on & x <, so

the right side of the inequality above tends to 0 as h — 0, £ — 0. Similar inequalities are
obtained for D((2u)(t — h,s — k), (2v)(t, s)). Therefore, 2 is a operator continuous.

Step 2. The operator 2 is maps bounded sets into bounded sets on ®. From (3.3) and
using the conditions, we get

D((Qu)(t,s),()) :D<h(t, s)—i—/o /QF(t,s,U7T7u(a7T),(3u)(077))dad7,0>
gD(h(t,s),0)+/O /QD(F(t,s,a,T,u(a,T),(yu)(g,T)),O)dadT
0 +/O /QD(F(t,S,O’,T,O,(yO)(U,T)),O)dO'dT

+/t/ L(t,s,0,7) <D(u(a,¢),0)+D(/OU/QK(J,T,J,T,u(a,T))dadT,
/ / K(o,7,7,7, 0)dad7’>)d0dr

< D(h(t,s),0) +/O /QD(F(t,s,U, T,O,(y())(U,T)),())dUdT

t o
+ / / L(t,S,J,T)(e’\(”+T)+ / / M(a,T,E,?)e)‘(5+ﬂdﬁd?)dad7
0 JQ 0 Q

< (B1 + B2H(u, O))BA(HS)-
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It implies that for all u € ®,
D((2u)(t,s),0)e ) < B + 4.
Therefore,
H1(2u,0) < B1 + 29,
for all u € ®. Hence, £ is maps bounded sets into itself.

Step 3. The operator 2 is a contraction on ®. Indeed, let u,v € ® and using the
conditions, we have

D((2u)(t,s),(2v)(t,s)) = ( (t, s) / / (t,s,0,7,u(0,7),(Tu)(o,7))dodr,
h(t,s) + /0 /QF(t, s,0,7,0(0,7), (T v)(0o, T))dUdT)
< /0 /QD(F(t, s, 0,1, u(o, 1), (Tu)(o, T)),F(t, s,o,1,0(0,7), (Tv)(0, T)))dO'dT

t o

§/ /L(t,s,o,T)(D(u(J,T),U(U,T))+D</ /K(J,T,E,?,u(ﬁ,?))dﬁdﬁ
0 Ja 0 Ja
/ /K(U,T,U,T,U(U,T))d?cﬁ))dadT

< Hi(u,v / / (t,s,0,7) )‘("J”) +/ /M o,T,0, (ﬂ'?)dﬁd?)dadr

< ﬂzHl(u ’U) t+8) (34)
From (3.4), we obtain
Hl(o@u, Q'U) < BQHl(uv U)v

for all u,v € ® and thus 2 is a contraction operator.
Therefore, by Banach fixed point theorem, we deduce that 2 has a fixed point which
is a solution to the problem (3.1). This proof is complete. ]

In the sequel, we shall apply the inequality established in Theorem 1 (see [20]) to study
some basic estimaties of the solutions for the problem (3.1).

Theorem 3.2. Assume that all the conditions of Theorem 3.1 hold and let L, M : & x
S — Ry be a continuous functions, given by L(t,s,o,7) = f(t,$)g(o,7), M(t,s,0,7) =
ft,8)k(o,7), where f,g,k € C(3,Ry). If u(t, s) is a solution of the problem (3.1), then
we have

D(u(t, 5),0) <C{1+f(t,s) At/(2<g(0,T)+k(U7T))

X exp (/: /Q [@.7)(9(7.7) + k(7 T))‘m7> dng}’

C:(:Sgs{D(h(t, s),())+/Ot/QD(F(t,s,a,T,a(96)(0,7))76)dad7}.

where
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Proof. Since u(t, s) is a solution of the problem (3.1) and from (3.1), we have
D(u(t,s),0) = D(h(t, s)+ /0’5 /Q F(t,s,0,m,u(0,7),(Tu)(o,7))dodr, 6)
< D(h(t,s),0) + /Ot/QD(F(t,s,o, 7,0,(70)(0,7)),0)dodr
4 /Ot /Q D(F(t, 5,0, u(0,7), (7u)(0, 7)), (L, 5, 07,0, (70) (0, 7)) ) dodr

< D(h(t,s),0) +/O /QD(F(t, s,0,7,0,(70) (o, T))70)d0d7'

+/Ot/QL(t,s,a,7') <D(U(O',T),0)+D(/OUAK(U,T,O’,T,U(U,T))dO’dT,
/0 0 /Q K(o,7,5,7, O)dad7’>>dad7‘
<0+ 1t9) [ [ otor)(Dlaton 7.0
—|—/OU/Qk(J,T)D(u(Uﬂ'),(A))dﬁd?)dodT, (3.5)
where

C— sup {D(h(t,s),())+/Ot/QD(F(t,s,a,r,(),(90)(a,r)),0)dadf}.

(t,s)eS

By Theorem 1 in [20] and from (3.5), we see that
D(ult,s),0) <C{1+f(t,s) /Ot/Q(g(U,T)-l-k(mT))
X exp </:/Qf(a,7') (9(@,7) + k(a,T))dFdT)dadT}.

This proof is complete. =

We want to emphasize that the solution to the problem (3.1) depends continuously on
the initial condition and the right-hand side of the equation. Let us consider the problem
(3.1) and the corresponding problem

v(t,s) = E(t, s) + /0 /Qﬁ(t, s,0,1,v(0,7), (fv)(a, T))dad’r, (3.6)

for all (¢,s) € S, where

(%)(t,s):/o Aﬁ(t,s,g,ﬂ,v(g,ﬂ))dgdﬁ, (3.7)

and v,h € C(S,EY), F e C(S xS x B4 x BV EY), K € C(S x § x B4 EY).
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Theorem 3.3. Assume that all the conditions of Theorem 3.1 hold and let L, M : & x
S — Ry be a continuous functions, given by L(t,s,o,7) = f(t,$)g(o,7), M(t,s,0,7) =
ft,8)k(o,7), where f,g,k € C(3,Ry). Let u(t,s) and v(t,s) be solution of the problems
(3.1) and (3.6), respectively. Suppose that there exist €1,€e2 > 0 such that

D(h(t,s),h(t, s)) < €1,
for (t,s) €S, and
D(F(t,s,0,7, A, B), (tSO'TAB)<€2,

for (t,s,o,1, A, B) € 3x 3 x B x E1. Then for the solution u(t,s) of the problem (3.1)
the following estimation is true

D(u(t, s),v(t,s)) < (61 +ea(b— a)T) {1 + f(t, s)/o /Q (g(a, 7) + k(o, 7'))
X exp (/J i f@,7)(9(@,7) + k(o, r))cﬁdr) dadr},
forall (t,s) €
Proof. Notice that for (¢,s) € S we have

D(u(t, ), v(t, 5)) D<h(t, 5 + /O t /Q F(t,s,0,mu(0,7), (T)(0, 7)) dodr,
E(t,s)+/t/ ﬁ(t,s,a,r,u(a,r),(%)(U,r))dadT)

< D(h( (t s))

/ / t s,o,7,u(o,7), (Tu)(o, T)),F(t, s,o,7,v(0,7),(Tv)(0o, T)))dadT
Iy

F(t, s,o,1,0(0,7), (Tv)(o, T)), ﬁ(t, s,0,1,v(0,7T), (f?vv)(a, T)))dadT

+ QD(
g/Ot/QL(t,s,a,T)(D(u(a,f),v(m))+D</OULK(J,T,J,T,U(J,T))dJﬁ,
/OJ/QK(J,T,U,T,U(U,T))d?cﬁ)>d0d7'—|—61+62(b—a)T
<1 +eab—a)T + f(t,5) /Ot/Qg(a,r)<D(u(U,T),v(a,T))
/ / 5.7)D(u(z. 7. (7, 7))d5dr ) dodr, (3.8)

By Theorem 1 in [20] and from (3.8), we infer that

D(u(t,s),v(t,s)) < (e1 + e2(b— a)T) {1 + f(t, S)/o /Q (9(o,7) + k(o, 7))

X exp (/;/Qf(om) (9(@,7) + k(a,7))d€cﬁ> dUdT}.

This proof is complete. n
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4. AN EXAMPLE

Consider the following fuzzy Volterra-Fredholm integral equation:

u(t,s) = h(t,s) // f(t,s,0,m)u(o,T)

+/ / g(t, s,a,?)u(ﬁ,?)dacﬁ} dodr, (4.1)
o Jo
where
A s A s
h(t,S) =e =+ )X{l/(t-‘rs)}a f(t75707 T) = me -+ )7
and
t )\2 A(t+s) A>0
Here,
t el
Kts.o.maon) = [ [ gtt.s.omuto.rdodr
o Jo
and

F(t,s,0,m,u(0,7),(Tu)(0,7)) = g(t,s,0,7)u(o,7) + (Tu)(o, 7).
We can see that
D(K(t, s,o,1,u), K(t,s, o0, v))

t ol
S/o/o lg(t, s,0,7)|D(u(o,7),v(0,7))dodr

2 t ol A(t+s) 2
— (/0 /0 . dod7’> D*(u,v) = mek(“s)D*(u,v)
and

D(F(t,s,0,7,u(0,7),(Tu)(o,7)),F(t,s,0,7,0(0,7),(Tv)(0,7)))

1
D<f(tso7' Jr//gtsaT (T, 7T)dodT,
o Jo

1
ft,s,0,7)v Jr//gtsar O’T)do’d’l’)
0o Jo

< |f(t,5,o, T)|D(u(0,7),v(o, 7)) Jr/o /0 |g(t,5,5,?)|D(u(5,?),'U(E,?))dﬁd?

o 1
< {’f(t,s,a,T)‘—i—/O /0 ’g(t,s,a,r)‘dﬁdT}D*(u,v)

ZAQ S *
= me)‘(tJr ) D*(u, v).

. It is easy to

22 A2
By choosing L(t,s,0,7) = — le/\(t+s) and M(t,s,0,7) = — 16A(t+s)
er — er —

see that the functions L(t,s,0,7) and M(t,s,0,7) are continuous, and so the conditions
(c1)-(c2) are satisfied.
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On the order hand, we get that

—|—/ /D(F(t,s,U,T,O,(90)(0,7’)),0)d0d7’

M) < L it

- D A(t+s)
(e t+s 14T ’

X{t+s}s )

which satisfies the condition (¢3) of Theorem 3.1 with ; =1/(14+T) and A > 0.
Moreover,

If we chose T'=In <

/ / (t,s,0,7)(eroFT) / /M 0,T,0,T)e )‘(”JFT)dJCF)dUdT
/ / “"*T’ + 5 A et / / e“ﬂﬂcmﬁ)dadf

2
= 71 /\(t+s)/ / A2047) dodr < (6 + 1)( l)ek(t-‘rs).

et +2
er 1

t g
/ /L(t,S,U,T)(e/\(U+T)+/ /M(J’T’E7?)€A(F+?)d§d?>do_d,r<e)\(t+s).
0 Ja 0o Ja

1/x
) , A > 0, then we have

It follows that the condition (c4) of Theorem 3.1 is satisfied for 83 = 1, and by direct
computation, we obtain that 8; + 526 < 1, where 6 =1 —-1/(1+T).

From the results above, we infer that the problem (4.1) satisfies the all conditions of
Theorem 3.1, which guarantees the problem (4.1) has a unique solution.
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