Theory of Approximation and Applications
Vol. 11, No.2, (2017), 97-109

Analysis of Convergence of Solution of
General Fuzzy Integral Equation with
Nonlinear Fuzzy Kernels

Laleh Hooshangian *

aDepartment of Mathematics, Dezful Branch, Islamic Azad University,
Dezful, Iran.

Received 17 December 2016; accepted 27 March 2016

Abstract

Fuzzy integral equations have a major role in the mathematics and appli-
cations. In this paper, general fuzzy integral equations with nonlinear fuzzy
kernels are introduced. The existence and uniqueness of their solutions are
approved and an upper bound for them are determined. Finally an algorithm
is drawn to show theorems better.
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1 Introduction

In recent years, many basic functions have used to estimate the solutions
of integral equations in applied sciences such as physics and mechanics.
The topics of fuzzy integral equations which attracted growing interest for
some time, in particular in relation to fuzzy control, have been developed.
The existence and uniqueness of solutions of fuzzy integral equations are
dilemma and it is necessary to approve.

Park and Jeong approved the existence and uniqueness theorem of a
solution to the fuzzy Volterra integral equation

t
z(t) = f(t) k(t, s, x(s))ds
to
where f : [to,to + a] — E' is level wise continuous and k : [to,to +
al X [to,to + a] x E™ — E™ satisfies some conditions, [7]. Park and Han
studied the problems of existence and uniqueness of the solutions of fuzzy
Volterra-Fredholm integral equation of the form

T

(t) = F(t,x(t),/otf(t,s,x(s))ds,/o g(t,s,2(s))ds),0 < t <T

where x(t) is an unknown fuzzy set-valued mapping, [8]. Georgiou and
Kougias examined conditions under which all the solutions of the fuzzy
integral equation

o) = [ "Gt s)x(s)ds + f(2)

and the special case z(t) = [J k(t — s)z(s)ds + f(t) are bounded that
fuzzy integral equations prove useful when studying of fuzzy dynamical
control systems, [5]. Balachandran and Prakash proved the existence of
solutions of fuzzy Volterra integral equations with deviating arguments
which established with the help of the Darbo fixed point theorem. They
studied the maximal solution of the fuzzy delay Volterra integral equa-
tion, [1]. In [2], Balachandran and Karagarajan proved the existence of
solutions of fuzzy integral equations of the form

() = 6(t) + 2(¢) /Otk(t, s)f(s,:c(s))ds—i—/Otg(t,s,x(s))ds
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where ¢ : [0,T] — E™, k:[0,T]x[0,T] = R, f: [0,T]xE™ — E", and g :
[0,T]x[0,T]x E™ — E™ are continuous functions. In all papers mentioned
above and in many others the authors considered fuzzy integral equations
of the first order. However, integral equations are encountered in various
fields of science and applications.

The paper organized as the following: In section 2, some necessary
concepts is reviewed briefly. In section 3, general fuzzy integral equation
is introduced and conditions for the existence and uniqueness of their
solutions are presented. Finally, in section 4 a conclusion is drawn.

2 Basic concepts

The basic definitions of a fuzzy number are given as follows:

Definition 2.1 [12] A fuzzy number is a fuzzy set like u : R— [0, 1]
which satisfies:

1. w is an upper semi-continuous function,

2. u(z) =0 outside some interval [a,d],

3. There are real numbers b,c such as a < b<c <d and
3.1 u(x) is a monotonic increasing function on [a, b,
3.2 u(x) is a monotonic decreasing function on [c, dJ,
3.3 u(x) =1 for all x € [b,].

Let Pk (R™) denote the family of all nonempty compact convex subsets of
R"™ and define the addition and scalar multiplication in Px(R") as usual.
Let A and B be two nonempty bounded subsets of R". The distance
between A and B is defined by the Hausdorff metric

d(A, B) = max{supgeain freplla — b||, suppe pinfocalla — ||}

where ||.|| denotes the usual Euclidean norm in R". Then it is clear that
(Pk(R™),d) becomes a metric space.

Theorem 2.2 [10] The metric space (Px(R"),d) is complete and sepa-
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rable. Let I = [c,d] C R be a compact interval and denote
E"={u:R" —[0,1] | u satisfies (i) — (iv) below}
where

(i) wis normal, i.e. there exists an xo € R"™ such that u(xy) =1,
(ii) wis fuzzy convex
(7i) u is upper semicontinuous,

(iv) [u]® = cl{z € R"|u(x) > 0} is compact.

For 0 < a <1 denote [u]* = {z € R"|u(z) > a}, then from (i)-(iv) it
follows that the a-level set [u]® € P.(R"™) for all 0 < a < 1.

Remark 2.3 E" denotes the class of fuzzy subsets of real axis. The met-
ric structure is given by Hausdorff distance satisfying the following prop-
erties:
D(u(r),v(r)) = Maz{sup|u — v|, sup[w — v|}
(E™, D) is a complete space and the following properties are well known:
D(u+ w,v +w) = D(u,v), Yu,v,w € E"
D(ku, kv) = |k|D(u,v), Vu,ve€ E" VkeR
D(u+v,w+e) < D(u,w)+ D(v,e), Yu,v,w,eec E"

Definition 2.4 [11] If A = {(z,pz(x))|r € X} be a fuzzy set on the
X €R, the a — cut of subsets of A is:

Ao = {2 € Xlpz(e) > a}
that iz + X — [0,1] is named membership functions of A. Fora =1,
the 1-cut of A is named core of A.

Theorem 2.5 [7] If f : [a,b] — E™ be integrable and c € [a,b], A € R.
Then:

(i) 0% Plydt = J2 F(2)dt + [ F(t)dt,

(i) [(F(t) + G(t)dt = [, F(t)dt + [; G(t)dt,

(111) [ NF(t)dt = X [; F(t)dt,

(iv) D(F,G) is integrable,

(V) D(J; F(t)dt, [; G(t)dt) < [; D(F, G)

Definition 2.6 [6]/ A mapping F : [a,b] — E™ is strongly measurable if
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for all a € [0,1] the set-valued mapping F,, : I — Pg(R") defined by

is Lebesque measurable, when Py (R™) is endowed with the topology gen-
erated by the Hausdorff metric d.

Definition 2.7 [6] Let F : I — E™. The integral of F over I, denoted
by [; F(t)dt, is defined levelwise by the equation

(/ F(t)dt)* = /Fa(t)dt ={f@)dt| f:1— R"isameasurable selection for F,}
I I

for all0 < a < 1. A strongly measurable and integrable bounded mapping
F : 1 — E™ is said to be integrable over I if [; F'(t)dt € E".

3 The existence and uniqueness theorems of general fuzzy in-
tegral equations

A general nonlinear fuzzy integral equation with nonlinear fuzzy kernel
is defined as follows:

z(t) = f(t)+ tgl(t, s,x(s))ds+...+/t /t gn(t,s,x(s))ds...ds, t>0
to to to

n

(3.1)
Where z(t) is a function of ¢, f(¢) is a set-valued function and ¢, (¢, s, z(s))
and gs(t, s,x(s)),..., gn(t,s,x(s)) are nonlinear fuzzy functions and all

continuous and n is natural number.
In the following theorem, the existence and uniqueness of the solution of
the general fuzzy integral equation are investigated:

Theorem 3.1 Let a and L are positive numbers. Assume that Eq.(1)
satisfies the following conditions:

1. f:[0,a] — R is continuous and bonded,
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2. gi:[0,a] = R forall i=1,2,...n are continuous and satisfy the Lipschitz

condition:
D(gl(ta S, ZL’), gl(t7 S, y)) < LZD(xv y)?
3. gi(t,s,0) are bounded on [0, a] for i=1,2,...n.

then there exists a unique solution x(t) of Eq.(1) on [0,a] and the suc-

cessive iterations:

zo(t) = f(1), o
T(t) = () + [ g1(t, 8, Tmo1)(8)) + ... + /to /to gn(t, 8, Tm_1(s))ds...ds,

n

where m=1,2, ...,
(3.2)

are uniformly convergent to x(t) on [0, a].

Proof: By mathematical induction, it can be seen that all z,,(t) are level
wise continuous mappings on [to,to + €. Indeed, let t € [to,ty + €], for

n=1,

x1(t) = xo(t) + fto g1(t, s, z0(s))ds...
+/t ) gn(t (s))ds...ds

Tl

which proves that x;(t) is continuous on [tg, ¢y + a], hence on [ty, tg + €].
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For any « € [0, 1], it is written:

D(zo(t),z1(t)) = D(o(t), zo(t) + [ g1(t, s, z0(s))ds + ...

—l—/ /gntsxl ))ds...ds)
to

n

< D(ff0 g1(t, s,20(s))ds,0) +
—i—D(/t0 /to gn(t, s, zo(s))ds...ds], 0)

n

< fto (91(t,s,20(5)),0) + ...
+/t0 /to (gn(t,s,z0(s))ds...ds],0)

Tl

< M(t—to) + ... + MUEE
S M(E—i—...‘l'm)

Then

Diay(t).xo(t) < MY 5

=1

According to (3), we have

D(zo(t), z1(t)) < D(xo(t) + fi 1(t, 5, 21(s))ds + ...
+/t0 /Ogntsxl( s))ds...ds, xo(t)

’T'L

‘|‘ftt0 gl(t S ZEQ( ))d$+
+/to /Ognts z0(s))ds...ds)

< M(Ll% + ..
+L, )

n!2!
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Now assume that x,,_1(¢) is continuous, then:

D(xp(t), xm-1(t)) < D(x?(t) —i_tj;; g1(t, 8, Tpm1(s))ds + ...
+/to /to n(t, 8, Tim—1(5))ds...ds

xo(t) + ftto g1(t, 8, Trm_2(8))ds + ...
t t

+/ / gn(t, S, Tm—a(s))ds...ds)
to to

< D(ftt0 g1(t, s, xm_1(s))ds, ftto g1(t, s, Tpma(s))ds + ...
t t
—|—D(/ / Gn(t, s, Tm—1(s))ds...ds,
to to

/ gn (t, 8, Tm_o(s))ds...ds)
t() to

n

< Jiy D(gr(t, 5, 2m1(9))ds, 1 (t, 5, T (s))ds) +
+/to / (gn(t, s, 2m—1(5)), [gn(t, 8, Tm—2(s)))ds...ds

to

TL

< D(fEm 1y Tm— 2)(L1(t—t0)—|—
+L, )
< M(Lp-tistel”

m!

+ Lyt el

n!m/!
Therefore it can be written as:

c(im)!

iIml!

D(2m(t), Tm-1(t)) <MZ:Lm !

=1

(3.4)

It follows by mathematical induction that Eq. (4) holds for any n > 1.
Consequently, Eq. (3) is uniformly convergent on [to, to +¢], and so is the
sequence {z,(t)}. Denote by z(t) = lim, 0oz, (t). The function z(t) is
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level wise continuous on [tg, tp + €] and it can be seen that it satisfies Eq.
(1). Indeed, by condition (3) in theorem and from definition of D we get:

D(gi(t, s, xm-1(5)), gi(t,s,2(s))) < LiD(xpm-1(s),z(s)) =0 as n—
00, tW<s<t<ty+e =12, ..
Thus, the existence of a solution is proven.

To prove the uniqueness, let y(t) is a level wise continuous solution of
Eq. (1) on [to, to + €]. Then

y(t) = f(t) + t: g1(t, s, x(s))ds+ ... + /t: /tj gn(t, s,2(s))ds...ds (3.5)

n

From (2), (5) and the condition (3) of theorem 3.1, for m > 1 and any
€ (0, 1] we obtain:

Dly(t),am(®)) < DU + fi 9115, y(5))ds + .
+/t0 " gt y(s))ds...ds,

’VL

+ ftto gl(t7 S, xm—1(8))ds + ...

+ /tj /t n(t, 8, Tpm_1(8))ds...ds)

to

n

< Ji D(g1(t,5,9(5)), 61 (L, 8, 1 ()))ds + ...
+/t0 / gn t § y ))>gn(t7 S>$m—1($)))d8...d$

to

’Vl

< Ly Ji, D(y(s), [wm-1(s))ds + ...
+L, /to /to D(y(s), xm-1(8))ds...ds

TL
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Then we get:

D(y(t), 2m(t)) < Ly [ D(y(s), Tm- 1( s+
+L / / xm 1( ))ds...ds (3.6)

But for t € [tg, to + €] we know

(t —to)™
n!

D(y(t), f(t)) < M(t —to) + ... + M

From (6), we have

(t _ to)n—I—l
n!

t—t
D(y(t),z1(t)) < MLl( T 0) + ..+ ML,
Now assume that:

D0 s (0) < P =0 szt

From (6) and (7) we obtain:

t e [to, t0+€]
(3.7)

—t )m—‘rl

Dly(t), zm(0)) < MIp = (=t

+..+ML} ,t € [to, to+e]

(3.8)

m!n!
Consequently, (8) holds for any n, which leads to the conclusion
D(y(t),x,(t)) = D(x(t), z,(t)) — 0 on [to, to + €] as n — oo.
This proves the uniqueness of the solution for (1). O

In the following theorem, continuity of solution of the general fuzzy in-
tegral equation is searched:

Theorem 3.2 Assume that f(t) is level wise continuous on [to,to + al,
a > 0, and g;(t,s,x) for i = 1,2,...,n, are level wise continuous on
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to < s <t <ty+a. Then there exists at least one level wise continuous
solution of Eq. (1), defined in [to,to + al.

Proof:

D(@p(t1), zm(l2)) < D(f(tl),tf( 2)) + D(fi} g1(t1, 5, Tm1(s))ds
4.+ t /t n(t1, 8, Tm_1(8))ds...ds,

0

n

fti) gl(tQ,S Lm— 1( >>d8+

to

+ Gn(t2, 8, Tm_2(s))ds...ds
to

n

< D(f(tr), f(t2)) + D(Jfi; g1(tr, s, 2m-1(s))ds,
ftt(f g1(t2, 8, Tm_2(s))ds) +

t1 t1
+D(/ i | gn(t1, 8, Tm_1(8))ds...ds
to to

——
n

to to
,/ v | gn(te, s, Tm_o(s))ds...ds)
to to

< D(f(tr), f(t2)) + [ D(gi(t1, 8, Tm1(8))ds, g1 (t2, 8, Tpn_1(s))ds)
+ft1 (g1(ta, s, Tm—1(5))ds,0) +

t1
+/ / gn tla

s, J:m 1(5)), gn(t2, 8, xm_1(s)))ds...ds

/: n(tay 8, Tm—1(5)),0)

< D(f (tl), f(t2)) + (t1 — to)D(g1(t1, 8, Tm-1(8))ds, g1 (t2, 8, Tym—1(5))ds)
FM(ty —t1) 4 oo + L0 D gy (11, 5,201 (5))ds, g1 (E2, 5
 Tm1(8))ds) + M%

Then it is gotten:
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D(l'm(tl), Sﬂm(tg)) — 6 as to — 1t

Thus the sequence z,,(t) is continuous on [tg, to + a]. O

Algorithm:

step 1: For i = 1 set z;(t) = f(t);

step 2: Obtain that D(x;,0) is bounded;

step 3: Prove that x; is continuous;

step 4: Obtain that D(x;11(t),z;(t)) is bounded;

step 5: Obtain that D(y(t),z;(t)) is bounded for all continuous y(t);
step 6: Let i +1 = 4 and set xgn)(t) = f(t,s,zi1)xi(t) = f(t) +

t t
ftto gi1(t, s,z 1)ds + ... + /t /t gn(t, s,2;_1)ds...ds then go to step 2.
0 0

n

4 Conclusion

In this work, the general fuzzy integral equations with nonlinear fuzzy
kernels were studied. The existence and uniqueness of solutions of these
fuzzy integral equations were proved by theorems. An algorithm was pre-
sented to show the conditions of existence and uniqueness of solutions
better. These results will be useful in future research for obtaining the
solutions of general nonlinear fuzzy integral equations.
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