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ITERATIVE METHOD FOR SOLVING TWO-DIMENSIONAL
NONLINEAR FUZZY INTEGRAL EQUATIONS USING
FUZZY BIVARIATE BLOCK-PULSE FUNCTIONS
WITH ERROR ESTIMATION

S. ZIARI

ABSTRACT. In this paper, we propose an iterative procedure based on two
dimensional fuzzy block-pulse functions for solving nonlinear fuzzy Fredholm
integral equations of the second kind. The error estimation and numerical
stability of the proposed method are given in terms of supplementary Lipschitz
condition. Finally, illustrative examples are included in order to demonstrate
the accuracy and convergence of the proposed method.

1. Introduction

Block pulse functions are a set of orthogonal functions with piecewise constant
value and usually applied as a useful tool in the analysis, synthesis identification
and other problems of control and systems sciences [26]. The block pulse functions
has been frequently used in several papers to approximate solution of differential
equations, integral and integro-differential equations in the crisp case.

One of the most interesting research matters in fuzzy sets and systems is to study
fuzzy integral equations. The study of fuzzy integral equations from theoretical and
practical aspects has been developed by some authors. The investigation of the ex-
istence and uniqueness of the solution for fuzzy integral equations has been carried
out in [6, 7, 8, 28, 29, 32]. The Banach fixed point theorem is the main tool in study-
ing the existence and uniqueness of the solution for fuzzy integral equations which
can appear in numerical procedures for solving fuzzy integral equations, based on
the iterative techniques. The iterative numerical methods for solving fuzzy integral
equations can be found in [8, 9, 10, 20, 21, 22]. The Nystrom technique, Adomian
decomposition method, fuzzy Bernstein polynomials and fuzzy Haar wavelet were
applied to solve the fuzzy integral equations of the second kind in [1, 4, 15, 35]. Bica
and Popescu, in [10], applied the method of successive approximations for solving
the fuzzy Hammerstein integral equation. Ezzati and Ziari in [16], proved the con-
vergence of the method of successive approximations for solving nonlinear fuzzy
Fredholm integral equations of the second kind, and proposed an iterative proce-
dure based on the trapezoidal quadrature. Recently, Baghmisheh and Ezzati in [5],
approximated the fuzzy function by the hybrid Taylor and block-pulse functions
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and estimated the error approximation. Also, an iterative procedure is constructed
based on the hybrid Taylor and block-pulse functions for solving nonlinear Fredholm
fuzzy integral equations by them. Recently, in [36], Ziari and Bica obtained the new
error estimation of the iterative method based on the trapezoidal formula for solv-
ing nonlinear fuzzy Hammerstein-Fredholm integral equations of the second kind
in terms of uniform and partial modulus of continuity. Moreover, they extended
the notion of numerical stability of the solution with respect to the first iteration
in the context of using the modulus of continuity. The study of numerical solu-
tion of two-dimensional nonlinear fuzzy Fredholm integral equations of the second
kind using iterative methods based on successive approximations and two dimen-
sional quadrature rules started by Sadat Rasoul and Ezzati, in [30]. Also, Ezzati
and Ziari in [17] proposed a non-iterative numerical method for two-dimensional
fuzzy Fredholm integral equations based on Bernstein polynomials. Sadat Rasoul
and Ezzati in [31] presented an iterative method of successive approximations to
approximate solution of linear and nonlinear two-dimensional Hammerstein fuzzy
integral equations by defining and developing an optimal quadrature formula for
classes of two-dimensional fuzzy-number-valued functions of Lipschitz type. In [11],
Bica and Popescu constructed the fuzzy trapezoidal cubature rule for the case of
Lipschitzian functions. As an application, they proposed an iterative numerical
method in order to approximate the solution of nonlinear fuzzy Fredholm integral
equations in two variables, the fuzzy cubature rule being used in the construction of
the numerical method. Recently, Ezzati and Sadatrasoul in [18] applied the bivari-
ate fuzzy Bernstein polynomials to solve two-dimensional fuzzy integral equations.
Also, recently, in [12], Bica and Ziari proposed an iterative numerical method for
solving fuzzy Volterra linear integral equations in two dimensions. In this paper,
we approximate the integral of fuzzy function in a two dimensional case by the
bivariate fuzzy block-pulse functions and estimate its error approximation. More-
over, an iterative process is constructed based on two dimensional fuzzy block-pulse
functions for solving two dimensional nonlinear Fredholm fuzzy integral equations,

Fla,y) = f(x,y) ® (FR) /0 (FR) /0 H(z,y,5.t) © G(F(s,))dsdt. (1)

In addition the convergence of the presented successive approximations method is
proved, and the accuracy of the proposed method is shown through illustrative
examples. Finally, the concluding remarks are presented.

2. Preliminaries

Definition 2.1. [14] A fuzzy number is a function u : R — [0, 1] having the
properties:
(1) w is normal , that is 3z € R such that u(xzg) =1,
(2) w is fuzzy convex set
(i.e. u(Az + (1 — A)y) > minu(z), u(y), for any xz,y € R and X € [0, 1]),
(3) w is upper semicontinuous on R,
(4) the { € R: u(x) > 0} is compact set.
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The set of all fuzzy numbers is denoted by R .
The LU-representation of a fuzzy number is specified by its level sets [u]” = {z €
R :u(z) > r} as follows:

[u]" = [ul,ul], Ve (0,1],

where u” ,u’, can be considered as functions u” ,u’. : [0,1] — R, such that u_
is increasing and wuy is decreasing (according to [24], page 32). Moreover, [u]® =
{z € R: u(x) > 0}. So, the level sets of a fuzzy number [u]", r € [0, 1], are compact
intervals of the real axis. For u,v € Rp, k € R, the addition and the scalar
multiplication based on levelsetwise are defined as follows
(1) wdv]" =[ul +ol,uf +07], Vre[0,1],
(ku”  kul ], if k>0,

2) [Fou" =
(kul, ku” ], if kE<O.

Theorem 2.2. (Stacking Theorem, [25]. A fuzzy number u satisfies the following
conditions:
(1) idts r-cuts are nonempty closed intervals, for all r € [0,1];
(2) if 0<r; <rg <1, then [u]™ C [u]™;
(3) for any nondecreasing sequence (ry,) in [0,1] converging to r € (0,1] we
have:

n=1

(4) for any nonincreasing sequence (ry,) in [0,1] converging to zero we have:

c (U [u]“n) = [ul"

n=1

Theorem 2.3. (Characterization Theorem, [25]. If {[u]" : r € [0,1]} is a family
of subsets of R

and assumptions (1)-(4) of the above theorem are hold then there exists a unique
fuzzy number u

such that {{u]” : r € [0,1]} are its r-cuts.

Definition 2.4. (See [10, 34]). For arbitrary fuzzy numbers u, v € Rp, the
quantity
D(u,v) = sup max{|ul —v"|, [ul —v]|}
rel0,1]

is the distance between u and v.

Lemma 2.5. [34] The following properties are hold:
(1) D(u®w,v®w) = D(u,v) VY u,v,w € Rp,
(2) D(k®u,k©v)= k| D(u,v) VY u,v € Rp Yk € R,
3) Dudv,wde) < D(u,w)+ D(v,e) ¥ u,v,w,e € Rp,
(4) D(u®v,0) < D(u,0) + D(v,0), Y u,v € Rp,

In [34], it is proved that (Rp, D) is a complete metric space.
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Lemma 2.6. (see [3]). For any k1,ke € R with ky - ke > 0 and any u € Rx we
have D (ki - u, ko - u) = |ky — k2| D (u,ﬁ) .

Remark 2.7. The properties (4) in Lemma 1 introduce the definition of a function
Il : Re — Rt by ||lu|| = D(u,0), which has the properties of the usual norms. In
[5] the properties of this function are presented as follows:

(i) [Jull >0, Y u € Rp, and ||ul| = 0 iff u =0,

(i) [[Aul = [Alfull and flu @ || < ul| + [[v]l, ¥V u,v € Rp, ¥ A € R,

(iid) [[ufl = flo[l] < D(u,v) and D(u,v) < |Jul| + [[v]| V u,v € Rp.

Definition 2.8. [19] A fuzzy real number valued function f : [a,b] — Rp is
said to be continuous in zy € [a,b], if for each & > 0 there is § > 0 such that
D(f(x), f(zg)) < &, whenever z € [a,b] and |z — x| < §. We say that f is fuzzy
continuous on [a,b] if f is continuous at each z € [a, b], and denote the space of
all such functions by Crla,b].

Definition 2.9. [8] Let f : [a,b] — Rp. f is fuzzy-Riemann integrable to I € Rp
if for any € > 0, there exists 6 > 0 such that for any division P = {[u, v]; ¢} of [a, ]
with the norms A(p) < 4, we have

D (Zw—u)@f(g),f) <e,

P
where ) denotes the fuzzy summation. In this case it is denoted by

b
[ = (FR) / F()da

Lemma 2.10. [8, 23] If f, g : [a,b] C R — Rp are fuzzy continuous functions,
then the function F : [a,b] — Ry by F(x) = D(f(x),g(x)) is continuous on [a, b

and
(FR/MMR)/ )/D ))da.

Definition 2.11. (see [8]). For L > 0, a function f : [a,b] — Rz is L-Lipschitz if

D(f(z),f(y) < Llz -yl

for any x,y € [a,b]. A function F' : Rr — Ry is Lipschitz if there exists L’ > 0
such that D (F (u),F (v)) < L' - D (u,v), for any u,v € Rg.

According to [8], any Lipschitz function is continuous.

Definition 2.12. (see [26]). Block-pulse functions on the unit interval [0,1) is
defined as follows: 4
1 te 5w,

¢i(t) = (2)

0 otherwise,

3

where i = 1,2,...,m with a positive integer value for m. Also, ¢; is called it"
block-pulse function (BPF).
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The BPFs satisfy in the properties of disjointness, orthogonality and complete-
ness [16].
Now, we defined the fuzzy block-pulse function like operator as follows:

Definition 2.13. For f € Cp[0,1), the fuzzy block-pulse function like operator
defined by

sP(f1) =3 1 ( - 0'5) Sailt). meN . telol)
1=1

m

where ¢;(t) defined by (2).
It is obvious that ¢;(t) >
independent, and

0, i =1,..,mfor all ¢t € [0,1), {¢;}, are linearly

The following definitions are related to fuzzy-number-valued functions in two
variables.

Definition 2.14. (see [30]). Let f : [a,b] X [¢,d] = Rx. For A? :a = 29 <
21 < .. < Tp_1 < T, = b a partition of the interval [a,b] and AY, : ¢ = yp <
Y1 < . < Ym—1 < Ym = d a partition of the interval [c,d], let us consider the
intermediate points & € [@i—1,2;], i = L,n, n; € [yj—1,Y;], j = 1,m, and the
functions 9§ : [a,b] = Ry. o : [¢,d] = Ry. The partitions P, = {([x;—1,x:]; &),
i =1,n} denoted by P, = (AZ,¢) and Py = {([yj—1,y;];n5), 7 = 1,m} denoted by
P, = (AY,,n) are said to be 0-fine iff [z;_1,2;] C (& — 6 (&), & +0 (&), Vi=1,n,
and o-fine iff [y;_1, y;]

C (nj —o(nj),nj+0c(n;)), Vj=1,m, respectively. The function f is said to be
fuzzy Henstock integrable if there exists I (f) € Rx with the property that for any
€ > 0 there is a function ¢ : [a,b] — R4 and a function o : [¢,d] — Ry such that
for any partition d-fine P,, and for any partition o-fine P,, we have

D (i f:(l“i —xi—1) (Y5 — Yj-1) ®f(€¢777j),1> <e.

i=1j=1

The fuzzy number [ is named the fuzzy Henstock double integral of f and will

be denoted by
d b
I(f)= (FH)/ (FH) </ f(s,t)ds> dt.

Remark 2.15. If the above mentioned functions § and ¢ are constant then it
obtains the fuzzy-Riemann double integrability. In this case I (f) € Rx is called
the fuzzy-Riemann double integral of f on [a,b] X [c,d], being denoted by

d b
I(f):(FR)/ (FR) (/ f(s,t)ds) dt
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or simply, fcd ( f; f(s,t) ds) dt. Consequently, the fuzzy-Riemann double integra-

bility is a particular case of the fuzzy-Henstock double integrability, and therefore
any valid property for the double integral (F'H) will be valid for the double integral
(FR), too.

Definition 2.16. (see [30]). A function f : [a,b] X [¢,d] — Rz is called:
(i) continuous in (zg, yo) € [a,b] X [¢,d] if for any & > 0 there exists § > 0 such that
for any (x,y) € [a,b] X [¢,d] with |z — xq] < 6, |y — yo| < & we have

D(f ('T7y) 7f(900,y0)) <e.

The function f is continuous on [a,b] X [c,d] if it is continuous in each (z,y) €
[a,b] X [c,d].
(ii) bounded if there exists M > 0 such that

D(f(w,9),0) <M, V(z.y)€ a,b] x [e,d]
The set of all continuous functions f : [a,b] x [¢,d] — Rz is denoted by
¢ ([aa b] X [Ca d]v R]:) :
Lemma 2.17. (see [30]). If f € C ([a,b] X [¢,d],Rx) then

d b
(FR)/ ((FR)/ f(s,t) ds) dt
exists and

[(FR) /Cd ((FR) /abf(s,t) ds> dt]r = [/d /ab £ (s, 8) dsdt,/cd /ab 7 (s,1) dsdt} .

Lemma 2.18. If f,g : [a,b] X [¢,d] = Rr are continuous fuzzy functions then the
function ¢ : [a,b] X [c,d] — Ry defined by ¢ (s,t) = D (f (s,t),g(s,t)) is continuous
on [a,b] X [e,d] and

D <(FR) / ’ (FR) ( / b F(s,1) ds> dt, (FR) / ’ (FR) < / b g(5,1) ds) dt)
g/Cd/abD(f(s,t),g(s,t))dsdt.

Proof. Firstly, we prove that the function ¢ (s,t) = D(f(s,t),g(s,t)) be contin-
uous in every point (so,tg) € [a,b] X [¢,d], for this purpose, we let the sequence
{(Snstn) tn>1, (8nytn) € [a,b] X [c,d], such that lim, o0 (Sn, tn) = (S0, %0).

In this case, we have:

D (f(sn,tn), 9(sn, tn)) <D (f(sn,tn), f(s0,t0)) + D (f(s0,t0), 9(s0,t0)) +
+ D (9(s0,t0), 9(8n:tn)) 5
and on the other hand, we have:
D (f(s0,t0),9(s0,t0)) <D (f(50,t0); f(snstn)) + D (f(snstn), g(sn,tn)) +
+ D (g(sn:tn), 9(s0,t0)) -
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Taking the limit when n — oo, and according to the continuity of f and g we
obtain:

lim D (f(sn,tn) 9(snstn)) = D (f(s0,t0), 9(s0,t0)) ,

n— oo
that is ¢ is continuous at each (so, t9) € [a,b]X[c,d]. Now, let P, = {([sn—1, $n);&n)},
and Qm = {(tm—-1,tm]; 7m)}, m,n € N be two sequences of partitions of [a, b] and

[e,d] with A(P,) — 0, when n — oo and A(Q,,) — 0, when m — oo, respectively.
So, we have:

d b d b
D <(FR)/ (FR) (/ f(s,t) ds) dt, (FR)/ (FR) </ g (s, 1) ds) dt)
< D((FR) /d (FR) (/bf(s,t) ds> dt

DU

=1 j

Ms

— 1) (Y5 —yj—1)®f(§i,77j))

Il
_

+D< Z(w —xi1) (Y5 — Yi-1) © f (& mj)
=1 j=1
>3

=17

~.

MS T

i —zio1) (Y5 — yi-1) @9(&"%’)>+

Il
-

+D< Z — Ti— 1 7yj—1)®g(£i7nj)7

1=1 j=

d b
,(FR)/ (FR) (/ g(s,t)ds)dt)
< D((FR) /d (FR) (/bf(s,t) ds) dt

—

Z C zi-1) (Y5 —Yj-1) © f (fiﬂh‘))
+ N D (f(&my) 9 (&) (@ — wia) (= yj-1)
i=1 j—=1

+D< (CCz'*»Ti—l)(yj*yj—l)Qg(fi,ﬂj)a
=1

=1y

,(FR)/Cd(FR) (/abg(s,t)ds> dt)



62 S. Ziari

Taking the limit when n, m — oo, we get:

D <(FR) / ’ (FR) ( / ' (s,0) ds) dt, (FR) / ’ (FR) < / ' g(5,1) ds) dt)

d b
<[ [ D060 dsi
Thus, the proof is complete. ([

Moreover, it can be easily proved that any continuous function f : [a,b] X [¢, d] —
Rz is bounded. In [12] is considered a fuzzy-number-valued function f : [a,b] x
[c,d] = Rz having the following Lipschitz property: there exist Ly, Ls > 0 such
that

D (f(z1,y1), f (x2,92)) < L1 |z1 — @2| + Lo [y1 — 2| (3)

for all x1, x5 € [a,b], y1,y2 € [c,d]. We use the inequality (3) in the proof of pre-
sented some theorems in this paper.

Similar to the one dimensional case, a set of two dimensional block pulse func-
tions ¢; ;(s,t) (i =1,2,...,m; j=1,2,...,n) is defined as follows.

Definition 2.19. (see [26]). Two dimensional block-pulse functions on the region
[0,1) x [0,1) is defined as follows:

(s.t) €[50 ) x (552 ),
ij(8:1) =
0 otherwise, (4)

where ¢ = 1,2, ...,m; j = 1,2,...,n with a positive integer values for m, n. Also,
¢;.j is called (i, 7)*" block-pulse function .

Similar to 1D case, The 2D block pulse functions satisfy in the properties of
disjointness, orthogonality and completeness.|[16]

3. Function Approximation

Now, we define the two dimensional fuzzy block-pulse functions as follows:

Definition 3.1. For f € Cr([0,1) x [0,1)), the two dimensional fuzzy block-pulse
function like operator for m,n € N and s,t € [0,1) defined by

m n

i=1 j=1

where ¢; ;(s,t) defined by (4).
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It is obvious that ¢; ;(s,t) >0, for all (s,t) € [0,1) x [0,1),, {{¢i;}i2 }]-; are

linearly independent, and
m n
DD diglst) =1. (5)
i=1 j=1
Thus, the fuzzy function f(s,t) can be approximated using fuzzy block functions
like operator as

L i — 0.5 j—0.5
t)xzzf<l - ,j - ) © ¢ii(s,t).

i=1 j=1
Hence, the approximate value of the integral of fuzzy function can be obtained as
follows:

(FR /FR/fstdsdt ZZf( ' _n0'5> ®/01/01¢i,j(5,t)dsdt.

1=15=1

//(bustdsdt 1 , Vi, 7, (6)

(FR) /OI(FR)/Olf(s,t)dsdt ~ %izf (i_£'5,j_n0'5>.

i=1 j=1

Theorem 3.2. Let f € Cp([0,1)x[0,1)) be a L-Lipschitz function. Then we have:

D | (FR /FR/fstdsdtZZf( 05]_n05> 72LT;+§—Z.

=1 j=1

Since

we have:

Proof. . According to (5) and (6), we have:

| (FR /FR/fstdsdtZZf( : _n0'5> _

i=1 j=1
1 m n
=D (FR/ FR/ZZqﬁwst (s, t)dsdt,
0 0 i=1j=1
1
[ ]SS o (02, 2292) ),
0o Jo iD= n

Then, applying the parts of 2 and 3 of Lemma 2.5, we obtain:

D | (FR /FR/fstdsdtZZf( : —no.5>

i=1 j=1

S/Ol /Olizn:%(s,t)fj <f(s,t),f<in3'5,jn0'5)>d3dt.

i=1 j=1

IN
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As regards, f satisfies in Lipschitz condition (3), we obtain:

ey (FR) / fstdsdt =SS (102 i-09)

i=1 j=1
1 1 m n -
g/,/,EZE:@JQJ)Oh t_j7?5det
0 0

i=1 j=1

1—0.5
m

s —

41,

According to the (s,t) € [=1, L) x = 1), we get:

m n

! ! 1 - i—05 j—0.5 L Lo

i=1j=1

Thus, the proof is complete. 0

4. Fuzzy Integral Equations

Here, we consider the two dimensional nonlinear fuzzy Fredholm integral equa-
tion (1), where H(x,y,s, t) is a crisp kernel function over [0, 1]*, f, F are continuous
fuzzy-number-valued functions and G : Rp — Rp is a continuous fuzzy function.
We assume that H is continuous and therefore it is uniformly continuous with re-

spect to (s,t) and there exists M > 0, such that My = o< max |H (z,y,s,t)|.
<z,y,s,t<

Let Q = {f : [0,1]> — Rp; f is continuous} be the space of the two-dimensional
fuzzy continuous functions with the metric D*(f,g) = sup D(f(s,t),g(s,t)),
0<s,t<1

for f,g € Q. In the following theorem, sufficient conditions for the existence and
uniqueness of the solution of equation (1) are given.

Theorem 4.1. (See [30]). Let H(z,y,s,t) be continuous and positive for 0 <
2,y,8,t <1 and f:]0,1)> = Rp be continuous on [0,1)%. Moreover assume that
there exists L > 0, such that

D(G(Fy(s,1)),G(Fy(s,t))) < L.D(Fy(s,t), Fa(s,1)),¥(s,t) € [0,1]2, F1, F» € Q.
If Mg L < 1, then the iterative procedure for k € N
Fo(x,y) = f(xay),
1 1
Fi(e.y) = f(z.y) & (FR) / (FR) / H(z,y,5,1) © G(Fr_1(s,))dsdt.  (7)
0 0

converges to the solution of F of (1). In addition, the following error bound holds:

(My L)*
D*(F.Fy) < {477 D" (P, Fy), ¥k €N ®)
Remark 4.2. If Fy = f the error estimate (8), becomes:
(A[HL)kJrl
D*(F,Fy) < ———————— (L M, keN 9
(a k)—L(l_MHL)(Hf”f+ O)av € N, ()

where My = sup [|G(0)]F.
0<z,y<1
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Theorem 4.3. Suppose that:

(i) f:[0,1)2 = Rp is fuzzy continuous and bounded such that

Mf = Sup ||f(x7y)||F ’
0<z,y<1

[f(xvy)r = [fz(xay)afi(xvy)]v Vr € [07 1];
and fr(x,y), fi(x,y), r €[0,1] are equicontinuous;

(ii) G is fuzzy continuous and bounded such that Mg = sup ||G(u(z,v))|r
0<z,y<1

for every u(z,y) € Rf;
(iii) H is positive and uniformly continuous with respect to (s,t) and bounded is
such that Mg = max  H(x,y,s,t).
0<z,y,s,t<1
Then the unique solution of (1), can be obtained by solving the following integral
equations for r € [0,1], (z,y) € [0,1] x [0, 1]:

Faa) =Vl + [ [ B0 GQro s

Proof. Let T, = S,.(f) be the solution set of rth inclusion r € [0,1]} where the
subscript r indicates that the r-level set of a fuzzy set is included. First, according
to Theorem 1 [13], the set T', is nonempty, compact and connected. Thus the
first condition of the Characterization Theorem holds. Second, since f, G are
continuous we imply that these fuzzy functions are upper semi-continuous and so
[f]™> C [f]™ and [G]"™ C [G]™ for 0 < r; < ry < 1, consequently I';, C I, ,
which is equivalence to the second condition of the Characterization Theorem.
Third, Let (r,) be a nondecreasing sequence in [0,1] converging to r € (0,1].
Now, we should prove that (), I';, = I'.. We note that I, is a nonincreasing
sequence of nonempty, compact and connected sets and so, according to Theorem
1.11 [2], the set I' = (2, ', is nonempty, compact and connected. Now, we
show that, I' = S,.(f,). Since S.(f.) C S, (fr,) for each n we have S,(f,) C T.
It remains to show I' C S,(f.). For this purpose, let u,, € S, (f,) for each
n, then there exist the continuous function f,, (z,y) and an integrable function
o, (2,y) € Gy, [ur, (x,y)] with

el = + [ [ Ay by

Since the support of f, [f]° D [f]™ is compact, by Arzelas Theorem the sequence
[f]™ is uniformly bounded and equicontinuous. Therefore, taking into account the
conditions (ii)-(iii), we have:

1 1
i (2, 9)] < |7 (2, 9)] + / / H (z,y, 5. 0)]-[o" (s, )| dsdt < My + My M,
0 0

and similarly for the u (z,y), we have:

uly (2, y)| < My + Mp.Mg,
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and so the sequence of ([u]™) is uniformly bounded. Now, we demonstrate the
sequence of ([u]™) is equicontinuous. For this aim, we obtain:

[ (z1,91) — u (22, y2)| <|f7 (w1, 91) — 7 (22, 92)]

/ / |H(x1,y1,8,t) — H(x2,y2,s,t)].]v" (s, t)|dsdt
<[fI(z1,91) — f2 (22, y2)| + 2Mpy .M,
and analogously for the [u" (z1,31) — u'" (2, y2)|, we get:
[ul (w1, y1) — uly (w2, y2)| < [f5 (21, 91) — f17 (22, y2)| + 2Mpy . M.

As regards, H is uniformly continuous and ([f]"™) is equicontinuous, it deduce
that ([u]™) is equicontinuous and so compact. Consequently, there exists a sub-
sequence ([u]™!) C ([u]™) such that [u]™' — [u]". From compactness of ([v]™),
we conclude that ([v]™!) is also compact, hence there exists a further subse-
quence [v]™2 — [v]" and clearly [u]™2 — [u]". Since |[v(z,y)||Fr < Mg, the
sequence of functions [w(z,y)]™? = [w(x,y)]™2 /Mg belongs to the unit ball of
Loo([0,1] x [0,1]), which is weakly compact by Theorem 1.10 [2], so there is subse-
quence [w]™3 converges weakly to [w]”. But the map w — Mgw is a continuous
map from L ([0, 1]x[0, 1]) to L1 ([0, 1] x[0, 1]) and thus the sequence [v]™* converges
weakly to [v]” = Mg[w]”. We note that Lo ([0, 1] x [0,1]) is the space of measurable
functions from [0,1] x [0,1] to R with bounded almost everywhere on [0,1] x [0, 1],
with essential supremum norm and L. ([0, 1] % [0, 1]) is the space of integrable func-
tions from [0, 1] x [0,1] to R with metric ||f — g|l; = fol fol |f(s,t) — g(s,t)|dsdt.
Now, from condition (4i%), there is a subsequence ([v]™*) C ([v]"™3) such that

1o 11
/0/0H(ac,y,s,t).[v(s,t)]”)dsdt—>/O /0 H(x,y,s,t).[v(s,t)]"dsdt.

The above expression and (11) implies

g, y)]” = [f (2, )" / / H(z,y,5,8).[o(s, )] rdsdt, (z,y) € [0,1] x [0,1].

Then (10) is satisfied so [F]" € S,(f-), thus T' C S,.(f). Finally, according to
Characterization Theorem (Theorem 2.3) there exist fuzzy function F(z,y) which
[F(z,y)]" for r € [0,1] are its r-cuts. O

Now, we introduce the numerical method to find the approximate solution of the
two dimensional nonlinear fuzzy Fredholm integral equation (1). In this way, we
consider the following uniform partitions of the region [0, 1)?:

D,=0=51<582<..<8p-1<8n =1,
Dy=0=t <ta<..<tp_1 <tp=1, (12)

with s; = 205 1<i<m, 1<j<n

j =
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Then the following iterative procedure gives the approximate solution of equation
(1) in the point (z,y) € [0,1)? using two dimensional block pulse functions:

Z()({E,y) = f(xvy)v
zi(z,y) = fz,y) & % ZZH (%, y,8i,t;) © G (zx—1 (si,t5)), VK EN. (13)

i=1 j=1
5. Convergence Analysis
In this section, we investigate the convergence of the iterative proposed method
to the solution of equation (1) under the following conditions:
(i) f:[0,1)2 = Rp is fuzzy continuous;
(ii) H:[0,1)* — R™ is continuous;
(iii) There exist «, 5 > 0 such that
D(f(s',t), f(s",t") Sals’ = s"|+ BIt' — "],
for any ', 8", ¢, € [0,1);
(iv) There exists L > 0 such that
D(G(Fl(s’ t))v G(FQ(Sa t))) < LD(Fl(Sv t)v F2<Sv t)),V(S, t) € [07 ]-)27
where F1, Fy : [0,1)2 — Rp;
(v) MyL < 1, where L is as given in the above item and My > 0 is such that

My = max H(z,y,s,t);
ng,y,s,t<1 ( 7y7 ) ))

(vi) There exist p, A > 0 such that
|H (z,y,s",t') — H (x,y,s" ") < puls’ ="+ X' —t"],
for any x,y,s',t',s",t" €10,1);
vii ere exist 7,7 > 0 such tha
ii) Th ist >0 h that
|H (s',t',s,t) — H (s",t",5,t)| < |8 = s"| +n|t' —t"],
for any s,s', 8", ¢, ', t" €[0,1);
Firstly, we prove an interesting result about the satisfying functions H (x,y, s,t) ®
G (Fy (s,t)) in Lipschitz condition which is used in the proof of the main result.

Lemma 5.1. Consider the iterative procedure (7). Under the conditions (i)-(vii),
the functions p(s,t) = H (x,y,s,t) © G (Fy (s,t)) are Lipschitzian.

Proof. Using fuzzy Distance, we have:
D(pk(s',t), on(s”, ")) =
D(H (z,y,s',t") ® G(Fy, (s',t)), H (z,y,s",t") © G(F) (s",t")) <
< D(H (z,y,5',t') © G(Fy (s',t)), H (z,y,s',t') © G(F (5", "))+
+D(H (z,y,8,t") © G(Fy (s",t"), H (z,y,8",t") © G(Fy (s",t")).
Using part (2) of Lemma 2.5, condition (iv) and Lemma 2.6, we obtain:
D(pr(s't), ou(s”,t")) < |H (2,y,s",t') |[LD(Fy, (s', 1) , Fi, (8", "))+
+|H (z,y,s',t') — H (z,y,s",t")|D (G (Fp(s",t") ,0) )
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Using condition (vi), we get:
Di(s', 1), pu(s" ")) < My LD (Fi (5,¢) , Fi (", 1)) +
+ (uls’ = "+ At = ") D* (G (F)),0). (14)

On the other hand, we have:
D (Fi, (s',t"), Fi (s",t")) < D(f (s',1) , f (", ")) +
((FR)/ FR) / H(S ¥, 5,8) © G(Fp1 (s, 1))dsdt,

(FR / (FR) / H(", 1", 5,1) © G(Fy—1(s, ) dsdt
(f (") f (7 7)) +
/ / |H(s',t',s,t) — H(s",t" 5,t)|D(G(Fy_1(s,t)),0)dsdLt.
Consequently, using conditions (iii) and (vii), we obtain:
D (Fk (Sla t,)  Fr (Slla t//)) <
als’ ="+ Bt —t"| + (v]s" = s"[ + [t —t"]) D*(G(F-1),0)  (15)
Substituting the inequality (15), into the inequality (14), we get:
Dign(s' 1), pu(s",4) < MuL{als' = "] + B ~t"])+
# ML (y]s' = "+t = ') D*(G(Fimr), 0)+
+ (u I8 —s"| + At — t”|)D*(G(Fk),6)). (16)

By applying the properties of the norm function ||.||f in Remark 2.7, we obtain

D (G (Fy(s",t")),0) < D (G (Fx(s",t")),G (0)) + D (G (0) ,0)
< LD (Fi(s",1"),0) + sup 1H ©0)]l

<s',t"<1

= LD (z,(s",t"),0) + Mo. (17)

By using again the properties of the norm function ||.||; in Remark 2.7, we have
D (Fy(s","),0) = Fi(s",t") | <D (f(s",¢"),0) +

//D (s",t" 5,t) © G(Fj_1(s,t)),0)dsdt.

By applying the inequality (17) into the above inequality, we have:

IFe(s", "l < 1F(" ) + / / H(", ¢, 5,8)| (LD(Fo1(s.1), 0) + Mo) dsdt
0 0

1 1
< (")l +MH/ / (LD*(Fj—1,0) + Mp) dsdt.
0 JO
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Taking supremum from the above inequality for 0 < s”,¢" < 1, it follows that
My
1Fllr < W fllr + Me (Ll Ee-rllr + Mo) = Ifllr + Mu Ll Fe-sllr + (ML)
By successive substitutions on the above inequality, we obtain

1— (MgL)*+! 1— (MgL)*

Bl <
I1FxllF < 1— MyL 1— MyL

fllE + - My M.

1—(MgL)*
1-MyxL

Since, < 7, for all k € N we obtain:

I fllr + My Mo
1—MgzxL

Now, by taking into account the above inequality, from (16) we get:

D(@k(slvtl)v‘pk(suvtn)) <
Ilfllr + Mg M, I fllr + My Mo ’ 7
<
(aMHL + (’YMHL) (1 + U —1 |S — S |+

[ fllr + Mg Mo 4o (Il + Mu Mo o
1— MyL 1—-MyL '

1
1-Mpy

1FellF <

+ (5MHL + (nMpL) (

By supposing L} = (aMHL + (yMpyL) <7Hf”1rjvgleo> + i (7‘“”{;;4]\;[;21\40))

and L) = (BMHL + (nMgL) (W#) +A (“f“{f#)» we have:
D(pi(s', 1), u(s”,t")) < Li|s" — s"| + LoJt' — "]
Thus, the functions ¢y (s, t) for all k are Lipschitzian. O

Theorem 5.2. Under the conditions (i)-(iiv) the iterative procedure equation (13)
converges to the unique solution of equation (1), F, and its error estimate is as
follows:

(My L)F+! 1 L I
D*(F. < ———FF— (L M, —_— | =+ =
where Mg = sup |F(0)]|r.
0<z,y<1

Proof. . Since

Fi(z,y) = f(z,y) ® (FR) /O (FR) /0 H(z,y,5,t) © G(Fy(s, t)dsdt,

we have

D(Fl(x7y)vzl(x7y)) = D(f(x,y),f(x,y))+

1 1
+D <(FR)/0 (FR)/O H(z,y,s,t) © G(Fo(s,t))dsdt,

% ZZ H(z,y,si,t) © G (20 (Sivtj))>

i=1 j=1
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As regards Fy(z,y) = zo(z,y) = f(z,y), we have:

1 1
D<(FR)/0 (FR)/O H(z,y,s,t) ©G(f(s,t))dsdt,

7ZZH T,Y,Si,t; ) OG(f (s J)))

=1 j=1
Regarding to Lemma 5.1 and Theorem 3.2, we have:
Ly L
D(F <L
(Fi (), 21 (2,9) < 5 - + 52

Taking supremum from the above inequality for 0 < z,y < 1, it deduces that
Ly Ly
2m o

D*(Fy,z) <

Now, since
Fy(z,y) = f(z,y) ® (FR)/0 (FR)/O H(z,y,s,t) © G(Fi(s,t))dsdt,

we conclude that
D(FQ(J:’ y)v 22(337 y)) = D(f(x’ y)) f(xv y))+

D<(FR)/0 (FR)/O H(z,y,s,t) © G(Fi(s,t))dsdt,

ngZH oy sinty) © G (21 (sint, )))
D<(FR) /OI(FR) /01 H(z,y,s,t) © G(Fy(s,t))dsdt,
ninizﬂ (2., 50.t5) © G (Fy (50,1 >>>+
(ﬂinililH 2,9y, 50, t) © G (Fi (si,15))
72121]{ z,y,5i,t)) © G (21 (81, )))-

Using again Lemma 5.1 and Theorem 3.2 for part 1 of the above inequality and
applying part (2) and (3) of Lemma 2.5 for part of 2 the above inequality, we obtain:

L L
D(Fa(wy), () <5+ 52

%ZZW (x,y,8:,t5) |D (G (F1 (si,5)) , G (21 (84, %5))) -

=1
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Considering conditions (iv) and (v), we have:
/ /

L L
D(FQ(I7y)a22(Iay)) S ﬁ + 27; + MHLD*(Fl,Zl).

Then, according to (18), we get:
Ly L
D(Fali, )y ale ) < (14 ML) (5 + 2.
By induction, for k£ > 3, we obtain:
Ly L
D(Fi(2,y), 26(2,y)) < (L+ ML+ ...+ (MyL)* 1) - [ 2 + 2 ).
2m  2n
Therefore, we have:
1 — (MyL)* Ly L
D*(F < |——)—=+=].
( ’“’Z’“)—< -l ) \am T2
Since My L < 1, we conclude that

1 Ly L
D*(F, _
(Bl 20) < 1—MHL( +2n>
Using equations (9) and (19), we obtain:
D*(F, Zk) SD*(F, Fk) + D*(Fk, Zk)
(M L)+ 1 L’ Ly
< \MHY) M) 4+ —————

Remark 5.3. Since My L < 1, it is easy to show that
lim D*(F,z)=0

k—oom—oon—o0

This result shows that the proposed method is convergent.

6. Numerical Stability Analysis

71

For the iterative numerical method, it is more suitable investigating the stability
of the obtained numerical solution with respect to the choice of the first iteration.
So, in order to study the numerical stability of the iterative method (13) with
respect to small changes in the starting approximation, we consider another first
iteration term Fy € Q such that there exists e > 0 for which D(Fy(z,y), Fo(z,y) < €
, for all (z,y) € ]0,1] x [0, 1]. The new sequence of successive approximations is:

Pule.) = fa) & (FR) [ (FR) [ H(e.0.5.0 © GAa(s.0)dsd. (2n)

Using the same iterative method, the terms of produced sequence are:

2o(z,y) = flz,y),

Zu(z,y) = fla,y @—ZZH z,Y,8i,t5) © G (Zk—1 (84,15)) .

(21)
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Definition 6.1. We say that the method of successive approximations applied
to solve equation (1) is numerically stable with respect to the choice of the first
iteration iff there exist positive numbers p, g and constants ki, k2, k3 > 0 which are
independent by step-sizes hy = + and hy = L respectively, such that

m n

D(z(x,y), 2(2,y)) < Kie + Kahf + K3hi. (22)

Theorem 6.2. Under the conditions of Theorem 3, the iterative method (21) is
numerically stable with respect to the choice of the first iteration.

Proof. . Since Firstly, we observe that:
D(zi(w,y), Z1(@,y)) < D(zi(@,y), Fi(w,y) + D(Fu(z,y), F(z,y))+

Using equation (19), we obtain:
1 L L
D F) P
(o). Fule) < 7377 (5 + 52 ) (24)

Also, by similar reasoning we have:
N 1 L// L//
D(F; _— 2
(Fle o) < 7377 (g + 52 ) (25)

For obtaining the bound of D(Fy(z,y), Fx(z,y)), we observe that
D(Fo(z,y), Fo(z,y) < e, ¥(x,y) € [0,1] x [0,1],
and thus
D(Fi(z,y), Fi(z,y)) = D(f(x,y), f(x,y))+

D((FR) /Ol(FR) /01 H(z,y, s,t) © G(Fo(s, t))dsdt,
(FR) /O '(FR) /0 Hleyst)o (G(Fy(s. 1))dsdr)
§e+/1/1 \H(z,y,5, DD (G(f(s,t)),G(f(s,t)) dsdt

<e+MH// 1), G(f(s1))) dsdt
<e+ MyLD*( ff)

Therefor, we obtain:
D(Fy(z,y), Fy(2,y)) < e+ My Le.
By induction for & > 2, we get:
D(Fy(z,y), Fx(z,y) < e+ MuL-e+ (MuL)? e+ ...+ (MuL)* ' - e+ (MuL)" -

1— (MgL)*+!

— 1 N.
<e = ML Vz,y € [0,1], k €
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According to My L < 1, this inequality becomes:
D (Fk(w,y)fk(:c,y)) < Ve,y € [0,1), k€ N.

Then, we conclude that

¢
1—-MgL’

/ 1 / 1"
5 € 1+ Ly Ly + Ly
D < .
(Zk(.l‘,y), Zk(.%‘,y)) = 1_-MyL 2m(1 — MHL) 2n(1 — MHL) (26)
By comparing inequalities (22) and (26), we deduce that
1 1+ LY Ly+Lj
= = = = =1
K== %2 = s aeny 2T ag—aigny PO
So, the numerical stability of the proposed iterative method is proved. (Il

7. Numerical Examples

In this section, we apply the presented method in Section 5 for solving the two
dimensional fuzzy integral equation (1) in two examples. The approximate solution
is calculated for different values of k, m and n. Also, we compare the numerical
solution obtained by using the proposed method with the exact solution. The
computations associated with the examples were performed using Mathematica 7.

Example 7.1. Consider the following nonlinear two dimensional fuzzy integral
equation:

F(z,y) = f(z,y) ® (FR)/0 (FR) ; H(z,y,s,t)® (F(s7t))2dsdt, s, t,x,y € 10,1],

where .
H(z,y,s,t)= :vy25 ,
32r —r®) (60 — 287 — r?)
xy,
32 32

)] = I (@), (@) = [(
the exact solution is
[F(z,y]" = [F(z,y), Fl(z,y)] = [rzy, (2 —r)zy].

The comparison of the proposed iterative algorithm solution and the exact solution
is shown in Table 1.

Y|

Example 7.2. Consider the following linear two dimensional fuzzy Fredholm in-
tegral equation:

F(z,y) = f(z.y) ® (FR) / (FR) / H(x,y,5,t) © F(s, t)dsdt, ,y,5,t € [0,1],

where
2?4+ y* + 5% + 1P

H t) =
(x,y787) 5 Y

r L) 2 2-1, 9 2
] = [ = g5 4074 1.2 = ey = 2557w 442 +1).

the exact solution is
[F(x,y"] = [F(2,y), F{(z,y)] = [rzy, (2 — r)zy].
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k=10, m=n=10 k=15, m=n=50
r-level F—y, | [F = Yo F—y, | [E = Yo
0 0.0000E-0 3.5573E-4 0.0000E-0 1.4283E-5
0.25 4.9471E-6 3.5573E-4 1.9840E-7 1.0744E-5
0.50 2.0104E-5 1.9328E-4 8.0640E-7 7.7575E-6
0.75 4.5969E-5 1.3197E-4 1.8440E-6 5.2959E-6
1 8.3069E-5 8.3069E-5 3.3329E-6 3.3329E-6

TABLE 1. The Accuracy on the Level Sets for Example 1
in (z,y) = (0.5,0.5)

k=10, m=n=10 k=12, m=n=50
r-level |E_Qm| |F_ym| |E_ym| ‘F_ym‘
0 0.0000E-0 6.6570E-4 0.0000E-0 2.6675E-5
0.25 8.3212E-5 5.8249E-4 3.3344E-6 2.3341E-5
0.50 1.6642E-4 4.9927E-4 6.6688E-6 2.0006E-5
0.75 2.4964E-4 4.1606E-4 1.0003E-5 1.6672E-5
1 3.3285E-4 3.3285E-4 1.3338E-5 1.3338E-5

TABLE 2. The Accuracy on the Level Sets for Example 2
in (z,y) = (0.5,0.5)

The comparison of the proposed iterative algorithm solution and the exact solution
is shown in Table 2.

8. Conclusions

In this paper, we have presented an iterative procedure by using two dimensional
fuzzy block-pulse functions to solve the two dimensional nonlinear Ferdholm fuzzy
integral (1). The error estimation for approximating the solution of nonlinear two
dimensional nonlinear fuzzy Fredholm integral equations is given in Theorem 5.1
in terms of supplementary Lipschitz condition which proves the convergence of the
proposed method. The concept of numerical stability is defined based on the choice
of the first iteration and then the numerical stability of the proposed iterative
algorithm is proven. Finally, the illustrative numerical examples included in the
study in order to test the accuracy and the convergence of the proposed method
indicate that the proposed method performs well both for nonlinear and linear fuzzy
two dimensional integral equations.
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