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Abstract

In the present work, by applying known Bernstein polynomials and their advantageous properties,
we establish an efficient iterative algorithm to approximate the numerical solution of fuzzy Fredholm
integral equations of the second kind. The convergence of the proposed method is given and the
numerical examples illustrate that the proposed iterative algorithm are valid.

Keywords : Fuzzy Fredholm Integral Equation; Modulus of continuity; Partial modulus of continuity;

fuzzy Bernstein polynomials.

1 Introduction

He concept of fuzzy integral was initiated
T by Dubois and Prade [11] and then investi-
gated by Kaleva [21], Goetschel and Voxman [20],
Nanda [23] and others. In [33], the Henstock inte-
gral of fuzzy-valued functions is defined, while the
fuzzy Riemann integral and its numerical integra-
tion was investigated by Wu in [34]. In [7], the au-
thors introduced some quadrature rules for the in-
tegral of fuzzy-number-valued mappings. Kaleva
[21] proposed the existence and uniqueness of the
solution of fuzzy differential equations using the
Banach fixed point principle. Mordeson and New-
man (see [22]) started the study of the subject
of fuzzy integral equations. The Banach fixed
point principle is the powerful tool to investigate
of the existence and uniqueness of the solution
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of fuzzy integral equations. The existence and
uniqueness of the solution of fuzzy integral equa-
tions can be found in [5, 6, 16, 27, 28, 29]. In
[19, 24], sufficient conditions are given, which un-
der those conditions, solutions of fuzzy integral
equations are bounded. In [14], the authors gave
one of the applications of fuzzy integral for solv-
ing fuzzy Fredholm integral equation of the sec-
ond kind. The iterative techniques are applied to
fuzzy Fredholm integral equation of the second
kind in [7, 15, 26]. Friedman et al. [16] presented
a numerical algorithm to solve fuzzy Fredholm in-
tegral equations of the second kind based on suc-
cessive approximations method. Also, Friedman
et al. [17] investigated numerical procedures for
solving fuzzy Fredholm integral equation of the
second kind using the embedding method. Babo-
lian et al. [4] used the Adomian decomposition
method (ADM) to solve fuzzy Fredholm integral
equation of the second kind. Abbssbandy et al.
[1] obtained the solution of fuzzy Fredholm in-
tegral equations of the second kind by using the
Nystrom method. In [8], the successive approxi-
mations method is used for nonlinear fuzzy Fred-
holm integral equations. Recently, Bica et al.
[9] developed an iterative numerical method to
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solve nonlinear fuzzy Hammerstein—Volterra in-
tegral equations with constant delay. In [10], the
same method has been applied to the solutions
that take values in the set of right-sided fuzzy
numbers for a fuzzy Volterra integral equation
with constant delay arising in epidemiology.
Recently, the authors used Bernstein polynomi-
als (see [12]), Lagrange interpolation (see [13]),
divided and finite differences (see [25]), Legendre
wavelets (see [31]) and predictor-corrector proce-
dures (see [32]) for fuzzy integral equations.
Here, we propose a numerical approach for solv-
ing linear fuzzy Fredholm integral equations of
the second kind and obtain the error estimate in
the approximation of the solution of such fuzzy
integral equations. The rest of this paper is or-
ganized as follows: In Section 2 , we review some
elementary concepts of the fuzzy set theory and
modulus of continuity. In Section 3, we drive the
proposed method to obtain numerical solution of
linear fuzzy Fredholm integral equations based on
an iterative procedure. The error estimation of
the proposed method is obtained in Section 4 in
terms of uniform and partial modulus of continu-
ity, proving the convergence of the method. Sec-
tion 5 includes two numerical examples for the
proposed method. Finally, Section 6 gives our
concluding remarks.

2 Preliminaries

Definition 2.1 [2/. A fuzzy number is a func-
tion u : R — [0, 1] having the properties:

(1) w is normal , that is 3 9 € R such that
u(xg) =1,

(2) w is fuzzy convex seti.e. u(Ax+ (1 —N)y) >
min {u(z),u(y)} Vo, y € R, A € [0,1]),

(3) w is upper semi-continuous on R,

(4) the { x € R :u(x) > 0} is compact set.

The set of all fuzzy numbers is denoted by R, .
An alternative definition which yields the same
Ry is given by [21].

Definition 2.2 [17]. An arbitrary fuzzy number
1s represented, in parametric form, by an ordered
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pair of functions (u(r),u(r)),0 < r < 1, which
satisfy the following requirements:

(1) u(r) is a bounded left continuous mnon-
decreasing function over [0,1],

(2) u(r) s a bounded left continuous mnon-
increasing function over [0,1],

3) u(r)<m(r) , 0<r<l1.
The addition and scaler multiplication of fuzzy
numbers in Ry are defined as follows:

(1) (wev)(r) = (ulr) +u(r),alr) +v(r),

(Au(r), Au(r)) A =0,
(2) Aou)(r) =
(Aa(r), Au(r)) A <O.
Definition 2.3 [3]. For arbitrary fuzzy numbers
u = (u(r),u(r)) , v = (v(r),v(r)) the quantity
D(u,v) = Sl[lp}max{!u(r)—ﬂ(r)lv [u(r) —v(r)| }
rel0,1
is the distance between u and v.
The following properties are hold [7]:

(1) (Ry,D) is a complete metric space,

(2) D(udw,v®w)=D(u,v) YV uv,wée€ Ry,

(3) D(k © u,k ©v) = [k[D(u,v) V u,v €
Ry VkeR,

(4) Du ® v,w @ e) < D(u,w) +

D(v,e) Y u,v,w,e € Ry.

Theorem 2.1 [2, §/.

(1) The pair (Rp,®) is a commutative semi-
group with 0 = xo zero element.

(2) For fuzzy numbers which are not crisp, there
is no opposite element ( that is, (Ry,®) can-
not be a group).

(3) For any a,b € R with a,b > 0 or a,b < 0
and for any u € Ry, we have
(a+b)Ou=a0udbou.

For arbitrary a,b € R, this property is not
fulfilled.

(4) For any \,u € R and u € Ry, we have
AO(UBv)=A0ud O u.

(5) For any A € R and u,v € Ry, we have
AO (pOu)=(A\pu)Ou.
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(6) The function of ||.||f: Ry — R by |jully=
D(u,0) has the usual properties of the norm,
that is, ||ul|F= 0 if and only if
u = 0,[[]A©ullp=[Allully and [ju &
[[ullr +vllF -

vl[p <

(7) [llull=llollr[< D(u,v) and D(u,v) <
lullp+lvlly for any u,v € Ry

Definition 2.4 [3].  Let f [a,b] — Rp
be a fuzzy real valued function, then function
Wiap (fs:) : Ry U{0} — Ry defined by

w [a,b}(fv (5) = sup{D(f(x), f(y))| T,y

S [a7b]v ‘:B - y’ < 5}a (2-1)

where Ry is the set of positive real numbers, is
called the modulus of continuity of f on |a,b].

Some properties of the modulus of continuity are

given in below.

Theorem 2.2 [7].  The following properties

hold:

(1) D(f(x), f(y)) < wiay (fslz—yl) for any
z,y € [a,b],

(2) wiay (£.8) is increasing function of 5,

(3) Wy (f,0) =

(4) w[ab (f, 01+ d2) < Wy (fia) +

( ,(52) for any 61,82 > 0,

(5) wiay (f,nd) < nwla,bl(f,d) for any § > 0
n €N,

(6) W [a,b] (f7 )‘5) < (/\ + l)w [a,b] (f? 6) fOT’ any
0, A >0,

(7) 1f [ed] <
W [a,b] (f7 5) :

a,b) then wieq (£.0) <

Definition 2.5 [21]. A fuzzy real number valued
function f : [a,b] — Ry is said to be continuous
in xo € [a,b], if for each ¢ > 0 there exist 6 >
0 such that D(f(x), f(xo)) < &, whenever x €
[a,b] and |x — x| < 8. We say that f is fuzzy
continuous on [a, b] if f is continuous at each xo €
[a,b], and denote the space of all such functions

by Crla,b].
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Definition 2.6 [3/. Let f : [a,b] — Rp. f is
fuzzy-Riemann integrable to I(f) € Ry if for any
g > 0, there exists § > 0 such that for any division
P = {[u,v];&} of [a,b] with the norms A(p) < 0,

we have,

D(Z*(U_U)Qf(§>7[(f)> <g, (2'2)

P

where >.* denotes the fuzzy summation. In this
case, it is denoted by

b
~(FR) [ s

In [20], the authors proved that if f € Cfla,b],
its definite integral exists, and also,

FRfftrdt fftr

FRfftrdt fftrdt

Lemma 2.1 [18]. If f,g : [a,b] C R — Ry are
fuzzy continuous functions, then the function F :
[a,b] = Ry by F(t) = D(f(t),g(t)) is continuous
on A = la,b], and

<FR/Gf B, (FR)/b ()dt)
/D Jt.

Definition 2.7 (see [3], [18]) For f € Cr[0,1],
the Bernstein-type fuzzy polynomials for all x €
[0,1] is as follows

:Z* f<f;> Oppr(x), neN
k=0

(2.3)

where P, p(x) = 2F(1 — )" and Y *

n
k
means addition with respect to ® € R .

It is obvious that P, (z) >0, ¥V x€[0,1] and
Ppo(x), Pha(z),..., Pyp(x) are linearly indepen-
dent algebraic polynomials of degree <n and

Z Pnyk(ilf) =
k=0

Theorem 2.3 (see [3], [18]). If f € Cy[0,1],
then

3 1
(B (D@, /@) < Jo0nlf 70

neN, xzel0,1]; (2.4)
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i.e.,

lim D(BI(f)(@), f(x)) =0,

n—oo

uniformly with respect to x € [0,1].

3 Fuzzy integral equations

The linear fuzzy Fredholm integral equations of
the second kind is as follows:

F(t) = f()®AO(FR) / (s, 0)O F(s)ds, (3.5)

where k(s,t) is an arbitrary crisp kernel function
over the square a < s,t <b, A >0, and F(t) is
a fuzzy real valued function.

In [13], the authors presented sufficient conditions
for the existence and unique solution of (2.4) as
follows:

Theorem 3.1 [17]. Let k(s,t) be continuous for
a < st <bX>0, and f(t) a fuzzy continuous
oft,a <t <b. If

1

A<M =a)

where

M = max |k(s,t)],
a<s,t<b

then the iterative procedure

b

Fo(t) = f(t) © A ® (FR) / k(s 1)

a
©® Frn-1(s)ds, m>1, (3.6)
converges to the wunique solution of (2.4).
Specifically,

Lm
D*(F,F,,) < ﬁD*(FO,Fl), (3.7)

where L =
sup D(f(t),
a<t<b

between fuzzy-number-valued functions.

AM (b — a), and D*(f,g) =
g(t)) denotes the uniform distance

Throughout this paper, we consider fuzzy Fred-
holm integral equation (4.11) with a = 0,b = 1.
Here, we consider the linear fuzzy Fredholm inte-
gral equation (2.4) and uniform partition of the
interval [0, 1] :

A:0=ty<ti <...<tp1<t,=1, (3.8)
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with t; = ih where h = %, then the following it-
erative procedure gives the approximate solution
of (2.4) in point ¢

=fH@ere i*k(ti,t)

=0

1
@ym—l(ti)/ Pn,i(s)ds,
0

Pn.i(t) = (ZL) i1 — )

Remark 3.1 Since

Ym (1)

m>1, (3.9)

where

1 m!n!
t"(1l —-t)"de = ————
/0 (I=8"de = T

1 1
ds = .
A pn,k(s) S n + 1

4 Error estimation

we get

Now, we obtain error estimate for given linear

fuzzy Fredholm integral equations of the second
kind (2.4).

Theorem 4.1 Consider the linear fuzzy Fred-
holm integral equation (2.4) with continuous ker-
nel k(s,t) having constant sign on [0,1] x [0, 1],
f continuous on [0,1] and also, if L = AM <1

where M = max |k(s,t)|, then iterative pro-
s,t€[0,1]

cedure (3.8) converges to the unique solution of
(2.4), F, and its error estimate is as follows:

3L 1 Lt
D*(F,ym) < mw[o,ll(f’ﬁwr 1-L
L 3. (k, h) + 2L

+rre =y (st )+ 2L, —2)) [ 71

where

| fllF= sup | F(&)]lr
a<t<b

and

Ws(kvh) = Ssup {Sup’k(sla )

a<t<b

k(s2,t)|: |s1—s2|< h},

and

well,h) = sup {suplk(s, t1)
a<s<b

—kZ(S, t2)|1 |t1—t2|§ h}
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Proof.
(FR) fo

Since Fo(t) fit)y ® A ©
$,t) © Fi—1(s)ds, ¥t € [0,1], we have:

D(Fm(t)7ym(t>) -

DO F0) +AD((FR) [ (st

1
k(tivt)@ym—l(ti)@/o pm(s)ds)

=D ((FR) /lk(s,t)
0
1

®ym1(ti)®/0 pm(s)ds)

1 n*
/ > puils)k(s,t

=0
Fn( ds+A/ Zme

Pri(8)k(5,1) © Y (t >)ds

+/\/ ZD Prii(s

@ym_l(ti)>ds.

n *

O] mel(s)dsa Z k(t’ia t)
1=0

1
g/\D(/ k(s, 1)@ Fp_1 (
0

5 t)@ym 1( ) pnz( )k(tiat)

With suppose that M

= max |k(s,t)| we
s,t€[0,1]

have:

1
D(F(t), ym(t)) < AM /0 D(Fo_

n * 1 n
> pusls)Frnea(8))ds + A1 [ lpslt)
i=0 U i=0
D(Fm (), Ymn (¢ ))ds
1 n
o > ma0)(s,0) -

D (g1 (t),0) ) ds.

Regarding to Theorem 2.3 and taking into ac-
count that Y (pni(t) = 1 and L = AM and
[ ym-1llr = sup D(ym-1(t),0) we have:

0<t<1

k(ts,1)]

DUF(0).11(8) < 00 (Pt 72)

(s,t)OFm—1(ti),
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+L.D (Fm_1 (ti), ym—l(ti)>

A [ ym-llrws(k, h).

Taking the supremum for 0 < ¢ < 1 from above
inequality we have:

X 3L 1
D*(Fo, ym) < 7&) [0,1](Fm—1, %)

. L
+L.D (Fm—la ym—l) + M H ym—leWs(kv h)a

where ws(k, h) is the partial modulus of conti-
nuity with respect to s.
Considering inequality (3.9) we rewrite the fol-
lowing inequalities:

1

. 3L
D*(Enyym) < o w 0,1 (Fm—1, %)

. L
+L.D (melv ymfl) + M H ymleFWS(ka h),

. 3L 1
D (Fm—lu ym—l) < ?w [D,l](Fm—Qa %)

. L
+L.D (Fm—27 ym—Q) + M H ym—QHFwS(k7 h’)7

. 31
D*(Fy,y1) < 5w 0,17 (f; ﬁ)

+ W flrwsten). (@410)

Multiplying the above inequalities by
1,L, L?...,L™ !, respectively and summing

them we have

3L
2

1
7

D*(meym) < (W [0,1}(Fm—17

1
NG

L
s ) (gL | yms

+Lw 1) (Fn—2,—=) + ... +

L™ wio(f,

< -
N~—~

ER A Hfup). (4.11)

Taking norm from (3.8) and considering the
Remark 3.1 we obtain

[yl < 1FONr+Lllyia @)l 1<i<m.
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Taking supremum the above inequality and then
by successive substitutions on the obtained in-
equality and taking into account L = AM < 1 we
have:
lulr< = Iflr 1<i<m-1
ST <1<

(4.12)
Also, according to the proof of Theorem (11) in
[7] we have the following inequalities:

L
wio,1)(Fi h) Swo(f h) +

etk ) 1 Eialle

1<i<m-—1. (4.13)

Also, taking norm from (3.5) we get

IE@r < If Ol +LIFa @l 1 <i<m.

Taking supremum the above inequality and then
by successive substitutions on the obtained in-
equality and taking into account L = AM < 1 we
have:

1 .
HFZHFSEHJCHF 1 <1< m-2.

(4.14)
Thus, substituting (4.13) into (4.14) we obtain:

L

wpo0,1)(Fi, h) < wo,1(f, h)+m

| fllrwe(k, h)

1<i<m-—1. (4.15)

Finally, by substituting (4.12) and (4.15) into
(4.11), we obtain the following inequality:

L
D*(Fn, ym) < 2(13—L)w [0,1](f7 \}ﬁ)

L fllr L))
9M(1 — L)? NG

Considering the inequality (3.6) we obtain

n (3%(1@, h) + 2Ly (k,

Lm
< ED*(FI, Fo) + D*(Fm, ym)-

D(Fi(t), Fo(t)) = D(f(t) S AFR) /01 k(s,t)

OFy(s)ds, Fo(t)>
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1
<D ((FR) / K(s,6) © Fo(s)ds, 6),
0
we conclude that

D*(Fi,Fy) < L sup D(Fy(s),0) < L flr-
0<s<1

Hence, we have:

3L 1

D*(F,ym) < mw [0,1}(f7 %)

Lmtl L

—+ . (3w5(k,h)

+ 2M(1—1)

1))] 1 £l ©

2Lw(k
+ wt( ’\/’Tl

Remark 4.1 Since L < 1, it follows that

lim L™ = 0.
m—roQ

In addition,

li h) =
hl_%w[o,l](f, ) =0,
lim ws(k, h) =0,
h—0
li k,h) = 0.
ig(l)wt( h) =0
So,

lim
m—00,h—0

D*(F, ym) =0

that shows the convergence of the method.

5 Numerical examples

To illustrate the efficiency of the presented
method in the previous section, we give two ex-
amples. Also, we compare the numerical solution
obtained by using the proposed method with the
exact solution.

Example 5.1 Consider the following linear
fuzzy Fredholm integral equations of the second
0.2(et*1 —1)

kind:
t —
<e t+1

where v = (r,2 —r).
The ezxact solution in this case is given by

1
F(t) = >®7€B0.2®/ e’ OF (s)ds,
0

Ft)=¢e" on.

To compare the error with n = 10, m = 12 and
n =100, m =9, see Table 1.
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Table 1: The accuracy on the level sets for Example 5.1 in ¢t = 0.5

n=10, m=12 n=100, m=9
-level F=y | F—7,] Fy,] F—7,]
0.00 0.000000 0.222423 0.000000 0.027002
0.25 0.027803 0.194620 0.003375 0.023627
0.50 0.055606 0.166817 0.006751 0.020252
0.75 0.083409 0.139014 0.010126 0.016876
1.00 0.111211 0.111211 0.013501 0.013501

Table 2: The accuracy on the level sets for Example 5.2 in ¢t = 1.5

n=10, m=9 n=100, m=9
r-level E—y,| [E' =Y E-y,l |F = Y
0.00 0.000000 0.163788 0.000000 0.019717
0.25 0.020473 0.143314 0.002465 0.017253
0.50 0.040947 0.122841 0.004930 0.014788
0.75 0.061420 0.102367 0.007394 0.012323
1.00 0.081894 0.081894 0.009859 0.009859
Example 5.2 Consider the following lincar 6 Conclusions

fuzzy Fredholm integral equations of the second
kind:

flt,r)=rt— %T‘tQ — %7‘
flt,r) =2t —rt— it2 _3 —i—irt + i7‘

13 26 26 52
and kernel

(s + 12 —2)

13
and a = 1,b = 2. The exact solution in this case
s given by

k(s,t) =

E(t,r)=rt

F(t,r)=(2—r)t.
Since the the fuzzy Fredholm integral equations
with this method is defined only for t € [0,1], so
the transformation z = (b—a)t+a must be done.

To compare the error with n = 10, m = 9 and
n =100, m =9, see Table 2.

In this paper, we proposed a numerical method to
solve linear fuzzy Fredholm integral equations of
the second kind based on iterative procedure us-
ing fuzzy Bernstein polynomials. Also, we have
presented the error estimation for approximate
solution of linear fuzzy Fredholm integral equa-
tions of the second kind, in terms of modulus of
continuity. Illustrative numerical examples are
included to demonstrate the accuracy of the pro-
posed method. In the above presented numeri-
cal examples we see that the proposed method
well perform for linear fuzzy integral equations
and the convergence result, Theorem 4.1, is con-
firmed.
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