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ABSTRACT. The purpose of this article is solving the fuzzy linear Volterra integral equa-
tions by a numerical method. The proposed approach is based on least squares approzi-
mation method, which is based on a polynomial of degree n to compute an approzimation
to the solution of fuzzy Volterra integral equations. At first, by using the parametric form
of fuzzy numbers the linear fuzzy Volterra integral equation is transformed into two crisp
linear Volterra integral equations, then the least squares approximation method is used
to find approximate solution of the obtained system, and hence, obtain an approxima-
tion for fuzzy solutions of linear Volterra integral equation. Several numerical examples,
in which the exact solutions are known, are provided for better showing the accuracy of
least squares approximation method. The results obtained through numerical procedure
show that the method is effective and reliable, and also numerical results reveal that the
mentioned method is very easy to implement.

Keywords: Fuzzy Volterra integral equation, Least squares approximation method,
Parametric form of fuzzy function

1. Introduction. The integral equations have been one of the principal tools in various
areas of applied mathematics, physics, engineering, geographics and biology.

Usually in many applications, some of the parameters in our problems are represented
by fuzzy number rather than crisp one, and hence it is important to develop mathematical
models and numerical procedures that would appropriately treat general fuzzy integral
equations and solve them [7-9,14,18,19].

There are several methods for solving fuzzy Fredholm integral equations by using para-
metric form of fuzzy number and converting a fuzzy Fredholm integral equation to two
linear systems of integral equations in deterministic case [2,5,6,10-12]. Moreover, there are
some computational and analytical methods to obtain solution of fuzzy Volterra integro-
differential, fuzzy Volterra-Fredholm and fuzzy Volterra integral equations [3,4,16]. This
paper applies the least squares method to the fuzzy linear Volterra integral equations of
the form

u(z,r) = f(x,r)+ )\/x(k;(x,t)u(t,r))dt, (1)

where u(z,r) = (u(z,7),u(z,r)) is a fuzzy-valued function to be solved for given known
fuzzy function f(z,r) = (f (z,7), f(z,7)) and given known real-valued function k(z,t).
Also A € R and z € [a,b], b < oo, where a, b are constants.

This paper is organized as follows. Section 2 presents some preliminaries of fuzzy
calculus which will be used later. Section 3 is focused on least squares approximation
method for fuzzy Volterra equation (1). Then in Section 4, for implementing the proposed
approach, some numerical examples are brought. Finally conclusion is drawn in Section

d.
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2. Preliminaries.

Definition 2.1. [8] A fuzzy number w in parametric form is a pair of functions (u(r),
u(r)), 0 <r <1, which satisfy the following requirements:

1) u(r) is a bounded non-decreasing left continuous function in (0, 1], and right contin-
uous at 0.

2) u(r) is a bounded non-increasing left continuous function in (0,1], and right contin-
uous at 0.

3) u(r) <a(r), 0 <r < 1.

Let E be the set of all upper semicontinuous normal conver fuzzy numbers with bounded
r-level intervals. It means that if u € E then r-level set,

[u]" ={s|u(s) >r}, 0<r<1

15 a closed bounded interval which is denoted by

For arbitrary u = (u(r),u(r)), v = (v(r),v(r)) and k € R, we have:
o Addition: u(r) +v(r) = u(r) + v(r) and u(r) +v(r) = u(r) +o(r)

o Subtraction: u(r) —v(r) = u(r) —v(r) and u(r) — v(r)

e Scalar product: k- u(r) = E

Definition 2.2. [8] The Hausdorff distance between fuzzy numbers given by D : E x E —
R-‘r U {0}7
D(u,v) = sup max{|u(r) — v(r)|, [a(r) —v(r)[}.

rel0,1]

D is a metric in E and has the following properties [15],

(i) D(u+ w,v+w) = D(u,v), Yu,v,w € E,

(ii) D(k - u,k -v) = |k|D(u,v), Vk € R,u,v € E,
(iii) D(u+v,w+e) < D(u,w) + D(v,e), Yu,v,w,e € E,
(iv) (D,E) is a complete metric space.

Definition 2.3. [10] A fuzzy function f : R — E is said to be continuous for arbitrary
fized xy € [a,b], if for every one € > 0 there exists 6 > 0 such that if |x — xo| < § then

D(f(x), f(z0)) <e.

Definition 2.4. [13] A mapping f: I CR — E is called levelwise continuous at a € I if
the set-valued mapping f.(z) = [f(z)]" is continuous at x = a with respect to the Hausdorff
metric D for all r € [0, 1].

Theorem 2.1. [13] Assume that

(1) f(x) is a levelwise continuous mapping on [a,a + x|, xo > 0;

(2) k(x,t) is a levelwise continuous mapping on A :a <t < x < a+xg, D(u(x), f(z)) <
Yo, Yo > 0;

(3) for any (x,t,u(t)) € A, (z,t,v(t)) € A, we have D([k(z,t,u(t))]", [k(z,t,v(t))]") <
LD([u(®)]", [v(®)]"), ’where L >0 is a given constant for any r [O, 1

e [0,1].
Then there exists a umque levelwise continuous solution u(x) of (1) defined for x €
) € A.

(a,a+0), 6 = min{xo, X3}, where M = D(k(z,t,u(t)),0), (z,t,v(t
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3. Fuzzy Least Squares Approximation Method. Assuming that the function
k(x,t) satisfies some conditions (Theorem 2.1) such that the solution of (1) exists and is
unique. Without loss of generality, we assume that k(z,t) > 0 for any a < z,¢ < b, and
then according to Section 2, the parametric form of Equation (1) is as follows

u(w,r) = f(z,r)+ )\/w (k(z,t)u(t,r)) dt, (2)
U(x,r) = f(z,r)+ /\/x (k(z,t)u(t,r))dt. (3)

Now, we define the following operator:

T(x,u(x,r)) =u(z,r)— flx,r) — /\/w(k:(x,t)u(t,r))dt. (4)

For positive integer n > 0, suppose ¢o(x), ¢1(x), ..., @n(z) are linearly independent func-
tions on the interval [a,b] and ®,, = span{po(z), p1(2), ..., on(x)}.
Let u, = (u,,u,) where u,,u, € ®,, and then there exist numbers ¢; = (¢, ),

1=0,1,...,n, such that

n

un(w,r) =Y ei(r)pn(). ()

i=0
Now with placement (5) into (4), for any x € [a,b], 1 = 0,1,...,n we have:

T(x,u,(z,7)) = up(z,7) — fl2,r) — )\/w(k(x,t)un(t,r))dt
[ e = [kl ey - flar)

Ser
Z — f(a,r), (6)

where o;(z) = — X [P (k(x, t)@i(t))dt.
Also, for any a § x <b, we deﬁne R, (z,r) =T(xz,up(x,r)) — T(x,u(z, 1)), ie.,

Ru(z,r) = (up(z,r) —u(z, 7)) — )\/ k(x,t)(un(t,r) —u(t,r))dt.
In the following, let
I = I(co,c1,---,0n)
- (1(207217 s 7Qn)a7(607617 e 7En>)

_ (/abﬁ (x,gn(x,r))dx,/ab72 (x,ﬂn(x,r))dx) . (7)

The purpose of this step is to find coefficients ¢;, © = 0,1, ..., n that will minimize I.
A necessary condition for minimizing I by numbers ¢;, = 0,1,...,n is that (9_ =0
Ci
ol
and — =0 foreach7=20,1,...,n
Ci
By the relation (7) we have:

or [ ol (v,u,(x,7))
=2 [ L) ettty

=i =i

= {Z i) =2 [ kg0 ¢, - i(x,r)}

j=0
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. [gpz(a:) — )\/aw k(x, t)gpj(t)dt] dx =0, (8)

or, for y=0,1,...,n

Z% /ab a;j(z) - ai(z)dr = /abi(%?“)ai(ff)d% (9)

=0
Similarly,
oI b OT (z, T, (z,7))
— T (z. 1 :
= /a (@, Tp(x, 7)) = dx
b n T
2/ {Z os(a) = [ ko st - f(x,r)}
a =0 a
. [gol(x) — )\/ K,(x,t)@j(t)dt] dx =0, (10)
or
n b b
ZEJ-/ a;(z) - a;(z)dr = / flz,m)a;(x)dz j=0,1,... n. (11)
i=0 @ @
To find w,, and 1, systems of Equations (9) and (11) must be solved for 2n+2 unknown
< and ¢;.
The systems (9) and (11) can be written in the form:
B.c=d,
and
Bc=d,

where B = [bij](n+1)x(n+1), bij = f: aj(z).ci(x)dz fori, j =0,1,...,n,alsod = [dy,d,, . . .,
d,) and d = [do, dy, . ..,d,] where d; = fab f(@)ai(z)dz and d; = f; f(@)ay(z)d.

4. Numerical Examples. In this section, three examples are given to illustrate the
application of the proposed method. Also, the computed errors ¢,, are defined by,

b 3
On = {/ ei(x,r)dw] ,
where e, (z,7) = u(z,r) — u,(x,r).

For easy calculation, we assume ®, = span{yo(z),1(x),...,on(x)} to be an nth
polynomial function space.

Example 4.1. Let us consider the following fuzzy Volterra integral equation:

u(z) = f(x) + /Ox(:z: — t)u(t)dt,

where f(x,r) = [3 4 1,8 — 2r]. This integral equation has the exact solution u(x,r) =
3+ 7,8 —2r] - cosh(x).

We present the error of the proposed method in Table 1 for » = 0.1,0.9 and different
values of n. Also, in Figure 1, we plot the obtained solution by n = 8 and exact solution
based on r-cuts for » = 0,1. Also, in Figure 2, we see that the approximate solution
obtained by the present method has a good accuracy on the whole interval.



TABLE 1. The error of uw and w for r =0.1,0.9 and n = 2,3,...,8

FIGURE 1. Exact and approximate solution (n = 8) for Example 4.1
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n| r=01] r=01| »r=09| r=0.9
21 5.20e-3| 1.31le-2| 6.55e-3| 1.04e-2
3| 7.0le-4| 1.76e-3| 8.82e-4| 1.40e-3
4| 1.63e-5| 4.10e-5| 2.05e-5| 3.26e-5
51 1.46e-6 | 3.69e-6| 1.84e-6| 2.93e-6
6| 2.43e-8| 6.12e-8| 3.06e-8 | 4.86e-8
71 1.64e-9| 4.13e-9| 2.06e-9 | 3.28e-9
8 12.12e-11 | 1.57e-10 | 7.86e-11 | 4.32¢-11
i O approximate u *
B exactu P
L * approximate U .
|| —exactd e il
o: ofz 03 0?4 ofs o!e ol7 o?a o?g 1|
X
(a) O-cut

L

O approximate u
exactu

* approximate U
— —exactu

0.1 0.2 0.3

0.4 0.5

X

0.6

(b) 1-cut

Example 4.2. Consider the following fuzzy Volterra integral equation:

fa)+ [ = utoy

where f(x,r) =

(1 — sinh(z)).

u(z) =

2
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1—x— :1:_) - [r,2 —r]. In this example, the exact solution is [r,2 —r] -
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F1GURE 2. The error of v and w for r =0.1,0.9 and n =2,3,...,8

TABLE 2. The error of w and @ for r =0.1,0.9 and n = 2,3,...,8

0 On 0 On
r=01 r=01] r=09] =09
3.60e-4 | 6.84e-3 | 3.24e-3| 3.96e-3
1.05e-5 | 1.99e-4 | 9.46e-5| 1.15e-4
1.13e-6 | 2.15e-5 | 1.02e-5| 1.24e-5
2.19e-8 | 4.17e-7| 1.97e-7| 2.41e-7
1.69e-9 | 3.22e-8 | 1.52e-8 | 1.86e-8

2.45e-11 | 4.66e-10 | 2.21e-10 | 2.70e-10
1.48e-12 | 2.90e-11 | 1.33e-11 | 1.66e-11

0w~ O Ul R W NS

We have the numerical results in Table 2 for r = 0.1, r =0.9 andn =2,3,...,8.

Figure 3 shows the exact solution and the resulted solution by the presented method
(n = 8) based on 0-cut and 1-cut. Also, Figure 4 shows error of v and @ for » = 0.1,0.9
andn=2,3,...,8.

Example 4.3. Let us consider the following fuzzy Volterra integral equation:

u(z) + /093 (6—(t—:v) cu(t)) = c- f(a),

where ¢ € E with ¢(r) = [1,2 —r], f(x) = cosh(z), 0 < r < 1. In this ezample, the exact
solution is u(x,r) =[1,2 —r]- e,

We have the numerical results in Table 3 forr =0.1, r =0.9 andn = 2,3,...,8.

Figure 5 shows the exact solution and the numerical solution based on least square
approximation method for n = 8 based on 0-cut and 1-cut, and Figure 6 shows error of u
and u for r =0.1,0.9 and n = 2,3,...,8.

According to examples we show that the proposed method is effective and gives solution
with high accuracy.

5. Conclusion. The fuzzy integral equations are important for solving a large proportion
of the problems in many topics in applied mathematics.
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FIGURE 3. Exact and approximate solution (n = 8) for Example 4.2
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F1GURE 4. The error of u and w for r =0.1,0.9 and n = 2,3,...,8
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TABLE 3. The error of v and w for r =0.1,0.9 and n =2,3,...,8

0.2

S

d, on J, on
n| r=01| r=01| r=09| r=0.9
2] 1.94e-3| 3.68e-3| 1.94e-3| 2.13e-3
3| 1.22e-4| 2.3le-4| 1.21e-4| 1.34e-4
41 6.11e-6 | 1.16e-5| 6.11e-6 | 6.72e-6
5| 2.5be-T| 4.84e-7| 2.55e-7| 2.80e-7
6| 9.12e-9| 1.73e-8| 9.12¢-9| 1.00e-8
7 | 2.85e-10 | 5.42e-10 | 2.85e-10 | 3.14e-10
8 1 2.13e-11 | 8.33e-11 | 2.13e-11 | 3.53e-11

O approximate u
exactu

* approximate U
— —exactu

0.7

X
(a) O-cut
110
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T8
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o
.
041 e
0.3 | | | | | | | | Il
0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9
X
(b) 1-cut

FIGURE 5. Exact and approximate solution (n = 8) for Example 4.3

In this paper, we used the least squares approximation method to obtain a numerical
approximation of linear fuzzy Volterra integral equations. The accuracy of the proposed
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FIGURE 6. The error of v and @ for r =0.1,0.9 and n = 2,3,...,8

method has been demonstrated by the numerical examples. This method is efficient that
it gives approximations of high accuracy.

In the near future, the least squares approximation method will be used on non-linear
fuzzy Volterra integral equations.
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