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Abstract

In this paper, fuzzy variational iteration method (FVIM) is proposed to solve the second- order
fuzzy Abel-Volterra integro-differential equations. The existence and uniqueness of the solution and
convergence of the proposed method are proved in details is investigated to verify convergence results
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and to illustrate the efficiently of the method.
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1 Introduction

He fuzzy integral equations and the fuzzy
T integro-differential equations are very use-
ful for solving many problems in several applied
fields like mathematical economics, electrical en-
gineering, medicine and biology and optimal con-
trol theory. Since these equations usually can not
be solved explicitly, so it is required to obtain
approximate solutions. There are numerous nu-
merical methods which have been focusing on the
solution of these equations (1.1)-(3.19).

In this work, we develope the fuzzy variational
iteration method to solve the second- order fuzzy
Abel-Volterra integro-differential equation of the
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second kind as follows:
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u(t) dt &9 f(x)

(1.1)

7 (z) 9

~~

(1.2)

Where a and p are crisp constant values and
k(z,t) is function that has derivatives on an in-
terval a < t<z< b and b, are fuzzy constant
values and f(z) is fuzzy function. The second-
order Abel-Volterra integro-differential equations
occur in various physical applications including
heat transfer and viscoelasticity [13].

Here is an outline of the paper. In section
2, the basic notations and definitions in fuzzy
calculus are briefly presented. Section 3 de-
scribes how to find an approximate solution of the
given second-order fuzzy Abel-Volterra integro-
differential equations by using proposed method.
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The existence and uniqueness of the solution and
convergence of the proposed methods are proved
in Section 4 respectively. Finally in section 5,
we apply the proposed method by an example to
show the simplicity and efficiency of the method,
and a brief conclusion is given in Section 6.

2 Basic concepts

Here basic definitions of a fuzzy number are
given as follows, [9, 14, 15, 16, 19, 23, 27]

Definition 2.1 An arbitrary fuzzy number u in
the parametric form is represented by an ordered
pair of functions (u,w) which satisfy the following
requirements:

(i) w:r — u(r) € R is a bounded left-continuous
non-decreasing function over [0, 1],

()w : r — aulr) € R is a bounded
left-continuous non-increasing function over

[0,1],

(iii) w(r) <w(r), 0<r <L

Definition 2.2 For arbitrary fuzzy numbers
u,0 € E , we use the distance (Hausdorff metric)
D(u(r),v(r)) =  max{sup,clu(r) —
o(r)],sup [a(r) —v(r)[},

and it is shown that (E , D) is a complete
metric space and the following properties are well
known:

DU+ w,v+w) =D@0),Yu,vcE,
D(ku, kv) =| k | D(u,v),V k € R,u,v € E,
D(u+v,w+¢) < D(u,w) + D(v,€),
Yu,v,w,e € E.

Definition 2.3 Consider x, y € E. If there ex-
ists z € E such that © = y+ 2z then z is called the
H- difference of x and y, and is denoted by xSy.

Proposition 2.1  If f : (a,b) — E is a contin-
uous fuzzy-valued function then g(x) = f; f(t) dat
is differentiable, with derwative g (z) = f(z).

Definition 2.4 Let f : (a,b) — E and xg €
(a,b). We say that f is generalized differentiable
at xy ( Bede-Gal differentiability), if there exists
an element f'(x9) € E, such that:
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i) for all h > 0 sufficiently small, 3f(xo + h) ©
f(x0),3f(z0) © f(zo — h) and the following
limits hold:

lim f(zo+h) © f(x0)
h—0 h

f(x0) © f(z0 — h)
h

= lim
h—0

= f (o)

or

ii) for all h > 0 sufficiently small, 3f(xo) ©
f(zo + h),3f(zo — h) & f(xo) and the fol-
lowing limits hold:

lim f(x0) © f(x0 + h)

h—0 —h

— lim f(xzo —h) © f(z0)
- h—0 —h

= f (o)

or

iii) for all h > 0 sufficiently small, 3f(zo + h) ©
f(zo),3f(xo — h) © f(xo) and the following
limats hold:

f(xo + h) © f(z0)

lim

h—0 h

~ lim f(zo —h) © f(xo)
h—0 —h

= /' (x0)

or

iv) for all h > 0 sufficiently small, 3f(xo) ©
f(zo + h),3f(x0) © f(xog — h) and the fol-

lowing limits hold:

f(x0) © f(z0 + h)

lim

h—0 —h

_ iy @0) © flao —h)
- h—0 h

= f (o)

Definition 2.5 Let f : (a,b) — E. We say f is
(i)-differentiable on (a,b) if f is differentiable in
the sense (i) of Definition (2.4) and similarly for
(i), (iii) and (iv) differentiability.
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Definition 2.6 A triangular fuzzy number is de-
fined as a fuzzy set in E, that is specified by an or-
dered triple u = (a,b,c) € R® with a < b < ¢ such
that u(r) = [u(r),u(r)] are the endpoints of r-
level sets for allr € [0, 1], where u(r) = a+(b—a)r
and u(r) = ¢ — (¢ — b)r. Here, u(0) = a,u(0) =
c,u(l) =u(l) = b, which is denoted by u(1). The
set of triangular fuzzy numbers will be denoted by
E.

Definition 2.7 The mapping f : T — E for
some interval T is called a fuzzy process. There-
fore, its r-level set can be written as follows:

f@)(r) = [f(E,r), f& )],

Definition 2.8 Let f : T — E be Hukuhara dif-

ferentiable and denote f(t)(r) = [f(t,r), f(t,7)].

Then, the boundary function f(t,r) and f(t,r)
are differentiable ( or Seikkala differentiable) and

teT, relol].

/ !

(f (t))(?“) = [i/(t,T),f (t,?“)], teT, re [07 1]'

If f is (ii)-differentiable then

/

F W) =[F ), f ), teT, relo,1l.

Definition 2.9 A fuzzy number A is of LR-type
if there exist shape functions L(for left), R(for
right) and scalar o > 0,8 > 0 with

L(%ZE) z<a

@ ={ R sie @9
the mean value of A, a is a real number, and o, B
are called the left and right spreads, respectively.
A is denoted by (a,a, ).

Definition 2.10 Let M = (m,a,B)rr and
N = (n,7v,0)Lr and X € RT. Then,

(1) : AM = (Am, A, \B) Lr

(2) : =AM = (—=Am, A\B,\a) LR

(3): M&N = (m+n,a+v,06+08)Lr

(4): MO N ~
(mn, my + na,moé + np) g, M,N >0
(mn,na — mé,nB —my)Lr, M >0,N <0
(mn,—nB — md,—na —m~y)Lr,: M, N <0
(2.5)

(2.4)

Definition 2.11 The generalized Hukuhara dif-
ference of two intervals, A and B, (gh-difference)
is defined as follows

B (a), A=B+C
A@gB_C@{ or (b), B=A+(~1)C.

This difference has many interesting new prop-
erties, for example A9 A = (0). Also, the gh-
difference of two intervals A = [a,b] and B =
[e,d] always exists and it is equal to

A9 B=[min{a —¢,b— d}, max{a —¢,b— d}].

3 Description of the method

In this section we are going to solve the second-
order fuzzy Abel-Volterra integro-differential
equation with fuzzy initial conditions by using
fuzzy variational iteration method [7].

We consider the second-order fuzzy Abel-
Volterra integro-differential equation with fuzzy
initial conditions as follows:

L(u(t)) & N(u(t)) & g(t) =0,
0<t<T,TeR. (3.6)
Where the linear operator L is defined as L =

[%22, N=npufr k(x,t)\/% u(t) dt is a nonlinear

operator, g(t) = t is a known fuzzy function and 0
is singleton fuzzy zero with membership function
as follows:

1 z=0,
“5(””"):{ 0 i;éo.

With fuzzy initial condition:

(3.7)

where ¢ are fuzzy constant values.
In this case, a correction functional can be con-
structed as follows:

Unt1(t) = n(t)+
| AL ) 07 N () o7 g(r) )

n >0, (3.8)
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where A is a general Lagrange multiplier which
can be identified optimally via variational the-
ory. Here the function w,(7) is a restricted vari-
ations which means § u,, = 0. Therefore, we first
determine the Lagrange multiplier A that will be
identified optimally via integration by parts. The
successive approximations uy(t), n > 0 of the so-
lution @(t) will be readily obtained upon using the
obtained Lagrange multiplier and by using any
selective function ug. The zeroth approximations
up may be selected any function that just satis-
fies at least the initial and boundary conditions.
With A determined, then several approximation
un(t), n > 1 follow immediately. Consequently,
the exact solution may be obtained by

U(t) = lim U (t).

n—oo

(3.9)

Case (1):
a(t) is (1)-differentiable for any i (1,2), in
this case we have,

Upy1(t) = ug(t)+

/0 A7) (Lt (7) ©9 Niig(7) &9 g(7)] dr. (3.10)

g1 (t) = ouk(t)+

) / Luk

We apply restricted variations to nonlinear term
Nu (0Nu = 0) , so, we can write Eq.(3.11) as
follows:

) &9 Nug(r) &7 g(1)] dr.
(3.11)

Sug41(t) = oug(t)

+5/

We can write,

Luk

o9 g(1)] dr. (3.12)

t
Oup 1 = 0y, +/0 )\Q](f)(’i')d’]',

t
U1 = Oy +/ )\H](f)(’i')d’r.
0

6Qk+l = 6ﬂk+1 =0.
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t
/ Ml (7)dr =l — / AWy (7) dr
0

0
—)\uk) — AWy,

/ A2, () dr)

—)\uk — A(l)gk

+ / Ay, (7)dr.
0

t t
/ Nal (r)dr =xal) - / AOaD(7) dr

0 0
=y — (AW,

—~ / t A&z, (r)dr)

0
=yt — AW,

t
+ / AOgy(7)dr.
0

Finally, we can write

0= Supyr = Sy, + (Aul”) + ADowy)
t

+ / A §u, (1) dr.
0

0= 0lipy1 = S1y, + (Aul) + Aoy
+ / A2 g (1) dr.
0

So, we have

1+ 21 =,
A2 =,
A= \D =9

Finally, we obtain A as follows

A=717—-1t, O0<t<7T<T. (3.13)

Therefore, substituting (3.13) into functional
(3.10), we obtain the following iteration formula,

Up1(t) = ug(t)+
/0 (7 —t)(Luk(7) & Nug(r) &9 g(r)] dr.
(3.14)
Now, define the operator Alu] as,
Alu] =

/0 [(r — t)(Lig(r) ©9 Niig(r) 9 g()] dr,
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and define the components v, £ = 0,1,2,...
as,
i70 = ﬂoa
v = Alv],

Thir = Ao + 01 + - + T,

We have u(t) = limp_yoo Ug(t) = > oo Vk(t),
therefore, we can write recursive relations as fol-
lows:

5O(t) = g0 + Eltv
2

mH@=Awaﬁi%+m+%W>

dr2

o9 Nffo + -+ +T)(r) 9 g(r)] dr.  (3.15)

Case (2): ) (t) is (2)-differentiable for any i
(1,2), in this case we have,

¢
Ougyq = 0y, +/0 )‘ui(f) (1)dr,

t
OUp 41 = Oy +/ )\gl(f) (1)dr.
0

5Qk+1 = 5ﬂk+1 = 0.

/0 t 2l (r)dr =xul — /O t ADu (7 dr
=l — (ADy,
‘/K%Mﬂm>
:Aulgl(; = A(l)yk
+ /0 t A@y, (7)dr.

t t
/ al (r)dr =xal) - / AD 7V (r)dr
0 0

=) — AV,
t
— | A wy(r) dr)
0

=yl — AW

t
+ / A(z)ﬁk(T)dT.
0

Finally, we can write
0= 5Ek+1 = o+

t
(oa) + ADowy) + / ADsa(7) dr.
0

0= 5ﬂk+1 = 5ﬂk+

t
Aég(l)—k)\u)(m + AD§u, (1) dr.
k k k
0

So, we have

1+ 21 =9,
A2 =,
A= \1 =0,

Finally, we obtain A as follows

A=17—-1t, O<t<tT<T. (3.16)

Therefore, we can write recursive relations as
follows:

vo(t) = o © (—1)art,
2

t
mﬂwzlkmwﬁi%+m+@w>

dr?

o9 N[’ﬁo 4+t '17k](7—) a9 g('r)] dr. (3.17)

Case (3):
7@ (t) is (1)-differentiable for some i,(1,2) and
for another is (2)-differentiable. In this case let:

P={1<i<2|ua®(t)is (1) — differentiable},
P ={1<i<2|a®()is (2) — differentiable}.

A in this case is similar to the previous cases.

A=17—-t, 0O0<t<7T<T. (3.18)

If u)(t) € P then 31 = &t and if u)(t) € P’
then 57 = ©¢it.
Therefore, we can write recursive relations
as follows:

To(t) = G + 31,
2

mﬂwzguwwﬁim+m+@w>

dr?

Y N[t + -+ 0)(r) &9 g(7)] dr. (3.19)
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Table 1: Numerical results for Example 5.1

r (vn =14,t =0.3) (vn =14,t =0.3)
0.0 0.3039702 0.6433234
0.1 0.3136721 0.6221077
0.2 0.3338308 0.6166108
0.3 0.3435612 0.5913441
0.4 0.3563807 0.5827567
0.5 0.3723432 0.5672941
0.6 0.3828568 0.5587114
0.7 0.4035348 0.5357707
0.8 0.4154875 0.5248223
0.9 0.4317526 0.5072443
1.0 0.4454315 0.4454315

Table 2: Numerical results for Example 5.1

r (v,n =16,t =0.3) (,n =16,t =0.3)
0.0 0.3742606 0.7125412
0.1 0.3829503 0.6944317
0.2 0.3954443 0.6872789
0.3 0.4131756 0.6669733
0.4 0.4377873 0.6588403
0.5 0.4452548 0.6365866
0.6 0.4661098 0.6106643
0.7 0.4727766 0.6058915
0.8 0.5068306 0.5837114
0.9 0.5265325 0.5681856
1.0 0.5379755 0.5379755

Table 3: Numerical results for Example 5.1

r (v,n =15t =0.3) (U,mn =15,t = 0.3)
0.0 0.4625667 0.7723409
0.1 0.4755794 0.7844202
0.2 0.4833572 0.7770843
0.3 0.5019982 0.7537559
0.4 0.5280251 0.7423187
0.5 0.5398431 0.7273561
0.6 0.5568436 0.7023817
0.7 0.5666382 0.6988303
0.8 0.5960981 0.6717429
0.9 0.6122504 0.6586058
1.0 0.6288901 0.6288901

4 Existence and convergence Theorem 4.1 The series solution u(t) =
analysis Y re o Uk(t) obtained from the relation (3.15) us-
ing FVIM converges to the exact solution of

) ) ) the problems (1,2) if 30 < v < 1 such that
In this section we are going to prove the con- D(T1 6) < ~D(oy 6)
+1> = ) .

vergence and the maximum absolute truncation
error of the proposed method. Proof. Define the sequence {5,}7° as,
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S0 = Vo,
§1 = vo + V1,

gn:%/0+f61+"'+%/na

and we show that {5, }>2 is a Cauchy sequence
in the Banach space. According to the property
(1) from Hausdorff metric we can write,

D(§n+1,§n) :D(5n+1,6)
< 7D (W, 0)
< 72D(5n7176)

<o <AMHID(@, 0).
For every n,J € N, n > j, we have,

D(gnagj) SD(gnagn—l) + D(gn—lygn—Q)
+ -+ D(5541,55)
S’YTLD(%;O?’OJ) + ’Vn_lD(fﬁma)
+ 97D, 0)
1-9"7 i G
== D (3,0
1_7 Y (U07 )7

and since 0 < v < 1, we get,

lim D(3,,5;) =0.

n,j—00

Therefore, {s,}5°, is a Cauchy sequence in the
Banach space.

Theorem 4.2 The mazimum absolute trunca-
tion error of the series solution U(t) = Y Uk (t)
to problems (1,2) by using FVIM is estimated to
be

E;(t) = D(u(t),u;(t)) < YLD (@, 0).

L=y
Proof. We have,

D(gnu g]) SD(gna gn—l) + D(§H—17§n—2)
4o+ D(5541,5;)
<y"D(%,0) + 7" D(y,0)
+ 497D (50, 0)
1—And

j+1D ~ 7
1= ) (vo, 0),

for n > j, then lim,_,~ S, = u(t). So,

1— n—1 o~
7 YD (@, 0).

J

D(u(t), Y o) <

k=0 1—=v

Also, since 0 < v < 1 we have (1 —4"7) < 1.
Therefore the above inequality becomes,

J
_ _ 1 . o~
D(i(t), Y o) < E’YJ—HD(U(),O).
k=0

5 Numerical examples

In this section, we solve the second-order fuzzy
Abel-Volterra integro-differential equation by us-
ing the FVIM. The program has been provided
with Mathematica 6 according to the following
algorithm where € is a given positive value.

Algorithm :

Step 1. Set n < 0.

Step 2. Calculate the recursive relations
(3.15) or (3.17) or (3.19).

Step 3. If D(Vp41,0,) < € then go to step 4,

else n <— n+ 1 and go to step 2.

Step 4. Print ) ;2 0;(t) as the approximate
of the exact solution.

Example 5.1 Consider the fuzzy Abel-Volterra
integro-differential equation as follows:

7 ~ 1 z (52 + tg) ~ ~
g g- [ 2 q0) dt =0
W@ et flayer 2 [ ) o=
where,
(0) = (0.02,0.04,0.06),
 (0) = (0.03,0.07,0.09).
flz) = (2%,2° +5,2° + 7).
e=107°.
Case (1):
v = 0.58307.

Table 1 shows that, the approximation solu-
tion of the fuzzy Abel-Volterra integro-differential
equation is convergent with 14 iterations by using
FVIM when @ and @ are (i)-differentiable.

Case (2):
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v = 0.56416. Table 2 shows that, the ap-
proximation solution of the fuzzy Abel-Volterra
integro-differential equation is convergent with 16
iterations by using FVIM when @ and @ are (ii)-
differentiable.

Case (3):

~v = 0.56875.

Table 3 shows that, the approximation solu-
tion of the fuzzy Abel-Volterra integro-differential
equation is convergent with 15 iterations by us-
ing FVIM when % is (i)-differentiable and %" is
(ii)-differentiable.

6 Conclusion

The VIM gives several successive approximations
through using the iteration of the correction func-
tional without any transformation and hence the
procedure is direct and straightforward. The
VIM proved to be easy to use and provides an
efficient method for handling nonlinear problems.
In this work, we presented the fuzzy variational
iteration method to solve the second-order fuzzy
Abel-Volterra integro-differential equation. This
method has been successfully employed to obtain
the approximate solution of this equation under
generalized H-differentiability. We can use this
method to solve another nonlinear fuzzy prob-
lems, for example fuzzy partial differential equa-
tions and fuzzy integral equations.
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