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THE RELIABLE MODIFIED OF LAPLACE ADOMIAN
DECOMPOSITION METHOD TO SOLVE NONLINEAR
INTERVAL VOLTERRA-FREDHOLM INTEGRAL
EQUATIONS

AHMED A. HAMOUD* AND KIRTIWANT P. GHADLE

ABSTRACT. In this paper, we propose a combined form for solving
nonlinear interval Volterra-Fredholm integral equations of the sec-
ond kind based on the modifying Laplace Adomian decomposition
method. We find the exact solutions of nonlinear interval Volterra-
Fredholm integral equations with less computation as compared with
standard decomposition method. Finally, an illustrative example has
been solved to show the efficiency of the proposed method.

1. Introduction

The topic of Volterra-Fredholm integral equations which have at-
tracted growing interest in recent years. The Volterra-Fredholm inte-
gral equation appears from diverse biological and physical models. The
primary features of these models are of wide usable [10]. There are
many techniques both analytical and numerical approaches for solving
nonlinear integral equations as decomposition method, variational iter-
ation method, finite element method, homotopy perturbation method
and homotopy analysis method, and its modification [1-3,9,10]. One of
the efficient techniques for solving nonlinear Volterra-Fredholm integral
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equations is the decomposition method which was stated in [2,10]. In
this direction, Hussain and Khan [5] have used the modified Laplace de-
composition method for giving the exact solutions of nonlinear partial
or coupled partial differential equations, and provide the series solu-
tion of a Blasius flow equation [6]. Vinh et al. [7], studied the existence
and uniqueness of solutions of the interval-valued Volterra integral equa-
tions. Also, Ahmed and Ghadle [4], carefully applied a reliable modifica-
tion of Laplace Adomian decomposition method for solved the Volterra-
Fredholm integro differential equations. Salahshour and Khan [8] have
applied the modification of Laplace decomposition method to solve non-
linear interval Volterra integral equations of the form:

u(z) = f(x) + u/j k(x,t)u™(t)dt.

But in this paper, we will study the modification of Laplace Adomian
decomposition method to solve the nonlinear interval Volterra-Fredholm
integral equation of the form:

x b
u(z) = f(x) + )\/ kl(x,t)u"(t)dt+u/ ko(x, t)u™(t)dt,

Our aim in this work is to obtain the analytical solutions of the non-
linear interval Volterra-Fredholm integral equation by using the modified
Laplace Adomian decomposition method. The remainder of the paper
is organized as follows: In Section 2, some basic concepts about inter-
val arithmetic are stated. In Section 3, a brief discussion of the non-
linear interval Volterra-Fredholm integral equations is introduced. In
Section 4, the new method based on the modification of Laplace trans-
form Adomian decomposition method is proposed. Section 5, contains
illustrative example to demonstrate the accuracy and efficiency of the
proposed method. Finally, we will give a report on our paper and a brief
conclusion is given in Section 6.

2. Preliminaries

In this section, we state some basic concepts about interval computa-
tions [8]. Let I denote the family of all nonempty, compact and convex
subsets of R x R. If U and V' are two intervals stated by

U:[U17U2}7 V:[‘/h‘/Q]?
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then,

U+V =[U+ WU+ V3,

AU = AUy, \Us], A >0,
Note that the each a € R can be stated as interval denoted by [a, a.
The Hausdorff metric H in I is stated by

H(U,V) = max{|U; — V1|, |Us — V3|}.
It is well-known that (I, H) is a complete, separable and locally compact
metric space. Also, the following properties hold
HU+V,M+N) < HU,M)+H(V,N),
HAU,NV) < | NH(U,V),

where U, V, M and N are intervals.
In this paper, we adopt the following operation for division

U Uy U,
(1) 0% |
4 Vit Vy
Clearly, using this notation, % is not always as interval. But, when

we translate each interval system to two related real-valued systems,
all these systems will solve distinctly. After obtaining solutions of each
real-valued system, we finally check that the obtained solutions create
an interval as output of original interval system or not. On the other
hand, we should determine the domain the lower solution is less than or
equal to upper solution for each independent argument of the solution.
Our results demonstrate that using this king of division, some interesting
results are derived. Note that, appearing such unusual computation is
not new in the interval theory, for example, introducing the Hukhara
difference and etc. Now, we state an interesting result using Eq.(1).

THEOREM 2.1. Let us consider the given interval U. Then, using the
mentioned division formulation, we have & = [1, 1].

Proof. Using Eq.(1), and U = [Uy, U] we have

U _ [U,Uy

U [U, U
U U;
- [
= [1’1]

which completes the proof of the theorem. n
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3. Interval Volterra-Fredholm Integral Equations

Let us consider the nonlinear interval Volterra-Fredholm integral equa-
tion of the form

(2)  wu(z) = f(z)+ )\/w i (z, t)u™(t)dt + u/ ko(z, t)u™(t)dt,

where f is interval non-homogeneous term with lower-upper represen-
tation f(x) = [fi(x), fo(x)], A, p are a parameters, ki (z,t) and ko(z, 1)
are the kernels of the equation belongs to R x R — R, and ", u™
are the nonlinear interval terms, n,m € N, with «™ = [u}, u}], (R, N are
the space of all real and natural numbers, respectively) and = € T =
[a,b], a < b. Moreover, we say that @ is the solution of (2), if

zeT

x b
supH (11(1:), f(z) + )\/ ki(z, t)a"™(t)dt + ,u/ /{;Q(x,t)am(t)dt> =0.
Now, we state a characterization theorem for Eq.(2).

THEOREM 3.1. The nonlinear interval Volterra-Fredholm integral equa-
tion (2) is equivalent to real-valued integral systems

T b
we) = A +A [ Rl 0@+ [ R0
wle) = L)+ [ RO hod [ ka0

where n,m € Nyx € T, ki(x,t)(u");(t) and ky(x,t)(u™);(t),i = 1,2 are
equicontinuous functions.

Proof. 1t is straightforward. O

4. Description of the Method

Here, we state our proposed method to solve NIVIEs based on the two
steps Laplace transform and Adomian decomposition method. Applying
the Laplace transform £ on the both sides of the equation yield

(3)
x b
Llu(z)] = L[f(x)] + L {)\/ ki(z, t)u"(t)dt +,u/ krg(x,t)um(t)dt} :
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The lower-upper representation (LU-representation) of Eq. (3) is
- b .
Llui(z)] = Lifi(z)]+L )\/ kl(:c,t)(u”)l(t)dt+p/ ko(z,t)(u™)1(t)dt

- b -
Llug(z)] = Llfa(z)]+ L )\/ kl(ar,t)(u”)g(t)dt—i—u/ ko(x,t)(u™)a(t)dt

Then, using the inverse Laplace transform leads to

r T b
ui(z) = filz)+L7? [E )\/ kl(x,t)(u”)l(t)dt—k,u/ ka(x,t)(u™)1(t)dt

L I
—_

r T b
ws(@) = folw)+ L1 [c A / o (2, ) (W) (D)t + 1 / oo (2, £) (™) (£)

Using the assumption of LADM, let us consider the solution u(x) =
[u1 (), ua(z)] is expanded into infinite series as follows:

n @) =3 () =3 ()
Also, the nonlinear term u"(z) = [(u™)(x), (u")2(x)] and u™(x) =

[(u™)1(x), (u™)2(x)] where

(uh(z) = Y (@),
(5) (u2(z) = Y (An):(2),

such that (A,); and (A, )2 are Adomian polynomials. Then, substituting
Egs.(5) and Eq. (4) in Egs. (4) yield

Z(un)l = fl(:U) + £—1 L [)\ /z k:l(.’b,t) Z(An)l(t)dt
n=0 . n=0 ~
o f k2<x,t>2<<un>1>m<t>dt”,
a n=0
Z(un)2 = fo@)+ L7 L [/\ /CC k1(x,t) Z(Anh(t)dt
n=0 =

. n=0 .
+ ;L/ ]{32(1‘, t) Z((Un)2)m(t)dt]] ,
a n=0

L I
| S
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By using the following Adomian polynomials

A = N N o
(A = L IN Niidalla

we derive the recursive relation given by
(uo)1 = fi(w),
(e = £ £ |3 [ "k @i+ [ b b, ) ()" )]
n>0,
and
(u0)2 = fo(w),
(s = £ £ |3 [“ kw00 0 [ b b ) ()" )]
n>0,

the LU-representation of solution will be determined.

5. Illustrative Example

In this section, we apply our proposed method to obtain the exact
solution of the nonlinear interval Volterra-Fredholm integral equation.
Indeed, this modification for Laplace transform Adomian decomposition
method is about some ideas to choose the initial values.

EXAMPLE 5.1. Let us consider the nonlinear interval Volterra-Fredholm
integral equation

2t 5

(6) wu(r)=cé(2x — 5 §) + 4% /Ox(:zc — t)u?(t)dt + /0 (14 t)u(t)dt,
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where ¢ = [¢1, ¢, ¢ > 0. The LU-representation of (6) is as follows:

4
x 5 1
pr— - 2 _— — — —
w (@) a@r—5 -3t
4
x 5 1
pr— - 2 _— — — —
uz() 02— -3+

x 1
/(m—t)(u2)1(t)dt+/ (1 + t)uy (t)dt,

0 0

x 1
/(g;—t)(u2)2(t)dt+/ (1 + t)us(t)dt,

0 0

Applying Laplace transform yields

tn)] = £faee-5 -3+ [e-ownwis [ 0+ outl.
T 1
Lluz(z)] = L [62(235 — T; - g) + 422 /0 (z — t)(u?)a(t)dt +/0 (1 +t)U2(t)dt] :
Then, applying £~! and some simplification yield
.%'4 T
uy(z) = é1(2x — 5 g) + L7t [ﬁ [4161 /0 (z — t)(u?)y(t)dt
1
+/0 (14 t)ul(t)dtH,
.T4 T
up(w) = &322 — 75 = g) + L1 [ﬁ [4152 /0 (z — t)(u?)a(t)dt
1
+/0 (1 +t)m(t)dt”,
Using the fact
u(z) = Z(Un)l(ﬂf)a up(x) = Z(un)z(x),
n=0 n=0

we get:

e 4

5

Z(un)l(-’ﬁ) = a2z — % — §) + L

n=0

+ /01(1 —i—t)ul(t)dt”,

S o) = ea(20 — 55— 2 4 £ [z, [4; /O (2 — 1) (u)a(t)dt
n=0

4 /01<1 —i—t)ug(t)dtH,
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> (An)i(@) = (W)i(x)
D (An)a() = (u*)a(x)

As a consequence, some components of the Adomian polynomials are

given by:

and

So, we obtain

(woh(z) = ¢

(tnsi)r(2) =

S
I
(=]
S~—
[
—~
~
[l
—
<
N
S~—
—~
~
S~—

(Ao)a(t) = (ud)a(t),
(A1)2(t) = 2(uo)2(t)(u1)2(?),

(An)2(t) = > (un—i)a(t)(u)a(2),

=0
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and
()ala) = eal2m— 5 =)
(tnin)a(s) = £ {c [ 4162 /O (& — ) (Aalt)dt + /O 1(1—|—t)(un)2(t)dtH,
n >0,

Consequently, some of the first few components of u,, are given:

t* 5

w(z) = £ H ! /Ox(a: 1)@ (2t~ 15— o)

48,
+ /01(1 +1)(¢1 (22 — f—; - g))dtﬂ’

o811 25, 5 o, 1,
—alge P Tttt )
1 [ tt 5

=L! —1)(&(2t — —= — 2))%dt
wle) =7 || o [l =it - -5

81 25, 5o, 1,
—elg TRt TRt Rt )

Now, we apply our new proposed approach. Let

fil@) = fi@)+ fil),
fala) = f(@)+ fy(2),

where
) = &),
) = oyt 5
@) = a3 -2)
f@) = &(22)
@) = a5 -2,

Since f{ and f} do not satisfy Eq.(6), choosing
(uo)r(z) = (=),
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and
(uo)o(x) = f5 (),

the exact solution is derived as follows:
(wo)i(r) = éi(22),

o) = a5 -2+l [T - i

+/01(1+t)(u0)1(t)dtH =0

(Unpi)i(z) = 0, n=>1,
and

(uo)a(z) = ¢2(27),

! /0$($ —t)(Ag)a(t)dt

4¢y

+/01(1 +t)(u0)2(t)dt” —0

(Ung1)2(x) = 0, n>1.

Hence, the LU-representation of solution is obtained as follows:

ui(r) =Y (up)i(w) = &(2x),
up(z) =Y (un)s(w) = &(22),

or in the closed form, we obtain:

o0

(7) u(z) =) (un)(z) = &(22).

n=0
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Indeed, in this case, we obtain asymptotic solution, i.e., it is easy to
verify that for each z € R, u stated in Eq.(7) provides an interval-valued
function. Also,

2t 5

H(é(2a:), o(20) +é(—15 = 2)+ i /0 “(o — 102 (0)dt
+ /1(1 +t)(é(2t))(t)dt> —0.

6. Conclusion

In this paper, we carefully applied a reliable modification of Laplace
Adomian decomposition method to solve the nonlinear interval Volterra-
Fredholm integral equations of the second kind (NIVFIEs). The main
advantage of this method is the fact that it gives the analytical solution.
Also, this method is combining two powerful methods for obtaining ex-
act solutions of (NIVFIEs). However, in order to convert the original
problem to some related deterministic equations, we have used some new
changes in the interval arithmetic to achieve the correct extension of the
original problem in the interval framework. At the end, our results show
the enough efficiency of the proposed approach.

References

[1] S.C. Akan and U.C. Akan, On Solvability of Some Nonlinear Fractional Interval
Integral Equations, Fractional Differential Calculus, 7 2 (2017), 235-246.

[2] AM. Jerri, Introduction to Integral Equations with Applications, New York,
Wiley, 1999.

[3] A. Hamoud and K. Ghadle, On the Numerical Solution of Nonlinear Volterra-
Fredholm Integral Equations by Variational Iteration Method, International Jour-
nal of Advanced Scientific and Technical Research, 3 (2016), 45-51.

[4] A. Hamoud and K. Ghadle, The Combined Modified Laplace with Adomian De-
composition Method for Solving the Nonlinear Volterra-Fredholm Integro Differ-
ential Equations, J. Ksiam, 21 (1) (2017), 17-28.

[6] M. Hussain and M. Khan, Modified Laplace Decomposition Method, Applied
Mathematical Sciences, 4 (36) (2010), 1769-1783.

[6] M. Hussain and M. Khan, Application of Laplace Decomposition Method on
Semi-Infinite Domain, Numer Algor, Springer Science+Business Media. 56
(2011), 211-218.



334 Ahmed A. Hamoud and Kirtiwant P. Ghadle

[7] T. Vinh An, N. Dinh Phu and N. Van Hoa, A Note on Solutions of Interval-
Valued Volterra Integral Equations, Journal of Integral Equations And Applica-
tions, 26 (1) (2014), 1-14.

[8] S. Salahshour and M. Khan, Ezact Solutions of Nonlinear Interval Volterra In-
tegral Equations, Int. J. Industrial Mathematics, 4 (4) (2012), 375-388.

[9] AM. Wazwaz, The Combined Laplace Transform-Adomian Decomposition
Method for Handling Nonlinear Volterra Integro Differential Equations, Applied
Mathematics and Computation, 216 (2010), 1304-1309.

[10] A.M. Wazwaz, Linear and Nonlinear Integral Equations Methods and Applica-
tions, Springer, Heidelberg Dordrecht London New York, 2011.

Ahmed A. Hamoud

Department of Mathematics

Dr.Babasaheb Ambedkar Marathwada University
Aurangabad, 431004, India.

E-mail: drahmed985@yahoo.com

Kirtiwant P. Ghadle

Department of Mathematics

Dr.Babasaheb Ambedkar Marathwada University
Aurangabad, 431004, India.

E-mail: drkp.ghadle@gmail.com



