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Abstract. The modified Laplace Adomian decomposition method (LADM) has been developed to find the ana-
lytic approximation solution of the nonlinear Volterra-Fredholm integro differential equations under the initial or

boundary conditions. We prove the convergence of LADM applied to the Volterra-Fredholm integro differential

equations. In this paper, some examples will be examined to support the proposed analysis.
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1. Introduction

The modified form of Laplace decomposition method has been introduced by Khuri and
Wazwaz [15, 19]. Yusufoglu [22] solved the Duffing equation by this method. This method

generates a solution in the form of a series whose terms are determined by a recursive relation
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using the Adomian polynomials. The nonlinear Volterra-Fredholm integro differential equa-

tions as follows [20]:

M Y = 1)+ [ KGO0+ [ ’ Ka1)Ga0(0))dr,
with the initial or boundary conditions

Yy @) =a,, r=0,1,..(m—1),
) YWB) =B, r=m(m+1),...(j—1).

where y(/) (x) is the j* derivative of the unknown function y(x) that will be determined, K;(x,),
i = 1,2, be the kernels of the integro differential equation, f(x) is an analytic function, G (y)
and G;(y) are nonlinear functions of y, @, and B, are real finite constants. The modified Laplace
decomposition method have applied for solving some partial differential equations Khan et. al,
in [7]. Recently, the authors have used different methods for the numerical or the analytical so-
lution of linear and nonlinear Fredholm and Volterra integral and integro differential equations
of the second kind [1, 14, 16, 17]. This type of equations was introduced by Volterra for the
first time in early 1900. Volterra investigated the population growth, focussing his study on the
hereditary influences, where through his research work the topic of integro differential equa-
tions was established.[13, 20] More details about the sources where these equations arise can
be found in physics, biology, and engineering applications as well as in advanced integral equa-
tions. Some works based on an iterative scheme have been focusing on the development of more
advanced and efficient methods for integral equations and integro differential equations such as
the variational iteration method (VIM) which is a simple and Adomian decomposition method
(ADM) [11, 13, 20, 21], and the modified decomposition method (MDM) for solving Volterra-
Fredholm integral and integro differential equations which is a simple and powerful method for
solving a wide class of nonlinear problems [19, 20]. The Taylor polynomial solution of integro
differential equations has been studied in [23, 18]. The use of Lagrange interpolation in solving
integro differential equations was investigated by Marzban [16]. The VIM has been successfully
applied for solving integral and integro differential equations [8, 11, 13, 20]. Wazwaz [19], used
the modified decomposition method and the traditional methods for solving nonlinear integral

equations. A variety of powerful methods has been presented, such as the homotopy analysis
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method [20], homotopy perturbation method [10], the triangular-function method [14], varia-
tional iteration method [11, 20] and the Adomian decomposition method [1, 5, 20], and many
methods for solving integro differential equations [2, 4, 17, 19, 20]. By using the LADM we ob-
tain analytical solutions for the integro-differential equations. Some fundamental works on var-
ious aspects of modifications of the Adomian’s decomposition method are given by Araghi [1].
The modified form of Laplace decomposition method has been introduced by Manafianheris
[9]. Babolian et. al, [3], applied the new direct method to solve nonlinear Volterra-Fredholm
integral and integro differential equation using operational matrix with block-pulse functions.
The Laplace transform method with the Adomian decomposition method to establish exact so-
lutions or approximations of the nonlinear Volterra integro differential equations, Wazwaz [21].
Elgasery [6], applied the Laplace decomposition method for the solution of Falkner Skan equa-
tion. This paper deals with one of the most applied problems in the engineering sciences. This
technique basically illustrates how the Laplace transform may be used to approximate the so-
lutions of the nonlinear Volterra-Fredholm integro differential equations by manipulating the
decomposition method. Our aim in this paper is to obtain the analytical solutions by using the
modified Laplace Adomian decomposition method. The remainder of the paper is organized as
follows: In Section 2, preliminaries and describe the basic formulation of ADM. In Section 3,
a brief discussion for the modified Laplace Adomian decomposition method is presented. We
present and describe the basic formulation of this method. In Section 4, applications of this
method and the exact solutions for some examples are obtained. In Section 5, we prove the
convergence of LADM applied to the Volterra-Fredholm integro differential equations. Finally,

we will give report on our paper and a brief conclusion is given in Section 6.

2. Preliminaries

The Adomian decomposition method is applied to the following general nonlinear equation:

(3) Ly+Ry+Ny = g(x)

where y is the unknown function, L is the highest-order derivative which is assumed to be easily

invertible, R is a linear differential operator of order less than L, Ny represents the nonlinear
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terms, and g is the source term. Applying the inverse operator L™! to both sides of Eq. (3) and

using the given conditions we obtain
@) y=f(x) =L~ (Ry) = L™'(Ny)

where the function f(x) represents the terms arising from integrating the source term g(x).

The nonlinear operator Ny = G(y) is decomposed as

&) G(y) =) An

where A,,; n > 0 are the Adomian polynomials determined formally as follows:

1 4" >
Ayilli=
[d?L”[N(l;) yi)lla=o

(6) Ap

Tl

The Adomian polynomials were introduced in [20, 21] as:

! / 1 1
Ag=G(y0); A1 =y1G (yo); A2 =G (yo)+§y%G (vo)

"

!/ 1 1
A3 =y3G (yo) +y132G (o) +§Y?G (o), .-

In recent years the Adomian decomposition method [20] has been applied to a wide class
of functional equations and inverse problems such as integral equations [1, 12]. The standard

decomposition technique represents the solution of y in Eq. 3 as the following series:
(7) y=Yvi
i=0

where, the components yg, vy, ... are usually determined recursively by

yo = f(x),

(8) Yat1 = —L7'(Ryn) =L '(A,),n>0.

Substituting 4 into 8 leads to the determination of the components of y. Having determined the

components g, V1, ..., the solution y in the series form defined by Eq. 7.
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3. The Modified Laplace Adomian Decomposition Method

The nonlinear Volterra-Fredholm integro differential equation with difference kernels as fol-

lows:

©) W@ =50+ [ K06 0+ [ K-G0,

To solve the nonlinear Volterra-Fredholm integro differential Eq. (9) by using the Laplace
transform method, we recall that the Laplace transforms of the derivatives of y(x) are defined

by
(10) HD ) = T~ 5 (0) ~ 5 (0) .~ W (0),
Applying the Laplace transform to both sides of Eq.(9) gives:

SE[ () 57 13(0) ~ 7 (0) .~y D(0) = £ ()}
an FEK (e 0)1(G10(0)} + £{alr— 1} £(G200)
This can be reduced to

W) = 0+ 3 (0) 4t )+ AW + K (1)

(12) E{GI N} + K (G0

The Adomian decomposition method and the Adomian polynomials can be used to handle Eq.
(12) and to address the nonlinear term G(y(x)). We first represent the linear term y(x) at the left

side by an infinite series of components given by

(13) y=Y ym(x).
m=0

where the components y,,(x),m > 0 will be determined recursively. However, the nonlinear
terms G1(y(x)) and Ga(y(x)) at the right side of Eq. (12) will be represented by an infinite

series of the Adomian polynomials A,, and B,, in the form:

[e ) [e ]

(14) Gi(y(x) =Y An(x), G(y(x)) =Y Bu(x),
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where A,, and B,,, m > 0 are defined by

1. d"

(15) An= ]

& Z/Iyz Na=o,

1

1 By =
(16) o dli

Z,uyl u= =0,

i=0
where the so-called Adomian polynomials A,, can be evaluated for all forms of nonlinearity. In
other words, assuming that the nonlinear function is G;(y(x)) therefore the Adomian polyno-

mials are given by:

Ao = Gi(v),

Ar = »1Gi(yo),

Ay = yzG’l(yo)+2l,y1G"(yo)

A3 = y3G’1(yo)+y1y2G/1/(YO)+%Y%GI1”(Y0),

1 .
316" (o),

1
— G (yo) + ,

Y3 +y133)Gi (yo) + X

1
As = yGi(o)+(5;

similarly, Adomian polynomials B,, can be evaluated for all forms of nonlinearity. In other
words, assuming that the nonlinear function is G,(y(x)), therefore the Adomian polynomials

are given by

By = Ga(yo),
Bi = y1Gy(),
By = yzG’z(yo)Jr%Y%Glzl(yo)y
1 3
30102 (30),

1
22 5+ y1y3)Gh (o) +

By = y3G5(y0) +y1y2G5(y0) +

1
— Gy

o (yo) +

1 .
By = y1Gy(yo)+( ,yéltva) (vo),

4!
Substituting Eq.(13) and Eq.(14) into Eq.(12) leads to
> 1 1 1 _ 1 1
Y ()} = (0)+ 59 (0) o V() + SE{F(0)}+ £ (K (- 1))

(17) £{ZA }+ £{K2 —t}£{ZB
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The Adomian decomposition method presents the recursive relation
1 1, L o) 1
£(30(0)} = 3(0) + 57 (0) e+ 53"V (0) + SE{F W),

(18) £{yrs1(x)} = é (4K (x =) JE{AR(y(1)) } + £{Ka(x — 1) }{Bi (1)) }) ,k = 0

Applying the inverse Laplace transform to the first part of Eq.(18) gives yo(x), that will define
Ao(x) and By(x). Using Ap(x) and Bp(x) will enable us to evaluate y; (x). The determination of
yo(x) and y; (x) leads to the determination of A;(x) and Bj(x) that will allows us to determine
y2(x), and so on. This in turn will lead to the complete determination of the components of
yi(x), k > 0 upon using the second part of Eq.(18). The series solution follows immediately
after using Eq.(13). The obtained series solution may converge to an exact solution if such a so-
lution exists. Otherwise, the series solution can be used for numerical purposes. The combined
modified Laplace Adomian decomposition method for solving nonlinear Volterra-Fredholm in-

tegro differential equations of the second kind is illustrated by studying the following examples

in the section 4.
4. Applications

In order to elucidate the solution procedure of the modified Laplace Adomian decomposition
method for solving the nonlinear Volterra-Fredholm integro differential equations is illustrated
in the four examples in this section which shows the effectiveness and generalization of our
proposed method given above.

Example 4.1

Consider the nonlinear Volterra-Fredholm integro differential equation with:
flx) = —xe*, ky =, ky = 72 y(0) =1,

we can write Eq. (1)

X 1
(19) Yx) = —xex—f—/ ex_3ty3(t)dt+/ 2y (1)dt, y(0) = 1.
0 0
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Taking Laplace transform of both sides of Eq. (19) gives

()} = £xe T £ {0 (0} + £ 0P (1))

so that
—1 1
T =¥(0) = Tt ot )
or equivalently
1 1 1
(20) Y6 = e T EY e @)

Substituting the series assumption for Y (s) and the Adomian polynomials for y3(x) as given

above in Eq.(13) and Eq.(14) respectively, and using the recursive relation Eq.(18) we obtain

Yo(s) = é—ﬁ
e @) = gl 0} 020, k>0

where A (x) and By(x) are the Adomian polynomials for the nonlinear term y*(x) and y?(x)
respectively. The Adomian polynomials for G1(y(x)) = y*(x) and G(y(x)) = y*(x) are given
by

Ay = yaa
Al = 3y,
_ 2 2
Ay = 3y2y5+3yiyo,
Az = 3ysyg+6yoyiva+i,
and

By = .

By = 2y1yo,

By = 2yy+)1,

(22) B3 = 2y3y0+2y1y2,
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Taking the inverse Laplace transform of both sides of the first part of Eq.(21), and using the

recursive relation Eq.(21) gives

Yo = e —xe,
1, 14 1,
= 1—5)6 —gx —g.x )
1 1 1
yi = 2[5x2+§x3+mx4+...],

that converges to the exact solution

Example 4.2
Consider the following nonlinear Volterra-Fredholm integro differential equation of the first
kind with:
flx)= —% — %x+ %xz +2e" + %ezx+xex, ki = (x—1)2, ko =€, y(0) =2,

we can write Eq. (1)

9 5 1 1 x !
(23)  —= — x4 =426+ P 4 xet =/ (x—t)zyz(t)dt+/ ey (t)dr.
5 2 2 4 0 0

Taking Laplace transform of both sides of Eq. (23) gives

9 5 1 2 1 1 1 )
22 2 _1,
5s 2s2+s3+s—1+4(s_2)+(s_1)2 2 {y (s)}—l—s

(57 () ~(0))

so that

2 s—=1,9 5 1 2 1 1 s—1 . 5
24 (5) = = 2 S
@4 (s) s T ( 5s 2s2+s3+s—1+4(s—2)+ (s—l)z) 53 D70}
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Substituting the series assumption for Y (s) and the Adomian polynomials for y?(x) as given

above in Eq.(13) and Eq.(14) respectively, and using the recursive relation Eq.(18) we obtain

2 s—1, 9 5 1 2 1 1

Yo(s) = = A
0(s) s+ s ( 5s 2s2+s3+s—1+4(s—2)+(s—1)2)’

25  fHunx)} = —

S

Lo}, k>0,

N

where Ay (x) are the Adomian polynomials for the nonlinear term y?(x). The Adomian polyno-
mials for G| (y(x)) = y*(x) are given by

Ap =y %7

A = 2y,

Ay = 2y20+)1,

(26) Az = 2y3y0+2y1y2,

Taking the inverse Laplace transform of both sides of the first part of Eqs.(25), and using the

recursive relation Eq.(25) gives

5 1 1
Yo = 24x+ x4+ -0+ =xt

2 6 8
3 1
= T X
V1 X 4x 10x—|— ,

27

and so on for other components. Using Eq. (13), the series solution is therefore given by
78 ) L, 15 14

(28) y(x) = —l—x—l—ax —|—§x —|—mx + ...

that converges to the exact solution
yx)=1+¢€"

Example 4.3

Consider the nonlinear integro differential equation with:

flx)= %—%x—%xz—%_)‘—ie_zx, ki=(x—1), k=0, j=1
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we can write Eq.(1)

(29) V()= —Zx—-x*—3e ¥ — ZX+/ x—1)y*(t)dt, y(0) = 2.

GO W)= £ - e g e Lo (e )27 (0)
so that
I R e T L )

29 5 1 3 1

(32) Y(s):—+————s—4—s<s+1> 612 —£{y (x)}

635

Substituting the series assumption for Y (s) and the Adomian polynomials for y?(x) as given

above in Eq.(13) and Eq.(14) respectively, and using the recursive relation Eq.(18) we obtain

o = 2495 13
ols) = s 42 283 s s(s+1) 4s(s+2)
1
(33) fen ()} = FEHAW)}, k=0

where Ay (x) are the Adomian polynomials for the nonlinear term y?(x). The Adomian polyno-

mials for G| (y(x)) = y*(x) are given by
Ay = ¥
Al = 2yiyo,
Ay = 2yy0+)7

(34) Az = 2y3y0+2y1y2.

Taking the inverse Laplace transform of both sides of the first part of Eq.(33), and using the

recursive relation Eq.(33) gives

1 5 5
= 2— Sy B S S
Yo x+2x 3'x +4x ,
2 1 1
(35) o= X —xt 0+

3 31 20 Y
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and so on for other components. Using Eq. (13), the series solution is therefore given by

1 1 1
yx)=2—-x+ sz— §X3+EX4+W’

that converges to the exact solution
y()=1+e™

Example 4.4

Consider the nonlinear integro differential equation with:

(36) y(x) =1+ /0 xyz(t)dH— /0 ]yz(t)dt, y(0) = 0.

Applying the Laplace transform and by using the initial condition we have

(37) £0y/ ()} = £{1} + £{1 %y (x)} + £{1%y* ()}
so that

1 2 .,
(38) sY(s) —y(0) = P ;f{y (x)}

or equivalently
(39) Y(s) = 5+ S£07 ()}

Substituting the series assumption for ¥ (s) and the Adomian polynomials for y?(x) as given
above in Eq.(13) and Eq.(14) respectively, and using the recursive relation Eq.(18) we obtain

1
YO(S) = 8_27

0) () = FEHAR} K20
where Ay (x) are the Adomian polynomials for the nonlinear term y?(x). The Adomian polyno-
mials for G(y(x)) = y*(x) are given by

Ao = ¥,

A = 2y,

Ay = 2yy0+)1,

(41) Az = 2y3y0+2y1y2,
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Taking the inverse Laplace transform of both sides of the first part of Eq.(40), and using the

recursive relation Eq.(40) gives

(42)
and so on for other components. Using Eq. (13), the series solution is therefore given by

(43) YE) = x4 2 (1) + ()

5. Convergence Analysis

In this section, we will study the convergence analysis as the same manner in [12] of the
LADM applied to the nonlinear Volterra-Fredholm integro differential equations. Let us con-
sider the Hilbert space H which may define by H = L?((§, 0) x [0,T]), the set of applications:
y:((6,0)x[0,T]) — R with  [56)0.7] y2(x,s)dsdt < 4o0. Now we consider the non-
linear integro differential equations in the light of above assumptions and let us denote

an
LK) =52

then the nonlinear Volterra-Fredholm integro differential equations become in a operator form

L5) = 09+ [ K () Ry0) + Nyl [ Kol ) Ry(0)+ Ny

The LADM is convergence if the following two hypotheses are satisfied:
(H1)(L(y) = L(u),y —u) > K|ly—ul|*;  Vy,u € H.
(H2) whatever may be M > 0, there exist a constant (M) > 0 such that for y,u € H with

vl <M, ||u|| <M, we have:

(L(y) = L(u),y —u) = B(M)|ly — ul/[|w]
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for every w € H, [12].

Theorem 5.1. (Sufficient condition of convergence for Example 4.4 ). The Laplace Adomian

decomposition method applied to the nonlinear Volterra -Fredholm integro differential equation

L(y) = %y = 1+/()xy2(t)dt+/()1y2(t)dt

without initial condition, converges towards a particular solution.

as follows

Proof.
Now, we will verify the conditions (H1) and (H2) of convergence. We will start to verify the

convergence hypotheses (H1) for the operator L(y) : i.e, 3k > 0,Vy,u € H, we have:

1) -2 = [ 00~y [ 020 - a)a

Then we get

L)~ 2w,y ) = ([ 020 2O+ [ 020) -0y
According the Schwartz inequality, we get

([0 s [ 020 —2ary - <& 12—yl
Now we use the mean value theorem, then we have

([P0 [0 -y < & 1Yl

= enly—ul?
3

< 3EM IR,
[ PO~ [P0 -0y ) = el -l
where y < 1 <wu and ||y|| <M, ||u|| < M. Therefore:
(L(y) = L(u),y—u) > K|y —ul]?

where k = %§M3. Hence, we find the hypothesis (H1). Now we verify the convergence hy-

potheses (H2) for the operator L(y) which is for every M > 0, there exist a constant (M) > 0
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such that for y,u € H with [ju|| < M, ||u|]| <M, we have (L(y) —L(u),y —u) < B(M)||y — ul|||w||

for every w € HL. For that we have:

w0 L@ = (020 -2+ [P0 0)w)

< My =vllwl =By —ullllw]

where 3(M) = M? and therefore (H2) is hold. The proof is complete.
6. Conclusion

A reliable method for obtaining approximate solutions of nonlinear Volterra-Fredholm inte-
gro differential using the modified Laplace Adomian decomposition method which avoids the
tedious work needed by traditional techniques has been developed. Exact solutions were eas-
ily obtained. We carefully applied a reliable modification of Laplace Adomian decomposition
method for VFIDEs. The main advantage of this method is the fact that it gives the analytical
solution. Also, this method is combining of two powerful methods for obtaining exact solutions
of nonlinear Volterra-Fredholm integro differential. Also, we proved the convergence of LADM
applied to the Volterra-Fredholm integro differential equations.

Conflict of Interests

The authors declare that there is no conflict of interests.

REFERENCES

[1] M. A. Araghi and S. S. Behzadi: Solving Nonlinear Volterra-Fredholm Integro-Differential Equations using
the Modified Adomian Decomposition Method, Comput. Methods Appl. Math, 9 (2009), 1-11.

[2] A. Abubakar and O. A. Taiwo: Integral Collocation Approximation Methods for the Numerical Solution of
High-Orders Linear Fredholm-Volterra Integro-Differential Equations, Am. J. Comput. Appl. Math., 4 (4)
(2014), 111-117 .

[3] E. Babolian, Z. Masouri and S. Hatamzadeh: New Direct Method to Solve Nonlinear Volterra-Fredholm
Integral and Integro Differential Equation using Operational Matrix with Block-Pulse Functions, Prog. Elec-
tromagn. Res., B 8 (2008), 59-76.

[4] S. H. Behiry and S. I. Mohamed: Solving high-order Nonlinear Volterra-Fredholm Integro-Differential Equa-
tions by Differential Transform Method, Nat. Sci., 4, (8) (2012), 581-587.



640 M. SH. BANI ISSA, AHMED A. HAMOUD, KIRTIWANT P. GHADLE, GINISWAMY

[5] S. M. El-Sayed, D. Kaya and S. Zarea: The Decomposition Method Applied to Solve High-order Linear
Volterra-Fredholm Integro differential Equations, Int. J. Nonlinear Sci. Numer. Simulation, 5, (2)(2004),
105-112.

[6] N. S. Elgazery: Numerical solution for the Falkner-Skan equation, Chaos Solitons and Fractals, 35 (2008),
738-746.

[7] M. Khan, M. Hussain, H. Jafari and Y. Khan: Application of Laplace Decomposition Method to Solve Non-
linear Coupled Partial Differential Equations, Appl. Math. Sci., 4 (2010), 1769-1783.

[8] F. S. Fadhel, A. O. Mezaal and S. H. Salih: Approximate Solution of the Linear Mixed Volterra-Fredholm
Integro Differential Equations of Second kind by using Variational iteration Method, Al- Mustansiriyah J.
Sci, 24 (5) (2013), 137-146.

[9] J. Manafianheris: Solving the Integro-Differential Equations Using the Modified Laplace Adomian Decom-
position Method, J. Math. Ext., 6 (1) (2012), 41-55.

[10] M. Ghasemi, M. kajani and E. Babolian: Application of He’s Homotopy Perturbation Method to Nonlinear
Integro differential Equations, Appl. Math. Comput. 188, (2007), 538-548.

[11] A. A. Hamoud and K. P. Ghadle: On the Numerical Solution of Nonlinear Volterra-Fredholm Integral Equa-
tions by Variational Iteration Method, Int. J. Adv. Sci. Tech. Res., 3, (2016), 45-51.

[12] N. Ngarhasta, B. Some, K. Abbaoui, and Y. Cherruaul: New Numerical Study of Adomian Method Applied to
a Diffusion Model, Kybernetes, 31 (2002), 61-75.

[13] A. M. Jerri: Introduction to Integral Equations with Applications. New York, Wiley, (1999).

[14] A. A. Khajehnasiri: Numerical Solution of Nonlinear 2-D Volterra-Fredholm Integro Differential Equations
by Two-Dimensional Triangular Function, Int. J. Appl. Comput. Math, Springer, 2 (4) (2016), 575591.

[15] S. A. Khuri: A Laplace Decomposition Algorithm Applied to Class of Nonlinear Differential Equations, J.
Math. Appl., 4 (2001), 141-155.

[16] H. R. Marzban and S. M. Hoseini: Solution of Nonlinear Volterra-Fredholm Integro differential Equations
via Hybrid of Block-Pulse Functions and Lagrange Interpolating Polynomials, Adv. Numer. Anal., 868 (279)
(2012), 1-14.

[17] S. B. Shadan: The Use of Iterative Method to Solve Two-Dimensional Nonlinear Volterra-Fredholm Integro-
Differential Equations, J. Commun. Numer. Anal., 2012 (2012) Article ID cna-00108.

[18] Y. Salih and S. Mehmet: The Approximate Solution of Higher Order Linear Volterra-Fredholm Integro Dif-
ferential Equations in Term of Taylor Polynomials. Appl. Math. Comput., 112 (2000), 291-308.

[19] A.M. Wazwaz: The Modified Decomposition Method for Analytic Treatment of Nonlinear Integral Equations
and Systems of Nonlinear Integral Equations, Int. J. Comput. Math., 82 (9) (2005), 1107-1115.

[20] A. M. Wazwaz: Linear and Nonlinear Integral Equations Methods and Applications, Springer Heidelberg
Dordrecht London New York, (2011).



NONLINEAR VOLTERRA-FREDHOLM INTEGRO DIFFERENTIAL EQUATIONS 641

[21] A.M. Wazwaz: The Combined Laplace Transform-Adomian Decomposition Method for Handling Nonlinear
Volterra Integro Differential Equations, Appl. Math. Comput., 216 (2010), 1304-1309.

[22] E. Yusufoglu: Numerical Solution of Duffing Equation by the Laplace Decomposition Algorithm, Appl. Math.
Comput., 177 (2006), 572-580.

[23] S. Yalcinbas and M. Sezer: The Approximate Solution of High-Order Linear Volterra-Fredholm Integro Dif-
ferential Equations in Terms of Taylor Polynomials, Appl. Math. Comput., 112 (2000), 291-308.



