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ABSTRACT. This paper expands a numerical method that is proposed in [I]
to obtain approximate solutions of initial value problems for nonlinear frac-
tional differential equations. This approach is based on the combination of the
two methods: Adomian decomposition method and Jacobi spectral colloca-
tion method. The aim of this approach is to reduce the nonlinear differential
equation to a system of algebraic equations that can be solved using a nu-
merical method. Several examples with numerical solutions are provided to
demonstrate the efficiency of this approach.

1. INTRODUCTION

In the middle of the 19th century, mathematicians focused on the theoretical
approach to fractional calculus. Within years, many applications of fractional cal-
culus had appeared in other academic areas, such as chemistry, physics, financial
and social sciences and even engineering[2] 3] [4].

Fractional differential equations have been solved using several methods, though
the most commonly used methods are the Adomian decomposition method (ADM][E,
6],the collocation method[7,[9], the orthogonal polynomial method[I0, [IT], the series
solution method[12], and the Laplace transform method [10 [13].

George Adomian developed the Adomian decomposition method (ADM) in [2]
T4] and has been repeatedly referenced. This method is applicable to a wide range
of linear and nonlinear ordinary differential equations, partial differential equations,
and integral equations. The Adomian decomposition method relies on decomposing
the solution into the infinite series solution[I5]

y(x) =Y y(@). (1)
k=0
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The collocation method [7, [I6] [I7]is used to obtain the numerical solution of the
fractional derivative as it is a global operator. However, spectral collocation meth-
ods are preferable techniques to obtain numerical solutions of nonlinear differential
equations and have a number of outstanding features, such as efficiency, high accu-
racy, and exponential convergence. The main objective of the spectral collocation
method is to approximate the unknown solution y(z) using a linear combination
of trial functions, such as orthogonal polynomials.The orthogonal polynomials can
be chosen according to their advantages, making it particularly suitable for the
problem under study.

To solve nonlinear fractional differential equation, this paper combines two meth-
ods, namely the Adomian decomposition method (ADM) and the Jacobi spectral
collocation method (JSCM), in order to overcome the difficulties of convergence.
The proposed approach reduces nonlinear fractional differential equations to sys-
tems of linear algebraic equations. Following this process, the resulting systems are
solved using numerical methods for example Newton iterative method.

The remainder of this paper is arranged as follows. Section [2] introduces nec-
essary definitions and the mathematical tools needed for fractional calculus, also
discusses the properties of Jacobi polynomial.Section [3] shows the Adomian decom-
position method that is used to solve the nonlinear term of fractional differential
equations(FDESs). Sectionends with an explanation of how the collocation method
is used to solve the linear terms of FDEs. Section [ discusses how the algorithm is
built. Section [f] presents numerical results to clarify the methods used. Section [f]
is a summary of the paper.

2. PRELIMINARIES AND USEFUL FORMULAS

This section provides basic definitions and properties of fractional differential
and integral operator as in [I0, [I8, [[9].Then we mention to some properties of
shifted Jacobi polynomials..

2.1. Fractional calculus definitions. The left-sided Riemann-Liouville fractional
integral operator #I% of order « € Rt on the usual Lebesgue space L1[a,b] is de-
fined as:

Rp0 f(a) = ﬁ / @ f(O)de. az, @)

where I'(.) represents the Euler gamma function.
The operator 12 has the following properties:(3,v € Rt)

(i) FIZIT =137,
(@) RIS 1T = 171,

AR71a,y — _LA+Y)  aty
(t30) " I%xY = (e A

The Riemann-Liouville fractional derivative operator £D% of order o € R is
defined as:
R k k d* 1 ’ k—a—1
Dy = DI = =TT dg. 3
@) = D) = S [ @9 O @)

where « satisfies the relation £k — 1 < ak, k € N, and f € Lq[a,b].
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The fractional differential operator in Caputo sense is defined as:

“Dgf(x) = ﬁ /x(a: — o)k f(g)de. a < ab (4)

where k —1 < ak, k € N . For the Caputo fractional derivative operator, we have
the following some basic properties:

m—1

189D f(x) = flax) = > f90M)=

v € No; [a] > 7,

0
C na ’
Da.’IJ’Y = I —

{F(l(ii/_’)/)a)x’y oz’ v e NO; |—Oé-| < Vs

where[a/] is the ceiling functions , while Ny = {0, 1,...}.
In this paper, only Caputo fractional derivatives are considered .

2.2. Properties Of Shifted Jacobi Polynomials. The Jacobi polynomials P,E"’é) (z) (k=
0,1,...) of degree k are defined on the interval [—1, 1], and can be generated using
Rodrigue‘s formulal20, 2], 22]:

(n,9) _ (_1)k - -5 ¥
PO () = (=) (1 +2) O
where £k =0,1,... and n,d > —1.

The qth derivative of P,E"’é)(a:) is provided by

[(1— )1+ 2)°*H), ()

d? P(”]ﬁ) (I‘) _ F(T} +0+k+ 1) P(17+q,6+q)

dra” ¥ S 2T(n+ S5+ k+1) ke () (©)
Also,the Jacobi polynomial satisfy the orthogonality relation
1
(P (), P (@)t = / P (@) P (@) de = hide, (7)
-1

where d;,is the Kronecker delta function and

8 — 5 _ 27D (kg )T (k4541)
w(m )(;p) = (1 — x)n(l + l‘) , hy = R R T DR (kb o41)

To use these polynomials on the interval [0, L], this paper defines the shifted

2
Jacobi polynomials by inserting the change in variable z = fx — 1. Let the shifted

Jacobi polynomials Pi("’(s)(%”” — 1) be denoted by Péz’&)(x) those can be obtained
by the following recurrence formula:

6 8 2 ¥ 5 5 5
P (@) = @ (T = 1) = 6 @) P (@) = 6 () PR, (), k> 1, “
1
P (@) = 1, P (@) = (0 + 3 +2) — (6 + 1),
where
a(n,a)_(2/€+77+5+1)(2k+77+6+2) )
k 2k +1)(k+n+d+1) ’
52 —n?)(2k §+1

b9 — (02 =n*)(2k +n+0+1) (10)

S 2(k+D)(k+n+0+1)(2k+n+0)’


Dell
Rectangle

Dell
Typewriter
3


JFCA-2020/12(2) ON THE FRACTIONAL-ORDER GAMES

1) _ (k+n)(k+6)2k+n+0d+2)
k k+1)(k+n+5+1)(2k+n+9)’

The explicit analytic form of the shifted Jacobi polynomials Pﬁj’-é) (t) of degree j is
given by

(11)

J . .
(1,6) () ik LUH0+ DG +Ek+n+0+1) k
P = —1)7 12
Li (@) g; ) T(k+0+00(j+n+0+1)(j— k)IKLF " (12)
and the orthogonality condition is
L/ PO (@) PO ()0 (w)dt = 165 (13)

LD (k+n4+ D(k+ 6+ 1)

k+n+0+DEC(k+n+o+1)
Suppose that the function y(t) is square-integral in [0, L], then it can be expressed
in terms of shifted Jacobi polynomials as in the following form:

where w(L" 6)( ) = 2%(L — x)" and h(ﬁ’;) =

oo

y(t) =Y P (1), (14)

k=0

where the coefficients ¢ are given by

1 L s 5
k= Té)/ y(t)P£7,7k O™ (6)dt,  k=0,1,... (15)
g,
To approximate y(t) by the first (M + 1)—terms, we can write
S "

3. ADOMAIN DECOMPOSITION AND JACOBI SPECTRAL COLLOCATION METHOD

3.1. The Adomian decomposition method(ADM). Consider the following
nonlinear differential equation

Ly] + Ny] = g(=), (17)

where £ is a linear operator, N is a nonlinear operator and g(z) is a given function.
To decompose the solution y(z) use the infinite series solution

)= yi(x) (18)
k=0
and the decomposetion of the nonlinear operator NV in is:
= Z»Ai(yanla ~~~~~ »Yi) (19)
i=0
whereA; are the Adomian polynomials and are obtained by

1 dl
Ai = H d)\l Z Ay)] (20)
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Substituting and into provides the following recursive scheme:

L[yo] = g(x).
{ﬁ[%‘ﬂ] =-A;, i=0,1,2,.., (21)

The M- term approximation solution is defined as

M—1
ou(x) =Y yilw) (22)
i=0
where we assume that
lim ¢p(z) = y(x). (23)

M—o0

3.2. Jacobi spectral Collocation method. To fix the idea, we consider the
following linear fractional differential equation:

> DPty(z) = f(z), €<Br<l+1 (24)
£=0

with the initial conditions
Yy (0) =0s, 5=0,1,2,....,n (25)
The solution y(z)in can be approximated on the partition interval[0, L] by
a truncated series of shifted Jacobi polynomials:

[ 5
() =3 e P (), (26)
j=0

where c; are unknown coeflicients.

Substituting into and , we have

T n 76,
> e TP (@) = f(a), (27)
j=0  ¢=0
Z ijj(n’&S)(O) =0s, s=0,1,..,n, (28)
=0

where

(1,6,8¢) — B pn,9)
P () = PP (),

m5.9) (y — 4" p(n.6)
P; (0) = %Pj (0).
Relation forms a system with n+1 equations and m~+1 unknowns. To construct
the remaining m—n equations, we substitute Jacobi-Gauss points x;(i = 1, ...,m — n),to
obtain m — n equations. Therefore,the method reduces the solution of to the
solution of system QC = = where €2, C, and = are

Q(gi ) (29)
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where

lefn)x(m+1) = ZPJ'(W&IBZ)(QZAZ‘)? i = 1,....,m—n, j:Oal7"'am7

=0
4,8 .
Q(n+1 (mt1) = P(" )( 0), s=1,...,n, 7=0,1,...,m,
co
C1
C= . (30)
Cn
and vector

(1]
[1] [1]

-(2). (31)

where = H(n_i_l)xl =ps (s=0,1,...,n) and E(Qm_n)xl =f(z;) (i=1,...,m—n).
For more detalis see [11 [7], [16].
4. METHODOLOGY
Suppose the following differential equation:
Lyl + Nyl = f(x)
) (32)
y¥(0) = ps, s=0,1,....,n

Now,by applying the ADM mentioned in the subsection to the above problem,
we get

yiy1 = —L7'A] >0 (33)
Sometimes, L~! is difficult or impossible to find. So, we can solve it by our
proposed method. That is, we set

m

Z P P (z (34)
Using subsection [3.2] we can write
O =71z (35)
where
cO = [C(O) 050)7....,0(0)]T
=(0) " T (36)
= = [f(xl)v f(xQ)a seery f(xm—n)y 00,015 -+ Qn] 3
and x1, X2, ...., T;m_p are zeros of polynomial P,(,:]fsrz (t),while,
oW = 1= (37)
where
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5. NUMERICAL EXAMPLES AND COMPARISONS

This section illustrates some numerical examples solved in [I] to show the accuracy
and applicability of the proposed method in solving the initial value problems of
nonlinear FDEs. This section also compares the given results from our scheme
using shifted Jacobi polynomials at various points of (n,d) and those reported in
[1], which was achieved using the shifted Legendre polynomial. These comparisons
show the effectiveness and high accuracy of our method. Maple 2017 has been used
to compute the numerical results with 32-digit precision in the following examples.

Ezxample 1: Consider the following initial value problem of the nonlinear frac-
tional differential equation

, 4 3/2
D32y + DY2y 4 Dy +y+e¥ = \/\/7?4’ Si:i/? t2r 4+ +e®  ze[0,1] (39)
y(0) =4 (0) = 0. (40)

with ezact solution y(z) = 22 .

In Table [I} present method gives the numerical results based on the maximum
absolute errors(MEAs) for N=7 ,n = 24.001 and § = 0.00001. We observe numerical
results for present method are more accurate than the numerical results of the
method in [I].Fig. [1|shows the matching between the numerical solution and exact

solution.

TABLE 1. Comparison of MAEs between SADM by Legendre
polynomials[I] and Present method for example

K || SADM by Legendre polynomials[I] | Present method
10 1.0 x 107 2.1x1078
20 1.6 x 1077 1.7 x 10717
30 3.0x 10713 3.9 x 1072

0.8+

0.6

0.4+

=

exact ® ® ' approxy

FIGURE 1. comparison of numerical solution and exact solution
for example [f] at K=30.
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Ezample 2: Consider the initial value problem of the nonlinear fractional differ-
ential equation

D3y + D2y 4 o2 = 2, z €10,1] (41)

y(0) =y (0)=0, y'(0)=2, (42)
with ezact solution y(z) = 22 .

In Table 2} MEAs for N=7 and at choose values,n = 30,5 = —0.5 are given . It
is to be noted that presented method converges before SADM by shifted Legendre
polynomial in [I],and the error becomes stable after 10 iteration . A comparison
between numerical solution and exact solution is given in Fig. 2] The numerical
solutions match well with exact solution.

TABLE 2. Comparison of MAEs between SADM by Legendre
polynomials[I] and Present method for example

K || SADM by Legendre polynomials[l] | Present method
) 12 x 1071 3.2x10°%8
10 1.2 x 1073¢ 8.0 x 10732
15 8.0 x 10732 8.0 x 10732
-
0.8+
0.6+
044
0.2+
0 T T T T 1
0 02 04 06 08 1
[ exact * * - approxy|

F1GURE 2. Comparison of numerical solution and exact solution
for example [f] at k=15.

6. CONCLUSION

In this work, the proposed method was a generalization of SADM in [I]. In sum-
mary, the main advantage of this method is that is uses shifted Jacobi polynomials
to find a highly accurate numerical solutions for nonlinear initial value problems of
FDEs. Through comparison, the validity and accuracy of our scheme is asserted.
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