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Abstract - ~N

In this paper, we present a numerical method to approximate the solution of the multi-term time fractional
diffusion-wave equation (M-TFDWE). The proposed method represents the solution as a sum of shifted Gegen-
bauer polynomials (SGPs) with unknown coefficients. By using the operational matrix of fractional integration
and integer derivatives based on SGPs, the M-TFDWE is converted into a system of algebraic equations. The
convergence analysis of this numerical method is also discussed. Finally, we provide two examples to illustrate the
accuracy of the proposed method.
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1. INTRODUCTION

Fractional calculus extends the concepts of differentiation and integration to non-integer orders. Due to the non-
local and memory effects inherent in fractional derivatives, fractional differential equations (FDEs) can more accurately
model real-life phenomena than traditional integer-order equations. As a result, many fields such as physics, engi-
neering, and chemistry-including solid mechanics [23], bioengineering [11], and electrochemistry [16] employ fractional
order models (for more applications of FDEs, see [5, 18, 26]). Analytical solutions of FDEs are often difficult to find,
prompting the development of various numerical methods such as finite difference and meshless methods [10, 13-15, 17],
the operational matrix method [28, 30], the collocation method [19, 24, 27], and wavelets [8, 25].

Recently, spectral methods have gained traction due to their numerous advantages. They offer high numerical
accuracy, allowing for precise solutions with a minimal number of degrees of freedom and thus reducing computational
costs. Given the non-local and memory effects of fractional operators, global numerical methods like spectral methods
are preferred over local methods. Spectral methods can be categorized into Galerkin, tau, and collocation methods,
and they typically use orthogonal polynomials such as Jacobi, Gegenbauer, Laguerre, and Hermite polynomials as
basis functions. Various researchers have applied spectral methods to solve FDEs. For instance, Yaghoubi et al [31]
solved the fractional pantograph partial differential equation using shifted Gegenbauer polynomials (SGPs). Ahmed et
al [3] used SGPs as the basis for the tau spectral method in the space-time fractional telegraph equation. Doha et al [6]
introduced a Chebyshev-based spectral method, while Gupta and Kumar [7] employed a spectral collocation method
for the fractional mobile-immobile advection-dispersion equation. Rashidinia and Mohmedi [22] used a spectral method
for solving parabolic fractional partial differential equations and Abo-Gabal et al. [2] proposed a spectral tau method
for time fractional partial differential equations. Pourbabaee and Saadatmandi [20] introduced the Bernoulli-based
spectral tau approach for distributed time fractional partial differential equations, and Abbaszadeh et al. [1] described
a spectral collocation method for the space fractional reaction-diffusion equation.

Received: 04 May 2024 ; Accepted: 08 October 2024.
* Corresponding author. Email: molaviQiust.ac.ir.

815



816 M. MOLAVI-ARABSHAHI, J. RASHIDINIA, AND S. TANOOMAND

In this paper, we concentrate on the multi-term time fractional diffusion-wave equation (M-TFDWE):

§Dfu(x,t) + 3 6D (@, t) = uag(x,) + f(x,1)  (2,t) € [0,1] x [0,1], (1.1)
=1

subjected to conditions
w(x,0) =71(x), wu(z,0)=m(x), (1.2)
u(a,t) = g1(t), u(b,t) = ga(t), (1.3)

where l < agy < as < ... <apm <a<2,¢g>0 1=12...,m In (1.1), u(z,t) is the unknown function and
f(z,t) is a smooth function, 7 (), 72(x), g1(¢), g2(t) are continuous functions. Some numerical approaches have been
investigated for numerically solving the M-TFDWE. Kumar et al. [9] presented a numerical method based on the finite
difference and a meshless local collocation method. Yaseen et al. [33] introduced a finite difference based on cubic
trigonometric B-spline for solving the M-TFDWE. Yang et al. [32] investigated a spectral collocation method (SCM)
with convergence analysis. Molavi-Arabshahi et al. [12] proposed the generalized Laguerre SCM for the M-TFDWE.
Heydari et al. [8] applied the Legendre wavelet for the time fractional diffusion-wave equation (TFDWE). Rashidinia
and Mohmedi [21] proposed a spectral collocation approach based on Legendre polynomials.

In this study, we use a spectral collocation method utilizing Gegenbauer polynomials to solve the M-TFDWE. The
solution is approximated by a series of shifted Gegenbauer polynomials (SGPs). By employing the operational matrix
of derivatives and fractional integration for these polynomials, we derive a system of algebraic equations. Then, the
numerical solution is obtained by solving this system. The structure of this paper is as follows: Section 2 reviews
some preliminaries on fractional calculus and Gegenbauer polynomials. Section 3 discusses function approximation.
The proposed spectral collocation method based on SGPs is developed in section 4. Section 5 covers the convergence
analysis of the numerical approach. To demonstrate the effectiveness of the proposed method, two examples are
provided in section 6. The conclusion is presented in section 7.

2. PRELIMINARIES AND DEFINITIONS

In this section, we review the various definitions and fundamental properties related to fractional integration and
differentiation [5, 18], as well as shifted Gegenbauer polynomials [3, 4, 29, 31].

Definition 2.1. The Riemann-Liouville fractional integral of order v > 0 of a function u(t) on ¢t = (0,77 is given as:

oﬂ%@):féalkt—UWAuwMa:Ié”ﬂ”wuﬁﬁ (2.1)

where * denotes the convolution operator.

Definition 2.2. The Caputo fractional derivative of order v > 0 of a function u(t) on ¢ = (0,7] is defined as:

1 t
oD{u(t) = ofy" " D™u(t) = m/o (t— o)™ ul™(0)do, (22)
where m = [~].

These operators have some properties as following:

I'(B+1
o olft* = Gt B> 1,
° 0[;1(01U1(t) + CQUQ(t)) =1 ofgul(t) + co 0[?112(25),

o ol7 DY yult) = u(t) = £y u (0) .
Theorem 2.3. Let g € [1,00), h € L' and s € LY. Then h*s € L9 and
1A% sllg < [Al[2 []s]lq- (2.3)
Proof. [31]. O

(=)=
E)NE
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Definition 2.4. ([3, 31]) The well known Gegenbauer polynomials C (z) of degree m and order A > = defined on

the interval [—1, 1] in terms of Jacobi polynomials J5P) are

F(A+3)T(m+2X) (—1x-1
1 m ) )\ 7é 07
LA D(m+ A+ 3)

some properties of Gegenbauer polynomials are as follows:

() =

(i) They are orthogonal with respect to the weighted function w™(z) = (1 — 22)*~2.
T2\ +n) w2172
C (2)CMx)w (z)dt = Omn s
IR e e itevy
where 6,,,, is the Delta-Kronecher function.
(ii) Gegenbauer polynomials satisfy in the following recurrence relation:

(m+2)Cp, (@) = 2(A + m +1)2Cp 4 () = (24 +m)Cy (2),
where Cp}(z) = 1, C{(z) = 2)\z.

By using the new variable x = 2t — 1, we can get the shifted Gegenbauer polynomials on the interval [0, 1] as follows:

DO+ 3) o= (=)™ T (m + k + 2))
Cmlt) = I'(2)) kZ:O L(k+ A+ §)(m —k)!k! g 24
such that
[ e @unar = 0},
0
where wy (z) = (z — 22)*~ 2 and
o — (T(A+ 2))°D(m + 2)) 25)

™ (T(2X))2(2m + 20)m
3. FUNCTION APPROXIMATION

Let u(t) be a square integrable function on [0, 1], so it can be expresses as a series of shifted Gegenbauer polynomials
as

oo
= Z urC’,).‘ (t)
r=0
In general, u(t) can be approximated by a truncated series of the shifted Gegenbauer polynomials as
ZurC”\ = LT, (3.1)
where
L [ wocromon
Ur = =% u r w ’
e Jo ’
©? is defined in (2.5) and

U = [ug, ui, ... up]®, L(t) = [Co(t), C(t), ... Ca(t)]T. (3.2)

Similarly, for 2D cases, u(x,t) defined on [0,1] x [0,1] may be approximated by a truncated series of the shifted
Gegenbauer polynomials as

Z Z Vi C) (@) OV (8) = (LT (t) @ LT (2))U, (3.3)

m=0n=0
an
(o] < |
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with
Voo Vo1 ... VoM
10 V11 N ViMm

U: )

Unro Vmi oo VUMM

and
oo L1 /1 /lu (2, ) CA (2) O (E)wy ()wy () dadt (3.4)
mn — ("'),%n @% o o M }) m n A A b *

form=0,1,..., M and n=0,1,..., M.

Definition 3.1. The family of monomials are as follows:
wp=t* k=0,1..., M,
the vector form of m-th monomial functions is defined as

w(t) = [wo, w1, ..., wn]. (3.5)

Theorem 3.2. Let L(t) and w(t) be the vector forms of shifted Gegenbauer polynomials and monomials defined in
(3.2) and (3.5), respectively. Then

w(t) = p L(1), (3.6)
where
poo  Por  ---  POM
pro P11 ..o PIM
p=1 . . s (3.7)
PMO  PM1 -+ PMM
and
—Z 2 (=17 D(2A) (G + ) 4! T+ +20) D+ g+ A + 3) o
P T AT AT DTG 2N T+ 2A + g+ 1) :
forq=0,1,..., M,j=0,1, ..., M.
Proof. [30] O

Theorem 3.3. (/28]) Let L(t) be the vector form of the shifted Gegenbauer polynomials definded in (3.2). Then:
OItaL(t> = IocL(t)v (39)
where I = [L(,§))i,j=0,1,... M 15 the (M + 1) x (M + 1) matriz and given as follows:

ind) = Z Zj:(ilw,k,f PO+ 5)TG A5+ 205G + NE)) T+ 3) T+ + T(a+k+ f+A+3)

= = 217D+ HT A+ f+ 3G — HUFTECAO (o +k+ f+ 21+ 1)
Proof. [28] O
The n-th derivative of the L(¢) is defined as follows:
dr dr
~ L - —1 — —1D’n I 1
g L) = oo wlt) =p pL(t), (3.10)
where p is defined in (3.7) and (3.8), and D is a (M + 1) x (M + 1) matrix as follows

(=)=
E)NE
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0 0 0 O
1 0 0 0
D = .
0
0 0 M 0

4. THE SHIFTED GEGENBAUER SPECTRAL COLLOCATION METHOD (SGSCM)

In this section, we describe SGSCM for solving the M-TFDWE. The reformulated of the M-TFDWE defined in
(1.1) can be constructed using fractional Riemann- Liouville integral of order « as follows:

m
U(Z‘,t) + ch Off_alu(ﬂ%t) = aOItOéuJ;J;(x7t) + H(Z‘,t), (41)
=1

-

where H(z,t) = (11 (z) + tra(2))[1 + Y12, clm] + olf f(z,t).
For using the spectral collocation method, at the first step, u(z,t) is approximated by terms of shifted Gegenbauer
polynomials as given in (3.3). Then, we have:

0l (2, 1) ZZ ”d—cm (@) oI CV (1) = (LT ()1T © L7 (2) DY) T,
=0 j=0

using properties of the Kronecker product, we get

oIt (@, t) ~ (L7 (t) ® L7 (2))(IT @ DI)U, (4.2)
then, for [ =1,.
o8 u( Zzuw YoIp~ e (t) = (LT ()11, ® LT (x) I3 ,,)U (4.3)
=0 j=0

= (" () ® L™ (2))(In_q, ® I{141)U,

where Ipry; is the identity matriax of order M+1. Finally, let H(x,t) can be written as a series of SGPs, so

H(x,t) ~ Hy(z,t) ZZHUCA (z) = (LT(t) ® LT (z))H, (4.4)
=0 j=0
where
H,y = ®1A o / / Hoag (o, 0O (@) C (B wn () (£, (4.5)

By replacing (3.3), (4.2), (4.3), and (4.4) in relation (4.1), the residual function Ra(z,t) is given as follows:

Ry (x,t) = [(LT( )@ LT (x +Z (LT @ LT (@) a_a, ® Liry) — (L7 () © LT (2))(I3 © D) |U

—(LT(t)® LT (z))H. (4.6)
We can generate (M + 1)(M — 1) equations as follows
Rat(@mtn) =0, m=2,3,....M, n=1,2...,M+1, (4.7)

where {z,, }M* 1 and {t,}*! are Legendre-Gauss- Lobatto nodes (LGLs).Then, substituting (3.3) in (1.3), and using
LGLs as follows

(LT (t,) @ LT (21)U = g1(tn), n=1,2,...,M+1, (4.8)
(LT (ta) @ L™ (@p1))U = gi(tn), n=1,2,...,M+1, (4.9)
[c [m]
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we get 2(M + 1) equations. Finally, using (4.7) - (4.9), we can obtain U by solving the linear system of equations as
AU =b.

5. CONVERGENCE ANALYSIS

In this section, we study the error of the numerical approach defined in section 4. In error analysis, the usual
procedure is the comparison of the numerical solution uy with an appropriate orthogonal projection Pyu of the exact
solution w in suitable Sobolev spaces.

Let Py be the set of polynomials of degree up to M. The orthogonal projection is defined as Py : Lﬁ,A (A) = Pam
such that

(Pyu—u,v) =0 Yo € Ppy. (5.1)
To measure the truncation error of Py;u — u, we introduce the following spaces.

Definition 5.1. ([3]) Let A = (0,1) and wy(z) = (z — 22)2. We define the Hilbert space L2, (M) as

Lz, (A) = {u : A — R| u is measurable and ||u||L%JA = /AuQ(a:)w,\(x) dzx < oo} . (5.2)
Definition 5.2. ([3]) Let n € N. The weighted Sobolev space H,, (A) is defined as follows
n o’ 2 :
H@@U—{|alueL m)ogzgn}, (5.3)
with semi-norm and norm by
%
o =
= ”3 nu”wm ullnwy = ( z?,w,\> . (5.4)
Due to [3], for u € H;} (A), ¥ < n we have
1Py —ullmg (a) < M) lulla (a), (5.5)

where

20—n—1, 9>1,
s(W,n) =4 30 —n, 0<9<1,

9 —n, ¥ < 0.

Definition 5.3. ([3]) Let Q = A x A, py(z,t) = span {C}(z) C’» (t),i,j =0,1,...,M}. The Hilbert space H;*(Q) is
defined as

Hfu’f(ﬂ):{u:QHR|uismeasurableonQand wel? (Q), 0<m<b, 0<n<a7}7 (5.6)

where

|u||Hba—ZZH g i, @

m=0n=0

and H5Y = L2 (Ay; HY (M), HS® = HE (Ay; L2, (A;)) with following norms

1
2 _ 2 2
el 0 —/O lul Oz andts  lullzoe = ZHW 172, - (5.7)

(=)=
E)NE
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Let the orthogonal projection Pas s : LfvA () — par, ie.,
Pyror(u(z,t)) = upr(x,t), Vu(zx,t) € LZ,A ().
Then, due to [3], we have
—b _ —b,—
lu = wnllng, @) < aMlullypo 4 M ullyon < M elul oo+ eafullges O (58)
Now, we will investigate the convergence analysis of the proposed method in the following theorem.

Theorem 5.4. Let u(z,t) and up(z,t) be the exact and numerical solution of the Equation (1.1) subject to initial
and boundary conditions (1.2)- (1.3), and H (z,t) defined in (4.1) can be approximated by a series of GLPs. Then

||RM(5E7t)||L3U(ﬁ)(Q) — 0. (5.9)
Proof. up(x,t) satisfies at Equation (4.1) as follows
m B 82
up (x,t) + Z coly ™ M un (w,t) =0 I s—un (z,t) + H (2,t) + Ry(w, ). (5.10)
— Ox

Subtracting (5.10) and (4.1) we have

[1Rar (2, )l 2, () = llear(z,t) + ZCz ol ™ en (w,t) — olf ﬁeM(%t) — Hy (2, t) + H(z, 1)z, (o), (5-11)
=1

where eps(x,t) = u(z,t) — ups(z,t). From (5.11), we get

m
1Rar(a, )2, (o) < lear(@ )2y + Y lel lolf e (z,8) |
=1
d2
o7 2 enr(@,Dllzz, o + | Harlwst) = H(z, )l @) (5.12)

Now, we find the boundary for each on the right-hand side (5.12). By (5.8), for sufficiently large M, the following
relation can be concluded

lear(2,t)llzz, (@) — 0, (5.13)
and
el lody ™ ear (2,8) Iz, @) < C1 ) o™ *ear (2,1) Iz, (0, (5.14)
A A
=1 =1

for every [ =1,...,m, using (2.1), (2.3), and (5.8)

loZi™* enr (2,1) |2, () 7 e lear (2, )z, @) < Collenr(w, 8z, (o), (5.15)

= F(a—al)|

using (5.8), we conclude ||6M($7t)HL?u/\(Q) — 0. So, we have
loZi ™ enr (z,1) |22, (@) — 0 (5.16)

Then, using (2.1), (2.3), and (5.7) we get
o & 1 o a2
lodf —zenm(@ )z, (@) < W”t Iz en (@, Dlles, @) < Collenr (@, )]l oz,
then using (5.5), for sufficiently large M, we get HeM(x,t)HH%f — 0 and

lloZ; @eM(xat)”Li/\(Q) — 0. (5.17)
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From (5.8), for H(x,t) € L2, (), we can conclude

[ Eas (2. 1) — H(x,0)| g, @) < x| H g 000y + exM " [Hl o .
so, when M is enough large

”HM(xat) 7H(x7t)||L2w)\(Q) — 0, (518)
by using (5.13), (5.16), (5.17), and (5.18) in (5.12) the result can be obtained. O

6. NUMERICAL EXAMPLES

In this section, we evaluate the efficiency of the shifted Gegenbauer spectral collocation method. We compute the
following errors:

M+1 2
Loy = (Z w2, T) —uM(xm,T)|2> ,
m=1

Lo = max(|u(zm,tn) — un (Tm, tn)]),

where {w(Zm, tn) }mn=1,... . m+1 and {Upr (T, tn) }m,n=1,.. . m+1 are the exact and numerical solutions at the collocation
nodes, respectively. All computations were performed using Matlab 2016 on a laptop with an Intel Core i5-2450M
CPU @ 2.50 GHz, 2 cores. In the following two examples, we consider two sets of collocation nodes for comparison:
e Gauss-Legendre lobatto nodes (GLL),
e Equal spaced nodes (Es).

Example 6.1. Consider the following equations as

O%u(z,t
sDpue ) = 0D ) () e 0,0) < [0,1]

with initial conditions

u(z,0) =0, wu(z,0)=0,
and boundary conditions

u(0,t) =0, wu(l,t) =0,
where 5
t -
q(z,t) = szlm(l —z) =1+ a)z* (o — (2+ a)z),

and u(x,t)= t3z1T(1 — ).

In Table 1, the Lg-errors and L,-errors for A = 1.25 and various « values using GLL nodes are presented. Table 2
provides the Lao-errors and Lo-errors for A = 1.25 and different a values using Es nodes. A comparison between Table
1 and Table 2 indicates that employing GLL nodes as collocation points yields more accurate results than using Es
nodes. Table 3 displays the L.-errors and CPU time for A = 0.25,« = 1.5 and A = 1.25,a = 1.5. Figure 1 shows
the plot of numerical solutions for A = 1.5, a = 1.7,1.8,1.9,2, with N = 6 and ¢ = 1. Table 4 lists the absolute
errors for A = 1.5, a = 1.7,1.8,1.9,2, with N = 6 and ¢ = 1. The results demonstrate that the numerical method
performs better as the fractional order (1 < a < 2) approaches the integer order (o = 2). In Figure 2, the logarithmic
representation of the L..-errors for a = 1.1,1.9 is plotted.

Example 6.2. Consider the time fractional diffusion-wave equation

2

0
(C)Dtay(x7t) +8 D;flly(x’t) = wy(lﬂﬂt) +g(:1"7t>7 (.’I/',t) € (Oa 1) X [07 1])

with homogeneous initial and boudary conditions and

(2.1) 63— n 63—
€T =
I Td-a) T@A—a)

> sin(rx) 4+ (7%t3) sin(7z).
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where v(x,t) = t®sin(rx).

Table 5 compares the Ly-errors of our proposed method for A = —0.25 with the method used in [21], showing that
our method is more accurate. Table 6 presents the L.,-errors and CPU times of the proposed method for a = 1.5,
ap = 1.2, with A = —i and A = 1.5. Figure 3 displays the logarithmic representation of L.,-errors for A = —0.25,
a=19, a; =13, and a = 1.7, a; = 1.2. Figure 4 shows the logarithmic representation of Ly.-errors for A = —0.25,
A=15 a=1.5,and oy = 1.2. In Table 7, the L,-errors are given for Es nodes and GLL nodes at « = 1.1, a3 = 1.2,
A=—-0.25and a = 1.9, a3 = 1.2, A = —0.25, demonstrating that GLL nodes provide more accurate results than Es
nodes.

7. CONCLUSION

In this paper, we presented a spectral method utilizing shifted Gegenbauer polynomials (SGP) for numerically
solving the multi-term time fractional diffusion-wave equation (M-TFDWE). In this approach, the exact solution
is expressed in terms of SGPs. By employing the fractional Riemann-Liouville integral operator, the M-TFDWE

TABLE 1. Lg.-error and Ls-error at GLL nodes for Example 6.1.

a=11,1=1.25 a=15 \=1.25 a=19 A=1.25
Loo Lo Lo Lo Lo Lo

0.0160 0.0120 0.0173 0.0173 0.0154 0.0154

0.0061 0.0016 0.0084 0.0041 0.0083 0.0087
2.4912e—4 2.5611le—4 7.9850e—4 5.5410e—4 0.0018 0.0020
1.2958e—4 1.4066e—4 1.6839e—4 1.858le—4 2.9299¢—5 3.4604e—5
6.1212e—5 6.8441le—5 7.1787e—5 7.7013e—5 9.2215e—6 1.0027e—5
3.4166e—5 4.0607e—5 3.4889e—5 3.8682e—5 3.807le—6 4.1441e—6
2.0013e—=5 2.4799e—5 1.836le—5 2.1234e—5 1.8125e—6 1.9956e—6

@OO\]@UT%WZ

TABLE 2. Lgo-error and Ls-error at Es nodes for Example 6.1.

a=11,A=1.25 a=15A=1.25 a=19, A=1.25
Loo LZ Loo L2 Loo L2

0.0160 0.0120 0.0173 0.0173 0.0154 0.0154

0.0060 0.0016 0.0071 0.0084 0.0123 0.0127
7.2778e—4 7.8567e—4 0.0015 0.0016 0.0010 0.0012
4.3162e—4 5.6797e—4 7.2949e—4 9.486le—4 1.3698e—4 1.6383e—4
2.4354e—4 3.1041le—4 3.7244e—4 4.5163e—4 6.1146e—5 7.0266e—5
1.6438¢e—4 2.3981e—4 2.2450e—4 3.1049e—4 3.2304e—5 4.0422e¢—5
1.1255e—4 1.6260e—4 1.4191e—4 1.9304e—4 1.881le—5 2.3787e—H

CDOO\]GDUT)-PC,OZ

TABLE 3. L.-errors and CPU-time for Example 6.1.

a=15X=0.25 a=15 =125
M Lo CPU-time L CPU-time
3 0.0184 0.11s 0.0173 0.12s
4 0.0045 0.12s 0.0084 0.13s
5  4.7599¢—4 0.15s 7.9850e—4 0.15s
6 1.6556e—4 0.17s 1.6839¢—4 0.16s
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TABLE 4. Absolute errors at different values of a, A = 1.5 and ¢t = 1 for Example 6.1.

T; a=1.7 a=1.8 a=1.9 a=2

0.2 4.3922e—4  2.9059¢—4  1.3727e—4 1.7000e—14
0.4 2.3480e—4  1.4653e—4  6.4337e—5 4.5582e—14
0.6 1.8190e—4  9.4368e—5  3.6684e—5 4.9502e—14
0.8 1.8948e—4 1.1723e—4  5.2303e—5 2.8010e—13
1 1.1364e—16 1.2581e—17 1.1652e—19 9.8084e—17

-1
TABLE 5. Comparison of GLSCM with A = v with [21] for Example 6.2.

a=19a00 =1.3 a=17 0, =1.2
M GLSCM 21] GLSCM 21]
4 0.0045 3.8806e—3 0.0051 4.0956e—3
) 0.0015 2.001le—3 0.0015 2.0625e—3
6 2.858le—bH 6.5229e—5 2.6437e—5 6.6232e—5
7 7.3878—6 3.0780e—5 7.9742e—6 3.1689e—5
8 4.6386e—7 2.4718¢e—6 4.5421e—7 1.9346e—6
9  1.9323e—7 2.6136e—7 2.2402e—7 4.3888e—7
0.12 ‘
-b. r!‘=1.7
0.1 |=Ae a=18 -

= -p..:‘: 9 "’,f»e

S ooef [0 o R

3 Aok

8 0.06 [ ,I,/’,"

-§ 0.04 ,'«;é"

) 4

S el

Z 0.02!‘",‘

ol

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X

FIGURE 1. Represent of the numerical solution at A = 1.5, N = 6 and ¢ = 1 for Example 6.1.

TABLE 6. Lo-error, CPU-time at a = 1.5, a3 = 1.2 and various values of A for Example 6.2.

A=-0.25 A=15
Lo CPU-time L CPU-time

0.0607 0.053s 0.1348 0.052s
0.0052 0.056s 0.0261 0.053s
0.0014 0.079s 0.0029 0.077s
2.5396e—5 0.096s 7.4985e—5 0.11s
8.4211e—6 0.16s 1.2512e—5 0.15s
4.7640e—7 0.21s 3.9986¢e—6 0.22s
2.7965e—7 0.31s 2.8039¢—6 0.28s

@OO\]@U!)&COZ
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FIGURE 3. Logarithmic representation of the max absolute error at A = —0.25 for Example 6.2.

TABLE 7. Lgo-error, for Es nodes and GLL nodes at A = —0.25 for Example 6.2.

a=11,a; =1.2

a=19 a0 =12

M GLL Es GLL Es

3 0.0977 0.0977 0.0567 0.0567

4 0.0023 0.0435 0.0046 0.0265

5 0.0013 0.0044 0.0015 0.0031

6  2.5983e—5 0.0027 2.8136e—5 0.0020

7 9.498le—6 1.1736e—4 7.7265e—6 9.4888e—5
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FIGURE 4. Logarithmic representation of the max absolute error at @ = 1.5, 1 = 1.2 for Example 6.2.

is reformulated into its integrated form. Then, using the operational matrix of fractional integration and integer
derivative along with collocation nodes, we derive a system of algebraic equations. The use of operational matrices of
SGPs helps reduce computational costs. We also examined the convergence of the numerical solution. Finally, two
examples were solved to demonstrate the efficiency of our proposed method. The numerical illustrations showed that
an accurate solution could be achieved with a small number of basis functions.
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