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ABSTRACT: In the last decade, there has been a surge of interest in application
of fractional calculus in various areas such as, mathematics, physics, engineering,
mechanics and etc. So, numerical methods have rapidly been developed to handle
problems containing fractional derivatives (or integrals). Due to the fact that all
the operators which appear in fractional calculus are non-local, so, the classical lin-
ear multi-step methods have some difficulties from the (time/space) computational
complexity point of view. Recently, two new non-classical methods or diffusive
based methods have been proposed by the authors to approximate the Caputo
fractional derivatives. Here, the main aim of this paper is to use these methods
to solve linear multi-term fractional differential equations numerically. To reach
our aim, an efficient matrix approach has been provided to solve some well-known
multi-term fractional differential equations.

Review History:

Received:07 March 2024
Revised:31 August 2024
Accepted:12 September 2024
Available Online:01 October 2024

Keywords:

Non-locality property
Caputo fractional derivative
Yuan-Agrawal method
Diffusive representation
Time-consuming methods

MSC (2020):
26A33; 65D30; 65D25; 65D32.

1. Introduction

In the last decades, there has seen a rapid surge of literature on the importance of fractional calculus and their

broad applications (See for instance, [20, 21]).

In fact, many real world problems can been modeled successfully

by the following multi-term fractional differential equation (MTFDE) with constant coefficients and homogeneous

initial conditions:

ZCT CDYy(t)=f(t), 0< a1 <az <~ <au, yla)=yP(a) ==y

*Corresponding author.
E-mail addresses: h.khosravian@sci.ui.ac.ir, mdehghan@aut.ac.ir, mdehghan.aut@gmail.com

2783-2287/(C) 2024 The Author(s). Published by Amirkabir University of Technology Press.
This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/)

337

(£ (q)

=0, L= [a], (1)


http://dx.doi.org/10.22060/AJMC.2024.23042.1222
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

H. Khosravian-Arab et al., AUT J. Math. Comput., 5(4) (2024) 337-359, DOI:10.22060/AJMC.2024.23042.1222

where ¢, € R and f(t) is given continuous function and moreover, CDZ‘; denotes Caputo fractional derivative of
order a, with starting point a [10, 20]:

1

C nar _
Da+y(t) - F([aﬂ o OLT)

/t(t _ 7—) [aﬂ—ar—ly(ﬂlﬂ)@_) d,7—7
a
where T'(.) is the Euler’s Gamma function.

As we are aware, the first step to solve MTFDE (1) numerically, is to present a numerical method that approx-
imates the Caputo fractional derivative(s) CDZ‘er(t). Thanks to the well-known property of the Caputo fractional
derivative (which is called non-locality), the numerical methods to approximate the Caputo operator have faced
with some difficulties from the (space/time) computational complexities viewpoint [11, 13].

Several numerical methods based on the local and global methods have been introduced to solve MTFDE (1)
(See [22] for various numerical methods to solve fractional differential equations). The proposed methods can be
categorized in two classes [22]:

e Direct Methods: In these methods we first approximate the Caputo fractional derivatives directly and thus
the numerical schemes can be obtained easily.

e Indirect Methods: In these methods, first, the obtained problem (1) is transformed into the fractional
integral equation and then by using a suitable method to discretize the obtained fractional integral, we can
get the numerical schemes.

The same feature of these methods is that to handle the non-locality of the fractional differential (or integral)
operators, they need a relatively large amount of time and/or computer memory [13, 11].

To overcome this drawback, a new representation of the Caputo fractional derivative (which is so-called as
diffusive representation (DR), infinite state representation (ISR) or memory free formulation (MFF)) was introduced
by Yuan and Agrawal in [1, 29]. They have shown that the Caputo fractional derivative can be represented as:

+oo
€ Dgy(t) = / b, 1) doo, ()

where ¢(w,t) for w € (0,+00) called the observed system’s infinite states at time ¢. They also showed that the
function w € (0, +00) satisfies the inhomogeneous first order differential equation in the following form:

o rt) = I (@)6,1) + hal)y/ (1), 9(w,0) =0, g

with certain functions hq;hs : (0,4+00) — R. K. Diethelm in his papers [9, 11, 13] has shown that the new
representation, in fact, has some good features such that:

e The non-locality property of the Caputo fractional derivative is removed.

e Due to the local property of (2), the (time/space) computational complexity of the new representation to
approximate the Caputo fractional derivative can be decreased substantially (See [7, 11, 14, 15]).

Some improvements and modifications of (2) have been proposed in [1, 3, 4, 5, 6, 13, 16, 23, 24, 26, 27, 28, 29].

The outline of this paper is as follows. In Section 2 we briefly review some important properties of the sine and
cosine diffusive representations (SDR and CDR) to approximate the Caputo fractional derivative. In Section 3, an
efficient matrix approach for SDR and CDR together with some extensions of the matrix approach in order to use
for MTFDEs (1) have been made successfully. Numerical results are given in Section 4. Some concluding remarks
and future works are provided at the end.

2. The sine and cosine diffusive representations

In this section, we briefly review two newly introduced diffusive representations (DRs) for Caputo fractional deriva-
tive which we will name the sine and cosine diffusive representations (SDR and CDR). So we will provide here the
definitions and some related theorems. For more details see [17]. First, it is worthy to address the improved version
of Yuan and Agrawal (YA) diffusive representation [29] for approximating the Caputo fractional derivatives which
proposed by K. Diethelm [8].
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Theorem 2.1 (Improved Yuan and Agrawal approach (YA)). Let o > 0. Then we have:
CD8‘+y(t) = / zza_QraleYA(z, t)dz,
0

where

. t
WYA(o 1) = (—1)le) 250(T2) (/ e~ (=122, (D) () dT) ,

™ 0

It is easy to verify that w¥“(z,t) satisfies the following differential equation:

duw¥ A 2 si
Q2T 4 22 = (et 2Tyt gy ¥4 0) =0 (4)
Proof. See [8, 29] for the proof of this theorem. O

Now, we are going to define two new DRs to approximate the Caputo fractional derivative of order 0 < o < 1.

Theorem 2.2 (The cosine diffusive representation (CDR)). For 0 < a < 1, one can see

¢ pa,y(t) = 200F) /0 e ( /0 Ccos((t— 1)2) () dr) dz = /O T 01Ot d, (5)

™

where

WOz 1) = 25005 (/Ot cos ((t — 7)2) 3/ (7) dT) .

™

We also point out that for a given function y for which its second derivative exists on [0,T], w®(z,t) (for fizved
z > 0) satisfies the following second-order differential equation:

92wC 2 o _ 2sin( %) ")

oz TP . (6)
(0 =0, 20,00 = 2D )
) ) at ) T y
Proof. See [17] for the proof of theorem. O

Theorem 2.3 (The sine diffusive representation (SDR)). For 0 < a < 1, we have

“Dgy(t) = QCL(%Y) /000 2ot (/Ot sin ((t —7)2)y/'(7) dT) dz = /000 2°w3(2,t) dz, (7)

™

where

ZT

w¥(z,t) = 2eos(5) </Ot sin ((t —7)2)y/'(7) d7> :

It should be noted that for a given function y for which its first derivative exists on [0,T], w®(z,t) (for fized z > 0)
satisfies the following second-order differential equation:

0w 5, ¢ 2cos(%Y)

/
=22y
92 +z wa p y'(t), (8)
w¥(z,0) = aws(z,O) =0.
Proof. For the proof of this theorem see [17]. O

We see that the classical DRs of Caputo fractional derivative are usually coupled with a first-order differential
equation (See the first order differential equation (3)), so from the numerical point of view, it is worthwhile to
convert the second-order differential equations (6) and (8) to the system of first-order differential equations as
follows.

Theorem 2.4. Let 0 < a < 1.
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e For a given function y for which its second derivative exists on [0,T], and w(z,t) = x1(2,t) (for fived z > 0),
then x1(z,t) satisfies in the following system of first-order differential equations:

% = x2(2,1),
2sin(Z2
% - —zQxl(z,t) + My”(t), (9)
2sin(Z2
21(2,0) =0, z2(2,0) = yy’m).

e For a given function y for which its first derivative exists on [0,T], and assume w”(z,t) = x1(z,t) (for fized
z > 0), where x1(z,t) satisfies in the following system of first-order differential equations:

% = T2 (Z7 t)a
0 2 5
O (e 2 g, (10)
z1(2,0) = x2(2,0) = 0.
Proof. The proofs are straightforward. O

In the following remark, we summarize some issues related to the mentioned theorems.

Remark 2.5. Some important remarks should be addressed here:

o As it can be seen from Theorems 2.2 and 2.3, the SDR and CDR are both coupled with a second-order
differential equation while the other representations are usually coupled with a first-order differential equation.
But as we stated in Theorem 2./, the second-order differential equations (6) and (8) can be easily converted

to a system of first-order differential equations (See Theorem 2.4). Thus, the SDR and CDR methods can be
also considered as the classical DRs.

e The second derivative of the given function y(t), which appears in Eq. (6) can be considered as a drawback of
CDR, but, in fact, in application we don’t need to evaluate y" ().

The error bound of the YA, CDR and SDR methods is given in the following theorem.
Theorem 2.6. [17] Let 0 < o < 1. If a A-stable one-step implicit method of order p with the step size h < N~2,
(where N is the number of integration points in the generalized Gauss-Laguerre formula) is used for Egs. (6) and

(8), then the overall error analysis of CDR and SDR approzimation formulae satisfies:

o Ify(t) € C?[0,T] and y(0) = y'(0) = 0, then for t € [0,T], we have (for the CDR method):
4N )
‘R%,N,hy(t)’ =O(N*™2) + (’)(hp)/ AST2° 4y
0
o Ify(t) € C0,T] and y(0) = 0 then fort € [0,T], we have (for the SDR method):
4N )
‘Rg,N,hy(t)’ = O(N*1H + (’)(hp)/ AT27 0
0

Proof. See [17] for the details. U

Theorem 2.7. [8] Let 0 < a < 1 and y(t) € CY0,T). If a A-stable one-step implicit method of order p with

the step size h < N~2 is used for Eq. (4), then the overall error analysis of improved YA approzimation formula
satisfies:

4N 5
RS (1) = O(V*=2) - O(h7) / T dz,
0
fort €10,7).

Proof. See Theorem 6 of [8]. O
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N=100, 0<a<l.
T T

10°

—+—— YA Meth. —+—— YA Meth.
——=—— CDR Meth. ——=—— CDR Meth.
——=—— SDR Meth.

SDR Meth.

0 0.‘2 0.‘4 0.‘5 018 1 0 0.‘2 0.‘4 O.‘G 0.‘8 1
Figure 1: Error bounds of the three methods YA, CDR and SDR for « € [0,1] with N =50 and N = 100.
The error bounds of the improved YA, CDR and SDR methods for « € [0,1] and N = 50 and N = 100 are plotted

in Fig. 1. This figure obviously states that the convergence rate of the SDR method is very slow, so the following
improved version suggested by the authors of [17].

Theorem 2.8 (The improved sine diffusive representation (ISDR)). For 0 < a < 1, we have

“Dgy(t) = “%(%a) /OOO 621 (/Ot sin ((t — 7)60%) v/ (1) dT) dr = /Ooo 622115 (0,t) de,
where
WIS (0,1) = “%(%a) (/Ot sin (¢ — 7)6%) /' () dr) .

Also, for a given function y for which its first derivative exists on [0,T], w'®(0,t) (for fized & > 0) satisfies the
following second-order differential equation:

92wls TS 4cos(T5Y) 62 (1),
o2 5 ™ (11)
IS IS
0,0) = — 6,0) =
(6,0) = 5:'5(6,0) =0
Proof. The proof is straightforward. O

The next theorem, gives the error bound of the new improved SDR method.

Theorem 2.9. Let 0 < a < 1. If a A-stable one-step implicit method of order p with the step size h < N4,
(where N is the number of integration points in the generalized Gauss-Laguerre formula) is used for Eq. (11), then
for y(t) € C1[0,T], y(0) =0 and t € [0,T], we have the overall error analysis of ISDR approximation formula:

AN,
‘R?S,N,hy(t)’ = O(N?**2) + O(h”)/ 372 g
0

Proof. The proof is obtained by the similar fashion which used for Theorem 2.6. U
Remark 2.10. For stiff differential equations (9), (10), and (11), numerical methods with large regions of absolute
stability are recommended to avoid the need for small step sizes h. In such cases, the backward Fuler method is

preferred over the trapezoidal method for solving stiff differential equations [2].

The numerical parts of the newly presented methods CDR and SDR are given in the next section.

3. The numerical part: Matrix approach to solve multi-term fractional differential equation

The main objective of this section is to solve multi-term fractional differential equation (1) by the methods CDR
and SDR. From the numerical analysis point of view, the well-known matrix approach gives an efficient and fast
tool to apply numerical methods to solve various problems.
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3.1. A matriz approach for CDR and SDR methods:

As we aware, one of the most interesting tools, from the numerical analysis viewpoint, to apply the proposed
methods for various problems is to generate their matrix forms. So, we set the target of this section to obtain the
matrix form of the new approximation formulae CDR and SDR to approximate the Caputo fractional derivative of
order a € (0,1). To do so, we start with the CDR formula. As stated in [17] the CDR formula can be approximated
as:

00 N
D& y(t) :/ 207 lem [ezwc(z,tk)] dz =~ Zwia_l) e l)wc(rga_l),tk), (12)
=tk 0 i=1
where rl(a_l) and wga_l) are the Generalized Gauss-Laguerre (G-G-L) nodes and weights associated with the weight

function w(z) = 2 te™*, respectively.

So, the matrix form of the Caputo fractional derivatives of order a € (0, 1) based on the CDR approximation
formula (12) can be written as follows:

cy(a) ~ (MC)TWC’7

where
y(1) ap e W) WO ) e WY )
I O B e N e A Y
) W™ o ) W) e WO )

Now, it remains to compute the unknown matrix M. So, we need to evaluate the values w® (r; (a—1) k), 1=
1,2,...,N, k = 1,2,...,n numerically. So, we are going to use Eq. (9). The mentioned system of differential
equations can get the matrix form as:

CACZ/(t) = “ BOZ(t) + “F(t), 9Z(0) = Zo, (13)

where matrices “ A and “B, and vectors ©Z(t) and “F(t) are given as:

B B
c c 11 12
A=1 , B= , Bi1=By =10 , Bpa=1 ,
2N x2N [321 B22:|2N><2N 11 22 = [0y v 12 NxN
and
[21(r ™, 1)] 0
[ ) o 0 : 3
1 c zi(riy ) c 0
B = D ) Z(t) = a— ’ y F(t) = 2'in(ﬂ)
21 0 . 0 (t) x2(r§ 1),15) (t) %y//(t)
0 0 |: (oz—l):|
NxN . (Tro'[)
(a—1) 2sin(—&—
Lea(ry 1) INx1 | —=y" (1) INx1

We also point out that Iy« stands for the identity matrix.
Now, we face with a first order differential equation (13) in the matrix form. To solve it numerically, various
numerical time integrations such as: rectangular or trapezoidal rules can be performed. So, let ¢ € [0,7] and h

stands for the step size with:

T
h=——, neN.
n—1

Now, we define t;, = (kK — 1)h, so we have t; =0 and ¢, = T.
Using the rectangular or trapezoidal integration rules we get the well-known backward Euler method:

OZ(tir1) = (A —h°B) " [CACZ(t:) + hCF (ti1)], i = 1,2,...,n— 1, (14)

and trapezoidal method:

Cz(ti+1)=<CA—;‘CB>_ [<0A+ZCB> CZ(ti)+g(CF( tiv1) +“F(t:)) |, i=1,2,...,n—1,  (15)
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respectively, and subject to the following initial condition:

21 (17D, 0)]

xl(rj(\flxil)vo)

2o(r{*7Y,0)

04.71
Loy ™", 0)] 2N x1

Finally, if we set:
CZ = [Z(tl) Z(t2) Z(tn>]2N><m (16)

then we have
M€ =“Z(1: N,>).

We also point out that “Z(1 : N,:) stands for the rows 1 to N and all columns of the matrix ©Z.
For the SDR method, we use the following formula:

> — a) () «
“Dgy(t )‘ :/o 2% [e*w (2, 1) dz%Zwl( ) 65w Sy (@) k),

t=ty,
where rga) and wga)
function w(z) = z%

Therefore, the matrix form of the Caputo fractional derivatives of order a € (0,1) based on the SDR approxi-
mation formula is obtained as follows:

are the Generalized Gauss-Laguerre (G-G-L) nodes and weights associated with the weight

—z

Sy(a) ~ (MS>T

where
¥ () wf®) i7" WS h) WS ) e WSt
sy _ [0 e e e e |t ot 5. ) e WS 0
(k) Wl e SO ) WS R e W 1)
Now, it remains to evaluate the values w ( (a) Je), i=1,2,...,N, k=1,2,...,n. As it is observed before, the

function w”(z,t) satisfies a system of first order differential equations (10).
Similarly, system (10) can be seen as the following matrix form:

SASZ/(t) = S BYZ(t) + °F(t), °Z(0) = 0,

where matrices A and °B, and vectors Z(t) and SF(t) are given as:

B B
A =Ly, “B= [B; BZ] - Bi1 = By = [0]yn: Biz =Inxw,
and

'x1<r§“>,t>' 0

<oz>}2 :

—|r 0 0
[ : s z1(ry (@ t) s 0
Bgl = 0 0 y Z(t) = (a)7 s F(t) = QCOS(%) /(t)
(@) 2 2( T ) T Y
0 0 B {TN } NxN . :
(a) 2 cos( T2
( 7t) 2N x1 L T 2 y/(t)_ INx1

Now, using the backward Euler and trapezoidal methods (14) and (15), the matrix ®Z which is defined as:

SZ = [Z(t1) Z(t2) ... Z(tn)]lansn, (17)
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is obtained. Thus
M® =9Z(1: N,:).

Due to the fact that many real problems which were modeled by Caputo fractional derivative, contain the Caputo
fractional derivatives of order « € (1,2). So, our next goal is to extend the approximation formulae CDR and SDR
for the case a € (1, 2).

3.2. Approximation of Caputo fractional derivatives of order a € (1,2) based on CDR and SDR methods

In various areas of mechanics and engineering we encounter with fractional models of order a € (1,2). So, it is
essential to extend the CDR and SDR approximation formulae for the mentioned case. For this reason, we present
the following lemma which plays a key role to extend these formulae.

Lemma 3.1. Letn—1<a<n<m, m,n € N. If we have
y(s)(O)ZO, s=n,n+1,...,m,
then
dm

Dyy™(t) = P (CD8+ZJ(75)) = Cngmy(t)-

For special case 0 < a <1 and m =1, if y'(0) =0, then we arrive at:

(03 d (03
CDéi— y(t) = at (CDo+y(t)) :

Proof. See [25] for the details. O
Using the above lemma, the following important theorem can be concluded.

Theorem 3.2. Let 0 < a <1 and y(0) =4'(0) = 0. Then we have:

(03 > a— —Zz z d
CD(l)f y(t):/o 227 te [e 7 [wc(z,t)]} dz,

and - g
CD(l)j_'ay(t) :/0 2% {ezdt [ws(z,t)]] dz.

Proof. The proof of this theorem can be easily obtained if we differentiate both sides of Eqs. (5) and (7) with
respect to t. O

Theorem 3.3. Let 0 < a < 1 and y(0) = y/'(0) = 0. Then the Caputo fractional derivatives of order 1 + « for
which « € (0,1) based on the extended CDR and SDR methods (which denoted by ECDR and ESDR) are as follows:

T T

ECy(a+1) (ME) T wC, ESy(a+1) (MES) T W,
where

MEC = CZ(N +1:2N,:), MFS =5Z(N +1:2N,:),
where ©Z and SZ are defined in (16) and (17), respectively.

Remark 3.4. The above theorem gives a distinct advantage of the CDR and SDR methods. In fact, when we
solve the systems of first order differential equations (13) and (3.1), numerically, the solutions not only give us the
approzimations of Caputo fractional derivative of order o € (0,1) but also provide the approzimations of Caputo
fractional derivative of order 14+ a, a € (0,1) as well.
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3.8. Matriz approach for multi-term fractional differential equations

The main purpose of this section is to apply the CDR (ECDR), SDR (ESDR) and ISDR methods to solve multi-
term fractional differential equation (MTFDE) (1). For the reason, consider the following MTFDE with constant
coeflicients:

my" (£) + 19 Dot y(t) + 2" Dgy () + s D y(t) + ky(t) = £(£), y(0) = y'(0) =0, 0 < @, B <1, t € [0,T], (18)
where m, c1, co, c3 and k are some real constants. To solve the above MTFDE, we assume that:

T
n—1

t1:0, tn:T, ti:(i—l)h, i=2,3,...,n—1, h =

We are going to solve the mentioned system of differential equations by the CDR method. For other methods (SDR,
ISDR), the same fashion can be easily followed.

In order to handle problem (18) numerically, we first convert it into a system of (ordinary and fractional)
differential equations. So, let y'(t) = v(t), then we get:

y'(t) = (1),
y(0) =v(0) = 0. 19
{mv'(t — F(1) — DLy (1) — exC DR ylt) — s Dg () — ky(r), VO =0 (19)
As it is stated in (12), we have:
N B-1)
“Dgyt) = Y wf Y e a7 ), (20)
i=1
ol (6-1)
DYyt ~ Y w0, (21)
i=1
where 7"1(671) and wgﬁ Y are used for the Gauss-Laguerre nodes and weights associated with the weight function

w(z) = 2%~ 1e™* and also xg’g)(,a t) and xéﬁ)(z, t) satisfy the following first order differential equations:

PRON

a; = m(2 )(Z7t>7
oz 2sin(27)

o = ey (@ 1) + 2y (),
wgﬁ)(z,O) = xéﬁ) (z,0) =0.

Moreover, we also have:

N
ODgy(t) = 3wl ™ el gy, (22)
1=1

(a—1)

i

-1)

where r and wga are used for the Gauss-Laguerre nodes and weights associated with the weight function

w(z) = 2% Le~* and also :vga)(z, t) satisfies the following system of first order differential equations:

ozl® o
5 = (=)
Azl N 2 sin(2x)
82t - _Zng )(th) + 7r =),

xga)(z,()) = :céa)(z, 0) =0.

Substituting approximations (20), (21) and (22) into (19), the following first order differential equation in the matrix
form can be followed:
AZ'(t) = BZ(t) + F(t), Z(0) = Zo, (23)
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where matrices A and B, and vectors Z(t) and F(t) are given as:

Ay A Az Ay Ags
Agy Age Az Asg Ags
A= |A3 Az Az Aszy Aszs ;
Ay Ay Ayz Ay Ags
Ast Asa Asz Ass Ass| ynio)canie)
where

1 0
Ay = [0 m} ; Az = Az = Ay = Ais = [0, 5,

A1 = [0]yyn, A2o =Inxn, Aoz = Agq = Ags = [0] v, v

. BT
0 _251n7(r7)
Az = | : ; Az = [0l vy Asz =Inun, Aza = Azs = [0]y, s
. BT
2S11’1(7)
0 - T N X2

Ay = [O]y oy Asz = Aus = (0], v, Ass = Inun, Ass = [0y,

0 _QSinfr%)
A5 = |- : , Asp = Asz = Asy = [0] s Ass = Inxn,
2sin(%)
0 ——= Nx2

and for matrix B, we arrive at;

Bi1 B2 Bis B Bis
Bs1 Bas Bas Bay Bos
B= |B31 D32 B33 D3y Bss )
By By Biz By DBus
Bsi Bsz Bss3 Bsy Bss

(AN+2) x (AN +2)
where
B,=|9 1 p 0 0
= s — B B ) A . ) |
Bia — 0 . 0
13 = _—clw§ﬁ_1) ergﬁﬂ) 701w§5_1) e,,%zﬂ) sz’
By — 0 0 e
14 = __03w§a71) er§a—1> —C3w§\?71) €T§\;¥—1) 2XN7 15 = [0ly ns

B = [0]Nye, B22=1[0ly.n, B2s=1Inxn, DBos=Bas=[0]y,n>

2
- o 0
B3 = [0] s, Ba2 = 0 0 » Byy = B3y = Bss = [0y
2
0 O o |: (6_1):|

"N NxN

Bar = [0] oy Baz = Bag = Baa = [0]y, v Bas = Inxw,
[ (0471):|2

— | 0 0

Bs1 = [O]Nx27 Bso = Bss = [O]NXN7 Bsy = 0 0 , Bss = [O]NxN7
2
0 0 B [ (a—l)}
"N NxN
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and _ -
y(t)
v(t)
.’L‘g.ﬁ)(’l"J(_Bil),t)
A0 o N
xéﬁ) (T%Bil), t) fét) 8
Z(t) = —1 ) F(t) = ’ Zo =
®) = @ E-D p (t) § o=
A0 1 f
L 0 (4N+2)x1 0] (AN+2)x1
A0
2 (7 1)
(e (o—1)
[z (ry 1) (AN+2)x1

We also point out that Iy« stands for the identity matrix and where {rgﬁ_l),wgﬁ_l)} and {rga_l), wga_l)} for

i=1,...,N are the Gauss-Laguerre nodes and weights associated with the weight functions w(z) = z°~'e™* and
w(z) = 2% Le™2, respectively. By the use of the well-known backward Euler and trapezoidal methods as presented

in (14) and (15), the approximate solution of MTFDE (18) is obtained.

4. Numerical results

This section is devoted to verify the obtained theoretical results numerically. So, to have a good comparison, we
split this section into three subsections. In the first subsection, we report the time running of the proposed methods.
In the second subsection, the matrix approach is used to approximate the Caputo fractional derivatives of some
given functions and in the third one, the proposed approach is applied to solve some fractional differential equations,
numerically.

4.1. The CPU times of the new methods

In this section we are going to compare the (CPU) time running of the proposed methods with the classical ones
which are based on the convolution quadrature rules. Thus, especially for 0 < o < 1, two simple and well-known
methods Griinwald-Letnikov (GL):

DR L, g S0 (% )l 0. 0) =0, h= Tt = (5= D,
e k=1
and L1 .
Dgyn)| |~ mrgme S [k )7 (= R (k) — (k1)

t=thy1 L(2—a)h®

have been selected (See [22] for more details).
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Example 4.1. Consider the following functions and their Caputo fractional derivatives [17]:

I'(2.6)
I'2.6—a)
r'(4)
I'4—a)

y(t) =5, DY y(t) = tH67 0 =04, t€[0,1],

y(t) =13, D y(t) = 37 a =06, t € 0,1],

too 2k
. o4 —a —t —«
Vo) = sint, CDRylt) =703 s = £ B (). 0 =05, 1< [0.1]
k=0

y(t) = t%‘]l’(2\/£)7 CDSH/@) = t%‘]l/*a(z\/i)7 v = 3a o = 057 t € [Oa 1}7

where Eq g(z) and J,(z) are the two-parameter Mittag-Leffler function and the Bessel function of the first kind,
respectively.

Tables 1-4 report the time running of the YA, CDR, SDR, GL, and L1 methods for varying values of n. Large
n values lead to faster growth in CPU time for the classical GL and L1 methods. Furthermore, Fig. 2 depicts the
time running of all the methods.

Finally, we compare the maximum errors of the approzimations obtained by the YA, CDR, and SDR methods
together with GL and L1 methods. These results are depicted in Figure 3.

Table 1: The CPU times of the approximations of Caputo fractional derivative of function y(t) = ¢1'6, ¢ € [0,1] with a = 0.4 by
the methods GL, L1 and the three methods YA, CDR and SDR (using backward Euler method) versus various values of n with
N =50, b=1.

CPU time (Second)
Methods n =200 n =500 n = 1000 n = 2000 n = 5000
GL [22] 0.0115  0.0238 0.1475 1.9025  41.0767
L1 [22] 0.0097 0.0533 0.2458 2.3638 41.9368
YA (G-G-L) [8, 9] 0.0113  0.0170 0.0189 0.0208  0.0547
CDR (G-G-L) 0.0395 0.0756 0.1364 0.2776 0.6447
SDR (G-G-L) 0.0340 0.0681 0.1315 0.2531 0.6342

Table 2: The CPU times of the approximations of Caputo fractional derivative of function y(t) = t3, ¢ € [0,1] with @ = 0.6 by
the methods GL, L1 and the three methods YA, CDR and SDR (using backward Euler method) versus various values of n with
N =50, b=1.

CPU time (Second)
Methods n =200 n =500 n = 1000 n = 2000 n = 5000
GL [22] 0.0138  0.0237 0.1519 1.9302 37.6966
L1 [22] 0.0094 0.0575 0.2473 2.6898 41.7627
YA (G-G-L) [8, 9] 0.0128  0.0153 0.0189 0.0295 0.0545
CDR (G-G-L) 0.0427 0.0711 0.1329 0.2644 0.6345
SDR (G-G-L) 0.0324  0.0702 0.1295 0.2617 0.6351
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Table 3: The CPU times of the approximations of Caputo fractional derivative of function y(t) = sint, ¢ € [0,1] with a = 0.5 by
the methods GL, L1 and the three methods YA, CDR and SDR (using backward Euler method) versus various values of n with
N =50, b=1.

CPU time (Second)
Methods n =200 n =500 n = 1000 n = 2000 n = 5000
GL [22] 0.0083 0.0239 0.1546 1.8655 41.9035
L1 [22] 0.0037 0.0202 0.1142 1.8213 37.7475
YA (G-G-L) [8, 9] 0.0128 0.0171 0.0178 0.0315 0.0580
CDR (G-G-L) 0.0346 0.0830 0.1344 0.2685 0.6498
SDR (G-G-L) 0.0323 0.0869 0.1352 0.2580 0.6409

Table 4: The CPU times of the approximations of Caputo fractional derivative of function y(t) = t2 J,(2v/%), t € [0,1] with v = 3, o =
0.5 by the methods GL, L1 and the three methods YA, CDR and SDR (using backward Euler method) versus various values of n with
N=50, b=1.

CPU time (Second)

Methods n =200 n =500 n = 1000 n = 2000 n = 5000
GL [22] 0.0131 0.0265 0.1493 1.8656 38.6438
L1 [22] 0.0037 0.0265 0.1177 1.8298 38.3127
YA (G-G-L) [8, 9] 0.0135 0.0244 0.0206 0.0329 0.0649
CDR (G-G-L) 0.0390 0.0814 0.1411 0.2766 0.6730
SDR (G-G-L) 0.0329 0.0681 0.1380 0.2625 0.6521

102 i y(0) =sint, a =05 t[0,1). 108 } y(t) =t1J, (M). a=05 v=3 te[o

| i

0 1000 2000 3000 4000 5000 ] 1000 2000 3000 4000 5000
n n

Figure 2: The CPU times of the approximations of Caputo fractional derivative of two functions obtained by the methods GL, L1 and
the three methods YA, CDR and SDR (using backward Euler method) versus various values of n with N = 50, b = 1.
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y(t) =t'%, a =04, te[0,1]. y(t) =1, a =06, t€[0,1]

GL Meth. [ GL Meth
L1 Meth. L1 Meth. 3
———— YA Meth. ———— YA Meth.

CDR Meth. ——=—— CDR Meth.
102 F ———— SDR Meth. | 3 10t F SDR Meth. | 3

10° 10
6 . . . . . . . 10 . . . . . . .
1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000
n n
a1 y(t) =sint, a=0.5, t€0,1] 1 y(t)=1t7J, (2v1), a =05, v=3 te[0,1
10 I T T 10 T T T T T

T
GL Meth.

T
GL Meth.

L1 Meth. L1 Meth,
———— YA Meth, ———— YA Meth,
102 F —=——CDR Meth. |3 102 ¢ ——+—— CDR Meth. | §
———SDR Meth, SDR Meth.

I
{

£ 10"
|
10°F
10° 10°
10'7 L L L L L L L 10'7 L L L L L L L
1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000

Figure 3: The maximum errors of the approximations of Caputo fractional derivative of two functions obtained by the methods GL, L1
and the three methods YA, CDR and SDR (using backward Euler method) versus various values of n with N =50, b = 1.

Remark 4.1. It is worthy to point out that the error term of the methods YA, CDR, SDR and ISDR consists of
two parts: The first part depends on the quadrature nodes N, and the second part depends on the ODE solver step
size h (See Theorems 2.5, 2.6 and 2.8). Therefore, comparing the DR methods with the classical methods that are
usually dependent only on h is not a valid approach (See Figure 3).

4.2. Approximation of the Caputo fractional derivatives

This subsection is focused on the use of the proposed approach to approximate the Caputo fractional derivatives
based on the CDR, SDR and ISDR methods. To due so, we proceed with the following example.

Example 4.2. Consider the following functions [17]:

[(2.6) _
_ 416 Cpna _ 1.6—a —
y(t) =t°, “Dgry(t) = (2.6 a)t , a=04, t€][0,1],
I'4) s
y(t) 13 ’ 0+y(t) F(4—a)t ) & O6a te [07 ]a
+oo (—t)2k

y(t) =sint, “DGy(t) =7 Teh+2—a) t B pa(—1?), a =05, t€[0,1],
k=0

y(t) = t20,(2V1), CDSy(t) =t = J,_o(2V1), v=3, a=10.5, t € [0,1],

where E, g(z) and J,(z) are the two-parameter Mittag-Leffler function and the Bessel function of the first kind,
respectively.

Relative errors obtained by the methods YA, CDR, SDR and ISDR for N = 50, n = 10* have been reported in
Fig. 4.

In real word problems, we usually face with the problems with long domains (t >> 1). So, our next aim is
to examine the four methods improved YA, CDR, SDR and ISDR for the mentioned problems (with long domains
t > 1). Numerical results obtained by the four methods on domain t € [0,50] are plotted in Fig. 5. It can be easily
observed from this figure that the methods CDR, SDR and ISDR for t > 5 may lead to inaccurate results.
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y(t) =t a=0.4. y(t) =1, a=06.

10t 10t
——+—— YA Meth. ——+—— YA Meth.
CDR Meth. CDR Meth.
100 SDR Meth. | | SDR Meth.
ISDR Meth. ISDR Meth.
100 4
10!
Z10°
10 }
10°
10-6 1 1 1 L
0 02 04 06 08 1
t
y(t) =sint, a =0.5. y(t) = t3J,(2Vt), v =3, a = 0.5.
10° : T : 102 T T T T
——+—— YA Meth. ——+—— YA Meth.
—=—— CDR Meth. —=—— CDR Meth.
-1 ————SDR Meth. SDR Meth.
10 ~ -~ ISDR Meth. f 0 ISDR Meth.
i ' v v 10 s ]
el l ‘ \
| !5}““ anapd | AR
i T L R
103 I I 5 10 ——
5 il Ui s
=107 E I ‘
It 10 4
10°
10°
10'5 L
10 7 L L L L 10'8 L L L L
0 02 0.4 0.6 058 1 0 0.2 0.4 06 08 1

t t

Figure 4: Relative errors obtained by four methods improved YA, CDR, SDR and ISDR with n = 10* and N = 50.

In what follows, a simple and useful idea to improve the accuracy of the obtained results for large values of t is
suggested. The idea which can be used here is based on the change of variable:

0

Numerical results obtained by the methods CDR, SDR and ISDR on domain t € [0,50] after using the mentioned
change of variable are plotted in Fig. 6. It can be observed from this figure that the accuracy of the obtained
results by three methods CDR, SDR and ISDR using the mentioned change of variable is in good agreement with
the analytical solution.
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y(t) =% a=04. 104 y(t) =13, a=0.6
160 T T T T 25 T T T
E——— T YA Meth.
CDR Meth. CDR Meth.
140 SDR Meth. 4 SDR Meth,
ISDR Meth. oL ISDR Meth. |
120 7
100 [ 4 15 1
< 8ot E g
1F 4
60 [ 4
a0+ i
05 4
20 4
0 . . . . o
0 10 20 30 40 50 0 10 20 30 40 50
* t
y(t) =sint, a = 0.5.
5 T T T T

——+—— YA Meth.

CDR Meth.
SDR Meth.
ISDR. Meth.

———— YA Meth.
CDR Meth.

10 20 30 40

Figure 5: Numerical solutions obtained by four methods YA, CDR, SDR and ISDR (without the

N =50 on [0, 50].

50

— 43 —
y(t) =%, a =04 «10% y(t) =15, a=06.
150 T T T 25 T T T T
——+—— YA Meth. ——— YA Meth /
——+— CDR Meth. CDR Meth.
SDR Meth. SDR Meth.
ISDR Meth. P ISDR Meth.
100 ol
15F 4
= B
1 ]
50 4
05 4
0 0 L L L
0 10 20 30 40 50 0 10 20 30 40 50
t t
y(t) =sint, a = 0.5. 2 y(t) = t31,(2V1), v =3, a =0.5.
2 T T T T T T T T
—+—— YA Meth. —+—— YA Meth.
——=—— CDR Meth. CDR Meth. | {
SDR Meth. | SDR Meth
ISDR Meth. ISDR Meth.
40 50

Figure 6: Numerical solutions obtained by four methods YA,
N =50 on [0, 50].

CDR, SDR and ISDR (using the change of variable) with n = 10* and
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4.8. Multi-term fractional differential equations

In this subsection, the proposed numerical methods have testified with some examples. So, to have a good com-
parison, the methods CDR, SDR and ISDR are compared with improved Yuan and Agrawal method (YA). It is
worthy to point out that the trapezoidal method is carried out to solve system of first order differential equations
(23).

Example 4.3. For the first example we consider the following MTFDE:
my” (t) + 19 Dot y(t) + 2 Dy y(t) + e Dy (t) + ky(t) = (1), y(0) =4/ (0) =0, 0< o, 8 <1, t€[0,3],

with various values of the parameters m, ci, ca, cz and k with the exact solution y(t) = t3. For the reader’s
convenience, we consider the following cases for the unknown parameters:

1. For the first case, consider m =k =1 and ¢y = cg = c¢3 = 0, then we obtain the following ordinary differential
equation:
y"(t) +y(t) = £(t), y(0)=y'(0) =0, t€0,3].

2. For the second case, the use of m =k =1, c; =c2 =0, c3 =1 and a = 0.5, yields the following fractional
differential equation:

y' (1) + “Dgly(t) +y(t) = f(t), y(0) =y'(0) =0, t € [0,3].

3. For the third case, selectingm =k =1, ¢y =1, co = c3 =0 and B = 0.5, concludes the following fractional
differential equation:

y"(t) + “Dgly(t) +y(t) = f(t), y(0) =4'(0) =0, t €[0,3].

4. For the fourth case, havingm = k =1, ¢ = co = 1, c3 = 0 and f = 0.5, gives the following fractional
differential equation:

y'(t) + “Dgly(t) + “DgPy(t) + y(t) = f(t), y(0) =y'(0) =0, t €[0,3].

5. For the fifth case, consider m =k =1, ¢y =co =c3 =1 and 8 = 0.75, a = 0.5, then we have the following
fractional differential equation:

y" (1) + “Dgly(t) + “ D5y (t) + CDyPy() +y(t) = f(), y(0) =4'(0) =0, t € [0,3].

6. For the sizth case, consider m = 0, k =1, ¢c; =1, co = c3 =0 and § = 0.75, then we have the following
fractional differential equation:

CDEPy(t) +y(t) = f(t), y(0) =y'(0) =0, t € [0,3].

Relative errors of the approximate solutions of the mentioned cases obtained by YA, CDR, SDR and ISDR methods
(without the change of variable) by the trapezoidal method for n = 10* together with the N = 50-points generalized
Gauss-Laguerre quadrature rule are plotted in Fig. 7.
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" Yt) =t m=k=1, c; =y =c; = 0. . Y=t m=k=1,c;=c, =0, ;=1 N Y=t m=k=c =1, c=c;=0.
10 T T T T 10 T T T T 10 T T T T
E—— TN —— VY E—— YT
—=—— CDR Meth. ——=—— CDR Meth. ——=—— CDR Meth.
SDR Meth. SDR Meth. SDR Meth.
ISDR Meth. ISDR Meth. ISDR Meth.
10° k| 10° 10° k|

0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3

: : '
" Y) =t m=k=ci=cr=1, ¢;=0. " Y=t m=k=ci=c;=cy=1. YO =t m=0, k=c, =1, ¢ = c5 = 0.
10 T T T 10 T T T T 10 T T T T T
——+—— YA Meth. ——+—— YA Meth. ——+—— YA Meth.
——+— CDR Meth - CDR Meth - CDR Meth,
SDR Meth. SDR Meth. SDR Meth.
0 ISDR Meth. 0 ISDR Meth. ISDR Meth.
10 E 10
10°
N N—
10" 107 3
] & &
Z = £ 10°
=102 =102 { =
102
10° 10°F
10 | | | | | 104 | | | | | 104 I 1 1 | |
0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3

Figure 7: Relative errors obtained by four methods improved YA, CDR, SDR and ISDR (without the change of variable) with n = 10*
and N = 50.

Example 4.4. For the second example, consider the following fractional relazation-oscillation equation [25, 19]:
Dy y(t) + ky(t) =1, y(0) = y'(0) =0, 0< B< 1.
The analytical solution of this problem is given as:
y(t) = t"Ep i (=kt"), =145,
where Eq g(2) is the Mittag—Leffler function which is defined by the power series [25]:
k

+oo
2
Eop(2) = kzzom, a, > 0.

Numerical solutions of this problem using the methods YA, CDR, SDR and ISDR (without using the change of
variable) for p = 1.25, 1.5, 1.75, 1.95 are depicted in Fig. 8. The improved results after using the change of
variable are also plotted in Fig. 9. It can be clearly observed from these figures that the use of newly introduced
change of variable can substantially improve the accuracy of numerical results.
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Figure 8: Relative errors obtained by four methods improved YA, CDR, SDR and ISDR. (without using change of variable) with n = 10%
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Figure 9: Relative errors obtained by four methods improved YA, CDR, SDR and ISDR (using change of variable) with n

N = 50.
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Example 4.5 (Bagley-Torvic equation). For the last example, we consider one of the most well-known frac-
tional differential equations as called the Bagley-Torvic equation [10, 12, 25].

Ay (z) + B “DJ, y(z) + Cy(z) = f(z), 1 < B <2, y(0) =y (0) = 0. (24)

In fact, the motion of an immersed plate in a non-Newtonian fluid can be modeled by (24). So, consider a rigid
plate of mass M with area S, which is sufficiently large, immersed into an infinite non-Newtonian fluid as shown
in Fig. 10 and connected by a massless spring of stiffness K. We also assume that a force f(x) applied to the plate.
It is also assumed that the spring motions do not disturb fluid.

This problem is solved numerically with A =1, B=C = 0.5 and for

f(x):{s 0<z<l

0 =z>1

and different values of B by four methods improved YA, CDR, SDR and ISDR using the new change of variable.
All results are shown in Fig. 11. It should be observed from this figure that, the use of change of variable may lead
to get accurate results.

f(x)

Non-Newtonian Fluid

Figure 10: An immersed plate in a Non-Newtonian fluid for Example 4.5 [18].
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A=1, B=C=05 8=125
T T T
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Figure 11: Numerical solutions obtained by four methods YA, CDR, SDR and ISDR (using change of variable) with n = 10 and
N = 50.

5. Concluding remarks and future works

This paper is, in fact, a continuation of the recent work of the authors [17] to approximate the Caputo fractional
derivative using two new diffusive representations (CDR and SDR). In the current paper, a matrix approach is
introduced to apply the CDR, and SDR (and its improvement which is denoted by ISDR) for approximation of the
Caputo fractional derivatives of order o € (0, 1). Then we extend the methods CDR and SDR for o € (1,2). At the
end, a unified matrix approach to solve a linear multi-term fractional differential equation with constant coefficients
is introduced. Some test examples are provided to verify the validity and accuracy of the proposed approach.

In the following, some future works are provided:

1. The first suggestion, is to use of CDR, SDR and ISDR for other problems such as fractional optimal control
problems, fractional calculus of variations and fractional partial(-integro) differential equations.

2. As we stated in Example 4.2, the CDR and SDR (and thus ISDR) methods for large values of ¢ can not work
properly. In the current paper a simple idea (which is based on a change of variable) is carried out to overcome
this difficulty. So, our second suggestion is to propose other ideas for CDR and SDR methods to get more
accurate results.

3. The last suggestion is to introduce some new modifications and improvements of the CDR and SDR methods
to obtain other fast and accurate numerical methods to approximate the Caputo fractional derivative based
on the approaches of the papers [4, 6, 7, 8, 9, 11, 23].
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