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INTRODUCTION

ariable order fractional differential equations (VO-FDEs) are one of the most important math-
V ematical models used to describe real-world problems. Variable order (VO) is used in problems
where materials change as a result of temperature, time, or any other variable. Examples include
problems involving the change that occurs as a result of deformation in materials, or the transition
from linear dynamics to nonlinear behavior [1].

The term variable order was first introduced in 1993 by Samko and Ross [2]. The theoretical
framework was developed for the first time in 2011 by scientists Atanakovic and Pilipovic [3]. Many
studies were conducted to determine the possibilities that can be utilized when applying variable
order. It was found that the external forces remain constant, but an accurate description of the
internal behavior of the system is obtained during the interactions. Therefore, the use of VO leads to
a more accurate expression than the use of constant order (CO) describing a steady state [4].

Mathematically, the VO fractional derivative has several definitions. Since the initial and boundary
conditions have integer orders, Caputo’s definition is the appropriate definition of VO [5]. Despite the
important practical utility of these terms, they still require significant computational efforts compared
to CO terms. In addition, analytical solutions may be difficult to find in many cases. Therefore,
numerical methods are considered a suitable alternative to find approximate solutions to the required
problems [6].

Spectral methods are considered one of the numerical methods that have proven their efficiency in
finding numerical solutions to VO-FDEs. In most applications, only the collocation method (COM)
is relied upon to find approximate solutions. The reason of using COM may be to reduce the large
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computational efforts during the implementation of numerical algorithms. So, it is possible to use
another Methods of weighted residual, developing new numerical methods, and proposing a weight
function that leads to accurate results in most tests.

A spectral collocation method based on Bernstein, Bernoulli, Chebyshev, Genocchi, Legendre,
Jacobi, shifted Legendre, shifted Jacobi , shifted fractional Jacobi, Bessel, Haar functions and Prab-
hakar polynomials is derived to solve linear and non-linear VO-FDEs [7]-[18]. In addition, the non-
orthogonal Bernstein polynomial was created without utilizing the COM to solve VO-FDEs [19]. A
COM method based on Chebyshev polynomials of the first and third types was applied to solve
multi-term Delay and present VO-FDEs [20], [21]. The modified generalized Laguerre and Chebyshev
polynomials with COM were used to solve the variable-order Bagley-Torvik equation [22], [23]. Haar
wavelet and Legendre wavelet polynomials with COM were provided to solve VO-FDEs [24], [25].

Weighted residual methods (WRMs) convert differential equations into algebraic systems and aim
to reduce error to a minimum. The most famous of these methods are Galerkin method, subdomain
method, least squares method, and collocation method. Although these methods have succeeded
in solving many problems, it is possible to propose new numerical schemes based on new weight
functions, which are faster in convergence and more accurate than using the grouping method. In
spectral methods, one of the orthogonal polynomials is often relied upon, through which we obtain
the final form of the required solution.

In this work, we rely on Chelyshkov polynomials and compare the results with other commonly
used functions such as Chebyshev polynomials of the first and second types, Legendre, Jacoby, Tayler,
Bernstein, Gegenbauer, Hermite, Laguerre and Mittag-Leffler polynomials. Furthermore, WRMs are
applied to solve linear and nonlinear VO-FDEs with initial and boundary conditions. In addition, the
Mittag-Leffler function is proposed as a new weight function, and the obtained results are compared
with other weight functions in WRMSs. The following section includes the basic concepts, followed by
the methodology, then the numerical examples, and finally the conclusions.

FUNDEMANTAL CONCEPT

Definition 1 Suppose f(t) is an analytic function in the interval I = [0, ], the Caputo fractional
derivative of variable order (CFDVO) with n — 1 < a(t) < n of a function f is defined by [26]:

SDROf(t) = —— ) /O (t — w)"=1=0 0 £ () £ > 0. (1)

F(n -«
For the special case where f(t) = t*,0 < a(t) < 1. The CFDVO can be obtained as follows:

L(k+1) th=a)  E>1keN
OCDta(t)tk _ F(k +1- a(t)) ' 2)

0 otherwise

Definition 2 The Chelyshkov polynomials (CPs) are defined in the interval [0,b] as follows [27], [28]:

N

(=D)F" (N —n\ ([N+Ek+1\ ,

nl(t) = 1 t )
O] — ¥ \k-n)\ N-n )

where, t € [0,b] and b > 0,n € {0,1,..., N}.
By applying the CFDVO to Eq. (3) , we obtain
N
~1)k " /N —n\ (N +k+1 I'(k+1) _

Da(t) nt — ( tk a(t) 4
Cnn(t) — bk k—n N-—-n JT(k—a(t)+1) ’ @)

where £ > 1,n € {1,..,N} and 0 < a(t) < 1.
The CPs have the orthogonality properties with weights w(¢) = 1. This means that

ifn==Fk,

otherwise.

’ _b
/ Cnn(t)Cni(t) dt = {8n+17
0 M
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Definition 3 The general form of VO-FDEs is considered as follows [21]:
D*Oy(t) = F(t,u, D**Wy, ..., D** Oy, Dy, ..., DPru),t € [0,Db], (5)
where, 0 < aq(t) < -+ < an(t) < a(t) < 1, and B4, ..., B, are constants.

If the operator F is linear then Eq.(5) is called linear VO-FDE, otherwise it is called non-linear
VO-FDE. If Eq. (5) satisfies the following initial conditions:

w(0) = 71, u'(0) = 7, oo, u"(0) =, (6)

where 7o, ..., 7, are constants, and n = max;{[5;|}, then the problem (5) along with (6) is called
initial value problem (IVP). While if Eq. (5) satisfies the following conditions:

U(O) = 717’“,(0) =72, 7u(m)(0) = ’7mvu(b) = p07ul(b) = p1, au(k)(b) =Pk, M+ k=mn, (7)

then it is called a boundary value problem (BVP).
Definition 4 The spectral approximate solution to the problems defined in Eq.(5) can be written as
follows:

u(t) = un(t) = ZUkCNk(t), (8)
k=0

where Cn(t) are the Chelyshkov polynomials.
Multiplying both sides of Eq. (8) by Cny(t)w(t) and then integrating from 0 to b, we obtain

b N b
/ un(H)Cna(Bw(t)dt = 3 o / Cvr () (B (t) dt
0 k=0 0

The following result is obtained by applying the orthogonality property:

b
0
That is: (u, Cy)
U, UNn)w
__(wCnao 10
7 <CNnaCNn>w ( )

Weighted Residual Method (WRMs)

Suppose U (t) is an approximate solution to the VO-FDE which is defined in Eq.(5), substituting
U(t) into this equation, we obtain the residual error R(t) as follows [29]:

R(t) = D*VU(t) — F(t,U,D*VU, ..., D*DU, DU, ..., DP»U). (11)

Clearly, R(t) # 0. If the solution to the given differential equation exists and is unique, then any
function that makes R(t) approach zero is an appropriate approximate solution to Eq.(5)
Theorem (1) suppose R(t) is a function defined on H(a,b), and let the value of the following integral
be verified for any given positive function w(t) defined on H (a,b) [29], i.e.,

/ " Rityw(t)dt = o, (12)

then, R(t) =0,V t € (a,b).
From Theorem 1, several methods can be deduced based on the weight function. Among the most
famous methods that rely on this theorem are the Galerkin method (GLM), the subdomain method
SDM)3 t[he]least squares method (LSM), the collocation method (COM), and the momentum method
MOM) [30].
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MATERIALS AND METHODS
New Mittag-Lefler Weight Method (MLWM)

The Mittag- Leffler function of two parameters a and S is defined by [31]

= 2% Taj L 5)° (13)

N

In this research, the truncated Mittag-Lefler function is proposed to be the weight function, which
is defined by

t
I(j+1)

M=

My(t) = (14)

Il
=)

J

Convergence Analysis

Proposition (1) if the weight function is defined as wy(t) = Mj(t) in the integral represented by
Eq.(12), then the residual R(t) is vanished.

Proof: For all £k = 1,2,..., N, the functions My(t) are analytic on H(0,b). Suppose R(t) # 0, then
either R(t) > 0, or R(t) < 0. If it is positive for some subinterval [a;, b;1] in [0, b], since M (t) > 0, Vk,
and My (t) = 0 only if ¢ = 0, the value of the following integral is positive and not equal to zero:

b 1 k i
/0 R()Mi(t)dt = / Z EEmT (15)

Jj=

which is contradicts the hypotheses. The same approach is followed when R(¢) < 0. Therefore
R(t) =0.

The Proposed Spectral Mittag-Leffler Residual Method (SMLRM-CPs)

Suppose the approximate solution of Eq.(5) can be written as spectral Chelyshkov polynomials as
follows:

t) =Y 4;Cn;(D). (16)
=0

Substituting (16) into (5), we get

N N N
Z q]‘Da(t)CNj(t) =F t, Z qJ'CNj(t), Dal(t) Z q]‘CNj(t), ey

§=0 §=0 §=0
N N N
Da”(t) Z QjCNj (t), DA Z QjCNj (t), ceey DPn Z QjCNj (t) . (17)
§=0 §=0 §=0
Multiplying Eq.(17) by the Mittag-Leffler weights M;(t),i = ... N —r, where r is the number
of initial or boundary conditions, and integrating from 0 to b, b yields
/ Zq DO (1) M;(t)dt
N N N
_ / F(t, S 505 (8), DO S g (1), s DP S g;C (1) M) (18)
0 : , :
Jj=0 j=0 =0
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which leads to a system of N — r nonlinear equations.
The fully discrete scheme of N — r nonlinear algebraic equations is represented as following;:

Np, N
2o [Z q; D" Cnj(tn)
h—1 =0

N N N
~F <th7 > q;Cn;(tn), DN " ;Cj(tn), ., DY QjCNj(th))] M;(tn)

j=0 Jj=0 Jj=0
=0, (19)
where Ny, = %, and vy, are the weights of the Simpson’s quadrature integration. By applying boundary
conditions, we obtain

N N
S 4N (0) = 31,0 Y 4,CNV0) = (20)
=0 =0

N N
3 G0N (0) =1, D ;CN(0) = i,
=0 =0

N N
quC'Nj(b) = D0y e qucg\l,?(b) =pp, mt+k=r. (21)
=0 =0

The approximate solution is obtained by solving the previous system of N nonlinear algebraic equa-
tions. If F' is a linear operator, then the system of IV linear algebraic equations is computed. The
linear algebraic system is directly solved, but the nonlinear system is solved by using newton’s method.

Error Analysis

Suppose D™u(t) € C[0,1],n = 0,1,...,N 4+ 1. Let un(t) be the best approximate solution to the
problem generated by the proposed MLWM-CPs, and let the exact solution u(t) be expanded as a
generalized Taylor’s formula

N kv, (+
u(t) = Ut) = mD u(07) ,t € (0,1]. (22)

r
k=0

From Taylor series, the bound of error is given by:

H(N+1)
lu(t) = U(t)] = DWYu(€)] € € (0,1]
r((N +1)+ 1)
- Qyt(N_H)
TT((N+1)+1)’

where, @), = sup {‘D(Nﬂ)u(t)‘}

0<t<1
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Since u(t) and uy belong on Sy = {Cno, Cn1,...,CnN}, then

lu—un? < Ju— Ul = / 1 (ut) ~ U (1)) “wit)ar

2

1 QLN+
= /0 F((N +1)+ 1) vl
2

_ @ NN
= F((N+1)+1) /o(t(N+))d
Qv 2 1
p((N+1)+1> (2N +3)°

Hence,
Qv 1
I‘((N+1)+1) (2N +3)

lu—unllw < (25)

NUMERICAL EXAMPLES

In this section, the proposed method (SMLRM-CPs) is applied to a set of examples using the MATLAB
2020a, and the results are compared using the following criterion:

RMs = |3 ) _A;N(ti))2, (26)

i=1
where t; € [0, ], Vi, and u and uy are the exact and approximate solutions, respectively.
Example 1 Consider the following linear VO- fractional Bagley-Torvik differential equation [9]
3-al(t)
r (4 - a(t)>
with the initial conditions u(0) = «/(0) = 1,«a(t) = 1+ 0.5|sin(¢)|. The exact solution is u(t) =

t3 4+t + 1. Applying the proposed method (SMLRM-CPs) when N = 3, we obtain the following
approximate solution:

W"(t) + 5DV u(t) + ult) = 6 + 4T+ 1,t €0, 7).

un(t) =1+t +1—1.5941 x 101842,
with RMS = 1.6913 x 10716,
Example 2 Consider the following nonlinear IVP of VO-FDE
t3—a(t)

a(t) 3 =
5D u(t) + sin(O)u(t) = 6 s

+t%sin(t),t € [0, 1].

with the initial condition u(0) = 0, (t) = 1 — 0.5e™* and the exact solution u(t) = 3. Applying
the proposed method (SMLRM-CPs) when N = 3, we obtain the following approximate solution
un(t) =3 —3.16 x 107192 4 1.21 x 1071%, with RM S = 2.2696 x 10712,

Example 3 Consider the following linear functional BVP of VO-FDE [9]

¢ DD u(t) + cos(t) u'(£) + du(t) + 5u(t?) = h(t),t € [0,4].
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with boundary conditions u(0) = 0,u(4) = 16, a(t) = 0.25(5 +sin(t)). The exact solution is u(t) = 2,
and the non-homogeneous part is

2—a(t)
I3 —at)

Applying the proposed method (SMLRM-CPs) when N = 2, we obtain the following approximate
solution uy(t) = t? — 2.34 x 10712, with RMS = 4.908 x 10~13.

h(t) = 2tcos(t) + 5t* + 4t* + 2

Example 4 Suppose the following delay BVP of VO-FDE [15]

cDMDu(t) + el (£) + 2u(t) + Su(t — 1) = g(t),t € [0,1]

with boundary conditions u(0) = 4,u(1) = 9,a(t) = 0.25(6 + cos(t)). The exact solution is u(t) =
t? + 4t 4 4, and the non-homogeneous part is g(t) = 2tet + 4et + 32¢*~1 4 821 1 32 4 242 + 8¢ +

8+ 2&%%. Applying the proposed method (SMLRM-CPs) when N = 2 | we obtain the following

approximate solution uy(t) & t? + 4t+ 4, with RM S = 1.3257 x 10713.

Example 5 Consider the following linear VO-FDE [32]

o0 th—a(t)

a(t) =
§ DM u(t) + u(t) = ; L(k+1—a(t)

with initial conditions u(0) = 1,«(t) = 0.5|sin (¢)| and the exact solution u(t) = e'. The following
approximate solution is obtained using MLWM-CPs with N = 10, u19(t) = 1 + ¢ + 0.5t>+ 0.1667t> +
0.0417¢* +0.0083t° +0.00142% 4 1.9777 x 1047 + 2.5509 x 10755+ 2.2689 x 107619 4-4.5955 x 10~ 7¢10.
Figure 1 shows the approximate solution with errors in examples 1 to 5 according to the criteria
mentioned in front of each example. It is noted that most of the results have an acceptable error rate
of less than 10710,

In this example, the effect of N on the solutions is explained as shown in Table 1. In addition, a
numerical comparison between the WRMs is presented, as shown in Table 2. Furthermore, Table 3
shows the effect of the basic functions on the approximate solution. Finally, Table 4 illustrate the
effect of variable orders on the approximate solution.

+¢€', te0,1],

Table 1. The effect of the value of N of the approximate solution using MLWM-CPs when v =1
N RMS Time (s)
2 0.0023 2.42
4 6.7897x107°  4.64
6 88947 x 1077  9.43
8  6.9442x 107'%  12.72
10 1.0431 x 107*  20.23

Table 2. The effect of weighted residual methods on the approximate solution when N =7

Weighted residual method (WRM) RMS Time (s)
GLM -CPs 2.5043 x 107°  10.10
COM -CPs 7.2615 x 107°  5.08
SDM -CPs 1.4983 x 1079 10.21
MNM -CPs 2.4908 x 1071 10.11
MLWM -CPs 2.4658 x 107'°  10.92
LSM -CPs 2.5456 x 107 9.98
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Table 3. The effect of the expansion function on the approximate solution using MLWM, with N =7

Polynomials RMS Time (s)
Chelyshkov 2.4658 x 1071 10.9
Chebyshev of first kind [33] 2.4658 x 1071 19.62
Chebyshev of second kind [34] 2.4658 x 107 1% 19.62
Bernstein [35] 2.4656 x 1071°  25.53
Legendre [36] 2.4658 x 1071 19.08
Jacobi [37] 2.4658 x 10710 19.26
Gegenbauer [38] 2.4658 x 1071 19.17
Hermite [39)] 2.4658 x 1071°  19.39
Laguerre [40] 2.4658 x 1071°  18.45
Taylor 2.4658 x 10710 16.12
Mittag-Leffer 2.4658 x 107 20.26

Table 4. A numerical comparison showing the effect of VO on the accuracy of the approximate solution using MLWM-
CPs with N =7

a(t) 0.5] sin (t)| 0.5] cos (t)] 0.1+ 0.5t
RMS 2.4658 x 10710 34629 x 10~ 2.9034 x 10~ 1°
Time (s) 10.92 11.38 7.13

Through the comparison shown in the Tables 1-4, it is clear that the effect of the basic functions
is small, while the weighted residual methods have a strong effect on the accuracy of the solutions. In
addition, the appropriate choice of the number of functions is directly proportional to the accuracy of
the approximate solution. Table 1 confirms the results obtained in [4]. Thus, the proposed method is
capable of solving this type of linear and non-linear examples, subject to initial or boundary conditions
of variable order.

CONCLUSION

In this research, a spectral numerical method based on the Mittag-Lefller weight function is proposed.
The approximate solution is based on Chelyshkov polynomials. Satisfactory results are obtained in
many tests. Convergence and error are analyzed. In Example 5, a numerical comparison is made
between polynomials, which are considered the basis of many studies. It was found that their effect
is minimal in most tests. The weighted residual methods were compared and it was found that the
proposed method was faster in obtaining the required solution and more accurate. We recommend
applying the proposed method to solve these types of equations.
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Figure 1. (a)-(e) Comparison between the exact and numerical solutions for Examples 1 to 5, respectively; (f)-(j)
Absolute errors of the approximate solutions for Examples Examples 1 to 5, respectively
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