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Abstract

The time-fractional advection—diffusion reaction equation (TFADRE) is a fundamental math-
ematical model because of its key role in describing various processes such as oil reservoir
simulations, COVID-19 transmission, mass and energy transport, and global weather produc-
tion. One of the prominent issues with time fractional differential equations is the design of
efficient and stable computational schemes for fast and accurate numerical simulations. We
construct in this paper, a simple and yet efficient modified fractional explicit group method
(MFEGM) for solving the two-dimensional TFADRE with suitable initial and boundary
conditions. The proposed method is established using a difference scheme based on L1 dis-
cretization in temporal direction and central difference approximations with double spacing
in spatial direction. For comparison purposes, the Crank—Nicolson finite difference method
(CNFDM) is proposed. The stability and convergence of the presented methods are theo-
retically proved and numerically affirmed. We illustrate the computational efficiency of the
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MFEGM by comparing it to the CNFDM for four numerical examples including fractional
diffusion and fractional advection—diffusion models. The numerical results show that the
MFEGM is capable of reducing iteration count and CPU timing effectively compared to the
CNFDM, making it well-suited to time fractional diffusion equations.

Keywords Fractional advection—diffusion reaction equation - Explicit group approach -
Finite difference scheme - Stability analysis - Numerical experiments

Mathematics Subject Classification 35R11 - 65N06 - 65N12

1 Introduction

Fractional calculus (FC) is considered one of the top topics in applied mathematics, with appli-
cations emerging in various scientific and engineering disciplines. FC extends the order of the
derivatives and integrals from the set of positive integers to the set of real and even complex
numbers. In contrast to classical derivatives, fractional-order derivatives have the non-local
property, making them an excellent choice for capturing memory and hereditary properties in
a variety of real-world phenomena. Generally speaking, the applications of FC have advanced
remarkably in various areas, including but not limited to physics, biology, medicine, signal
processing, hydrology, rheology, control systems, robotics, economics, anomalous transport,
electronic circuits, inventory control problem and viscoelasticity (Sun et al. 2018; Tarasov
2019; Chavez-Vazquez et al. 2022; Radwan et al. 2021; Rahaman et al. 2020). In line with
that, several types of fractional derivatives of different kernels such as Riemann-Liouville,
Caputo, Grunwald-Letnikov, Hadamard, Caputo-Fabrizio and Atangana-Baleanu have been
proposed for suitable simulation of various complex physical phenomena. A major class of
FC is the so-called fractional partial differential equation (FPDE), where the time and/or
space derivative in the classical PDE is replaced by its fractional counterpart. In recent years,
FPDEs have found a wide range of applications in fluid mechanics (Hamid et al. 2022), finan-
cial markets (Taghipour and Aminikhah 2022), material science (Yang et al. 2022), neuronal
dynamics (Zou et al. 2022), wave propagation, solar particle transport (Vieira et al. 2022)
and quantum mechanics (Zu and Yu 2022), to name a few. For extra information about the
analysis and applications of FPDEs, the reader can consult (Ara et al. 2018; Goswami et al.
2019; Nnolim 2022; Chakraverty et al. 2022; Salama et al. 2021; Ali et al. 2022; Khan et al.
2023).

The solutions of mathematical models in terms of FPDEs are mainly investigated by either
approximate analytical or numerical methods. However, the analytic treatment of FPDEs
is not a straight-forward process due to the complexity and non-local nature of fractional
derivatives. Exact analytical solutions to FPDEs are scarce in the literature, and in some
cases, they are too complicated to be useful. As a result, numerical methods have become
indispensable and are resorted to by many researchers, scholars and practitioners for han-
dling real-life fractional models. In this article, we study the two-dimensional time-fractional
advection—diffusion reaction equation (TFADRE) to account for its numerical solutions. The
said model problem shall be introduced in the subsequent section. Next, we survey some
recent numerical treatments of TFADRE. The authors in Cui (2015) and Ren and Wang
(2017) applied, respectively, a compact exponential difference scheme and an extrapolated
compact difference method for solving the one-dimensional TFADRE with variable coeffi-
cients. Wang and Wen 2020 constructed a compact exponential difference scheme to solve
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the general one-dimensional multi-term TFADRE with non-smooth solutions. They extended
their approach to the two-dimensional case in the same study. Haq et al. (2020) developed an
implicit meshless spectral algorithm for solving the one-dimensional TFADRE with variable
coefficients. Hafez et al. (2020) proposed two Galerkin spectral numerical schemes for the
solutions of the d-dimensional TFADRE. They pointed out that their schemes are well-suited
to time FPDE:s since they preserve the singularity of the solution. Toprakseven (2021) utilized
the classical L1 discretization in time and a weak Galerkin element in space to establish a
weak Galerkin finite element method for the d-dimensional (d € {1, 2}) TFADRE. Kumar
and Zeidan (2021) scrutinized the one-dimensional non-linear TFADRE in which the frac-
tional temporal derivative is defined in the Atangana-Baleanu sense. The authors employed
a Legendre operational matrix for the fractional derivative along with a Legendre spec-
tral method to account for the numerical solutions to the mentioned problem. Khalighi et al.
(2021) established a hybrid algorithm based on the boundary element method combined with
the Chebyshev operational matrix approach for handling the two-dimensional multi-order
TFADRE. Li and Wang (2021) established a local discontinuous Galerkin (LDG) method
for the one-dimensional TFADRE basted on the L1 scheme for uniform and non-uniform
temporal meshes and the LDG method for spatial uniform mesh. Recently, Jannelli (2022)
extended an adaptive time-stepping numerical scheme proposed in Jannelli (2020) for frac-
tional ordinary differential equations to solve the one-dimensional TFADRE. Afterwards,
Zhang and Feng (2022) developed and analyzed a virtual element method to scrutinize the
two-dimensional TFADRE with non-smooth solutions. Shortly after, Ngondiep (Ngondiep
2022) constructed an unconditionally stable two-level fourth-order numerical scheme for the
one-dimensional TFADRE. More recently, Naeem et al. (2022) generated approximate ana-
lytical solutions for the one-dimensional TFADRE based on the combination of the Elzaki
transform and the homotopy perturbation method. Other numerical investigations for frac-
tional diffusion models can be found in Roul and Rohil (2022), Hang et al. (2023) and
Chen et al. (2020). Most of the aforementioned methods are designed for one-dimensional
problems, creating a research gap for developing new efficient computational algorithms for
higher-dimensional problems. Herein lies the first motivation for our work.

Unlike classical advection diffusion reaction equations, the numerical solution process of
TFADRE is a challenging computational task. The reason for this is the historical dependence
and universal mutuality of fractional differential operators. Owing to the non-local property,
the solution values at the current time level require the solution information at all previous time
levels, which results in more sophisticated computations even for low-dimensional fractional
problems (Salama and Ali 2019, 2020). The computational effort may grow dramatically as
the mesh size increases and the integration proceeds forward. To surpass such major limi-
tations and reduce the corresponding computational complexity, a number of computational
algorithms were suggested, such as the short memory principle (Singh et al. 2021), precon-
ditioning (Sunarto et al. 2022), parallel computing (Wu et al. 2021) and multigrid methods
(Pan et al. 2021). The historical dependence feature of fractional derivatives permits accurate
and robust modeling of real-life phenomena but leads to severe computational drawbacks in
many cases. In fact, the development of efficient numerical methods that produce accurate
simulations and maintain low computational effort is one of the open problems in fractional
calculus; for example, see (Diethelm et al. 2022). This is the study’s second motivation.

Explicit group iterative methods are another viable option for designing efficient numerical
schemes for FPDEs. They utilize small, fixed-size groups of points on the standard or rotated
grids and can be combined with other numerical methods, including finite difference method,
finite element method and collocation method. The main feature of explicit group methods is
that they can reduce the spectral radius of the iteration matrix and diminish the computational
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cost effectively, making them suitable for non-local fractional problems. In recent years, a
number of articles have appeared that dealt successfully with FPDEs using explicit group
methods. They have been used for efficient computations of accurate numerical solutions to
the two-dimensional fractional diffusion equation (Salama et al. 2022a), two-dimensional
fractional cable equation (Salama and Abd Hamid 2020; Khan et al. 2021), two-dimensional
fractional reaction diffusion equation (Abdi et al. 2021a) and two-dimensional fractional
advection diffusion equation (Salama et al. 2022b; Balasim et al. 2017). For further appli-
cations and analysis of explicit group methods, we refer the reader to Salama et al. (2022c),
Abdi et al. (2021b), Ali et al. (2021), Khan et al. (2020). In this work, we focus on a gen-
eral class of time FPDE:s (i.e., TFADRE) that constitutes previously researched classes as a
special case. This is the third motivation for our work.

Motivated by the previous discussions, the main aim of this paper is to present the mod-
ified fractional explicit group method (MFEGM) based on finite difference approximations
for handling the more general TFADRE. The MFEGM is an easy-to-implement solution pro-
cedure and can be executed on parallel computers. This represents an additional advantage of
the selected method. For the sake of comparison, we first simulate the model problem using
a fully discrete scheme, namely Crank—Nicolson finite difference method (CNFDM) based
on the L1 formula in time and central difference approximations in space. The theoretical
investigations of the proposed numerical schemes rely on three factors: stability, consistency
and convergence. Different fractional order exponents are utilized to exhibit the dynamics
of the model problem. The numerical findings and comparison with the CNFDM show the
computational efficiency and reliability of the proposed MFEGM, which can be extended to
solve other FPDEs. Moreover, the obtained results are particularly useful for time consuming
practical applications in engineering and scientific experimentation. In summary, the interest
is directed toward the following three items:

e Detailed description of CNFDM and MFEGM for the TFADRE with Dirichlet-type
initial-boundary conditions.

e Illustrations of the stability and convergence of the proposed methods.

e Several numerical examples and discussions that validate our considerations.

The rest of the paper is organized as follows. In Sect. 2, we introduce the two-dimensional
TFADRE as a mathematical model of real-world phenomena. The detailed description of
the CNFDM and MFEGM is given in Sect. 3 and 4, respectively. In Sect. 5, we analyze the
stability of the proposed solution schemes using the Fourier method, followed by convergence
in Sect. 6. Section7 includes a number of numerical simulations as well as graphical and
tabulated results demonstrating the accuracy and efficiency of our numerical schemes. Finally,
the paper is concisely concluded in Sect. 8.

2 The mathematical model

The diffusion phenomenon, where molecules or particles are transferred from the region
of higher concentration to the region of lower concentration, is one of the basic processes
in nature with a wide range of applications in science and engineering. In the context of
continuous random walk, the diffusion process can be interpreted by the Brownian motion
where the mean square displacement is given by the following relation:

((Ar)?) = 2dDt,

where Ar is the displacement of the Brownian molecule in some interval ¢, d and D denote
the spatial dimension and the diffusion coefficient, respectively. In many physical complex
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phenomena, the mean square displacement revels an anomalous behaviour and does not fol-
low the above linear temporal relation. Such an anomalous diffusion process can be modeled
with remarkable success under the framework of fractional derivatives (Oliveira et al. 2019).
The diffusion phenomenon can be associated with advection and reaction processes to form
a general model in terms of the advection—diffusion reaction equation. Classical advection—
diffusion reaction equations are an important class of PDEs, and many papers on numerical
schemes for solving them have been published (Savovi¢ et al. 2022; Zhang and Ge 2021; Lin
et al. 2020; Chowdhury and Kumar 2020; Singh et al. 2019; Araya et al. 2020). The two-
dimensional advection—diffusion reaction equation with Dirichlet-type boundary conditions
can be written as follows:

Pt =Py +Pyy—Pc— Py — P+ f(x,y,1), (x,y, 1) € 2 x(0,T],
P(x,y,0) =0(x,y), (x,y)€QUIQ,

PO, y,1) =0i(y,1), P(L,y,t)=0:(y,1),

P(x,0,t) =603(x,t), P(x,L,t) =04(x,1), (x,y,t)€dQx(0,T].

On the other hand, the TFADRE is a variant of the classical advection—diffusion reaction
equation in which the integer-order derivative is replaced by the Caputo fractional derivative.
The fractional Caputo derivative is one of the most useful differential operators for dealing
with real-world phenomena because it allows the implementation of initial and boundary
conditions as those of the integer-order case. In recent years, TFADREs have received much
attention and have been used to describe various real-world problems. They have been uti-
lized to describe anomalous diffusion phenomena in complex and disordered systems. The
usefulness of TFADRE has been verified in modeling various physical processes, such as oil
reservoir simulations, transmission of COVID-19, transport of mass and energy and global
weather production. Moreover, TFADRE has been employed for modeling option prices with
success in financial markets. For these reasons, the solution process of the TFADRE is a hot
topic in the field of applications.

In this study, we present and analyze a simple and yet efficient numerical scheme for the
two-dimensional TFADRE reads as,

§D¥P =K\ Pey + Ky Pyy—Vi Py —VoPy—MP

+f(x,y, 1), (x,y,1) € 2x(0,T], (1)
P(x,y,0) =0(x,y), (x,y)eQUIX,
P0,y, 1) =01(y, 1), P(L,y, 1) =6(,1), )

P(x,0,t) =03(x,t), P(x,L,t) =04(x,1), (x,y,t)€dQx(0,T], 3)

where Q = [0, L]? is the solution domain and 9€2 is it is boundary. P(x, y,t) is the
unknown function representing a concentration, a population size, chemical species or option
prices. K1 and K> are the diffusion coefficients, V| and V; are the advection coefficients and
M is the reaction coefficient. « € (0, 1), f(x,y, t) is the source term, and ng‘P is the
Caputo time fractional derivative of order « defined as,

—a 3P (%,
c ﬁfé([—f) a%dé,0<a<l,
ODf‘P(x,y,t):
APy

> ¥ =1

From the definition of the Caputo fractional derivative, it can be observed that the exact
solution of the model problem (1)—(3) may have weak regularity at the initial time. Without
loss of this constraint, we assume the considered problem has a unique and sufficiently smooth
exact solution.
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3 Crank Nicolson finite difference method (CNFDM)

In this section, we propose a fully discrete numerical scheme for solving the model
problem (1). To this end, the solution domain is discretized as 25, = $2,<2;, where
Qp = {x; =ihy, i =0,1,...,Nx, yj = jhy, j =0,1,...,Ny}and Q; = {t,
nt,n=0,1,..., N;}.Here,hy = L/Ny,hy = L/Nyandt = T /N, represent the step sizes
in the spatial and temporal directions, respectively. Assume that P(x, y, 1) € C*(Q x )
and Pl.’f ;= P(x;, yj, ty), the first and second order spatial derivatives can be discretized as
follows:

- pntl +1 +1 i
52 p [PH1/2 _ 1 Pi”+1,j — 2Pf,~ + Pi'i1,j Pl.'fH’j — 2Pl.'fj + P{Lu
x| ; 2 (hx)? (hx)? i
+ 0@+ (h)) + (hy)D), )
r pn+l +1 +1
Q2P 2[R 2B PR 2R 4 P
dy? ij 2| (hy)? (hy)? .
+ 02 + (h)) + (b)), )
aP "2 L[ PE P P =P
. T3 T [ PO )+ () ©
i,j L x *
oP "tV [P PR P - P 2
or — | : : : 0] ho)?) + (hy)?). (7
% y 5 2}1‘ + 2, + 0"+ (h)?) +( y) ). (D

The discretization of the Caputo time fractional derivative is described by the difference
formula with the following form:

gap |ntl/2 n-l (P — pny
a7 | =0 WIPi’,lj+Z(Wn—m+l_Wn—m)P,",nj_WnPi(!)j‘l‘%
L] m=1
+0(T*7), ®)
where
1
= W, = 1) —(n—1/2)'7%).
o= ta g W= (@1 =12
The model problem (1) is now approximated as follows,
ge p 1172 g2 p |n+1/2 g2 p |n+1/2 gp [mH1/2 ap|n+1/2
o = Al e —Vig— I
at ij dx i ay i dx i ay i
—MPITP 4 (VR 0@ nd 4 nd), ©)

Substituting (4)—(8) into (1), the following CNFDM is obtained:

prtl — !
) 0.51=% 4+, +2A1 + 24,
AL+ BOPM 4Py + (A = B)((PIEL + P )

Az + B)(PITL +PE )+ (057 —k — Wy — 241 — 2A5) P}
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+Xx%w—mwmﬂﬁ+mW4wﬂW1
m=1

i=12,...,Ny—1, j=12,...,N,—1,n=0,1,...,N, =1, (10)
with the following initial and boundary conditions

PO =00y, i=0.1... Ny, j=0,1..... Ny,
PL =010 1), Pl =00, j=0.1... . Nyn=12... N,
7);1’0:93(X[,tn), P;fN) :94(xiatll)7 i:0717"'7NXn: 1»23-"7N[5

where

m=1TQ—a), k =05M7t°T(2 —a),
Kim Kom Vim Vom

S A = Bi=— By= -
2020 T 202 UM T an TP

Al =
Here, P” denotes the numerical approximation of P" after omitting the higher order terms.
Flgurel hlghhghts the computational molecule of the CNFDM defined by (10). It is well
known that the application of Eq. (10) to the 4 points will result in large and sparse linear
systems that can be solved using iterative techniques. Considering a point-wise iterative
procedure, and at any time level 7,,, Eq. (10) is utilized to iterate solutions at all 4 points until
apredetermined convergence criterion is met. Once the converged solutions are attained, they
are used as an initial guess for the next time level #,1. The iterative process is terminated
when the final time level is reached. In the next section, we propose a new group-wise iterative
numerical scheme to simulate the model problem (1) with less computing effort.

4 Description of the modified fractional explicit group method
(MFEGM)

In this section, the MFEGM is proposed for the solution process of the time fractional
advection—diffusion—-reaction equation (1). To explain the solution method, we consider a new
computational mesh Q5 = {x, =2ihy,i=0,1,...,Ny; yj =2jhy, j=0,1,. Ny},
where 2h, = %VL and 2h, = N . Applying Crank Nlcolson difference scheme on the new
mesh for approximating problem (1), the following expression is obtained:

n-l1 (Pl — pry
[Wl P+ ) Wacmst = Wa) Py = Wy P, +0"’21_a”]

m=1

+1 +1 +1
K Pl — 2P +Pin—2,j+Ptyf4-2/_2Pi,,lj+Pin—2,j
2 42 a2

i,j—2
2 4h2 4h§

n+1 n+1 n n
V|:Pz+2]_P n t+2]_Pi2,j:|

n+1 n+1 n+1
K|:P,+2 2P+ P Pl —2P!; + P 2}

4hy 4h,

@ Springer f DMAC



157 Page 8of 30 F. M. Salama et al.

10

<

0 1 2 3 4 5 6 7 8 9 10
Fig. 1 Computational molecule of the CNFDM difference scheme with Ny = Ny = 10

+1 +1
Va | Blja = Pl N Plia— Pl
2 4n, 4n,

prtl 4 pn.
M (”’ S 2 0@ + 02 + 1), (11)

Disregarding higher order terms and using Pi'f ; as an approximation to P ., the following

; . ) L
2h-spaced difference scheme is attained:

1
n+1 __ B it i
,Pi’j h 0.5170‘ + Kk + 2G] + 2G2 |:(G1 Hl)(Pi-l—Z,j + i+2,j)
+(G1+ H)(PIS 4+ PPy )+ (Ga— H) (P, + P 4y)
H(Ga + H) (PP, + PP, y) + (057 —k — Wi —2G1 —2G)P)
n—1
+ Z (anm - Wﬂ*ﬂl«l»l) Ptrfl] + W”Plo,/ + mf-i’:lj-l/2i|’
m=1
l':2,47...,Nx _2, j:2,4,...,Ny—2, n:O,l,...,Nt — l, (12)
where
G — Kym _ Kom _ Vim _ Vam
: 8h2 2 gh2 V=g B2 = 8hy
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Before proceeding to the formulation of the MFEGM, we need a new skewed difference
scheme for approximating the model problem (1). Such numerical scheme can be achieved
by rotating the standard mesh 45° clockwise and applying Taylor expansion on the resulted
mesh as follows:

n-1 (P — pry
[Wlpi}?j + 2 Wit = Waom) Py = Wa P + "Uzl—aw}

m=1

+1 +1 +1
_ K Pirfk—l,j—l - 2Pir,lj + Pz‘n—l.,j-H 4 Pl = 2P0+ Py
2 2h2 2h2

+1 +1 +1
K> |:Pilzi-1,j+1 2P+ P " Pl jp =28+ Pin—l,j—1:|
2 2
2 Zhy Zhy
+1 +1 +1 +1
Wi Pl — P P — P
2 4h,
+Pir5r1,,/—1 =Py P P
4h,
+1 +1 +1 +1
s P — P P — PR
2 4h,
+Pirzrl,j+l — PP~ Pl
4hy
prtl 4 pn.
M (’21 + P 0@+ n? 1), (13)

After simplification and omitting the small error terms, we obtain the following skewed
difference scheme:

1
+1 _ Y ;
Pl = 0 et s 4 25, [<Sl — Hy = H)(P o+ Pl o)
+(S1 + H — HZ)(Plhjll,j+l + ’Pinfl,j+1) + (S, — Hy — Hz)(Pl‘rlLI,j+1 + ,Pin+1yj+1)
+(S$2 + H + Hz)(Pffll’j_l +PL D+ (05— — Wy — 28 257
n—1
m=1
P=1,2,  Ne— 1, j=12 . Ny—=1,n=01,.., N —1, (14)
with
S = Kim _ Kom
1= 4]’1% ) 2 = 4/1% .

Consider the four-point groups of the discretized solution domain that are associated with
the spatial locations (i, j), (i +2, j), (i +2, j +2) and (i, j + 2). Applying Eq. (12) to any

@ Springer f DMAC



157 Page 10 0f 30 F. M. Salama et al.

group of four points will give the following (4 x 4) system of equations:

ntl
0 -0 0 —04\ [ rhsi.j
-03 Q1 —Q4 O Pivaj | _ | rhsivaj 15
0 —-0s 01 —03 ’Pt”+21 ) I‘hSi+2’j+2 ’
05 0 -0, Q R
5 2 1 77;1;12 rhs; j2

in which
01 =05"% 4k +2G;+2Gy, 02 =G, — Hy, 03 =G| + H
04=Gr—Hs, Q5 =Ga+ Hy, Q6 =0.5""% —kx — W) — 2G| — 2G>,
and

rhsij = Q2P j + Qg(PnH + Pl )+ Q4P + QS(PZ“/AZ + P )

+ Q6P j+Z(Wn —m— Wu_ m_H)Pm +W’PO +mfn+1/2’

rhsivaj = QP + Plya )+ Q3P+ QuPlis o + Q5P 5+ Plln j o)

n—1
1/2
+Q6Pf+2’j+Z(Wn7m_Wn m+1)lpz+2]+W,P+2/+mfr:;5 ’

m=1
rhsia,jv2 = QZ(P1+4 et P, j+2) T 03P/ g2 T Q4 (P}, 2 gt 73in+2,j+4)
n—1

+ Q5P1+2 j + Q6 i+2,j42 + Z Waem — Wi m+])7j,+2 j+2

m=1

0 n+1/2
+ WaPita jr2 +mfip, j+2’

rhsijia = 2Pl jpa + Q3(PI5 L+ Py o) + Qa(PIL, + Pl ) + OsPY

n—1
+1/2
+ Q6P 2+ Y Wam = Wamg ) Py + Wa P +mfl 07

m=1

Through the reversal of the coefficient matrix in (15), the four-point MFEGM is obtained as
follows:

71’”?1
n+1 Zl Zz Z3 Z4 rhsi’j
'Pz+2] _ l Zs 21 Z4 Zg rhSH,z,j (16)
73:1:21 o Z\ Z77Zs Z, Zs rhsiva j+2 |’
! Zs Z9 Zr 7, rhsi jy2
Pn-ﬁ-l ’
i,j+2

where
Z=01-2010:05 —2070405+ 0303 — 202030405 + 0505%,
= 01(07 — 0203 — 0405), Zo = 02(07 — 0203 + 0405),
Z3=2010204, Zs = Q4(07 + 0203 — 0405),
Zs = 03(07 — 0203 + 0405), Z6 = 2010304
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<

v
>

0 1 2 3 -+ 5 6 7 8 9 10
Fig.2 Computational molecule of the MFEGM with Ny = Ny = 10

Z7=201030s, Zs = 05(07 + 0203 — 0405),
Z9=201020s.

As shown in Fig. 2, the mesh points of the discretized solution domain using the MFEGM
are branched into three types of points, i.e. ¢, [J and O. It can be verified that the implemen-
tation of the MFEGM (16) requires only points of type 4, makes it independent from the
remaining points of type L] and O. Therefore, and at any time level #,,, the MFEGM proceeds
by iterating the solutions at the 4 points until a predefined convergence criterion is achieved.
After convergence, the solutions at the residual points of type [ and O are computed directly
once using Eqgs. (14) and (10), respectively. Compared to the CNFDM presented in the pre-
vious section, the MFEGM comprise only quarter of the mesh points in the iterative process
which is expected to accelerate the rate of convergence, especially when dealing with large
scale linear systems. In this work, the four-point MFEGM is combined with the Gauss-Seidel
iterative scheme and is illustrated through the next algorithm.

5 Stability analysis

In this section, we analyze the stability of the proposed numerical schemes with the help
of Fourier analysis approach. To facilitate our theoretical analysis, the following lemma is
introduced.
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Algorithm 1 The MFEGM computational algorithm

1. Branch the mesh points of the computational domain into two categories:

(a) Iterative points of type #.
(b) Direct points of type [J and O.

2. Assemble all the ¢ points into four-point groups.

3. setup an initial guess and error tolerance € = 1075,
4. Iterate the intermediate solutions at the 4 points using the following formula:
An+1,k+1
Pij
L] Zy1 2y 23 Z4 rhs;
i+2,j _ l Zs Z| Z4 Zg rhs,»+2’j
75.n+1'(<+1 zZ\ Z7 Zg Z Z5 rh5i+2,j+2 ’
i+2,j+2 Zg Zg Zy 74 "hsi,j+2
An+1,k+1
i,j+2

and carry out the Gauss-Seidel iterative procedure

n+1,k+1 An+1,k+1 n+1,k
Pij Pij Pij

1 k41 Ant 1 k41 nt 1k
Pis) | P2 —ay| T2
prtlktl | = Rl ISR @ Lk |

i+2,j+2 i+2,j42 i+2,j+2

A1,k 41 Snt1 k41 Y
Pijsa Pi i Pi 2

where o is the relaxation factor and « is the iteration number.

5. If the infinity error norm is less than €, go to to step 6. Otherwise, repeat step 4.

6. Evaluate the remaining solutions directly once at [J points using Eq. (14) followed by O points utilizing
Eq. (10).

7. Carry out the previous steps at each time level until the final time step is reached.

8. Display numerical results.

Lemma 1 The coefficients Wy, (s =0, 1,...) in (8) satisfy

1. Wy > Wy_pyr, m=0,1,2,...,n—1
2.0 Waim — Wamg1) = Wi — W

5.1 Stability of the h-spaced numerical scheme

Suppose that 8]3:’ j is the approximate solution of (10), and define

Pl =Pl =Pl i=0,1,....Ny. j=0.1,....Ny, n=0,1,.... N,

and
Pt = (1 15 Pl s p?,Ny—l’ PI 1> P2 25 s Iog,Ny—l’ C PN L
px,ﬁm, e p}f,xfl,er)T, n=12,...,N;.
The roundoff error equation can be obtained as follows,
05"+ +241 +242)p T — (A1 = Bl — (A1 + Bo
—(A2 = B)p' Ty, — (As+ Bopl Tl = (A1 = By,
+(A; + Bl)pf_lh,- + (A2 — BZ)P,'rl,j.Q_]
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+(A2+ B2)p! ;4 (0.5 —k — Wi — 241 —2A2)p]

n—1
Y Wacm = Warms ) "5 + Wanp? . (17)

m=1
with the following initial and boundary conditions
pl;=0, i=01,....N;, j=0.1....N,,
pg,jzp’,(,x’j =0, j=0,1,...,N,, n=0,1,..., Ny,
pﬁozpﬁNV =0, i=0,1,...,N., n=0,1,...,N;.

Next, we define the following grid function

n
Pijr Xy <X = xi+h7x,yj_h% <y < yj+,,7y,
p"(x,¥) =10, OEXE%OTL—%ffo,
0, OSyf%orL—%gygL,
where p" (x, y) has the Fourier expansion given by
o0 o0
PRy = D Y Y, e AR,
11=70012=700
in which I = le and
1 L pL
Y1, ) = ﬁ/ / pn(x’ y)e—ZﬂI([lx/L—s-lzy/L)dxdy' (18)
0 Jo

The 2-norm can be defined as

Ny—=1N,—1

1/2 Lo
n _ n |2 _ n |2
lo"ll2 = E E hyhxlp; ;| =\ lo;, j17dxdy

j=1 i=l

1/2

Introducing the Parseval equality

L L o0 o0
/ / o Pdxdy = Y 3 Y )P
0 JO

h=—o00lj=—00
we obtain
o ~ 1/2
e la={ > > "GP | . (19)
h=—00lj=—00
Suppose the solution of (17) has the following form
pin,j - T"el(ﬂlithr/fbjhy)7 (20)

where 81 = 27li/L and B, = 2ml,/L are the real spatial wave numbers. Setting (20) into
(17), yields

05172 — e — W, — —IpLzTn

T”+l —
0.5 4, + 1 + o
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1
+
0.51=% 4o+ gy + T

x h
np = 4A1 sin (ﬂl ) +4A (ﬁzTy> s

p2 =2 (Bysin(B1hy) + Bysin(Bahy)) .

Lemma2 Ler Yt n=0,1,..., N; — 1 be the solution of (21), given that 3'=% < 2, then
it holds that

n—1
{Z W = Wy 1) T + WnTO} . 2D
m=1

where

Y < Y%, n=0,1,..., N, — L.
Proof Here, mathematical induction shall be used to complete the proof. For n = 0, we have

05" —k —py = T

— 170 < 170
05"+ +pur+1u

ITI—‘

Now, we assume that
ISt < 170, s=0,1,...,n— 1.
For s = n, utilizing Eq. (21) along with lemma 1, we have

05" —k = Wi — 1 — Iup
0.5 o+ + T

|Tn+l| < ‘

I

n—1

[Z | (Wam = Wamm D) 117" + |Wn||T°|}
m=1

1
4
‘0.51_a+K+M1+IpL2

1T

- ‘O.SI_Q—K—Wl—le—IpLZ
- 0512 4o+ + Ty

n—1

[Z | (Woem = Wam ) 1T + |Wn||T°|}
m=1

1
+
|0.51—a +r+pur+1Ipo

105" — e — Wi — iy — Tpo| + W)
0.5 4k + g + T
Asn — oo, T, k, 01 and puy approach to zero and

0.5 — W | + W,

1T

I < e 0.
This leads to the following cases:
Case L. If 0.5'=% — W; > 0, then

|Tl‘l+] < |T0|
Case IL. If 0.5'7% — W < 0, then
—0. 51 —a

Here,

I <
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& 2w — 05" < 0.5
<:> 3170( E 27
which ends the proof. O
Theorem 1 Given that 3'=% < 2, the h-spaced difference scheme (10) is stable.
Proof On the basis of lemma 2 and Parseval equality, it follows that
Ny—l Ny—1 va_l Ny—1 )
10" = 3 D7 hyhelof P = hyhe 37 37 el Grihthait)
j=1 i=1 j=1 i=1
Ny—1N,—1 Ny—1N,—1
=hyhy 3 D ICP S hyhy 3 ) ITOP
j=1 i=1 j=1 i=1
Ny—=1 N,—1
= hyhy 3 3 (X0 PRI = 0.
j=1 i=1
This means that the difference scheme (10) is unconditionally stable. ]
5.2 Stability of the 2h-spaced numerical scheme
Let 751” j is the approximate solution of (12), and define
&, =P =P, i=02... Ny, j=0,2,...,Ny, n=0,1,..., Ny,
and
E" = (82,85 4s e 85”]\,},_2, ElorEhgr-ns 52’.1\/},—2’ s EN 2
ENaar - EN N, ) =12, N,
The roundoff error equation can be easily obtained as,
(05" + 1 +2G1 +2G)ET — (G — HNE = (G + HNET
—(Ga — H)E!TL | — (Hy+ H)E!T! | = (G1 — HDEL
+(G1+ HDEL, ; + (G2 — HD)E]' 4
+(G2 + Hz)E{',j,I +(0.5'7% —k — Wy — 2G| — 2G2)8i'fj
n—1
+ Y Warm = Wam)) 7 + Wil (22)
m=1

with the following initial and boundary conditions
&;=0, i=02..., Ny, j=0.2,...,Ny,
& j=&N, ;=0 Jj=02....,Ny,n=0,1.... N,
5{'0:51"’1\,):0, i:0,2,...,Nx,nZO,l,...,N[.
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Next, we define the following grid function
Eij Fioty SESXao Y, by <YSVn.
E"x. ) =190, O<x<MorL-"r<x<L,
0, O0=y=

h”orL——y<y<L

where £"(x, y) has the Fourier expansion given by

o0 o0
EMx,y) = Z Z O (I}, o)™ i/ L+hy/ L)

lj=—00h=—00

such that
1 L L
@”(zl,zz):ﬁ /0 /0 EM(x, y)e  FUx/L+hy/L) gy, (23)

The 2-norm is given by

—1N,—1

12
€Iz = Z Zh hol&l 1P (/ / &7 2dxdy> .

With the help of the Parseval equality

o0 oo
/ f & Pdedy = Y " 10" (L D),

Lh=—00l;}=—00
we get
o o 1/2
e =1 > Y 1ol . (24)
hy=—o00l}=—00
Suppose the solution of (22) has the following form
g;fj = @" ! Prihxtprjhy) (25)

Substituting (25) into (22) leads to

0.5« — — Wiy —n1 — 1772®n
05 i +n+1In

1 n—1
Woem — Waemi1) O™ + W, 00 |,
+0.51_Q+K+77]+17]2 |:mzz:l( n—m nm+l) + n j|

et =

(26)

where
n = 4Gy sin? (Bihy) + 4Gy sin? (Bohy)
ny =2 (Hy sinBihy) + Ha sin(2B2hy)) -

Lemma3 Let @'t n=0,1,..., N, — 1 be the solution of (26), given that 3% <2 then
it holds that

1" <10°%, n=0,1,...,N, — 1.
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Proof Again, mathematical induction is utilized for the completion of the proof. For n = 0,
we have
0.5 — e —py — I

— 1% < 18°.
0.5 +x+n+1In

|®‘|=‘

Now, we suppose that
@t <10%, s=0,1,....,n— L.

For s = n, using Eq. (26) together with lemma 1, we have

|®n+1| - 0.517% —k — Wi—n1—1In o
- 051 x40 +1n
1 n—1
- ‘0.5]_”””1 in [Zuwn_m = Wam+) [10"] + |Wn||®°|]

m=1

— 19°]
0.5 +r+n+In

1
051+ +n +1n

- ‘0.51_“—K—W1—n1—1n2

n—1
[Z | Woem = Waom) 110°] + |Wn||®°|]

m=1
05" — ke — Wy =y — I | + W
051 i +ny + I

"

19°].

Asn — oo, 7, k, n1 and 1, approach to zero and

10.517% — Wy + W,

o+ < e 18Y).
From the previous subsection, we know that
l—a _
0.5 Wil + W <1
0.51-« -
&3 <2
This completes the proof. O

Theorem 2 Given that 3'=% < 2, the 2h-spaced difference scheme (12) is stable.

Proof According to lemma 3 and Parseval equality, we obtain

Ny—1N,—1 Ny—1N,—1
1= D" 3 bl P =hyhy Y3 [@re! Prihictbaihy) 2
j=1 i=1 j=1 i=1
Ny—=1N,—1 Ny—1N,—1
=hyhy Y Y 1O <hyhy Y Y |00
j=1 i=1 j=1 i=1
Ny—1 Ny —1

—hyhy 30 Y @0 Britethait P — 0,
j=1 i=1

Hence, the difference scheme (12) is unconditionally stable. O
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6 Convergence analysis

In this part, we describe the convergence analysis of the proposed numerical schemes. For
this purpose, the following theorem is required.

Theorem 3 (Lax-Richertmyer theorem) if the differential equation (1) is well-posed and the
finite difference scheme is consistent, then the finite difference scheme is convergent if and
only if; it is stable

The next theorem discuss the convergence of the /-spaced difference scheme defined by (10).

Theorem 4 The h-spaced difference scheme (10) is consistent, and hence is convergent.
Proof Let R” i be the truncation error at the point (x;, y;, t,). According to Egs. (4-8), the

local truncation error of the numerical scheme (10) is

n+1/2 n = m 0 (Pi’,lj+1 - Pi’,lj)
Ri,j = WP+Z(W;1 m+l_Wn7m)Pi,j_WnPi_j+02177a

ij oo

+1 +1
K Pl"+l j 2Pn + Pn P,er j 2Pi’,lj + Pin—l,j
i + 5
2 hZ
K Pzn;i1 P"H+Pzn;r11 n Pl — 2P+ Pl
2 h%
+1 +1
_’_K Plrzrlj _Pzn + Pl’EH] Pin—l,j
2 2hy
+1 )
+ Ptn/+1 Pn +Pir,lj+1 Pn/ 1
2hy

n+1
P + Pn ) n+1/2

n—1 (P.'h.Ll —P")
= |:W1Pﬁj + Z (Wn—m-H - Wn—m)'P,-n’lj - Wnp,'qj + UW:|

m=1

_0UP(xi, Yjitny1/2)

ar®
K Pfjllj—ngfj‘+7>{ljl{j+ r = 2P+ P
2 n2 h2
_32P(Xi,yj,tn+1/2)
dx2
_K [P 2P P N ni — 2P PR ]
3 2
2 | n2 02 |
_32P(xi,yj,tn+1/2)
dy?
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+1 +1
Vi |:Pin+1,j - in—l,j 4 iy _Pz”—l,j:| _OP(Xi, ) tat1/2)
2

2 2h, 2h, ax

n+1 n+1 n n
Vs |:Pi,j+1 —Fij-1 " i j+1 _Pi,j—1j| _ OP(xi, yj, tht1/2)
)

2 2h, 2h, dy

n+1 n
y (73,.,1. + 7P

> ) — P(xi, yj, tnt1/2) = O™ + 1 + hi). 27

It can be easily shown that the local truncation error tends to zero as t, i, and iy go to zero.
This means that the difference scheme (10) is consistent, so that by Theorem 3, the difference
scheme (10) is convergent. ]

Theorem 5 The 2h-spaced difference scheme (12) is consistent, and hence is convergent.

Proof The proof is similar to Theorem 4. O

7 Numerical experiments and discussion of results

In this part, four numerical examples are presented to demonstrate the computational effi-
ciency of the MFEGM by comparing to the CNFDM. All programming codes are written
in MATLAB and run on a PC with i7-8550U CPU, 8 GB RAM and Windows 10 (64-bit)
operating system. The obtained numerical results are represented in terms of several illus-
trative figures and tables. In these tables, "Sec" denotes the amount of computational time
required for solving the problem under consideration. "Iter" means the number of iterations
needed to achieve convergence at the last time level. And, "MAE" stands for the maximum
absolute error between the numerical and exact solutions. In all numerical examples, we let
Ny = Ny = N, and give the source terms by the exact solutions.

Example 1 Consider the model problem with the exact solution u(x, y, t) = €' (1 —xH21-
¥,
CDYP =Py +Py—P,—Py— P+ f(x,y.1), 0<x,y<1,0<t<T,
P(x,y,0) = (1 —x»)%(1 —y»)?, (x,y) e QUIQ,
PO, y,n)=e'(1-y"% P(,y,0)=0,
P(x,0,0)=e'(1—x»)% P, 1,0)=0, (x,y,1)€dQx0,T].

Table 1 presents a comparison between the elapsed time in seconds, number of iterations
and maximum absolute errors of the MFEGM and CNFDM at 7 = 1, t = 0.1, 0.01 and
various values of «. From this table, we can observe that the approximate solution of the
MFEGM converges to the exact solution with less computational time and iteration count in
comparison to the CNFDM. For instance, at « = 0.9 and t = 0.01, the CNFDM reaches
convergence after 135 iterations with 165.41 computing time, while the MFEGM terminates
after only 27 iterations with 20.10 computing time. The numerical solutions of the proposed
methods and the exact solution at y = 0.5, N = 70, N; = 100, « = 0.5 and different final
times 7 = 1, 1.5 and 2 are drawn in Fig. 3. In addition, Fig.4 depicts the plot of maximum
errors for the CNFDM and the MFEGM at N = 62, N, = 100, « = 0.5 and T = 1. From
these figures, we can see that the numerical solutions of our proposed methods are in good
agreement with the exact solution.
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Fig. 3 Numerical solutions and exact solutions for Example 1 at y = 0.5, N = 70, N; = 100, « = 0.5 and
T=1,152

<10 103
25

Maximum error

v 0 o x

(a) CNFDM

o
Maximum error

0.5

(b) MFEGM

Fig. 4 The 3D error plot of absolute errors using a CNFDM and b MFEGM for Example 1 at N = 62,

Ny =100,0 =05and T =1
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Fig. 5 Numerical solutions and exact solutions for Example 2 at y = 0.5, N = 70, Ny = 100, « = 0.5 and
T=1,15,2

Example 2 Consider the following model problem,

thaP:PXX+Pyy_Px_Py_P'f‘f(X,y,t), 0<x,y<1,0<t<T,
P(x,y,00=0, (x,y)eQUIQ,

P0,y,1) =0, P(,y,1)=20t'"Tysin(y)e”,

P(x,0,1) =0, P(x,1,7) =20r'""xsin(x)e", (x,y,1) € 32 x (0, T].

The exact solution of the above problem is u(x, y, 1) = 20t t%xy sin(xy)e*”. Table 2 enu-
merates the numerical results of the CNFDM and the MFEGM in solving Example 2 at
N = 62, N; = 62, several values of « and diverse final times 7 = 1, 1.5 and 2. From which
we notice that the CNFDM and the MFEGM simulate the considered problem accurately
where the later method results in much faster simulations that the former one for different
values of 7. The graphical representations of the numerical and exact solutions of Example
2aty =0.5,N =70, N; =100, = 0.5and T = 1, 1.5 and 2 are highlighted in Fig.5. We
can observe that the numerical solutions agree well with the exact solutions. One more time,
we plot the execution time of the proposed methods versus several mesh sizes at fixed 7 = 1,
7 = 0.01 and @ = 0.5 in Fig. 6. One can see that the MFEGM requires smaller amount of
running time compared to the CNFDM, especially for larger values of N. This is very useful
when solving large-scale linear systems.
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Fig.6 The plot of elapsed time in (seconds) against N for Example 2 using CNFDM (red line) and MFEGM
(green line)

Example 3 Consider the following time fractional diffusion equation,

S§DYP = Py + Py + f(x,y,0), 0<x,y<1,0<t<T,
P(x,y,00=0, (x,y)eQUIQ,

PO,y 1) =12, P(l,y,1)=1%"",

P(x,0,1)=1%", P(x,1,0)=12"T, (x,y,1) €02 x(0,T].

The exact solution of Example 3 is given by u(x, y, ) = r2¢*1?. Table 3 shows the per-
formance of the proposed methods in solving the considered problem. The results in this
table are achieved at T = 4, T = 0.1, 0.01 and different fractional orders. To show the
accuracy of the solution methods, Fig. 7 portrays absolute errors of the CNFDM (left frame)
and MFEGM (right frame) at N = 62, N; = 100, ¢ = 0.5and T = 4.

Example 4 Consider the following time fractional advection—diffusion equation,

SDYP =Py + Py — P —Py+ f(x,,1), 0<x,y<1,0<t<T,
P(x,y,00=0, (x,y)eQUIQ,

PO,y 1) =1*(y =%, P(,y,0=1r(y—y,

P(x,0,1) =t>(x —x?), P(x,1,0) =t>(x —x?), (x,y.1) € 9Q x (0, T].

The exact solution of Example 4 reads as u(x, y, 1) = P2 —x2+ y— yz). The results of
solving this problem are shown in Table 4. Numerical simulations have been implemented at
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Fig. 7 The 3D error plot of absolute errors using a CNFDM and b MFEGM for Example 3 at N = 62,
Ny =100, =0.5and T = 4

T =8, 7 = 0.1, 0.01 and different fractional orders. Figure 8 draws absolute errors of the
CNFDM (left frame) and MFEGM (right frame) at N = 62, N, = 100, = 0.5and T = 8.

8 Conclusion

Due to the non-local property of fractional derivatives, the numerical treatment of time FPDEs
usually requires substantial computer resources, which may result in some computational
challenges in practice. In this paper, we have proposed the MFEGM for solving a class of
the general two-dimensional TFADRE involving source terms and Caputo-type temporal
derivative. It has been constructed utilizing a difference scheme based on L1 discretization
in the temporal direction and central difference approximations with double spacing in the
spatial direction. We have illustrated the reliability of the MFEGM by comparing it to the
CNFDM derived in Sect. 3. The stability and convergence of the proposed methods have been
proven theoretically and comprehended by several numerical examples. The comparison of
the numerical results obtained by the MFEGM with the numerical results obtained by the
CNFDM shows the accuracy, computational efficiency and simple implementation of the
former. We have also discussed the application of the methods to the fractional diffusion and
fractional advection—diffusion models, from which we deduce the potential capability of the
MFEGM to solve time fractional diffusion models and other FPDEs that arise in science and
engineering disciplines, providing a new line of future research.
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