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Abstract. This paper introduces a numerical method designed to address the fractional time advection-
dispersion equation. Initially, the time dimension is discretized by employing the L1 method. Sub-
sequently, quintic B-spline functions are utilized for the discretization of the spatial dimension. This
approach yields a system of algebraic equations that can beefficiently solved. The proposed method
is proven to be unconditionally stable. Numerical experiments provide compelling evidence of the
method’s efficiency and effectiveness.
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1 Introduction

In recent decades, fractional differential equations (FDEs), with their unparalleled ability to model com-
plex and nonlinear phenomena, have become a powerful tool in the hands of scientists and engineers.
These equations, which generalize classical differential equations to non-integer orders, enable a more
accurate and realistic description of many natural and artificial processes. From wave propagation in
heterogeneous media to heat and mass transfer in complex materials, fractional equations play a key role
in understanding and predicting the behavior of such systems [6—10, 15,20].

Among the various types of FDEs, the fractional advection-dispersion equation (FADE) holds par-
ticular importance due to its wide range of applications in diverse fields. This equation, in general,
describes the movement of particles or substances in a medium influenced by two main phenomena:
advection and dispersion. Advection refers to the movement of particles due to the overall flow of the
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medium, while dispersion refers to the movement of particles due to differences in concentration or other
random factors. Employing fractional derivatives in this equation enables the modeling of more complex
and non-standard behaviors. This equation, which combines the phenomena of advection and disper-
sion within the framework of fractional calculus, is widely used in modeling fluid flow in porous media,
pollutant dispersion in the environment, and many other processes.

The FADEs can be classified into different types based on the nature of the fractional derivatives.
Some of the most important types include:

* Time-fractional advection-dispersion equations (TFADEs): In these equations, the time derivatives
are considered in a fractional form [2,3,5,12, 14,16, 18,21,29].

» Space-fractional advection-dispersion equations (SFADEs): In these equations, the spatial deriva-
tives are considered in a fractional form [13,25,26].

» Time-space fractional advection-dispersion equations (T SFADEs): In these equations, both time
and spatial derivatives are considered in a fractional form [17, 19, 28].

To solve the FADEs, researchers have employed a variety of numerical methods. For instance, Cao
utilized the variable weights particle tracking method [5], while Singh applied the homotopy analysis
method [29] and the homotopy perturbation method [28]. Saw et al. explored the use of the collocation
method [26] and fourth-kind shifted Chebyshev polynomials [25]. Moghadam et al. implemented radial
basis functions [17,27], and Ravi Kanth et al. adopted the spline approximation method [21, 24, 31].
Additionally, Singh et al. applied the Jacobi collocation method [4, 30], and Bhardwaj et al. proposed
an RBF-based meshless method [3]. However, given the complexity of these equations and the need for
high accuracy, there remains a demand for more efficient and precise numerical methods.

This paper investigates the numerical solution of the following FADEs, with a particular emphasis
on scenarios involving a variable time-fractional order:

uet) _ QM) _ D) | p(e ), 0<r, 0<x<1, 0<a<l,

B.C.: u(0,1)=0, u(l,)=0, 0<r<I, (1)
I.C.: u(x,0)=g(x), 0<x<I,

where the term f(x,7) is known as the source term, A and u represent the dispersion coefficient and the
average fluid velocity, respectively. Moreover, the fractional derivative is in the Caputo sense

ot®

9%u(xt) _ {r(,l_a) 0 E‘t’fxéfgdf, O<a<l, °

u (x,1), oo =1.

The primary objective of this work is to develop and validate an effective and accurate numerical
methodology for addressing problem (1). To facilitate this process, the L1 scheme is applied for the
temporal discretization of the fractional derivative, while quintic B-spline (QB-S) functions are utilized
for spatial discretization. In spectral methods, achieving higher approximation accuracy typically re-
quires the inclusion of a larger number of terms. When orthogonal polynomials serve as basis functions,
higher-degree polynomials are often required. In contrast, the proposed method employs splines with a
maximum degree of five. The advantage of using quintic (degree five) splines over lower-degree alterna-
tives, such as cubic splines, lies in their greater flexibility, which allows for more accurate representation
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of complex solution behaviors without significantly increasing computational cost. The integration of
these approaches transforms the FDE into a system of algebraic equations, thereby enhancing computa-
tional efficiency in obtaining solutions.

The organization of this paper is outlined as follows. In Section 2, essential definitions and notations
related to QB-S functions are provided. In Section 3, a numerical method based on QB-S functions
is presented, with its formulation and implementation being detailed. Subsequently, in Section 4, an
analysis of the methods stability is conducted, and error estimates are derived to validate its accuracy.
Finally, in Section 5, a series of numerical experiments are carried out to demonstrate the effectiveness
and reliability of the proposed method.

2 Quintic B-spline functions

Spline functions are a type of mathematical function constructed from piecewise polynomials. These
functions are defined by different polynomials over various intervals (pieces), and at the connection
points (knots), smoothness conditions such as continuity and differentiability are maintained. Owing to
their flexibility and capability to model complex data, spline functions are widely applied in mathematics,
engineering, computer graphics, and data analysis.

The general characteristics of spline functions include the following:

* Piecewise nature: A spline function is defined by a polynomial in each specific interval.

* Knots: These are the points where the polynomials change. The knots can be uniformly or non-
uniformly distributed.

* Smoothness: Spline functions are typically continuous and smooth up to a certain order of deriva-
tives (e.g., first or second order) at the knots.

* Flexibility: Due to their piecewise structure, splines offer high flexibility in modeling data.

Formally, suppose that M + 1 points xg < x; < ... < xpr are given. The B-splines of degree 0 are
denoted by s?(x) and defined as

1, x€x,xit1], I€Z

0 _ ; iHyAi+1]s 3

i (x) = { 0, otherwise. 3)

The functions s?(x) form the foundational basis for the recursive construction of all higher-degree B-
splines. The fundamental recurrence relation that enables this construction is defined as follows:
k X=X k-1 Xitkt1 =X k-1
i) =———si ()+———s;, ()
Xitk —Xi Xitk+1 — Xit+1 4)
(k>1).

s

Some important properties of B-splines functions are as follows:
e If k> 1andx ¢ (x;,%14+1) then s5(x) = 0.

o Letk > 0. If x € (xi,x;14+1) then s¥(x) > 0.
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Table 1: Values of QB-S functions and their derivatives at node points

] [xia| xio | x| x| x| x| xigs |
’Si(x)‘o‘%‘lzo‘lzo 120‘120‘0‘
| i) | 0| s | z}&x\ 0 \;422 | M | 0
| 50 | 0 | Gy | smy | sy | wme | | O
\s?”<X>\°\z<A‘x>s\z%\ \z%\zs\o\

Forallk>0,Y2 . sf(x)=1.

For k > 1, the B-splines s¥(x) belong to continuity class C*~!(R).

L]

For k22, fest (x) = st (%) — = it (),

Xipk =11 Xipkr1—tip1 DI+

L]

When k = 1, the equation is true for all x except x = x;, Xit+1,Xj42.

This study exclusively focuses on QB-S functions, corresponding to the scenario in which k = 5. For
clarity and notational efficiency in subsequent analysis, the superscript ’5’ in the representation sf (x)
will be omitted. Accordingly, these functions will henceforth be referred to simply as s;(x). The QB-S

functions can be obtained from equations (3) and (4) as follow [22,23]:
(x—xi3)°, x€[x3,%2],
(x—x;3)°> —6(x—x;_ 2)5, X € [xi—2,xi—1],
(A5 (x —xiz 3)2 6(x—x;2)> +15(x —x;_1)°,x € [xi_1,%],
si(x) = 120 (Xit3 —x)” — 6(xi42 — ) + 15(xi41 —x) ,X € [, Xig 1], )

(Xie3 —x)5 —6(xisa —x)5, X € [Xir1,Xita],

(xi+3 _x)57 RS [xl+2,x,+3],

0, otherwise.

It is easy to conclude that

M+2 93
Y s <=, 0<x<1. (6)
k=—2

Furthermore, by substituting x; for k € {i —3,i—2,i—1,i,i+1,i+2,i+ 3} instead of x in s;(x), one
can easily derive the results delineated in the Table 1.

Assuming u(x,t;) = u/(x), the approximation function of u/(x) can be obtained as follows:

M+2

i/ (x) = Z cisk(x). @)

k=—2
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Moreover, it can be resulted that

, 1. . , . ,
i (x;) = (] +26¢] | +66¢] +26¢] 4l ,),

120
. 1 , . . .
ity (xi) = M(_Cﬂz —10c]_; +10¢],; + ),
. 1 . . . _ . (8)
IZ)]cx(xi) = 6<Ax)2 (C'i,fZ + Q’Cztl - 601', + 20{+1 + C{+2)7
. 1 . . . .
i (Xi) = 2(A,)? (¢l p+2¢f _ZC{+1 +C{+2)~
X

To establish the support for quintic B-spline functions, the initial partition 0 = xp < x; < xp < ... <
xy = 1 is extended by introducing ten additional grid points. These extra points are positioned outside
the primary domain, specifically at x_s < x_4 <x_3 <x_p <x_j on the left and xp;+| < xpr42 < xXpp43 <
Xp+4 < Xpr4+5 on the right. The set of QB-S functions is then defined as

Ss={s 2(x),5_1(x),5_0(x), ..., sp1(x),5n42(x) }.

The space spanned by these functions is denoted as S* =spanS. Now, let &#/(x) be an interpolation
function to u/(x), defined as
_ M+2
W (x) =Y &lsi(x). ©)

k=—2

Therefore, it is clear that 72/ (x) satisfies the following interpolating conditions:
W (x)=uw/(x;) i=0,1,..,.M.

Theorem 1. ([23]) Let 4/(x) be the quintic spline interpolant of u/(x) € C'°[0,1], then the following
relations hold at the grid points x; fori =0,1,....M,:

il (x;) = ul (x;) + (Ai)uj (x;) +O(A%)
XX XX 720 XXXXXX X/
, , A4 (10)
(5 = () — S )+ O,
2 4
y @) (&)

M)chxx (xi) = M)]c'xxx (xi) - 12 uxxxxxx(xi) + 240 u)]c'xxxxxxx(xl') + O(A)éc)

Theorem 2. ([//]) Let it/ (x) be a unique quintic spline interpolant to the exact solution u’(x) € C'°[0, 1],
then we have

s ﬁjx —ujx oo<RA6 k, k—07172737 ) (1)
X
X

where the constant R is independent of A,.
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3 Derivation of the method

In this section, we develop a higher-order numerical method to approximate the solution of the TFADE
(1). To facilitate the discretization process, assume that

{x,:iAx, Ac=1/M, i=0,1,...M (12)

tj=JjA, A=1/N, j=0,1,..,N

By employing the L1 method, the fractional partial derivative of u(x,¢) with respect to the variable ¢
can be discretized as follows:

8“u(x,t]) B 1 U ug(x, 17)
Jr® ( )/ (tj — )

(k+1)Ac 4 (x,7)
T
/ dr
k

B 1 = (x lk+1) *M()C tk) /(kJrl)Ax
“T-—a) & A, A

(tj— ) “dT+T]

Ay
(a) - 4
t . 1— . 1— j
= m Z((J —k) T = (= k= 1)) (u(x, trey 1) — ux,)) + T4
= Zb xtk+1 (x,l‘k))+TAjt
. =1 . . .
= —bju(x,1) + Z (b, —b)u(x, 1) —&—bj.flu(x,tj) + Ty,
k=1
where
(At)ia J 2—a
=——— T/ <CA
© r2—o) A& -7 7
bi=0((j—k)"*=(j—k=D""%), k=0,1,...j~1, (14)
and C,, is a constant depending on u.
Using Eq. (7), Eq. (13) can be briefly written as
d%u(x,t;)
a(t i) de u(x, i)+ T3
k=0
Jo.
= Z d]it* (x) (15)
j M+2
- Zdli Z cfsi(x
k=0 1=-2

where

d)=-b), dl=b_ =0, d=b_ b, k=12,.j-1. (16)
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Furthermore ):k OdJ 0 and ):i (l)dj =o0.

On the other hand, for space discretization, one can write

M+2

Al (x) — pitl(x) = Y (] (As] (x) — psj (). (17)
=2
Replacing (15) and (17) in (1) gives
i M+2 M+2 .
Zd Y ()= Y cfas](x) — psj () + ). (18)
k=0 I1=—2 1=—2

According to the collocation technique, it can be resulted that
o M¥2 M+2 _
de Y ks (x;) =) cl (As] (x;) — sy () + £ (). (19)

=0 I1=—2 1==2

Now, by using Table 1, it can be derived that

g 260,66, 26 ]

Zd Ci- 2120 €150 TG a0 T a0 T2 Tag)
; A —u 21 —10u —6A
_ J
= 2(gar " 2aa, 7an,) T G~ 24, ) TC <6(Ax)2)
; 21 10u A U
J , J 20
i (6(Ax)2 2an) tC ’+2(6(Ax)2 ) T 20
Assuming §y = —0 6= 24A , 6= AIA 5, §3 = Alx -, dj.. = 0, one can write (20) as

(AL + 18— 08) + ¢l (248 +10u8) —26680) + ¢/ (—6A.5 — 6664
+Cz+1(27LC2 10p81 —26080) +¢/ 5 (A% — &1 — o)

_COZdJ Ci 2+26cz 1+66C, 2—|—26C, 2+cl 2) fj (21)
k=0

To put it briefly, it can be said that

‘ ‘ . ‘ . -1 .
aic]_,+axcl | +asc] +ascl, +ascl,, =4 Y d] (K 5 4+26¢F | +66¢k 4265, |+ k) — 1, (22)
k=0

where

a1 = (A& +udi—od),
ap) = (21{2—}— 10,u§1 —26GCO),
= (—6),C2 —666@0),
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ay = (218 — 10ug; —260g)),
as = (A& —ul — o).

Considering the boundary conditions, one con derive that
¢! 5 +26¢ | +66¢)+26¢] +c) =0, (23)
c,{,,_z + 26c,{,,_1 + 66c1{,1 + 26c/{4+1 + C/]l'/1+2 =0. (24)

From Egs. (22) for 0 <i < M and (23)-(24) a linear system of M + 3 equations in M + 5 unknowns is
obtained. To solve this system uniquely, two auxiliary equations are needed. For this purpose, by taking
the derivative of relation (18) with respect to the variable x, it can be written that

jo M2 M+2 )

Z dl Y six) =Y o (As) (x) — us) (x)) + £ (x). (25)

=0 1=—2 1=—2

Furthermore, for i = 0, it can be resulted that

-1
& Zd,{(—c’iz —10c¢* | +10ck +5)

_ . (26)
=L (-AG—us+08) +! | (2AG —2u8 +1068;) + ) (6u)
o] (208 =208 — 10681) + (145 — pl — o &1) + £7(0),
and for i = M, it can be shown that
=1
4 Zd;{(—cm— 10cy,_; -+ 10cy +C]1§4+2)
‘ ‘ @27)
=2 (-AG— &+ 08) + el (2AG —2u% +10081) + ¢, (61 )
el (F2A8 =208 — 1068)) + )y (IAG — n &+ 0 61) + f7(1).
Assuming that
ay=(-AG—p&b+ob),
i = (2A L — 218 +106¢)),
a3 = (0A G +6ul —00¢)),
dy = (248 —2p8 —1008)),
as = (115G —p& —oby),
Egs. (26)-(27) can be written as
arc! y+axc’ | +asel+dac) +asc)
=1 ]
= {1 Y di(—c*, =10 + 106} + ) — £7(0), (28)
k=0

P P P A~ A~
A1Cy o T a2y T A3Cy +daCyy g +d5Cy
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-1 ‘
=0 Y dl(—chy o —10ch;_ +10ch,, +cypi0) — f7(1).
k=0

541

(29)

From Egs. (22) for 0 <i < M, and (23)-(24) as well as (28)-(29) a linear system of M + 5 equations with
M +5 unknowns ¢’ ,,¢’ |, ...,c1;. 1, ¢l is Obtained. In the matrix form this system can be written as

ACT = §y(d’_\BCI™' +d_,BCI> + ..+ d}BC") — F
= QB(d]_|CI™" +d]_,CI7? + .. +d{C”) — F,

or

where

. - .
C/'=A""(&BY dalct—F),

k=0

J _ [ J J JoJ J T
C —[Ciz,Cil,CO,...,CM,CM+1,CM+2] ,

FJ = [f(-x—27tj)7f(x—17tj)7f(-x07tj)7"‘7f(-xM7tj)7f(xM+l7tj)7f('xM+27tj)]T7

as well as A,B are the quasi five-diagonal (M +5) x (M + 5) matrices as follows:

[0
—G1/%
1
0

It is worth mentioning that to obtain the C* = |

SR

0
—108;1/ 8o
26

1

26
17)
az
ai

0
0
66
26

0

66 26 1 O
4z ds4 das O
as a4 as O
dp) d3z d4 da4s
ay a, az dads as
0 a ay a3 ay
0 & a4 a3 ag
0 1 26 66 26
0 0
1081/8  Ci/%o
26 1
66 26
26 66
1 26
—&1/6 —1081/&
0 0
0D,

- o O O

26
66
0
0

0
0
0
0
1 0
26 1

1081/ €1/
0 0 |

(30)

(31

ey, 1> S, +2]T, the initial condition

g(x) = X2 Ysi(x) is used, and the following relation is derived:

C’ =4,"Go,

(32)
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where
-1 —-10 0 10 1 0 0
1 2 -6 2 1 0 0
1 26 66 26 1 0 0
0 1 26 66 26 1 0
Ao = : : : S
0 1 26 66 26 1 0
0 0 1 26 66 26 1
0 0 1 2 -6 2 1
| O 0O -1 —-10 0 10 1 |
and

G° = [8" (%0), §18' (x0), S0g(x0), -, og(xm), §18 (x0), Sag” (xmn)] .

4 Stability and convergence analysis

The primary objective of this section is to analyze the convergence and stability of the proposed method.
Let u(x;,t;) and #(x;,t;) be the exact solution and approximate solution for problem (1), respectively.

Theorem 3. The proposed numerical scheme defined as (31) for solving the FADE (1) is unconditionally
stable.

Proof. The Neumann-Fourier method is used to analyze the stability of the proposed method (31). For
this purpose, suppose that f(x,#) = 0 and

Sl-j :u(xi,tj)—ﬂ(xl-,tj). (33)
By using Eq. (33), the error equation can be obtained as

aleiﬁz +028i£1 +a38ij +aq€i+ 1/ —l—a5£i]+2

j-r (34)
=0 Y dl(ef ,+26ef | +66¢ef +26¢f, | +£f\,).
k=0
The error function 8l-j can be chosen in a Fourier form as
e = @i, (35)

where 0 = A A,, i =+/—1, and ® is the time dependent parameter of error and the exponential term
represents the spatial dependence. Substituting Eq. (35) into Eq. (34), one can derive that

@/ 0 [alei(fz)e + a0 1 a3 4 auel1)0 —|—a5ei(2)9]

. -1 . . ; i i
_ eue[co Zdliq)k(el(fZ)G +26el(*1)9 +66el(0)9 +26e1(1)9 +e1(2)9)], (36)
k=0
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The above equation can be rewritten as

DI [(AG +uli —680)e D0 + (28 + 101 — 260 ¢)e! 7P

+(- 6Acz—66cco> + (248 — 108 —2606)e V0 + (A8 — ul) — 68p)el

=& Z d] D (2c05(26) + 52c0s(8) + 66),
k=0

= &/[(2A 8 —26¢y)cos(20) + (418 — 5268y )cos(0) — 2iu;sin(20)
—201.LLC131”( )+ (=648 —660¢))]

=& Zd K (2c05(260) + 52c0s(8) 4 66),
k=0

= 4@/ MCZ(Sln (0) + 2sin? ( g )+ GCO(COSZ(G) +26c0s2(g) +3)
”fl (sin(20) + 10sin(8))]
=1 0
=46 ), d/®*(cos*(0) —|—26cos2(§) +3).
k=0
Now, from Eq. (37), one can conclude that
Gom Lo d{®*
A&m+oln: — “Cl n3
Conlq)maxzj ldj
ALm+obn — ”C‘ UE
GCOTD(I)%mx
 ALm+oln — %Th

P/ =

where

0
N1 = sin*(0) +2sin2(§),

0
N2 = cos?(0) —|—26cos2(§) +3,
M3 = sin(20) + 10sin(6),
(050|m21)? | Phas |

(AGami +08om)? + (45173)2
<|®,

@ =

’ 2
max

Since
)2 ( ,LL Cl

(0CoIm))* < (A& +obom: )%,

2)9]

543

(37)

(38)
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|®/| < |®}ar| for j > 1 and one can easily derive that
@/ <[@%, j=1.
Finally, from (35) and (39), it can be obtained that
e <[’ =1
Therefore, the proposed method is unconditionally stable.

Statement and proof of the main convergence theorems now follow.

M+2
Theorem 4. Let i/ (x Z cksk ) be a unique quintic spline interpolant and i/ (x
k=—2

M. Adel, et al.
(39)
(40)
O
M+2

Z cksk ) be

k=-2

the approximation function to the exact solution u/ (x) of (1) at the j-th time level. Further, f € C?[0,1]

and u € C'°[0, 1], then there exists a constant R independent of A, such that
18 (x) = @/ (x) |- < R(A)*.
Proof. At the j-th time level, one can write
a8, +arél | +asel +asél, | +asel,,
= o ]_Z] d] (e, 262, +660F +268%,, + ko) — f.
k=0
Consequently, it can be shown that
al(cl-’;z — 6{,2) —i—az(C,j,l ) +03(C —¢ ) +a4( Civ1— dﬂ)
+ “5( Ci2 ™ A{Jrz)
={ Zd’ Ky — ) +26(ck — ek ) +66(ck — k) +26(ck, —
+ <cf+z = &) = =),
and assuming élj (ck — &) the error equation is obtained as follows

aléf 24—a2é1 1%—a3é44—a4éi+14—a5é£+2

—COde (&5, +268° | + 6665 +2605+ &5 ) — (ff — 7).
k=0

Ak)

(41)

(42)

(43)

(44)

For j =1, due to the fact that & ek =0,fork=i—2,i—1,i,i+ 1,i+ 2, it can be derived that

a1é1172 _’_QZé\llfl +a3é\ll +a4éll+l +a5é\ll+2
= God} (&), +268) | +668) +268) +&2,) — (£ — 1)
—(f = 1h-

(45)
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Using Taylor’s series expansion, the following result can be obtained for sufficiently small A,:

N

(a1 +ay +as+ag+as)él = —(f — f1). (46)

Considering the established Z a; = 0, it is permissible to write that
I=1

o =—(fi = 1)
1 71 kA6

$|e1\_y(f f)|< L <AL (47)

By the principle of mathematical induction, it is presupposed that a corresponding relation is valid

for n < j—1. Now we prove that the result is true for n = j. By using the Taylor’s series expansion, the

following result can be obtained for sufficiently small A,:

(m+@+%+m+%)
J=

= de (1208%) — (f/ = /)

k=

< A] l ZdJ
< (@ha)o = (= 7).

f f’l
= |€/| < |€max‘ -
< k1 AY — kA8
< ksAy, (48)

ol }+. Now, subtracting (7) from (5) it can be obtained that

W (x) =0/ (x) =YMH2(c]—e)si (x)
= LM elsi(x). (49)

~1
where &g = max{el , ll,

By taking the maximum norm on both sides of (49) and then using (4) and (6), it can be derived that

M+2

1 (x) = 27 () |0 < & Y, |87 (%)
i=—2

9 (50)

O

Theorem 5. Let it/ (x) be a unique quintic spline interpolant to the exact solution u’(x) of Eq. (1) at the
j-th time level. Further, f € C?[0,1] and u € C'°[0,1], then there exists a constant R independent of A,
such that

! (x) = @ (x)[|. < R(A)*. (51)
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Proof. As a consequence of Theorem 2 for case k = 0, it easily can be obtained that
lae? (x) = (x) o0 < Ru(Ax)°. (52)
Using the triangle inequality, one can write

lee? () = @ () [l <l () = 27 () oo + 127 () — & (3)

< Ri(A)° + Ry (AL)* (53)
< R(A)Y,
where R = max{R;,R,} is a constant independent of A,. Hence, theorem is proved. O

Theorem 6. Let u/(x) and it/ (x) be the exact solution and approximate solution of problem (1), respec-
tively. Then, the proposed scheme (31) is convergent and the solution satisfies

[/ (x) = @ (x) | < C1(A)* +Cu(A)* 4, (54)
where Cy and C, are positive constants.

Proof. By using Theorem 5 and Eqgs. (13)-(14), one can deduce the stated result. O

5 Numerical results

In this section, some numerical examples are presented to elucidate the efficacy of the proposed method-
ology. To validate the method’s performance, numerical experiments were conducted on a computing
platform featuring an ADM Sempron(tm) 140 processor, 2.70GHz, with 2.00GB of RAM, utilizing
custom-developed code implemented in MATLAB 2015. Across all examples, it is presupposed that
A, =1/M,A, =1/N, M ={8,16,32,64} and N = {8,16,32,64} as well as the errors are calculated by
the following formula

Eoo = [lulx, 1) = ii(x, 1)|oo- (55)

Suppose that E..(A,,A;) = O(AL + Al). If A, be sufficiently small, it can be written that E(Ay,A;) =

(A7) and Ew(Ay, %) = cz(A—K?) then k7 = % and g = log( E“((i’”’g)) ). Similarly, if A, is sufficiently

). In the rest of this section, we select k = 2 and rename the p as space

Eo(A,A)
EW(ATX:AT)
convergence order (S.C.0O.) and ¢ as the time convergence order (T.C.O.).

small, we have p = log,(

Example 1. Consider the TFADE as follows:

6
ato'su = Mxx+ mtzsx(l —x) +2(1 +t3>,

u(x,0) =x(1—x), (56)
u(0,1) =u(l,r)=0.
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Figure 1: The exact solution and the numerical solution of the proposed method with N = 64, M =64, t = 1 for
Example 1

u(x,t)

Figure 2: The numerical solution by the proposed method when N = 64,M = 64,0 <t <1 for Example 1.

It is clear that Eq. (56) is a heat equation, which is a special case of the advection-dispersion equation.
The exact solution of this problem is u(x,t) = x(1 —x)(1+¢3).

The solution obtained from the proposed scheme is demonstrated in Figure 1 for ¢+ = 1 and Figure 2
for 0 <t < 1. In Table 2, the error values of Example 1 are listed for M =32 and N =4,8,16,32,64,128.
From this table, it can be concluded that when the time step size A, is reduced by a factor of %, the error
E.. decreases by about to (%)2*0‘. In Table 3, the error values for M = 4,8,16,32,64 and N = 10000 are
shown. Considering this table, it can be derived that when the space step size A, is reduced by a factor
of %, the error E.., decreases by about (%)4. It is patently obvious that the numerical results corroborate
the claims regarding the order of convergence in both time and space.
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Table 2: Error comparison of the proposed method versus the method outlined in [12] concerning M = 32 and
N =4,8,16,32,64,128 for Example |

proposed method method in [12]

N E. T.C.O. | C.P.U. time(s) | E.. | T.C.O.
4 [3.1311x107° | — 0.071 1.2465x 1072 | —

8 | 1.2162x 1073 | 1.3642 0.071 3.2353 x 1073 | 1.9459
16 | 4.5560 x 107* | 1.4165 0.181 8.5367 x 107* | 1.9221
32 | 1.6703 x 1074 | 1.4477 0.328 2.2920 x 107+ | 1.8971
64 | 6.0328 x 107 | 1.4692 0.685 6.2815x 107 | 1.8674
128 | 1.6735x 1075 | 1.4899 1.368 1.7656 x 107> | 1.8309

Table 3: The error values of proposed method with M = 4,8,16,32,64,128 and N = 10000 for Example 1

proposed method

M Ew S.C.0. | C.P.U. time(s)
4 129023 x 1074 — 412.261
8 | 3.3004 x 1077 | 3.1365 417.573
16 | 4.0264 x 107¢ | 3.0351 438.529

32 | 3.2615x 1077 | 3.6259 493.924
64 | 3.8338 x 1078 | 3.0887 615.630

Example 2. Consider the TFADE as follows:

6
025U = Ay, — 3u, + T(3.5) >3 sin(zx) +4m* (1 +13)sin(mx)
+37(1+1)cos(mx),
w(0,1) = u(1,1) = 0, (57)

u(x,0) = sin(mx).

The exact solution for this problem is u(x,#) = (1 +¢3)sin(7x). The numerical solution of the pro-
posed scheme is illustrated in Figure 3 for t = 1 and Figure 4 for 0 <¢ < 1.

In Table 4, the error values and time convergence orders are presented (for N=4,8,16,32,64,128 and
M = 32) in Example 2. As evident from the table, the obtained results confirm the theoretical findings.
Also, by the data in Table 5 (with M=4,8,16,32,64 and N = 10000 for Example 2), the proposed method
exhibits markedly lower errors and higher convergence rates compared to the approach in [1], demon-
strating its superior computational efficacy. The improved accuracy and robust convergence behavior
validate the methodological advancements of this work, setting a new standard for subsequent research
in the field.
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Exact Solution
d Numeric Solution

Figure 3: The exact solution and numerical solution of proposed method with N = 64, M = 64, t = 1 for Example
2

Figure 4: The numerical solution of the proposed method with N = 64, M =64, 0 <t < 1 for Example 2

Table 4: The error values of proposed method with M = 32 and N = 4,8,16,32,64,128 for Example 2

proposed method
N E. T.C.O. | C.P.U. time(s)
4 [32894x1073 — 0.140
8 | 1.2753x 1073 | 1.3670 0.217
16 | 47707 x 10~* | 1.4186 0.196
32 | 1.7466 x 10~* | 1.4496 0.360
64 | 6.2946 x 107> | 1.4724 0.728
128 | 2.2283 x 107° | 1.4982 1.428
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Table 5: Comparison of the results of the proposed method with presented methods in [1] with N=10000 for
Example 2

proposed method method in [1]
M E. S.C.0. | C.PU. time(s) | Ew | s.c.o.
4 | 1.243x107° — 423.905 1.037 x 107! —
8 | 8216 x107° | 3.9194 432.161 2.574x 1072 | 2.0126
16 | 6.046 x 1076 | 3.7642 450.025 6.702 x 1073 | 1.9395
32 | 4.788 x 1077 | 3.6586 506.333 2.048 x 1073 | 1.7442
64 | 8.979 x 1078 | 2.4147 621.099 8.067 x 107* | 1.3098
O T T T T T T T T T
Exact Solution f
M Numeric Solution
-0.02 b
-0.04 b
-0.06 T
-0.08 -
0.1 R
0.12 b
0.14

Figure 5: The comparison between the numerical solution and exact solution of Example 3 in case N =M =
64, r=1

Example 3. Consider the TFADE as follows:
—60

———x(x— )7 =502 -1)+ (2x—1)(1-0.5°

Ry T =520+ e (1 -055)

u(0,t) =u(l,t) =0,

u(x,0) =x(x—1).

The exact solution for this problem is u(x,t) = x(x — 1)(1 —0.5¢°). Figure 5 illustrates a comparison
between the numerical solution and the exact (analytical) solution for Example 3 at t = 1, while in Figure
6, only the numerical result obtained from the presented method is depicted in 0 < ¢ < 1. The close
agreement between the two curves in Figure 5 serves as strong evidence of the high accuracy achieved
by the proposed method. Table 6 presents the error values and time convergence orders for various
values of N and constant value M = 32 for example 3. The results not only corroborate theoretical
predictions but also clearly demonstrate the accuracy and efficiency of the proposed method.

8t0'3u = SUyy — Uy +

Table 7 encapsulates the outcomes of our proposed method, demonstrating its capability in reducing
computational errors and improving accuracy. The error values systematically decrease as the underlying
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Figure 6: The numerical solution by the proposed method when N = 64,M = 64,0 <t < 1 for Example 3

Table 6: The error values of proposed method with M = 32 and various values of N for Example 3

proposed method
E. T.C.O. | C.P.U. time(s)
4 [35390x107% ] — 0.090
8 | 1.3592x107* | 1.3806 0.112
16 | 4.8327x 107 | 1.4919 0.187
32 | 1.6469 x 1075 | 1.5531 0.345
64 | 5.4995x107° | 1.5824 0.655
128 | 1.8424 x 107% | 1.5777 1.333

Table 7: The error values of proposed method for various values of M and N = 10000 by Example 3

proposed method
M E. S.C.0. | C.PU. time(s)
4 [ 7.8782x107° — 444.394
8 | 9.0063 x 107° | 3.1288 451.219
16 | 1.1005 x 107° | 3.0327 476.527
32 1 9.2223 x 1078 | 3.5769 521.702
64 | 2.0281 x 108 | 2.1850 676.036

computational parameter M increases, indicating enhanced precision. Additionally, the convergence
behavior showcased in the results reflects the method’s efficiency in approaching the true solution with
higher computational refinement.

The analysis not only highlights the method’s effectiveness but also provides insights into its conver-
gence dynamics. These findings reinforce the method’s suitability for tackling complex computational
challenges.
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Figure 7: Comparison of the exact solution with the approximation solution obtained from the proposed method
when o =0.75,A =1,y =0and N = 64,M = 64,t = 1,k = 10 for Example 4

Our last example demonstrates the success of the proposed method in the case where the solution to

the problem is a damped oscillatory function.

Example 4. Consider the TFADE as follows:
0% u = Auyy — Luy + f(x,1) (58)
u(0,¢) =u(l,t) =0,
u(x,0) = (14 p)e *sin(2kmx),

where

lo] (ot

)> e Msin(2kmx)

A Th+1-a
N (59)
— A1+ p)e™ (A% — 4k*m*)sin(2kmx) — 4kmAcos(2kmx))
+ (1 + p)e® = (= Asin(2knx) + 2kncos(2kTx)) .
The exact solution is
u(x,t) = (1+ p)e®  sin(2kmx) (60)

To get a numerical solution, put @ =0.75, A =1, 4 =0 and set M = N = 64, k = 10. The exact solution
fluctuates 10 times in the interval [0, 1]. In this case, the proposed method solve this problem in 4.392925
seconds Elapsed time. Figure 7 compares the exact solution with the approximation solution obtained
from the proposed method, and Figure 8 shows its error. To get an solution with more oscillatory, put
k = 30. In this case, the exact solution oscillatory 30 times in the interval [0,1]. Put & = 0.75, A =
I, u =0and N =256, M = 256. In this case, the proposed method solve this problem in 63.871688
seconds Elapsed time. Figure 9 compares the exact solution with the approximation solution obtained
from the proposed method, and Figure 10 shows its error.

As can be seen, when k = 30, the exact solution has 61 zeros in the interval [0,1]. To obtain an
approximate solution using the spectral method, polynomials of degree at least 61 must be used, which
will have a computational error. In other words, it is difficult to obtain an acceptable approximation for
this problem using spectral methods. This shows the superiority of the proposed method over spectral
methods.
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Figure 8: The error of numerical solution by the proposed method when o« =0.75, A =1, u =0and N =64, M =
64, t = 1 for Example 4

Exact Solution

F N - Numeric Solution |

o N

Figure 9: Comparison of the exact solution with the approximation solution obtained from the proposed method
when ¢ =0.75, A =1, u =0and N =256,M = 256, = 1,k = 30 for Example 4

6 Conclusion

This paper presented a novel and unconditionally stable numerical method for the fractional time advection-
dispersion equation. By combining the L1 scheme for temporal discretization with quintic B-spline func-
tions for spatial approximation, the proposed approach yielded a solvable system of algebraic equations.
The compelling evidence from numerical experiments unequivocally demonstrated the method’s effi-
ciency and effectiveness in accurately simulating the behavior of the target equation. The development
of this stable and accurate numerical tool represents a significant contribution to the field, offering a ro-
bust approach for analyzing a wide range of phenomena modeled by fractional time advection-dispersion
equations. While the method performs best for smooth solutions, it handles moderately non-smooth cases
(such as those with sharp gradients) more effectively than global spectral methods, due to the local sup-
port of B-splines. Extension to higher dimensions is straightforward using tensor-product B-splines, but
denser matrices increase memory and computation time for large grids or 3D problems though still lower
than traditional spectral methods requiring more terms or higher-degree polynomials. Efficient solvers
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error

10710
o

Figure 10: The error of numerical solution by the proposed method when o« = 0.75, A =1, gy =0and N =
256,M = 256,t = 1 for Example 4

are recommended for practical applications. Future research endeavors could explore the extension of
this methodology to problems in higher spatial dimensions and investigate its applicability to nonlinear
formulations of the fractional time advection-dispersion equation.
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