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EFFICIENT MULTISTEP METHODS FOR TEMPERED
FRACTIONAL CALCULUS: ALGORITHMS AND SIMULATIONS *
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Abstract. In this work, we extend the fractional linear multistep methods in [C. Lubich, STAM
J. Math. Anal., 17 (1986), pp.704-719] to the tempered fractional integral and derivative operators
in the sense that the tempered fractional derivative operator is interpreted in terms of the Hadamard
finite-part integral. We develop two fast methods, Fast Method I and Fast Method II, with linear
complexity to calculate the discrete convolution for the approximation of the (tempered) fractional
operator. Fast Method I is based on a local approximation for the contour integral that represents the
convolution weight. Fast Method II is based on a globally uniform approximation of the trapezoidal
rule for the integral on the real line. Both methods are efficient, but numerical experimentation
reveals that Fast Method II outperforms Fast Method I in terms of accuracy, efficiency, and cod-
ing simplicity. The memory requirement and computational cost of Fast Method II are O(Q) and
O(Qnr), respectively, where ny is the number of the final time steps and @ is the number of quadra-
ture points used in the trapezoidal rule. The effectiveness of the fast methods is verified through a
series of numerical examples for long-time integration, including a numerical study of a fractional
reaction-diffusion model.

Key words. fractional linear multistep method, fast convolution, (tempered) fractional integral
and derivative, fractional activator-inhibitor system, fractional Brusselator model.
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1. Introduction. Fractional calculus is emerging as a powerful tool to model
various physical processes involving anomalous diffusion. Under the framework of
the continuous time random walks (CTRWSs) model, the fractional Fokker-Planck
and Klein-Kramers equations [26] are derived with power law waiting time distribu-
tion, assuming the particles may exhibit long waiting time. However, for practical
physical processes, it is necessary to make the waiting time finite, for example, the
biological particles moving in viscous cytoplasm and displaying trapped dynamical
behavior must have finite lifetime. This leads to the tempered Fokker-Planck equa-
tion corresponding to the CTRWs model with a tempered power law waiting time
distribution [31, 7]. For more applications of tempered fractional calculus and differ-
ential equations in poroelasticity, ground water hydrology and geophysical flows, see
[9, 3, 25, 24, 23].

The aim of this paper is to develop fast and memory-saving methods for discretiz-
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ing the (tempered) fractional integral of the following form

1 t
(1.1) o) / (t—s)* T t=)y(s)ds, a<1,0>0.
@) Jo

If @ < 0, the above integral is interpreted in terms of the Hadamard finite-part
integral, which is equivalent to the (tempered) fractional derivative of order —a, see
Lemma 2.7.

When o = 0, (1.1) reduces to the Riemann-Liouville (RL) fractional integral
of order (v > 0) or the RL fractional derivative of order —a (o < 0). Thus,
the method developed in the present paper is a general framework for (tempered)
fractional calculus. Therefore, we will mainly focus on the fast computation of the
tempered fractional integral (1.1) for o < 0. Recently, some numerical methods
have been developed to solve the tempered fractional differential equations via finite
difference methods, see [3, 5, 13, 20]. However, fast and memory-saving methods for
tempered fractional differential equations are limited.

In this paper, we extend Lubich’s fractional linear multistep methods (FLMMSs)
(see [18]) to discretize the tempered fractional integral and derivative operators, which
yields the discrete convolution as

n
(1.2) T Zwﬁoﬁz)uk, 0<n<nr,
j=0

where 7 is the time step size, np is a positive integer, « is real, ¢ > 0, w,(ga’g) are the
convolution quadrature weights, and u, can be any number; see Section 3 for details.

The discrete convolution (1.2) requires O(nr) active memory and O(n2.) arith-
metic operations by direct computation. Thus, the direct calculation of (1.2) becomes
computationally expensive when it is applied to discretize time-fractional partial dif-
ferential equations (PDEs). Recently, some progress has been made to reduce the
memory requirement and computational cost of the discrete convolution for approx-
imating the RL fractional operators [1, 12, 15, 17, 21, 34, 36]. For the fast methods
based on piecewise polynomial interpolation, the kernel function in the fractional op-
erators is approximated by the sum-of-exponentials, that is to say, the quadrature
weights w(™ in (1.2) originate from interpolation; see [12, 15, 34, 35].

In this work, we develop two fast methods for calculating (1.2) with the quadrature
(e,0)

weights wy, *°’ derived from generating functions, where the methods in [12, 15, 34, 35]
cannot apply here. The basic idea is to re-express the weight o.h({l’g) as an integral

form. In the first method, we express wi™”) as a contour integral of the form

n .

(1.3) W) = — — / A1 = A7) EL (N d,
2mi c
then a suitable contour quadrature (such as Talbot, hyperbolic, or parabolic contour
quadrature) is used to discretize (1.3). The case of o = 0 has been investigated in
[1, 17, 36]. The detailed derivation of (1.3) is illustrated in [17, 36]. In this work, we
extend the method in [36] to the tempered fractional calculus (o > 0) to obtain Fast
Method I, in which the Talbot contour quadrature used in [36] is also applied here.
The second method is inspired by [1], where a Hankel contour beginning and end-
ing in the left half of the complex plane is applied to transform the contour integral
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into an integral on the half line, which is discretized by a multi-domain Gauss quadra-
ture, yielding a uniform approximation. We can also choose the same Hankel contour

as in [1] to express the quadrature weight w,(la’g) defined by (1.3) as an integral on the
half line

(L4) e = haagonorSalom)
7T

/ X1+ A7) E (=X dA
0

The above integral is further transformed into an integral on the real line by letting
A = exp(x); see (4.11). Finally, the exponentially convergent trapezoidal rule [32] is
applied to obtain a uniform approximation for (1.4), which leads to Fast Method II.

We list the main contributions of this work as follows.

e We extend the fractional linear multistep methods (FLMMs) proposed in
[18] to both the tempered fractional integral and derivative operators, where
the tempered fractional operators are interpreted in terms of the Hadamard
finite-part integral, which significantly simplifies the results in [4].

e We develop two new fast methods, Fast Methods I and II, to calculate the
discrete convolutions to the approximation of the (tempered) fractional in-
tegral and derivative operators. Fast Method II outperforms Fast Method 1
in terms of accuracy, efficiency, and coding simplicity, and has the following
advantages.

(a) The time interval is not divided into exponentially increasing subinter-
vals, which makes the implementation of Fast Method II much easier
than Fast Method I and the existing fast methods in [2, 30, 36].

(b) Only real operations are performed and the recurrence relation (4.20)
used in Fast Method II is stable.

(¢) Fast Method II also works very well for fractional orders greater than
one.

(d) Using the same number of quadrature points, Fast Method II achieves
higher accuracy than Fast Method I.

We emphasize that Fast Method I still works well. The obvious disadvantage of
Fast Method I is that its implementation is more complicated than Fast Method II.
We compare the two fast methods to show the superiority of Fast Method II over Fast
Method I. We focus on the use of Fast Method II to solve fractional models through
numerical simulations.

This paper is organized as follows. In Section 2, we prove that the tempered frac-
tional derivative can be interpreted in terms of the Hadamard finite-part integral. This
interpretation helps us to extend Lubich’s FLMMs to both the tempered fractional
integral and derivative operators directly, see Section 3. In Section 4, we propose two
fast methods for approximating the discrete convolution in the considered FLMM for
the tempered fractional operator, and we also make a comparison between these two
methods. Fast Method II is applied to solve tempered fractional ordinary differen-
tial equations and a coupled system of nonlinear time-fractional activator-inhibitor
equations in Section 5 before the conclusion is given in the last section.

2. Preliminaries. In this section, we introduce definitions of fractional integrals
and derivatives, and the properties that will be used in this paper.

DEeFINITION 2.1 (RL fractional integral). The RL fractional integral operator
I u(t) of order a(a > 0) is defined by

(2.1) 1§ u(t) = ﬁ/o (t — 5)* tu(s)ds.
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DEFINITION 2.2 (RL fractional derivative). The RL fractional derivative operator
r DG, of order o is defined by
1 dm t
t — m—a—1 d
o | € as).
where m — 1 < a < m, m s a posilive integer.

DEFINITION 2.3 (Tempered factional integral). The tempered fractional integral
operator 15" of order a (o, 0 > 0) is defined by

(22) RLDS‘)t’UJ(t) =

(2.3) I u(t) = ﬁ/@ (t — 5)2 ety (s) ds.

DEFINITION 2.4 (Tempered fractional derivative). The tempered fractional
derivative operator Dgf of order oo > 0 is defined by

Dgiu(t) =0 + o)™ 15" “u(t)

1 t
)/(t—s)mf"‘*le*”(hs)u(s)ds ,
0

F'(m-—«

(2.4) P [

where o >0, (9, +0)" =3 1" (F)0Fc™ %, m—1 < o < m, m is a positive integer.
Next, we introduce the Hadamard finite-part integral, which plays a crucial role
in the numerical approximation of the (tempered) fractional derivative operator.

2.1. Fractional derivatives in the Hadamard sense. In [28, 29], the RL
fractional derivative operator is proved to be equivalent to a Hadamard finite-part
integral. In this section, we extend this proof to the tempered fractional calculus.

DEFINITION 2.5 (Hadamard finite-part integral, see [28, 29]). Let a function f(x)
be integrated on an interval (e, A) for any A > 0 and 0 < e < A. The function f(x)
is said to possess the Hadamard property at the point x = 0 if there exist constants
ak,bg and A\ > 0 such that

A N
1

2.5 dz = "M+ byIn = +
(2.5) /6 f(z)dx ;ake + One—i— o(e),
where lime_,q Jo(€) exists and is finite, which is also denoted by

A
(2.6) P.V./ f(z)dz = lim Jy(e).

0 e—0

LEMMA 2.6 (see [29, p. 112]). The RL fractional derivative rrDg u(t), a >
0, # 1,2, ..., is equivalent to the following integral in the Hadamard sense, that is

(2.7) rLDG u(t) = ﬁP.V./O (t —s)"u(s)ds.

LEMMA 2.7. The tempered fractional derivative of order o > 0 is equivalent to
the following Hadamard finite-part integral

(28) DG (D) = Fay

t
P.V./ (t —s) 2 tem o3y (s) ds.
0
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29 1037003 (1) (5

where we have used f)(t) = (—=o)ke " = (—a)k f(t).
In the following, we will prove that

T 1O R A

Obviously, one has > ;" ; (") (’;)(—1)’“‘j =1for j=m. For 0 <j <m—1, we have

S A VAV IR VIR ) k!
,;(k)(j)( R D ey I it
211 _m(m—1)-- —Jjt) <« ] 1)k7j
240 J! ; =)
m(m—1)---(m—j+1)

Combining (2.9) and (2.10) yields

g0, _ (m) _ G_Utﬁ # ' — s m—a—leasu s)ds

e—Ut t L
——P.V./ t—3s) e u(s)ds,

where Lemma 2.6 is applied. The proof is complete. O

3. Fractional linear multistep methods (FLMMSs). In this section, we ex-
tend Lubich’s FLMMs (see [18]) to discretize the tempered fractional integral and
derivative operators. For convenience, we introduce the following notation:

n

(3.1) D‘J“’V’”"u—T_O‘Zw(o“7 (u(tr) — up) Zw(ag k) — Uo),

where 7 is the step size, ¢, = k7 is the grid point, v = (71,72, -+ ), V41 > 7; > 0, and

the quadrature weights w,(ca’g) are chosen such that D277 is a stable approxima-

tion of [Dg)’f‘ (u(t) — uo)] 1 - When the quadrature weights w,(ca’g) are determined,
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the starting weights wfla,;a)(l < k < m) will be chosen such that D77y =
[Dg)’f‘u(t)]t:t for some u(t) =17, 1< j < m.

The convolution quadrature weights w,(ca’a) in (3.1) can be given by the following

generating functions; see [18].
e The fractional backward difference formula of order p (FBDF-p):

2) w<w><z>=<2%<1—ze-”>’“> s

k=0
e The generalized Newton—Gregory formula of order p (GNGF-p)

o0

P
(83) W@ () = (1-2e77)" Y geoa(l =z ) =YL,

k=1 k=0

where go = 1 and g1 = «/2; see [8] for gx(k = 2,3,4,5).
e The fractional trapezoidal rule

1—ze77)\* &
4 (e,0) _ ( _ (ev,0) k'
4 v (2<1+ze-w>> 2

e See (3.6) for other choices of the coefficients o.),(f’g)

Under suitable conditions, (3.1) is a p-th order approximation of Dg’/* (u(t) — uo)
if the generating function (3.2) or (3.3) is used, and a second-order approximation is
derived if (3.4) is applied.

From [18], we immediately derive the following two theorems.

THEOREM 3.1. Let a« € R, § > 0. Then for u(t) = t°, one has

(3.5) [Dfu(t)],_, = DPor0Mu 4+ Oty 7 rP) + Oty 170,

n

THEOREM 3.2. Let (p,6) denote an implicit linear multistep method (LMM)
which is stable and consistent of order p, i.e., p(z) and &(z) are the characteristic
polynomials of the LMM of order p for the first-order ordinary differential equation.
Assume that the zeros of (z) have absolute value less than 1. Let w(z) = Wz g

A(1/2)
(3.6) W@ (2) = (w(ze 7)) = Zw,(ca’a)zk.
k=0
Then, we have
(3.7 (D57 (w(t) = w()],_,, = DI u+ ().

=ln

Next, we discuss how to implement the fast computation of the convolution

quadrature coefficients w,(ca’a) defined by (3.2), (3.3), and (3.4). In fact, we need

only to consider how to derive w,(ga’a) defined by (3.2), since w,(ca’a) given in (3.3) and
(3.4) can be derived from the coefficients given in (3.2) for p = 1. For the FBDF-
p given in (3.2), the coefficients satisfy w,(f’g) = e_’”"w,(ca’o), where w,(f’o)

efficiently calculated by the recurrence formula; see, e.g., [6, 14].
6
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4. Fast calculation. In this section, we present fast calculations for the con-
volution 77 Y7} 7(10‘ Z)u( t;.) defined in (3.5), where the coefficients o.),(f"d) can be
derived from (3.2), (3.3), (3.4), or (3.6). The key idea is to represent the coefficients
w,(ca’g) using the integral formula and then approximate it using numerical quadra-
ture. We first extend the fast method in [36] to calculate the discrete convolution
(D D 7(;1 Z)u( t) in (3.1), which is called Fast Method I in the following context.

Then we propose the second fast method based on the approaches in [1, 19, 36], which
is called Fast Method II.

4.1. Fast Method I. Following the approach developed in [36], the convolution

o)

quadrature weights ws?’ in (3.5) can be expressed as

14+a,—not
(4.1) wl@o) = gmnoTy(a0) — L/ A1 = A7) EL (A dA,
Cy

" 21

where C; is a contour that surrounds the poles of (1 — A7)~1=" and F,,()\) (see also
(38) in [36]) is related to the FLMM (3.1) defined by the generating functions, which
is given by

(4.2) E,(\) = (TA) " “w@0 (1 = 7).

A)”
where w(®9(z) is defined by (3.2), (3.3), (3.4), or (3.6)
To approximate the contour integral (4.1) with high accuracy, we apply the trape-
zoidal rule based on the Talbot contour (see, e.g., [17, 36]) to obtain

N—-1
a0 ~(a,0 o _ —noT L £)\a 14 —1—-n V4
(43) W ~ 50 = 27140 I [ 37 W@ (Ao (1 - AOr) 1 (0 0)
Jj=0

(0

where the quadrature points )\;e) and weights w; "’ are given by (see, e.g., [33, 36])

(4.4) M) = 2(0;,N/Ty),  w\? = 0p2(0;, N/T2), ;= (2j +1)m/(2N),

with 2(0, N) = N (—0.4814 + 0.6443(0 cot(6) +i0.56530)), T, = (2B* — 2 + no)T,
B > 1 is a positive integer.

According to the procedure in [19, 30, 36], we need to first find the smallest integer
L satisfying n — ng + 1 < 2B” for each n > ng. Then for £ = 1,2,...L, we obtain a
unique integer g, satisfying

(4.5) b =B with n—ng+1-0b" € [B" 2B —1].

Set bé") =n —mng and b} = 0. Readers can refer to [30] for the pseudocode for

determining g, and b(")
To develop the fast method, the convolution u{™? = 777w *%)y, s de-
composed as
n n
(4.6) ul®) = 7 waloiz)uk = Zug),
k=0 =0
with ul = D g Wnoy up, and ul) = ZZE:’;(H) w(a U)uk For each part ul, we

can use (4.3) to appr0x1mate the corresponding quadrature weights. The summary of
Fast Method I is given in Algorithm 1.



Algorithm 1 Fast Method I for approximating uslo"g) =7“ ZZ:O wr(fﬁz)uk, where
w,(ca’a) satisfies (4.1).
1: Input: the fractional order @ and o > 0, a time stepsize 7 > 0, the suitable
positive integers ng, N, and B > 2, the quadrature points /\;g) and weights wy)
(see (4.15)), the coefficients w'™ (0 < n < ng) defined by (3.2), (3.3), (3.4), or
(3.6), and the function F,(\) defined by (4.2).
2: Output: the fast approximation pul™” of u{™") (see (4.6)).
e Step 1. Find the smallest integer L satisfying n — no +1 < 2B’ for each
n > ng.
e Step 2. Determine gy according to (4.5) for £ =1,2,..., L — 1.

e Step 3. For every 1 < ¢ < L, approximate ug) by

N-1
—~ 1 1 O)\—[n—bl") — 1
47 a9 = QIm{ ST Wl F, (A (1 = A Ty O (2 >)},

Jj=0

where y® (7)) = y(é)(bgi)lﬂ bEn)T, 7A) is the backward Euler approximation

to the solution at t = bgﬁ)lr of the linear initial-value problem
(4.8) () (1) = (1) +ult), yObT) =0.
e Step 4. Calculate

(4.9) pu = u® 4 a® 4.y ald),

REMARK 4.1. Here we use the Talbot contour quadrature to approximate the
contour integral (4.1). However, other contour quadratures can be used to discretize
(4.1), such as the hyperbolic and parabolic contour quadratures. For more details, see
[2, 16, 30, 36] and references therein.

REMARK 4.2. [t is shown in [36] that the memory requirement and computational
cost of Fast Method I are about O(N logny) and O(Nnylognyr), respectively, when
ny is sufficiently large.

4.2. Fast Method II. Instead of using (4.1) for expressing the convolution
weights wi™”), we extend Lemma 9 in [1] to re-express the contour integral (4.1) into
the following form

sin(ar)

(4.10) wl®7) = plragmnor / A1+ A7) T E, (=) dA,
0

7T
where F,, is given by (4.2). The key point is how to approximate (4.10) efficiently
and accurately. Here we follow the idea in [22] and let A = exp(z). Then the integral
(4.10) becomes

(4.11) wleo) :T”‘“e_"“/ én(x)da,

where

(412)  bu@) = L+ 0@),  oe) = 22O v (o)

™



We find that ¢, (x) decays exponentially as |x| — oo for any n > ng, where ng is a
suitable positive integer. Figure 4.1 shows the exponential decay of ¢, (z) for & = 0.2
and 0.8 when the second-order GNGF (3.3) is applied, ng = 50. For the GNGF-
p and FBDF-p, and any fractional order o > 0, the corresponding ¢, (z) decays
exponentially for n > ng as |z| — oo but these results are not shown here.

10— —n=50 'l ——n=50

—o—n =500 ——n =500
10° |—&—n = 1000 10°}—6—n = 1000
—>—n = 5000 —&—n = 5000

101 |——n = 10* 1wt |—=—n=10"

—=—n=10° ——n=10°
1095 —— = 108
—>—n=10"

107 ——n = 10%
——n=10"

F
3
|3

1020

P
b

102

|3

IS

0%

(a) a =0.2. (b) @ =0.8.

Fi1c. 4.1. The exponential decay of ¢n(x) for second-order GNGF, T = 0.01.

The exponential decay of ¢,(x) inspires us to use the exponentially convergent
trapezoidal rule (see [32]) to approximate the integral [* @, (z)dz. Thus, we have

wr(La"T) ~ CJ,(f"U) =rltae moT Ay Z (1+ ewjr)_l_"d)(xj)
(4.13) g
:T1+ae—nar Z U}j(l + /\j7_>_1_n7
Jj=—00

where \; = €%, 2; = jAxz, Az > 0 is a positive number, w; = Az¢(x;).

We have the following theorem for the error of (4.13), see [32].

THEOREM 4.1 ([32]). Suppose ¢, (x) is analytic in the strip [Im(z)| < a for
some a > 0. Suppose further that ¢,(x) — 0 uniformly as |x| — oo in the strip, and
for some M, [*_|¢n(z +ib)|dz < M for all b € (—a,a). Then, for any Az > 0,

@,(f"g) as defined by (4.13) exists and satisfies

2M

(a,0) _ ~(a,0) < Flra =1 -
(4.14) |ew w7 < T |s1n(0ﬂT)|62m/Am 1

n

In real applications, we do not use (4.13). Instead, we truncate (4.13) and derive
the following modified version, which is used in this paper

Q-1
(4.15) o) =gltagmnor Z w;(1L+ N7)~ ™,
=0

where w; and \; are determined according to the property of ¢, (x) (see Figure 4.1),
which may be different from those used in (4.13).

We illustrate how to derive w; and A; in (4.15). Denote ¢y max = ‘Ir‘lax On ()
x|<oo

and Sy, (z) = {2|¢n(2)/bnmax > €, ¢ € R}, where € > 0 is given (we set ¢ = 10720
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in this paper). Find 27, = min{S ()} and 27, = max{S (x)}. Denote zpin =

min{z % , 217} and Zmax = max{xmdx, 2 1. Given a posmve integer @, let Az =
(Zmax — Tmin)/(Q — 1) and z; = Tmin + jAz. Then, w; and A; are determined by
w; = Azg(z;) and \; = exp(z;).

Based on (4.15), we give a detailed implementation of Fast Method II. We first
decompose the discrete convolution u?) = e ZJ —0 W uJ into

n n—mo—1
(4.16)  ul™) = Lu(a U) + ugzan? =7 ¢ Z wfﬁg)uk +77¢ Z wf::g)uk.
k=n—ngo k=0

Then, the local part Lu% ;m) is calculated directly. In the following, we give a simple

illustration on how to obtain Hu%an? Inserting wl®) defined by (4.11) into Hu%‘f‘;g,),

we obtain

n—mnmo—1 50
(4.17) Hult?) =t Z (n=k)or k/ (1+e"r) =R g(z)da.

— 00

Applying (4.15) to the above integral yields

n—mo—1 Q-1
H’U,glan? %Hugzan(; =T Z Uuge —(n=k)o Z U}j(l + )\j7,>—1—(n—k)
7=0
-1 n—mno—1
(418) = w;T ei(nik)m-(l + )\jT)ili(nik)uk
j=0 k=0
Q-1
:e*nm’d(l + )\jT)*(noJrl) Z wjyv(zjzn()?

j=0

where yfﬁno = 7m0 (o (1 4 A7) TR g which satisfies (4.20).
A summary of the entire procedure of Fast Method II is given in Algorithm 2.
We now compare the computational performance and accuracy of the proposed
fast methods against the direct method.
ExXAMPLE 4.1. Let u%a’a) = 77° ZZ:O wfffz)uk, where w,(la’a) satisfies (3.3).
Compute u%a*”) by the direct convolution method, Fast Method I, and Fast Method II.

Define the pointwise error el and the maximum pointwise error [e(™ | by

(1) — [y (@) _ () (@0)] /]y (@) " " . _19
en ‘u F Un |/|un |a ||6 HOO OSI}}%%/Ten ’ r 9 4
where ;})u%a’a) = Fu%a ) is the fast solution from Fast Method I and (2) u{®?) is the

fast solution from Fast Method II.

Figure 4.2 shows the relative errors of Fast Method I and Fast Method II for
Example 4.1. We can see that Fast Method II shows better accuracy than Fast
Method I when the same number of the quadrature points is used, which means
Fast Method IT saves memory and computational cost to achieve the same level of
accuracy. Furthermore, Fast Method II requires only real arithmetic operations rather
than complex arithmetic operations as in Fast Method I, which further reduces the
computational cost.
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Algorithm 2 Fast calculation of uﬁf‘*”) =T7¢ ZZ:O wr(fﬁz)uk, where o.),(f"d) satisfies

(3.2), (3.3), (3.4), or (3.6) (see also (4.10)).
1: Input: the fractional order a and o > 0, a time stepsize 7 > 0, a suitable pos-

itive integer ng, the convolution weights W) (0 < n < ng) defined by (3.2),
(3.3), (3.4), or (3.6), the quadrature points A; and weights w; (see (4.15) and its
following paragraph).

2: Output: Fu(a ),

(v,

e Step 1. Approximate the history part Humno =7 Ny Lylee)

n—

© Uk by

Q-1
(4.19) Bulowo) — g=moto(q 4 )\jT)f(n“Jrl)T Z wjy(J)

n,no n—no’
Jj=0

() ;

where y,;’ is calculated by the following recurrence formula

—TO

4.20 G) — _€ ( ©) .- ) () _ .
( ) Yy 1+AJT yn—l+Tu 1/ Yo

e Step 2. Calculate the local part Lu%%? directly and let

(4.21) pul@) = (o) 4 By lao)

n,no n,no

Figure 4.3 depicts a comparison of the computational time of the direct method
and the fast methods. We can see that both fast methods are more efficient than
the direct method for long time computation, while Fast Method II is much faster
than Fast Method I, since Fast Method II uses real arithmetic operations instead of
complex arithmetic operations in Fast Method I.

Figure 4.4 further illustrates why Fast Method II is more accurate than Fast
Method I, since the trapezoidal rule (4.15) used in Fast Method II for approximating
the quadrature weights is more accurate than the Talbot contour quadrature (4.3).
Moreover, Figure 4.4 shows that both the trapezoidal rule and Talbot contour quadra-
ture are also effective for the fractional orders greater than one and the trapezoidal
rule shows more accurate approximations.

In summary, Fast Method II is more efficient than Fast Method I for any fractional
orders a € (0,2) and o > 0. For the fractional order a € (—1,0) and « > 2, the same
effect is still observed, but the results are not displayed here.

In the following section, we apply Fast Method II to solve a number of time-
fractional differential models.

5. Numerical examples. In this section, two examples are presented to verify
the effectiveness of the present fast convolution. In the direct methods for solving
FDEs in this section, the (tempered) fractional operators in the considered FDEs are
always discretized by D>V ™" (see (3.1)) with the convolution quadrature weights
defined by (3.3) with p = 2, i.e., GNGF-2 is applied. For convenience, we define

(51) FDS.,O’,'y.,m,nu - (a U) + 7 Z U)(a G) ’U,k — ’U,O) — bgla’g)uo,

11
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Relative errors
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(a) Fast Method I, B = 5. (b) Fast Method II.

FIG. 4.2. The relative errors of Fast Method I and Fast Method II, Example 4.1: u(t) =t + 12,
7 = 0.01,0 = 0. The total number of quadrature points used for Fast Method I its N x 7 for
no = 50,7 = 0.01 and T = 1000. The same number Q = N X 7 of quadrature points are used in
Fast Method II for a fair comparison.

. Q=Nx7=20x7=140 w© Q=N x7=36x7 =252
5

—+—Fast method II —+—Fast method Il
30 ——o—Fast method | 2 ——Fast method |

—o—Direct method —o—Direct method

CPU time
CPU time

o= g
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 1000
t t

(a) Computational time. (b) Computational time.

Fic. 4.3. The computational time of direct method, Fast Method I and Fast Method II, Ezample
4.1: u(t) = t+t2, 7 = 0.01,0 = 0. The total number of quadrature points: (a) @ = Nx7=20x7 =
140; (b)) Q = N x 7 =36 X 7T = 252.

where b{"7) = 7= >0 w§a’g) and pul™?) is defined by (4.21).

All the algorithms are implemented using MATLAB 2017b, which were run in a
3.40 GHz PC having 16GB RAM and Windows 7 operating system.

EXAMPLE 5.1. Consider the following scalar FODE

(5.2) DGy (u(t) —u(0)) = —u(t) + f(u,t), u(0) =wuo, t€(0,T],

where 0 < o <1 and o > 0.
Let U, be the numerical solution of (5.2). The fully implicit fast method for
solving (5.2) is given by

(53) FD?’U’%m’nU =-U, + f(Un,tn), Uy = ug,

where p D7 ™" ig defined by (5.1), m is the number of correction terms.

We need to know Uy (1 < k < m) when (5.3) is applied. In this paper, Ux(1 <
k < m) are obtained by solving (5.3) with a small step size 2777 and m = 0 or m = 1
if there is at least one correction term. When we say the direct method is applied,
we mean that p D> ™ in (5.3) is replaced by D7 " The Newton method is
applied to solve the nonlinear system (5.3) to obtain U,,.

The following two cases are considered in this example.

12
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(¢) a=1.5,0 =0. (d) a=1.5,0 =0.5.

F1G. 4.4. The relative errors \w£f“"’) - Qsla’o)mwsﬁ"’)\ (circles) and |w£ba'a) - 57(;1’0)|/\w7(;1’0)\
(diamonds), Example 4.1, B =5, 7 = 0.01. The number of quadrature points for discretizing each
Talbot contour quadrature is N = 64; the number of quadrature points for the trapezoidal rule is
Q=N XL =064x7=448.

e Case I: For the linear case of f = 0, the exact solution of (5.2) is

u(t) = Bo(—t%)e™"",
where E, (t) is the Mittag—Leffler function defined by E, (t) = >, Wkﬂ)
e Case II: Let f = u(1 —u?) and ug = 1.
The maximum error is defined by
lelloc = max l|en|, en=u(ty)— Uy, T =10.
0<n<T/T

We first show that the use of the correction terms decreases the global error of
the method significantly for Case I. From Tables 5.1-5.2, we can see that increasing
the number of correction terms improves the accuracy significantly, and second-order
accuracy is observed for some suitable m. Numerical simulations show that the in-
accurate numerical solutions near the origin weakly affect the numerical solutions far
from the origin. We show the numerical solutions at ¢ = 10 for ¢ = 0.2 and 0.5
in Table 5.3. We can see that much better numerical solutions are obtained even if
no correction term is added and second-order accuracy is observed using one or two
correction terms.

For Case I1, the explicit form of the analytical solution is unknown, and numerical
solutions are shown in Figure 5.1. For a fixed fractional order a = 0.3, the solution
decays slower and attains a steady state as o increases, see Figure 5.1(a). We observe
similar behavior for o = 0.8, see Figure 5.1(b). For other fractional orders o € (0, 1),
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TABLE 5.1
The mazimum error |le||oo for Example 5.1, Case I, v, = ko, o = 0.5, T'= 10, N = 256, and

T m =0 Order m=1 Order m =2 Order m=3 Order
275 | 4.8036e-2 4.7715e-4 2.5974e-5 1.9848e-5

276 | 3.5869¢-2 | 0.4214 | 2.5331le-4 | 0.9135 | 1.2654e-5 | 1.0374 | 6.9865¢-6 | 1.5064
2-7 | 2.6373e-2 | 0.4437 | 1.3164e-4 | 0.9443 | 5.6593e-6 | 1.1609 | 2.3047e-6 | 1.6000
2 8

2 9

1.9175e-2 | 0.4598 | 6.7484e-5 | 0.9640 | 2.3617e-6 | 1.2608 | 7.2179e-7 | 1.6749
1.3830e-2 | 0.4714 | 3.4294e-5 | 0.9766 | 9.3879e-7 | 1.3309 | 2.1679e-7 | 1.7353

TABLE 5.2
The mazimum error |le||ss for Example 5.1, Case I, v, = ka, « = 0.5, N = 256, and o = 0.5.

T m =0 Order m=1 Order m=3 Order m=>5 Order
275 | 4.8581e-2 2.1708e-4 4.1006e-5 3.6445e-5

2=6 | 3.6270e-2 | 0.4216 | 1.2066e-4 | 0.8473 | 1.1085e-5 | 1.8873 | 1.1950e-5 | 1.6087
277 | 2.6622e-2 | 0.4462 | 6.4140e-5 | 0.9116 | 2.9336e-6 | 1.9178 | 3.5868¢-6 | 1.7363
2 8

2 9

1.9318e-2 | 0.4627 | 3.3264e-5 | 0.9473 | 7.6422e-7 | 1.9406 | 1.0161le-6 | 1.8196
1.3908e-2 | 0.4740 | 1.7008e-5 | 0.9677 | 2.3723e-7 | 1.6877 | 2.7697e-7 | 1.8753

TABLE 5.3
The absolute error |en| at t =10, Example 5.1, Case I, v = ka, a = 0.5, N = 256.

g=20.2
T m=0 Order m=1 Order m =2 Order
275 | 1.5240e-5 6.0747¢-6 1.4693e-5
2=6 | 7.9796e-6 | 0.9335 | 1.5738e-6 | 1.9486 | 4.0865e-6 | 1.8462
2*; 4.0758¢-6 | 0.9692 | 4.0084e-7 | 1.9731 | 1.1023e-6 | 1.8903
2

2.0580e-6 | 0.9859 | 1.0057e-7 | 1.9948 | 2.9090e-7 | 1.9220
1.0335e-6 | 0.9937 | 2.4856e-8 | 2.0166 | 7.5573e-8 | 1.9446
og=20.5
T m=0 Order m=1 Order m =2 Order
277 | 2.0238e-5 6.0702¢-5 4.1007e-5

2-6 | 5.0097e-6 | 2.0142 | 1.5645e-5 | 1.9560 | 1.0668e-5 | 1.9426
2-7 | 1.2174e-6 | 2.0409 | 3.9910e-6 | 1.9709 | 2.7506e-6 | 1.9554
2 8

2 9

2.8564e-7 | 2.0916 | 1.0114e-6 | 1.9804 | 7.0398e-7 | 1.9661
6.1912e-8 | 2.2059 | 2.5521e-7 | 1.9866 | 1.7910e-7 | 1.9748

we observe similar results, which are not shown here. Figures 5.2 (a)—(c) show the
difference between the fast solution and the direct solution. We can see that the two
solutions are very close, which means the error caused from the trapezoidal (4.15)
rule in Fast Method II is very small. Figure 5.2 (d) shows the computational time
of the fast method and the direct method, and we observe that the fast method
really outperforms the direct method in efficiency and saves computational cost. The
advantage of the fast method will be further displayed in the following example,
solving a time-fractional activator-inhibitor system.
EXAMPLE 5.2. Consider the fractional activator-inhibitor system [11]

(5.4) ou(z,t) = kf1(u,v) + RLDé;mazu(x, t), 0<z<D,
(5.5) Ov(x,t) = K fo(u,v) + d rr Dy 020(w,t), 0<z <D,

where u(x,t) and v(z,t) denote the concentrations of the activator and inhibitor,
respectively, 0 < a3 < 1 is the anomalous diffusion exponent of the activator, and
0 < ag <1 is the anomalous diffusion exponent of the inhibitor, d is the ratio of the
diffusion coefficients of inhibitor to activator, and k > 0 is a scaling variable that can
be interpreted as the characteristic size of the spatial domain or as the relative strength
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Fic. 5.2. (a)-(c): the difference between the numerical solutions of the direct method and the
fast method; (d): the computational time of the fast method and direct method; Example 5.1, Case
II, T =0.001, Q = 256.

of the reaction terms. The reaction kinetics is defined by the functions f1(u,v) and
f2 (ua 1)).

In our following numerical test, we will consider the Turing pattern formation in
the fractional activator-inhibitor model system described by system (5.4)—~(5.5) with
zero-flux boundary conditions at both ends of the spatial domain of length D, i.e.

(5.6) 8,u(0,8) = 8,0(0,1) =0, Syu(D,t) = dyu(D, ) = 0.

We apply cubic finite element to approximate the space of (5.4)—(5.5). For the
time discretization, we apply a stabilized semi-implicit time-stepping method, i.e.,
15



the first-order time derivative is discretized by the second-order backward difference
formula, the time-fractional derivative is discretized by the second-order generalized
Newton—Gregory formula, and the nonlinear term is approximated using a second-
order extrapolation with a stablization factor.

Let X} be a cubic piecewise finite element space defined on the uniform grids
{z;}, where x; = ih, h is space stepsize, and D/h is a positive integer. The numerical
scheme for (5.4)-(5.6) is given by: For 2 < n < ng, find u}, v} € X}, such that

(DMup,, w) + (pDE700000m9 4 0w) 4 7210 (9,0, O,w)

n

(5.7) =x(2F — FP 2 w) — sy (uf — 2u) "t +ul 2 w),  Yw € X,
(DMup, w) + d(pDE=200008 4 9w) + db =20 (9,09, d,w)

(5.8) =r(2Fy ' — FPT w) — ko(of — 207 H 0l w),  Yw € X,

(5.9) (up, w) = (u(0),w), (up,w) = (u(0) + 70u(0),w), Yw € Xp,

(5.10) (vp,w) = (v(0),w), (v, w)=(v(0)+70v(0),w), Yw € X,

where F{" = fi(uy,vp), F3 = fa(up,vp), u(t) = u(z,t), v(t) = v(z,t), k1 and Ky are
positive numbers that stabilize the time-stepping method, D?uj = (3uj — 41/,?1 +
upy?)/(21), pDE000" and ') are defined in (5.1).

Two kinds of reaction kinetics, Gierer—Meinhardt and Brusselator, will be con-
sidered for the fractional activator-inhibitor model system. We consider the same
initial conditions as those in [10], which take the forms u(z,0) = u* + eri(x) and
v(x,0) = v* + era(x). Three different types of perturbation are considered here: (i)
random, where 7;(x) is a uniform random function on the interval [—1,1]; (ii) long-
wavelength sinusoidal, r1(z) = ro(2z) = esin(qz), with ¢ = 0.4 (Gierer—-Meinhardt)
or ¢ = 0.5 (Brusselator); (iii) short-wavelength sinusoidal, r1(x) = ro(z) = esin(qx),
with ¢ = 5 (both Gierer-Meinhardt and Brusselator). We set e = 0.01 in each case.
e Gierer—-Meinhardt reaction kinetics. For the Gierer-Meinhardt reaction kinet-

ics, f1 and fo are given by

(5.11) fi(u,v) =1 —u + 3u? /v,
(5.12) fo(u,v) = u? —v.

The fractional activator-inhibitor model system defined by (5.4)—(5.6) and (5.11)—
(5.12) has a homogeneous steady state of u* = 4 and v* = 16. Standard linear
stability analysis [27, 11, 10] reveals that in the case of standard diffusion oy =
ag = 1 nonhomogeneous steady states can occur if the value of d exceeds the
critical value d* =~ 19.79, while for d < d* initial perturbations about the steady
state decay to zero and no pattern results. The critical value of d* for the fractional
Gierer—Meinhardt reaction kinetics and the corresponding maximally excited modes
over a range of « are listed in [10].

e Brusselator reaction kinetics. For the Brusselator reaction kinetics reaction
kinetics, f1 and fy are given by

(5.13) fi(u,v) =2 — 3u + u?v,

(5.14) fa(u,v) = 2u — u?v.

In this case, the homogeneous steady-state solution is given by v* = 2 and v* = 1.
The critical value of d for a turing instability is given by d* ~ 23.31. It has been

shown that the overall pattern of behavior is similar to that found for the fractional
Gierer-Meinhardt model [10].
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The parameters are taken as h = D/256, D = 100, 7 = 0.01, k1 = k2 = 10
(Gierer-Meinhardt) or k; = k2 = 2 (Brusselator) when the numerical method (5.7)—
(5.10) is applied. For both Gierer—Meinhardt and Brusselator reaction kinetics, we
take the same values of a1, a2 and d as in [10] in our simulations.

Figures 5.3 and 5.4 show the full surface profiles for the concentrations of the
activator u (left column) and inhibitor v (right column) with randomly perturbed
initial conditions and a; = as = «, where the activator shows similar behavior as
the inhibitor. We obtain similar results as those in [10]: i) The concentrations of the
activator and inhibitor both fluctuate about the homogenous steady-state values. ii) A
spatiotemporal pattern develops on or before t = 500. iii) The surface profiles become
more spatially rough and/or less stationary as the fractional order « decreases.

1500 0
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0
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x

(a) Surface profile of u(zx,t). (a) Surface profile of v(z,t).
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35 500
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x x

(b) Surface profile of u(z,t).

1500

500

0
[ 20 40 60 80 100

x x

(c) Surface profile of u(z,t). (c) Surface profile of v(x,1).

Fic. 5.3. Fractional Gierer—Meinhardt model with randomly perturbed initial conditions (1),
Ezample 5.2: (a) an = a2 =0.2,d=7; (b) a1 =2 =0.5, d=14; (¢) a1 = a2 =0.8, d = 21.

Figure 5.5 shows the surface density plots of u(xz,t) > u* (black) and w(z,t) <
u* (white) for the Brusselator model with sinusoidally perturbed initial conditions
(ii): long-wavelength sinusoidally perturbations (left column) and short-wavelength
sinusoidally perturbations (right column). We observe the same results as shown
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Fi1G. 5.4. Fractional Brusselator model with randomly perturbed initial conditions (i), Example
5.2: () a1 =a2=02,d=9; (b) a1 =a2 =0.5,d=17; (¢) a1 = a2 = 0.8, d = 23.

n [10], but we use finer spatial resolution to obtain more accurate solutions. For
both long-wavelength sinusoidally perturbations and short-wavelength sinusoidally
perturbations, similar patterns are observed after ¢ = 500 for the same parameters d
and fractional orders a; = as.

Next, we choose different fractional orders a; = 0.5 (anomalous subdiffusion in
the activator u(x,t)) and ag = 1 (standard diffusion in the inhibitor v(x,¢)). In such
a case, turning-instability-induced pattern formation might occur for any d > 0 (see
[10, 11]). We perform a number of numerical simulations of the fractional activator-
inhibitor model with anomalous diffusion in the activator and standard diffusion in
the inhibitor over a range of parameters. Sample results are shown in Figures 5.6-5.7.
Figure 5.6 shows the surface profiles of the activator and inhibitor for the fractional
Gierer-Meinhardt model with randomly perturbed initial conditions (i). Figure 5.7
shows the surface profiles of the activator and inhibitor of the fractional Brusselator
model with short-wavelength sinusoidally perturbed initial conditions (iii). Obviously,
for both models, the activator and inhibitor display different fluctuations about the
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Fia. 5.5. Surface density plots of fractional Brusselator model for u(xz,t) with long-wavelength
(left column) and short-wavelength (right column) sinusoidally perturbed initial conditions (ii), Ex-
ample 5.2: (a) a1 =a2 =02, d=9; (b) a1 = a2 =0.5,d=17; (¢) a1 = a2 = 0.8, d = 23.

homogenous steady-state solution. We obtain similar results as those obtained in [10].

Finally in this section, we show the efficiency and accuracy of the fast method.
Figure 5.8 (a) displays the difference ||pup(t) — pun(t)||o of the fast solution and the
direct solution of the fractional Brusselator model with long-wavelength sinusoidally
perturbed initial conditions (ii), where puy is the fast solution obtained from (5.7)
(5.10), pup is the direct method solution that is obtained from (5.7)—(5.10) with
pDI=*0.0.0m yeplaced by the direct calculation method D1=®:0:0.0.n  We choose 256
quadrature points in the trapezoidal rule used in the fast method, and an accuracy
of 107 is achieved (more accurate results can be obtained if we increase the number
of quadrature points @, but these results are not shown here). The most obvious
observation is that the computational time of the fast method increases linearly, while
the computational cost of the direct method increases quadratically; see Figure 5.8
(b). For the case shown in Figure 5.8 (b), the computational times of the fast method
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Fic. 5.6. Fractional Gierer—Meinhardt model with randomly perturbed initial conditions (1),
Example 5.2: a1 = 0.5, ag = 1.0, d = 8.
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Fic. 5.7. Fractional Brusselator model with short-wavelength sinusoidally perturbed initial con-

ditions (#i), Example 5.2: a1 = 0.5, ag = 1.0, d = 10.

and direct method are about 4000 seconds (about one hour) and 87000 seconds (about
one day and two hours), respectively.

x10*
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—o—Fast method
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1010

&

difference

1012

107

1014 0
0 500 1000 1500 0 500 1000 1500
t

(a) [[Fun(t) — pun(t)|/oo- (b) Computational time.

Fic. 5.8. (a) The mazimum difference ||pup(t) — pup(t)||eo between the direct solution and
fast solution of the fractional Brusselator model with long-wavelength sinusoidally perturbed initial
conditions (ii); (b) the computational time of the fast method and the direct method; Example 5.2,
a; =a2 =0.5,d=17.

6. Conclusion and discussion. In this work, we first prove the equivalence
between the tempered fractional derivative operator and the Hadamard finite-part
integral. The interpretation of the tempered fractional derivative in terms of the
finite-part integral makes a direct and obvious extension of Lubich’s FLMMs to both
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the tempered fractional integral and derivative operators, which greatly simplifies the
method in [4].
We then propose two fast methods, Fast Method I and Fast Method II, to approxi-

mate the discrete convolution Z?:o wr(fi;‘-)uj in the considered FLMM. Both methods
are effective and efficient. Fast Method I can be seen as a direct extension of the
fast method in [36] (¢ = 0) to the tempered fractional operator (¢ > 0). In Fast
Method I, the convolution weight w'®® is represented by a contour integral, which
is approximated by a local contour quadrature for different n. The use of the local
approximation for approximating o.h({l’g) makes the implementation of Fast Method
I a little complicated. Furthermore, complex arithmetic operations are performed in

Fast Method I, which leads to slightly larger roundoff errors, see Figure 4.2 (a).

In order to overcome the drawbacks of Fast Method I, we propose Fast Method
II, which has the following advantages.

e In Fast Method II, the convolution weight w{®*”) is expressed by an integral on the

real line instead of the contour integral in the complex plane in Fast Method I.
A uniform approximation is derived to approximate this integral on the real line,
which makes the implementation of Fast Method II much easier and simpler than
that of Fast Method I.

e Only real arithmetic operations are performed in Fast Method II.

e In Fast Method I, an ODE of the form y/(t) = \y(t)+wu(t) is solved by the backward
Euler method (see also (4.8)). However, the coefficient A may have positive real part
if the Talbot or hyperbolic contour quadrature (see, e.g., [30, 36]) is applied, which
may affect the stability of Fast Method I. We always perform a stable recurrence
relation (4.20) in Fast Method II, which avoids a possible negative effect caused by
the positive real part of A in Fast Method I.

In summary, Fast Method II outperforms Fast Method I in terms of both accuracy
and efficiency, and yields easier implementation, which is also verified by numerical
simulations in this work. Fast Method I still works well, but the most obvious dis-
advantage is its complicated implementation. The code for numerical simulations in
this paper can be found at https://github.com/fanhaizeng/fast-method-for-fractional-
operators-generating-functions.
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