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Abstract: In this study, we propose a novel second-order numerical formula that approximates the
Caputo-Fabrizio (CF) fractional derivative at node 7, 1. The nonlocal property of the CF fractional
operator requires O(M?) operations and O(M) memory storage, where M denotes the numbers of
divided intervals. To improve the efficiency, we further develop a fast algorithm based on the novel
approximation technique that reduces the computing complexity from O(M?) to O(M), and the memory
storage from O(M) to O(1). Rigorous arguments for convergence analyses of the direct method and fast
method are provided, and two numerical examples are implemented to further confirm the theoretical
results and efficiency of the fast algorithm.
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1. Introduction

Fractional derivatives, which have attracted considerable attention during the last few decades, can
be defined according to their type. These include the Caputo [1-13], Riemann-Liouville [14-21],
Riesz [22-26], and Caputo-Fabrizio (CF) [27-46] types. Especially for the CF derivative, there were
many related reports based on some discussions of different aspects, see the above references, and
the Refs. [43-45]. In order to better grasp the fractional order problem, one can refer to the related
works [47,48] and other fractional books.

Based on these fractional derivatives, numerous models have been developed. However, these
models are difficult to solve directly by applying the general analytical methods because of the
existence of fractional derivatives. This problem has inspired scholars to develop numerical
algorithms to derive numerical solutions efficiently. In [5,49-51], a few high-order approximation
formulas for the Riemann-Liouville, Caputo, and Riesz fractional derivatives were proposed and
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developed using different techniques or ideas. Recently, high-order discrete formulas for the CF
fractional derivatives were designed and discussed in Refs. [32—-38].

Another difficulty for simulating the models with fractional derivatives is the non-locality which
greatly reduces the efficiency of the algorithm and requires much more memory storage compared
with the traditional local models. Specifically, to obtain the approximation solutions {U*}, with M a
positive integer, for the fractional models its computing complexity is O(M?), and the memory storage
is O(M), in contrast to the local models with O(M) and O(1), respectively. For fast algorithms aimed
at the Riemann-Liouville, Caputo, and Riesz fractional derivatives, see Refs. [14,52-55]. However,
few scholars studied the fast algorithm for the CF fractional derivative. To the best of our knowledge,
authors in [39] proposed numerically a fast method for the CF fractional derivative without further
analysing the error accuracy.

In this study, our aim is to construct a novel efficient approximation formula for the following CF
fractional derivative [31]

@

1 t
SFOu(t) = 7/ u'(s)exp {— (t—9)|ds, 0<a<, (1.1)
—a Jo 1

1 -

where ¢ € [0,T],0 < T < oo. Our contributions in this study mainly focus on

e Propose a novel second-order approximation formula for the CF fractional derivative with detailed
theoretical analysis for the truncation error.

e Develop a fast algorithm based on the novel discretization technique which reduces the
computing complexity from O(M?) to O(M) and the memory storage from O(M) to O(1). Moreover,
we theoretically show that the fast algorithm maintains the optimal convergence rate.

The remainder of this paper is structured as follows. In Section 2, we derive a novel approximation
formula with second-order convergence rate for the CF fractional derivative. In Section 3, we develop
a fast algorithm by splitting the CF fractional derivative into two parts, the history part and local part,
and then rewrite the history part by a recursive formula. Further we prove the truncation error for the
fast algorithm. In Section 4, two numerical examples are provided to verify the approximation results
and the efficiency of our fast algorithm. In Section 5, we provide a conclusion and offer suggestions
for future studies.

Throughout this article, we denote C as a positive constant, which is free of the step size A,.

2. Novel approximation formula for the Caputo-Fabrizio fractional derivative

To derive a novel approximation formula, we choose a uniform time step size A, = % =1 — i
with nodes t, = kA,,k = 0,1,--- , M, where M is a positive constant. We denote u* = u(t;) on [0, T'].
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We next give a discrete approximation of CF fractional derivative §¥0%u(r) at 7, ! k>1)

lia/éu(s)exp{

1 i / Ty + e -1 + S ENs - 7] exp | -

1 &
= Z/, 2u/(s)exp{—ﬁ(tk+%—s)}ds+ é—s)}ds

a
— (1 —8)|d
_a(k+§ S)} §

T—asgh, Y 2 1 o
[+ wapis -+ s -7 esp [ - Lty — 9]d
u u N —Uu S — €xX - — S S
T—al, SO A e S
k
Ly e (Mt —atl) + Tul = (M} =g ) + R 4 RE
@5 2A; Jta =2 a A 2

ACF na k+ 4
26 DUty 1) + R,

where &; generally depending on s satisfies &; € (tj_ Lt )for j > 1 and &, € (¢, t 1 ). The coefficients

Mj? and error R**? are defined as follows

Mj = exp [‘ fa(fk - fj)}, R = R+ RY (2.2)
k+2 — jz:/t é { "(t)(s —t) + ;u"'(.fj)(s - tj)z} exp {— %(tk% - S)} ds
b [ eape - Juren - i ew [ - Ty - o G
R —1i0[0(A,2) t Hexp | -  — )]s

From (2.1), we obtain the following approximation formula for §¥8%u(z,, ) withk > 1.

lk j+1 _ -1 1 1 1 1_,0
gFDfu(tk%):qu(M’f*;—M’f*;)+5” — (M} - mag™?). (2.4)
t

Based on this discussion, we obtain the novel approximation formula (2.4). We next discuss the
truncation error of the novel approximation formula.

Theorem 1. For u(f) € C3[0, T, the truncation error R¥z(k > 0) satisfies the following estimate
IR*3| < CA, 2.5)
where the constant C is independent of k and A,.
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Proof. According to formula (2.3), we can obtain:

1 1
R3] <R+ Ry

ﬁl i”@/“(rk =y 9)d
u’(t; s—t)exp|— —— —s)|ds
T -ag I PP T T Ve
72

1 a
w'(ti) [ “(s—ti)exp {—
- 2 2

)

+

1= s)}ds

2(1 - a’) to
; 1i “Lowndexp | -

:Il+12+13+14+15.

1= s)}ds

For the term /;, using integration by parts, we can arrive at:

., AZ k a
11<q%%utqn&1_ )}:{eq>ﬁ-l_

Jj=1

. aA? Tevd @
+ n‘[loa%(] |M (t)lﬁ /t1 2 exXp |:_ m(l’]ﬁ_% - S):|ds
2
AZ k+d
<tr€r[10a%(]|u (t)|4(1 )(1 - M% )
<CA;.

Next, for the term I, by using the mean value theorem of integrals, we obtain:

u (t1 )t — t%) exp

2

)

— t
Tl -a

< ma Ol

<CA?,

where 1y < t, < .
For the term /3, we can easily obtain:

"y A% tk+% 04
I3<rr[1aX|u ()|8(1—a)/zl exp{—l_a %—s)}ds
2

<CA;.

Similarly, we can estimate the term I, as follows:

2 .
Iy < max |u/”(t 2
4 [T| ()|8(1 @ Ju

<CA?.

exo -

1? %—s)}ds

! - tf*% "
a2 e -y - s

%W@M—Mem[lfJ%ynhs

| —tﬂ%)} —exp {— %(t,ﬁ% —tj,%)”

(2.6)

2.7)

(2.8)

(2.9)

(2.10)
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Finally, for the term /s, we can derive:

1

-

1
k+3

od(1- M) < cal. @.11)

Is < 5

Based on the aforementioned estimates for the terms [, --- , Is, we can complete the proof of the
Theorem. O

3. Fast algorithm

It is obvious that the approximation formula (2.4) is nonlocal since the value at node 7,1 for the
CF fractional derivative is concerned with all the values of u/, j = 0,1,--- ,k, k + 1, which means the
computing complexity when apply the formula (2.4) to ODEs is of O(M?) and the memory requirement
1s O(M). In the following analysis, inspired by the work [14], we develop a fast algorithm based on the
new discretization technique used in this paper, with which the computing complexity is reduced from
O(M?) to O(M) and the memory requirement is O(1) instead of O(M).

We split the derivative §¥ D%u(t,, 1) for k > 1 into two parts: the history part denoted by Cy(#, 1)
and the local part denoted by C(z,, 1 ), respectively, as follows

§107ut, 1) = Caltyey) + Cilty 1)

P I
=1 a/zo u'(s)exp - a(t'”% s)|ds 3.1)
1 tk+% , a
L /lkl W(s)exp | - =ty - 9)|ds.
2
For the local part Cy(z, +%), we have
U+ et l "

Culty) = M(l - Mk_%z) LR 3.2)

1
where Mf is defined by (2.2), and the truncation error R;ﬁz is

k+t 1 thrl ’” 1 " a
R = /lk - W~ 1) + Ju (s~ 10?| exp | - ety - )|ds
2
B S L o (3.3)
+1—af|:u(tk)_2At:| /tkl CXP{—E(l’k*_%_S)}dS, k>1.
2

For the history part Cx(#;, 1), we rewrite it into a recursive formula when k > 2 in the following way

[} , a
/k ‘u (S)exp {— m(th% - S)}ds

1o

Ch(tk+%) = 1 P

1 bl a
2 - = 34
T a/t u'(s) exp { T a(t“f s)}ds (3.4

3
k=3

A 1) 2)
= ng (tk+%) + Cﬁz (tk+%),

+
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and when k = 1,

tl a
— 2 ’
Clty) = — a/t(, W (s)exp | - - 9)ds )
= szz)(fg).
Careful calculations show that
aA
(11 = exp (r_tl)Ch(tk_%), k> 2. (3.6)
For the term C;,z)(tk ol ), by similar analysis for the Theorem 1, we have
ko k=2 1 . |
2 %(M,’jj —M,’jfé) TR ifk 22
Cle) =4 %%, . 7 7, 3.7
3 ag2 2 e
A (M% M)+ R}, ifk=1,
where, for k > 2,
k+1 1 fe-1 ” 1 1" @
R, = —a /zk_: {u (te-D)(s — froy) + Sl (&x-1(s — fk—l)z} exp [— m(%% —5)|ds
2
{ , uk — uk—z} ) { o }d (3.8)
+ 1 —a u'(ti-y) — T /’k_3 exXp | — m(%% —5)|ds,
2
and, fork =1,
% t% 77 1 " 2
Ri = 1—a/, W) (s~ 1) + S Es - 1y) [exp | - ey - 9)|ds .
+ |:l/l/(tl) - ul - MO} /t% exp {— ¢ (t: — s)}ds. '
l-a ? A, fo l-a 2

1 1
For the truncation error R];+2 and R];,+2 defined respectively by (3.3) and (3.8)-(3.9), we have the
estimates that

1 1
Lemma 1. Suppose that u(t) € C*[0, T), then for any k > 1, R;HZ and Rffz satisfy
1 1
R < CA}, IR < CAd, (3.10)

where the constant C is free of k and A,.

1
2

1
Proof. To avoid repetition we just prove the estimate for R;ﬁz, since the estimate for R;Tr can be
derived similarly. By the definition (3.3), we have
k+% 17 tk+% _ { _ @ — }
R < max lu (t)|’ /rk (s = 1) exp | = (1,1 = 9)|ds
2
1 el a
F e max W) / s —t0Pexp | = (1, — 9)|ds
2(1 — @) w«lo.1] e l—a "2 (3.11)
CAtz tk+% a
+ 1 —a /tk—1 exXp {— m(lk+% - S)}ds.
2
= Li+ L, + Ls.
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Then, for the term L;, using integration by parts and the Taylor expansion for exp(#) at zero, we
have

1 1 Lipl a
L < CA?(M,I:%Z - M,’jj;) + C/tk 2(s— )2 exp [— Tty = 9)|ds
A 3.12
<cpfi-(1- o —low)| + ca? (3.12)
bl 04

< CA).

For the terms L, and L;, by the mean value theorem of integrals we can easily get L, < CA} and

. k4
Ls; < CA}. Hence, we have proved the estimate for Rl+2. O

Now, based on the above analysis, and for a better presentation, we can introduce an operator §*F,*
for the fast algorithm defined by

ukl ke (1 .

S M) + Filten), k=1, (3.13)

CF
o Flut, )=

e N e

k—

where the history part 7 (¢, 1) satisfies

A k _ k=2 | 1
exp (Ltl)ﬂ(tk_%) + %(M,f} ~M), k22
File) =V 00, 4 o o (3.14)
(M'z‘M(?)’ ik =1
al, 2

We note that with (3.13) and (3.14), u**! only depends on u*, u*~! and u*~2, which reduces the
algorithm complexity from O(M?) to O(M) and the memory requirement from O(M) to O(1).

The following theorem confirms the efficiency of the operator ¥, with which we can still obtain
the second-order convergence rate.

Theorem 2. Assume u(t) € C°[0, T and the operator OCF ¥ is defined by (3.13). Then
6" O ut ) = 6" Frult1)| < CA, (3.15)

where the constant C is independent of k and A,.

Proof. Combining (3.1), (3.2), (3.4)-(3.5) with (3.13), (3.14), we can get
|0CFa?u(tk+%) - gF?;au(tk+%)| < |Ch(tk+%) - ﬂ(tk+%)| + |R;(+§|’ k>2. (3.16)

Then, next we mainly analyse the estimate for |C (7, 1) = Fulty, 1 )|. Actually, by definitions we
obtain

aA fa L
Cilts) = Fillyy) = exp (a _’1) [Cilt) = Falt )] + Ry (3.17)
We introduce some notations to simplify the presentation. Let
aA
T = Cultie) = Filti). L=exp(S20). (3.18)
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Then, the recursive formula (3.17) reads that
Tie1 = LT, + REFL (3.19)
where the term R*! is defined by
REFL = 2R ORI Ly g (3.20)

Now, by (3.7) and (3.14) as well as the Lemma 1, we can get

IT,| = |R7| < CA;, (3.21)
and
1 - L+t
R < CANLZ 4 L7 4+ 1) = CAT . (3.22)
Noting here that L € (0, 1), we have
al, al\; al,

1-L=1- ~ > . 3.23
eXp(a—1) l—a~ 2(-a) (3.23)

Combining (3.19), (3.21)-(3.23), we obtain that
|Ty1| < CA?. (3.24)
Now, with (3.16), (3.17), (3.24) and the Lemma 1, we complete the proof for the theorem. O

4. Numerical tests

To check the second-order convergence rate and the efficiency of the fast algorithm for the novel
approximation formula, we choose two fractional ordinary differential equation models with the
domain / = (0, T']. Let U* be the numerical solution for the chosen models at #;, and define U° = u(0).
Define the error as Err(A,) = max;<<y |U* — u*|. For the sufficiently smooth function u(f), we have
the approximation formulas for u(z, +%) and its first derivative %

d[|l:lk+%:
| k+1 2
u(tk+%) = E(u +u )+ OA)),
du Wl — 4.1)

u
= === o).
dr t=tk+% A, ( [)

Then, combined with results (2.5) and (3.15), the second-order convergence rate in the following
tests is expected.
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4.1. Example 1

First, we consider the following fractional ordinary differential equation with an initial value:

CF na - I
{Oau@+um_gmmtek (4.2)

u(0) = ¢o.

Next, by taking the exact solution u(f) = #* and the initial value ¢, = 0, we derive the source
function as follows:

2t 2(1 - a)
= 1 —exp(—

g == +7- ? nl. 4.3)
o o

1 -

Direct scheme: Based on the novel approximation formula (2.4), we derive the following discrete
system at 7, L

Case k=0
1= M Lol
(§+ QA0>U1:<_§+ aAO)UO+g1(t%), 4.4)
! t
Case k> 1
k+4 s fal il
1 I_Mk—iz> k+1 _Mk—%z R M%Z—Moz 1 .
<2+ ZQ’AI U _TA,U _iU _G’—A,(U —U) (45)
1 k-1 ) ~ ol ol .
" 2aA, 2<U}+1 — UM = M) + a1t ).
]:

Fast scheme: Applying the fast algorithm to the equation (4.2), we can get, for k > 1:

| 1-M | — M5 |
=Ml ) e+ 1 Tl . 4.6)
-t —= E——— — —U* + to1) — to1),
(2 2a, 2aA, 2 gi( k+§) Fi( k+§)

where F (1, +%) is defined by (3.14). For the case k = 0, the formula (4.4) is used to derive U'.

Let T = 1. By calculating based on the direct scheme (4.4)—(4.5) and the fast scheme (4.6), we
obtain the error results by choosing changed mesh sizes time step A, = 2710,2711 2712 2=13 2-14 for
different fractional parameters @ = 0.1,0.5, 0.9, respectively, in Table 1. From the computed results,
we can see that the convergence rate for both of the schemes is close to 2, which is in agreement with
our theoretical result.

Moreover, we manifest the efficiency of our fast scheme in two aspects: (i) by comparing with a
published second-order scheme [35] which is denoted as Scheme I and (ii) with the direct scheme
(4.5). In Figure 1, we take T = 10 and plot the CPU time consumed for Scheme I and our fast scheme
under the condition |Err(A,)| < 1077 for each @ = 0.1,0.2,---,0.9. It is evident that our fast scheme
is much more efficient. Further, to check the computing complexity of our direct and fast schemes,
we depict in Figure 2 the CPU time in seconds needed with @ = 0.1 in the log-log coordinate system,
by taking T = 1, M = 10° x 2", m = 1,2,--- ,6. One can see that the fast scheme has reduced the
computing complexity from O(M?) to O(M).

AIMS Mathematics Volume 5, Issue 3, 1729-1744.
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Table 1. Convergence results of Example 1.

Direct scheme

Fast scheme

“ N Err(A) Rate  CPU(s) Err(A) Rate  CPU(s)
2710 476834890E-07 — 0.0625  4.76834890E-07 — 0.0072
211 1.19209015E-07 1.999996 0.2508  1.19209014E-07 1.999996 0.0067

0.1 2712 298022864E-08 1.999998 0.8776  2.98022864E-08 1.999998 0.0088
213 745057174E-09 2.000000 33688  7.45057174E-09 2.000000 0.0100
2714 1.86264512E-09 1999998 132991  1.86264512E-09 1.999998 0.0140
210 476811290E-07 — 0.0716  4.76811290E-07 — 0.0067
211 1.19206056E-07 1999961 02768  1.19206056E-07 1.999961 0.0083

05 2712 298019183E-08 1.999980 0.9433  2.98019183E-08 1.999980 0.0091
273 7.45052997E-09 1.999990 3.6143  7.45052997E-09 1.999990 0.0098
214 1.86263893E-09 1.999995 142937  1.86263893E-09 1.999995 0.0135
2710 8.88400608E-07 — 0.0834  8.88400608E-07 — 0.0071
211 220067159E-07 2.000214 02935  2.22067163E-07 2.000214 0.0074

09 272 555126489E-08 2.000108 1.1452  5.55126587E-08 2.000107 0.0083
213 138776781E-08 2.000050 43128  1.38775857E-08 2.000060 0.0099
2714 346934370E-09 2.000032 17.1595  3.46943940E-09 1.999982 0.0199

102 b Soneme:

%100' QM&/M{’
O

102 ¢ e

0

0.2

0.4 0.6
«

0.8 1

Figure 1. Comparison of CPU time between our fast method and the Scheme I with
the error satisfying |Err(A,)| < 1077,
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Figure 2. CPU time for Example 1 with @ = 0.1.

4.2. Example 2

We next consider another initial value problem of the fractional ordinary differential equation:

du(t) p _

+57 0%u(t) = g,(1), tel,
dl’ 0 t u( ) g2( ) (4'7)

u(0) = vo,
where the exact solution is u(t) = exp(2t), the initial value is ¢y = 1, and the source function is:
2
a(f) = exp(21) —exp ( — 1) +2exp(20). 4.8)
2—-«a -«

Direct scheme: For the model (4.7), we formulate the Crank-Nicolson scheme based on the new
approximation formula (2.4) at 7;., 1 as follows:

Case k=0
1 1
1 1- MOZ) Lol =My,
— 4+ U :(—+ >U + g(th), (4.9)
(A, ah, AT an, 82(1y)
Casek >1
| 1 Mk+% k+i | Mk+% Mk+§
- k-1 - k-1 1 - 0
2y 2) kel _ Lkl gk U' - u°
(A, 2a/,; 2a A, A, al\; ( ) (4.10)
1 k! . ir )

- j+1 -1 k+3
Z(Uﬁ -v )(M.i+‘2 - M/

1
lz) + g2(tk+%)'
t =1 2

" 2aA

(S]]
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Fast scheme: Applying the fast algorithm to the model (4.7), we have, for k > 1:

U
U+ — +
A,

k

811 1) = Fulty, 1)

4.11)

Similarly, we also compute and list the convergence data in Table 2 to show further the effectiveness
of the novel approximation and the fast algorithm.

From the computed data summarized in Table 2, both of the schemes have a second-order
convergence rate, and the fast scheme indeed improves the efficiency of the novel approximation
formula without losing too much precision. Similarly as the Example 1, we compare in Figure 3 the
times for both of the methods under different M = 10> x 2™, for@ = 0.9 and m = 1,2,---,6 in the
log-log coordinate system. One can see clearly that the computing complexity for the direct scheme is
O(M?), and for the fast scheme it is O(M).

Table 2. Convergence results of Example 2.

Direct scheme

Fast scheme

oM Err(A)) Rate CPU(s) Err(A)) Rate CPU(s)
2710 1.85604636E-06 — 0.0620 1.85604607E-06 — 0.0066

21 4.64007204E-07 2.000014 0.2317 4.64006418E-07 2.000016 0.0075

02 2712 1.16000631E-07 2.000015 0.8691 1.16003294E-07 1.999979 0.0091
2713 2.90011650E-08 1.999950 3.3423 2.89965145E-08 2.000214 0.0107

2714 7.24794447E-09 2.000467 13.4227 7.25755100E-09 1.998325 0.0154

2710 1.78086742E-06 — 0.0638 1.78086759E-06 — 0.0071

2~ 4.45204337E-07 2.000041 0.2516 4.45203661E-07 2.000043 0.0080

04 2712 1.11298823E-07 2.000029 0.9043 1.11298892E-07 2.000026 0.0095
2713 2.78237513E-08 2.000049 3.5048 2.78246395E-08 2.000004 0.0110

214 6.95804836E-09 1.999562 14.8677 6.95847024E-09 1.999521 0.0143

2710 3.89820152E-07 — 0.0785 3.89820181E-07 — 0.0115

21 9.73901404E-08 2.000961 0.2962 9.73902248E-08 2.000960 0.0079

0.8 2712 2.43394851E-08 2.000477 1.0595 2.43393918E-08 2.000484 0.0095
2713 6.08529405E-09 1.999900 4.1052 6.08559336E-09 1.999823 0.0116

2714 1.51925406E-09 2.001964 16.5226 1.51877799E-09 2.002487 0.0156
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10*
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Figure 3. CPU time for Example 2 with @ = 0.9.

5. Conclusion and suggestions for future study

In this study, we constructed a novel discrete formula for approximating the CF fractional
derivative and proved the second-order convergence rate for the novel approximation formula. To
overcome the nonlocal property of the derivative, we proposed a fast algorithm that tremendously
improves the efficiency of the approximation formula. Moreover, we demonstrated the fast algorithm
maintains the second-order convergence rate. In future works, this novel approximation formula and
fast algorithm can be applied with the finite element, finite difference, or other numerical methods to
specific fractional differential equation models with Caputo-Fabrizio derivatives.
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