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Abstract

In this paper, we propose a novel approach for the numerical solution of
fractional-order ordinary differential equations. The method is based on the
infinite state representation of the Caputo fractional differential operator,
in which the entire history of the state of the system is considered for
correct initialization. The infinite state representation contains an improper
integral with respect to frequency, expressing the history dependence of the
fractional derivative. The integral generally has a weakly singular kernel,
which may lead to problems in numerical computations. A reformulation
of the integral generates a kernel that decays to zero at both ends of the
integration interval leading to better convergence properties of the related
numerical scheme. We compare our method to other schemes by considering
several benchmark problems.
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1. Introduction

This paper presents a novel numerical method for the solution of frac-
tional-order ordinary differential equations (FODEs) by exploiting a re-
formulation of the infinite state representation, which has originally been
developed in the context of Lyapunov stability theory.

FODEs are considered within the theory of fractional calculus, which
is a mathematical field dealing with derivatives and integrals of arbitrary
(non-integer) order [6, 27] with a variety of applications. Particularly in
mechanics, fractional damping may arise through the modeling of mechan-
ical systems with viscoelastic components. Complex rheological models
for viscoelastic materials are often described through an array of classical
Kelvin or Maxwell elements (i.e. elements containing derivatives of integer
order), inevitably resulting in a model with a large number of parame-
ters. It has been shown that the viscoelastic behavior of complex materials
in many applications is well represented by fractional-order elements, so
called ‘springpots’, with only a few parameters [2, [30]. Actually, a spring-
pot may be interpreted as an infinite series of Kelvin or Maxwell elements
[15, 16, 26, 28]. This analogy can be expressed by using the infinite state
representation (also called diffusive representation) of fractional derivatives
and integrals introduced in [23] 24]. Furthermore, this idea leads to a po-
tential energy representation for a springpot [16] [34] which in turn can be
used to prove stability of equilibria for fractionally damped mechanical sys-
tems. In this context, a reformulation of the infinite state representation of
fractional derivatives has been developed, which extracts both the energy
preserving and dissipating components of a springpot [I7]. This naturally
leads to a Lyapunov functional for the rigorous proof of Lyapunov stability
of equilibria for a class of mechanical systems with fractional damping.

The infinite state representation is widely spread in numerical meth-
ods dealing with fractional derivatives and integrals [32], 35, [39], as this
approach leads to systems of integer-order instead of fractional differential
equations. In contrast to direct approaches to solve fractional differential
equations [9, 11, 22], these methods do not require to process the entire
solution history in every time step which leads to a substantial reduction
of computational costs and memory requirements. The accuracy of the ap-
proximation based on the infinite state representation is impaired by the
presence of a weakly singular kernel. Furthermore, the accuracy depends
on the chosen quadrature [I], 18, 20, B9] and the order of differentiation
[1, 18], 20] whereas the prediction of the asymptotic behavior may be incor-
rect [29].
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In this contribution, we propose to exploit the reformulation of the
fractional derivative introduced in [I7], which leads to a non-singular inte-
gration kernel that asymptotically decays to zero. Therefore, the related
scheme, which uses a Gauss-Legendre quadrature, causes small truncation
and quadrature errors of the infinite state integral. The performance of the
proposed scheme is studied in comparison to existing numerical methods
for several benchmark problems related to the problems in [37, [38].

In Sect. 2l we set notation for FODEs and the infinite state representa-
tion of Caputo fractional derivatives. Sect.[3]describes a classical scheme to
handle (special types of) FODEs and several methods based on the infinite
state representation. The reformulation of the infinite state representation
is presented in Sect. [dl Based on the reformulation, we derive a numer-
ical scheme and give a brief error analysis. In Sect. Bl we consider a set
of benchmark problems and compare our scheme to the existing methods
from Sect. 3l Finally, in Sect. [6l we draw conclusions and state some gen-
eralizations of the proposed method.

2. Fractional derivatives and fractional-order ordinary
differential equations

We consider the Caputo derivative of order a € (0, 1) of a continuously
differentiable real-valued function ¢(t) as

t
Dfya(t) = Freas [ (=) (e (21)

with the Gamma function o ’
F(a):/o u® te Udu. (2.2)

As initialization time instant ¢ty € [—o0,0] we consider the beginning of the
non-zero history of ¢(¢), i.e. ¢(t) = ¢(t) =0 for t < ¢; and we think of £ =0
as initial time instant. Accordingly, we consider an initialized fractional
derivative of ¢ similar as in [2I]. Note that the initialization time instant
to is a property of (the history of) the function ¢ and not of the differential
operator. The definition (2.]) is related to the fractional Riemann-Liouville
integral

I8 qlt) = ﬁ /t (t — 7)* Lg(r)dr (2.3)
by ?
“Dg Lq(t) = It 24(t). (2.4)

An equation of the form
A¢™ (1) + BDyn gV (1)

= F (t.q(). Dy a(0).4(t), ... Dy’ "2 (1), (1)
(2.5)
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is denoted as an (explicit) fractional-order ordinary differential equation
(FODE) of order n € N (or n—1+4ay,_1 for A =0), with A, B € R, AVB #0

and fractional orders ap,...,a,—1 € (0,1). More generally, ¢ may have
values in R™. In this case ¢ = (q1,...,qm)" € R™ is a vector, A, B € R™*™
are matrices and o; = (@i 1,..., @ m)T € (0,1)™,i=0,...,n—1 are multi-
orders such that
, T
C 1 ; Cy“i, Cr&%i,m )
Diiya (1) = (Dita ), DR al) (1)) (2.6)

In contrast to the classical approach, we will equip an FODE with an
initial function ¢(t) = qo(t) for ¢ € (to,0) instead of initial values at one
time instant. Thus, we relate an FODE to an equivalent functional or
Volterra integro-differential equation with unbounded delay in the sense of
[3, 141 [19].

In the following, we will use another representation of the operator
(210, which is called infinite state or diffusive representation (23] 24], [35]
and can be written as the infinite state integral

D ealt) = [ -l e, (27)
where the function ., is defined as
sin(amr) _,
fa(n) = ET )77 (2.8)
and the infinite states y(n,t), n € (0,00) solve the initial value problem
0
int) = —ny(n.®)+ 00, w00 = [ emiran (29)
to
To see ([2.7)), we use (2.2) and obtain
1 1 o L 00 ot
_¢ T Uqy = Cw wt g ,
Flima) ~ Ty, £ el
(2.10)
where we substitute u = wt and use the property
b
I'o)'(1 —a) = . 2.11
(@r(1—a) = o (211)

We obtain Eq. (2.1) by inserting (Z.I0) in (2.1I), using Fubini’s theorem
and the solution of (29). Using the representation (2.7) together with
([29) translates the fractional derivatives in Eq. (2.35]) to integer-order. Fur-
thermore, the initial function gy is transferred to initial conditions of the
infinite states
0
v0.0) = [ emir)ar. (212)
to
In this sense, an FODE may be understood as an infinite-dimensional ODE.
Hence, an FODE may also be approximated by an ODE of high (but finite)
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dimension, being the key idea behind the infinite state based schemes of
Sect. and the novel scheme in Sect. [l

3. Two kinds of numerical schemes for FODEs

In this section, we will give a brief introduction to a classical and some
infinite state based numerical schemes to solve (special types of) FODEs as
we want to compare these methods to the novel scheme proposed in Sect. @l

3.1. Predictor-Corrector-Scheme. A classical method to solve fraction-
al initial-value problems of the form
CDto—‘,-q( ) f(tvq(t))v m—1 <0z§m, (3 1)
g®)(0) = g, k=0,1,...,m—1, '
for t € [0,7T] is the predictor-corrector-scheme (PC) proposed in [9] and
extensively analyzed in [I0]. Notice that in this scheme a fractional dif-
ferential equation is considered together with initial values instead of an
initial function. The method is applied to the integral form of (3.1 being
[a]—1 n
= > Fra [ 62)
0

The integral in (BII) is approximated by a composite trapezoidal rule with
fixed time-step h = tj —tj—1,j=1,...,N = |£| which leads to

[a]— k he n+1
L
n+l Z "+ 2 Za] n+lf 714 ( )) (33)
k=0 (o +
with coefficients
Rt (0 — a)(n +1)° j=o,

ajni1 =1 (M—j+2)*T +(n -5 —2(n—j+1)*" 1<j<n,

1 j=n+1.
(3.4)

To avoid solving the nonlinear equation (B3] for ¢(t,+1), the solution is
estimated in a predictor step with the help of the (explicit) rectangular
rule as

[a]—1 k
~ tTL
qp(tn—i-l) = kE_O (()) kj_l + F— g b] n+1f t], (tj)) (3-5)

with coefficients
(7

h o o
bjmi1=——((n+1=75)% = (n—7j)%
and corrected by (3.3)) as
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]—a]—l (k) tk ) ha
~ _ n—+ ~
Q(tn—i-l) - Z 4y k! + F(Oé + 2) f(tn+17qp(tn+1))
k=0 (3.6)

G ;
+ a9 jz:% ajn+1f(ts,q(t;))-

The scheme leads to an error estimation

_max lq(t;) —q(t;)| = O(RP), p=min(2,1+«a), (h—0). (3.7)

=U,1,...,

The method may be directly applied to FODEs with rational derivation
orders a, ..., a,—1 in (Z5). To this end, (2.5 is transferred to a vectorial
version of (B.1]), where « is the greatest common divisor of g, ..., a,—1. In
the general case, the irrational derivation orders in the set {ag,...,ap—1}
have to be approximated by rational ones. The details may be found in
[8] and [9, Sec. 4]. The algorithm may be improved, e.g. using several
corrector iterations or applying Richardson extrapolation [0, Sec. 3]. In
Sect. Bl we test this algorithm using the implementation fdel12.m, [12].

3.2. Infinite state based methods. Methods based on the infinite state
representation (2.7) of the fractional derivative usually start with a dis-
cretization of the infinite states and a related quadrature of the improper
integral in (2.7), which leads to a representation
N
CD%+Q(t) = Zyn(t)wm

n=0
with y,(t) = y(n,,t). Alternatively, the infinite state representation of the
fractional Riemann-Liouville integral (2.3]) of the form

I q(t) = /000 o (W) Z (w, t)dw,

(3.8)

(3.9)
Z(n,t) = q(t) —nZ(n,1)
may be discretized as
N
I q(t) = Zn (t) W,
ot ;::0 (3.10)

Zn(t) =q(t) —mZn(t), n=0,...,N

with Z,(t) = Z(np,t). Thereby, the discrete values 0, and w,,n =0,..., N
are the nodes and weights of the chosen quadrature, respectively, where the
kernel p is incorporated in the weights w,. The approximations (3.8)) and
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(BI0) bring forth two difficulties: The upper bound of the integral is in-
finite and the kernel u is weakly singular at zero. Both facts have to be
considered when choosing the quadrature. Furthermore, the substitution
of ([3.8) into an FODE (2.5)) leads to a stiff ODE (while the substitution
of (3.10) in a fractional integral equation leads to a stiff DAE), asking for
a dedicated stiff solver. Originally, an infinite state scheme of the form
(B10) is used in [33] B5] together with an adapted version of Oustaloup’s
filter [25] to perform the quadrature. The frequencies 7, are in this case
chosen to be geometrically distributed, i.e. equidistant on a logarithmic
scale. In the much-debated articles [4, 39], transformed representations
similar to (B.8]) are introduced. The quadrature used in [39] is of Gauss-
Laguerre type, which is adapted to the improper integral in (2.7]). However,
the weak singularity is not considered in this approach and the asymptotic
decay of the integrand for w — oo is rather slow, which leads to slow con-
vergence of the scheme [7]. A significant improvement may be obtained
using a Gauss-Jacobi quadrature for a transformed infinite state integral
[7], which considers the weak singularity at zero. Alternatively, the use of
a Galerkin method was proposed in [7} 32]. Recently, several schemes using
composite quadrature rules have been introduced, e.g. in [20] (composite
Gauss-Legendre) and [II, [18] (composite Gauss-Jacobi). These schemes use
the advantage, that particular subintervals, usually distributed over many
decades, may be chosen in advance to perform the quadrature on each inter-
val (whereas in a single Gaussian quadrature the nodes are only determined
by the zeroes of certain orthogonal polynomials).

In the following, we will describe a composite Gauss-Jacobi quadrature
for (B.I0]) similar to the quadrature of the scheme in [I], as we will compare
its results to the method proposed in Sect. @l When using this scheme
in Sect. 5] we will refer to it as the infinite state scheme (ISS). A general
Gauss-Jacobi quadrature is an approximation of an integral over the inter-
val [—1, 1] of a continuous function f weighted by an algebraic function with
(possibly) weak singularities at the boundaries of the integration interval.
It has the form

N
/1 (1+2)°(1—2) fla)de~ S f (sgﬁvﬂ) wB (3.11)
n=0

-1
with 8,7 > —1, nodes sq(f 7 and weights wq(f ) such that polynomials
of degree 2N — 1 are integrated exactly. The details on determining the
nodes and weights may be found e.g. in [5| Ch. 2.7]. In the present
case, we will use a composite version of this idea, i.e. we choose ng = 0,
M, - -, Nk in (0,00) and perform a Gauss-Jacobi quadrature in each interval



1328 M. Hinze, A. Schmidt, R.I. Leine

W) 1) ith nodes i € (1) s weghts wlPrw),

oy, k=0,..., K —1. We use a substitution

)

b
/ (- 0)°(b - o) f (z)dz

b—a\ TP 1 b—a a+b
_ B(1 _ o\

( 5 > /_1(1+8) (1 s)f< 5 s+ 5 >ds
‘ 2 " 2 "

b_a\ !PT Y
(%) X%

n=

(3.12)
to adapt to the integration boundaries a < b. Applying this procedure to

B9) leads to
m m
/ o (W) Z (w, t)dw = / w *Z(w,t)dw
0 i 0

_ sin(ov) (%)1—«1 /_11(1 )7 (%(1 + s),t) ds

~ () R )

=10,

sin(a)

(3.13)

and, using the abbreviation n,(s) = 25" + n’“+gk“

1

[ ez = B [ (6) 20e(6), s
Mk -1

N 771<:+12— Mk ZJ:Ma (771<: <8§_0,0))) A (nk (35-0’0)) ,t) wj(_o,o)

J=1

J
= PN ) Z gty
j=1
(3.14)

(0,0)

for k = 1,..., K — 1, where n;; = n (sj ) Hence, we only have to

compute one set of nodes and weights
(_a’o) (-0(,0)
(sj W, )j:l,...,J (3.15)
for the quadrature in (3:13]) and another set

(0,0)  (0,0)
(%) (319
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for the case (3.I4)), which is independent of k € {1,..., K—1}. Actually, the
weak singularity only has to be considered in (3.13]), while more specifically
(B.14]) represents a Gauss-Legendre quadrature. In summary, we obtain the
approximation

o0 1 6% J
| )20, = 2T (BYTS gy
0 j=1

™

S (3.17)
+ Z 771<:+1 Nk Zﬂa () Z (1 ) (0,0)

of (B9), which may be used in (B:IIII), Where N = K - J. To use this
approximation for solving a fractional integral equation, we still have to
choose an appropriate DAE solver. As the coefficients 7, of Y, in the
ODEs of (3:I0) become huge numbers for large n, the resulting DAEs will
usually be stiff, such that explicit time stepping methods fail [7, Sec. 3.2].
Therefore, in our numerical examples, we will use MATLAB’s stiff solver
ode15s.m, which uses an implicit method (BDF).

4. Reformulated infinite state scheme

4.1. Reformulation of the infinite state representation. As discussed
in Sect. B.2] the asymptotic behavior of the integrand may lead to prob-
lems in the infinite state based methods that we want to overcome using a
reformulation of (2.7). Therefore, we propose to consider a second kind of
infinite states Y (n,t), n € (0,00) that fulfill

0
V(0.t) = —q¥(.t) + q(t), Y (1.0) = / Ty(rydr (A1)

and Y = y. In the following, we will introduce an expansion of the inte-
gration kernel in (Z7) by the term w? + 72 for a real number 7 > 0. The
following properties will prove to be useful in the proposed reformulation.

PROPOSITION 4.1.

/OO Na(w)dw =s % seC\R7, ae(0,1). (4.2)
0

w+s

P r o o f. Making use of the Laplace transform of e=*¢

L{e ¥} (s) :/ e_“’te_Stdt:/ e~ (Wt
0 0

o ] 2 L
w+s 0 w4+ s’
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we obtain Eq. (£2) using Fubini’s theorem and (2I1)) as

/oo Ha(bd) dw — SiH(OﬂT) /oo W /oo e—(w+s)tdtdw
0 w+ s s 0 0

— Sin(aﬂ-) /-oo e—st /oo w—ae—wtdwdt
™ 0 0
o]

sin(ar)

= / e I (1 — o)t Ldt

™ 0

= LﬂETO”T)I‘(l —a)l(a)s @ =57
Od

REMARK 4.1.  The result of Prop. 1] is also used in [35] (without
proof). A similar proof as the one given here may be found in [306].

PROPOSITION 4.2. For o € (0,1) and r > 0, the identities

> p1—a(w) am\ .-
/0 7 4 2 dw = cos (7) ro2 (4.3)
g (w)w . [T\
/0 LT dw=sin () (4.4)

hold.

P r o o f. Substitute n = w? and dn = 2w dw in the integral and obtain

[ taalely, painlam) [, dnfam) [ ni
0 0 0

w2+r2 w+r2 T 2w n+rz ]
_ sin(am) /OO m-g(n)d
~ 2sin (7)) Jo m+r?
Using the sine-double-angle formula and (4.2)), we directly obtain (4.3).
The proof of ([4.4]) is analogous. O

Expansion of ([2.7) by the term w? + r2 for a fixed r > 0 leads together
with (29), @.1), (£3) and [{4) to
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°Dgs q(t) = /0 al)ed o, ) + 12 / Mal) oy 1)

w2+ r? 0 W2
B /ooo i)~ /OOO Pl e )
+r /OOO f%(;)dww) —r? /OOO %Y(w,t)dw (4.5)
=sin ()it - [ e
res () ot [0

The advantage of this reformulation of the fractional derivative is the new
kernel with parameter r > 0

_ m—alp)n _sin(am) 7

(67

K = = 4.6
(Oé, 77) 772 + r2 . ,'72 + r2 ) ( )

that is integrable on Rar and fulfills
lim K(a, ) = lim K(a,5) =0, o €(0,1). (4.7)

Furthermore, (4.5]) contains only first-order derivatives of ¢ and the infinite
states y and Y, being key to our numerical scheme which is based on the
solution of high-dimensional ODEs. Regarding (2.5]), which contains several
fractional orders «;, we generalize (4.3]) to
. o T . o0 Ny
“Dy, ¢ (t) = sin (7) ro g () — / K(oy,w)Y " (w, t)dw
0
oy s o0 .
+ cos <T) gl (¢) — r2/ K(aj,w)Y D (w, t)dw
0

(4.8)
for i =0,...,n — 1 together with

0
YO@.6) =" (@) =y O(n.), YO(5,0) = / g (r)dr,  (49)

to
i =0,...,n, which is related to (2.9]) and (£I)).
For a fixed value of «, the function K(«, ) has a maximum at

(07

r. (4.10)

Thmax = 2_ o

Hence, the position of 1. may be adjusted by the magnitude of . The
graphs of K(«,n) for different values of @ € (0,1) and 7pax = 1 (ie.



1332 M. Hinze, A. Schmidt, R.I. Leine

r? = 2?76”) are displayed in Fig. [l In the examples of Sect. B we con-
sider geometrically distributed arguments 7y, ...,nx centered at 10° = 1
for the function K(a,-). Therefore, we choose r? = Q?TO‘ in Sect. Bl such

that K(a, -) has its maximum at the central argument.

1072 +
1073
10~*
E? 107° X
< 1076 —a=0.1 \
_7 o = 03 )
10 a=20.>5
10—8 —a=0.7
—a=0.9
1079
1075 10~% 1073 10 A 10 1109 100 102 108

Ui

FIGURE 1. K(«,n) for different values of a € (0, 1).

4.2. Derivation of the numerical scheme. The key idea of our scheme
is to approximate the integrals of the infinite states Y@ and their deriva-
tives in Eq. (4.8]) by sums of a finite number of states Y( ), k=0,..., K—-1,
j=1,...,J performing a composite Gaussian quadrature The dlscretlza-
tion of the infinite states creates two sources of error: the error in conse-
quence of neglecting a part of the integration interval and the approxima-
tion error of the quadrature itself. In particular, we obtain an approxima-
tion

/ K@)V O (w,t)dw = S 3 K(as, me )V (O
0 k=0 j=1 (4.11)
+ B (YO0) + B (YO(,1))

for the integral of infinite states as may be found in (48] with errors
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E, (Y@(-,t)) - /  Klon,0)Y D (w, £)dw, (4.12)
| " K1

Es (Y(Z)(.J)) :/0 K(oy,w)Y Z_:K Qs Nk.5) Yk(])(t)wk,]

S (4.13)

Thereby, similar as in Sect. we choose 19 = 0,711,...,nx in (0,00)
and perform a Gaussian quadrature in each interval (19, 71), ..., (Mx—1,7K)
with shifted Gauss-Legendre nodes

— Nk (0, + Mk
ws‘go 0) + % S (ﬂkﬂ?k—i—l)y (414)

j=1...,J,k=0,..., K —1 and weights

Nk,j =

wpj = %%w§070>7j:17___,J,k:o,,,,,K_1 (4.15)
0,0

related to the standard Gauss-Legendre nodes s (0.0)

and weights w;,

j=1,...,J. To abbreviate, we denote Yk(zj)(t) = Y(i)(nk,j,t), j=1,...,J,
k=0,...,K —1. Accordingly,' in an arbitrary FODE we can approximate
a fractional derivative “D}" g @) (t) with @&8) and @II) as

K-1 J
o (QTY a1 (i+1) (i+1)
CDto—i-q( )(t) = s (%) r® q(H_ kZ_O ZK aza"?k,] Y k,j (t)wk,j
, O K—1 J
+ cos (#) 7“0‘2'q(Z —r? ZK Qi M j) (t)wk,j'
k=0 j=1
(4.16)
Hence, we approximate (2.3 by a system
- K—-1 J e
. —1 -
(A—l—Bsm( "2 >r°‘ ! 1>q - B ZK (n—1,Mk,3) Y. (D) wr,;
k=0 j=1
_F - (n—1) (0)) ( (n)>
_F<t,q(t),q(t),...,q” (t), (Yk’j oo (),
S K—-1 J
—Bcos( nl ) an-14n=1) 4 By ZZK (n—1,Mk,5) Yk(y )(t)wk,j
k=0 j=1
(4.17)

together with
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Y0 = 400) e, Y 0) (418)
i=0,...,n,j=1,...,J, k=0,..., K — 1, related to (£9). The system
(£I7) may be transformed into a first-order ODE which together with
(4I8]) can be solved by a standard ODE-solver. Correspondingly, the initial
function qo(t), t € (to,0) of the original FODE (23] has to be translated
to initial values Yk(zj)(O) for the approximating ODE through

. 0 .
¥,(0) = / a7 (r)dr, (4.19)
0

t1=0,...,n,5=1,...,J, k=0,...,K — 1. In Sect. Bl we refer to the
method proposed here as reformulated infinite state scheme (RISS).

REMARK 4.2. The kernel K(a,n) decays algebraically of order a to
zero for  — 0 such that the integrand is not differentiable at zero and
the Gauss-Legendre approximation is of low order. However, the error
may be controlled by choosing a small value for 7; which we show in the
next section. The advantage of a Gauss-Legendre quadrature in all subin-
tervals (instead of a Gauss-Jacobi quadrature in (0,7;)) is that only one
set of weights and nodes can be used to discretize the infinite states ¥ @,
i=0,...,n. Therefore, the number of states in (£I7]) does not depend
on the number of fractional derivatives in (2Z3]). Furthermore, an explicit
FODE (23) leads to an explicit ODE (4.1I7) as approximation.

4.3. Error analysis. We restrict our analysis to the estimation of the error
resulting from the discretization of the infinite states, i.e. (4I12]), (ZI3).
For the truncation error E; we estimate the infinite states Y using the
solution of (£9) in [ng,c0) as

t
YO0.0] = [y 00 + [ ey mar

t

< Ce "t 4 Hq(i) / e M=)y (4.20)
 Jo

4]l

K
for some constant C' > 0 and the uniform norm || || in [0, ¢]. Using (£.20]),

for fixed t > 0 we obtain the estimation

< Ce MK 4
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< <c . Hq@um) sin(aym) /°° g,
NK i nK

<c s, ) o ().

™ 1 — Oy
(4.21)
which shows an algebraic decay of the truncation error for growing 7g.
Furthermore, because of the exponential term in (£.2I]), we expect larger
contributions of this term to the total error for time instants t < WLK

To estimate the quadrature error, we decompose

Es (Y(Z ) ZEM( ) (4.22)

with

e (+01)

/ K (i, @)Y O (w, )dw — 57 K, mi ) V7 (),
0,.

j=1
= K —
(4.23)
and introduce another estimation for Y of the form
t
‘Y(i)(n,t)( = ‘Y(i)(n, 0)e ™ + / e =)W (r)dr

0

| . | (4.24)
<C+ Hq“) / dr =C+ Hq“) t,
[ee) 0 o0

for some constant C' > 0 and the uniform norm || - || in [0,¢]. For the

first interval, as the integrand is not differentiable at zero, we use [£24)) to
estimate for fixed ¢ > 0
)
o0

a0 (vO(0) [ < 2 (0 o

Mmoo, J
x Z wo
/0 W2 12 742 - 2 2 0.

0
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< sinleim) (C+ Hq(i) t) @ /m dw+§]:w0,j
4 AN =1 (4.25)
_ 2Sin(:i7T) (C+ Hq(i) oot> 77%:2% — O+,

where the next-to-last equality holds as the quadrature is exact for constant
functions. The estimation (£.25]) shows an algebraic decay of |Eg | for de-
creasing 1, and the time-linear term in (4.25]) leads to a larger contribution
of this term to the total error for time instants ¢ > 77%

As the integrand is smooth in the other intervals, we can use an ap-
proximation theorem due to Jackson from [5, Chap. 4.8] similar as in [7
Thm. 9]. As stated in [5], an [-times continuously differentiable function
f € CYa,b] may be approximated by a polynomial p; of degree < .J as

J

for a constant C'(I) > 0 and the uniform norm || - || in [a,b]. As p; can be
integrated exactly using Gauss-Legendre quadrature, we obtain

oo (ro0)] < [

Nk

f(@) = pa@)] < CQ) (b‘ “)l |79@) (4:26)

K (@, )Y (w, 1) - p‘](w)‘ dw
7 )
+>° ‘K(az‘, M) Vi (1) = p"(m‘”’j)‘ Ok
7=1

< 20(0) (g1 — )t

d! ;
—_ Y @ (. =l
1 (K On)| o

(4.27)
Thereby, the interval length

1
K-1
M1 — M = ((Z—f) - 1) un (4.28)

can be adjusted by the parameter K. The estimation (£27]) shows a rapid
decay of the error for growing J but fixed K, n1,nx. However, if the ratio
77—’5 is increased, the parameter K has to be chosen large enough to bound

the interval lengths ([A.28)) for large values of k.

REMARK 4.3. To obtain small errors in ([@25]), (4£27), the infinite
states Y9 (n,t), i = 0,...,n have to be sufficiently smooth with respect
to the first argument for 1 € (0,00). This requirement restricts the set of

admissible initial functions. For ty > —oo there is no limitation as q((]i),
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i=20,...,n are bounded on [tg,0] and hence
0 ¢
. . . 1 — emto
YO@,0) < sup [¢D@)] [ eTdr= sup ¢V ()| ———, (4.29)
t€[to,0] to t€[to,0] n
which is finite even for n — 0. In the case t) = —o0 not every conceivable

initial function leads to continuous infinite states. One example is a con-
stant past gg = C, q(()iﬂ) =0,i=0,...,n—1, which leads to Y(© (n,0) = %,
which has a strong singularity in n = 0 such that Gauss-Legendre quadra-
ture of [ K(a,w)Y @ (w,0)dw fails.

In summary, we obtain the total error resulting from the discretization
of the infinite states by the estimations (£21]), (425 and (4.27]) which can
be controlled by the quadrature parameters ng, 71 and J, K, respectively.
The total error of the reformulated infinite state scheme results from the
combined error of the infinite state discretization and the time-stepping
method. The latter depends on the ODE solver used, which can be chosen
independently from the infinite state discretization. The combined error is
not in the scope of this paper.

5. Benchmark problems

In this section, we consider a number of benchmark problems, mainly
of the form (Z.3]) equipped with initial functions. Most of the problems are
inspired by those from [37) [38] sometimes with adapted initial conditions
as the original problems do not fit the initial function approach or the fact
mentioned in Rem. 3] leads to modification of the problems. In all the
numerical examples we apply the reformulation (£I6]) and choose K = 25
and J = 10 as parameters of quadrature, where n;, k£ = 1,..., K are
logarithmically spaced in [1075,10°], i.e.

k—1

K—1
m = 1075, nx = 10°, ny = m (2—?) L k=2,... K. (5.1)

We state the resulting ODE and solve it using MATLAB’s solver ode15s.m
(absolute and relative tolerance at 10~8), which uses certain backward dif-
ferentiation formulas [31]. We compare the results to those of other methods
mentioned in Sect. Bl

BENCHMARK PROBLEM 1. We consider the simple one-term fractional
differential equation with zero initial function given by
{CD%oo+q<t> =1-q(t),

qt) =0, t<0 (52)
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with the closed form solution ¢(t) = 1 — E,(—t®) (Fig. 2), where E, is the
one-parameter Mittag-Leffler function.

L L 1 1 1 11 1 A A1 o A R
1 [
0.8
0.6 |-
q
0.4 —a=0.1
—a=20.3
0.2 ——a=0.51]
—a=0.7
0F —a=0.9 |
! T T 01 S T B N1 A 11 A R T AT

1075107%1073107210-1 10° 10' 10% 103 10* 10°
t

FIGURE 2. Benchm.[I} Analytical solution of (5.2]) for var-
ious values of a.

LRI LA LA A AL 11 11 1 B 11 I O M1 B B MM L1 BB RARLY

A0) /ﬁ/
—a=20.1

10710 H—a=0.3 :
—a=0.5
—a=0.7

10_13 | |[—a=0.9 .

TS YO VY T S T V11 I I I VT A A U111 R W RN A N

1075107*107310-210~1 10° 10* 10% 103 10* 10°

t

FIGURE 3. Benchm. [Tl Absolute error of the numerical so-
lution of (5.2)) using RISS for various values of a.
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0.8
0.6
0.4
0.2

1071 1077 107* 107! 102 10° @ 10°%
t

FIGURE 4. Benchm.[I} Analytical solution (yellow) and nu-
merical solution using RISS (blue) and a scaled version of
RISS (orange) with correct approximation of the asymptotic
behavior of the solution for o = 0.1.

Using (4.17)), this problem may be approximated as

K—1 J
sin (a—;) ro‘_l(j(t) — kz_: ZK(amk,j)Yk(,lj) (t)wg,;
o K-1 J
=1- (1 + cos (7) > )+ 7 Z ZK (a,mk5)Y, (t)wkd
k=0 j=1

(5.3)
together with (4.I8)) and zero initial conditions in all states. The solution
of (B3] can be compared to the closed form solution of (5.2 for which
the Mittag-Leffler function can be computed with the help of [13]. The
absolute errors

AO@) = |q(t) - 3(t)] (5.4)

between the exact solution ¢(¢) and its numerical approximation ¢(t) are
shown in Fig. [l for many time scales. The results are generally good but
show increasing static errors for small values of « for very small and very
large time scales, i.e. the method leads to a wrong approximation of the
asymptotic behavior of the solution. This phenomenon is in agreement with
the estimations (£.21]) and (4.25]), which reveal increasing errors for small
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and large ¢, respectively. In Fig. @l we compare the solution of (B3] for
a = 0.1 to a scaled version of it, where the last term in (5.3]) is multiplied
by a factor

cos (%) re

K—1~x~J
%3 0 Zj:l K(Oéﬂ]k,j)%%jwk,j

such that the asymptotic behavior of the solution is correctly estimated.
Unfortunately, the scaling leads to a larger error for smaller time scales and
does not improve the approximation. We conclude, that RISS provides a
good approximation of the solution of (5.2]) only in a certain time interval.
However, this interval can be extended by decreasing 7; and increasing 7y
together with an appropriate choice of J and K as explained in Sect. [£.3]
Furthermore, for ¢t € (0,100) we compare the results of RISS, ISS (ap-
plied to the fractional integral equation equivalent to (5.2]) and PC in
Fig. Bl Thereby, we choose J = 20 for ISS such that the dimensions of
the approximating ODEs in RISS and ISS are equal and we use a fixed
step size h = 5- 107 for PC as this choice leads to a similar computation
time as for RISS with the parameters specified above. Fig. Bl shows a good
performance of RISS for all chosen values of a while ISS works well only
for large a € (0,1) and large time scales. The main reason for that seems
to be the truncation error for ISS, which can be approximated similar as

in (@210, by

Y

/OO o (W) Z (w, t)dw
U

K

<€ [ palwedw+ L= gl [ Hal®) 4 (5.5)
NK nK w

to-t sin(am) _

< 1— “

for some constant C' > 0 and the uniform norm || - ||« in [0,¢] while the
quadrature error for ISS can be estimated similar to (4.27)). The error term
in (5.5)) has a large influence for small time scales, especially for a« — 0
and is of lower order in ngx than the error in (£2I)). In [I], such large
errors can be avoided by splitting a local part of the fractional integral
([2.3) before introducing the infinite state representation. The local part is
then treated by an approximation method for Volterra integrals. For PC,
we notice the improvement of the convergence behavior with increasing
values of a corresponding to ([B.7). Especially for large ¢, the absolute
errors become smaller than for RISS. However, the computational costs for
the used implementation of PC [I2] behave like O (n - log(n)?) with n =
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while RISS seems to work much more efficient. To see this, we present the
relation between computation time and the mean absolute error A© for
the three methods in Fig. [6l Therefore, we have increased the number J of
quadrature nodes for fixed parameters K = 25, ) = 10~ and nx = 10° for

RISS (J =1,2,3,...,10) and ISS (J = 2.J) such that the dimensions of the
resulting ODEs for RISS (2K J+1) and ISS (K J+1) are equal and we have

decreased the time step h for PC as h = 10~%. For ISS, we obtain almost no
reduction of the mean error for growing J. Apparently, the truncation error
(55 is larger in magnitude than the quadrature error, which is reduced by
increasing J. For RISS, we observe a steep decay of the mean error until
J = 7. For larger values of .J, the mean error remains almost the same
as the error terms in (£21I]) and ([4.25) seem to predominate. For PC, we
observe a slow decay of the error with increasing computation time such
that RISS works more efficiently in the example given.

REMARK 5.1. A slight change of (5.2]) leads to an FODE with a non-
zero constant initial function

{Cpiwq(z&) = —q(t), (5.6)

with the closed form solution ¢(t) = E,(—t%). As ¢(t) = 0 for ¢ < 0, the
fractional differential operator in (5.6) can as well be initialized at zero
which leads to a classical non-zero initial condition ¢(0) = 1. As explained
in Rem. [4.3], RISS is not suitable for such a problem, especially for o — 0
(Fig. [[). However, with the objective of modeling real systems, an infinite
non-zero history seems inappropriate.

BENCHMARK PROBLEM 2. Another one-term fractional differential
equation with zero initial function adapted from [38] has the form

CH0.7

D t) = t ,

0T Lalt) = f(2) .
q(t)=0, t<0
with a piecewise defined right-hand side
EL 0<t<1

D=\ kgt o1 5.8
0 { ray ! - ey - DY, > 1 (5.8)
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FIGURE 5. Benchm. [I} Absolute error of the numerical so-
lution of (5.2)) using RISS (blue), ISS (red) and PC (green)
for various values of a.



NUMERICAL SOLUTION OF FRACTIONAL-ORDER ... 1343

10—1 - UL T T T ]
-

1072 8 §
1073 { J=20 g
04 .
A0 I ]
1075 1 4
F h=0.1 1

—6 L -
1077 h = 001 §
1077 8 PR =
s [o=05] =7
E_1 1 11101 L Lol N S |

10°1 10°
CPU — time [

FIGURE 6. Benchm. [f Work-precision diagram for RISS
(blue), ISS (red) and PC (green) for a = 0.5.

100 e PR T T T A P 7

—f/

1072 [ S R S——

N T
1074 b e
(0) - .
AT jore =

—a=0.1

gl | a=03 |
W00 =05
—a=0.7

10710 | —a =09 ]

T Y 1 A T T T S U1 S N1 M MW RUA 1

107°107%103107210"! 109 10' 10% 103 10* 10°
t

FIGURE 7. Benchm. [Tk Absolute error of the numerical so-
lution of (5.6) using RISS for various values of a.
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The analytical solution of (B.7)) is given by

o0={ 7 grp 15150 59

in the interval (0,2). The approximation of (5.7)) using (A7) has the form

K-1 J
(Tt _o4. (1
sin <2_0> r03400) = 3 S K07, m) Y, (Hwy

k=0 5=1

K-1
= f(t) — cos <;—g> rOTq(t) + kz 2K(O.7,nk7j)Yég) (t)wp, ;-
=0 j=

(5.10)
Again, the absolute errors using RISS, ISS and PC (h = 5-107°) have been
computed and the results may be found in Fig.[8l The step size for PC was
again chosen such that the computation time of PC and RISS are similar.
As in Benchm. [I] the best results can be obtained using RISS.

t

FIGURE 8. Benchm. [2t Absolute error of the numerical so-
lution of (5.7)) using RISS (blue), ISS (red) and PC (green).

BENCHMARK PROBLEM 3. We consider a third-order FODE adapted
from the second problem in [38] of the form

(1) +9 D% d(8) + (t) + 44d(t) +9 D% q(t) + q(t) = 6cos(t),

alt) = V2sin (14 7). <0,
(5.11)
which has the closed form solution ¢(t) = v2sin(t + %) for ¢t > 0. For
the reformulation of (5.II) we have to introduce the infinite states Y,
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i=0,...,3 that fulfill (Z9). We apply (£10) in (5.II)) and obtain

1 K-1 J
(1 + _> Q)= > > K(0.5,m,)Yy ] (Hwg,
27’ k=0 j=1
=07
Var\ . =<
+ (1 +— ) - r2 > K05, mk,) Y (Dwk
k=0 j=1
) K1 J (5.12)
I (4 4 _> q(t) = > > K(0.5,m) Y (tw
2r k=0 j=1
=0 j
\/ﬂ K-1 J
+ (4 + =5 |at) =1 IN(ERTMALOIS
k=0 j=1
= 6 cos(t).

The initial function in (B.11]) may be transferred to the initial values

0
—1
YO (,0) = / m(r)dr = 1L 1
(n,0) o g(r)dr = 77 el (5.13)
() Ry ntl
Y (777 0) = e e q(T)dT = 1 + 7]27 (514)
@) " n—1
Y = g = - 1
00 = [ emitrar = I, (5.15)
(3) B 0 — . on+ 1
Y (n,0) = . e q(r)ydr = — T (5.16)
of the infinite states. In Fig. [0l we show the absolute error
AP(t) = |q(t) = q(1)] + [g(t) — G(1)] + (1) — q(1)] (5.17)

for t € (0,1000) which has a maximal value Aﬁi{x ~ 1075. Furthermore, we
compare the results of RISS and PC (h = 10~%) on the interval ¢ € (0, 100).
Apparently, RISS works slightly better than PC in this example while the
computation time for PC is by a factor 3 higher than for RISS.
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FIGURE 9. Benchm. B} Absolute error of the numerical so-
lution of (5.IT]) using RISS (blue) for ¢ € (0,1000) (left),
t € (0,100) (right) and PC for ¢ € (0,100) (green).

BENCHMARK PROBLEM 4. The nonlinear explicit FODE

{CD_“E;(;@ = 22 0% ) Dra®) + 4t W) o

gty =e*, t<0

with closed form solution ¢(t) = ¢ is adapted from the third problem in
[38]. The associated ODE of the form (£I7]) and the initial conditions of
the infinite states can be derived as for the previous examples. For brevity,
we only present the relative error

) —q)| , | —aq®)
AW (1) = ‘q( + | T2 5.19
=" i (519)
using RISS in Fig. [0l (left).
BENCHMARK PROBLEM 5. The nonlinear implicit FODE
C‘D(l.go—i-q(t) CDggoJFQ(t) +CDO—'20+Q(t) CDO—'Zo+Q(t) = 8e™ (5.20)
gty =¢e*, t<o0

similar to the fourth problem in [38] with closed form solution q(t) = e

is not of the form (2.5]). Nevertheless, we can introduce our reformulation
(4.8]), which leads to an implicit ODE that we can solve using MATLAB’s
ode15i.m. We present the relative error (5.19) in Fig. [I0l (right).
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FIGURE 10. Benchm. [ and Bl Relative error of the numer-
ical solution of (L.I8) (left) and (5.20) (right) using RISS.

6. Conclusion

The proposed numerical method for the simulation of fractional ordi-
nary differential equations is based on the infinite state representation of
fractional derivatives and uses a reformulation which leads to an integrable
kernel K(«a, ), that is defined for a € (0,1) and > 0 and does not have
a weak singularity at n = 0. Therefore, we can approximate the occurring
infinite state integrals all by the same quadrature of Gauss-Legendre type
with reasonable errors that can be controlled by the quadrature parameters.
This procedure transforms general FODEs to ODEs that can be solved by
an ODE solver suitable for stiff ODEs. One advantage of the approach is
the consideration of initial functions to correctly initialize fractional deriva-
tives and its translation to initial values of the infinite states.

In comparison to a standard infinite state scheme (ISS, see Sect. B3.2])
without reformulation, we obtain better results with our scheme for several
benchmark problems, as the truncation error appears to decay much faster
(compare ([A.2I]) and (5.5])). The classical predictor-corrector scheme to
solve fractional differential equations leads to similar results regarding the
error as the reformulated infinite state scheme. However, especially for
long-time simulation the computation time is much higher (see Fig.[6l). Our
method is applicable to a wide class of FODEs, i.e. even for nonlinear or
fully implicit problems containing several fractional (even irrational-order)
or integer-order operators. Moreover, the proposed scheme can be applied
to problems containing variable-order fractional derivatives which leads to
an explicitly time-dependent approximating ODE.
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