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Abstract

Fractional differential equations play an important role in science and technology. Many prob-
lems can be cast using both fractional time and spatial derivatives. In order to accurately
simulate natural phenomena using this technology one needs fine spatial and temporal dis-
cretizations. This leads to large-scale linear systems or matrix equations, especially when-
ever more than one space dimension is considered. The discretization of fractional differential
equations typically involves dense matrices with a Toeplitz structure. We combine the fast
evaluation of Toeplitz matrices and their circulant preconditioners with state-of-the-art linear
matrix equation solvers to efficiently solve these problems, both in terms of CPU time and
memory requirements. Numerical experiments on typical differential problems with fractional
derivatives in both space and time showing the effectiveness of the approaches are reported.
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1 Introduction

The study of integrals and derivatives of arbitrary order, so-called fractional order, is an old topic in
mathematics going back to Euler and Leibniz (see [1] for historical notes). Despite its long history
in mathematics it was not until recently that this topic has gained mainstream interest outside the
mathematical community. This surging interest is mainly due to the inadequateness of traditional
models to describe many real world phenomena. The well-known anomalous diffusion process is one
typical such example [2]. Other applications of fractional calculus are viscoelasticity - for example
using the Kelvin-Voigt fractional derivative model [3, 4], electrical circuits [5, 6], electro-analytical
chemistry [7] or image processing [3].

With the increase of problems using fractional differential equations there is corresponding interest
in the development and study of accurate, fast, and reliable numerical methods that allow the
solution of these types of equations. There are various formulations for the fractional derivative
mainly divided into derivatives of Caputo or Riemann-Liouville type (see definitions in Section 2).
So far much of the numerical analysis focused on ways to discretize these equations using either
tailored finite difference [9, 10] or finite element [11, 12] methods. In this paper we focus on the
solution of the discretized equations when a finite difference approximation is used. Of particular
importance is the preconditioning of the linear system, which can be understood as additionally
employing an approximation of the discretized operator. For some types of fractional differential
equations preconditioning has recently been considered (see [13, 14]). Another approach that has
recently been studied by Burrage et al. is to consider a matrix function approach to solve the
discretized system (see [15] for details). Our work here is motivated by some recent results in [16]
where the discretization via finite differences is considered in a purely algebraic framework.

Our work differs from previous results in the sense that our aim is to derive fast and reliable
solvers for a variety of setups that are sequentially built upon each other. We therefore structure
the paper as follows. Section 2.1 is devoted to first establish both Caputo and Riemann-Liouville
definitions of a fractional derivative. In Section 3 we give four different problems all of fractional
order. The first problem introduced reveals the basic matrix structure that is obtained when tailored
finite difference methods are applied. The second problem given in Section 3.2 includes a fractional
derivative in both space and time. The resulting matrix structure is then not a simple structured
linear system but rather a (linear) matrix Sylvester equation. An even further structured equation
is obtained when we next consider a two-dimensional (in space) setup. The fourth problem combines
two-dimensional spatial derivatives of fractional order with a time-fractional derivative, which in
turn leads to a tensor structured equation. In Section 4 we turn to constructing fast solvers for the
previously obtained matrix equations. We therefore start by introducing circulant approximations
to the Toeplitz matrices, which are obtained as the discretization of an instance of a fractional
derivative. These circulant matrices are important as preconditioners for matrices of Toeplitz type
but can also be used with the tailored matrix equation solvers presented in Section 4.2 either of
direct or preconditioned form. Section 4.3 introduces some of the eigenvalue analysis needed to show
that our methods perform robustly within the given parameters. This is then followed by a tensor-
valued solver in Section 4.5. The numerical results given in Section 5 illustrate the competitiveness
of our approaches.

Throughout the manuscript the following notation will be used. MATLAB ® notation will be used
whenever possible; for a matrix U, vec(U) denotes the vector obtained by stacking all columns of
U one after the other; A ® B denotes the Kronecker product of A and B.



2 Fractional calculus and Grunwald formulae

2.1 The fractional derivative

In fractional calculus there are competing concepts for the definition of fractional derivatives. The
Caputo and the Riemann-Liouville fractional derivatives [9] are both used here and we use this
section to briefly recall their definition.

Consider a function f(¢) defined on an interval [a,b]. Assuming that f(¢) is sufficiently often
continuously differentiable [9] the Caputo derivative of real order a with (n —1 < o < n) is defined
as

1 b (s)ds

CD A1) = | = 0
P(n—a) /, (t —s)

Based on the discussion in [16] the Caputo derivative is frequently used for the derivative with

respect to time. We also define the Riemann-Liouville derivative: assuming that f(¢) is integrable

for t > a a left-sided fractional derivative of real order a with (n —1 < o < n) is defined as

1 d\" [t f(s)ds
RLpoaf(t) = —— | — / —_— t<b. 2
a tf() F(n—a) dt , (t—s)ainJrl, a<t< ()
Analogously, a right-side Riemann-Liouville fractional derivative is given by
RL o (=" (d\" /b f(s)ds
Dyft)y= — | — —_— t<b.
t bf( ) F(TL—O{) (dt) ; (s—t)ain‘i’l, a<t< (3)

If one is further interested in computing the symmetric Riesz derivative of order a one can simply
perform the half-sum of the left and right-side Riemann-Liouville derivatives, that is,

T = DRF() = 5 (DR + FD () (W

Here a connection to both the left-sided and the right-sided derivatives is made'. In the remainder
of this paper we want to illustrate that fractional differential equations using the formulations
together with certain discretization approaches lead to similar structures at the discrete level. Our
goal is to give guidelines and offer numerical schemes for the efficient and accurate evaluation of
problems of various form.

2.2 Numerical approximation

The discretization in the fractional derivatives introduced in Section 2.1 is based on a classical

concept in the discretization of FDEs using the formulae by Griinwald-Letnikow [17, 9] defined as
| M
RL na . _
o DEf(t)= lim - kE_Oga,kf (x — kh) (5)

n this work we are not debating, which of these derivatives is the most suitable for the description of a natural
phenomenon.



for the right-side derivative and

FDEf() = Jim Zga wf (x + kh) (6)

k=0

for the left-side derivative, which are of first order [10]. Note that h = ; so that M becomes larger
as the mesh-parameter h is refined. The coefficients g, , are defined as

L'k —a) !
sor = rarirn -0 (7)) "

For the efficient computation of the coefficients g, , one can use the following recurrence relation?

9]

a+1
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3 Some model problems and discretizations

In this section we want to introduce four model problems and their corresponding discretizations.
We emphasize that these are neither the only relevant formulations nor the only possible ways to
discretize each problem. Instead, the purpose of this presentation is to show that rather classical
well-studied discretization techniques lead to interesting model problem similarities that can be
exploited during the numerical solution of the resulting matrix equations.

3.1 Problem 1
We start with the simple fractional diffusion equation
d t
W0 Dt t) = (o) )
discretized in time by an implicit Euler scheme to give
n+1 n i+1
u; = ug 1
S s+ (10)

using the abbreviation u"Jr1 := u(Z;,tpt1), where n is the index in time.

For the problem (9) the implicit Euler and Crank-Nicholson discretizations are unconditionally
stable when a shifted Griinwald-Letnikov formula is used

Ng
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one can obtain an approximation for the fractional derivative as

RLDB ﬂZgﬂkux— — 1)hy, t)
he 155

2 For a MATLAB implementation this can be efficiently computed using y = cumprod([1,1 — ((a + 1)./(1 : n))]) where
n is the number of coefficients.



where n, denotes the number of grid points in space (see [10] for details).
From now on we assume that a shifted version of the Griinwald-Letnikov formula is used whenever
we approximate the Riemann-Liouville derivatives. It is clear that all our techniques apply to the
unshifted case as well. Equipped with these tools we can write the right-hand side of (10) as
F ]
u?-i-l
y !
hy [ 9gi+1 964 -+ -+ 981 GB,0 }
n.+1

1
n+1
L Ujp1

u

and collecting this for all components 4 into one single matrix system we get
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Following [16] we approximate the spatial derivative of order 1 < < 2 using the symmetric
Riesz derivative taken as the weighted sum of the left- and right-sided Riemann-Liouville fractional
derivative. Hence, we obtain the differentiation matrix

Ny 1 Mg N \T
L :E(Tﬂ +(T%) )

Using this notation it is easy to see that the implicit Euler method for solving (10) requires the
solution of the matrix system

S 7 I (11)

at every time-step. We discuss the efficient solution of this system in Section 4.

3.2 Problem 2

The second problem we consider includes an additional time-fractional derivative, which leads to
the following equation

§Du(x,t) — ID}'B%u(x,t) = f(x,t). (12)

together with a zero initial condition. We again approximate the Riesz derivative as the weighted
sum of the left- and right-sided Riemann-Liouville fractional derivatives used before. The Caputo



time-fractional derivative § Dfu(x,t) is then approximated using the Griinwald-Letnikov approxi-
mation in Section 2.2. We first discretize in time to get

u(z, o) ngu(J%to) f(z,to)
u(z, ty) Dipu(z, 1) fla,ty)
Tgr‘rl U(I,tg) — Int+1 ngu(xatQ) = ]:nt—"_1 f(‘ratQ) , (13)
u(x,tnt) fDl%u(SC,tnt) f(m7t’ﬂt)
where ) i
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9a,1 YGa,0
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th+1 = . . . —
9a,1 Ga,0
L Ga,n, ce ce 9a,2 Yo, Ga,0 |

Here, T?*1 represents the discrete Caputo derivative. We now want to incorporate the initial
condition as we know u(x,ty) = uo and hence eliminate the first row from (13) and incorporate the
initial condition into the right-hand side to get

u(z,ty) ngcu(x,tl) flz.ty) o
u(x’tQ) mD u x,tg f(xatQ) 9a,2

T ) - " _( - _ T ). (14)
U(.’E, tnt) wD%u(aj, tnt) f(.’L', tnt) goz,nt

If we now discretize in space and recall the zero initial condition, the first line in (14), namely

ga,ou(x,tl) - :EDgu(xvtl) = f($,t1)

becomes
_ u(l) _
- 1 up - 1 < 0
iz
90,0 E u;je; — Lg* ) = E fiei— gaz E u; e (15)
i=1 : i=1 i=1
L uﬂ.m .
ug [ ug ]
uh ui
n Ny — TNz Mg
goc,OI v . _Lg . =1 Tfl _ga,2I U, (16)
1 1
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where Lj* = z Tp" + (T57)" ) is the discrete version of the symmetric Riesz derivative as intro-
duced in Problem 1. This space-time discretization leads to the following algebraic linear system



in Kronecker form

(T2 e1) - (@ 2 L)) u=f (17)

where, using MATLAB notation, u = [uj;uy;...,u,,], and each u; is a vector of dimension n,

associated with the point ¢ in time. Similarly, we define f = [f1;f5; ..., f,,]. Introducing the matrices
U =[uj,uy,...,uy,] and F =[f;,... f,,], we can rewrite (17) as

U(T;)" —Lj"U =F, (18)

which shows that U is the solution to a Sylvester matrix equation (see, e.g., [18]), with T7* lower
triangular and Lg’” a dense symmetric matrix. In Section 4 we shall exploit this key connection to
efficiently determine a numerical approximation to U and thus to u, by working with (18) instead
of the much larger problem in (17).

3.3 Problem 3
The next problem is a two-dimensional version of the first problem given by
du(z,y,t
% —nglu(x’y,t) —yD%Zu(x,y,t) = f(xvy’t)7 (19)

with Dirichlet boundary conditions and a zero initial condition. Using again the shifted Griinwald
finite difference for the spatial derivatives, gives in the x-direction

1 , 1 & TI(k—B)
B1 — —(k —
DR u(z,y,t) = T3 nilm s ,;:0 T+ 1) w(x — (k= 1)hg,y,t)

and then in the y-direction

Ny

1 ) 1 T'(k — B2)
DPu(e,y,t) = ——— lim —— S = P2y (k= 1)hy,t).

With the previously defined weights and employing an implicit Euler method in time, we obtain
the following equation

1 n
L+t — gy = (I"y ®Ly + Ly ® I) wtl gt (20)

T

ngny

B1,82

To proceed with the time stepping, one now has to solve the large linear system of equations

(Inacny _ TLZ;Z’Z) un+1 = un —+ Tf. (21)

NgMNy

at each time step t,. Due to the structure of Lg’ 5 we have

NN 1 n 1 n n n
Inmny — TLﬁf,,Bz; = Iny ® (QInT - TLﬁf) + (21 Vo= TLB;/) ®I 1m7



which has a now familiar Kronecker structure. Proceeding as for Problem 2, the linear system
(I — 7Lyt = f, with f = u” + 7f is equivalent to the following Sylvester matrix
equation,

| N 1 Ny ny n
(21 @ —TLB1> U+ U (21 - —TLﬂz) =F, (22)

in the sense that u"*! can be obtained from the solution of (22) as u"*! = vec(U); here F is such
that £ = vec(F). Note that L and LZ;’ are both symmetric, and are in general different.

Once again, we postpone the discussion of how to solve this matrix equation efficiently at each
time step, so as to obtain an approximation to u™*!, to Section 4.

3.4 Problem 4

Using the above introduced methodology, in this section we discuss the case when a fractional
derivative is used also in time. We assume again that the Caputo time-derivative is employed, so
that the FDE is defined by

§ Dyu(x,y,t) — » D u(x,y,t) — yDFu(z,y,t) = f(x,y,1), (23)

with a Dirichlet boundary condition and zero initial condition. Following the same steps as in our
preceding derivation, we first discretize in time

u(zx,y,to) a:D%U(%y,to) + yD%QU(%Z/»tO) f(z,y,to)
U(l’,y,tl) nglu(x,y,tl)—|—yDR2u(x,y,t1) f(z7y7t1)
TZt+1 U(Z,y,tZ) —Int+1 nglu(x7yat2) "‘yD}ﬁzQ“(xayﬂb) = IntJrl f(:c’y’t2)
w(z,y,tn,) leﬁ%lu(L Yytn,) + yDI'B%Zu(x, Ystn,) [y, tn,)

(24)

Analogously to Section 3.2 we incorporate boundary and initial conditions. We then eliminate the
first row in (24) and consider the first row of the remaining equation,

ga’QU(Jf’ Y, tl) - $DBR1U($7 Y, tl) - yDgzu(xa Y, tl) = f(xa Y, tl)
giving for the left-hand side
1

Ja, oI " uy — <hl31

1
Ny Ny n Ny
I ®Lﬁ1 —Q—LB;‘@—hﬁzI >u1.

Ls,y .5y
Proceeding in this manner for all time-steps we ob the a space-time discretization written as the
following algebraic linear system

(1o T oLy unt e

The space-time coefficient matrix now has a double tensor structure, making the numerical solution
of the associated equation at each time step much more complex than in the previous cases. An
effective solution strategy resorts to recently developed algorithms that use approximate tensor
computations; see Section 4.5.



4 Matrix equations solvers

This section is devoted to the introduction of the methodology that allows us to efficiently solve
the problems presented in Sections 3.1 to 3.4. We saw that the discretization of all problems led
to a system that contained a special structure within the matrix, the so-called Toeplitz matrices
discussed in the next section. We there recall efficient ways to work with Toeplitz matrices and
in particular focus on techniques for fast multiplications and introduce approximations to Toeplitz
matrices that can be used as preconditioners.

We then proceed by introducing methods that are well-suited for the numerical solution of large
scale linear matrix equations, and in particular of Sylvester equations, as they occur in Problem 2
and 3, and less explicitly in Problem 4. We shall mainly report on the recently developed KPIK
method [19], which seemed to provide a fully satisfactory performance on the problems tested; the
code is used as a stand alone solver. We additionally use this method as a preconditioner within a
low-rank Krylov subspace solver.

Lastly, we discuss the tensor-structured problem and introduce a suitable solver based on recently
developed tensor techniques [20, 21].

As a general remark for all solvers we are going to survey, we mention that they are all related
to Krylov subspaces. Given a matrix A and a vector rg, the Krylov subspace of size [ is defined as

Ki(A,rg) = span {ro, Arg, ... ,Alilro} )

As [ increases, the space dimension grows, and the spaces are nested, namely K; (A, r9) C K11 (A, o).
In the following we shall also consider wide forms of generalizations of this original definition, from
the use of matrices in place of 7, to the use of sequences of shifted and inverted matrices instead

of A.

4.1 Computations with Toeplitz matrices

We briefly discuss the properties of Toeplitz matrices and possible solvers. As Ng points out in
[22] many direct solution strategies exist for the solution of Toeplitz systems that can efficiently
solve these systems often recursively. We mention here [23, 24, 25, 26] among others. One is
nevertheless interested in finding iterative solvers for the Toeplitz matrices as this further reduces
the complexity. Additionally, as we want to use the Toeplitz solver within a possible preconditioner
for the Sylvester equations we are not necessarily interested in computing the solution to full
accuracy. Let us consider a basic Toeplitz matrix of the form

to  toq ... ton tin
tl to tfl t27n

T = o to :
tn—2 t1

tho1 tn—2 tq to

10



Circulant matrices, which take the generic form

Co Cn—1 . C2 C1
C1 Co Cn—1 C2
C= . C1 Co T . s
Cn—2 - Tt Cp—1
Cn—1 Cpn—2 ‘e C1 Co

are special Toeplitz matrices as each column of a circulant matrix is a circulant shift of its preceding
column.

It is well known that a circulant matrix C can be diagonalized using the Fourier matrix F*. In
more detail, the diagonalization of C is written as C = FHAF where F is again the Fourier matrix
and A is a diagonal matrix containing the eigenvalues (see [27, 22]). In order to efficiently compute
the matrix-vector multiplication with C the matrix-vector multiplication using F and A needs to be
available. The evaluation of F and F¥ times a vector can be done via the Fast Fourier Transform
(FFT, [28, 29]). The computation of the diagonal elements of A is done employing one more FFT.
Overall, this means that the matrix vector multiplication with C can be replaced by applications
of the FFT.

The n x n Toeplitz matrices mentioned above are not circulant but can be embedded into a
2n x 2n circulant matrix as follows

T B y
ERII

with
0 th_1 . to t
t1en 0 tp1 to
B = © ti, O :
t_o . tn—1
t1 tee .. tiin O

This new structure allows one to exploit the FFT in matrix-vector multiplications with T.

There exists a variety of different preconditioners for Toeplitz systems [22]. Here we focus on
a classical circulant preconditioner introduced by Strang in [30]. The idea is to approximate the
Toeplitz matrix T by a circulant C that can in turn be easily inverted by means of the FFT
machinery. The diagonals c; of this C are determined as

tj,  0<j<[n/2]
;=% ti—n, [n/2]<j<n
Cn+j 0< —] <n

Here k := [n/2] is the largest integer less or equal than n/2. Note that other circulant approxima-
tions are possible but will not be discussed here [22].

The computational strategy described above can be used to solve the linear system in (11)
associated with Problem 1, namely

(I"”” — TLZ””) "t =u” +f.

3In MATLAB this matrix can be computed via F=fft(eye(n))

11
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In [31] it was shown that the coefficient matrix I"= — 7Lg* is a strictly diagonally dominant M-
matrix. This allows us to use a symmetric Krylov subspace solver such as the Conjugate Gradient
method (cG) [32], which requires matrix-vector products with the coefficient matrix; for more
details on iterative Krylov subspace solvers we refer the reader to [33, 34, 35]. The coefficient
matrix has Toeplitz structure, therefore the circulant approximation C ~ I"= — 7'Lgm can be used
as a preconditioner for c¢G. For the fast convergence of @G it is sufficient that the eigenvalues of the
preconditioned matrix form a small number of tiny clusters, which is known to be the case for the
Strang circulant preconditioner, since it gives a single eigenvalue cluster around 1 [13].

4.2 Numerical solution of the Sylvester equation

The numerical solution of linear matrix equations of the form
AU+UB=C (26)

arises in a large variety of applications; we refer the reader to [30] for a detailed description. Note
that in general, A and B are allowed to have different dimensions, so that the right-hand side C and
the unknown solution U are rectangular matrices. A unique solution for C # 0 is ensured if A and
—B have disjoint spectra. Robust numerical procedures for solving (26) when A and B have modest
dimensions - up to a few hundreds - have been widely tested, and the Bartels-Stewart algorithm
has emerged as the method of choice [37]. The method relies on a full Schur decomposition of the
two matrices, and then on a backward substitution of the transformed problem.

We mention here another method that can be used when either A or B is small and already in
triangular form, the way the equation (18) is in Problem 2, when n; is small. Let U = [uy, ..., Un,],
where np is the size of B, and C = [c1,...,¢n,]- Explicit inspection shows that if B is upper
triangular, then the first column of U can be obtained by solving the shifted system (A+B111)u; =
c1. All subsequent columns of U may be obtained with a backward substitution as

(A+ByD)u; = ¢; — ZukB,ﬂ, i=2,..,np

Each of these systems may be solved by €G equipped with a circulant preconditioner, as for Prob-
lem 1. This strategy is appealing when np, the size of B, is small.

Generically, however, we consider the case where the coefficient matrices A and B are both
extremely large, typically dense, making full spectral decompositions and backward solves pro-
hibitively expensive both in terms of computational and memory requirements. On the other hand,
C usually has much lower rank than the problem dimension, which makes low-rank approximation
procedures more appealing. Note that the matrix C in our case reflects the right-hand side of the
FDE and as this often has a certain smoothness, we perform a truncation via a truncated singular
value decomposition to obtain a low-rank representation C. For example, instead of solvmg (18)
we replace the right-hand side F by a low-rank approximation F ~ F with F = VV1VV2 and the
matrices Wl, Wy only have a small number of columns and are computed via a truncated SVD of
F. Based on the low-rank nature of the right-hand side of the Sylvester equations efficient methods
seek an approximation U ~ U as the product of low-rank matrices, U = VYWT, for some matrix
Y, and V, W having much fewer columns than rows. These low-rank approximations are of special
interest, since in general U is dense, and thus hard or impossible to store when A and B are truly

12



large, as in our cases. Among these approaches are Krylov subspace projection and ADI meth-
ods, the latter being a particular Krylov subspace method [36]. We consider the following general
projection methods for (26): given two approximation spaces Range(V) and Range(W), an ap-
proximation U = VYWT is determined by requiring that the residual matrix R := AU+UB-C
satisfies®

VIRW = 0.

Assuming that both V and W have orthogonal columns, and using U = VYWT the condition
above gives the reduced matrix equation

(VIAV)Y + Y(WTBW) — VICW = 0;

for VI AV and WTBW of small size, this equation can be efficiently solved by the Bartels-Stewart
method, giving the solution Y. Different choices of Range(V) and Range(W) lead to different
approximate solutions. The quality of such an approximation depends on whether certain spectral
properties of the coefficient matrices A and B are well represented in the two approximation spaces.
Among the most successful choices are Rational Krylov subspaces: assuming C can be written
as C = C;C], Rational Krylov subspaces generate the two spaces Range(V) = Range([C1, (A —
o11)71Cy, (A—02I)~1Cy,...]) and Range(W) = Range([C2, (BT —I)"1Cq, (BT —12I) 1 Cy, .. ]),
for specifically selected shifts o;,7;, i = 1,2, .... Note that a shift ¢ of multiplicity k& can be used,
as long as terms with powers (A — oI)=7, j = 1,...,k are included in the basis. In our numerical
experience we found the choice o;,7; € {0,00} particularly effective: for Range(V) this choice
corresponds to an approximation space generated by powers of A and A~! and it was first proposed
under the name of Extended Krylov subspace [38]. In [19] it was shown for B = AT that such a
space can be generated progressively as

EK(A, C;) = Range([C;,A™'C;,AC;,A"2C;,A’C,A3Cy,.. )

and expanded until the approximate solution U is sufficiently good. Note that in a standard
implementation that sequentially generates EK(A, Cy), two “blocks” of new vectors are added at
each iteration, one block multiplied by A, and one “multiplied” by A~!. The block size depends on
the number of columns in Cy, although as the iteration proceeds this number could decrease, in case
rank deficiency occurs. The implementation of the resulting projection method with EK(A, Cy) as
approximation space was called KPIK in [19] for the Lyapunov matrix equation, that is (26) with
B = AT and Cl = CQ.

The procedure in [19] can be easily adapted to the case of general B, so that also the space
EK(BT, Cy) is constructed [36]. For consistency we shall also call KPIK our implementation for
the Sylvester equation.

The effectiveness of the procedure can be measured in terms of both the dimension of the ap-
proximation space needed to achieve the required accuracy, as well as computational time. The two
devices are tightly related. Indeed, the generation of EK(A, C;) requires solving systems with A,
whose cost is problem dependent. Therefore, the larger the space, the higher this cost is, increasing
the overall computational time. The space dimension determines the rate of convergence of the
approximate solution U towards U; how the accuracy improves as the space dimension increases
was recently analyzed in [39] for KPIK applied to the Lyapunov equation, and in [40] as a particular
case of Rational Krylov space methods applied to the Sylvester equation; see Section 4.3.

41t can be shown that this requirement corresponds to an orthogonality (Galerkin) condition of the residual vector
for the equation in Kronecker form, with respect to the space spanned by Range(W ® V) [36].
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From a computational standpoint, our application problem is particularly demanding because the
iterative generation of the extended space requires solving systems with A and B, whose size can
be very large; see the numerical experiments. To alleviate this computation, in our implementation
the inner systems with A and B are solved inezactly, that is by means of a preconditioned iterative
method, with a sufficiently high accuracy so as to roughly maintain the KPIK rate of convergence
expected with the exact (to machine precision) application of A=! and B~!. In our numerical
experiments we shall call iKPIK the inexact version of the method.

Finally, we observe that our stopping criterion for the whole procedure is based on the residual
norm. In accordance with other low-rank approximation methods, the Frobenius norm of the
residual matrix, namely ||R/]? = Zz ; R?j, can be computed without explicitly storing the whole
residual matrix R. Indeed, using C; = Vv, and Cy = W+, we have

0 Y

R = [AV,V] [Y T} AW, W]T = Qup, K’( Y

—Y172 _’71’)’;

} pTQl,

where the two skinny QR factorizations [AV, V]| = Q1p; and [AW, W] = Qp, can be updated
as the space expands®. Therefore,

Y

IR| = \

p {0 Y } o7
LY —yyg "2
whose storage and computational costs do not depend on the problem size, but only on the approx-

imation space dimensions.

4.3 Considerations on the convergence of the iterative solvers

The performance of the iterative methods discussed so far depends, in the symmetric case, on the
distribution of the eigenvalues of the coefficient matrices, and in the nonsymmetric case, on more
complex spectral information such as the field of values. We start with providing a simple but
helpful bound on the spectrum of the matrix obtained after discretizing the fractional derivatives.

Lemma 1 For 1 < 3 < 2, the spectrum of the matriz Lg := %(Tg + Tg) is contained in the open
interval (—2h="3,0).

Proof 1 From [13], for 1 < B < 2, we recall the following useful properties of g :

o0 n
950=1, g1 =B <0, gsa>gss>-->0, Y gpr=0 D gsn <0, Vn>1.
k=0 k=0

We can now adapt the proof in [13] to get an estimate of the eigenvalues of Lg = %(ng + Tg)

5The residual norm computation could be made even cheaper in the exact case, since then the skinny QR factor-
ization would not have to be done explicitly [36]
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Recall the structure of Tp :

[ 981 9po0 0
98,2 9.1 98,0
983 982 981 9p.o

Ts=h"| - 9s2 98
: ' ' ' gso 0
: . 982 98,1 9,0
L 98 9Bm—1 .- ... 98,2 9,1 |

Hence, the Gershgorin circles of Lg are all centered at hfﬁg@l = —Bh~P. Moreover, the largest
radius is obtained in row L% + 1J and thus is at most (depending on n being odd or even) ryax =
[3+1
h=F Z gs.k < —hPgs1 = h™PB. This now implies o(Lg) C (—2h="3,0).
k=0,k#1

The result shows that as the spatial mesh is refined, the eigenvalues of Lg cluster towards zero,
so that, for instance, the eigenvalues of the two symmetric coefficient matrices in (22) both cluster
around one half as h — 0. This clustering property is crucial to assess the performance of the
Extended Krylov subspace method described in the previous section, which we use both in Problem
2 and Problem 3 as a solver. Assume that C = c;cl. In [10] for A and B symmetric, it was shown
that the residual Frobenius norm is bounded as

IR~

e lleal < 4dmax{Yma,A.B; Vmp BA} T §(Yma,AB + Vmp BA)s

where v, A B and V5 B,A are quantities associated with the approximation spaces in A and
in B of dimension ma and mpg, respectively, and £ is an explicit constant independent of the
approximation space dimensions. For A = B, which in our Problem 3 is obtained for instance
whenever ;1 = B9, it holds (see [39])

k41

2mA
i) 5 ) (A

TYma,AB = Ymp,B,A = <
where & is the condition number of A. In the notation of Problem 3, the rate of convergence of the
Extended Krylov subspace method when 8; = 5 is thus driven by x'/4, where & is the condition
number of %I — Lg. In light of Lemma 1, we thus expect a very fast convergence rate of the method
as the mesh is refined, and this is fully confirmed in our experiments, also for 8 # (.

Finally, if one were to consider the (symmetric) Kronecker formulation of the Sylvester equation
n (18), that is

(I; ® A+ B®Iy)vec(U) = vec(C),
(see Section 4.4) the following estimate for the eigenvalues of the coefficient matrix would hold:

2517’ 2527’
hB1 + hB2 >

The assertion follows from the fact that the eigenvalues v of I ® A + B ® I, are given by the
eigenvalues of A and B via v; ; = X\;(A) + p;(B).

cLioA+BRI) C (1,1+
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4.4 Preconditioned Low-rank Krylov methods

We already introduced the ¢G method as a suitable method to approximate the solution to Problem
1. In general, given the linear system Az = b, methods such as ¢a [32], MINRES [11] or GMRES
[42] approximate the solution z within the Krylov subspace K;(A,7p). To speed up convergence,
a preconditioner is usually applied [34, 43, 44, 45]. In this section we describe the use of certain
preconditioned Krylov subspace solvers for the structured problems described in earlier sections,
and in particular for the equation of Problem 4. We focus on the solution of the Sylvester equation
(26) in Kronecker form,

(AoL)+ I ®eB)z=c, x =vec(X), c¢=vec(C).
A

A major difficulty that arises when using this formulation is that all computed vectors in a Krylov
subspace iteration are full. Therefore, only very few of them can be kept in memory. This short-
coming is particularly severe for a method like GMRES, which requires storing the whole basis of
the approximation space.

One remedy is to approximate the generated vectors p by low-rank approximations p ~ vec(UV7T)
with p = vec(P) and P ~ UVT. All of the before mentioned Krylov solvers proceed by apply-
ing the matrix to a vector during the iteration. We now illustrate that the process of performing
Avec(UVT) can be performed by maintaining the low-rank nature of the vector vec(UVT). If
truncation can be strongly enforced without affecting the accuracy, this strategy is able to take full
advantage of a low rank right-hand side C. Consider then one instance of a matrix-vector product
Av where v = vec(UVT) has low rank:

Av=(A®1I; +1I, ® B) vec(UV') = vec (,UVTAT + BUV'L). (27)
Using the inverse of the vec operator, it is easily seen that we can write the last equation as
LU BU][AV LV]|"~UV” (28)

where we compute fJ, V to be low-rank representations of the matrices on the left. This can easily be
realized in practice employing a truncated singular value decomposition such as svds within MATLAB
. Alternatively, one can also use a QR factorisation; see, e.g., [16, 47]. Although this strategy seems
to be effective in practice, it should be kept in mind that if truncation is performed with a tolerance
that is significantly above machine precision, the resulting method looses its standard exact precision
arithmetic properties, such as orthogonality among the generated vectors.

We consider the strategy above in Problem 2 as a possible alternative to IKPIK), and we use
the “truncated” version of BICG as a solver [17]. As a preconditioner, we propose the use of a fixed
number of IKPIK steps where the Toeplitz systems within IKPIK are solved using a circulant
preconditioned Krylov solver. Of course, we typically consider IKPIK as a standalone solver but
if this method is used as a preconditioner it is in general not necessary to compute an accurate
solution. Naturally, other methods that approximately solve the Sylvester equation can be used as
a preconditioner. One such candidate is the alternating direction implicit (ADI) method [48]. This
method also computes low-rank solutions to Sylvester equations but needs to be equipped with a
set of parameters that are not always easy to obtain. This might not be necessary when the ADI
method is used as a preconditioner but is not investigated further in this paper.
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4.5 Tensor-valued equation solver

The efficient solution of tensor-valued equations has recently seen much progress regarding the de-
velopment of effective methods and their corresponding analysis [49, 50, 21]. General introductions
to this very active field of research can be found in [51, 52] and in the literature mentioned there.

Although a variety of solvers for tensor valued equations exists we do not aim at providing a survey
of the available methods, but we rather focus on the DMRG (Density Matrix Renormalization Group)
method as presented in [21], which is part of the the tensor train (TT) toolbox [20, 21, 53]. The
guiding principle is that in the equation Az = f, the tensor-structured matrix A and the right-hand
side are approximated by a simpler (low tensor rank) matrix Aprr and a vector f'TT, respectively.
The linear system problem is then formulated as a minimization problem, i.e.,

min HfTT — ATTxTTH . (29)

In our context, the tensor A presented in Section 3.4 is given by

N Ny Ny nt 1 Ty Ny Ny 1 Ny
A = Ty eI eI -1 ®<MI-®L51+Lﬂ2®hﬁ21 >

n x 1 Uz ny 1 ©
et - (Te ey ) - (T e ).
One of the most used decompositions is the canonical decomposition of a tensor A ([52]) given by

Ay, i, 13) = Z Ui (i1, ) Us(d2, ) Us(i3, @)

a=1

with A(iy, i9, i3) the entry (4, 42, 73) of the tensor A, canonical factors U, i = 1,2,3 and canonical
rank 7. While this is already a significant reduction compared to the original tensor, employing this
decomposition can be numerically inefficient. Instead, we use the recently introduced tensor train
(TT) format: A is approximated by

A~ Arr(in, iz, 13) = G1(i1)Ga(i2)Gs(i3),

where Gy (i) is an 7,1 X rp matrix for each fixed ix. Note that we find a tensor Apr of low
tensor-rank that approximates the full TT decomposition of the tensor A.

In order to solve this tensor valued equation we now employ the DMRG algorithm with the TT
decomposition as introduced by Oseledets in [21]. Before briefly describing the method we note that
these techniques have been developed before in quantum systems simulation using different termi-
nology; there the TT format is known as the matrix product state (MPS) (see [51] for references).
As pointed out earlier the DMRG method transforms the problem of solving the linear system into a
least squares problem (29), where all full tensors are replaced by their TT approximations of lower
tensor rank, i.e., f77 is the (TT) tensor approximation of f. The DMRG method can be understood
as a modified alternating least squares method. While a standard alternating least squares algo-
rithm fixes all but one core and then optimizes the functional the TT DMRG method fixes all but
two cores Gg, G411 to compute a solution. The algorithm then moves to the next pair of cores and
so on. For more details we refer to Oseledets [21].

Additionally, one can use a TT version of well-known Krylov methods such as GMRES ([412])
adapted to the TT framework (see [54]) but we have not employed this method here.
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5 Numerical results

In this section we report on our numerical experience with the algorithms proposed in the previous
sections. All tests are performed on a Linux Ubuntu Compute Server using 4 Intel Xeon E7-8837
CPUs running at 2.67 GHz each equipped with 256 GB of RAM using MATLAB ® 2012.

We illustrate the effectiveness of our proposed methods by testing the convergence for all four
problems presented earlier. Our goal is to obtain robustness with respect to the discretization
parameter in both the temporal and the spatial dimensions. Additionally, we are testing all problems
for a variety of different orders of differentiation to illustrate that the methods are suitable for
reasonable parameter choices.

05
200
Z
05
0 5 I I I |
) 100 200 300 400 500 600
Time Space

Figure 1: Problem 1. Comparison of numerical solutions when using two different values for g with
zero initial condition and zero Dirichlet boundary condition. (510 and 10 space and time
points, resp.)

5.1 Problem 1

We start by giving examples for the first problem. The setup here is using a zero-initial condition
and a Dirichlet boundary condition w(0,¢) = 0.1 and u(1,¢) = 0. The result for two different values
of 3 is shown in Figure 1 and is simply given to illustrate that the parameter g has a significant
influence on the solution u. Table 1 shows the result for a variety of discretizations with two values
of 5. For this problem the forcing term was given by

f = 80sin(20x) cos(10x)

with zero Dirichlet condition. It can be seen that the Strang preconditioner [30] performs excep-
tionally well with only 2 or 4 iteration numbers and no dependence on the mesh size. A tolerance
of 1076 for the relative residual was used for the stopping criterion.
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DoF A=13 B=17
avg. its (time) avg. its (time)

32768  2(1.01) 4(1.56)
65536 2(1.56) 4(2.35)
131072 2(3.54) 4(5.02)
262144 2(19.7) 4(33.98)
524288  2(21.0) 4(33.35)
1048576 2(101.6) 4(167.6)

Table 1: Problem 1. Average PCG iteration numbers for 10 time steps and two values of 3, as the
mesh is refined; in parenthesis is the total CPU time (in secs).

Residual norm

0 - 15
Iterations

Figure 2: Problem 2. Number of IKPIK iterations to reach a tolerance of 10~%. Number of space
unknowns: 2% to 2'2. Convergence tolerance for the inner GMRES method: 10710,

5.2 Problem 2

The next and more challenging setup is given when studying the solution of the space-time fractional
derivative formulation described earlier in Section 3.2. Here the forcing term was defined by f =
8sin(10z), while zero Dirichlet condition on the left boundary and w = 0.01 on the right side of the
spatial interval were used. Figure 2 reports the iteration numbers of IKPIK as the space interval
is refined; a tight tolerance of 1070 for the inner solver that applies the inverse within IKPIK was
enforced. Thanks to the good performance of the circulant inner preconditioner, this tolerance was
achieved in very few inner iterations, without significantly affecting the overall performance.

The outer tolerance was set to 10™*. Table 2 summarizes the results for IKPIK. The performance
of the low-rank preconditioned BICG method is also reported for comparison, as described at the
end of Section 4.4. The preconditioner within BICG employs 8 (fixed) iterations of IKPIK (fewer if
an inner residual norm of 10~° is achieved earlier).

Here we discretized both the temporal and the spatial domain using the same number of elements.
When stating the degrees of freedom for each dimension one has to note that implicitly this method
is solving a linear system of tensor form that has the dimensionality nyn, x nsn, so for the largest
example shown in Table 2 this leads to roughly 70 million unknowns.

Both methods are quite robust with respect to the number of unknowns and also with respect
to varying the fractional derivative. IKPIK greatly outperforms BICG in the number of matrix-
vector products and applications of the preconditioner. This is due to the rank-increase within an
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Bica IKPIK
o ng | 6=13 B=1.7 8=13 B =1.7
it(CPUtime) it(CPUtime) | it(CPUtime) it(CPUtime)
#A/#P #A/#P #A/#P #A/#P
512 512 | 2 (13.87) 2 (14.11) 15 (1.28) 16 (1.27)
1954/1154 1524/876 220/160 217/153
1024 1024 | 2 (22.28) 2 (19.57) 18 (2.45) 17 (2.29)
1995/1191 1544 /892 262/190 230/162
2048 2048 | 2 (48.51) 2 (43.99) 22 (5.73) 18 (4.41)
2147/1275 1545/893 339/251 250/178
4096 4096 | 2 (162.80) 2 (113.5) 26 (22.99) 19 (16.84)
2336/1396 1547/887 401/297 272/196
8192 8192 | 2 (547.05) 2 (877.02) 30 (75.74) 18 (42.20)
2336/1396 1571/907 461/341 262/190

Table 2: Problem 2. Preconditioned low-rank B1CG and 1KPIK, for a variety of meshes and two dif-
ferent values of 5. Shown are the iteration numbers and the total CPU time, together with
the number of matrix-vector products (#A) and the number of preconditioner evaluations

(#P).

iteration of BicG which then requires a much higher computational cost in the next iteration. We
additionally challenged IKPIK on a larger problem where we have 32766 degrees of freedom in space
and the same number in the temporal domain. This would lead to an overall linear system size
327662 = 1,073,676, 288, roughly a trillion unknowns that IKPIK was able to solve in 16 iterations
and in 515 seconds for § = 1.7.

5.3 Problem 3

The third problem now includes a second spatial dimension together with a standard derivative
in time. The spatial domain is the unit square. The problem is characterized by a zero-Dirichlet
condition with a zero-initial condition. The time-dependent forcing term is given as

F = 100sin(10z) cos(y) + sin(10t)zy

and the solution for this setup is illustrated in Figure 3, where we show the solution at two different
time steps.

Table 3 shows the average IKPIK iteration numbers alongside the total number of matrix vector-
products and preconditioner applications, as the two-dimensional spatial grid is refined, for different
values of the fractional derivative in the two space directions®. The tolerance for IKPIK is set to
1078, to illustrate that we can compute the solution very accurately, and the tolerance for the inner
iterative solver is chosen to be 1078, The digits summarized in Table 3 give the average number of
IKPIK iterations for 8 time-steps as well as the number of matrix-vector products and preconditioner

SWe do not report our numerical experiments with BicG on this problem as they are once again inferior to those of
IKPIK
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Figure 3: Problem 3. First and tenth time-step solutions of the 2D fractional differential equation.
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Figure 4: Problem 4. Solution at time-step 2 (below) and time-step 20 (above), for two-different
orders of the differentiation for the derivative in time.

application per time-step. Note that the largest problem given in Table 3 corresponds to 33, 554, 432
unknowns. A further increase in the matrix dimensions, which is no problem for our methodology,
would make it no longer possible to store the unknowns without being represented in low-rank
format.

Tly Ny Bl == 1.37ﬂ2 =19 ﬂl = 17, BQ =19
aver.it /#A /#P aver.it/#A /#P
256 512 2.25/59.00/44.00  2.50/108.12/84.62
256 1024 2.25/59.00/44.00  3.00/135.37/104.37
256 4096 2.25/59.00/44.00  3.37/155.00/120.50
1024 8192 2.00/28.75/20.75  2.87/104.62/81.12
4096 8192 2.00/26.00/18.00  2.25/66.12/50.12

Table 3: Problem 3. Performance of IKPIK as the mesh is refined for two different values of (81, 2),
in terms of average iteration numbers, total number of matrix-vector products and number
of preconditioner evaluations.

5.4 Problem 4

In this section we briefly illustrate how the tensorized problems can be solved. Our implementation
is based on the recently developed tensor-train format [20, 21, 53]. The forcing term is given by
J = 100sin(10x) cos(y), while zero-Dirichlet conditions are imposed, together with a zero initial
condition. The approximations of the right-hand side frr and the tensor Apr use the round
function within the TT-toolbox. The tolerance for this was set to 10~2. The DMRG method recalled
in Section 4.5 ([21]) was used, with a convergence tolerance set to 1076. Figure 4 illustrates the
different behaviour of the solution for two different values of the temporal differentiation order.
We next illustrate that the performance of DMRG for our tensor equation is robust with respect to
changes in the system parameters such as the orders of differentiation and varying meshes. Table 4
shows the DMRG iteration numbers for 4 different mesh sizes both in time and space and three
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different choices of differentiation orders. The iteration numbers are constant with the mesh size,
while they show a very slight increase from 6 or 7 to 11 with the different discretization order. It is

B1=13,8=15 p1=17,6=19 (=196 =1.1
a=0.3 a=0.7 a=0.2
ng Ny Ny it it it
512 256 512 6 6 6
256 512 512 6 7 6
1024 512 2048 6 7 11
1024 1024 4096 6 7 11

Table 4: Problem 4. Performance of DMRG as the mesh is refined, for different values of the
differentiation orders.

also possible to include a preconditioner within DMRG but we have not done so here. Additionally,
it would be desirable to investigate the use of a preconditioned Krylov TT solver that we can equip
with a preconditioner based on approximations of the Toeplitz matrices.

6 Conclusions

We pointed out in the introduction that FDE are a crucial tool in mathematical modelling in the
coming years. We have introduced four model problems that use the well-established Griinwald-
Letnikov scheme (and some of its descendants). These model problems were chosen such that
their main numerical features are to be found in many FDE problems. In particular, we derived
the discrete linear systems and matrix equations of Sylvester-type that represent the discretized
version of the space-, time- and space-time-fractional derivative. For all problems it was crucial to
notice the Toeplitz-structure of the discrete differentiation operator. While the first model problem
only required a circulant preconditioner in combination with the preconditioned ¢G method the
more involved problems needed further study. For realistic discretization levels it was no longer
possible to explicitly store the approximate solution vectors. We thus considered low-rank matrix
equations solvers and in particular focused on the successful KPIK method in its inexact version
IKPIK. This method was then extremely effective when we again used the circulant preconditioned
Krylov solver to evaluate any linear systems with the inverse of a differentiation matrix. The last
and most challenging problem was then solved using recently developed tensor-methodology and
while still future research needs to be devoted to understanding these solvers better, the numerical
results are very promising.
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