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ABSTRACT

The efficient and accurate numerical simulation of time-dependent wave phe-
nomena is of fundamental importance in acoustic, electromagnetic or seismic
wave propagation. Model problems describing wave propagation include the
wave equation and Maxwell’s equations, which we study in this work. Both mod-
els are partial differential equations in space and time. Following the method-of-
lines approach we first discretize the two model problems in space using finite
element methods (FEM) in their continuous or discontinuous form. FEM are
increasingly popular in the presence of heterogeneous media or complex geome-
try due to their inherent flexibility: elements can be small precisely where small
features are located, and larger elsewhere. Such a local mesh refinement, how-
ever, also imposes severe stability constraints on explicit time integration, as the
maximal time-step is dictated by the smallest elements in the mesh. When mesh
refinement is restricted to a small region, the use of implicit methods, or a very
small time-step in the entire computational domain, are generally too high a
price to pay.

Local time-stepping (LTS) methods alleviate that geometry induced stability re-
striction by dividing the elements into two distinct regions: the “coarse region”
which contains the larger elements and is integrated in time using an explicit
method, and the “fine region” which contains the smaller elements and is inte-
grated in time using either smaller time-steps or an implicit scheme.

Here we first present LTS schemes based on explicit Runge-Kutta (RK) meth-
ods. Starting from classical or low-storage explicit RK methods, we derive ex-
plicit LTS methods of arbitrarily high accuracy. We prove that the LTS-RKs(p)
methods yield the same rate of convergence as the underlying RKs scheme. Nu-
merical experiments with continuous and discontinuous Galerkin finite element
discretizations corroborate the expected rates of convergence and illustrate the
usefulness of these LTS-RK methods.

As a second method we propose local exponential Adams-Bashforth (LexpAB)
schemes. Unlike LTS schemes, LexpAB methods overcome the severe stability
restrictions caused by local mesh refinement not by integrating with a smaller
time-step but by using the exact matrix exponential in the fine region. Thus, they
present an interesting alternative to the LTS schemes. Numerical experiments
in 1D and 2D confirm the expected order of convergence and demonstrate the
versatility of the approach in cases of extreme refinement.
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INTRODUCTION

Wave phenomena appear in many fields of science, for example in seismology,
acoustics and electromagnetics.

We can distinguish between two main type of waves. Mechanical waves, the first
type, need a medium to propagate and are characterized by transferring en-
ergy through a medium. Mechanical waves can only occur in media which pos-
sess elasticity and inertia. Examples are sound, seismic and water waves. The
medium further characterizes the properties of the wave (e.g. speed). The second
type of waves are electromagnetic waves. They require no medium to travel within
and can propagate in vacuum, but they can still exist in a medium. Typical exam-
ples are light (visible, infrared and ultraviolet), radio waves, microwaves, X-rays
and many more.

Equations that model wave propagation can be assigned to three physical cate-
gories. The acoustics equation and the elastic system model mechanical waves
in fluids and solids, respectively, and Maxwell’s equations, which describe the
propagation of electromagnetic waves. As these equations so widely appear in
science it is of importance to have accurate and efficient numerical solvers.

We focus in this thesis on two types of equations: on acoustic wave equations and
Maxwell’s equations. We consider both in time domain rather than frequency
domain. Both approaches have their advantages, but time dependent equations
appear to have a wider range of applications. Especially when dealing with pulse
sources or radar sources covering a large range of frequencies time dependent
equations model the phenomena better.

1.1 MODEL PROBLEMS

Wave equation
As a first model problem we consider the damped wave equation

0°u ou ) .

w(x,t) + Ug(x, t) =V - (c“Vu(x,t)) = f(x,t) in Qx(0,T), (1.1)
a standard model for wave phenomena. Here () is a bounded domain in RY,
d=1,2,3,x € R4, f is a (known) source term. The damping coefficient, o = o(x),
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is assumed non-negative (c(x) > 0) whereas the speed of propagation, ¢ = ¢(x),
is piecewise smooth and strictly positive (c(x) > co > 0). If o is identically zero
throughout (), then coincides with the classical (undamped) wave equation.
Given initial and boundary conditions complete the model. For a more detailed
description see Chapter

Maxwell’s equations

The second problem we want to study in this work is the propagation of a time-
dependent electromagnetic field through a linear isotropic medium. The set of
equations

P (x,1) =V x H(x £) = J(x,1) in Qx (0,T), (1.2
%—]:(x,t) +V xE(x,t) =0 in Qx(0,T), (1.3)
V- -B(x,t) =0 in Qx(0,T), (1-4)
V-D(x,t) =p(x,t) in Qx(0,T), (1.5)

known as Maxwell’s equations, forms the basis of classical electromagnetic phe-
nomena and describes the interaction between E, H, D and B, the electric and
magnetic fields and the electric and magnetic inductions, respectively. The vec-
tor E contains x-, y- and z-component of the electric field, i.e. E = (E¥, EY, E*). H,
D and B are defined likewise. J denotes here the current density and p a given
charge density. For this model we assume that () C RY, d =1,2,3, is a bounded
polygon/polyhedron.

For linear and isotropic material we have additionally the following relations

D(x,t) = e(x)E(x, 1), (1.6)
B(x,t) = p(x)H(x 1), (1.7)

which we can use to eliminate D from and B from (1.3). Here y and ¢
denote the relative magnetic permeability and the relative electric permittivity,
respectively, and are positive, bounded scalar functions of position.

Moreover, if the fields are not too strong, we can assume that Ohm’s law holds
and thus

J(X, t) = U'E(X, t) +Ju(xl t)/ (18)
where ¢ is a non-negative function of position, the so-called conductivity of the

medium, while J, describes the applied current density.
In the following we shall generally refer to the set of equations

E%E(X, t) =V x H(x, t) + 0E(x,t) = —Ja(x,t) in Qx(0,T), (1.9)

y%H(x,t) +V X E(x,t) =0 in Qx(0,7T), (1.10)
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as Maxwell’s equations, which we get from inserting and into and
into (1.3). Regions where ¢ is positive are called conductors. Where o = 0
and € # ¢, the material is termed a dielectric, and ¢ is referred to as the dielectric
constant. In vacuum (or air at low field strength) we find that o = 0, ¢ = ¢¢ and
i = po. We again need initial and boundary conditions to complete the model. It

can be shown that if (1.4) and hold at one time, they hold for all time. Thus,
if the initial conditions satisfy (1.4) and (1.5), the solutions of and

fulfill the divergence conditions and we can omit them in our set of equations.

Both the damped wave equation and Maxwell’s equations (1.9)—(1.10) are
examples of partial differential equations (PDEs) in space and time. Following
the method-of-lines approach we discretize them first in space and then in time.
Different spatial discretizations are available; among the most popular choices
are finite differences (FD). FD methods often reach their limit when dealing with
locally refined meshes. These meshes are very useful to capture local behavior
originating from small geometric features without introducing too many un-
knowns and are thus computationally efficient. In this work we are using finite
element methods (FEM). These methods, in their continuous and discontinuous
form, are well able to handle locally refined unstructured meshes and their ex-
tension to higher orders is straightforward. For more details we refer to Part I
of this work. The spatial discretization of our model problems leads to ordinary
differential equations (ODEs) in time, which we subsequently need to solve.

Locally refined meshes, however, impose severe stability restrictions on explicit
time integration as the maximal time-step allowed by the CFL condition is dic-
tated by the smallest element in the mesh. When mesh refinement is restricted
to a small region, the use of implicit methods, or a very small time-step in the
entire computational domain, are generally too high a price to pay.

Over the last decades various schemes, such as multirate and local time-stepping
(LTS) methods, have been developed to overcome this geometry induced stiff-
ness.

In this work we propose high-order local time-stepping (LTS) schemes based
on explicit Runge-Kutta (RK) methods and local exponential Adams-Bashforth
(Lexp-AB) methods. By using smaller time-steps or the exact matrix exponen-
tial precisely where the small elements in the mesh are located, these methods
overcome the severe stability restrictions caused by local mesh refinement with-
out sacrificing the explicitness, accuracy or efficiency of their underlying explicit
time integration scheme.

Before we describe the two methods in detail we give an overview on existing
multirate and LTS methods in Sections [1.2] and A short survey on some of
the methods mentioned here can also be found in [44].
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1.2 MULTIRATE METHODS

Multirate schemes were developed in the ODE community for first order sys-
tems, where different components need different time scales. Already in 1960
Rice [90] derived split RK methods for equations of the form

x'(t) = F(x,y,t), x(0) = xo, (1.11)
y'(t) =Gxyt), y0) =y, (1.12)

where the component y(t) does not depend strongly on x(f) or varies much
more rapidly than x(t). The scheme proposed in [go] allows and to
be solved with different time-steps, while keeping the self-starting property of
the classical RK method and the ability to change the integration step easily.
Gomm and later Andrus presented a stability analysis of multirate versions of
linear multistep methods [46] and fourth- and third-order RK methods [2]. Gear
and Wells [45] described multirate schemes based on linear multistep methods
with automatic stepsize and order control. In [94] Skelboe and Andersen studied
the stability for multirate schemes based on backward Euler.

In [52] Giinther, Kveerno and Rentrop introduced multirate partitioned RK meth-
ods, which can be viewed as a generalization of both partitioned RK [89] and
multirate Rosenbrock-Wanner methods [53]]. Starting from a first order ODE the
unknowns are divided into an active component, which is rapidly changing, and
a latent but stiff component. The computation of the active (non-stiff) part using
an explicit scheme with a small time-step is coupled with the linearly implicit
computation of the latent (stiff) part.

The multirate methods mentioned so far all require an a priori knowledge of
the splitting into active and latent components. To overcome this, Engstler and
Lubich [39] proposed a multirate method based on Richardson extrapolation.
This approach allows for a dynamic partitioning into several classes of slow to
fast components.

A finite element based approach is presented by Logg in [74, [75]. The multi-
adaptive Galerkin method for ODEs even lets each individual component have
its own time-step, but it also leads to complicated implicit relations which need
to be solved iteratively across each time-slab.

More recently, Savcenco, Hundsdorfer and Verwer [92] introduced a self-adjusting
multirate time-stepping strategy for stiff ODE’s starting from a second-order (lin-
early implicit) Rosenbrock method with an embedded first-order method. This
approach allows large time steps for inactive components, without sacrificing
accuracy.

In their recent work [29] Demirel et al. presented multiple time-stepping (MTS)
algorithms which allow any choice of explicit Adams type or predictor-corrector
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scheme for the non-stiff integration and any choice of ODE solver for the stiff
part. Furthermore, they constructed MTS schemes with optimized stability con-
tours for both stiff and non-stiff integration.

1.3 LOCAL TIME-STEPPING SCHEMES

So-called local time-stepping methods present another approach. They were
developed in the PDE community to overcome the bottleneck in explicit time-
stepping caused by locally refined meshes by dividing the mesh into two parts:
“fine” and “coarse”. While they integrate in the coarse region with an explicit
scheme, they resolve the stability restriction on the fine part by using either an
implicit scheme (locally implicit methods) or an explicit method with a finer
time-step (locally explicit methods).

1.3.1  Locally implicit methods

Locally implicit methods build on the long tradition of hybrid implicit-explicit
(IMEX) algorithms for operator splitting for advection-diffusion-reaction equa-
tions. The different terms appearing in the ODE after spatial discretization pos-
sess different characteristics and IMEX schemes allow to treat the stiff term (e.g.
diffusion term) implicitly while using an explicit scheme for the non-stiff part
(e.g. advection) — see [4, 67] and the references therein. In 2006, Piperno [87]
presented a combination of the explicit leap-frog (LF) with the implicit Crank-
Nicolson (CN) scheme for a nodal discontinuous Galerkin (DG) discretization
of Maxwell’s equations in a non-conducting medium. Here, a linear system
needs to be solved inside the refined region at every time-step. Although each
method is time accurate of order two, the implicit-explicit component splitting
can reduce by one the order of convergence of the resulting scheme when both
the time-step and the mesh size decrease simultaneously [34, 32]. By using the
LF/CN-IMEX approach of Verwer [98] instead, Descombes, Lanteri and Moya
[32] resolved that unexpected loss in accuracy and hence recover second-order
convergence, yet at the price of a significantly larger albeit sparse linear system.
To achieve higher accuracy, Kanevsky et al. [68] applied a fourth-order IMEX RK
method [70] to nodal DG discretizations in fluid flow. The nonlinear system asso-
ciated with the ”fine” elements needs to be solved by a Newton-Krylov method
at every time-step and becomes increasingly ill-conditioned as the grid-induced
stiffness increases. This can however be corrected with the use of suitable pre-
conditioners.
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1.3.2 Locally explicit schemes

Unlike locally implicit schemes, explicit LTS methods overcome the crippling
effect of local refinement by using smaller time-steps inside the refined region,
while remaining fully explicit in the entire computational domain. One of the
first local time-stepping methods based on the forward Euler scheme was pre-
sented by Osher and Sanders in [85] for one-dimensional conservation laws us-
ing finite volume schemes in space. In the mid-eighties Berger and Oliger [12]
and Berger and Colella [10] proposed a local adaptive mesh refinement (AMR)
strategy for first-order nonlinear hyperbolic conservation laws, based on a hier-
archy of rectangular finite-difference grids. In [11] Berger and LeVeque extended
this strategy to hyperbolic equations not necessarily in conservation form.

More recently, Dawson and Kirby [28] developed local time-stepping for con-
servation laws based on forward Euler and second order time discretizations,
which satisfy, as an additional property, a maximum principle.

To achieve higher-order schemes Baeza and Mulet [5] and Dumbser et al. [36]
combined the AMR strategy with weighted essentially non-oscillatory (WENO)
reconstruction techniques.

As already mentioned, finite element based approaches are a natural choice in
the presence of complex geometry or adaptive mesh refinement due to their
flexibility.

In [42] Flaherty et al. presented the first combination of DG FE on unstructured
meshes and LTS. The results, however, were restricted to first order.

In [41] Ezziani and Joly combined the energy conserving, second-order LTS
approach from Collino et al. [23] 24, 25] with a DG FE discretization for the
numerical solution of symmetric first-order hyperbolic systems. That LTS ap-
proach is explicit inside the coarse and the fine mesh; at the interface, how-
ever, it nonetheless requires the solution of a linear system at every time-step.
In [87], Piperno also proposed a fully explicit second-order Stormer-Verlet LTS
scheme for Maxwell’s equations in first-order formulation; while it preserves a
discrete form of the electromagnetic energy in a non-conducting medium, it is
also limited to second-order accuracy. In [79] Montseny et al. presented a local
time-stepping strategy defined by a recursive multi-class method based upon
a leap-frog scheme, which they combined with discontinuous hexahedral ele-
ments. Starting from the standard LF method, energy conserving fully explicit
LTS integrators of arbitrarily high even accuracy were proposed for the classi-
cal wave equation [33] by Diaz and Grote. In [48] Grote and Mitkova extended
this approach to Maxwell’s equation for non-conductive media in second-order
formulation. Furthermore, an explicit LTS scheme is derived for conducting me-
dia by combining LF and Crank-Nicolson methods. This is, however, limited to
second-order.
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Based on the arbitrary high-order derivatives (ADER) DG approach, alternative
explicit LTS methods for Maxwell’s equations and for elastic wave equations
were proposed by Taube et al. [97] and Dumbser et. al [35]. Constantinescu et
al. and later Krivodonova devised multirate explicit methods for hyperbolic con-
servation laws , which are based on Runge-Kutta [26, [71] and Adams-Bashforth
[27] schemes; again these schemes are limited to second-order accuracy. Mono-
tonicity conditions of multirate schemes based on first and second order explicit
RK methods [85) 96, 126 92] were analyzed by Hundsdorfer et al. in [66].

To achieve arbitrarily high accuracy in the presence of dissipation, while remain-
ing fully explicit, Grote and Mitkova [49] derived LTS methods for damped wave
equations based on Adams-Bashforth (AB) multi-step schemes; they can also be
interpreted as particular approximations of exponential-Adams multi-step meth-
ods [63]. Recently, Angulo et al. [3] proposed a ”causal-path” LTS technique
for both the second-order LF and a fourth-order low-storage (LS) explicit RK
method [15], which assorts elements in tiers according to their size and com-
putes required intermediate values recursively.

Here, we propose explicit LTS methods based on standard explicit RK schemes
of arbitrarily high accuracy. Since RK methods are one-step methods, they do
not require a starting procedure and easily accommodate adaptivity in time.

1.3.3 Local exponential integrators

The second type of methods we investigate in this work are local exponential
Adams-Bashforth (Lexp-AB) schemes which are based on exponential Adams
methods.

In [63] Hochbruck and Ostermann presented exponential multistep methods for
semilinear problems of the form

W (t) = —Au(t) +g(Lu(t)),  ulto) =uo,

which, for A = 0 reduce to well-known AB methods. Beside the construction,
implementation and numerical analysis of exponential Adams methods, the ar-
ticle further provides a stiff error analysis performed in the abstract framework
of linear semigroups. An error analysis based on order conditions for exponen-
tial general linear methods is presented by Ostermann et al. in [86]. Exponential
Adams methods were first introduced by Certaine in [16] and by Nersett in [84].
They are part of a long tradition of exponential integrators dating back to the
6oth and regaining a stronger interest in recent years. For an overview on differ-
ent methods, applications and extensive references we refer to Hochbruck and
Ostermann [62].
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Instead of choosing a smaller time-step in the fine region Lexp-AB methods
calculate the matrix exponential and can thus keep one global time-step. The
idea was first presented in [63]]. Especially when facing problems with very few,
but very small, fine elements, these methods present an interesting alternative
to LTS schemes.

1.4 OUTLINE OF THE THESIS

The rest of the thesis is structured in three parts.

In Part I we introduce the model problems and (1.9)-(1.10) in more details
as to function spaces, boundary and initial conditions, etc. Furthermore, we in-
troduce variational formulations, which build the basis for our finite element
discretizations, both continuous and DG. Additionally we present some conver-
gence results for semi-discrete schemes.

Part II describes the derivation of RK based LTS schemes. We further present
and prove theoretical convergence results and conclude by giving numerical
results, both in one dimension, which confirm our convergence results and show
stability results, and two dimensions, for both wave equations and Maxwell’s
equations.

In Part III we propose Lexp-AB methods. Numerical results in one spatial dimen-
sion show the expected high rates of convergence and optimal stability prop-
erties. We explain with the help of examples why the use of Krylov methods
to evaluate matrix exponential times vector does usually not give the desired
results when applied to ODEs coming from the FE discretization of wave equa-
tions. Additionally we present numerical results in two spatial dimensions.

We end this work with concluding remarks and an outlook to possible future
work.



Part |

MODEL PROBLEMS AND SPATIAL
DISCRETIZATION






INTRODUCTION

A variety of different spatial discretizations for model problems describing wave
phenomena such as or (1.9)—(1.10) is available when following the method-
of-lines strategy. As mentioned in Section 1.1 FD present an intuitive and easy
approach, as they directly start from the PDEs or (1.9)—(r.10) and replace
the appearing spatial derivatives by difference quotients. Due to their simplicity
they are still popular and often present the method of choice in engineering.
The construction of higher-order schemes, which are essential to achieve the
necessary high accuracy, is however more involved. [1] is one of the earliest
work on a fourth-order FD scheme for the acoustic wave equation. It presents
a g-point scheme in space for the wave equation in two dimensions. Extensive
work on higher-order schemes in space began in geophysics around 1985. A nice
overview and extensive references can be found in [21], Part II.

In electromagnetics the research on FD methods for time dependent problems
was less active. However, among the most popular methods to advance time-
dependent electromagnetic fields we find the Yee-scheme [100], which uses sec-
ond order FD in space and time on a staggered grid and is still regarded as a
reference method. For a detailed overview on FD methods for Maxwell’s equa-
tions see [95].

The main drawback of FD methods is that they are restricted to quadrilateral
and hexahedral meshes in two and three dimensions, respectively. Hence, they
are not well suited for complex geometries and local mesh refinement.

FEM appear to be a natural solution to this problems as they are able to han-
dle locally refined and unstructured grids. However, such methods introduce a
mass-matrix M, which needs to be inverted even when applying explicit time
integration schemes, thus compromising the efficiency of explicit methods. To
avoid that computational work, various mass-lumping techniques have been de-
veloped [20, o], which replace M by a diagonal approximation without spoiling
the accuracy [9].

Approximating Maxwell’s equations with standard (H!- conforming) finite el-
ements would lead to a numerical solution without singularities, even in the
presence of re-entrant corners. With this approach we would consequently loose
actual physical solutions. The appropriate space to consider is H(curl, () which

11
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only asks continuity of the tangential component of a field, but allows its normal
component to jump across element boundaries. The first finite elements based on
this principle can be found in [81} [82]. [78] gives an overview on these so-called
edge elements. In [22] Cohen and Monk presented mass-lumping for Maxwell’s
equations and mixed finite elements on quadrilateral meshes, which can be ex-
tended to triangular meshes [37, 38].

When considering problems in 3D, mass-lumping introduces additional degrees
of freedom (23 dofs instead of 10 for third-order methods). This drastically influ-
ences their efficiency. Furthermore, mass-lumped finite elements in 3D are only
known up to order four [17]. Spectral element methods (SEM) [1g), |69] present
an alternative. They can be interpreted as extensions of mass-lumped finite el-
ements in 1D to higher dimensions [21] and provide a diagonal mass matrix.
However, they are again restricted to quadrilateral and hexahedral meshes.

DG methods automatically lead to a block-diagonal mass matrix with block size
equal to the number of degrees of freedom per element; therefore M is com-
putationally cheap to invert. Furthermore DG schemes allow for locally refined
and even irregular nonmatching meshes without enforcing continuity across el-
ement boundaries. The first DG method was presented by Reed and Hill in [88]
for the solution of the steady-state neutron transport equation. Today various
different DG schemes are available [19, 91} 50, [51]. For an extensive overview on
the development of DG schemes see [18, 57, 31] and references therein.

In this work we focus on two different discretizations of our model problems:
continuous FEM with mass-lumping [20, 80] (for the wave equation) and nodal
DG methods [56, 57] (for both wave equation and Maxwell’s equations).

The rest of this part on model problems and spatial discretizations is structured
as follows. In Chapter |3 we present the wave equation in more detail. We recall
both continuous FEM with mass-lumping and nodal DG FEM as discretization
methods to attain ODEs in time, which we can rewrite as a general first-order
system of differential equations. In Chapter [4] we extend the nodal DG formula-
tion to Maxwell’s equations. This again leads to first-order system of ODEs in
time.



FINITE ELEMENT DISCRETIZATIONS OF WAVE
EQUATIONS

In this chapter we present the wave equation in more detail. We state some
classical existence, uniqueness and regularity results for the weak solution of
the wave equation and present spatial discretizations based on standard H'-
conforming FEM with mass-lumping and nodal DG methods.

We remind the reader of the wave equation presented in (1.1)

l/ltt—i-O'Mt—V'(szu) = f in QX(O,T),
u(-,t) = 0 on 0Qx(0,7T), (3.1)
u(-,0) =up, us(-,0) = vy inQ,

which serves as a standard model problem for wave phenomena. As introduced
before, Q) is a bounded domain in RY, f is a (known) source term, while 1y and
vp are prescribed initial conditions. At the boundary, dQ), we impose a homo-
geneous Dirichlet boundary condition, for simplicity. The damping coefficient,
o = 0(x), is assumed non-negative (c(x) > 0) whereas the speed of propaga-
tion, ¢ = ¢(x), is piecewise smooth and strictly positive (c(x) > ¢o > 0). If ¢ is
identically zero throughout (), then coincides with the classical (undamped)
wave equation.

3.1 CONTINUOUS FEM

Various FEM are available for the spatial discretization of (3.1). For instance, the
standard H'-conforming FEM with mass-lumping starts from the weak formu-
lation: Find u : [0, T] — H}(Q) such that

(ugt,v) + (oup,v) + (cVu,cVo) = (f,v) Vo e Hi(Q), t € (0,T),
u|t:0 = U in Q, (32)

uf|t:0 = 0o in ),

where (-,-) denotes the standard inner product on L?(Q)

(w,v) = / w(x)o(x) dx.

Q

13
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For ¢ = 0 (3.2) reduces to the variational formulation of the classical wave equa-
tion. After several assumptions on initial conditions and source term we get the
following result on the existence and uniqueness of a weak solution of (3.2).

Theorem 3.1. Let ug € HY(Q), vp € L?(Q) and f € L2(0,T; L*(QY)). Then there
exists a unique weak solution of (3.2) u € L(0, T; H}(Q)) with u; € L2(0, T; L*(QY)).

The proof can be found in [40]. Furthermore one can proof that the solution
has actually even more regularity, i.e. u € C(0,T; H}(Q)) N C1(0, T; L*(Q). For
o(x) > 0 similar results can be found in [73].

Next, we consider a family of shape-regular meshes {7}, }; that each partition )
into disjoint elements K, i.e. Q=uU KGT;,K' for simplicity, we assume that () is
polygonal. The diameter of element K, a triangle or a quadrilateral in two space
dimension, and a tetrahedron or hexahedron in three dimensions, is denoted by
hk; hence, the mesh size, h, is given by h = maxge7, hx. We also let V, C H(1) (Q)
denote the finite dimensional subspace

V,={ve H\Q) : v|x e S'(K), VK e T;}, £>1,

where S?(K) corresponds to the space P*(K) of polynomials of total degree at
most ¢, if K is a triangle or tetrahedron, or the space Q°(K) of polynomials of
maximal degree ¢ in each variable, if K is a quadrilateral or hexahedron.

The semi-discrete Galerkin approximation, uh(t) € V), is then defined for 0 <
t < T by the restriction of (3.2) to Vj,: Find u" : [0, T] — V" such that

(u?t,v) + (O'M?,Z)) + (cVuh,ch) = (f,v) Voe V" te (0,T),

u(-,0) = Iyug, ul(-,0) = IT,v,. 5:3)
Here, I1;, denotes the Lz-projection onto V. In [7] semi-discrete convergence
results for (3.3) as well as fully-discrete convergence proofs are presented. This
was extended in [8] to a first-order formulation of (3.3).
Let U(t) € RN denote the coefficients of u(t) with respect to the standard
Lagrangian basis {¢;};_; _ of V. Then is equivalent to the second-order
system of ODEs

2
M%(t) +M0ii—?(t) FKU(H) =R(H), te(0,T),
(3-4)
MU(0) = ul, M‘;l:(o) =

where ul!, vft are suitable approximations to the initial conditions. Moreover, the

mass matrix, M, and the stiffness matrix, K, are given by

Mi; = (¢j, ¢i),  Kij = (cV;, cV);
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the matrix M, also corresponds to a mass matrix with weight ¢. The matrix M
is sparse, symmetric and positive definite, whereas the matrices K and M, are
sparse, symmetric but, in general, only positive semi-definite.

Even though explicit numerical time integration may be applied directly to (3.4),
every time-step then requires the solution of a linear system involving M or
multiplication with the inverse of M, which need no longer be sparse. To avoid
that computational work, various mass-lumping techniques have been devel-
oped [20, o], which replace M by a diagonal approximation without spoiling
the accuracy [g]. Alternatively, the spectral element method [14, 69] and the sym-
metric interior penalty DG method [50] both waive the need for mass-lumping
altogether: The former inherently leads to a diagonal mass matrix, whereas the
latter leads to a block-diagonal mass matrix with block size equal to the number
of degrees of freedom per element. Thus, both mentioned alternative discretiza-
tions also lead to (3.4) with an essentially diagonal mass matrix M.

Since M in is symmetric, positive definite and (block) diagonal, the matrix
M2 is immediately available. Then, multiplication of 1i by M2 yields

d2 d ~
d_tj(t) +Dd_j(t) + Az(t) = R(b), (3.5)

with
1 1 1 ool = 1
z(t) =M:2U(t), D=M:M,M 2, A=M KM 2, R(t) =M zR(t).

Again, the matrix A is sparse, symmetric and positive semi-definite.

LTS techniques based on leap-frog type methods start from the second-order
system (3.5). To apply a RK type or AB method, however, we first need to rewrite

(3.5) as a first-order system
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3.2 NODAL DISCONTINUOUS GALERKIN METHODS

As an alternative to mass-lumped FEM we consider now the discretization of
(3.1) using nodal DG elements [56, 57]. We start by introducing new variables
v := u, W := —Vu, and thus rewriting (3.1) as a first-order hyperbolic system:

v+ oo+ V- (APw)=f in Qx(0,T),
w;+Vo=0 in Qx(0,T), (3.7)
v(-,t)=0 on 00 x (0,T), 37
v(-,0) =v9, w(-,0) = —=Vug inQ,
or in more compact notation as
q+Xq+V-F(q) =8, (3.8)

with .
=[] = Y ro-E) sl

Similar to the case of continuous FEM we search for solutions of in the weak
sense. The weak formulation is however posed on a local instead of a global level.
We start again by approximating () by nonoverlapping elements.

To take discontinuous solutions into account, it is further necessary to double
the inner points.

On each element K we express the local numerical solution as a polynomial of
degree N

g5 (xt) th (x), (3-9)

where x¥ represent the Np = N + 1 grid points based within the element K and
¢X(x) is the multidimensional Lagrange polynomial based on these grid points.
The grid points are chosen to lead to well-behaved interpolation. They can be
interpreted as extensions of the Legendre-Gauss-Lobatto points in 1D [57]. The
global solution is given by the direct sum of the K local polynomials

q(xt) ~ qu(x,t) = P qj (x,1). (3.10)

To calculate the local solutions we insert g (x, t) into (3.8), multiply with ff(x)
and integrate over K to get

d K k K _ A K * K
/(atqh +XIqj + V- Fp Sh)ﬁj dx—/aKm(]-"h —]—">£]~ ds, (3.11)
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where 1 is the local outward pointing normal. The here introduced numerical
flux F* plays a crucial role in the design of a DG method. Without the numer-
ical flux the expression in would be fully local and the solution at the
element interfaces multiple defined. The choice of numerical flux determines
which solution, or which combination of solutions, is chosen. Additionally, the
boundary conditions are imposed weakly through the numerical fluxes. This fur-
ther highlights the importance of the choice. Two popular examples are upwind
and central flux. While the energy conserving central flux is the average of the
different solutions at the interface, the upwind flux takes information were it
comes from. This, however, introduces an artificial dissipation to the numerical
solution. It depends on the problem we want to study, which numerical flux is
adequate. As an example we comment on the upwind flux for the wave equation
in 1D with constant c. With v = u;, w = —u, reduces then to

q: +Xq+.Aqx =S, (3.12)
where

0 0 1 0

The flux of the first-order hyperbolic system is then given by .Aq. The
eigenvalues of A are +c and represent two waves with speed c travelling in
opposite directions. In the following, interior information of an element will be
marked with a superscript “—” and ”+” is the symbol for exterior information. By
applying the Riemann jump conditions [72] we recover the following equations

a=(ow), =0, z:[" 0}, A:[O CZ}.

c(q* —q7) + (Ilq)* - (I1q)~ =0, (3.13)
—c(q"—q") + (I1q)" — (TIq) " =0, (3.14)

where q* refers to the intermediate state, (IIq)* is the numerical flux along the
outward normal A with operator IT defined as

2

llq=1-(Aq) = A" {va] : (3.15)

We can derive an equation for the unknown numerical flux (I1q)* by combining

and and thus arriving at

(Tq)" = 3 (c(q™ —q") + (ITq) ™ + (TTq)"). (5.16)

With (3.15) and (3.16) we finally get expressions involving v* and w*

200% - _ ot 20— +
(Ilq)* =h - [C;f } = % <C [z —Zﬁ} +h- [C (;U _:—sz )}> (3.17)
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K-1 K K+1

| ................ I I I I ................. |

K-1 K-1_ K K _ K+1
0 z; X, =T T, =12 z, L

Figure 1: Element K with neighbors.

We are now ready to formulate the equations of the local solutions in matrix-
vector form. For simplicity we restrict ourselves again to the one-dimensional
case, see Fig. [1] for the grid. (3.9) corresponds then to the two equations

Np
ol (x, 1) th (x), wh(xt) =Y wh(xK t)X(x),
i—1

which we can now insert into (3.11). This gives us the following local semi-
discrete scheme

K

d Xy
MKdtvh + o MEVE 4 2 SKwWK — MK = ¢ ?iK fi- (wk — w*)EJK ds, (3.18)
l

d
MKdtwh + SKvK = j{ ok — v*)EJK ds, (3.19)
where vf € RNr denotes the vector of the coefficients U{f(le,t), i=1,...,Np,

and MX and SX are the local mass and stiffness matrices, respectively. Their
entries can be calculated as follows

XK 1
ME = /xf X (x)€f (x) dx = /1 Ci(r)Li(r) dr M{],
K EK(x) 1 f-(i’)
K _ K ] — (VL gy = SI
Sij _/x{< A rale /—1 ) =g = 8y
K

with hg = xK — xK the length of element K. Thus, we only have to calculate the
local matrices once on the reference element I = [—1, 1].

As the above equations and are only local, inverting the arising local
mass matrix MX is cheap. Using further the expression for the numerical flux
(3.17), we can represent the global solution with the following global system of
ODEs
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%vh(t) - (—avh(t) — M ISwy () + M1Cwy(t) + fh(t)> , (3.20)
%wh(t) = (—M_lSvh(t) + /\/l_l(fvh(t)) , (3.21)

with global mass and stiffness matrix M and & and interface matrix C.

and can be directly written as (3.6)

%(t) = By(t) + F(¢), te(0,T),
Y(O) = Yo,

(Vv - —0ol —PMIS+ M7IC . f;
Y(t) - <Wh) , B = <—M_1S—|—M_1C 0 ’ F(t) =\o)/-

Note that we in general never assemble the global matrices as displayed in (3.20)
and (3.21), but only compute them on a local level.

In a similar way as presented here for the 1D wave equation we can discretize
any first-order hyperbolic system (3.8). We likewise end up with d + 1 local
equations corresponding to (3.18)-(3.19) which can be rewritten in global form

as (3.6).



20

FINITE ELEMENT DISCRETIZATIONS OF WAVE EQUATIONS



MAXWELL'S EQUATIONS

In this chapter we concentrate on Maxwell’s equations and their spatial dis-
cretization schemes. We restrict ourselves here to nodal DG approach [56, 57].
We start by repeating our model problem as seen in Chapter

e%E —VxH+0E=-], in Qx(0,T), (4.1)
y%H +VXE=0 in Qx(0,T), (4-2)

where Q) C RY, d = 1,2,3, is a bounded polygon/polyhedron. Here y, e and o de-
note the relative magnetic permeability, the relative electric permittivity and the
conductivity of the medium, respectively, while the source term j corresponds
to the applied current density. o(x) is a non-negative function of position. Re-
gions where ¢ is positive are called conductors. Where o = 0 and ¢ # ¢y, the
material is termed a dielectric, and ¢ is referred to as the dielectric constant. In
vacuum (or air at low field strength) ¢ = 0, ¢ = ¢g and u = pp. For simplicity,
we assume that materials are piecewise constant. Furthermore, let E(-, ) = 0 on
Q) x (0,T) corresponding to a physical situation where the computational do-
main is enclosed in a metallic cavity (also called perfectly electrically conducting
(PEC) boundaries). Given initial conditions will complete our model.

4.1 SPATIAL DISCRETIZATION

We extend the nodal DG discretization seen in Chapter [3/for damped wave equa-
tions to electromagnetic problems described by Maxwell’s equations. Following

[56] we rewrite (4.1)-(4.2) as a system of the form

Q(x)qt+Xq+V-F(q) =S, (4-3)
with

o €Id><d 0 - E o O'Idxd 0 : - —ei><H . —Ja
o= [M o il == T o) = [ = [

21
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Here e;, i = 1,2,3, denote the three Cartesian unit vectors. can be directly
written into the form of by inverting Q. Thus, the derivation of the local
solution also holds for Maxwell’s equations - (4.2). Again the most
crucial part in designing the DG method is the choice of numerical flux. As for
the wave equation the numerical flux along a normal fi can be obtained with
the Riemann jump conditions, also known as the Rankine-Hugoniot conditions.
First we recall that the normal component of the flux in (4.3) is given by

A F {—an}

h x E
and thus represents the tangential field components. This leads to the following
equations for the numerical fluxes

A (F—F* = (4-4)
2{1Y}ﬁ x (Y*(E"—E") +ah x (H —HY))

for electric and magnetic fields, respectively — see [56] for derivation. Here, {-}
denotes the average, i.e.

Zt+ 27~
{2} =7~

For simplicity we assume that € and p are piecewise constant. Thus,

1 T
7+ _ _ K
—Y_i— s_i'

gives us the relation between local impedance Z and conductance Y.

The choice of # = 1 results in a classical upwind flux. For &« = 0, (4.4) re-
duces to the nondissipative central flux. Applying a central flux gives an energy-
conserving method for ¢ = 0. However, we do not always get optimal conver-
gence rates, but an even-odd pattern where we get accuracy of O(hN*1) for N
even and O(hN) for N odd, see [21], Chapter 6.5 (presentation of phenomena
for Maxwell) and Chapter 7.1 (theoretical results, for Heat equation). Here, N is
the degree of the local polynomial on each element. Furthermore, when study-
ing the stability of explicit RK methods, we observe another advantage of an
upwind flux as it gives a system matrix with a spectrum better suited for the
stability regions of RK schemes than that of system matrices originating from
continuous FEM or DG with central flux discretizations, see Section 8.1

For illustration we present now more detailed calculations for Maxwell’s equa-
tions in 2 spatial dimensions. If the electric and magnetic fields only depend on



4.1 SPATIAL DISCRETIZATION 23

the two spatial components x and y, but not on z, then the system of equations
and (4.2), containing 6 unknowns, decouples and we get 2 independent
sets of equations, one involving H*, HY, E* (known as transverse magnetic form
(TM)) and a second one containing E*, EY, H* (transverse electric form (TE)). The
two sets can then be solved in parallel. Here we only consider the TM form,
which is given by

oE* oHY oJoH* .
¢ o ( T 5 ) +0E* = —], in () x (O, T), (4.5)
oH* OJF* .
hr + E 0 in Qx(0,T), (4.6)
oHY  OE* .
W~ 5 =0 in Qx (0,T). (4.7)

Following what we have seen in Section [3.2|for the wave equation in 1D we start
discretizing (4.5)-(4.7) in space by deriving local weak formulations for each
element K. This gives us again a set of local equations

dEZ,K 1
h K K K K krz,K K —KA K
I — & (DY) - DI — B -+ MOECRRE) 48)
dH>K 1 _
T (DI + M Py (49)
Juvc
Sho - X (D{fE;fK n M‘KCKPHy> (4.10)

Here, MX is again the local mass-matrix, CK is the interface matrix, while DX,
m = x,Y,z, is given by

DK = M~KSK with (SK) = / zK(x)@ dx
m mrs m 1] K 1 dm

The terms Pyx, Pyy and Pg: stand for the fluxes and are chosen as

where [g], [9] and [q], the jumps along the normal fi are defined as

gl =g —q"=n-[ql, [l=n0"q +07q", [qf=h"-q +0"-q".
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Note the difference between the definitions for scalar functions g and vector
valued functions q. For the detailed derivation of the fluxes see [21].

In the same way as in the one-dimensional damped wave equation we can again
rewrite the local expressions (4.8)-(4.10) as global equations and end up with a
system of the form (3.6):

dt
y(0) = yo,
with -
y(t) = (Hi,H,E.) ,  F(t) = (=J,u(t),0,0)"
and
—ol —lD le
. e Y oe
B = _;Dy 0 0 | +M7'C.
1
_Dx O 0
| U i




Part II

RUNGE-KUTTA BASED EXPLICIT LOCAL
TIME-STEPPING METHODS






INTRODUCTION

Following the method of lines approach we have, in Part I, discretized our model
problems in space using FE methods, both continuous and discontinuous. We
have seen that either discretization leads to a system of first order ODEs of
the form

y(0) = yo.

Especially the spatial discretizations we consider in this work, i.e. FE based
schemes, can easily handle locally refined meshes, which appear when dealing
with complex geometries or adaptivity; however at a high price for explicit time
integration as the admissible time-step is dictated by the smallest elements in the
mesh. Calculating with an implicit scheme or with an explicit scheme with the
small time-step dominated by the refined region everywhere, is computationally
too expensive if the fine region is small compared to the whole domain.

Here, we propose LTS methods based on explicit RK schemes of arbitrarily high
accuracy.

The rest of this part is organized as follows. In Chapter [p| we derive explicit LTS
methods of arbitrarily high accuracy by starting from standard or low-storage
RK methods. Next, we prove in Chapter [7] that those LTS-RK methods indeed
preserve the accuracy of their original single time-step counterparts. Finally, nu-
merical experiments that illustrate the expected convergence and stability prop-
erties of our LTS-RK schemes are given in Chapter |8 for both damped wave
equation and Maxwell’s equations. The work presented here is based on [47].
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RUNGE-KUTTA BASED LTS

We shall now derive high-order explicit LTS methods for (3.6), which are based
on explicit RK schemes. Although we concentrate on classical and low-storage
RK schemes, probably the most popular methods for the time integration of par-
tial differential equations, the derivation below also applies to any other explicit
RK variant [15) 55, 83, [09].

Explicit Runge-Kutta methods, generalizations of the famous Euler method (1768),
have been around for many years. Due to their one-step nature and their avail-
ability in higher order they are still among the most popular methods for the
integration of time dependent problems today.

In the following chapter we introduce RK methods and their notation, derive
LTS schemes based on explicit RK methods, both classical and low-storage and
present the LTS algorithm based on the popular classical RK4 scheme.

6.1 RUNGE-KUTTA METHODS

Starting from an explicit s-stage RK (RKs) method of order k [55], we now derive
an explicit LTS scheme of the same accuracy for (3.6). Let y, denote the numer-
ical approximation to the exact solution y(#,) at t, = nAt and F,, = F(t,). A
general explicit RKs method applied to then yields

k, = B(yn + At 11211(1) + F(tn + CzAi’) ,

s—1 (6.1)
i=1

S
Yun+1 = ¥Yn + At Z biki .
i=1

The constants a4;;, b; and ¢;, with ¢; = 0, uniquely identify the RK method and
are typically listed in a Butcher-tableau, as in Table

29
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Table 1: Butcher-tableau of an explicit RKs scheme.
0
G2 | a2

€3 | a31 432

Cs | 451 A2 ... Q551
by by ... bs_q1 b

If the RKs method has order k, with s > k, then b;, ¢;, i = 1,...,s must satisfy
551

S
11
Y bic! 2 g=1,...,k. (6.2)
i=1 q
Hence the underlying quadrature formula with weights by,...,bs and nodes
c1,...,Cs also has at least order k.

6.2 EXPLICIT RK BASED LTS METHODS

We now wish to derive an RKs based LTS scheme for (3.6), which permits arbi-
trarily small time-steps precisely where the smaller elements in the FE mesh are
located. To do so, we first partition the vectors y(f) and F(¢) as

y(t) = I—P)y(t) + Py(t) = yI(t) + yl(1),

F(t) = (I1—-P)F(t) + PE(t) = F[C}(t) + F[f](t), (6.3)

where the matrix P is diagonal. Its diagonal entries, equal to zero or one, identify
the unknowns associated with the locally refined region, where smaller time-
steps are needed. The exact solution of (3.6) is given by

tnt+GAL
y(ta + EAL) = y(t,) + /t Byl (t) + Fll(¢) dt

tnt+GAL
+ Byll(t) + Fl(r)dt, o0<&<1.
tn

(6.4)

Hence, any numerical method for the time integration of in fact approxi-
mately evaluates the right side of (6.4).

Inside the coarse region, the LTS method we seek ought to coincide with the ini-
tial kth-order RKs method. Therefore, we approximate in the term involving
yld(t) by the corresponding quadrature formula

tntGAL
/ Byl (t) dt ~ AtB (
tn

S
1=

biy!d (£, + cicm)) : (6.5)
1
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Next, we approximate the (unknown) values of y!</ at the quadrature points by
Taylor expansion:

tn+-EAL —
/t B(I— P)y(t) dt mtBI-( n)). (6.6)

Repeated use of to evaluate the derivatives y(j ) of y in then leads to

/tme(I_P)y() ~ EAB(I— P (ZbiJ(CAt< .

+ i Bf—‘F“—l)(tn))).

(=1

(6.7)

To avoid the derivatives of F(t) in (6.7), we now interpolate F(t) by a polynomial
q(t) through the points (t, + ¢;At,F(t, + ciAt)), i = 1,...,s. Since the nodes c;,
i =1,...,s need not be distinct (e.g. c; = c3 = 1/2 for RK4, see Table [1§|in the
Appendix), the degree of q may be strictly less than s — 1. We now replace the
derivatives of F in by the corresponding derivatives of q to obtain

Y(tn + éAt)ZYn

+ B(I—P) <i i CAt ]+1 (Bjyn N i B]'_eq(e—l)(tn)>>
=1 j=0

/=1
th+EAL
4 (T—P) (§(t + EA) — §(t) +/ (BPy(t) + PE(t)) dt, (6.8)

where q’(t) = q(t). Since F is known, so are q and g, and thus all terms needed
in to advance the solution inside the coarse region, that is those involving
(I — P), are also explicitly known.

As we seek to compute y(f, + At), we need to evaluate the entire right side of
(6.8). To circumvent the severe stability restriction on At dictated by the smallest
elements in the mesh, we shall treat y!fl (t) and Flfl(¢) differently from y!(¢) and
Fl(t). Hence, we now approximate the remaining integral in

) as
tnt+CAL At
/ BPy(t) + PR(t)dt ~ |  BP§(7) + PE(t, + 1) dt,
ty 0

where y(7) solves the following differential equation for0 < 7 < At

ZZ( ) = [Zb Z Ut e (nyn+i8f—fq“‘”(tn>>]

—i—(I—P)q(tn—l—T)—l—BPy( )+ PF(t, + 1), (6.9)
y(0) = yu.
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Its exact solution is given by
y(gAt) = Yn

+ B(I—P) (ZS: i gAt)]H (nyn + i ngq(gl)(tn)» (6.10)
i=1 j=0

/=1

+ (I—-P)(q(tn +CAt) —q(tn)) + gAtBPy( )+ PE(t, + 1)dT.

Since the right side of coincides with that of with Py(t) replaced by
Py(t) inside the integral, we immediately infer that y(t, + At) ~ y(CAt).

To advance y from t, to t, + At, we shall therefore evaluate y(At) by solving
on [0, At] numerically. Here, we again use the RKs method of order k, though
with a smaller time-step AT = At/p, where p denotes the ratio of local mesh re-
finement. Clearly, in doing so we must ensure that the overall numerical scheme
remains truly kth-order accurate, as we shall show in Chapter [7l In summary,
given y, the kth-order RKs based LTS algorithm for the solution of com-
putes y, 11 ~ y(t, + At), as follows:

Algorithm 6.1. LTS-RKs(p)

1. Set yo := yu.

2. Forj=0,...,s — 1 compute

+1 S i mie L N it (e
W= U i )B(I—P) ;bicf (B]yn—i— Y B fq 1)(tn)> . (6.11)

(=1

3. Form =0,...,p—1 compute

s—1
kr'mTH = ZE) ((m + c,) AT wyj + (I=P)q(ty + (m +c;)AT)
]:

r—1
+BP ym + AT arik'LH +PFn,m+cr, r=1,...,s,
p L p

i=1
S
Yuir = Yo +ATY bk, w1
! ’ i-1 7
4. Set Yn+1 = ?1.

Here, we have introduced the notation F, 4, = F(ty + Tn+c,), where Tyye, =
(m+ ¢,)AT; note that F, o = F(t, + 10) = F(t,) = Fy..
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In Algorithm steps 1—3 correspond to the numerical solution of until
T = At by using the kth-order RKs scheme with local time-step AT = At/p. In
step 2, we precompute all s multiplications with B(I — P)Bj ,j=1,...,5. Those
higher powers of B are never explicitly computed but simply successively ap-
plied to the vectors y, and q(‘~V(t,); hence, it suffices to implement a single
matrix-vector multiplication with nearest-neighbor communications in a paral-
lel environment. The remaining s X p multiplications with BP in step 3 only
affect those unknowns located inside the fine part of the mesh, or immedi-
ately next to it; hence, their computational cost is proportional to the number
of unknowns associated with the locally refined region only. In that sense, Al-
gorithm corresponds to a local time-stepping method. In step 3, the term
(I—P)q(ty, + (m + c,)AT) appears inside the inner for-loops only for ease of no-
tation. In fact given any specific RK-method, we can explicitly calculate q and
then add at once its j-th order term involving ((m + c,)AT)’ to wy,; in step 2 —
e.g. Algorithm [6.5] for LTS-RK4 in Section

To investigate the theoretical speed-up of the LTS-RKs method over a standard
RKs scheme with a small time-step in the entire computational domain, we con-
sider with F = 0. Now let r denote the percentage of “fine” elements,
0 < r < 1. Thus rN degrees of freedom belong to the locally refined mesh and
(1 — )N to the remaining coarse region, 0 < r < 1. To leading order, the com-
putational cost is determined by matrix-vector products with B and we denote
by gN the cost of multiplying B with any vector. Hence, the cost to advance the
solution from t, to t,;1 by performing p small time-steps of size AT = At/p
everywhere with a standard RKs method is

Crk =~ psqN. (6.12)

For the LTS-RKs(p) method, Algorithm reduces to the underlying standard
RKs scheme in the coarse region — see also Remark 4 in Section 4. Again to
leading order, the computational cost here is sq(1 — )N, since the product of B
with a vector of the form (I — P)v only affects entries which are associated with
the coarse part of the mesh. In the fine region, we have sp multiplications with
B, which only affect unknowns located in the fine part — see step 3 of Algorithm
Therefore, the total cost of the LTS-RKs scheme is

Crrsrk =~ 5q(1 — r)N + psqrN. (6.13)
The ratio of Cirsrk over Crk thus yields the theoretical speed-up Qes:

Cirs- 1—7r
Qei(1,p) = ZTS R~ )
RK

(6.14)

In Fig. 2| we illustrate the dependence of Qe for varying r or p. The smaller r,
the larger the gain in using the LTS-RKs method for increasing values of p. In
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0 0.2 0.4 0.6 0.8 1 0 5 10 15 20

r P
(@) Qe for fixed p (b) Qe for fixed r

Figure 2: The theoretical speed-up Qe vs. r for p = 2,5,10,100 (a) and Qe Vs.
p for r = 0.5,0.1,0.05,0.01 (b).

addition, for larger values of p, we observe in Fig. [2[b) that Q. quickly reaches
its asymptotic value at r.

Remark 6.2. Conservation of linear invariants is an important property of all explicit
and implicit Runge-Kutta methods (see [54|], Chapter 1V, Theorem 1.5). To verify the
conservation of linear invariants we consider with F = 0 and let d € RY satisfy
d"B = 0. Hence, d"y(t) is a conserved quantity. To show that any LTS-RKs scheme
also conserves linear invariants, we must show that d ' Vu+1 remains constant. This
easily follows by induction, since d "k _ il = =0,for1<r<sm=0,...,p—1in

step 3 of Algorithm|6.1] Unlike partztzoned RK methods, where conservation gives rise to
restrictions on the choice of coefficients (see [66l]), the LTS-RK methods therefore always
conserve linear invariants.

63 LOW-STORAGE RK BASED LTS METHODS

Following the derivation in the previous section, we now delineate the main
steps in devising an LTS method based on an s-stage LSRK (LSRKSs) scheme of
order k. A general explicit 2N-storage LSRKs method [15) 99] applied to (3.6)
advances the solution from ¢, to t,,,1 as

ZO:}’n;

ki =Ak,_1+At(Bz,_1 +F(t, +CAt)), r=1,...,s, (6.15)
1

Zr:Zr_1+Brkr, 7’:1,...,5, 5

Yn+1 =2Zs,
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with A; = 0 for a self-starting algorithm. Note that k, and z, only depend on
quantities from the previous stage r — 1. Every LSRK scheme can be put into the
standard RK form (6.1) through variable substitutions

Ar:(brfl_Brfl)/br/ r:21"'lsl br#or
AV:(aT-i-l,T—l_CT’)/BV/ r:21"'lsl bT:OI

By =a,41,, r=1,...,s—1, (6.16)
Bs :bs/
Cr=c¢cy, r=1,...,s,

but not vice-versa — see [15, 99] for various sets of values for A,, B, and C, with
s <5.

Starting from the LSRKs scheme (6.15), we thus first calculate the corresponding
standard RK constants 4;;, b; and c¢; from . Following the derivation in
Section we then evaluate y(At) by solving until T = At to advance
y from ¢, to t,;1, though now by applying the LSRKs scheme with smaller time-
step AT = At/p. In summary, given y, the kth-order LSRKs based LTS algorithm
for the solution of computes y, 1 =~ y(t, + At), as follows:

Algorithm 6.3. LTS-LSRKs(p)
1. Set yo 1= yu.
2. Forj=0,...,5 — 1 compute w, ; as in (6.11).

3. Form =0,...,p—1 compute
ZO'mTH = Sf'%,

forr=1,...,s compute

k m+1 = Arkril m+1

"p p
s—1 .
+AT| Y ((m+C)ATY wy i+ (1= P)q(ty + (m + Cr)AT)
=0

+BPz, | w1 +PFyic, |,

p

Z, m+1 i— Zr—l m+1 + Brk’, m+1 ;
p Ty

y;ﬂ+l = ZS m+1.
p p

4. Set Yu+1 = 371.
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Here, Steps 1—3 correspond to the numerical solution of until T = At by
using the LSRKs scheme of order k with the smaller time-step AT = At/p.

For k = s, we observe that (6.11) reduces to

1 . i
W, = ],—'B(I —P) <nyn +) Bf—fq“—l)(tn))
: /=1

because of ; then, the constants b, and ¢, are not needed and the LTS-
LSRKs(p) algorithm only uses the coefficients A,, B, and C; of the underlying
LSRKs scheme. In general, however, Step 2 of Algorithm also requires the
values for b, and ¢, of the corresponding standard RKs scheme, given by (6.16).

Remark 6.4. If the fraction of nonzero entries in P is small, the overall cost of the
LTS-RKs(p) and LTS-LSRKs(p) algorithms is dominated by the computation of the s
vectors Wy ;, j = 0,...,5 — 1, in Step 2 which requires s multiplications by B(I —
P) per time-step At. All further s x p matrix-vector multiplications by BP only affect
those unknowns that lie inside the refined region, or immediately next to it; hence, their
computational cost remains negligible as long as the locally refined region contains a
small part of the computational domain.

6.4 THE RK4 BASED LTS METHOD

In Section we have shown how to derive an LTS-RKs(p) starting from an
arbitrary k-th order explicit RK method. Because of its popularity, we shall now
present in detail the LTS method based on the classical explicit RK4 scheme with
coefficients listed in Table [18|in the Appendix.

Following the previous derivation, we first split the vectors y(t) and F(t) as in

and approximate the term in (6.4) involving y!°/() by Simpson quadrature.

Next, we approximate in 1} the values of y ¢ and y, ¢, still unknown at time
2

t = t,, by their Taylor expansions up to O(At*). We also interpolate the points
(tn, Fpn), (tH%,Fn%) and (t,+1,F,4+1) by the quadratic polynomial,

2
T
(—3Fn +4F, ) Fn+1) + 5 (41:,1 ~8F, 1 + 4Fn+1) :

T

q(tn+7) :Fn+At
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Thus, we can integrate exactly the term in involving Fl(t) and also explic-
itly evaluate the derivatives of q to approximate F (t,) and F (t,). The differen-
tial equation for y(7) is now given by

g(r) =B(I-P) {Yn + 7 (Byn + Fu)

2 —3F, + 4Fn+% — Fn+1>

T
+ = (Bzyn +BF, +

At

3 —3F,+4F 1—F,. 1 4F,—8F , 1 +4F, 4
T (g3 2 " nty Mt " nts "t
+6 (Byn—l-BFn—l—B At + AR
~3F, +4F, 1 —F, 11 24F, —8F 1 +4F,

_ 2 - 2
+(I P) F,+71 AL —|—2 AR
+BPy(t) + PF(t, + 1),

y(0) =yn.
(6.17)

Again to advance y from t, to t, + At, we shall solve by using the RK4
scheme with a smaller time-step AT = At/p. In summary, given y,, the LTS
algorithm based on the classical explicit RK4 method for the solution of
computes y, 1 >~ y(t, + At) as follows:

Algorithm 6.5. LTS-RK4(p)
1. Set yo 1= yu.
2. Compute
w0 :=B(I—-P)y,+ (I-P)F,,

At ’
—3F, + 4Fn+% —F, 1
At

Wp1:=B(I—P)(By,+F,)+ (I1—P)

w2 :=B(I—P) (Bzyn +BF, +

4F, — 8F,, 1 +4F 11
Af2 '

+ (I—-P)
At
4F, — 8Fn+% + 4Fn+1>

w3 := B(I - P) <B3yn +B%F,+B

+ At?
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,p — 1, compute

m> ., md 4
Wn’() + m AT Wnll + 7 AT Wn’2 —|'_ ? AT w”’3

BP?%‘FPFn,m,

W, 0+ m+1 ATw +1 m+1 ZATZW
n,0 2 n,1 2 2 n,2
1

1\° At
3 m+§ AT’ wy 3 + BP Y%“f‘?kl,”%l +PFn,m+%’

1 1 1N\,
w0 + m—i—z Arwn,l-i—i m+§ AT Wy, 0

1 1\°  , _ AT
3 (m—l—E) AT’ w3 + BP (yrg+7k2’m;1) +PFn’m+%,

1
Wi+ (m+1) ATwy + 5 (m + 12 AT wy o

1 ~
A (m+1)° AT wy,3 + BP (y;« + AT k3’m;1) + PFpy 1,

_ 1
Y% + EAT (kl mt1 +2k2 m+1 +2k3 m+1 +k4 m+1) :
rp 4 4 p

P p

4. Set Yu+1 = ?1.

Steps 1-3 compute the numerical solution of at time T = At by using the
classical RK4 scheme with local time-step AT = At/p. In contrast to Algorithm
for a general RKs method, we have precomputed the (I — P)q values at
intermediate times and already added them to w, ;.



ACCURACY AND CONVERGENCE

Starting from an arbitrary explicit RK scheme of order k, we have shown in
Chapter 6| how to derive an explicit LTS method from it. We shall now prove that
the resulting LTS-RK method indeed preserves the accuracy of the original RK
scheme and is also convergent of order k. Hence we consider a general explicit
RKs method of order k and denote by {c3,...,¢5} C {c1,...,¢s} the maxi-
mal subset of all coefficients ¢; such that no two are identical, i.e. ¢; # ¢; if i # .
We assume that sp > k — 1, a condition fulfilled by standard explicit RK methods.
For the RK4 method, for instance, we have ¢c; = 0, ¢; = ¢3 = 1/2,¢4 = 1 and
¢1 =0,¢cp =1/2 and ¢3 = 1; hence, sy = 3, k = 4 and the condition is indeed
satisfied. We now prove the following technical lemma.

Lemma 7.1. Let y be the solution of (3.6), y the solution of (6.9), q (1) the interpolation
polynomial through the points (t, + C;At,F(t, + CiAt)), i = 1,...,s0 and F(t) satisfy
F € C([0, T]). Then,

Y0) =y (), IF70) —y¥ (t) e < O, v=2,..k=1. (7.0)

Proof. Since y(0) = y(tn), q(tn) = F(t;) and Y3;_; b; = 1, we immediately find
from with T = 0 that

y'(0) = Zb,y tn) + (I P)q(t) + BPY(0) + PE(t,)
= By(t,) + F(tn) = (tn),
which yields the equality in (7.1).

To prove the inequality for v =2,...,k — 1 in (7.1), we first note that straightfor-
ward differentiation of yields the identity

vy (t) = B'y(t) + 2 B "F"U (),  v>1. (7.2)

m=1

39
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Next, we derive an upper bound on the error in approximating FU), the j-th
derivative of F, by the corresponding derivative of q. From [64], we recall that

. : . F(s0) |
FO) — g0l < [l [l I Nl
IR0 — g0 < o o T
where w(n) :=TT2, (7 — ty — CiAL) for i € [ty, ty41]. Since

() S0 50 50 50 .
wWm)y=73% Y - ) [T (71— ta—cnt)
m;=1 i=1

my=1 mp=1 i itm .
myp 7y m]-#ml,...,mj_l 170y

1§j§50_1/ (73)

and 17 € [ty, tyy1], we have ||w) || = O(At*7) and therefore

[ED(ta) — @7 (1)l < O(AF07T), 1< <501, (7.4)
We shall now prove the inequality in by induction over v. First, let v = 2.
We differentiate and set T = 0 in the resulting expression, which yields

y’(0) = B(I-P) éZbici (Byn +q(ts))| + (I—P)q'(t,) + BPY'(0) + PF (t,).

Then, we use with g = 2, the fact that q(t,) = F(#,), and the equality in
to obtain
y"(0) = B(I—P) (By(tx) + F(tn)) + (1= P)q'(t) + BPy'(tx) + PF (). (7.5)
By using and reordering terms, we rewrite as
¥'(0) = By'(tn) + (I—P)q'(tn) + PF(tu),

or equivalently as

Y'(0) = y"(ta) + q'(tn) — F'(ta) + P (F'(ta) — q'(tn)) ,
where we have used differentiated once. Finally, we apply with j =1
and use ||P||« < 1 to obtain
157(0) = ¥ (tn)lleo < (1 + [Plloo) [IF'(ta) — q'(ta) [0 < O(AFYTY),  (7.6)

which yields (7.1) with v = 2.

Next, we proceed with the induction step and assume that (7.1) holds for v — 1.
We differentiate v — 1 times and set T = 0 in the resulting expression to
obtain

f};(v)(o) =B(I-P) [(vz—'l)' S b,-c}"l (BV—ly(tn) + Vil BV—é—lq(Z—l)(tn)>]
ti=1 /=1

+ (1 —=P)q"V(t,) +BPy 1V (0) + PFV (1.
(7.7)
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By using (6.2) and reordering terms, we rewrite (7.7) as

v—1
v (0) = B'y(ts) + Y B 'q" " V(ta) + ¥ V(tx) — BP <B”_1y(tn)
/=1

v—1
i Z B"‘glq“l)(tn)> + BPy(V*D(O) +P (F(vfl)(tn) — q(vfl)(tn)> .

=1
(7:8)
We now use to replace the first term on the right of (7.8), which yields

v
7*0) =y ) + LB (q“—”(tn) - F“—”(tn)) +BPy(0)

_ F(ffl)(tn)> 4P (F(vfl)(tn) _ q(vfl)(tn)) '

(7.9)

Again we use to replace the first two terms in square brackets in by
y"~1). Then we repeatedly apply the triangle inequality and use that ||P|je < 1
to derive the upper bound

17%(0) =y (t)lleo < Y- BV “lleollq"“ ™ (24) = B (1)
(=1

+ Bl 7V (0) =y V() oo + [EYV(tn) = q¥ V(ta) o (7.10)
v—1

+[1Blloo Y- B Mleollq! " (£2) = FEV (£1) o
/=1

Finally we use the induction hypothesis to estimate the second and (7.4) to esti-
mate the remaining terms on the right side of (7.10), which yields (7.1). O

We are now ready to establish the accuracy of the LTS-RKs methods from Chap-
ter [6l

Proposition 7.2. Let y € CK1(0,T) be the solution of and y, 1 defined by
Algorithm 1 with y, = y(t,). Then ||y(tps1) — Yusillo = O(AFY), ie. the LTS-
RKs(p) method is kth-order accurate.

Proof. Let y(7) be the solution of for 0 < T < At. We split the local trunca-
tion error as

[y(tns1) = Ynrillo < Ny (tnia) = F(AD) [leo + [y (AL) = Ynilloo-
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Since y, 11 corresponds to the numerical solution of with the initial k-th
order RKs method (6.1) with time-step AT = At/p, we immediately have

17(88) = yusilleo = O(AFH).

To complete the proof we thus need to show that ||y(t,1) — (At) || = O(AtFD).
First, we integrate from 0 until At to obtain

s—1 18 . . ] .
y(At) = y(t,) +BI-P)|) i Y biclart! (B]y(tn) + ZBMq“U(tn))]
j=0/"i=1 /=1

At At At
-I—/O (I-P)q(thy+71)dTt+ ; BPy(7)dt + ; PF(t, + 7)dt.(7.11)

We now approximate the first and last integral on the right of (7.11) using the
k-th order quadrature formula defined by the weights b; and the nodes c;. Since
q interpolates F at the nodes t, 4 c;At, we conclude that

At At t,
(I—-P)q(ty +T)dt+ | PE(ty +7)dr = / YE() dt + O(AF). (7.12)
0 0 ty

Next, we truncate in (7.11) the sum in square brackets at j = k — 1 and use (6.2)
to replace )} 4 b,-cf by 1/(j + 1). By using 1b in the resulting expression, we
thus rewrite the second term on the right of (7.11) as

sl s i
—P) [Z ]l' ) bic, AT (B]y(tn) + ZBJ—fq(f—l)(tn)ﬂ
j=0/"i=1 (=1

k—1 Atj-‘v-l

Lo )

k=1 Api+1

=B(I-P) [ +B(I-P) L;) E EBJ—E <q(4—1)(tn)

—FD(1,)) | + 0(ar),

(7.13)

On the right of (7.13), we identify the first term as the Taylor expansion of By(t),
integrated up to At, and hence rewrite it as

[ k-1 t]+1
/ t)dt — BP Z D(ty) + O(AFHT).
tn
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Similarly, we approximate y(7) in the remaining integral of (7.11) by Taylor ex-
pansion up to order k — 1. By combining the above approximations of the various
terms on the right of (7.11), we conclude that

t, k-1 At]Jrl h
y(An = y(ta) + [ UBy(t)dt + BPZ ) (1)
k=1 Apitl —1 A+l -
—l—BP;}my(])(O)—FB (1—P) ZE) (]+1 ’;B] ¢ <q(‘ U(t,)
= j= —

—F (1)) [ + Ot

(7.14)

The sum of the first three terms on the right of (7.14) equals y(t,1). By using
the triangle inequality and the fact that ||P||« < 1, we therefore obtain

k-1 At +1

[y(A) =y (tni1)lleo < HBHoo]ZO TES A5 (0) =y ()l

+[B(I HooZ ZH B/ [leollq" ™! (f1) — F D (tn) [loo + O(AFH),

where the first two terms on the right can be estimated by using (7.4) and Lemma
This concludes the proof. O

We shall now show that the LTS-RKs methods with s = k = 2,3,4 converge as

O(AtF). For simplicity, we shall restrict ourselves to the homogeneous case with

F(t) = 0. In the following Lemma, we first rewrite the LTS-RKs(p) scheme for

s =k =2, 3, 4 as a one-step method.

Lemma 7.3. Let Y1 be defined by Algorithm for s=k=230r4,m>0,and
P

assume that F(t) = 0. Then we have for 0 < m < p — 1:

- m+1)?
Yui1 = yu + (m+1)AtBy, + %A#Bzyn
P
2m+2 ' (7.15)
+ Y At'wjus1(BP) By,
i=3
fors=k=2,
~ (m+1)% 5o (m+1)° 503
Yo = Yn + (m+1)AtBy, + TAT By, + TAT By,
3m+4 (7.16)

+ Z ATi (D‘i,m—&-l (BP)i_ZBZYH + ,Bi,m—H (BP)i_3B3YH)
i=4
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fors =k =3, and

_ m+1)2 m—+1)3
Yt = Yo+ (m +1)ATBy,, + %Arszyn + %Aﬂ#yn
m+ 1) 4m+6 -
%ATL}BLLYM- Y At (Oéi,erl(BP)Z *B%yx (7.17)
i=5

+ Bim1 (BP) By, + 6 (Bp>f—4g4y”)

for s = k = 4. The constants &; 1,11, Bi m+1 and d; ,,+1 are determined recursively.

Proof. We shall now prove by induction on m. The proofs of and
are similar but more cumbersome; hence, they are omitted here.

We let s = k = 2 and consider Algorithm Since F(t) is identically zero, so is
the interpolation polynomial q(t). Therefore, Step 2 of Algorithm 6.1 reduces to

2 2
wyo =B(I—P) ) by, w1 = B(I—P))_ bic;By,. (7.18)
i=1 i=1

The coefficients of the underlying RK2 method satisfy the order conditions
with g = 1,2 and ¢; = 0 - see also ([13], p. 156):

A1 =Cy, by+by=1, by =1/2. (7.19)
Thus, we rewrite (7.18) as
w0 =B(I—P)y,, w,1 = B(I—-P)By,. (7.20)

In Step 3 of Algorithm [6.1}, we now use (7.20), the fact that yp =y, and (7.19) to

calculate

klf% = Wy + BP?Q = BYn’

k,

==

= Wy0+ CZATwn,l + BP (?0 + ATa21k1 1) = BYn + CQATBzy”.
P

Then we complete the first local time-step as
2

2 BZYn; (7'21)

y1 =Yoo+ AT (blkL;l; + bZkZ,;) =yun + ATBy, +

1
p

which yields (7.15) with m = 0.
We now proceed with the induction step and assume that (7.15) holds for m > 0.
Following Algorithm 6.1 we again explicitly calculate

K) w1 = Wy o+ mATW, 1 + BP'y%,
TP
(7.22)

K, min = Wyo+ (m+c)Atwy1+ BP | yu + Atap Ky w1 | -
2, , E 1,
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Next, we use the induction hypothesis to replace ﬁ% and rewrite (7.22)) as

2m )
BPB%y, + } ;AT (BP)' 'B%y,,
=3

ZATZ

m
kl'mTH = By, + mATB%y, +

AT?
kz,m—;l = By, + (m + c2) ATB?y, + (m* + 2mc2)TBPBzyn

2m ' ] 2m ' ‘
+ Y ;AT (BP) 1By, + Y ooy AT T (BP) 2By,
i=3 i=3

We now insert these expressions for the two stages k; w+1, k, w+1 into the update
P P
of Step 3 in Algorithm

S;L'H = STI% -+ AT (blkllm;-l + bzkzlmp-&-l> ’

p

and again use the induction hypothesis to replace §% These calculations lead to

M2AT2 2m , ,
Yot =Y + mATBy, + 5 B%y, + )3 a; AT (BP) 2By,
i=3

2AT2

2m ) )
+ b AT(By, + mATBy, + -2 BPB%y, + Y a;,,AT (BP)"~1B>
Yo y y , y
i=3
AT?

5 BPB%y,

+ bzAT(Byn + (m + o) ATB?y,, + (m? 4 2mcy)
2m ) ) 2m ) )
+ Y a;uAT (BP) " 'B?y, + ¥ o AT (BP) 2By, |
i=3 i=3

By collecting like powers in AT and again using (7.19), we obtain (7.15), where
the coefficients «; ,, 11, i > 3, are recursively determined by «; ,,, as

m2 +m m?
X3 mi1 = &3, + 5 K4 mi1 = K3m + Kam + i
Xi—2m .
Ojmt] = Xy + K1 m + > for 5 <i<2m,
. Xom—1,m _ QXom,m
Koma1,m+1 = Xomm + 5 Kom42,m+1 = >
with starting values &; ¢ = 0. ]

Remark 7.4. Multirate partitioned RK methods [52),[92,166l], originally developed for the
integration of multi-component dynamical systems, can also yield explicit LTS strategies
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in the PDE context if the coarse/refined regions correspond to the latent/active compo-
nents. If we apply the explicit second-order SH2 method by Hundsdorfer et al. [92]], for
instance, to with F = 0 and p = 2, it reduces to

At? 3 3

1 1 AP
+ At (3—2(PB)2B2yn — 6—4P(BP)2B2y ) - ﬁ(PB) (I— P)B?y,.

(7.23)

Similarly from with p = 2, we immediately obtain the one-step formulation of the
LTS-RK2 method:

At? A3

Yn+1 = Yn + AtBy, + _BZYn + ?BPBz)’n + — (BP)ZBZ)’n (7.24)

Clearly, the two methods differ — recall that P and B do not commute; moreover, the SH2
method involves additional terms and higher powers of B.

5Att

By combining the upper bound on the truncation error from Proposition
with the one-step formulation from Lemma we shall now prove the conver-
gence of the LTS-RKs methods from Chapter [, which we state as the following
theorem.

Theorem 7.5. For s = k = 2, 3, 4 the LTS-RKs(p) method is convergent of order k.
Proof. First, we let s = k = 2, AT = At/p, and set m = p —1 in (7.15). From
Lemma (7.3} we then infer that

Yut1 = Y1 = Yn + At Pria(yn, Ab), (7-25)
with

i—1
Pria(yn, At) = By, + n+20¢1p 5 (BP) ~2B%y,,. (7.26)

Moreover, Proposition [7.2] implies that the truncation error satisfies

ly (¢ + At) — y(t) — At @ria(y(t), At)|| < CAL. (7-27)

To apply standard convergence theory for one-step methods (e.g. [55]) and thus
conclude the proof, we must show that the increment function ®rg» is Lipschitz-
continuous in its first argument. Since ||P|| < 1 and also At||B|| < 1 for At
sufficiently small, we conclude that

||<I>RK2(u At) — q)RKZ(V Af)”

Atl 1

B+—BZ+2 0y —— (BP) 2B?|| - [u—v|| < Lgko |[u —v||.
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Here,

At 2
Lrk2 = [|B| + 5 1Bl + ) |ai,|
i—3

AP
” B < C|[BJ|,

where C independent of At, p and ||B|| for At sufficiently small. Therefore,

Pria(y, At) is Lipschitz-continuous and the LTS-RK2 method convergent of or-

der two.

For s = k = 3 or s = k = 4, the proof is similar with (7.15) replaced by (7.16) or
(7-17), respectively. =

The proof of Theorem is straightforward and immediately extends to arbi-
trarily high order of accuracy. It relies, however, on the one-step formulation pro-
vided by Lemma which cannot be stated for arbitrary k because no generic
form of the order conditions, such as (7.19), is available for k > 5 — see [55].

Remark 7.6. For s = k, the one-step formulations (7.15)—(7.17) of the LTS-RKs methods
withm = p — 1 and P = 0 reduce to

Ynt1 = y1 = R(AtB)yy,

where R(z) = 14z + ...2°/s! denotes the (unique) stability function of the corre-
sponding standard RKs method. Thus for F = 0, the LTS-RKs scheme coincides with
the standard RKs scheme inside the coarse region, independently of the number of local
time-steps p.

For s > k, however, the one-step formulation of the underlying RKs method applied to

yields
k i s
AtB)/ -
yor = Y BB S oAy, (7.28)
= I j=k+1

where the additional parameters 0j, j > k + 1 are no longer uniquely determined by the
order of accuracy, but instead depend on the coefficients b;, ajj, and c;, 1 <1, j <s,of the
particular RKs method. Similarly in the derivation of the LTS-RKs method with s > k,
the coefficients j > k in the Taylor expansion can be modified without affecting the
order of accuracy. Then, Step 2 of Algorithm |6.1| becomes:

2. Forj=0,...,5s —1 compute

B P) (Bly, + ¥ B fq (k) j<k-1
Wn,]' = J:

1B —P) (Bly, + T, B 'qV(t)), j>k-1
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Although the coefficients vy; do not affect the accuracy of the scheme, they do affect its
stability. To recover the stability properties of the original RKs method, we also rewrite
the LTS-RKs method for p =1, P = 0, and F = 0 as a one-step method

k AtB
Vi1 = Z Z Yi-1 Zb ¢/~ (AtB) (7-29)
j=0 j=k+1 i=
The two stability functions in and are identical, if
i k<j<
’)/]'—1 - i—1 = ] S/
-1 bic)

which we shall henceforth assume.
For the LSRKS scheme with s =5 and k = 4, for instance, the choice of

5

Y biajjajkac
ij k=1

is crucial for the stability of the scheme; the optimal value, 05 = 1/200, indeed corre-
sponds to the values in Table|19|[15]]. To retain that optimal stability for the LTS-LSRK5
method, we infer from the LTS-LSRK5(1) algorithm with F = 0 and P = 0 that 4 must
equal

05
Y2 BiCH+ Y2 ,BiACE | + Y2 3 BiAjA; 1CE , + BsAsAsA3CS

Y4 =



NUMERICAL EXPERIMENTS

We shall now present numerical experiments, for both wave equation (3.1) and
Maxwell’s equations and (4.2), which validate the expected order of conver-
gence of the LTS-RK methods derived in Chapter|[6] illustrate their stability prop-
erties and demonstrate their usefulness in the presence of complex geometry. Ini-
tially we analyse the numerical properties of different LTS-RK schemes for the
simulation of acoustic waves. First, we consider a simple one-dimensional test
problem to show that the kth order LTS-RK methods always yield the optimal
space-time rate of convergence when combined with a spatial FE discretization
of comparable accuracy. Next, we study the stability properties of the various
LTS-RK schemes. We then illustrate the versatility of our LTS schemes by simu-
lating the propagation of a plane wave across a narrow gap. Finally, we present
the convergence results seen for the wave equation also for Maxwell’s equations
in 1D and further demonstrate the usefulness of the LTS approach by studying
electromagnetic waves on a complex 2D example.

8.1 NUMERICAL RESULTS FOR THE WAVE EQUATION

In this section we choose the damped wave equation as our model problem
to study convergence and stability properties of the proposed LTS-RK schemes.
We additionally present a two-dimensional example, where we combine P? con-
tinuous mass-lumped FE with a third-order LTS-LSRK3 scheme to simulate a
propagating wave field.

Convergence:

We consider the damped wave equation (3.1)) in 1D with ¢ = 1 and ¢ = 0.1 on the
interval Q) = [0, 6]. The initial conditions 1y = sin(7tx), v9 = 0 and the source

f(x,t) = sin(7x) ((7’(2 - 1) cos(t) — 0'Si1’1(t)>
yield the exact solution

u(x,t) = cos(t)sin(mx).

49
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Next, we divide Q) into three equal parts. The left and right intervals, [0,2]
and [4, 6], respectively, are discretized with an equidistant mesh of size h®@e,
whereas the interval (¢ = [2,4] is discretized with an equidistant mesh of size
pfine — peoarse /4, — see Fig. |31 Hence, the two outer intervals correspond to the
coarse region and the inner interval [2, 4] to the refined region.

Figure 3: One-dimensional example: the computational domain Q = [0, 6] with
the refined region Q¢ = [2,4].

We begin with the LTS schemes based on the popular RK4 and LSRK5 meth-
ods from Sections 6.2 and 6.3. On a sequence of increasingly finer meshes with
mesh size h@se and fixed ratio hfine = pcoarse/ p, we consider a continuous
P3-FE discretization of (3.1) with mass lumping. For every time-step, At, we
take p local steps of size AT = At/p inside (), either with the LTS-RK4(p)
or the LTS-LSRK5(p) algorithms from Sections 6.2 — see also Tables [18 and
in the Appendix. Due to stability, every reduction of the mesh size implies a
corresponding reduction of the time-step, which depends linearly on h°%*¢. As
we simultaneously reduce h®¥*¢ and At, we monitor the L? space-time error
[u(-, T) — unae (-, T)ll12(qy) at the final time T = 10. Regardless of the rate of
local refinement p = 2, 5 or 11, the LTS-RK4 and LTS-LSRK5 methods yield
fourth-order convergence, as shown in Fig. [4(a) and Fig. [5(a).

RK4 LTS-RK4 RK4 LTS-RK4
2.4014e — 07 | 2.4395e — 07 1.1407e — 06 | 1.1925e¢ — 06
5 || 2.4003e — 07 | 2.3997e — 07 5 || 1.1395¢ — 06 | 1.1401e — 06
11 || 2.3994¢ — 07 | 2.3997e — 07 11 || 1.1395¢ — 06 | 1.1396e — 06

(a) continuous FE (b) nodal DG-FE

Table 2: L?-error at T = 10 for h*¥¢ = (.05 for varying p.
Next, we repeat the numerical experiment with a P3-FE nodal DG discretization

with upwinding flux [57]. As shown in Fig. [f{b) and Fig. [5(b), both the LTS-
RK4(p) and LTS-LSRK5(p) methods again yield overall fourth-order convergence
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Figure 4: LTS-RK4(p) L%2-error at T = 10 vs. H = ke = (.2,0.1,0.05,0.025 for
different P3 FEM with p = 2,5,11. The errors for different p coincide at this
scale - see also Table

independently of p. Additionally we compare our results with the classical RK4
method with time-step AT = At/p on the whole domain. For this we fix 1°%™¢ =
0.05 and vary p. We again monitor the L?-error at final time T = 10 and obtain
comparable results, with or without LTS for both continuous and nodal DG FE.
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Figure 5: LTS-LSRK5(p) L2-error at T = 10 vs. H = hease — 0.2,0.1,0.05,0.025
for different P3 FEM with p = 2,5,11. The errors for different p coincide at this
scale.

Similar numerical experiments with P*~! continuous and nodal DG FE also
corroborate the space-time s-th order rate of convergence of both the LTS-RKs
and the LTS-LSRKs methods for s = 2,3; these results are omitted here. Note
that for the LTS-RK2 method the local time-step AT must also comply with the
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suboptimal CFL-condition At < Ch*/3 of the RK2 (or Heun’s) method [30], and
thus satisfy AT = At/p with p = [p*/3] when combined with a continuous FEM
discretization.

Stability:
Before discussing the stability properties of the proposed LTS-RK methods, we

first want to recall the stability regions of the underlying explicit RK schemes —
see [55] for details.

4 ~
3 -
ot -
1 | - 7
/
e/
O {1~ -
"»,,\
\\
_1 B ™ .
2t ~
—RK2
3l —RK3
RK4
— RK54
4 L
-5 -4

Figure 6: Stability domains of RKs methods for k = s = 2,3,4 and RK5 of order
4.

In Fig. [f] the stability domains of RKs methods with k = s = 2,3, 4 are displayed.
Additionally we can also observe how the additional stage increases the stability
contour of the fourth-order LSRK5 scheme significantly when compared to the
classical RK4 method.

With Fig. @ in mind we want to motivate our choice of numerical flux, when opt-
ing for a nodal DG spatial discretization. As mentioned in Part I, both proposed
fluxes, upwind and central, have their advantages. While the non-dissipative
central flux gives us a numerical scheme, which is energy conserving, the choice
of an upwind flux results in a system matrix with a spectrum better suited for a
time integration with RK type methods. In Fig. |7l we can see the eigenvalues of
the system matrix B for three different P! finite elements: continuous FEM with
mass lumping (left) and nodal DG FE with both central (middle) and upwind
flux (right), respectively. For all three we consider withec =1, 0 =0,0.1
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and f = 0 on the interval Q) = [0, 6] on an equidistant mesh with mesh size
h =0.5.

8
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(a) cont. FEM (b) DG with centr. flux (c) DG with upw. flux

Figure 7: The spectral radius of B for different P3 FEM, with ¢ = 0 (first row)
and ¢ = 0.1 (second row).

Note that the larger number of eigenvalues for the DG discretization originates
from duplicating inner points in order to allow for discontinuous solutions. We
can observe, that the spectrum of B coming from a DG discretization with up-
wind flux has a similar shape as the stability contours of the RK schemes pre-
sented in Fig. [} This improves the stability behaviour when combining the two
discretization methods. It also gives a possible explanation, why we don’t ob-
serve the suboptimal stability condition for RK2 when discretizing in space with
nodal DG FE. In [83] Niegemann et al. go even a step further by designing low-
storage RK schemes with a stability region adapted to the spectral shape of a
given physical problem. Those methods are found to yield significant perfor-
mance improvements over previously known LSRK schemes.

We now focus on the stability of our LTS schemes. To do so, we consider again
with ¢ =1, 0 = 0.1, but f = 0 on the interval Q) = [0, 6], where [0, 2] and
[4, 6] are discretized with an equidistant mesh of size h°**¢, whereas Q¢ = [2, 4]
is discretized with an equidistant mesh of size hfi"® = poarse /p — see Fig.
For p = 1, the mesh is equidistant throughout () and we denote by Afgks or
At1srks the largest time-step permitted by the standard RKs or LSRKs method,
respectively; note that Atgrxs = At;grgs for s = 2,3.

For p > 2, we use either the LTS-RKs(p) or LTS-LSRKs(p) method and take p
substeps of size AT = At/p inside ()f. Clearly, the maximal permissible time-
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Figure 8: The spectral radius of Crrs_gka vs. At/ Atrga for different P3 FEM.

step, denoted by At), satisfies either At, < Atggs or At, < At;srks, respectively.
If At, = Atggs or At, = Atrsgrks, the corresponding LTS method imposes no
further constraint on At and its CFL-condition is therefore optimal.

To determine the stability range of any LTS scheme from Chapter [, we proceed
as follows:

1. Determine Atggs, respectively Atjsrks, the maximal At allowed by the cor-
responding standard or low-storage RKs method (without LTS) for the
equidistant mesh of mesh size h°°*"¢;

2. refine the mesh p times inside Q)¢;

3. determine the maximal time-step At, allowed by the LTS method for the
locally refined mesh and compare At, with Atggs or At;srks, respectively.

Again, we begin with the popular RK4 scheme and consider a continuous P3-FE
discretization with mass lumping on an equidistant mesh of size h***¢ = 0.2.
The RK4 method, which we rewrite as

At? AP At

Yn+1:CRK4Yn/ CRK4:I+AtB+TBZ+?B3+TB4,

is stable if p(Crgs) < 1, where p(Crka4) denotes the spectral radius of the matrix
Crka [55]. Progressively increasing At while monitoring p(Crga4), we find that
the maximal time-step is Atggxs = 0.0656.

Next, we refine by a factor p = 2 those elements that lie inside the interval [2,4],
that is hfi"® = 0.1, and set to one all corresponding entries in the matrix P. To
determine the stability range of the LTS-RK4(2) method (Algorithm [6.5] Sect. [6.4),
we use Lemma [7.3] with s = k = 4 to rewrite it as

Yn+1 = CLTs—RK4 Y,
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where the matrix Cyrs_ g4 is explicitly given by withp =2andm =p—1.
Again, the LTS-RK4 method is stable when Cirs_gxks < 1. In Fig. [§(a), we
observe that the spectral radius of C;rs_gk4 lies below one for all time-steps
At < Atgrgs. Therefore, the LTS-RK4(2) scheme, when combined with standard
P3-elements, is stable up to the maximal time-step and hence its CFL-condition
optimal. Next, we repeat the numerical experiment for the P2 nodal DG-FE dis-
cretization with upwinding flux. As shown in Fig. §(b), the range of stable time-
steps again is maximal and the CLF condition thus optimal. The non-monotone
dependence of the eigenvalues in Fig. [§(b) and Fig. [ofb) is due to the limited
accuracy in the numerical computation of the eigenvalues. As standard methods
such as eig or eigs in Matlab, proved even less accurate for this problem, we
have used here the augmented block Householder Arnoldi method [6] instead.
We perform similar numerical experiments with different values of p, but also
Ps—1 continuous and nodal DG FE for the LTS-RKs methods with s = 2, 3. These
results are summarized in Table [3| Since the CFL-condition of the RK2 method
when combined with continuous FEM is not linear but instead constrained by
At < Ch*/3 [30], we again set AT = At/p with p = [p*/3] for stability.

p=2 p=3 p=>5 p=11
FE | DG | FE | DG | FE | DG | FE | DG

LTS-RK2(p) || 10| 1.0 || 1.0 | 1.0 || 1.0 | 1.0 | 1.0 | 1.0

LTS-RK3(p) || 1.0| 1.0 || 1.0| 1.0 || 1.0 | 1.0 || 1.0 | 1.0

LTS-RK4(p) || 10| 1.0 || 1.0 | 1.0 || 1.0 | 1.0 || 0.98 | 1.0

Table 3: Stability of the LTS-RKs(p) schemes for s = 2,3,4 when combined
with a continuous FE or nodal DG-FE discretization with h®¥s¢ = (.2: the ra-
tio At,/Atrgs is shown for varying p.

Next, we repeat the above numerical stability analysis for the LTS-LSRKs meth-
ods. For s = 2,3, we obtain identical results, as expected, since all methods with
k = s have the same stability regions; these results are omitted here.

Different values of h°**¢ lead to similar results, as shown in Table [4] for he°se =
0.05.

To study the stability of the fourth-order LTS scheme based on the LSRK5 method
— see Section [b.3]and also Remark[;.6]— we consider either a continuous or a nodal
DG P3-FE discretization. Again, we set 1" = (.2 and refine by a factor p = 2
those elements that lie inside the interval [2,4]. Hence for every time-step At,
we use the fourth-order LTS-LSRK5(2) method with AT = At/2 inside the re-
fined region. After refomulating the LTS-LSRK5(2) scheme as one-step method,
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p= p= p=>5 | p=1
FE | DG | FE | DG | FE | DG || FE | DG

LTS-RK2(p) || 10| 1.0 || 1.0 | 1.0 || 1.0 | 1.0 || 1.0 | 1.0

LTS-RK3(p) || 1.0| 1.0 | 1.0| 1.0 || 1.0| 1.0 || 1.0 | 1.0

LTS-RK4(p) || 10| 1.0 || 1.0 | 1.0 || 1.0 | 1.0 || 1.0 | 1.0

Table 4: Stability of the LTS-RKs(p) schemes for s = 2,3,4 when combined
with a continuous FE or nodal DG-FE discretization with h¢ — (0.05: the ratio
Aty / Atggs is shown for varying p.
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Figure 9: The spectral radius of Crrs_1srks for different P3 FEM.

Vn+1 = Crrs—Lsrks5Yn, we compute the spectral radius of C;1s_jsrks for varying
At/ Atpsgrks. As shown in Fig. |§](a), the spectral radius of Crrs_1srks lies below
one for all time-steps At < At;srxs. Hence the LTS-LSRK5(2) scheme, when
combined with standard P3-elements, is stable up to the optimal time-step. Sim-
ilarly, we observe in Fig. [g[b) that the LTS-LSRK5(2) scheme also yields optimal
stability when combined with a P nodal DG-FE discretization.

Finally to illustrate the effect of damping on the stability, we display in Table
the (maximal) time-step ratio Aty /Atrks (s = 2,3,4) for varying o, either with
a conforming or a nodal DG FEM. Most of the LTS schemes yield an optimal
CFL-condition, independently of ¢ > 0. Identical results were obtained with
the LTS-LSRKs (s = 2,3,5) methods. For ¢ = 0, the LTS-RK3 method remains
stable regardless of the spatial discretization, whereas the LTS-RKs (s = 2, 4)
and LTS-LSRKs (s = 2, 5) methods are stable when combined with the nodal
DG-FE discretization with an upwinding flux.
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LTS-RK2(2) LTS-RK3(2) LTS-RK4(2)

o4 cont. FE | nodal DG || cont. FE | nodal DG || cont. FE | nodal DG
0.001 1.0 1.0 1.0 1.0 1.0 1.0
0.01 1.0 1.0 1.0 1.0 1.0 1.0

0.1 1.0 1.0 1.0 1.0 1.0 1.0

1 1.0 1.0 0.97 1.0 1.0 1.0

10 1.0 1.0 0.91 1.0 0.99 1.0

Table 5: The LTS-RKs(2) scheme for s = 2, 3,4 when combined with a continuous
FE or nodal DG-FE discretization: the ratio At,/Atgrgs is shown for varying .

Two-dimensional example:

To illustrate the usefulness of the LTS-RK methods, we now consider in Q),
a rectangular domain of size [0,2] x [0, 1] with two rectangular barriers inside
forming a narrow gap, as shown in Fig. [10l We set the constant wave speed to
¢ = 1 and the constant damping coefficient to o = 0.1. At the boundary of (), we
impose homogeneous Neumann conditions and choose as initial conditions the
vertical Gaussian plane wave

up(x,y) = exp (—(x — x0)2/52> , vo(x,y) =0, (x,y) € Q,

centered about xg = 0.8 and of width § = 0.009 .

Figure 10: The initial triangular mesh (left); zoom on the “fine” mesh indicated
by the darker (green) triangles (right).

For the spatial discretization we opt for P? continuous finite elements with mass
lumping. The homogeneous Neumann conditions are weakly imposed within
the variational formulation. First, () is discretized with triangles of maximal size
heearse — (0,03, where the mesh size h denotes the radius of the inscribed circle.
However, such coarse triangles do not resolve the small geometric features of the
gap, which require hfin® ~ parse /7 ag shown in Fig. 10, Then, we successively
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Figure 11: Two-dimensional example: the solution is shown at times t =o.1, 0.3,
0.45, 0.55, 0.7 and 0.9.

refine the entire mesh three times, each time splitting every triangle into four.
Since the initial mesh in Q) is unstructured, the boundary between the fine and
the coarse mesh is not well-defined. Here we let the fine mesh correspond to all
triangles with i < 0.7 h°®*™*¢ in size, i.e. the darker (green) triangles in Fig. |10, The
corresponding degrees of freedom in the finite element solution are then selected
merely by setting to one the corresponding diagonal entries of the matrix P — see
Chapter [6]

For the time discretization, we choose the third-order LTS-LSRK3(7) scheme with
p = 7, which for every time-step At takes seven local time-steps inside the re-
fined region that surrounds the gap. Thus, the numerical method is third-order
accurate in both space and time with respect to the L2-norm. If instead the same
(global) time-step At was used everywhere inside (), it would have to be about
seven times smaller than necessary in most of (). In Fig. snapshots of the
numerical solution are shown at different times. The vertical Gaussian pulse
initiates two Gaussian plane waves propagating in opposite directions. As the
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right-moving wave proceeds, it impinges upon the obstacle; then, a fraction of
the wave penetrates the gap and generates a circular wave, which further inter-
acts with the propagating wave field.

8.2 NUMERICAL RESULTS FOR MAXWELL'S EQUATION

In this section we study our LTS-RK schemes for electromagnetic problems. First
we consider a simple one-dimensional test problem and show that kth-order
LTS-RK methods always yield the optimal space-time rate of convergence when
combined with a spatial finite element discretization of comparable accuracy, in-
dependently of the number of local time-steps p used in the fine region. Second,
we apply our LTS-RK method to a more complex two-dimensional electromag-
netic scattering problem.

Convergence:
We consider the one-dimensional homogeneous model problem, where (4.1) and

reduce to

d d

SEE(X, t) = _aH(xl t) - UE(x/ t) - ]a (x/ t)/ (81)
d d

HEH(X; t) = —gE(X, t) (82)

For simplicity we further assume constant material properties y = ¢ = 1 and
o = 0.1 on the interval Q) = [0, 6]. The initial conditions and right-hand side are
chosen to yield the exact solutions

E(x,t) = —cos(t)sin(mx), (8.3)
H(x,t) = —mcos(t)cos(mx). (8.4)

Next we divide ) into three equal parts. The left and the right intervals, [0, 2]
and [4, 6], respectively, are discretized with an equidistant mesh of size h«2se,
whereas on the interval [2,4] the mesh size is chosen as hfi"® = e /p. Hence,
the two outer intervals correspond to the coarse region and the inner interval to
the refined region.

First we discretize in space using nodal DG with P!- elements with upwind
flux on a sequence of increasingly finer meshes. For every time-step At, we shall
take p > 2 local steps of size AT = At/p in the refined region, with the second-
order time-stepping scheme LTS-RK2(p). As we systematically reduce the global
mesh size h°*¢, while simultaneously reducing At, we monitor the L? space-
time error in the numerical solution [|E(-, T) — Ej a¢(+, T) || 12(qy) at the final time
T=1.
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Figure 12: LTS-RK2(p) error vs. H = h***"¢ = (.02, 0.01,0.005, 0.0025 for P! finite
elements with p =3, 7,13.

In Fig. [12| we show the numerical solution for /°°**¢ = 0.1 and p = 2 (a) and the
L? error (b). We observe that regardless of the number of local time-steps p = 3,
7 or 13, the numerical method converges with order two.

Next, we combine the fourth-order LTS-RK4(p) and LTS-LSRK5(p) scheme with
P3- elements. Thus, we expect an overall fourth-order convergence with respect
to the L2- norm. In Fig. we display the numerical error vs. the mesh size H =
heoas¢ for a sequence of meshes and different values of p. The results confirm the
expected fourth-order convergence.

107° 10°
—A—p=3 —A—p=3
—k-p=7 —¥-p=7
s p=13 , p=13
107 {---H A, 107 - - -H* A,
o 10° o 10°F
o ]
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107" . 107" .
10° 107 107 107° 10 107
H H
(a) RK4 (b) LSRK5

Figure 13: LTS-RK4(p) error (a) and LTS-LSRK5(p) (b) vs. H = h®*™¢ =
0.04,0.02,0.01,0.005 for P? finite elements with p = 3, 7,13.



8.2 NUMERICAL RESULTS FOR MAXWELL'S EQUATION 61

N AYAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV/
VA VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA S AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV/ o)
v ‘muvAuv‘vAxAvngxAvAuvAVA"Av4 \VAVAVAY

<

1 AV AVAVAVAVAYAV,V,VAYA AVAVY
SVANAVAVAYAY; VoVAY V. VAVA W oy {]

<Kl A“%ﬂf’ X DO

K]
PaVAVAVAVAVAVAVAVAVAVA
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Two-dimensional example:

To further illustrate the usefulness of the LTS-RK methods, we now consider
Maxwell’s equations in two space dimensions in transverse magnetic form. The
computational domain Q) corresponds to a rectangle of size [0,3] x [0,1] from
which the shape of a roof mounted antenna of thickness 0.01 has been cut out,
as shown in Fig. Wesetoc =0and y = ¢ =1, J; = 0, and impose PEC
boundary conditions. A circular Gaussian wave is initiated through the initial
conditions.

We choose P? nodal DG elements in space. First, () is discretized with triangles
of maximal size h®@™¢ =z~ (0.023, where the mesh size h denotes the radius of the
inscribed circle. However, such coarse triangles do not resolve the small geomet-
ric features of the antenna, which require hfi® ~ h<ase /7 ag shown in Fig.
Then, we successively refine the entire mesh two times, each time splitting every
triangle into four. Again, we let the fine mesh correspond to all triangles with
h < 0.7 h°***¢ in size, i.e. the darker (green) triangles in Fig. [14} The correspond-
ing degrees of freedom in the finite element solution are then selected merely by
setting to one the corresponding diagonal entries of the matrix P.

For the time discretization, we choose the fourth-order LTS-RK4(7) scheme with
p = 7, which for every time-step At takes seven local time-steps inside the re-
fined region that surrounds the antenna. Thus, the numerical method is fourth-
order accurate in both space and time with respect to the L?-norm. If instead the
same (global) time-step At was used everywhere inside (), it would have to be
about seven times smaller than necessary in most of ().

In Fig. |15, snapshots of the numerical solution Ej, at different times show how the
circular wave impinges on the antenna and then subsequent reflections interact
with the propagating wave front.
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Figure 15: Snapshots of Ei at times t = 0.2, 0.35, 0.5, 0.75



Part III

LOCAL EXPONENTIAL ADAMS BASHFORTH
SCHEMES






INTRODUCTION

As an alternative to the presented LTS-RK schemes we propose here local ex-
ponential integrators based on Adams methods for the time discretization of
damped wave equations.

Exponential integrators have been around since the late 1950th — see [77] for an
historical overview. But as the evaluation of matrix exponentials is very expen-
sive they have only regained interest with the development of Krylov methods,
which allow a more efficient computation of matrix function times vector prod-
ucts. For an extensive overview on existing methods we refer to [62].

Starting from the ODE we focus here on exponential Adams-methods,
which were presented in [63] for semilinear parabolic problems. Instead of split-
ting into linear and nonlinear part, we distinguish between fine and coarse part.
We thus have the advantage of one global time-step, whose size is determined
by the mesh size of the coarse region.

In this part we briefly discuss exponential Adams methods (for more details see
[63]) and adapt them to our model problem. Numerical results in 1D confirm the
expected space-time convergence rate and optimal stability properties. We give
some comments on why Krylov methods fail to work in our case. Numerical
results, however, suggest that local exponential integrators still present a good
alternative in special cases, where we consider problems with only a few fine
elements with a very high refinement rate.

We conclude with the familiar narrow-gap example from Part II.



66

INTRODUCTION



10

LOCAL EXPONENTIAL ADAMS-METHODS

Following the approach presented in [63], we introduce exponential Adams
methods in this chapter. We start by giving a derivation of the method for a
general semilinear problem. We then apply the scheme to our model problem
using a splitting into coarse and fine elements and give some comments on
efficient implementation.

10.1 EXPONENTIAL METHODS OF ADAMS-TYPE

We start by considering an abstract semilinear initial value problem

y'(t) = —Ay(t) +g(t,y(t),  y(to) =yo (10.1)

where A is a square matrix and g is assumed to be Lipschitz continuous.

We formally get an exact solution of at time t,,,1 = t, + At by the variation-
of-constants formula

At
V(tae1) = e By (t,) +/O e~ ATDAg (1 1,y (t, + 7)) dT. (10.2)

To derive a numerical method from we proceed as for the classical Adams-
Bashforth schemes and replace g by its interpolation polynomial p, through the
k points

(t”—k—i-l/ g(tn—k—HI YH—k+1))/ RV (tn/ g(tn, le))/
where y; &~ y(t;) is a suitable approximation.
Thus, the polynomial p, is given by

k-1
=0\ _.
pu(ty +0At) = G, + 2(—1)]( ; )VJGn, G; =g(t;yj) (10.3)
j=1
where (_, ) is a generalization of binomial coefficients, i.e.
(?):“(“_1)(“_2],)|.“(a_]+1) forj € N, « € R.
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Here, V/G,, denotes the jth backward difference, which is recursively defined as
v°G,=G,, VG, =VG,-VG,, j=12,....
We now replace the exact solution at time ¢, by its approximation y, and the

nonlinearity g(t,,yx) by the interpolation polynomial p, in (10.2), which yields
the numerical method

At
Vo1 =e YAy, + /O e~ (A=DAp (+, + 1) dT. (10.4)

Inserting the interpolation polynomial (10.3) into (10.4) gives

k—1

Yus1 =€ My, + ALY 1, (—AtA)VIG, (10.5)
j=0
with weights
1 —9
vi(z) = (—1)]/ 6(1_9)Z< i ) de, j>0, (10.6)
0

which we henceforth refer to as exponential Adams-methods.
The first 4 weights v; for j € {0,1,2,3} are given by

e —1
10(2) = ——
ec—z—1
@ =—7pm—
e 222 -3z -2 (107)
72 - 2 23 7
1 (6+6z+22%)e% — 625 — 1122 — 12z — 6
73(2) = 3! z4 '

Furthermore, it follows directly from (10.6) that for z = 0 the 7;’s reduce to the
well-known coefficients of the classical Adams-Bashforth (AB) methods

15O =1 [ (), jzo

Thus, for A = 0 the exponential Adams methods reduce to the classical AB
methods

k—1

Yn+1 = Yn + At Z ')’j(o)ijn- (10.8)
j=0
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i o] 1| 2 | 3
7(0) || 1]1/2|5/12 | 3/8

Table 6: Coefficients for the Adams-Bashforth methods

In Table @we present the values of ’y]-(O) for j =0,1,2,3. For more details on AB
methods see [55].

We are now ready to apply to our model problem (3.6). Instead of splitting
into linear and nonlinear part, however, we will distinguish between coarse and
fine region

10.2 APPLICATION TO THE DAMPED WAVE EQUATION

In this section we want to apply the exponential Adams methods derived in
Section to the first order system (3.6)

d_y(t) = By(t) + F(t), te(0,T),
y(0) = yo.

We have in mind that our first-order system originates from the spatial
discretization of the wave equation. We further restrict ourselves in this part
to the spatial discretization with continuous FEM. The matrix B is potentially
large and directly applying an exponential method not feasible. If, however the
fine region is small compared to the whole computational domain, calculating
with an explicit one-step (e.g. RK) or multi-step (e.g. AB) method and a small
time-step is too expensive. As an alternative to the LTS-RK presented in Part II
schemes we want to adapt to make use of the matrix functions v; only in
the fine part. To do so, we follow the ideas of Part II and split our unknowns
into coarse and fine

y(t) =Py(t) + (I -P)y(t),
where P is the diagonal projector matrix described in Chapter
For simplicity we further assume that F = 0. Thus, reduces to

y'(t) = BPy(t) + B(I—P)y(t). (10.9)
Let —A = BP and g(t,y(t)) = B(I — P)y(t). Then, (10.5) is equivalent to
k-1 .
Vi1 = 2 BPy, 1 At ) 7;(AtBP)B(I — P)Vy,,. (10.10)

j=0
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To achieve a more efficient implementation (10.10) should be rewritten as

k-1 .
Ynit1 = Yn + Atyo(AtBP)By, + At ) 7j(AtBP)B(I— P)Vly,, (10.11)
j=1

which we can interpret as a corrected exponential Euler step. This reduces the
number of matrix function evaluations by one.

Note that for P = 0, i.e. for an equidistant coarse mesh, these methods reduce to
the well known AB methods. Therefore the stability constraints are at best those
of the underlying AB method on a grid, where no refinement took place.

10.3 EFFICIENT IMPLEMENTATION

Even with the corrected exponential Euler step the exponential Adams
method requires the multiplication with full matrices as the exponential of a
sparse matrix is usually full. We want to exploit our special situation, i.e. the fact
that we assume that the region of mesh refinement is small in comparison to the
entire domain. Therefore, we rewrite our system

y'(£) = By(t),
following the idea proposed in [63] as

/
vl By Z||v
{w} = {Y BJ {w} . (10.12)
Here we have sorted the unknowns into fine, v, and coarse, w, which we get

from y via permutation, i.e. lw} = Qy, where Q is a permutation matrix with

{Bf Z

_ T
Y BJ =QBQ .

Note that Bf and B. have the same structure as the original matrix B, but are
smaller in dimension as they only correspond either to the fine or the coarse
unknowns. In particular, we find that By is invertible.

We can now apply an exponential Adams method (10.5) to (10.12) with

—A = R{f g} , g(t,v,w) = lg gj L‘;} ) (10.13)

This representation allows us to derive an efficient method for time integration
based on exponential Adams methods for the splitting into coarse and fine part.
To do so, we have to verify the following Proposition, which allows us to easily
evaluate the arising matrix functions for splittings of the form (10.13).
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Proposition 10.1. Let ¢ be an analytic function and A as defined in (10.13). Then

_ [ ¢(AtBy) 0
PBIA) = | Ayl (AtBy) p(0)L] (10.14)
where
(P[l] (Z) _ ¢(Z> ;‘P(O) ) (10.15)

Proof. 1f ¢ is an analytic function, we can make use of the series expansion to
calculate ¢p(—AtA). Let ¢(x) = Y, anx" be the Taylor expansion of ¢. We can
show by induction that

B 0]" B/ 0
= >
{Y 01 {YB?_l 01 forn > 1. (10.16)
Thus we get
> B 0]\" 10 B; 0]"
— — f — n|f
P(—AtA) n;)an (At {Y OD ag { 1 + Z a,At {Y 01
_ |[¢(AtBg) 0
(O
with a9 = ¢(0). We now need to determine a. With (10.16) we find that
K= Z anAi,‘”YB?*1 (10.17)
n=1
or equivalently
a=Y <Z anAt”B?Bf_]L + aoBf_l — aOBf_1> . (10.18)
n=1
We thus get
x = YAH((ALBg) — ¢p(0)I) (AtBg) L. (10.19)
Now follows from with (10.15). O

By remarking that [B 0 B.

0
Y 0
get the following k-step method from (10.11])

corresponds to BP and {0 Z} to B(I — P) we thus

o] = b2 Lngm. o] (13 2 [0
Wil [Wa Ay (AEB) yo(0)T] \|Y B [wy
k=1 ’)’] Ath) 0

| Zw
] n
e

AtY’)/] Ai’Bf) ’)/] (O)I
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which we can restate as

k—1 ,
Vi1 = Vi + Atyo(AtBy) (Bevy, + Zwy,) + At Y i (AtBe) VIZwy,
j=1

k—1 .
W1 = Wy, + ALY (’Yo(Ath)Vn + At’)’l(Ath)an + At Z 7][1] (Ath)v]ZWn>
=1
k-1 .
+ At Z 'yj(O)V]BCwn.
j=0
(10.20)

If the refined region in our mesh is small in comparison to the coarse part, the
arising matrix functions 7;(AtBy) will be small in comparison to the exponential
of the whole matrix BP. We still have to multiply with full matrices in (10.20),
however of much smaller dimensions. Thus we can reduce the effort noticeably

by the described approach. We are going to call local exponential Adams
method denoted by LexpABk.
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After deriving LexpAB schemes based on kth order AB methods in Chapter
we now show the results of numerical experiments done for the damped wave
equation in one and two dimensions. First we consider problems in 1D
that confirm the expected order of convergence for different refinement factors
p. Afterwards we simulate a plane wave and its reflections in a two dimensional
domain with a barrier. We then present performance results where we compare
LexpABk with their classical AB counterpart on a mesh in 1D with a small fixed
number of fine degrees of freedom, but with an increasing rate of refinement
p. Finally, we show why for locally refined meshes where the number of fine
gridpoints is not very small compared to the whole computational domain, ex-
ponential integrators seem to be an unfortunate choice for the simulation of
acoustic waves as Krylov methods fail to give an accurate approximation of the
involved matrix function times vector.

11.1 CONVERGENCE STUDY

To study the convergence rates of LexpAB schemes we consider in 1D on
the interval Q) = [0,4] for t € [0, T|, where T = 1.5, with constant wave speed
¢ = 1, damping factor ¢ = 0.1 and homogeneous Dirichlet boundary conditions.
The initial conditions are set to yield the exact solution

gt

2p-%
u(x, t) = e sin(7tx) sin (%\/ 472 — (72> .

472 — o2

First () is discretized with an equidistant mesh of size h°°"*¢. Then we refine
the interval [1,1 + h®™€] by a factor p = 2, 5 or 13, i.e. the size of the mesh in
the fine part is hfi"® = har¢ /. Hence the two intervals [0,1) and (1 4 e, 4]
correspond to the coarse region Q) whereas O = [1,1 + 3¢,

First we discretize in space using a continuous P!-FE discretization of with
mass lumping on a sequence of increasingly finer meshes . We combined this
spatial discretization with the second-order LexpAB2 scheme, which for k = 2
reduces to

73
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Y1 = Py + At (10 (AtBP)B(I = P)yy + 11 (AtBP)B(I— P)(yn — yu-1)),

with 7 and -, as calculated in Section [10.1]

As we systematically reduce the global mesh size H = h®?"¢, while simultane-
ously reducing At, we monitor the L? space-time error in the numerical solution
(-, T) — upat(-, T)|12(qy) at the final time T = 1.5.

< Arp=2
4 P
3t E —*¥-p=5
——analytical p=13
* _numerical " ---H
04 - - - - - 10 -
0 0.5 1 15 2 25 3 35 4 10° 102 107
X H
(a) solution at time T = 1.5 (b) L?—error

Figure 16: Exact and numerical solution at time T = 1.5 (a) and Lexp-AB2(p)
error vs. H = h®se — (0.04,0.02,0.01,0.005 for P! finite elements with p =
2, 5,13(b).

In Fig. [16| we display the numerical solution for h°**¢ = 0.1 and p = 2 (a) and
the L2-errors at time T = 1.5 for hase — (.04,0.02,0.01,0.005 and different
local refinement factors p (b). The numerical results thus confirm the expected
second-order accuracy independently of the refinement factor p.

Next, we repeat this numerical experiment with a continuous P2-FE discretiza-
tion with mass lumping. In Fig. 17| (a) we can observe that the LexpAB3 method

2 .
Yui1 =Py, + At Y 4 (AtBP)B(I—-P)Vy,,
j=0
yields overall third-order convergence independently of p.

Finally we combine a continuous P3-FE discretization with mass lumping with
a fourth-order LexpAB4 scheme

3 .
Vo1 =My, + ALY 7/(AtBP)B(1— P)Vy,,
j=0
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Figure 17: Lexp-ABk(p) error vs. H = h®*** = 0.04,0.02,0.01,0.005 for Pph-1
finite elements with p =2, 5,13 for k = 3 (a) and k = 4 (b).

and monitor the L? space-time error. Again, the numerical results confirm the
expected fourth-order convergence for varying p — see Figure [17] (b).

The schemes in are clearly multistep methods. We calculate the necessary
starting values with a classical RK4 method.

11.2 STABILITY

In this section the stability of our methods applied to the model problem
will be discussed. Again we consider the case where Q) = [0,4] , T = 1.5,
with constant wave speed ¢ = 1, damping factor ¢ = 0.1 and homogeneous
Dirichlet boundary conditions. As the exponential Adams methods reduce to
Adams-Bashforth methods for p = 1, i.e. in the case of an equidistant coarse
mesh, we have to at least fulfill the stability constraints arising from those under-
lying methods. Therefore we rewrite our k-step Adams-Bashforth method into a
one-step method and choose At gy to be the largest At such that the eigenvalues
of the matrix arising from the transformation have an absolute value strictly less
than 1.

We want to demonstrate that the locally refined mesh imposes no further sta-
bility constraint, i.e. the exponential Adams-methods are stable for At = Afpy.
To do so we likewise transform our local exponential k-step method into an
one-step method and examine the eigenvalues of the matrix arising.

In the following experiments we choose h°#™¢ = 0.1 and p = 13. Instead of
refining only on one element, we consider now refinement on the intervall [1,2].
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For k = 2 we first consider the underlying AB2 method

3 1
Ynt+1 = Yn + At (EByn — EByn_l) . (11.1)
We proceed by rewriting as a one-step method
Yun+1 Yu
=C , 11.2
[ Yn ] Ap2 L’n—l} (112)
with
3 1
I+ At-B —At-B
Capz=| | 2 02

To guarantee stability we have to ensure that all the eigenvalues of C,4p, are in
absolute value strictly less than 1. Atapy is the maximum At such that this is
fulfilled.

In Table E] we can see Atapy for different . An increasing ¢ seems to have a
positive effect on the stability behavior as Atap, gets larger as ¢ gets bigger.

o | 01 1 20

Atopt | 0.01065 0.022 0.0454

Table 7: Atapy for linear FE combined with AB2 on equidistant coarse mesh for
different o.

For the discretization in time on the locally refined mesh the exponential Adams
method is the following

Y1 =Py + At (70(AtBP)B(I — P)y, + 71 (AtBP)B(I = P)(yx — yn-1)),
which can again be written as a one-step method

] = e |
y1/1 exp yn_]_ 7

with

44 [
CLeprB2 = {Il 02] ’

where a7 and «; are given by

aq = eBP 1 At (7o(AtBP)B(I — P) + 1 (AtBP)B(I — P)),
y = —Aty1 (AtBP)B(I — P).
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Figure 18: Eigenvalues of Cyp; (top) and Cprexpap2 (bottom) for o = 0.1 (left), 1
(middle) and 20 (right) and At = Atgpt.

In Fig. [18| we can see that even with a refinement (in this numerical example
p = 13) Atapy is small enough to ensure that our method for time integration is
stable, i.e. all eigenvalues are still inside the unit circle. This is further confirmed
by Fig. [19 where we observe, that the spectral radius p(Capy) is below 1 for all
At < Atapo.

We repeat this approach for the case of continuous P? FEM in combination with
the third-order LexpAB3 scheme. Starting from the well-known AB3 method

23 16 5
Ynt1 =Yn t+ At <EBYn - EBYn—l + EBYn—Z) ’ (11'3)

we rewrite (11.3) as a one-step method

Yu+1 Yu
yn | = Caps |Yn-1|, (11.4)
Yn—1 Yun-2

in order to determine the optimal At.
Here the matrix C4p3 is given by

N1 «r K3
CABS =11 0 0
0 I o0
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Figure 19: Maximal norm of the eigenvalues of C,4p; (top) and Cp,ypap2 respec-
tively with respect to At for o = 0.1 (left), 1 (middle) and 20 (right)

2 1
with o =1+ AtéB, Ny = —AtéB and a3 = At15—2B.
In Table |8 we display Ataps for different ¢. This time we cannot observe the

positive effect of o on the stability behavior seen for AB2.

o | 01 1 20

Ataps | 0.0147 0.0146 0.0135

Table 8: Ataps for quadratic FE combined with AB3 on equidistant coarse mesh
for different o.

Rewriting the 3-step exponential Adams method

Vi1 = Py, + At (7o(AtBP)B(I — P)y,, + 71 (AtBP)B(I — P) (v, — yu_1)
+ 72(AtBP)B(I = P)(yn — 2yn-1+ Yn—2))

(11.5)
into a one-step method leads to
Yn+1 Yn
Yn :CLeprB3 Yu-1]| -
Yn-1 Yn-2
with
& &y A3
CLeprBS =|I 0 0
0 I o
where

i = PP 1 At (7o(AtBP)B(I — P) + 1 (AtBP)B(I — P) + 1,(AtBP)B(I — P)),
fp = —At (71 (AtBP)B(I — P) + 272 (AtBP)B(I - P)),
&3 = At (72(AtBP)B(I - P)).
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Figure 20: Eigenvalues of Cyp3 (top) and Crexpaps (bottom) for o = 0.1 (left), 1
(middle) and 20 (right) and At = Atgpt.

A similar behavior as in the case of linear finite elements can be seen in Fig.
and The choice of At < Ataps guarantees that the eigenvalues of both
matrices have an absolute value strictly less than 1. For a larger damping factor
o, eigenvalues close to the unit circle seem to be moving inwards.

If we consider cubic finite elements the exponential Adams method, required
to guarantee fourth order convergence, reduces to a 4-step Adams-Bashforth
method in the case of an equidistant coarse mesh

55 59 37 3
Ynt1 = Yn+ At (EBYTI - ﬂBYH—l + ﬂBYn—Z - gBYn—3) ’ (11.6)

which can again be restated as a one-step method

Yu+1 Yn
Yu Yn-1
=C
Va1 APty s
Yn-2 Yn-3
where
X1 &2 &3 Q&4
I 0 0 O
Cas= 19 1 o o
0 0 I o
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for o = 0.1 (left), 1 (middle) and 20 (right)

7
Here a1 =1+ At;B, ny = —At;B, N3 = At;—4B and ay = —Ath.
We display the optimal At for different ¢ in Table [g}

c | 01 1 20

Ataps | 0.00498 0.00495 0.00468

Table 9: Ataps for cubic FE combined with AB4 on equidistant coarse mesh for
different o.

As done before for linear and quadratic elements we transform the correspond-
ing exponential Adams method

Vi1 = 2By, + At <70(AtBP)B(I —P)y, + 71 (AtBP)B(I — P)(y, — yu_1)
+ 72(AtBP)B(I — P)(yn — 2yn—1+yn-2)

+ v3(AtBP)B(I — P)(yy — 3y,—1 + 3yn—2 — yn_3)>

into a one-step method

Yu+1 Yu
Yn Yin-1
—C )
Vi1 LexpAB4 Vi
YYn—2 Yn-3
where
@y fp Qg

— o o
c oo
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with
iy = eMBP 4 At ('yO(AtBP)B(I — P) + 11 (AtBP)B(I — P) + 7> (AtBP)B(I — P)
+ v3(AtBP)B(I — P)>,
fy = —At ('yl(AtBP)B(I —P) 4 272(AtBP)B(I — P) + 33(AtBP)B(I — P)),

i3 = At (fyz(AtBP)B(I —P) + 3y3(AtBP)B(I — P)),

iy = —Aty3(AtBP)B(I1 — P).
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Figure 22: Eigenvalues of Cypq4 (top) and Cprexpaps (bottom) for o = 0.1 (left), 1
(middle) and 20 (right) and At = Atgpt.

Figure shows us the eigenvalues of C4py and Ceypy for different o’s, At =
Ataps and p = 13. They all have an absolute value less than 1. Thus the expo-
nential 4-step Adams method is stable for Ataps. This is confirmed by Fig.
where we can observe that the biggest eigenvalue in absolute value is below 1
for At < Atppy.

11.3 TWO-DIMENSIONAL EXAMPLE

If the fine part of the mesh is small, LexpABk schemes present a efficient al-
ternative for solving the damped wave equation even in two space dimensions.
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Figure 23: Maximal norm of the eigenvalues of C,4p4 (top) and Cp,y,4p4 respec-
tively for o = 0.1 (left), 1 (middle) and 20 (right)

We consider here the model problem on a domain (), rectangular of size
(0,2) x (0,1) with two rectangular barriers separated by a narrow gap seen in
Chapter |8l As shown in Fig. the mesh resolves the small geometric features
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Figure 24: Initial triangular mesh with local refinement ratio p = 6, i.e. hfi"® ~
hcoarse/6

of the narrow gap. Notice that we choose the fine region here much smaller than
in the case of LTS presented before. We want our mesh to have only a few fine
elements in order for LexpAB to perform well.

At all boundaries we impose homogeneous Neumann boundary conditions; a
vertical plane wave is excited through the initial conditions,

x—08)?
u(x,0) = exp —W /

and v(x,0) = u:(x,0) = 0. In space, we discretize using P? continuous finite
elements with mass lumping after having refined our initial mesh (see Fig.
three times, each time dividing every triangle into four.

As the initial mesh is unstructured, we have to decide which elements belong
to the fine mesh, and which do not. Given L3¢ as the maximal radius of all
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triangles, the fine mesh consists of all triangles with h < 0.7h°°?"¢, For the time
integration we choose the third-order scheme LexpAB3 with At = 0.07h°%"¢
determined experimentally. Thus the numerical method is third order accurate
in both space and time. We calculate the starting values by applying a standard
fourth-order Runge-Kutta method. In Fig. |25, we follow the plane wave as it im-

/ /
T
|

Figure 25: Numerical solution at times t = 0.1, 0.3, 0.5and 0.7

pinges on the obstacle and reflections occur, while the gap sheds circular waves
into the medium.

11.4 COMPARISON

In this section we illustrate the performance of LexpAB methods compared to
their underlying AB schemes in different geometrical situations. We want to
show that for a fixed small number of fine elements, which are characterized
by a very high ratio p between h®¥s¢ and hfi"¢, LexpAB schemes outperform
classical AB methods as the computational work only depends on the number
of fine degrees of freedom, and not on p.

To do so we consider the damped wave equation in one dimension for
0=(0,6),c=10=01T=>5and f(x) =0.

We start with an equidistant mesh with mesh size h°°%*® and add p = 1 addi-
tional fine point at ifin® = ;;<0arse /p _ see Figure 26, We discretize in space
using continuous P2-FE with mass lumping.

We monitor the L?-error at the final time T = 5 and the runtime in seconds for
LexpAB3 and compare it to the results of AB3 on the same mesh with At =
Ataps/p for different p.
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Figure 26: () with one fine element.

In a first test we set h°*"*¢ = 0.2. The optimal At on the equidistant coarse mesh
is here At g3 = 2.95¢ — 02.

LexpAB3 AB3

p L2- Error | Runtime in s L2- Error | Runtime in s
3.3845¢ — 04 0.476365 3.8590e — 04 0.115519
11 1.3254e¢ — 04 0.477085 3.8230e — 04 0.156068
53 2.0152e — 04 0.473089 3.7306e — 04 0.423811
100 || 6.2434¢ — 05 0.481397 3.7151e — 04 0.744742
1000 || 1.4716e — 04 0.482522 3.6978¢ — 04 6.659287

2000 | 1.0888e — 04 0.479547 3.6968¢ — 04 | 13.020158

Table 10: Runtime results for y = 1 and h***¢ = 0.2 for different p

In Table [10 we can observe the results for different p. Notice that the runtime for
LexpAB3 is constant, i.e. only depends on the size of the matrix Bf and not on p,
while the runtime for AB3 grows linearly with increasing p.

In a second experiment we reduce the mesh size to h°°**¢ = 0.05. Thus, the size
of the first-order system increases. The optimal At on the equidistant coarse
mesh is now Atagz = 7.39¢ — 03.

The results displayed in Table |11 confirm our results for the coarser mesh. The
ratio between runtime of AB3 and runtime of corresponding LexpAB3 even in-
creases for growing p.

We repeat the experiments above but increase the number of fine points at the
beginning of the domain to y = 3 — see Figure |27/ for the new grid.

0 6

Figure 27: () with three fine element.

Again, we first consider the case with ¢ = (.2.
In Table[12] the results corroborate those in Table[10] i.e. the additional points do
not change the outcome.
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LTS-expAB3 AB3

L2- Error Runtime in s L2- Error Runtime in s

2.8130e — 06 1.009038 1.4138e — 06 0.262177

11 1.5893e — 05 1.010626 1.3219¢ — 06 0.450336

53 8.7525e — 06 1.005432 1.4236e — 06 1.775844

100 || 1.4042¢ — 05 1.020723 1.4292¢ — 06 3.315734

1000 || 1.8929¢ — 05 1.016705 1.4272¢ — 06 | 31.811840

2000 || 4.8814e — 07 1.017659 1.4270e — 06 | 63.661842

Table 11: Runtime results for y = 1 and h***¢ = 0.05 for different p

Last we consider h°°*"*¢ = 0.05. The optimal At on the equidistant coarse mesh is
again Ai’ABgz, = 7.39¢ — 03.

Again the results in Table [13| confirm the results seen before. We note that p
has to be high for LexpAB3 to actually beat AB3. When we further increase
the number of fine points, the computation of the matrix functions gets more
expensive and we thus have to choose a higher p to still beat AB3.

11.5 KRYLOV-METHODS

In Section we presented experiments which suggest that in presence of a
local mesh refinement of only a few, but very small elements LexpABk schemes
appear to be an interesting alternative to LTS schemes. However, if the number
of fine degrees of freedom increases, and thus the dimension of B r directly
evaluating the arising matrix functions becomes inefficient. Here we explain why
standard Krylov method fail to be an alternative to direct methods when dealing
with the damped wave equation.

We start by considering the damped wave equation in one dimension for
Q = (0,L), o(x) > 0 and c(x) is piecewise smooth and strictly positive. We
discretize in space by using standard finite elements while leaving time
continuous and thus get a system of ODEs of the form (3.6). For simplicity, we
further assume that F = 0. Hence, reduces to

y'(t) =By(t)  y(0) =yo. (11.7)
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LexpAB3 AB3

p L2- Error | Runtime in s L2- Error | Runtime in s
3.8811e — 04 0.495881 3.9625¢ — 04 0.113812
11 1.5967e — 04 0.490194 3.975% — 04 0.157157
53 1.9158¢ — 04 0.508014 3.7946e — 04 0.420513
100 | 2.0223¢ — 04 0.491436 3.7518e — 04 0.747162
1000 || 1.5863¢ — 04 0.496777 3.7018e — 04 6.562576
2000 || 1.8596¢e — 04 0.493427 3.6988¢ — 04 | 12.929323

Table 12: Runtime results for y = 3 and h***¢ = 0.2 for different p

The exact solution of (11.7) can be written as

y(t) = ePyo. (11.8)

If B is small, we can use the MATLAB function expm.m, which makes use of
the Padé approximation for calculating the exponential of a matrix (see [58]
for details). As soon as B gets too big, more efficient methods are desirable to
evaluate (11.8).

The idea behind the use of Krylov subspace techniques is to project the expo-
nential of the large matrix onto a small Krylov subspace [43]. In a first attempt
we ignore the special structure of the matrix and just notice, that it is not sym-
metric. Hence we use the standard Arnoldi method to generate an orthonormal

basis V, = [vy,...,Vy] of the Krylov space K, = span{yy, Byo,...,Bm’lyo}

with vi = Y0 and a Hessenberg matrix H;, of dimension m. We know that the

[yol
Hessenberg matrix is of the form H,, = V;BVm. Therefore H,;, represents the

projection of the linear transformation B onto the subspace K;, with respect to
the basis V,,. We can now approximate exp(tB)yy

etByo =~ VmetH'"V;yo = ,BVmetH’"el, (11.9)

where B = ||yo|| and e; is the first standard basis vector of RN. If m is small,
we can use a direct method to evaluate the matrix exponential e'f", for example
expm.m. Hochbruck and Lubich describe in [59] how to choose m for different
classes of matrices. It turns out that superlinear convergence usually requires
m > ||tB]|. For symmetric negative definite matrices B we observe this behavior
already for m > \/||tB||. As our matrix B in is not symmetric, we only
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LTS-expAB3 AB3

L2- Error Runtime in s L2- Error Runtime in s

9.4320e — 06 1.030653 1.4286¢ — 06 0.263381

11 8.7312e — 06 1.030607 1.3415¢ — 06 0.454422

53 1.8880e — 05 1.030758 1.4312¢ — 06 1.789966

100 || 1.0902¢ — 05 1.031568 1.4336¢ — 06 3.356812

1000 || 8.3640e — 06 1.026235 1.4276e — 06 | 32.103770

2000 || 8.9643¢ — 06 1.030787 1.4273e — 06 | 63.582393

Table 13: Runtime results for y = 3 and h*°*™¢ = 0.05 for different p

get convergence for m < ||B|| in special cases, e.g. if the vectors, with which we
approximate the matrix function, are particularly smooth (it turns out that our
initial value yo has this property).

This restriction on m may lead to difficulties in our case, where we deal with
damped wave equations in one space dimension. For simplicity we assume
that T = 3.5 and that ¢ = 1 and ¢ = 0.1 are constant. We discretize in space
using continuous P2-FE with mass-lumping on an equidistant mesh with mesh
size h = 0.1 for [0, L] = [0,4]. For this simple example ||B| ~ 2.4 - 10°> whereas
the dimension of B is only N = 158, i.e. m > N and we were hoping for a m
that is a lot smaller than N. If we still want to approximate the exponential with
Krylov methods and a reasonable m, we can reduce our {, which results in a time
stepping scheme of the form

AtH, iy T

Vi = Vi€ mkYk—1s k=1,...,n. (11.10)

T
Here At = —, where V,,; and H,, ; belong to the Krylov projection associated

with B and startmg vector y_1. For (11.10) to be stable we need to require that
the eigenvalues of e2Hnr are in the unit circle. This gives us a restriction for
At. So we have two different options to achieve superlinear convergence for the
Arnoldi iteration. We can either increase the number of projections m or decrease
the time-step At. As an increasing m leads to a bigger Hessenberg matrix H,, x
of which we then have to calculate the matrix exponential, we will keep m = 10
fixed and focus on the influence of At in the following experiments.
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We first choose an example with initial conditions

’ (11.11)

AB3 solution
selubion of
Krylov method

045 I 1 1 1 1 1 1
0 0s 1 1.5 2 25 3 35 4

Figure 28: Reference solution (blue) and solution calculated using an Arnoldi
method with m = 10 (green) at time T = 3.5

Obviously a small m won’t guarantee convergence (see Figure [28). If we now
use a time-stepping scheme but with a At that is too big, we even get problems
with stability. While the eigenvalues of H,,o approximate the eigenvalues of
B rather well, the eigenvalues of H,, ; for k > 1 need not even be in the left
half plane. Thus the solution of the time stepping scheme might explode.
To understand this behavior better, we will examine the eigenvalues of H,,
carefully.
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Figure 29: Eigenvalues of B (left), of Hjpo and of a Hessenberg matrix H gener-
ated with a random vector v.

We can see in Figure 29| that the eigenvalues of Hjpp approximate the spectrum
of B significantly better than the eigenvalues of the projection onto a Krylov sub-
space of the same dimension but generated by an arbitrary vector v. Especially
the two eigenvalues in the right half plane will cause problems. Similar behavior
can be seen when doing more time steps. Thus the very good approximation
of B that Hjp seems to give us, is an exception probably related to the Krylov
subspace K, = span{yo, By,, ..., B" lyo} we project on.
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Figure 30: Eigenvalues of Hyg ; (left), esHio (middle) and Vg esHio V1To,1 (right).

In Figure 30| we see the eigenvalues of the Hessenberg matrix after the first time
step. It is important to notice that the eigenvalues of e5Hi01 are no longer inside
the unit circle. The eigenvalues of Hjp; located in the right half plane result in
the instability of the time stepping method as the solution will grow. This can
be prevented by choosing a smaller At, such that the eigenvalues of ¢2Hi1 are
again less than 1 in absolute value.

Our experiments show that it is usually more efficient to choose a small m and
thus also a rather small At, as the effort of the Arnoldi method grows quadrati-
cally with m.

In fact, we can create special situations, where an exponential integrator with
Krylov methods beats standard Adams-Bashforth methods. Due to the structure
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of the matrix B in (11.7), i.e. especially the large norm of B, however, the expo-
nential integrator can’t compete with Adams-Bashforth methods in most of the
examples. We illustrate this behavior now in the following.

We consider two different meshes for our tests. In both cases we start an equidis-
tant mesh of size h on [0,4]. In case A we add two additional points at 2 + Kfin®
and 2 + 2hfire for pfine — 0.0001, while in case B we refine the whole interval
2,2 4 h] with hfire,

In the following we compare the performance of three different approaches. The
first one calculates the solution of directly using the MATLAB func-
tion expm.m. As a second method we use the MATLAB function expv.m by [93].
This calculates an approximation of with an Arnoldi method and adaptive
time-stepping. In all experiments presented here we choose m = 10. We opt for
a small m as the function expv.m calculates the exponential of the arising Hes-
senberg matrix in a direct manner. We compare both methods with the standard
AB3 scheme with a small time-step dictated by the fine elements on the whole
domain.

method | # of time-steps | L?- Error | Runtime in s

direct 1 1.3368¢ — 03 0.374
expv 1357 1.3368¢ — 03 2.987
AB3 21605 1.3368e — 03 1.345

Table 14: Case A with & = 0.1 and hfi"e = 0.001.

For small problems the direct method is the best choice as its performance only
depends on the size of the matrix and not on the refinement factor p = h/hfi"e —
see Table [14] for details.

method || # of time-steps | L?- Error | Runtime in s

direct 1 1.3092¢ — 03 4.245
expv 3538 1.3092¢ — 03 7.656
AB3 25000 1.3092¢ — 03 2.778

Table 15: Case B with & = 0.1 and kfi"e = 0.001.

If we, however, increase the number of fine unknowns and thus enlarge our
system the direct method becomes less efficient than AB3 — see Table
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We now repeat both tests with a smaller & and hfire,

method || # of time-steps | L2- Error | Runtime in s
direct 1 1.2683e — 07 60.561
expv 8215 1.2602¢ — 07 21.148
AB3 214724 1.2608e — 07 30.997

Table 16: Case A with & = 0.01 and Afi"® = 0.0001.

In Table [16| we found an example, where the Krylov method actually presents

the most efficient method.

method | # of time-steps | L?- Error | Runtime in s
direct 1 1.2610e — 07 109.140
expv 24035 1.2522e — 07 67.776
AB3 258095 1.2520e — 07 38.733

Table 17: Case B with 1 = 0.01 and hfi"® = 0.0001.

If, however, we increase the number of fine elements, expv cannot compete with
the classical AB3. Note further that the direct method fails in both cases as the
system gets too large and thus the direct calculation of the matrix exponential

too expensive.
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12.1 CONCLUDING REMARKS

Starting from standard explicit Runge-Kutta (RK) methods, we have derived
explicit local time-stepping (LTS) methods which permit arbitrarily small time-
steps precisely where the smallest elements in the underlying mesh are located.
When combined with a finite element discretization with an essentially diagonal
mass matrix, the resulting discrete time-marching schemes remain fully explicit
and thus highly parallel. The LTS methods based on classical RK schemes are
given in Algorithm the LTS methods based on low-storage (LS) RK methods
are given in Algorithm and the LTS method based on the popular RK4
method is detailed in Algorithm Like their standard RK counterparts, our
LTS-RK methods preserve linear invariants.

Let At denote the time-step dictated by the CFL-condition in the coarser part
of the mesh. Then, during every (global) time step At, each local time step of
size At/p inside the locally refined region of the mesh, with p > 2 any integer,
simply corresponds to sparse matrix-vector multiplications that involve only the
degrees of freedom associated with the fine region of the mesh. Those “fine”
degrees of freedom can be selected individually and without any restriction by
setting the corresponding entries in the diagonal partition matrix P to one; in
particular, no adjacency or coherence in the numbering is assumed. Hence, the
implementation is straightforward and requires no special data structures. The
intermediate values needed at the coarse/fine mesh interface during sub-steps
are obtained through a judicious combination of interpolation and Taylor expan-
sion, which preserves the accuracy of the original scheme without resorting to
the solution of a linear systems or recursive dependencies.

If the underlying s-stage RK method has order k, we have proved that the cor-
responding LTS-RKs method retains the same accuracy, independently of s > k.
For s = k = 2,3,4 we have proved that the LTS-RKs methods converge as At — 0
to the semi-discrete solution. Our numerical experiments indicate that if an LTS-
RK method of order k is combined with a P¥~! FE spatial discretization, the nu-
merical solution will converge to the true solution with optimal rate O(k*, At),
as h,At — 0. Moreover, our numerical experiments suggest that the LTS-RK
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methods preserve the optimal CFL-condition imposed on At by the coarser re-
gion of the mesh, independently of p. Hence our LTS-RK methods overcome
the bottleneck caused by the geometry induced stiffness without sacrificing the
explicitness, accuracy or efficiency of the original RK method.

Our derivation of explicit LTS-RK methods applies to a general explicit RK
method of arbitrary order. Hence, it not only applies to low-storage RK meth-
ods, but also to any other explicit RK method, such as the low-dispersion low-
dissipation RK methods from [65]. Although the LTS-RK methods are particu-
larly appropriate for computational wave propagation, where the use of explicit
time integration prevails, they are likely to also prove useful for other partial
differential equations.

As an alternative to LTS-RK schemes, we have presented exponential Adams
methods for the time integration of damped wave equations as a way to over-
come the severe stability constraints imposed by a locally refined mesh. In the
last part of this thesis we have seen some numerical results which confirm
that LexpAB schemes preserve the accuracy of the corresponding classical ABk
method and we have studied the stability of our methods. We have observed that
especially if the locally refined part is small in comparison to the entire mesh,
LexpAB schemes present an interesting option for the time integration of wave
equations.

12.2 FUTURE WORK

A central and important contribution of this thesis and of [47] is the proof in the
ODE sense for LTS-RK schemes. We have shown in Section [7] that the LTS-RKs
method preserves the accuracy of the underlying RK method. Further we have
proved that for the LTS-RKs methods converge as At — 0 to the semi-discrete
solution s = k = 2,3,4. To study the fully discrete error analysis for LTS-RKs
schemes when combined with a spatial discretization of suitable order seems a
natural extension of this thesis and is of interest for our future work.

Until now we have distinguished between coarse and fine for our LTS approach.
As common meshes normally have more levels of refinement, we are deriving
multilevel LTS schemes which are able to handle hierarchical meshes. First re-
sults when combined with a Summation-By-Parts-Simultaneous Approximation
Term (SBP-SAT) FD methods [76] seem very promising and a further investiga-
tion is work in progress.

To compare our LTS-RK schemes with local exponential integrators we are cur-
rently extending the ideas described in Part III to exponential integrators of RK
type [61, 160]. Again, we hope that in cases where we have only a few tiny ele-
ments LexpRK methods present an exciting and new alternative to established
LTS schemes.
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Here we give the coefficients of the RK methods we use for the numerical exper-
iments. For convenience they are presented in the well-known Butcher tableau —
see [13] for details.

Table 18: Coefficients of the classical RKs methods.
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(a) RK2 (order 2) (b) RK3 (order 3) (c) RK4 (order 4)
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Table 19: Coefficients of the LSRKs methods.
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