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Summary

New and more efficient finite element methods for modelling seismic wave
propagation are presented and analysed in this dissertation.

Seismic modelling is a useful tool for better understanding seismic be-
haviour in complex rock structures, but it is also a key aspect of full wave-
form inversion, which is a powerful technique for imaging the structure of
the earth’s subsurface. The great advantage of finite element methods over
other wave modelling methods, like the popular finite difference method,
is that it accurately captures the effect of complex topographies, such as
mountainous areas and rough seabeds, without refining the grid resolution.
Even so, these methods require a huge amount of computational power and
making them more efficient is of great value for many industrial applica-
tions.

The most promising finite element methods for wave propagation mod-
elling are the discontinuous Galerkin method and the mass-lumped finite
element method, since they allow for explicit time-stepping. In this disser-
tation, new and sharp bounds for the time step size and penalty term for
the discontinuous Galerkin method are presented. These parameter bounds
can be efficiently computed and guarantee stability of the method. It is
also shown that these new bounds significantly reduce the number of time
steps, and therefore the computation time, compared to other parameter
estimates available in literature. Furthermore, it is shown that the new
penalty term bound also results in a higher accuracy.

While the stability properties of standard global time-stepping methods
are well-known, little is known about the stability of local time-stepping
methods. In this dissertation, it is shown that the stability of local time-
stepping algorithms is in fact questionable. In particular, it is shown for
a basic local time-stepping algorithm that instabilities can always occur,
unless the local time step size is applied everywhere. This, however, would
turn the algorithm back into a standard time-stepping scheme.

Besides the discontinuous Galerkin method, new mass-lumped finite
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element methods are also presented in this dissertation. First, a new accu-
racy condition for the construction of mass-lumped elements is presented.
This condition is less restrictive than the condition that has been used for
several decades and has so far led to new mass-lumped tetrahedral elements
of degrees 2, 3, and 4. The new tetrahedral elements of degree 2 and 3 are
shown to be much more efficient than those available in literature, and
mass-lumped tetrahedral elements of degree 4 had not been found so far.
It is also shown that the new mass-lumped tetrahedral elements result in a
much more efficient scheme than the discontinuous Galerkin method for el-
ements of degree 4 or less. New quadrature rules for the stiffness matrix are
presented that make the mass-lumped finite element methods even more
efficient, since they allow for a faster computation of the stiffness matrix
and can handle spatial parameters that vary within the element.

A dispersion analysis is presented in this dissertation that compares
the discontinuous Galerkin and mass-lumped finite element methods in
terms of accuracy and computation time. The analysis not only shows
which method is the most efficient for a given accuracy, but also how many
elements per wavelength are required for a given accuracy, and how much
the accuracy of the method is affected by element distortions. From the
results, it follows that the new degree-2 mass-lumped finite element method
is the most efficient for a dispersion error between 0.01 and 0.001, while the
new higher-degree mass-lumped finite element methods are more efficient
for smaller dispersion errors.

Concluding, the finite element methods and algorithms presented in
this dissertation allow for a much faster modelling of seismic waves. This
makes the use of finite element methods much more attractive for geophys-
ical applications or other industrial applications that involve solving wave
propagation problems.



Samenvatting

In dit proefschrift worden nieuwe en efficiéntere eindige elementen methodes
voor het modelleren van seismische golven gepresenteerd en geanalyseerd.

Seismisch modelleren is nuttig om het seismische gedrag in complexe
aardstructuren beter te kunnen begrijpen en is tevens een hoofdonderdeel
van volledige seismische inversie, een krachtig hulpmiddel om de inwendige
structuur van de aarde mee in kaart te kunnen brengen. Het grote voordeel
van eindige elementen methodes ten opzichte van andere modelleer tech-
nieken, zoals de populaire eindige differentie methode, is dat ze nauwkeurig
het effect van een complexe topografie, zoals bergachtige gebieden en gril-
lige zeebodems, kunnen modelleren zonder dat het rekenrooster hoeft te
worden verfijnd. Echter, deze methodes vergen enorme rekenkracht en ze
efficiénter maken is daarom van grote waarde voor veel industriéle toepas-
singen.

De meestbelovende eindige elementen methodes zijn de discontinue Ga-
lerkin methode en de massa-geconcentreerde eindige elementen methode,
aangezien zij resulteren in een expliciet tijdstappenschema. In dit proef-
schrift worden nieuwe en scherpe afschattingen voor de tijdstapgrootte
en de stabiliteitsterm van de discontinue Galerkin methode gepresenteerd.
Deze parameter afschattingen kunnen efficiént worden berekend en garan-
deren dat de methode stabiel is. Er wordt ook aangetoond dat deze nieuwe
afschattingen resulteren in een aanzienlijk kleiner aantal tijdstappen, en
daarmee minder rekentijd, vergeleken met andere afschattingen die in de
literatuur te vinden zijn. Tevens wordt aangetoond dat de nieuwe stabili-
teitstermafschatting resulteert in hogere nauwkeurigheid.

Terwijl er veel bekend is over de stabiliteit van standaard globale tijd-
stappenschema’s, is er maar relatief weinig bekend over de stabiliteit van
lokale tijdstappenschema’s. In dit proefschrift wordt aangetoond dat de
stabiliteit van laatstgenoemde schema’s twijfelachtig is. Om precies te zijn,
er wordt aangetoond dat een eenvoudig basisschema met lokale tijdstap-
pen altijd instabiel kan zijn, tenzij de lokale tijdstapgrootte overal wordt
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toegepast. In dat geval echter, komt het schema op hetzelfde neer als een
globaal tijdstappenschema.

Naast de Discontinue Galerkin methode worden er ook nieuwe massa-
geconcentreerde eindige elementen methodes gepresenteerd in dit proef-
schrift. Allereerst wordt er een nieuwe nauwkeurigheidseis voor massa-
geconcentreerde elementen gepresenteerd. Deze eis is minder streng dan de
eis die al sinds vele decennia gebruikt wordt en heeft tot dusverre geleid
tot nieuwe massa-geconcentreerde viervlakkige elementen van graad 2, 3
en 4. De nieuwe viervlakkige elementen van graad 2 en 3 zijn aanzien-
lijk efficiénter dan de voorgaande versies en massa-geconcentreerde vier-
vlakkige elementen van graad 4 waren tot dusver nog niet gevonden. De
nieuwe massa-geconcentreerde viervlakkige elementen zijn ook aantoonbaar
efficiénter dan de discontinue Galerkin methodes voor graad 4 of lager.
Nieuwe quadratuurregels voor de stijfheidsmatrix worden gepresenteerd die
de massa-geconcentreerde elementen nog efficiénter maken, aangezien ze lei-
den tot een snellere berekening van de stijfheidsmatrix en ze om kunnen
gaan met ruimtelijke parameters die binnen het element variéren zonder
convergentiesnelheid te verliezen.

Door middel van een dispersie analyse, gepresenteerd in dit proefschrift,
worden de discontinue Galerkin en massa-geconcentreerde eindige elemen-
ten methodes met elkaar te vergelijken in termen van nauwkeurigheid en
rekensnelheid. De analyse laat niet alleen zien welke methode efficiénter
is voor een gegeven nauwkeurigheid, maar ook hoeveel elementen per golf-
lengte nodig zijn voor een gegeven nauwkeurigheid en hoeveel de nauw-
keurigheid wordt beinvloed door vervormingen in het rekenrooster. Uit de
analyse volgt dat de nieuwe tweedegraads massa-geconcentreerde eindige
elementen methode de meest efficiénte methode is voor een dispersiefout
tussen 0.01 en 0.001 terwijl de nieuwe hogere-graads massa-geconcentreerde
eindige elementen methodes efficiénter zijn voor kleinere dispersiefouten.

Kort samengevat, de eindige elementen methodes en algoritmes die in
dit proefschrift worden beschreven maken het mogelijk om seismische gol-
ven te modelleren in een veel kortere rekentijd. Dit maakt het gebruik van
eindige elementen methodes een stuk aantrekkelijker voor geofysische toe-
passingen of andere industriéle toepassingen waarin golfproblemen moeten
worden opgelost.
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Chapter 1

Introduction

1.1 Earthquakes and seismic inversion

Earthquakes occur everywhere and anytime. Many of them are so small
that we do not notice them. Those that can be clearly felt occur around
10,000 times a year [70], and great earthquakes, with a magnitude of 8 or
more on the scale of Richter, occur only once a year [69]. The lightest
earthquakes that most people can still feel have a magnitude of 3, which
roughly means the earth is shaking with an amplitude of 1 mm at 100 km
distance from the earthquake epicentre [61]. An increase of one magnitude
corresponds to a shaking amplitude ten times as large, so an earthquake
of magnitude 6 already shakes with an amplitude of one meter at 100 km
distance and can cause severe damage, like the central Italy earthquakes of
2016 [73, [72]. A magnitude of 7 or more can be catastrophic. Such recent
great earthquakes include the Nepal earthquake of April 2015 (scale 7.8,
>9,000 deaths [74]), the Tohoku earthquake and tsunami of March 2011
(scale 8.9, >18,000 deaths [75]), and the Haiti earthquake of January 2010
(scale 7.0, 100,000-316,000 deaths [71]). The most powerful earthquake
ever recorded is the Great Chilean earthquake of 1960 with a magnitude of
9.5 [70].

In the past, earthquakes were believed to be caused by the struggling
of the tortured god Loki (Norse mythology [68]), the trident of an angry
Poseidon (Greek mythology [24]), or a giant catfish called Namazu thrash-
ing about (Japanese mythology [26]). Nowadays, scientists agree that most
natural occurring earthquakes are caused by the rupture between tectonic
plates. When the fault plane between two tectonic plates contains a lot
of irregularities, movement along the fault results in a continuous increase
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: Earthquake epicentres in 1963-1998. Source: NASA, DTAM
project team [50].

and release of elastic energy. This elastic energy is released in the form
of heat, cracking rock, and seismic waves, which literally means ‘waves of
shaking earth’, thereby causing an earthquake [57].

Because of the devastating effects, a large branche of seismology sci-
ences is dedicated to understanding and predicting earthquakes. Despite
considerable effort, this remains a challenging task [76]. Rupture dynam-
ics are still poorly understood and monitoring the geometry of the earth’s
subsurface remains difficult. The latter can usually only be achieved by
processing seismic data. Based on the refractions and reflections of seismic
waves at geological interfaces, it is possible to obtain a model of the earth’s
subsurface. This technique is known as seismic inversion or seismic imaging
and is somewhat comparable to the way a bat can produce an image of its
surroundings by producing ultrasonic sounds and listening to the returning
echoes. It is the main technique to image the deep interior of the earth,
and while it can not directly be used to forecast earthquakes, it may help
to get a better understanding of the earth’s subsurface.

Another application for which seismic inversion is often used, is oil
and gas reservoir exploration. In the beginning of the 20th century, shortly
after seismic data were used to obtain the first images of the earth’s interior,
engineers started using artificially created earthquakes to observe the upper
few kilometres of the earth’s crust. Such seismic surveys led to the discovery
of an oil reservoir for the first time in Texas 1924 [66]. Since then, seismic
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imaging has become a standard method for subsurface exploration and has
up to this day led to the discovery of a great number of petroleum and gas
reservoirs.

A seismic survey typically consists of an artificially created earthquake,
using, for example, dynamite, specialized air guns, or a seismic vibrator
[66), [65]. The refracted and reflected waves are then detected by an array of
receivers, usually consisting of geophones or hydrophones. By measuring
the time it takes for the wave to travel from the source to the receivers, a
basic image of the geological interfaces can be reconstructed. For simple ge-
ological structures, mapping the geological interface by measuring reflected
waves is similar to the echolocation used by bats. When the rock structure
between the earth’s surface and the reservoir is more complicated, how-
ever, more advanced inversion algorithms are required to detect and map
the reservoir.

Receivers
v A 4 \ 4

Receivers
v A 4 v

Figure 1.2: Illustration of a seismic survey

The high commercial interest and the complexity of the inversion prob-
lem has resulted in a huge number of different seismic imaging techniques,
ranging from ray-based Kirchhoff methods, where seismic waves are approx-
imated by rays in a way similar to geometric optics, to one-way methods,
where waves are approximated by assuming they mainly move in the verti-
cal direction, to two-way reverse time migration and full waveform inversion
methods, where the wavefield is accurately solved on the entire 3D domain
[28, [78]. While ray-based and one one-way wave propagation methods are
much faster, their accuracy is limited when the geometry is complex. Full
waveform inversion methods remain accurate by modelling the complete
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waveform on the entire 3D domain.

The main idea of full waveform inversion is to optimise the image of the
geological structure and rock parameters, such that the wavefield emitted
from the source matches best with the receiver data. Obtaining the opti-
mal image is usually an iterative process, where each update is based on
a cross-correlation of the wavefield emitted from the source and the back-
ward propagated receiver data misfit [78]. Solving these wave propagation
problems requires huge computational power, since the wavefield has to be
solved accurately on large 3D domains, typically several kilometres deep
and up to tens of kilometres wide. Improving the efficiency of wave prop-
agation modelling is therefore of enormous interest for the petroleum and
gas industry, and many algorithms have been developed and analysed for
several decades. Yet, because of the great commercial interest and because
of the enormous difficulty of the problem, more efficient algorithms are still
in need.

Finding such algorithms has also been the main goal of this research
project. During the last four years, I extensively studied numerous nu-
merical algorithms and found several ways to model seismic waves more
efficiently. These new methods are presented in this dissertation and will
be briefly introduced in this chapter.

1.2 Numerical methods for seismic modelling

Most of the numerical methods for seismic modelling belong to one of the
following three categories: spectral methods, finite difference methods, or
finite element methods. An extensive overview of these methods can be
found in [77]. Spectral methods approximate the wave field using Fourier
modes. They are very efficient for certain specific geometries, such as a lay-
ered earth with purely horizontal interfaces, but are usually not applicable
to more generic geometries.

Finite difference methods, instead, approximate the wave field on a uni-
form grid. They can be applied to generic geological structures and are very
easy to implement, which makes them currently the most popular choice
for large-scale modelling and inverse problems. For complex topographies
and sharp contrasts in the rock material, however, they require a very fine
grid resolution to remain accurate.

Finite element methods can handle complex geological interfaces more
efficiently by carefully subdividing the earth’s geometry into simple geome-
tries called elements. The wave field is then approximated on each element
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using simple interpolation functions, usually polynomials up to a certain
degree. Finite elements methods are more difficult to implement compared
to finite difference methods and require more computation time and mem-
ory to model simple rock structures. For complex geological structures,
however, they can remain very accurate without having to refine the el-
ement mesh as long as the elements are well-aligned with the geological
interfaces. Finite element methods can therefore significantly outperform
finite difference methods in such cases [8I]. In the context of seismic in-
version, this is especially relevant in case of complex topographies such as

mountainous areas and rough seabeds, since the subsurface geometry is
initially unknown.
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Figure 1.3: Finite difference grid (left) and triangular element mesh (right)
for a circular domain

The goal of this research project was to further improve the efficiency of
these finite element methods. To achieve this, I focused on finite element
methods that allow for explicit time-stepping, which means that, given
the wave field at times ¢ and t — At, the wave field at time ¢ + At can
be computed without having to solve a large and complex linear system
of equations. If this property is not satisfied, the resulting time-stepping
scheme is called implicit. There exist many implicit time-stepping schemes
for wave propagation modelling, even most standard finite element schemes
result in an implicit time-stepping scheme, but since implicit time-stepping
requires solving a large linear system of equations at each time step, none
of these are suitable for large-scale industrial applications.

Explicit time-stepping methods, on the other hand, are much faster
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and can compete with the popular finite difference methods. Explicit time-
stepping is only possible, however, when the mass matrix that appears in
the finite element discretization is (block)-diagonal. There are two types of
finite element methods that achieve this: mass-lumped finite element meth-
ods and discontinuous Galerkin (DG) methods. The latter approximates
the wave field with interpolation functions that can be discontinuous at
the element interfaces. The most promising among the existing DG meth-
ods for seismic modelling is the symmetric interior penalty discontinuous
Galerkin (SIPDG) method, although the performance of this method heav-
ily depends on the choice of a parameter called the penalty term.

Mass-lumped finite element methods, on the other hand, approximate
the wave field with specific continuous interpolation functions that allow
for an accurate diagonal approximation of the mass matrix. These interpo-
lation functions consist of standard piecewise polynomial functions up to
a given degree p plus some additional higher-degree bubble functions. The
efficiency of mass-lumped finite element methods strongly depends on the
choice of these higher-degree bubble functions.

It is not clear which of these methods is more efficient. Therefore, both
types of finite element methods are still actively studied today.

1.3 Overview of this dissertation

During this research, I extensively studied and compared SIPDG and mass-
lumped finite element methods and found several ways to improve them.
An overview of the topics that were addressed during this research are
listed below.

e Penalty term estimates for the SIPDG method (Chapter [2))

New and sharper lower bounds for the penalty terms used in SIPDG
methods are derived. When the penalty term is too small, the method
becomes unstable, which means the results are often useless. If this
parameter is chosen too large, the method requires more computa-
tions and becomes less accurate. Lower bounds for the penalty term
already existed, but are not always sharp. Using the new bounds
guarantees stability and significantly reduces the number of time steps
compared to other penalty term bounds.

e Time step estimate for the SIPDG method (Chapter [2))

An efficient way to compute a sharp upper bound for the time step
size for SIPDG methods is derived. If the time step size is too large,
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the method becomes unstable, while a smaller time step size results
in more computation time. Currently, the time step size is chosen
using model problems, but this does not always guarantee stability
or results in an overly small time step size. This new upper bound
guarantees stability in all cases and results in a time step size that is
close to optimal.

e Stability analysis of a basic local time-stepping algorithm
(Chapter (3))

An interesting research question is if a similar bound for the time
step size can also be derived for the basic local time-stepping algo-
rithm, given in [22]. This algorithm allows for using a smaller time
step size at only those regions where a smaller time step size is re-
quired. A proof is given that a similar upper bound does not exist
for this algorithm. In particular, it is shown that for this basic local
time-stepping method, instabilities can always be present, unless local
time-stepping is applied everywhere, which would make the scheme
ineffective.

e Dispersion properties and comparisons of SIPDG and mass-
lumped finite element methods (Chapter [4)

The efficiency of existing mass-lumped finite element methods and
SIPDG methods is compared using a dispersion analysis. In partic-
ular, a dispersion analysis is used to determine which method is the
most efficient for a given accuracy, how many elements per wavelength
are required for a given accuracy, and how much is the accuracy of the
method affected by element distortions. This dispersion analysis also
demonstrates the significant gain in efficiency of the SIPDG method
when using the new penalty term bound.

¢ New mass-lumped finite element methods (Chapter |5))

A new accuracy condition for the construction of mass-lumped tetra-
hedral elements is derived. This new condition is less severe than
the condition that has been used for several decades and has so far
resulted in new mass-lumped tetrahedral elements of degrees 2 to 4.
Numerical tests show that these new elements are significantly more
efficient than the old mass-lumped elements or the DG elements.

e Quadrature rules for the stiffness matrices of mass-lumped
tetrahedra (Chapter [6)
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An accuracy condition for the quadrature rules for computing the
stiffness matrices of mass-lumped elements is derived and several new
quadrature rules for mass-lumped tetrahedra are presented. These
quadrature rules allow for a more efficient implementation of mass-
lumped tetrahedral elements and can handle material parameters that
vary within the element without a loss of convergence rate.

While this research was focused on seismic waves, many of the results
also hold for other wave propagation problems, such as the acoustic wave
equation or the electromagnetic wave equations.

Each of the topics listed above is addressed in detail in one of the
following chapters of this dissertation. Furthermore, an overview of the
main conclusions of this research project is given in Chapter



Chapter 2

Sharp Penalty Term and Time Step
Bounds for the Interior Penalty
Discontinuous Galerkin Method for
Linear Hyperbolic Problems]|

Abstract

We present sharp and sufficient bounds for the interior penalty
term and time step size to ensure stability of the symmetric inte-
rior penalty discontinuous Galerkin (SIPDG) method combined with
an explicit time-stepping scheme. These conditions hold for generic
meshes, including unstructured nonconforming heterogeneous meshes
of mixed element types, and apply to a large class of linear hyperbolic
problems, including the acoustic wave equation, the (an)isotropic
elastic wave equations, and Maxwell’s equations. The penalty term
bounds are computed elementwise, while bounds for the time step size
are computed at weighted submeshes requiring only a small number
of elements and faces. Numerical results illustrate the sharpness of

these bounds.

2.1 Introduction

Realistic wave problems often involve large three-dimensional domains,
with complex boundary layers, sharp material interfaces and detailed in-
ternal structures. Solving such problems therefore requires a numerical

'Published as: Geevers, S., & van der Vegt, J. J. W. (2017). Sharp Penalty Term and
Time Step Bounds for the Interior Penalty Discontinuous Galerkin Method for Linear
Hyperbolic Problems. SIAM Journal on Scientific Computing, 39(5), A1851-A1878.

9



10 CHAPTER 2. PENALTY TERM AND TIME STEP BOUNDS

method that is efficient in terms of both memory usage and computation
time and is flexible enough to deal with interfaces and internal structures
without leading to an unnecessary overhead.

A standard finite difference scheme therefore falls short, since it cannot
efficiently deal with complex material interfaces, and since small internal
structures impose global restrictions on the grid resolution. Finite element
methods overcome these problems, since they can be applied to unstruc-
tured meshes. However, the finite element method, combined with an ex-
plicit time-stepping scheme, requires solving mass matrix-vector equations
during every time step. This significantly increases the computational time
when the mass matrix is not (block)-diagonal. To obtain diagonal mass ma-
trices without losing the order of accuracy, several mass-lumping techniques
have been developed; see, for example, [42} 111 15, 53]. However, for higher
order elements, these techniques require additional quadrature points and
degrees of freedom to maintain the optimal order of accuracy.

An alternative method is the discontinuous Galerkin (DG) finite ele-
ment method. This method is similar to the conforming finite element
method but allows its approximation functions to be discontinuous at the
element boundaries, which naturally results in a block-diagonal mass ma-
trix. Additional advantages of this method are that it also supports meshes
with hanging nodes, and that the extension to arbitrary higher order poly-
nomial basis functions is straightforward and can be adapted elementwise.
The downside of the DG method, however, is that the discontinuous basis
functions can result in significantly more degrees of freedom.

Still, because of its advantages, numerous DG schemes have already
been developed and analyzed for linear wave problems, including the sym-
metric interior penalty discontinuous Galerkin (SIPDG) method; see, for
example, [36, 37, [5]. The advantage of the SIPDG method is that it is based
on the second order formulation of the problem, while schemes based on a
first order formulation require solving additional variables leading to more
memory usage. The SIPDG and several alternatives have also been com-
pared and analyzed in [7], from which it follows that the SIPDG method is
one of the most attractive options because of its consistency, stability, and
optimal convergence rate.

However, to efficiently apply the SIPDG method with an explicit time-
stepping scheme, the interior penalty term needs to be sufficiently large
and the time step size needs to be sufficiently small. If the penalty term is
set too small or the time step size too large, the SIPDG scheme will become
unstable. On the other hand, increasing the penalty term will lead to a
more severe time step restriction, and a smaller time step size results in a
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longer computation time. For this reason, there have been multiple studies
on finding suitable choices for these parameters.

In [64), 27], for example, sufficient conditions have been derived for the
penalty term, for triangular and tetrahedral meshes, while the results of [27]
have been sharpened in [55] for tetrahedral meshes. However, the numerical
results in Section [2.7]illustrate that these estimates are still not always very
sharp. In [55] they also studied the effects of the penalty term, element
shape, and polynomial order on the CFL condition for tetrahedral elements,
although these results may not give sufficient conditions for nonuniform
grids. Penalty term conditions for regular square and cubic meshes have
been studied in [3, 20, 1], where [20} [I] also studied the CFL conditions for
these meshes. However, the analysis in these studies only holds for uniform
homogeneous meshes. For generic heterogeneous meshes, sharp parameter
conditions have remained an open problem.

In this chapter we solve these problems by deriving sufficient conditions
for both the penalty term and time step size, which lead to sharp estimates,
and which hold for generic meshes, including unstructured nonconforming
heterogeneous meshes of mixed element types with different types of bound-
ary conditions. These conditions also apply to a large class of linear wave
problems, including the acoustic wave equation, Maxwell’s equations, and
(an)isotropic elastic wave equations. We compare our estimates to some of
the existing ones and illustrate the sharpness of our parameter estimates
with several numerical tests.

This chapter is constructed as follows: in Section [2.2] we introduce some
tensor notation, such that we can present the general linear hyperbolic
model in Section and present the symmetric interior penalty discon-
tinuous Galerkin method in Section After this, we derive sufficient
conditions for the penalty parameter in Section and sufficient condi-
tions for the time step size in Section[2.6] Finally, we compare and test the
sharpness of our estimates in Section and give a summary in Section
2.5

2.2 Some tensor notation

Before we present the linear hyperbolic model, it is useful to define some
tensor notation. Let M and N be two nonnegative integers. Also, let
A € R™MX XN he a tensor of order N and B € R™1*"X™MM he a tensor
of order M. We define the tensor product AB € R™1X " XNNXmyxXXmu
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which is of order N + M, as follows:

[ABlis...in gt roing =Ainin Bit e

for (il,...,iN,jl,...,jM) S (an,...,NnN,le,...,NmM), where N,, :=
{1,...,n}. Now let A € RM>**"N*P he a tensor of order N + 1 and
B € RPXmix=xmu he g tensor of order M + 1. We define the dot product
A - B e RmxxnNxmix-xmu which is of order N + M, as follows:

p
[A- B]il,n-»iNJlrn:jM = E :Ail»---yivaBkvjl7~--,j1b17
k=1

for (i1,...,in 155 Jm) € (Npyy oo, Ny, Ny s oo Ny, ). For the double
dot product, let A € R™>X " XPNXP1XP2 he g tensor of order N + 2 and
B € RP2XP1xmix--Xmum he g tensor of order M + 2. We define A : B €
Rrxexnyxmex-Xma which is of order N + M, as follows:

p1 b2

[A: B]ihu-,iN,jlw,jM = Z Z Aiyin ko ko Bl ey vseging
k1=1ko=1

for (i1,...,in,015---50m) € (Npyyo ooy Npy, Ny o0 Ny, ). Now let A €
R™M* XN he g tensor of order N again. We define the transpose A! €
R7N XX a9 follows:

Al =A

TN yeensi1 115N

for (in,...,i1) € (Npy, ..., Ny, ). A tensor A is called symmetric if A = A
and we define R} %"V to be the set of symmetric tensors in R *X"N,
Now let B € R™* XN he a tensor of the same size as A. We define the
inner product as follows:

ni ny
(A,B) = Z e Z Air o inBiy,in-
=1 iy=1
The corresponding norm of a tensor is given by
IA]% = (A, A).

In the next section we will present the general linear hyperbolic problem,
which we will solve using the SIPDG method.
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2.3 A general linear hyperbolic model

Let © € R? be a d-dimensional open domain with a Lipschitz boundary
09, and let (0,T) be the time domain. Also, let {I'y,I',} be a partition
of 012, corresponding to Dirichlet and von Neumann boundary conditions,
respectively. We define the following linear hyperbolic problem?2:

pPu=V-C:Vu+f in Q x (0,7), (2.1a)
n-C:nu=0 on 'y x (0,7), (2.1b)
n-C:Vu=0 on T, x (0,7, (2.1¢)
uli—o = ug in Q, (2.1d)
Opuli—o = vy in €, (2.1e)

where u : 2 x (0,7) — R™ is a vector of m variables that are to be
solved, V is the gradient operator, p : 2 — R™ is a positive scalar field,
C:Q— Rgl;,;”med a fourth order tensor field, f : Q x (0,7') — R™ the
external volume force, and i : 9Q — R¢ the outward pointing normal unit
vector.

We make some assumptions on the material parameters. First, we
assume that there exist positive constants pmin, Pmaer such that

0 < pmin < 0 < Pmaz in Q. (2.2)

We also assume that the tensor field is symmetric, C' = C?, and that there
exist linear subspaces g, 1 C R with £g+ £ = R>*™ and £y L ¥4,
and constants Cpmin, Cmae such that C' is nonnegative and bounded in the
following sense:

Lo
0 < Cmin < % < Cmaz  In Q, for all o € X,/{0}, (2.3a)
C:0=0 in Q, for all o € X. (2.3b)

By Lo + &1 = R™™ we mean that any o € R™™ can be written as
o = oy + o for some og € ¥g,01 € X1, and by ¥g L ¥; we mean that
(00,01) =0 for all g € X, 01 € X5

By choosing the correct tensor and scalar field we can obtain a number
of hyperbolic problems, including Maxwell’s equations, the acoustic wave
equation and the (an)isotropic elastic wave equations. We illustrate this in
the following examples, where we define the tensor and vector fields using
Cartesian coordinates.
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Example 2.3.1. Consider the acoustic wave equation written in the fol-
lowing dimensionless form:

81‘,2]) =V c2vp7

where p: Q x (0,T) — R is the pressure field and ¢ :  — RT the acoustic
wave velocity. We can write these equations in the form of by setting
m=1u=p, f=0,p=1, and

Cin = 0ijc”
fori,7=1,...,d, where § is the Kronecker delta function.

Example 2.3.2. Consider Mazwell’s equations in a domain with zero con-
ductivity written in the following dimensionless form:

€0?E = -V x (u~ 'V x E) + 94,

where E : Q x (0,T) — R? is the electric field, € : Q — RT the relative
electric permittivity, p : Q — R the relative magnetic permeability, and j

Q x (0,T) — R3 the applied current density. We can write these equations
in the form of by settingd =3, m=3, u=F, f=0,j, p=c¢, and

-1
Cip intjarsp = K (5iD,jD5iM,jM - 5iD:jM5i1b17jD)
forip,in, ip,im = 1,2,3, where § is the Kronecker delta function.

Example 2.3.3. Consider the linear anisotropic elastic wave equations.
They can immediately be written in the form of withu : Qx (0,T) —
R being the displacement vector and C : Q — ]Rg;n‘fXdXd being the elasticity
tensor, which has the additional symmetries

CiDﬂ'M JM>ID IMEDSJM I D DM IDIM

forip,iy, ip,jm = 1, ..., d. For the special case of isotropic elasticity, we
can write

CiDJM,jM,jD = AéiD,iM(SjDJM + lu’((s’iD:jDéi]\/Ivj]M + 5iD:jM5i]v17jD)

forip,in, jp,jm = 1,...,d, where § is the Kronecker delta function and
A, u are the Lamé parameters.

In the next section we present the DG method that we use to solve
these linear hyperbolic problems.
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2.4 A discontinuous Galerkin method

To explain the DG method, we first present the weak formulation of .
After that, we introduce the tesselation of the domain, the discrete function
spaces, and the trace operators. We then present the symmetric interior
penalty discontinuous Galerkin (SIPDG) method and derive some of its
properties.

2.4.1 The weak formulation

Define the following function space:
Uw={uel?’(Q"|C:Vue L*(Q)™™ A -C:hu=0onT,}.

Assume that ug € U, vo € L?(Q)™, and f € L? (O,T; LQ(Q)m). The weak
formulation of (2.1 is finding u € L?(0,T; U), with du € L?(0,T; L*(Q2)™)
and 0;(poyu) € L (O,T; Ufl), such that uli—g = ug, duli=¢ = vy, and

(Oy(poyu), w) + a(u,w) = (f,w), ae. te€(0,T), forallweU. (2.4)

Here (-,-) denotes the inner product of L?(Q)™, {-,-) denotes the pairing
between U1 and U, and a(-,-) : U x U — R is the semielliptic bilinear
operator given by

a(u,w) := /Q(Vu)t :C: Vw dz.

Using it can be shown that U is a separable Hilbert space, and from
it follows that the norm Hu”?) := (pu, u) is equivalent to the standard
L#(Q)™ inner product. Using these properties, it can be proven, in a way
analogous to the proof of [46, Chapter 3, Theorem 8.1] that is well-
posed and has a unique solution.

2.4.2 Tesselation, discrete function space, and trace
operators

Let 75, be a set of nonoverlapping open domains in R, referred to as ele-
ments, such that every element e € T fits inside a d-dimensional sphere of
radius h, and such that Q := J ecT:, & where @ and Q are the closures of e
and €2, respectively. We call T, the tesselation of €. Using the tesselation
we define the set of faces Fj, := Fj i U Fpp and the union of all faces

Iy, = Ufefh f, where Fp i = {66 N 06’}66,67.h is the set of all internal
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faces, Fpp := {86089}66,& is the set of all boundary faces, and de denotes

the element boundary. Furthermore, we let {F}, 4, Fp,,} be the partition
of Fpp corresponding to the Dirichlet and Neumann boundary conditions,
such that Ufefh,d f=T4and Ufefh,n f=Ty.

We use these sets of elements and faces to construct the discrete function
space. To do this, let e € T, be an element with é the corresponding
reference element, which depends only on the shape of e. For every reference
element € we define a discrete function space Ue : ¢ — R™, such that Ue =
[PEe(&)]™, where PXe¢(€) is a finite set of polynomial functions on &, which
depends only on the degree K. and €. Now let ¢, : € — e be an invertible
polynomial mapping, such that |J.| := |det(Voe)| > [Jelmin > 0 in e,
for some positive constant |J¢|min. Using this mapping and the reference
function space U,, we can construct the function space on the physical
element U, as follows:

U := {u:e—>Rm | u:aoqﬁe_l, for some @ € Ue}
This can then be used to construct the discrete finite element space:
Uy, := {u € [L*(Q)]™ | ule € Ue,e € Th}.

The functions in the finite element space are continuous within every el-
ement, but can be discontinuous at the faces between two elements. To
construct a discrete version of the bilinear form a, which can deal with
these discontinuities, we introduce trace operators {-} and [-] given below:

{{d)}Hf ‘7-‘ Z ¢|6eﬁf7 € Fn,
e€Ty
[[U]Hf = Z(nu”@eﬁfa € Fn,
e€Ty

where Ty is the set of elements adjacent to f, |T¢| is the number of elements
adjacent to f, and 1|y, is the outward pointing normal vector of element e.
The first trace operator is the average of traces, while the second operator
is known as the jump operator. Using the first trace operator {-}, we can
construct the numerical flux operator (-)* : Uy, — [L?(T',)]™, which assigns
a unique value for u € Uj, at the faces, as follows:

(2.5)

u*| — {{u}} f € ]:h,in |’_]’/_-.h,na
f 0 f e Fy.
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In order to ensure that the discrete bilinear form aj; remains semiel-
liptic, we also introduce penalty terms 7. € R™ for every element e € Ty,
and a penalty scaling function v, € ®e€Th L*>°(0e), with v, > 0, which
means v|g, : Oe — R for all e € T,. The penalty terms 7. are positive
dimensionless constants for which lower bounds will be derived in Section
The function v, scales with order =1 and is chosen as follows:

J
Vhloeny = <“ny> |oen e €Th, | € Fe,
€
where F. denotes the faces adjacent to element e, |J.| := |det(Voe)| is

the reference-to-physical element scale, and |J f| is the reference-to-physical
face scale. The face scale satisfies |J¢| =1 in 1D, |J¢| = [01¢¢| in 2D, and
|Jf| = [010f x O2¢¢| in 3D, where ¢ : f — f is the reference-to-physical
face mapping, and ;¢ is the derivative of ¢y in reference coordinate i,
assuming Cartesian reference coordinates. In our numerical tests we use
this scaling function, although the stability analysis in this chapter holds
for arbitrary positive functions vy,.

Finally, to ensure that the discrete version of a is well defined we also
make the following additional assumptions on the material parameters p
and C":

ple € Wh(e),  Cle € Wh(e)dxmxmxd, ecTh

where W1 denotes the Sobolev space of differentiable functions with uni-
formly bounded weak derivatives. These assumptions together with the
trace inequality imply that the element traces of C' and p are well defined
and bounded.

We have now introduced the function spaces, operators, and parameter
assumptions needed to present the DG method in the next subsection.

2.4.3 The symmetric interior penalty discontinuous
Galerkin method

We present a DG method, which is known as the symmetric interior penalty
discontinuous Galkerkin (SIPDG) method. The SIPDG method is solving
u: [0,7] — Uy, such that

(p@fu,w) +ah(u’w) :(f,W), w e Up,t e [OaT]a (26&)
(puli=o, w) =(pug, w) w € Up, (2.6b)
(pOuli=o, W) =(pvo, W) w € Up, (2.6¢)
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where ap, : U, x U, — R is the discrete version of the elliptic operator,
given by

(©) (DG)

ap(u,w) :=a,”’ (u,w) + a;, (D)

IP
(0, w) + a! (IF)

(w,u) +a, ’(u,w), (2.7)
with

o, w) = Y o Du,w) =Y [(Vu)t:C: Vw de,

e€Th e€Tp " ©
al(lDG)(u,W) — Z ang)(u’w) — Z / (W —u)n:C:Vwds,
ecTh e€Ty, Oe
ay " (ww) = Y meag,” (u,w)
e€Ty,
B TR
eeTh de

(©)

for all u,w € Uj. The bilinear form a), "’ is the same as the original elliptic
operator a and is the part that remains when both input functions are
continuous. The bilinear form a,(LDG) can be interpreted as the additional
part that results from partial integration of the elliptic operator a when
the first input function is discontinuous. Finally, the bilinear form a{/") is
the part that contains the interior penalty terms needed to ensure stability
of the scheme.

Using the definition of the numerical flux in (2.5), we can rewrite the

(DG) (IP)
h

bilinear forms a;, and a; ~’, as follows:

a

;LDG)(uaW) = Z - /[[u]]t :{C:Vw} ds, (2.8a)
fE€Fh,inUFn,d
(IP)

ap”(u,w) = Z ef/f[[u]]t : {nnnC} o [w] ds, (2.8b)

fE€Fh,inUFh,d

for all u,w € Up,. Here €; := 1/2 for internal faces and €; := 1 for faces
in Fpq, and 1y, € ®eeTh L*°(0e) is defined by np|ge := ne for all e € Ty
This scheme conforms with existing SIPDG schemes, except for a possible
deviation in the interior penalty part agp). For example, for the acoustic
wave equation given in Example this scheme is equivalent to the one
in [36] when choosing their penalty term a as a|; = ef{nupch|; for all

fth.
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Since the bilinear form is symmetric, ap(u, w) = ap(w, u) for all u,w €
U}, we can obtain, by substituting w = d;u into ([2.6al), the following energy
equation:

O Ey = (f,0pu), te[0,T7],

where Ej, 1= %le/zwﬂg + %ah(u, u) is the discrete energy, with || - || the
[L2(£2)]™ norm. In the absence of an external force f this implies that the
discrete energy is conserved.

However, for this energy to be well defined, in the sense that it is
always nonnegative, the discrete bilinear form needs to remain semielliptic:
ap(u,u) > 0 for all u € Up,. This then implies that any nonzero discrete
eigenmode cannot grow unbounded in the absence of an external force.
In case u is a zero discrete eigenmode, we can substitute w = u into
to obtain 02(p'/?ul|2 = 2(f,u). This implies that, in the absence
of an external force, zero eigenmodes grow at most linearly in time. This
behavior can correspond to physical rigid motions, or, when there is a
discrepancy between the physical and discrete zero modes, a linear drift of
a spurious mode. For acoustic and elastic waves these spurious modes are
absent, while for electromagnetic waves, these modes have been analyzed
in, for example, [I0]. However, even if there are spurious modes, we will
not consider their drift as numerical instability, since the numerical error
is expected to grow linearly in time anyway due to dispersion errors.

In the next section we will find sufficient lower bounds for the penalty
term to make sure aj, is semielliptic. In particular, we will show there that
ay, satisfies a coercivity condition that is commonly used to show optimal
convergence in the energy-norm.

2.5 Sufficient penalty term estimates

In this section we derive a sufficient lower bound for the penalty term and
a positive constant Ceoer > 0, where ceper is independent of the mesh 7p,
such that

2
ah(u7 ll) > Ccoer‘u‘th u € Up, (29)

where |- |1 4, is the discrete seminorm defined by !uﬁ = D eeT ‘uﬁ . With

‘uﬁe = / HCl/2 : Vu”2 dr + 778/ Hv,ll/QCl/Q sa(u* — u)H2 ds.
’ e Oe
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Here C'/? ¢ Qeer, Whoo(g)dxmxmxd ig g tensor field such that cl? .

C'/? = C. The existence of such a tensor field follows from Lemma [2.A.1]
The numerical flux u* is defined in , although the stability analysis
in this chapter holds for arbitrary linear flux operators. Note that is
satisfied when

0e (W, ) > Ceger|ul] e € Th,u € Uy, (2.10)

where a.(u, w) := o' (v, w) +agsz)

(1P

(DG) (Wv u) + neaae )(u7 W)

(u,w) + a,
Since we can write |u|? = agc)(u u) + neagep)(u, u), it remains to bound

(DG) (©) (Z P)(

ag. (u,u) in terms of a¢’(u,u) and ay, '(u,u). In order to do this, we

first introduce the auxiliary bilinear form ag ) : Up x Up — R defined by

a(c*) u,w) = vu): v lC: Vw ds.
Oe ’ h
Oe

Note that this operator is similar to aEf’), but integrates over the element
boundary instead of the interior. Next, we show that age)G) (u,u) can be

bounded in terms of a(a )(u u) and agep)(u, u):

Lemma 2.5.1. Consider an arbitrary element e € Ty, and let ¢ > 0 be an
arbitrary positive constant. Then the following inequality holds:

(Cx)

DD u) < el u) + W wu),  wel,  (2.11)

|2a

Proof. Take an arbitrary function u € U. We can write

2af£G)(u, u) = / 2(61/21/}11/201/2 :n(u® —u), c_l/ngl/QC’I/2 : Vu) ds.
Oe

Using the Cauchy—Schwarz and the Cauchy inequalities, we can then obtain

207 (u)| < e [ [jy/2CV? At - )| ds
Oe

el / oy 2012 - v ds

c_lagg*)( ,u) + cagep)(u, u).
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We now construct the following constant:

(Cx)
ay ' (u,u)
Kr = sup —Oe 1 7

C
ucle, agc)(u,u);éo ag )(u7 u)

where U, is the discrete function space restricted to element e. From its defi-
nition, we can immediately obtain the inequality a(gf*) (u,u) <K} al? (u,u)
for any u € Uy. Using this property and Lemma [2.5.1] we can prove in
Theorem that x} is a sufficient lower bound for 7. to ensure a. to be
coercive.

However, before we give this proof, we first show that x} is well defined
and show how it can be computed efficiently. To do this, consider an
arbitrary e € Ty, and let {w;}!'_; be a set of basis functions spanning Ue.
Using these basis functions we can define positive semidefinite matrices
Ag, Ay, € RYET as follows:

sym
[Ac)ij = al& (wy, w;), ii=1,....n (2.12a)
[A;ge}lj = a(ag*)(wiij)a hL,j=1,...,n (212b)

If matrix A had been positive definite, then we could have obtained, using
Lemma the following relation:

(C*) t *
a u,u u A u
P Sun Oe ( ’ ) Sur = “0e= Y aac( 4g1 4*3)7

C t
uele, agc)(u,u)yﬁo ag )(u, u) ueR™,uz0 4 Aclt

where Aoz (AglAge) denotes the largest eigenvalue of AglAge. However,
the matrix A. is only positive semidefinite, so we need to obtain some
intermediate results before we can show that a similar type of relation still
holds. First, we show that the kernel of A, is a subset of the kernel of Aj_.

Lemma 2.5.2. Let e € Tj, be an arbitrary element, and let A, A}, be
matrices defined as in (2.19). Then Ker(A.) C Ker(Aj,).

Proof. Let u € Ker(4,), and define u € U, as follows: u := > 1" u;w;.
Then

0=u'd.u=a%(u,u) = / |CY2: vul? da.

From this it follows that C': Vu = 0 in e. Now let t1 := u o ¢, be the ref-
erence function, with ¢, the reference-to-physical element mapping. Since
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¢e is assumed to be a polynomial function, such that |J.| := |det(Ve)| >
|Je|min > 0 in e, for some constant |J¢|min, it follows that ¢- ! € C>(e)?.
Furthermore, since the reference function u is also assumed to be poly-
nomial, this implies that u = o ¢;! € OC®(e)?. Because we assumed
that the spatial parameter C satisfies Cl. € WLOO(e)g;nmed, it then
follows from the trace theorem that C' : Vu = 0 is also satisfied on the
boundary de. This implies agf*)(u,w) = 0 for any w € U, and therefore

u € Ker(Aj,). O

Now let k be the rank of A., and let V., € R™*™ be a nonsingular matrix
such that V!A. V., = D., where D, € ngﬁg is a diagonal matrix with the
last n — k entries being zero. Such a matrix decomposition can be obtained
from, for example, a symmetric Gauss elimination procedure or a singular
value decomposition. We then use these matrices to construct matrices

D,, flge € REXE as follows:

sym
[De)ij = [Delij i,j=1,...,k, (2.13a)
(A3, = VA Velij, i.j=1,... k. (2.13b)

Using these matrices D, and flge we can compute x; and show that it is
well defined.

Lemma 2.5.3. Let e € Ty, be an arbitrary element, and let D, flge be the
matrices defined as in . The constant k) is well defined and satisfies

K = Amaz (D1 A3,), (2.14)
where Amaz (D;lflge) denotes the largest eigenvalue of D;lflge.

Proof. First, consider the decomposition VetAeVe = D, which was used to
construct ]_N)e and flge Since matrix A, has rank k& and the last n — k
entries of D, are zero, and since V, is nonsingular, this implies that the last
n — k columns of V. span the kernel of A.. From Lemma it follows
that these columns are also in the kernel of A% . Now let w € R", and let
w € RF be the vector composed of the first k£ entries of w. We can then
obtain the following relation:

wVI AR Vew = W' Af W (2.15)

Since A, is positive semidefinite, it also follows that all entries of D, are
strictly positive. Furthermore, since A}, is positive semidefinite, the matrix
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fl};e will be positive semidefinite as well. Using these properties, we can

prove (2.14)) as follows:

. a(ag*) (u,u) u‘dj u
Ky 1= sup oy, = sup 7
uele, c(a >(u,u);é0 Qe (11, Ll) ueR" u'Acuz0 U Lell
w'VIAp Vew w' AW 51 T
= sup — = SuWp — = = A (D' Ae)-
weRr wiDew#0 W' DeW weRk w0 W' DeW

In the third step we substituted u by V.w, in the fourth step we used
(2.15), and in the last step we used Lemma combined with the fact
that D, is positive definite and A}, is positive semidefinite. O

Remark 2.5.4. A symmetric Gauss elimination procedure or a singular
value decomposition algorithm usually does not give the exact decomposition
VIA V. = D., but only a numerical approximation. The diagonal entries of
D, are then considered to be 0 when they are smaller than a given tolerance.

Remark 2.5.5. The largest eigenvalue Apqz (]_N)e_lflge) can be efficiently
obtained using a power iteration method.

We can now derive the following sufficient estimate for the penalty term.

Theorem 2.5.6. Let e € T, be an arbitrary element, and let ¢, > 1 be
an arbitrary constant. If ne > cxkl, then a.(u,u) > 0 for all u € Uy,
Moreover, if ¢, > 1, then

ae(u,u) > ccoer\uﬁ’e, u e Up, (2.16)

where

. 1 Ck—T
Ceoer = SUP mln{l—x 1,”} > 0.
z€[1,cx] Ck

Proof. Take an arbitrary function u € U}, and scalar z € [1,¢,]. We can
then derive the following inequality:

ae(u,u) = al9(u,u) + 2a<DG>< u) + nealt” (u, u)
> al@(u,u) — 27 (k) el Y (wyu) + (e — 2kd)al (u, )

>(1-2Ya <C>(u u)+( L S C R
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In the second line we used Lemma with ¢ = xk}, and in the last
line we used the definition of x%. Now note that we can write [ulf, =

al® (u,u) + cﬂm:a(afG)(u, u). Combining this with the inequality above
gives
e(u, u) > min {1 P ””} ul?, >0
Cr ’
Taking the supremum over all z € [1, ¢, results in ([2.16]). O

The penalty term estimate depends on the constant x}. However, this
constant does not include any effects of the normal vector on the positivity
of the bilinear operator, which may cause the penalty term estimate to
be less sharp. Therefore, we consider an additional penalty term estimate
which does include the effect of the normal vector, and is shown to be
considerably sharper in Section 2.7 To do this, we first define the tensor
field ¢y € @ L>(0e)Tixm as follows:

e€Ty sym
Cﬁ’@e = (fl~C-fl)‘ae, e € Th.
where 1|y, is the outward pointing normal vector of element e. We also

define the following function space:
0y, = {ﬁ e R L*de)" ‘ tlge = (- C : Vu))ge,
ecTy
for some u € Uy, for all e € ’ﬁL}

From Lemma it follows that there exists a pseudoinverse cf_l1 €
QeeT, L(0e)gym" such that c;licarli=ch-cy ca=tuforallace Up.

sym
We use this tensor field to define an alternative auxiliary bilinear operator
a(af**) : Up x Up, — R as follows:

age ) (u,w) = / (-C:Vu) vyt (A-C: Vw) ds.
Ode

The penalty term estimate and the coercivity result are obtained in the

same way as before, except that we now use aéf**) instead of a(af*). We

start again by deriving a bound on aggG):
Lemma 2.5.7. Consider an arbitrary element e € Tp, and let ¢ > 0 be an
arbitrary positive constant. Then the following inequality holds:

C’**)(

2629 (u, )] < ¢ 'alC (w0) + ) (ww),  uweU  (2.17)
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Proof. From Lemma it follows that c4 and ¢ L are positive semidefi-

nite tensor fields, and therefore there exist symmetric positive semidefinite
1/2 1/2

tensor fields cl/Q, = QeeT, L>(0e)gym" such that ¢/ "¢/ = ¢, and
;1/2-cﬁ1/2:cA andsuchthatcAl/2 %/2-f1:c$1/2- ﬁl/z-ﬁ:ﬁfor
all i € U),.

Now take an arbitrary function u € Uy, and define the function u € U,
as follows:

ﬁ|36 = (fl -C Vu)’ae, e € Th.

We can then write

QaggG)(u, u) :/ 2(01/21/}1/2(u* —u), ¢ _1/2 ~1/24 ) ds
Oe
= / 2(01/21/,11/2(u* —u), 071/21/,:1/%:3/2 . cf_ll/2 : ﬁ) ds
de

= / 2(01/2%11/201{1/2 -(u* —u), c_l/QV,:I/Qc;l/Q . ﬁ) ds.
Ode
Using the Cauchy—Schwarz and the Cauchy inequalities, we can then obtain

205/ ww)] < e | oyl (w = w) ds

1/2,-1/2 4112
Il

-ull” ds

+et HVh

(IP)(

=c ay, )( u) + ca u,u).

L]
(Cxx

We now use the bilinear operator a;_ ) to construct the following con-
stant:
(C*x)
I{** . su ade (u7 LI)
' °p ©)
ucle, a£ >(u,u);é0 Qe (ua ll)

The proof of the existence of this constant and the way to compute it is
analogous to 7. In a similar way as before we can use this constant to
obtain the following sufficient penalty term estimate.

Theorem 2.5.8. Let e € T, be an arbitmry element, and let ¢, > 1 be
an arbitrary constant. If ne > cuk’*, then ac(u,u) > 0 for all u € Uy,
Moreover, if ¢, > 1, then

ae(u,u) > ccoer|u|ie, uec Uy, (2.18)
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where
Ceoer *= SUP min {1 — a:fl, r x} .
CEE[I,C,«J CH
Proof. The proof is analogous to that of Theorem [2.5.6] O

We have now derived conditions for the penalty term to ensure that ay,
is positive semidefinite and showed how the penalty term can be computed.
In the next section we will derive time step estimates to ensure that the
local time-stepping scheme is stable.

2.6 Sufficient time step estimates

We start by rewriting the DG method as a linear system of ordinary differ-
ential equations. We then show how we can obtain sufficient upper bounds
for the spectral radius of M 1A, and therefore sufficient lower bounds for
the time step size for a large class of explicit time integration schemes,
by splitting the mass mass matrix M and stiffness matrix A into multiple
parts. Finally, we introduce weighted mesh decompositions to explain how
this splitting of matrices can be done efficiently.

2.6.1 A system of ordinary differential equations

Let {w;}Y, be a linear basis of U, and define, for u € Uy, the vector
u € R¥ such that u = Zf\il u,w;. We can rewrite the DG method, given
in , as the following system of ordinary differential equations: we solve
u:[0,7] — RN, such that

M0} + Apu = £}, te 0,7, (2.19a)
Ufi—o = Uy p = Mh_lga}“ (2.19b)

Ouli—o = v = Mh_lyah, (2.19¢)
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where Mj,, A, € RV*N are matrices, ug Vo, € RY are vectors, and
5 :[0,7] — RY is a vector function, defined as follows:

[Mp]ij == (pwi, W;), i,j=1,...,N,

[Ap)ij == an(wi, w;), i,j=1,...,N,

[ug )i = (puo, wi), i=1,...,N,

(V5 nli := (pvo, wi), i=1,...,N,
[£5(@)]i == (£(t), wa), i=1,...,N, te[0,T].

For a large class of explicit time integrators, including the leap-frog or
central difference scheme, the Lax—Wendroff schemes, and explicit Runge—
Kutta schemes, the time step size condition is of the form

Cmethod

Amaz(M~TA)’

At <

(2.20)

where ¢pethoq > 0 is a constant, depending only on the type of time in-
tegration method, and Apqe(M~A) is the largest eigenvalue of M 1A,
which is also known as the spectral radius of M~'A. For example, the
stability condition for the leap-frog scheme is well known to be with
Cmethod = 2. Because of the form of , it remains to find an upper
estimate for the spectral radius. In the next section we show how this can
be done by splitting the matrices M and A into multiple parts.

2.6.2 Spectral radius estimates by splitting matrices

In order to obtain a bound for the spectral radius we first introduce the
mapping 7 : R?L;;N — RQLQN , which maps a symmetric matrix to a diago-
nal matrix with entries 0 and 1 to indicate the nonzero rows or columns of

the input matrix:

1 i=yj, and S;; # 0 for somes k € {1,.., N},
[Z(S)]ij = o

0 otherwise.
We also define 7*(S) as the matrix Z(S) with all zero-columns removed.
Using these definitions we can formulate the following theorem.
Theorem 2.6.1. Let M € RNXN be a symmetric positive definite ma-

sym

trix and A € R%an a symmetric positive semidefinite matriz. Also let
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My, Ay € Ré\;ﬁIN fori=1,...,n, be symmetric matrices such that
S My =M > Ay=A, (2.21a)
i=1 i=1
M(,z) =0, I(Z)A(z)f(z) = A(Z), 1=1,...,n, (2.21b)
where M(’Z.) = (I(*Z.))tM(Z-)I(*Z.), Iy == Z(M;y) and Ity = T*(M)). Then
)\maw(M_lA) < l:rrllfi)fn /\mam((M(/i))_lA/(i))a (2-22)

where A’(Z.) = (Ié))tA(i)Ié); and Amaz(+) denotes the largest eigenvalue in
magnitude.

Remark 2.6.2. The matrices M'i) and A’(i) are the submatrices of M ;) and
Ay, respectively, obtained by removing all rows and columns corresponding
to the zero rows and columns of Myy. The condition I Awplyy = Ag
means that any zero column or row of My is also a zero column or row
of Ay, and the condition M(’Z.) = 0 means that the submatrices of M are
positive definite.

Proof. For any u € R", define the following set of indices:
I(u) := {i e {l,...,n} | [;u #0}.

Using Lemma[2.A.5|and Lemma[2.A-3 we can then bound the largest eigen-
value as follows:

_ u’ Au
)\maz(M 1A) = sup %
ueRN, u£0 U Mu
= sup Zin WAgu sup Piei(w) W' A
ueRN, u#£0 Z?zl gtM(i)g ueRV, u#0 Zieﬂ(g) Hltjw(i)g
u’A Hu u’A Hu

weRN, uzo 1€lw) WM@pu i=lon yepn 1o W Mpu
Using Lemma [2.A.5| again, we can obtain, for any ¢ = 1, .., n, the following;:

u’ Al [’ Af)ul N
sup —_ 7 = ———— = Amaz (M) Al
ucRN, I, u#£0 E”W(i)g ueRYi, u#£0 gtM(/i)g ( ® ))

where N; is the number of nonzero columns of M. Combining these

results gives (2.22]). O
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To apply the above theorem it remains to find a decomposition of the
matrices M and A such that (2.21)) is satisfied. For continuous finite ele-
ments such a decomposition can be easily obtained from the element ma-
trices,

M= M, A=) A,

ecTh e€Th

where M, and A. are the element matrices corresponding to the mass
matrix M and stiffness matrix A, respectively. Using Theorem [2.6.1] we
then obtain the following estimate for the spectral radius:

Ama:r(]w’_lf4) < m%_x Amaz ((Mé)_lAé),

ec’/y

where M := (I})IM.I*, A, = (I*)'A.I} and I} := I*(M,.). In other
words, the largest eigenvalue of the global matrix is bounded by the supre-
mum over all elements of the largest eigenvalue of the element matrix.
This result was already mentioned by [40]. For discontinuous elements,
however, a suitable decomposition of the matrices is less straightforward
due to the face integral terms. In the next subsection we show how we can
decompose the matrices for discontinuous elements, using a weighted mesh
decomposition.

2.6.3 A weighted mesh decomposition

We define a weighted submesh w : 7, U Fp, — [0,1] to be a function that
assigns to every element and face a weight value w. and wy between 0 and
1, such that if wy > 0 for a certain face f, then w, > 0 for the adjacent
elements e € Ty. We call a set of weighted submeshes W}, a weighted mesh
decomposition of 7y, if the sum of all weighted submeshes adds up to one for
every face and element: 3 ., we =1forall e € T, and 3 oy, wy =1
for all f € Fp,. An illustration of a weighted mesh decomposition is given
in Figure [2.1
We can use a weighted submesh to construct bilinear forms (-, -), a

Uy, x U, — R as follows:

(u,w), = Z we/pu-wd:c,

e€Th

a,(u,w) := a&c)(u, w) + aL(UDG) (u,w) + aSJDG) (w,u) + affp) (u,w)
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Figure 2.1: A weighted mesh decomposition. The larger numbers denote
the element weights, while the smaller numbers denote the face weights.
Weight values of elements and faces outside the illustrated subdomains are
Zero.

with

(C) = Zwe/Vu :C : Vw dz,

e€Th

(DG) = Zwa/ (W —u)n:C: Vwds,
e€Ty fEFe denf

a\IP) (u, w) : Zwane/ (w* —un:y,C:a(w* —w) ds.
€Ty, fEFe genf

Note that (u,w) = >, (U, W), and ap(u,w) = > )y, aw(u,w), for
all u,w € Uy,.

For the numerical tests, we will in particular consider a weighted mesh
decomposition based on the vertices, as illustrated in Figure The
vertex-based mesh decomposition is given by Wi, := {w@},c0, with

1 1
wl? = {|Q o W}Q) - {le' o (2.23)

0 otherwise, 0 otherwise,

where |Q.|, |Qy| are the number of vertices adjacent to element e and face
f, respectively, and 7, F, are the set of elements and faces adjacent to g,
respectively.

Now let {w;} | be a linear basis of Uy, such that every basis func-
tion is nonzero on only a single element e;. We can use a weighted mesh
decomposition Wy, to decompose the mass matrix and stiffness matrix as
follows:

M= > M, A=) A,

WEWY, weEW,
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Figure 2.2: Illustration of a vertex-based mesh decomposition. For every
vertex ¢, a weighted submesh w(? is created assigning nonzero values only
for elements and faces directly adjacent to the vertex.

where [M,l];; = (w4, wj), and [Ay)ij = aw(wy, wy), fori,j = 1,..., N.
Using Theorem [2.6.1] we can immediately obtain the following estimate for
the spectral radius and therefore the time step size.

Theorem 2.6.3. Let Wy, be a weighted mesh decomposition. Then
Amaz(M™TA) < max Apaq (M) 1AL, (2.24)

wEW),
where M/, .= (I})! M, 1%, Al = (I} A, I, and I := T*(M,,), and where
Amaz (+) denotes the largest eigenvalue in magnitude.

Remark 2.6.4. When the weighted submeshes w are nonzero for only a
few elements and faces, then M/, and A}, are relatively small matrices.
The largest eigenvalue )\max((Mo’J)*lA;) can then be efficiently computed
in parallel for each submatriz, using a power iteration method requiring
only a relatively small number of iterations.

In the next section we show several numerical results illustrating the
sharpness of the penalty term and time step estimates.

2.7 Numerical results

2.7.1 Computing the spectral radius for periodic meshes

To test the sharpness of the penalty term estimates and time step estimates
we consider a d-dimensional cubic domain of the form (0, N)? with periodic
boundary conditions. We then create a uniform mesh of N¢ unit cubes,
after which we subdivide every cube into smaller elements and choose basis
function sets and material parameters for every subelement. These subele-
ments, basis functions and material parameters are chosen identically for
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every cube. An illustration of such a mesh is given in Figure [2.3] The ad-
vantage of such a uniform periodic mesh is that we can rather easﬂy obtain
the exact spectral radius by using a Fourier analysis, in a way similar to
the von Neumann method for finite difference schemes.

Figure 2.3: Square 2D mesh consisting of 32 unit cubes, where each square
is identically subdivided into four distorted triangles.

To apply a Fourier analysis we first choose a linear basis {WZ}N XM o
the discrete function space U, such that the linear basis is of the form

(Wil M = | {wi} My,

kezg,

where k € Z4; is the identifier of unit cube (ky, k1 +1) X -+ x (kg, kq + 1)
and {wy;}}M, is a linear basis of the discrete space U restricted to this
cube. We can then define the submatrices My, Ak € RMXM 55 follows:

[Mk,l]ij = (ka’i,Wl’j), i,j = 1, . ,M, k,l S Zd s
[Axk1)ij = an(pwici, w1 5), i,j=1,...,M, k,1€ Z%,

By construction of the mesh, most of these submatrices are identical. Fix
any 1 € Zﬁlv. Then the submatrices M 41 are identical for any k € Zﬁl\,.
The same holds for Ay 1. Moreover, by definition of the mass matrix,
M i4+1 is only nonzero when 1 = 0, and by construction of the stiffness
matrix, Ak k1 is only nonzero when |l < 1. Therefore, we only have to
consider the submatrices My := My x, Ao := Ak, and Aii = Ax kte, for
1 =1,...,d, where k is an arbitrary vector in Zﬁl\, and e; is the unit vector
in direction 1.
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Now let u € RNXM he a vector of coefficients, and let u;, € RM be the
vector of coefficients corresponding to cube k. Suppose that w = M ~! Au.
We can then write

d
wy = My (A(Juk + Z(A?_Ek—i-ei + Ai_uk—ei)) ; k € Z§.

i=1
Define u® e RNXM aq follows:

ul((z) _ /N2y k e 74, (2.25)

where u, € RM is an arbitrary vector of coefficients corresponding to a
single cube, 7 := 1/—1 is the imaginary number, and z € Zﬁl\, is a vector of
integers. Then w(® .= M1 Au® satisfies

Wl((z) _ N2 gy k e 74, (2.26)

where

d
7@ = My! <A0 + ) (NPT AT 4 e‘i(zi/N)QWAZ.)> , z€Zy.
=1

From and it follows that if (A, u,) is an eigenpair of Z(®,
then (A, u Z)) is an eigenpair of M~'A. Since Z(® has M eigenpairs and
since there are N possible choices for z, every eigenvalue of M ~'A is an
eigenvalue of Z(® for some z € Zﬁl\,. For the time step estimates we are
only interested in the largest eigenvalue \q. (M ~1A), which we can then
compute by

Amaz(M 1 A) = sup Apmaz(Z2@).

d
ZELY,

For the numerical tests that we will present here, we have taken N = 2,
since in most cases the largest eigenvalue A4 (M~ A) no longer increases
significantly for N > 2.

2.7.2 Sharpness of the penalty term and time step
estimates

For testing the sharpness of our parameter estimates we use polynomial
basis functions up to degree p for simplicial elements, and polynomials up
to degree p in the direction of each reference coordinate for quadrilateral
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and hexahedral elements. First, we consider several regular homogeneous
meshes for the acoustic wave equation in 1D, 2D and 3D. After that we test
on meshes with deformed elements and meshes with piecewise linear pa-
rameter fields. We also test on meshes for electromagnetic and elastic wave
problems, including heterogeneous meshes with sharp material contrasts
and meshes with sharp contrasts in primary and secondary wave velocities.

To test the sharpness of the parameters we first compute the penalty
terms as in Theorem [2.5.6] or Theorem [2.5.8 with ¢, = 1. We will refer to
the first penalty terms as 1} and to the second as n}*. We then find the
smallest scale ¢, € [0, 1] such that the stiffness matrix A is still positive
semidefinite when using the downscaled penalty terms 7min.e = cminne. We
compute ¢, accurate to two decimal places using the bisection method.

After we have computed n and ¢,,;,,, we consider the time step condition
for the leap-frog scheme and use this to compute the time step size in the
three ways given below:

At(1min) = \/)\mw(l\?— e (2.27a)
At(n) = W, (2.27h)
Aty (n) = 2 , (2.27¢)

\/SqueWh Amaz ((ML{J)_lALIU)

Here A, is the stiffness matrix that results from using the downscaled
penalty terms 7mine, and M/ and A!, are the submatrices correspond-
ing to the weighted submesh w. These time step sizes can be interpreted
as follows: At(nmin) is the largest allowed time step size when using the
minimum downscaled penalty terms 7min.c, At(n) is the largest allowed
time step size when using the penalty term estimates 7., and Ateg(n) is
the time step estimate when using the penalty term estimates 7. and a
weighted mesh decomposition.

For our time step estimate At.q(n) we will use the vertex-based mesh
decomposition as given in (2.23)). We will measure the sharpness of the
penalty term by At(Nmin)/At(n), and we will measure the sharpness of our
time step estimate by At(n)/Atest(n).

Regular meshes

For the first tests we consider the acoustic wave equation as given in Ex-
ample 23] with ¢ = 1. We use meshes of the form described in Section
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with element subdivisions as listed below. An illustration of some of
the element subdivisions is given in Figure [2.4

e 1D: mesh constructed from unit intervals.

square: 2D mesh constructed from unit squares.

e tri: 2D mesh constructed from unit squares, with each square subdi-
vided into two triangles.

cube: 3D mesh constructed from unit cubes.

tet: 3D mesh constructed from unit cubes, with each cube subdivided
into six pyramids, and every pyramid subdivided into four tetrahedra.

The results of the parameter estimates, when using the penalty term
n*, are given in Table The results when using n** are given in Table
From these tables we can already see that our second penalty term
estimate n** is in general much sharper than the first estimate n*. This is
true especially for cubes, where n* causes a reduction in the largest allowed
time step size of more than 2. Also, for square and tetrahedral meshes the
first penalty term estimate causes a reduction in the time step size of more
than a factor 1.5. On the other hand, when using n** the largest allowed
time step size is never reduced more than a factor 1.2, and for many of the
regular meshes At(n:" )/At(n**) is even below 1.01. For the 1D, square,
and cubic meshes, this penalty term and corresponding time step estimate
even coincide with the analytic results derived in [I]. In general, the time
step estimate does not reduce the time step size by a factor more than 1.2
when using #** and not more than 1.3 when using n*.

0 02 04 06 08 ]
X

(a) A square subdivided (b) A cube subdivided (c) A pyramid subdi-
into two triangles. into six pyramids. vided into four tetrahe-
dra.

Figure 2.4
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Mesh | p || chin | A3 | ALOP) | Ateg(n®) | Silan) | SU0
1D 1 || 1.00 0.5774 0.5774 0.5774 1.00 1.00
2 || 1.00 0.2582 0.2582 0.2582 1.00 1.00
3 || 1.00 0.1533 0.1533 0.1533 1.00 1.00
square | 1 || 0.25 0.4082 0.2357 0.2019 1.73 1.17
21 0.33 0.1826 0.1170 0.0956 1.56 1.22
3| 0.38 0.1084 0.0694 0.0554 1.56 1.25
tri 1] 0.67 0.2579 0.2273 0.1948 1.13 1.17
2 1 0.69 0.1406 0.1250 0.1048 1.12 1.19
3 || 0.70 0.0906 0.0739 0.0621 1.23 1.19
cube 1| 0.14 0.3333 0.1361 0.1172 2.45 1.16
2 1 0.20 0.1491 0.0678 0.0554 2.20 1.22
31 0.23 0.0885 0.0405 0.0322 2.19 1.26
tet 1| 0.38 0.1035 0.0635 0.0560 1.63 1.13
2 1 0.44 0.0598 0.0384 0.0336 1.56 1.14
3] 0.48 0.0360 0.0243 0.0212 1.48 1.15

Table 2.1: Parameter estimates on regular meshes, using penalty term n*.

For the case of tetrahedral meshes we can compare our penalty term
estimates with the estimate derived in [55]. The penalty term derived there
is equivalent to 7. = p(p + 2), with the penalty scaling function given by
Unlaent = 1/(ef Minee7; d;.), where d;. is the diameter of the inscribed
sphere of e and ey € {1/2,1} is defined as in . Their analysis can be
readily extended to triangles by replacing the trace inverse inequality for
tetrahedra by the trace inverse inequality for triangles, given in Theorem
3 of [79], which is equivalent to setting 7. = p(p + 1). The results of these
estimates are given in Table from which we can see that this penalty
term estimate has a similar sharpness as n*, but is significantly less sharp
than »**, having a time step size more than 1.5 times smaller than when
using n** for p = 2,3 on tetrahedra and p = 3 on triangles.

Since n** is significantly sharper than n*, we will only use n** through-
out the following numerical tests.

Meshes with deformed elements

In this subsection we consider the acoustic wave equation with ¢ = 1 again,
but now using deformed elements. For the penalty term we will only use
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Mesh | p || i | AU | AH0™) | Ateg(n™) | Goane) | S
1D 1| 1.00 | 0.5774 | 0.5774 0.5774 1.00 1.00

2 || 1.00 0.2582 0.2582 0.2582 1.00 1.00

3 ]| 1.00 | 0.1533 0.1533 0.1533 1.00 1.00
square | 1 || 1.00 | 0.4082 0.4082 0.4082 1.00 1.00
2 || 1.00 0.1826 0.1826 0.1826 1.00 1.00

3] 1.00 | 0.1084 | 0.1084 0.1084 1.00 1.00

tri 1| 1.00 | 0.2582 0.2582 0.2427 1.00 1.06
2 1| 0.96 0.1406 0.1399 0.1275 1.01 1.10

31| 0.96 | 0.0906 0.0896 0.0755 1.01 1.19

cube | 1 || 1.00 | 0.3333 0.3333 0.3333 1.00 1.00
2 || 1.00 0.1491 0.1491 0.1491 1.00 1.00

3 || 1.00 | 0.0885 0.0885 0.0885 1.00 1.00

tet 11 0.75 0.1040 0.0918 0.0803 1.13 1.14
21 0.74 | 0.0599 0.0510 0.0455 1.17 1.15

31| 0.81 | 0.0359 0.0320 0.0279 1.12 1.15

Table 2.2: Parameter estimates on regular meshes, using penalty term 7**.

Mesh | p | At | Ater) | ato™) | Sy | S
tri | 1] 02280 | 02273 | 0.2582 | 1.00 | 113
2 || 01002 | 0.1250 | 0.1399 | 1.25 | 1.0
3 || 0.0567 | 0.0739 | 0.0896 | 1.30 | 1.58
tet | 1] 0.0689 | 0.0635 | 0.0918 | 092 | 133
2 || 0.0327 | 0.0384 | 0.0510 | 1.17 | 1.56
3 || 0.0196 | 0.0243 | 0.0320 | 1.24 | 1.63

Table 2.3: Parameter estimates on a regular tetrahedral mesh, using the
penalty term, here denoted by 7, derived in [55], and using penalty terms

n* and n**.

n**. An overview of the different meshes is listed below, and an illustration
of the element subdivisions is given in Figures 2.5 and

e rectangular|z]:

(z,x).

2D mesh constructed from unit squares, with each
square subdivided into 2 x 2 rectangles adjacent to a central node at
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quadrilateral|x]: 2D mesh constructed from unit squares, with each
square subdivided into 2 x 2 smaller uniform squares, after which the
central node at (0.5,0.5) is moved to (z, z).

triangular[z]: 2D mesh constructed from unit squares, with each
square subdivided into four triangles adjacent to the central node
at (z,x).

cuboid[z]: 3D mesh constructed from unit cubes, with each cube
subdivided into 2 x 2 x 2 cuboids adjacent to the central node at
(z,z,x).

hexahedral[x]: 3D mesh constructed from unit cubes, with each cube
subdivided into 2 x 2 x 2 smaller uniform cubes, after which the central
node at (0.5,0.5,0.5) is moved to (z,x, ).

tetrahedral]z]: 3D mesh constructed from unit cubes, with each cube
subdivided into six pyramids adjacent to the central node at (x, z, x),
and with each pyramid subdivided into four tetrahedra.

o
=

¢
~

o
@
o o
o @

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
X X X

(a) A square divided into  (b) A square divided (c) A square divided into
four rectangles with a into four quadrilaterals four triangles with a cen-
central node at (0.8,0.8). with a central node at tral node at (0.7,0.7).

(0.7,0.7).

Figure 2.5

The results of the parameter estimates are given in Tables [2.4] and
In all cases, the penalty term estimate causes a reduction in the time step
size of no more than a factor 1.1, with respect to the time step size using

the minimal downscaled penalty term 7

*k

- Lhe time step estimates for

triangular meshes causes a reduction of no more than 1.25 and for the
tetrahedral meshes a reduction of no more than 1.2 with respect to the
largest allowed time step size. For quadrilateral and hexahedral meshes
the time step estimate tends to get less sharp for higher order polynomial
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(a) A cube divided into (b) A cube divided (c) A cube divided into
eight cuboids with a cen- into eight hexahedra six pyramids with a cen-
tral node at (0.8,0.8,0.8). with a central node at tral node at (0.7,0.7,0.7).

(0.6,0.6,0.6).

Figure 2.6
Mesh X P AAI‘;?;V}Z*TS) Af:ﬂ;il)
triangular[z] | {0.5,0.7,0.9} | 1 || [1.04, 1.06] | [1.14, 1.20]
2 || [1.05, 1.09] | [1.18, 1.20]
3 || [1.05, 1.09] | [1.19, 1.21]
rectangular[z] | {0.5,0.7,0.9} | 1 || [1.00, 1.00] | [1.00, 1.11]
2 || [1.00, 1.00] | [1.00, 1.28]
3 || [1.00, 1.00] | [1.00, 1.37]
quadrilateral]z] | {0.5,0.6,0.7} | 1 || [1.00, 1.05] | [1.00, 1.20]
2 || [1.00, 1.04] | [1.00, 1.26]
3 || [1.00, 1.05] | [1.00, 1.31]

Table 2.4: Parameter estimates on deformed 2D meshes, using penalty term
n**. Intervals denote the range in which the time step ratios are found.

basis functions and more strongly deformed meshes, but in all of our tests
At(n*™*)/ Atest(n**) remains below 1.4.

Since it is hard to compute the element and face integrals for general
quadrilateral and hexahedral meshes exactly, we approximate them using
the Gauss—Legendre quadrature rule with p 4+ 1 points in every direction,
where p is the polynomial order of the basis functions. We do not consider
meshes of the type quadrilateral[z] with x > 0.75 and hezahedral[z] with
x > 2/3 since in those cases one of the elements no longer has a well-defined

mapping.
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weh |« [p] e | 2
tetrahedral[z] | {0.5,0.7,0.9} | 1 || [1.06, 1.13] | [1.12, 1.14]
2 || [1.08, 1.17] | [1.14, 1.17]

3 || [1.07, 1.12] | [1.14, 1.15]

cuboid[z] | {0.5,0.7,0.9} | 1 || [1.00, 1.00] | [1.00, 1.11]
2 || [1.00, 1.00] | [1.00, 1.28]

3 || [1.00, 1.00] | [1.00, 1.37]

hexahedral[z] | {0.5,0.6,0.65} | 1 || [1.00, 1.09] | [1.00, 1.17]
2 || [1.00, 1.07] | [1.00, 1.25]

3 || [1.00, 1.10] | [1.00, 1.28]

Table 2.5: Parameter estimates on deformed 3D meshes, using penalty term
n**. Intervals denote the range in which the time step ratios are found.

Meshes with piecewise linear parameters

We now consider the acoustic wave equation with piecewise linear param-

eter fields p and c instead of constant parameters.

An overview of the

different meshes is listed below.

e squarePL[po, col: 2D mesh constructed from unit squares, with each

square subdivided into 2 x 2 smaller squares and with piecewise linear
parameters p,c such that p =c=1aty=0and y =1 and p =
po,c=cp at y = 0.5.

triPL[po, co]: 2D mesh constructed from unit squares, with each unit
square subdivided into four uniform triangles and with piecewise
linear parameters p,c such that p = ¢ = 1 at the boundary and
p = po,c = co at the center of each square.

cubicPL[po, cp]: 3D mesh constructed from unit cubes, with each cube
subdivided into 2 X 2 x 2 smaller cubes and with piecewise linear
parameters p,c such that p =c=1at z=0and 2z =1 and p =
po,c = co at z = 0.5.

tetraPL[po, co]: 3D mesh constructed from unit cubes, with each cube
subdivided into 24 uniform tetrahedra and with piecewise linear pa-
rameters p, ¢ such that p = ¢ =1 at the boundary and p = pg,c = ¢g
at the center of each cube.
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Mesh (po, co) p ﬁi?,’;ii’s) Aits(trén*l)
triPL[po,c0] | {(1,1),(5,5),(10,1),... | 1 || [1.01,1.09] | [1.04,1.17]
(1,10), (10, 10)} 2 || [1.01,1.11] | [1.06,1.19]

3 || [1,01,1.09] | [1.08,1.20]

squarePL[po, co] | {(1,1),(5,5),(10,1),... | 1 || [1.00,1.00] | [1.00,1.00]
(1,10), (10, 10)} 2 || [1.00,1.00] | [1.00,1.00]

3 || [1.00,1.00] | [1.00,1.04]

tetraPL[po, co] | {(1,1),(5,5),(10,1),... | 1 || [1.12,1.19] | [1.13,1.14]
(1,10), (10, 10)} 2 || [1.12,1.19] | [1.13,1.15]

3 || [1.10,1.12] | [1.14,1.15]

cubicPL[po, co] | {(1,1),(5,5),(10,1),... | 1 || [1.00,1.00] | [1.00,1.00]
(1,10), (10, 10)} 2 || [1.00,1.00] | [1.00,1.00]

3 || [1.00,1.00] | [1.00,1.03]

Table 2.6: Parameter estimates on 2D and 3D meshes for the acoustic wave
equation with piecewise linear parameters p and ¢, using penalty term 7**.
Intervals denote the range in which the time step ratios are found.

The results of the parameter estimates are given in Table The
penalty term estimate cause a reduction in the time step size of no more
than a factor 1.2, with respect to the time step size using the minimal
downscaled penalty term 7" for triangular and tetrahedral elements and
no reduction at all for square and cubic elements. The time step estimates
for the triangular and tetrahedral meshes causes a reduction in the time
step size of no more than 1.2 with respect to the largest allowed time step
size, while for the square and cubic meshes they often cause no reduction

at all or a reduction not larger than 1.05.

Meshes for electromagnetic and elastic wave problems

In this subsection we consider the electromagnetic wave equations as given
in Example and the 3D isotropic elastic wave equations as given in
Example We use the electromagnetic wave equations to test het-
erogeneous media with sharp contrasts in material parameters, while we
use the elastic wave equations to test media with large contrasts in pri-
mary and secondary wave velocities. An overview of the different meshes
is listed below.

o tetraEEM [p1, p2]: 3D mesh constructed from unit cubes, with each
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cube subdivided into 24 smaller uniform tetrahedra, where all tetra-
hedra below the surface x = z have a relative magnetic permeability
of p1 and all tetrahedra above this surface have a permeability of us.
For all tetrahedra the relative electric permittivity e equals 1.

o cubicEM [y, p2]: 3D mesh constructed from unit cubes, with each
cube subdivided into 2 x 2 x 2 smaller uniform cubes, where the
bottom four cubes have a relative magnetic permeability of p; and
the top four cubes a permeability of po. For all cubes the relative
electric permittivity € equals 1.

o tetralSO[\, p|: 3D mesh constructed from unit cubes, with each cube
subdivided into 24 smaller uniform tetrahedra, and with all tetrahe-
dra having Lamé parameters A and p and mass density p = 1.

e cubicISO[A, p]: 3D mesh constructed from unit cubes, with each cube
having Lamé parameters A and p and mass density p = 1.

Mesh ' | ' e | T | S
tetraEM [y, po] | 1 [ {1,10,100} [ 1 [[ [1.04, 1.05] [ [1.14, 1.15]
2 || [1.04, 1.07] | [1.15, 1.15]
3 || [1.00, 1.04] | [1.15, 1.16]
cubicEM[pu1, o] | 1 | {1,10,100} | 1 [| [1.00, 1.07] | [1.29, 1.29]
2 || [1.00, 1.00] | [1.31, 1.35]
3 || [1.00, 1.01] | [1.33, 1.35]

Table 2.7: Parameter estimates on a 3D electromagnetic mesh, using
penalty term 7n**. Intervals denote the range in which the time step ra-

tios are found.

The results of the parameter estimates are given in Tables and
For the heterogeneous electromagnetic problems, the penalty term estimate
causes a reduction in the time step size of no more than a factor 1.1, with
respect to the time step size using the minimal downscaled penalty term
Nyin- For the isotropic elastic meshes this reduction is no more than a
factor 1.2. The time step estimates for all the tetrahedral meshes causes
a reduction in the time step size of no more than 1.25 with respect to the
largest allowed time step size, while for the cubic meshes this reduction
remains below a factor 1.4.
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Mesh O\ ) pll Sl | 2U)
tetralSO[\, /1] | {(L0),(0,1),... | L[] [L.00, L.11] | [L.14, 1.15]
(10,1), (100, 1)} | 2 || [1.00, 1.14] | [1.14, 1.15]
3 || [1.00, 1.13] | [1.13, 1.15]
cubicSODN, ] | 1(1,0),(0,1), .. | 1 [ [1.05, 1.20] | [1.24, 1.28]
(10,1), (100, 1)} | 2 || [1.00, 1.10] | [1.23, 1.31]
3 || [1.00, 1.07] | [1.24, 1.33]

Table 2.8: Parameter estimates on a 3D isotropic elastic tetrahedral mesh,
using penalty term n™*. Intervals denote the range in which the time step
ratios are found.

2.8 Conclusion

We have derived sharp and sufficient conditions for the penalty parameter
in Theorem and Theorem to guarantee stability of the SIPDG
method for linear wave problems. In addition, we derived sufficient upper
bounds for the spectral radius and the time step size in Theorem [2.6.3
and Section [2.6.3] by introducing a weighted mesh decomposition. These
conditions hold for generic meshes, including unstructured nonconform-
ing heterogeneous meshes of mixed element types, with different types of
boundary conditions. Moreover, the estimates hold for general linear hyper-
bolic partial differential equations, including the acoustic wave equation,
the (an)isotropic elastic wave equations, and Maxwell’s equations. Both
the penalty term and time step size can be efficiently computed in parallel
using a power iteration method on each element and submesh, respectively.

To test the sharpness of our estimates we have considered several semi-
uniform meshes made of N¢ uniform cubes or squares, which are then
uniformly subdivided into smaller meshes, including meshes with deformed
elements and heterogeneous media. From the results we can see that the
penalty term estimate given in Theorem [2.5.8]is significantly sharper than
the estimate in Theorem for 2D and 3D meshes. Especially for cubic
elements, we see that downscaling the penalty estimate constructed us-
ing Theorem allows a time step size more than twice as large, while
the penalty term in Theorem does not allow any downscaling at all.
Furthermore, the penalty term estimate from Theorem allows a time
step size more than a factor 1.5 times larger than when using the penalty
term estimate derived in [55], when using square or cubic basis functions
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on tetrahedra or cubic basis functions on triangles. For regular square
and cubic meshes, this same penalty term estimate, together with the time
step estimate from Theorem using the weighted mesh decomposition
of , conforms with the largest allowed time step sizes analytically
derived in [I].

In general we see that downscaling the penalty term from Theorem
does not increase the maximum allowed time step size by more than
a factor 1.2, even when the material parameters are nonconstant within the
elements, while our time step estimate, based on a vertex-based weighted
mesh decomposition, does not become smaller than a factor 1.2 compared to
the maximum allowed time step size for triangular and tetrahedral meshes,
and not smaller than a factor 1.4 for quadrilateral and hexahedral meshes.

2.A Linear algebra

Lemma 2.A.1. Let C € Rg’;nTXde be a symmetric tensor such that

ot C:0>0, o € R,

Then there exists a symmetric tensor field CV/? € ]ngﬁffxmm such that
cl2. =,

Proof. The result follows from the fact that ¢ — C : o is a linear, self-
adjoint, and positive semidefinite operator on a finite-dimensional subspace

Rdxm ]
Lemma 2.A.2. Let i € R be a vector and C € nganmed be a symmetric
tensor such that

o :C:0>0, o e R™>™, (2.28)

Also, define the second order tensor ¢y := n-C-tr and the following function
space:

U={ueR”|u=n-C:o, forsomeaGRdxm}.

There exists a pseudoinverse cgl € R™ ™ guch that c;ll-cﬁ-u = cﬁ-cgl-u =

u, for all u € U. Moreover, both c; and cf_l1 are symmetric and positive
semidefinite.
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Proof. The fact that cj is symmetric follows from its definition and the fact
that C' is symmetric. The fact that this tensor is also positive semidefinite

follows from ([2.28]) and by writing
u-cg-u=un:C:nu>0, u € R™.

To prove that the pseudoinverse with respect to U exists and is symmetric
positive semidefinite, it is sufficient to show that

u-ci-u>0, uclU,u#0. (2.29)
Since cy is positive semidefinite we then only need to show that
uclU ANu-cjru=0 = u=0. (2.30)

Now take an arbitrary u € U, and suppose that u-cj-u = 0. Using Lemma

[2.A 1l we can write
0=u-cs-u=|CY?:hul?

From this it follows that C' : hu = 0. Because of the definition of U we can
write u = fi- C : o for some o € R, and therefore C : a(a-C : o) = 0.
Applying the double dot product with o on the left side gives

0=c':C:0a(n-C:0)=(c":C-n)-(a-C:0)=|ul?
Therefore, u = 0, which proves (2.30)). O

Lemma 2.A.3. Let {a;}}'_ | be a set of nonnegative scalars, and let {b;}7_,
be a set of positive scalars. Then

n
E 71 a;
=l < omax .

b T i=len b

Proof.

max

n n
D1 NG b < ay b a
n - T . = 7 E ~n . 7
Zz’:l bl =1 b, Zj:l bj k=1,...,n bk =1 Zj:l bj k=1,...,n bk

O]

Lemma 2.A.4. Let A € R{;} be a symmetric matriz and M € R{ D
a positive definite matriz. Then there exists a diagonalization M 1A =
VDV~ such that D is a real diagonal matriz and V satisfies VIMV =1,

where I is the identity matriz.
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Proof. Since M is symmetric positive definite, there exists a symmetric
positive definite matrix M2 such that MY/2MY2 = M. Define A :=
M~Y2AM1/2. Since A is symmetric, A is symmetric as well and can
be diagonalised as A = VDV~! with D a diagonal real matrix and 1%
satisfying V'V = I. Now define V := M~Y/2V. Then M~*4A = V1DV
and VIMV = 1. O

Lemma 2.A.5. Let A € Ry} be a symmetric matriz and M € REIY a

positive definite matriz. Then

lu’Aul
sup

uekn uzo U Mu

= Amaz (M_lA) >
where Amaz (M_lA) denotes the largest eigenvalue of M 1A in magnitude.

Proof. From Lemma [2.A.4] it follows that there exist a diagonal matrix D
and a nonsingular matrix V such that MVDV~! = A and VIMV = I.
Now consider an arbitrary u € R", u # 0. We set w := V~1u to obtain

lu‘Au| |WVIMV DV~ 1Vw| _ |w'Dw|
utMu wiViIMVw  wiw

The lemma follows from this equality and the following relation:

w!Dw -
Sup ’7 t 7’ = max |Dll| = )\maz (M IA)
weRr w0 W'W i=1,....N




Chapter 3

A Note on the Stability of an Explicit
Local Time-Stepping Method

Abstract

We analyse the stability of a basic local time-stepping method
derived in [Diaz, J., & Grote, M. J. (2009). Energy conserving ex-
plicit local time stepping for second-order wave equations. SIAM
Journal on Scientific Computing, 31(3), 1985-2014] for solving lin-
ear hyperbolic problems. We consider the simplest case, namely the
second-order leap-frog scheme with two local time steps at a certain
subdomain. We proof that there is always a case for which this scheme
is unstable, except when local time-stepping is applied to the entire
domain, which would make the scheme ineffective. This result also
explains the instabilities that were already observed in [Diaz, J., &
Grote, M. J. (2009)].

3.1 Introduction

Wave propagation problems in industrial applications are often solved us-
ing fully explicit numerical schemes, since they do not require solving a
large sparse system at every time step. Such schemes include finite ele-
ment schemes like the mass-lumped finite element scheme and discontin-
uous Galerkin scheme for the spatial discretization, combined with an ex-
plicit time integration scheme like the leap-frog scheme, higher order Lax—
Wendroff schemes, or explicit Runge-Kutta schemes. For these schemes to
be stable, a sufficiently small time step size is required, of which the upper
bound is dictated by the smallest mesh resolution with respect to the wave
velocity. Ideally, the element size is scaled optimally with respect to the
wavelength. This, however, is not always possible near complex material

47
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interfaces and boundary layers due to limitations of the mesh generator. At
such surfaces, overly small elements can appear, which result in an overly
severe time step restriction globally, even though only a small part of the
grid or mesh is locally refined.

To overcome this problem, explicit local time-stepping methods have
been developed, in which the time step size can be adapted locally [25],
22, (34, 8, B85, B3, 23]. However, there is no analytical proof yet for the
stability of any of these schemes. One of the reasons for this might be
the increased complexity of the resulting fully discrete schemes. In this
chapter, we therefore provide a stability analysis for one of the simplest and
most commonly used schemes, namely the second-order leap-frog scheme.
This scheme has been extended to a local time-stepping scheme in [22].
We consider the case in which the time step size is refined by a factor
2 at a region of the grid or mesh where the resolution has been refined
locally up to a factor 2. We proof that there are always cases for which
the local time-stepping scheme becomes unstable. These instabilities were
already observed but not explained in [22]. Our theory shows that, even
when extending the region in which local time-stepping is applied, this
will still not result in strict numerical stability, unless this region contains
the entire mesh, which would turn the scheme back into a standard single
time-stepping scheme.

3.2 A local time-stepping scheme

Let Q be an open domain and p,c :  — RT positive scalar fields. We
consider the following model wave problem

pd2u =V - cVu, in Qx(0,7),
u=0, on 90 x (0,7T),
with initial conditions for v and dyu at t = 0, where u : Q x (0,7) — R is
the wave field and V is the gradient operator. Solving this problem using

a finite difference or finite element scheme typically results in the following
ODE system:

Mo*u + Au =0, in (0,7),
where M is often referred to as the mass matrix and A as the stiffness
matrix. This system of equations can be solved using a leap-frog scheme:
un+1 — "+ un—l

M AR + Au™ =0, n=12, ..,
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given u° and u', where At is the time step size and u” is the approximation
of u(nAt). To obtain u™*!, given 4™ and u"~!, we need to solve a system
of equations of the form Mx = b. This becomes trivial when M is diagonal,
which is the case for finite difference schemes, mass-lumped finite element
schemes, and Discontinuous Galerkin schemes using orthogonal basis func-
tions. Furthermore, when using orthonormal basis functions, the resulting
mass matrix becomes the identity matrix, and the leap-frog scheme will
have the following form:

un+l — U + unfl
At?
Now consider the same leap-frog scheme using a time step twice as small.
We can write this scheme as

r+1/2 _ o9, 7 r—1/2
“ 2u” +u + Au" =0, r:1717§,...
(AL/2)2 273

Summing (3.2) over r =n —1/2, r = n+ 1/2, and two times r = n, and
then substituting u” /2 + u"*t1/2 by 2u™ — (At/2)2Au™ results in

un+1 —2um + un—l
At?

with A := A—(1/16)At?A2. This scheme has the same form as the original
leap-frog scheme, given in , and is equivalent to the original leap-frog
scheme using a time step twice as small.

The second-order local time-stepping method of [22], using two local
time steps, can be interpreted as something in between scheme and
, and can be written as with A := A — (1/16)At>APA, where P
is a diagonal matrix with the diagonal entries corresponding to the local
time-stepping region equal to one, and the other entries equal to zero. Note
that if P is zero, meaning no local time-stepping is applied, we obtain the
standard leap-frog scheme , while if P is the identity matrix, meaning
we apply local time-stepping everywhere, this scheme is equivalent to ,
which in turn is equivalent to the standard leap-frog scheme using a time
step twice as small.

+ Au" =0, n=12,... (3.1)

(3.2)

+ Au" =0, n=1,2,.., (3.3)

3.3 Stability analysis

For the stability analysis we will assume that A is symmetric positive
semidefinite, which is the case for most mass-lumped finite element meth-
ods and for symmetric discontinuous Galerkin methods like the symmetric
interior penalty discontinuous Galerkin method [36].
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It is well-known that the leap-frog scheme, given in ({3.1)), is stable iff
o(At2A) C [0,4], where o(A) denotes the set of eigenvalues of A. Since A
is symmetric positive semidefinite, stability is ensured when

At?0 0z (A) < 4,

or equivalently, when At < 2/1/0m42(A), where 04, (A) denotes the spec-
tral radius of A.

For the local time-stepping scheme, we assume that the spectral radius
approximately satisfies 0ya0(A) & 40maz(Acoarse), Where Acogrse = (I —
P)A(I — P) is the stiffness matrix restricted to the coarse part of the mesh
and [ is the identity matrix. This means that the fine part of the mesh
requires a time step about twice as small as the coarse part, which is the
case when for example the mesh is locally refined by a factor of 2. We
therefore want to use a time step size At satisfying

At mae(A) =16 — ¢, (3.4a)
AtQUmaa:(Acoarse) =4 6/, (34b)

where €, ¢ > 0 are small positive constants. Property corresponds to
the leap-frog stability condition when using the local time step size At/2,
while property corresponds to the leap-frog stability condition when
using the global time step size At considering only the coarse part of the
mesh. For an efficient scheme, € and € should be as small as possible.

We now present the main result of the stability analysis.

Theorem 3.3.1. Consider the local time-stepping scheme given in
with A = A — (1/16)At? APA and with At satisfying . If

(i) (8,u*) is an eigenpair of At?A,
(ii) (I = P)u* #0,
then the local time-stepping scheme is unstable.

Proof. Since the local time-stepping scheme has the same f~orm as the leap-
frog scheme, but uses A instead of A, it is stable iff o(At2A) C [0,4]. Since
A is symmetric, this implies that the scheme is stable iff

ut Au
Jul?

At? € [0,4], u e R,
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where n is the number of degrees of freedom. Now set © = v* and suppose
(I — P)u* # 0. Then

ut Au ul Pu u(I — P)u (I — P)ul?
ARYEY g q Uy Ty TSNy
RE [ 7 N Y
which implies that the scheme is unstable. O

This theorem states that if there exists an eigenpair of At?A of the form
(8,u*) and if u* is non-zero at the coarse part of the mesh, then the local
time-stepping scheme is unstable.

Although there exist cases in which the first condition is not met, this
cannot be guaranteed in general. The reason is that usually, the eigenval-
ues of A can take any value between 0 and 0,,4,(A), and therefore, the
eigenvalues of At?A can take any value between 0 and 16 — € > 8.

The second condition, which is ©* being non-zero at the part of the
mesh where no local time-stepping is applied, is satisfied in most cases,
since eigenmodes are usually not strictly zero on an entire subdomain.

1 T T T T 4.03
4.025
0.5 o 402
£4.015
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0 <1 4.01
4.005
-0.5 4
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(a) Unstable mode of the local time- (b) Instabilities of the local time-

stepping scheme with N = 10, m = stepping scheme with N = 10, m =

0, and At = 0.9AZ coarse- 0, and At = corrLAZcoarse, for dif-
ferent CFL numbers ccpr,.

To demonstrate the instability of the local time-stepping scheme, we
consider a simple example in 1D with  := [0,1] and p,c = 1 and use the
linear mass-lumped finite element method for the spatial discretization.
Since suboptimal scaled elements usually only appear near sharp mate-
rial interfaces and complex boundary layers, we consider a mesh divided
uniformly into N elements of size Azcoarse = 1/N, and split the last ele-
ment into two smaller elements of size Az fp. = 1/(2N). We can bound
the eigenvalues of A by the eigenvalues of the element matrices [40] and
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At20'max(/~l)

m N =10 N=20 [ N=100

0 ||44+272x107% | 44+2.72x 1072 | 442.72x 1072
1

2

44458%x107% | 44458 x107% | 4+458 x10~*
44664%x10%|44+664%x10%|4+6.64x106

Table 3.1: Instabilities of the local time-stepping scheme with At =
0.9A%Zcoqrse for different mesh sizes N and number of added LTS nodes
m.

N =10 N =100

m || unstable copy region length ‘ unstable copy, region length
0 (0.8661,0.9421) 0.0760 (0.8661,0.9421) 0.0760
1
2

(0.8955,0.9051) 0.0096 (0.8955,0.9051) 0.0096
(0.8997,0.9008) 0.0011 (0.8997,0.9008) 0.0011

Table 3.2: Unstable CFL numbers copy, for the local time-stepping scheme
with At = coppAZcoarse and N = 10 and with LTS applied to m additional
nodes.

obtain o4, (A) < 4/(Axfme)2 and opmaz(Acoarse) < 4/(AZcoarse)?. This
implies is satisfied if At < AZcoarse, which is the well-known CFL
condition. We apply local time-stepping at the nodes on the refined region
[1 — AZcoarse, 1] plus the m neighbouring nodes and use a global time step
size At = 0.9AZcoqrse-

An illustration of an unstable mode is given in Figure (3.1a)) and the
instability for different CLF numbers is shown in Figure (3.1bf). The size

of the instability and the regions of unstable CLF numbers are shown in
Table and for different values of N and m .

These results confirm that the local time-stepping scheme can be unsta-
ble, even if the local time-stepping region is larger than the region where the
mesh is refined. Stability can only be guaranteed when local time-stepping
is applied to the entire mesh, but this would turn it into a standard time-
stepping scheme, hence making it ineffective.

The results also show that the instabilities hardly change when increas-
ing the mesh size N, although the possible instabilities decrease exponen-
tially when expanding the region on which LTS is applied. This behaviour
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seems related to the fact that the higher frequency modes induced by local
mesh refinement, like the mode shown in Figure decrease exponen-
tially when moving away from the refined region. When the instability
becomes sufficiently small, it will have no significant effect on the accu-
racy. Therefore, while it is not possible to guarantee strict stability, it
might still be possible to obtain bounds on the instabilities and guarantee
that possible instabilities will have no significant effect when using local
time-stepping.






Chapter 4

Dispersion Properties of Explicit Finite
Element Methods for Wave Propagation
Modelling on Tetrahedral Meshes]

Abstract

We analyse the dispersion properties of two types of explicit finite
element methods for modelling acoustic and elastic wave propagation
on tetrahedral meshes, namely mass-lumped finite element methods
and symmetric interior penalty discontinuous Galerkin methods, both
combined with a suitable Lax—Wendroff time integration scheme. The
dispersion properties are obtained semi-analytically using standard
Fourier analysis. Based on the dispersion analysis, we give an in-
dication of which method is the most efficient for a given accuracy,
how many elements per wavelength are required for a given accuracy,
and how sensitive the accuracy of the method is to poorly shaped
elements.

4.1 Introduction

Realistic wave propagation problems often involve large three-dimensional
domains consisting of heterogeneous materials with complex geometries and
sharp interfaces. Solving such problems requires a numerical method that
is efficient in terms of computation time and is flexible enough to capture
the effect of a complex geometry.

!Published as: Geevers, S., Mulder, W.A. & van der Vegt, J.J.W. (2018). Disper-
sion Properties of Explicit Finite Element Methods for Wave Propagation Modelling
on Tetrahedral Meshes. Journal of Scientific Computing. https://doi.org/10.1007/
s10915-018-0709-7
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Standard finite difference methods fall short, since they rely on Carte-
sian grids that cannot efficiently capture the effect of complex interfaces
and boundary layers. Finite element methods can overcome this problem
when the elements are aligned with those surfaces. However, the accu-
racy of the finite element method quickly deteriorates when the elements
are poorly shaped or are poorly aligned with the geometry. Obtaining a
high quality mesh is therefore quintessential. While both hexahedral and
tetrahedral elements are commonly used for three-dimensional problems,
tetrahedral elements have a big advantage in this respect, since they of-
fer more geometric flexibility and since robust tetrahedral mesh generators
based on the Delaunay criterion are available [58 [67].

Apart from the construction of a high-quality mesh, finite element meth-
ods for wave propagation problems also require a (block)-diagonal mass
matrix to enable explicit time-stepping. A diagonal mass matrix can be
obtained with nodal basis functions and a quadrature rule, if the quadrature
points coincide with the basis function nodes. This technique is known as
mass-lumping. For quadrilaterals and hexahedra, mass-lumping is achieved
by combining tensor-product basis functions with a Gauss-Lobatto quadra-
ture rule, resulting in a scheme known as the spectral element method
[59, [63], [43]. For triangles and tetrahedra, an efficient linear mass-lumped
scheme is obtained by combining standard Lagrangian basis functions with
a Newton—Cotes quadrature rule. For higher-degree triangles and tetrahe-
dra, however, this approach results in an unstable, unsolvable, or inaccurate
scheme. To remain accurate and stable, the space of the triangle or tetra-
hedron is enriched with higher-degree bubble functions. This approach has
led to accurate mass-lumped triangles of degree 2 [29], 3 [16], 4 [51], 5 [11],
6 [53], 7-9 [49, 17] and tetrahedra of degree 2 [51] and 3 [I1].

Another way to obtain a (block)-diagonal mass matrix is by using dis-
continuous basis functions. The resulting schemes are known as Discon-
tinuous Galerkin (DG) methods. The first DG methods for wave propaga-
tion problems were based on a first-order formulation of the wave equation
[60, 13]. In [62] and [36], DG methods were introduced that were based on
the original second-order formulation of the wave problem. The advantage
of finite element methods based on the second-order formulation is that
they do not need to compute or store the auxiliary variables that appear
in the first-order formulation. Moreover, they can be combined with a
leap-frog or higher-order Lax—Wendroff time integration scheme that only
requires K stages for a 2K-order accuracy. We focus on the symmetric
interior penalty discontinuous Galerkin (SIPDG) method, presented and
analysed in [36], which is based on the second-order formulation of the
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wave problem and which also remains energy-conservative on the discrete
level. To remain accurate and stable, face integrals and interior penalty
parameters are added to the discrete operator. We consider two choices for
the penalty parameter: the penalty term derived in [55], based on the trace
inequality of [79], and a recently developed sharper estimate [32], based on
a more involved trace inequality.

To effectively apply these methods, it is crucial to know the required
mesh resolution for a given accuracy. It is also useful to know which method
is the most efficient for a given accuracy and how the mesh quality and
material parameters, such as the P/S-wave velocity ratio for elastic waves,
affect the accuracy. A practical and common measure for the accuracy of
these type of methods is the amount of numerical dispersion and dissipa-
tion. In this chapter, we will focus mainly on the numerical dispersion,
since the methods we consider are all energy-conservative and therefore
do not suffer from numerical dissipation. We do, however, also investigate
the spurious modes that appear when projecting a physical wave onto the
discrete space.

The dispersion properties of DG methods based on the first-order for-
mulation of the wave problem have already been analysed for Cartesian
meshes [39, 2], triangles [39, [47], and tetrahedra [4I]. For the SIPDG
method, these properties have already been analysed for Cartesian meshes
in [3,21] and triangles in [6] and for the mass-lumped finite element method
this has already been analysed for quadrilaterals and hexahedra in [52 [14]
19] and for triangles in [48]. However, a dispersion analysis of the mass-
lumped finite element and SIPDG methods for tetrahedra is, to the best
of our knowledge, still missing, even though most realistic wave problems
involve three-dimensional domains for which tetrahedral elements are par-
ticularly suitable. In this chapter, we therefore present an extensive dis-
persion analysis of these methods for tetrahedra. This analysis is based
on standard Fourier analysis. We use the analysis to obtain estimates for
the required number of elements per wavelength and estimate the compu-
tational cost to obtain an indication of which method is the most efficient
for a given accuracy. We consider both acoustic and elastic waves and also
look at the effect of poorly shaped elements and high P/S-wave velocity
ratios on the accuracy of the methods.

This chapter is organised as follows: in Section we introduce the
tensor notation used in this chapter. The acoustic and elastic wave equa-
tions are presented in Section [4.3] and the mass-lumped and discontinuous
Galerkin finite element methods are presented in Section In Section
[4.5] we explain how we analyse the dispersion properties of these meth-
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ods. The results of this analysis are presented in Section and the main
conclusions are summarised in Section .71

4.2 Some tensor notation

Before we present the acoustic and elastic wave equations, we explain the
tensor notation that we use throughout this chapter. We let the dot product
of two tensors denote the summation over the last index of the left and
first index of the right tensor. For the double dot product we also sum
over the last-but-one index of the left and second index of the right tensor.
A concatenation of two tensors denotes the standard tensor product. To
give some examples, let h € R4, u € R™ be two vectors, o € R a
second-order tensor, and C' € R¥m>mxd 5 fourth-order tensor. Then

m
[ﬁu]ij = ﬁiuj, [0' : u]i = Zo-ilula
=1
d m d
[C: o]y = Z Zcijlkﬂkh (B Clgji = Zﬁkckqji»
k=1 1=1 k=1

foralli=1,...,dand j,q=1,...,m.
In the next section we will use this tensor notation to present the acous-
tic and isotropic elastic wave equations.

4.3 The acoustic and isotropic elastic wave
equations

Let © C R3 be a three-dimensional open domain with a Lipschitz boundary
08, and let (0,7) be the time domain. Also, let {I'y,I',} be a partition
of 012, corresponding to Dirichlet and von Neumann boundary conditions,
respectively. We define the following linear hyperbolic problem4:

pdiu=V-C:Vu+f in Q x (0,7), (4.1a)
C:nu=0 on I'g x (0,7), (4.1b)
n-C:Vu=0 onI';, x (0,7, (4.1¢)
uli—o = up in Q, (4.1d)
Opuli—o = Vo in €, (4.1e)

where u : Q x (0,7) — R™ is a vector of m variables that are to be
solved, V is the gradient operator, p :  — RT is a positive scalar field,
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C : Q — R¥>*mM>xmX3 g fourth-order tensor field, £ : Q x (0,7) — R™ the
source field, and n : 9 — R? the outward pointing normal unit vector.

By choosing the appropriate tensor and scalar field we can obtain the
acoustic wave equation and the isotropic elastic wave equations.

Case 1 (Isotropic elastic wave equations). To obtain the isotropic elastic
wave equations, set m = 3 and

Cijgp = AijOpg + 11(Sipdjq + Gigljp),
fori,j,p,q =1,2,3, where § is the Kronecker delta. Equation then

becomes
pdiu = VAV -u)+ V- u(Vu+ Vual) +f,

where u : Qx (0,T) — R3 is the displacement field, p : 2 — R is the mass
density, \,pu: Q — RY are the Lamé parameters, and £ : Q x (0,T) — R3
is the external volume force. The superscript t denotes the transposed.

Case 2 (Acoustic wave equation). To obtain the acoustic wave equation,

setm=1,u=p, p=(pc*)~!, and
1
75ij7

Ci11j =

for i,5 = 1,2,3, where 0 is the Kronecker delta. Equation then

becomes

1
P

1
8fp=V-5Vp+f,

where p: Q% (0,T) — R is the pressure field, p: Q — Ri the mass density,
c: Q= R* the acoustic velocity field, and f = V - (p~'f) the source term
with £ : Q x (0,T) — R? the external volume force.

These equations can be solved with the finite element methods described
in the next section.

4.4 The discontinuous Galerkin and
mass-lumped finite element method

4.4.1 The classical finite element method

Let 7, be a tetrahedral tessellation of ), with h denoting the radius of
the smallest sphere that can contain each element and let U} be the fi-
nite element space consisting of continuous element-wise polynomial basis
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functions satisfying boundary condition (4.1b|). The classical conforming
finite element formulation of (4.1) is finding uy, : [0,7] — U, such that
uy|i—o = g, dpupli—o = I ve and

(p8t2uh7w) +a’(uh7w) = (f,W), A Z/{hyt € [OvT]a (42)

where (-,-) denotes the standard L? inner product, ITj, : L*(Q) — Uj, de-
notes the weighted L2-projection operator defined such that (pIlu, w) =
(pu,w) for all w € Uy, and a : H ()™ x H1(Q)™ — R is the (semi)-elliptic
operator given by

a(u,w) := /Q(Vu)t :C: Vw dx.

Let {w(i)}?:1 be the set of basis functions spanning Uy, and let, for
any u € L?(Q)™, the vector u € R™ be defined such that "7 | u,w(® =
ITou. Also, let M, A € R™" be the mass matrix and stiffness matrix,
respectively, defined by M;; := (pw, w?)) and Ajj = a(w® wl)), and
let £*:[0,7] — R™ be given by f7 := (f,w®). The finite element method
can then be formulated as finding uy, : [0, 7] — R" such that uy|;—o = uy,
Oy |i—o = Vo, and

M2y, + Auy, = f*, t€[0,T]. (4.3)

The main drawback of the classical conforming finite element approach
is that when an explicit time integration scheme is applied, a system of
equations of the form Mx = b needs to be solved at every time step, with
M not (block)-diagonal. For large-scale problems, this results in a very
inefficient time stepping scheme. This problem can be circumvented by
lumping the mass matrix into a diagonal matrix or by using discontinuous
basis functions.

4.4.2 Mass lumping

When using nodal basis functions, the mass matrix can be lumped into a
diagonal matrix by taking the sum over each row. This is equivalent to
replacing the inner product (-,-) by (-, -);f), in which the element integrals
are approximated by a quadrature rule with quadrature points that coincide

with the nodes of the basis functions. We can write

ww)” =3 3 wexpx)ux) - wx),

ecT, x€Q,e
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where Q. denotes the quadrature points on element e and w, x denote the
quadrature weights. Let {X(i) ", denote the global set of integration points
and define w(¥ to be the nodal basis function corresponding to x(®, so
w(x(0)) = 0i;, with ¢ the Kronecker delta. Then the mass matrix becomes
diagonal with entries M;; = > 1 » We,x(Z’)P(X(i))v where T denotes the set
of elements containing or adjacen)‘é to x.

For quadrilaterals and hexahedra, mass-lumping is achieved by using
tensor-product basis functions and Gauss-Lobatto integration points. The
resulting scheme is known as the spectral element method. For triangles
and tetrahedra, mass-lumping is less straight-forward. Combining standard
Lagrangian basis functions with a Newton—Cotes quadrature rule results in
an efficient mass-lumped scheme for linear tetrahedra, but for higher-degree
basis functions, this approach results either in an unstable scheme due to
non-positive quadrature weights or in a scheme with a reduced order of
convergence. This problem can be resolved by enriching the finite element
space with higher-degree bubble functions and by adding integration points
to the interior of the elements and faces. For example, by enriching the
space of the quadratic tetrahedron with 3 degree-4 face bubble functions
and 1 degree-4 interior bubble function, an enriched degree-2 mass-lumped
tetrahedron that remains third-order accurate can be obtained [51].

In this chapter, we will analyse the standard linear mass-lumped finite
element method, the mass-lumped finite element method of degree 2 de-
rived in [51], and the 2 versions of degree 3 mass-lumped finite element
methods derived in [11]. We will refer to these methods as ML1, ML2,
ML3a and ML3b, respectively.

4.4.3 The symmetric interior penalty discontinuous
Galerkin method

Another way to obtain a (block)-diagonal mass matrix is by allowing the
finite element space U to be discontinuous at the faces. When choos-
ing basis functions that have support on only a single element, the mass
matrix becomes block-diagonal with each block corresponding to a single
element. When using orthogonal basis functions, the mass matrix even be-
comes strictly diagonal. In order to keep the finite element method stable
and consistent with the analytic solution, the elliptic operator needs to be
augmented. This can be accomplished with the symmetric interior penalty
method [36], where a is replaced by the discrete (semi)-elliptic operator
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aELDG) :UR X Up, — R, given by

agLDG)(u, w) = agc)(u, w) — agLD)(u, w) — aELD) (w,u) + agp)(u7 w)

with

a(C)uw:: Vu) : C: Vw dx
h ) )

ecTy V€

(D)uW:: ut: . VW S
aPlaw) = 3 /f[u]{{cvw,

fE€Fh,inUFn,d
(IP)

Paw) = 3 /f [u]t : fanC} : [w] ds,

fEFh,inUFh,a

where Fj;, and Fp 4 are the internal faces and boundary faces on I'y,
respectively, oy, € @ 7 L>(0e) is the penalty function, and {-}, [-] are
the average trace operator and jump operator, respectively, defined as

(M, = gy 3 o, [ul], == 3 () oery.

e€Ty e€Ty

for all faces f € F, where Ty denotes the set of elements adjacent to face
f, and 1|y, denotes the outward pointing normal unit vector of element e.
The bilinear form aglc) is the same as the original elliptic operator a and
is the part that remains when both input functions are continuous. The
bilinear form agD) can be interpreted as the additional part that results from
partial integration of the elliptic operator a when the first input function
is discontinuous. Finally, the bilinear form agp) is the part that contains

the interior penalty function needed to ensure stability of the scheme.

The penalty term can have a significant impact on the performance of
the SIPDG method, since a larger penalty term results in a more restrictive
bound on the time step size, but also because it can have a significant effect
on the accuracy, as we will show in Section[£.6] Several lower bounds for the
penalty term are based on the trace inequality of [79], including [64] 27, 55],
among which we found the bound in [55] to be the sharpest. Recently, a
sharper penalty term bound was presented in [32], which is based on a
more involved trace inequality. In this chapter, we will consider both the
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penalty term of [32], given by (4.4al), and the one of [55], given by (4.4b]):

/(ﬁ-C:Vu)-uhlcﬁ1~(ﬁ-C:Vu)ds
e

hloeng = Vi loery sup
el L ’
|7}| uePP(e)™ /(Vu)t :C:Vudx
C:Vu#0 e
(4.4a)
2
ah|86ﬂf = p.(pi_‘_)’ (44b)
minee7; de

for all e € Ty, f C Oe, where p denotes the degree of the polynomial basis
functions, PP(e) denotes the space of polynomial functions of degree p or
less in element e, vp|geny := | f|/]€] is a scaling function of order h~!, with
lel, | f| the volume of e and area of f, respectively, c;' denotes the (pseudo)
inverse of the second-order tensor c; :=n-C - n, Where n is the outward
pointing normal unit vector, and d. denotes the diameter of the inscribed
sphere of e. Although the first version requires more preprocessing time, it
allows for an approximately 1.5 times larger time step [32].

We will refer to the SIPDG method with p = 1, 2,3 using the penalty
term as defined by as DGla, DG2a, and DG3a, respectively, and to
the same methods using the penalty term as defined by as DG1b,
DG2b, and DG3b.

4.4.4 The Lax—Wendroff time integration scheme

To solve the resulting set of ODE’s in time, we use the Lax-Wendroff
method [45], [20], which is based on Taylor expansions in time and sub-
stitutes the time derivatives by matrix-vector operators using the original
equations . For the second-order formulation, the resulting scheme is
also known as Dablain’s scheme [I8]. The advantage of this scheme is that
it is time-reversible, energy-conservative, and only requires K stages for a
2K-order of accuracy.

To introduce the scheme, let At > 0 denote the time step size, and let
U, (t;) denote the approximation of u; at time t; := iAt for i = 0,..., Np
with Np the total number of time steps. The order-2K Lax—Wendroff
method can be written as

U, (tit1) = Uy (ti +2Z—At2’“ 07U (t:), i=1,...,Np—1,

(4.5)
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with Uy, (to) = Uy (0) := ug and Uy (1) := Y357 HAH(9FU,)(0), and
where (9FU,,)(t;) is recursively defined by

ug k=0,
(0FUL)(0) == { vo k=1,
—MTLAOF?UL)(0) + 07 2E(0) k> 2,

and

Hh(t) k= Oa
(8fgh)(ti) = _21 k—2 k—2

—M7 A0 Uy (ti) + 0, “f(t;) k=2,4,6,...,2K,
for i > 1, with f := M~'f*. In case K = 1, this scheme reduces to the
standard leap-frog or central difference scheme. When there is no source

term, (4.5) simplifies to

K

Up(ti) = ~Up(tm) +2 3 oMM T, 1), (49
k=0 '

fori=1,...,Np— 1.

For the dispersion analysis, we will choose K equal to the polynomial
degree p of the spatial discretization, since this will result in a 2p-order
convergence rate of the dispersion error as shown in Section |4.6

4.5 Dispersion analysis

A common measure for the quality of a numerical method for wave prop-
agation modelling is the amount of numerical dispersion and dissipation.
Numerical dispersion refers in this context to the discrepancy between the
numerical and physical wave propagation speed and numerical dissipation
is the loss of energy in the numerical scheme. Since the schemes that we
consider are all energy-conservative, they do not suffer from numerical dis-
sipation. However, when projecting a physical wave onto the discrete space,
this results in a superposition of a well-matching numerical wave and sev-
eral numerical waves that have a completely different shape and frequency.
We compute the number of these non-matching or spurious waves and re-
fer to it as the eigenvector error, since it is related to the accuracy of the
eigenvectors of M~ A, while the dispersion error is related to the accuracy
of the eigenvalues of M~'A.
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Figure 4.1: Unit cell subdivided into tetrahedra (left), and periodic mesh
made from 3 x 3 x 3 copies of this unit cell (right).

We analyse the dispersion and eigenvector error using standard Fourier
analysis, which is also known in this context as plane wave analysis. The
main idea of this analysis is to compare physical plane waves with numer-
ical plane waves on a homogeneous periodic domain, free from external
forces, using a periodic mesh. To obtain a periodic tetrahedral mesh we
subdivide a small cell into tetrahedra and repeat this pattern to fill the
entire domain as illustrated in Figure By using Fourier modes, we can
then efficiently compute the numerical plane waves and their dispersion
properties by solving eigenvalue problems on only a single cell.

Our analysis is similar to [19], but with the following extensions:

e We extend the analysis to parallellepiped cells, since this allows for a
more regular tetrahedral mesh.

e We also compute the number of spurious modes that appear in the
projection of the physical wave.

e In the three-dimensional elastic case, there are two distinct secondary
or shear waves with the same wave vector. To compute the dispersion
and eigenvector error in this case, we consider the two best matching
numerical plane waves.

We explain the dispersion analysis in more detail in the following sub-
sections. First, we show how we can derive an analytical expression for the
numerical plane waves using Fourier modes. After that, we show how we
use this to compute the numerical dispersion and eigenvector error. In the
last subsection we explain how we estimate the computational cost for each
method.
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4.5.1 Analytic expression for the numerical plane waves

We first consider a periodic cubic domain of the form Q := [0, N)3, with N
a positive integer, and later extend the results to parallelepiped domains
which allow for more regular tetrahedral meshes. The physical plane wave
has the following form:

u(x, t) = agFx"w, x € Q,te|0,T], (4.7)
where 7 := y/—1 is the imaginary number, k € R3 is the wave vector,
w € R is the angular velocity, and a € R™ is the amplitude vector. The

2 3

wave vector must be of the form k = k, = 57z, with z € Zy,;, in order to
satisfy the periodic boundary conditions.

The numerical plane wave can be written in a similar form when using
a periodic mesh. To obtain a periodic tetrahedral mesh, we subdivide the
unit cell Qg := [0,1)? into tetrahedra and repeat this pattern N x N x N
times to fill the entire domain as illustrated in Figure We equip the
mesh with a translation-invariant set of basis functions where each basis
function has minimal support. In case of mass-lumping we use nodal basis
functions and in case of DG we use basis functions that have support on
only a single element. The numerical plane wave U, of the fully discrete
scheme then has the form

U, (e, ty) = Uy, g e/ xment), i=0,...,Np,keZ3. (4.8)

Here, Uj,(Qx, t;) denotes the coefficients of the basis functions correspond-
ing to cell Qi := k + Qy at time ¢;. In case of mass-lumping, these ba-
sis functions are the nodal basis functions corresponding to the nodes on
O = k +[0,1)3, while in case of DG, these are the basis functions that
have support on one of the tetrahedra in Q. The vector Uy, o, € R™
denotes the basis function coefficients corresponding to cell 2y at time 0
and xi = k are the coordinates of the front-left-bottom vertex of cell €.

To show that this is indeed a numerical plane wave, let M (km)
Alfm) ¢ Rroxmo for k,m € Z3,, be submatrices of M and A, respec-
tively, defined as follows:

Mi(ijygm) = (pW(Qk’i),W(QmJ))h , Z,] frd 1, . ’no,

Agyk’ﬂm) = ap (W(Qk’i),w(gm’j)) , i,9=1,...,ng,
where {W(Qk’i)}go denote the basis functions corresponding to cell 2 and
where aj, = aéDG) and (-, ), = (-,-) in case of the DG method and aj, = a
and (-, )p = (-, -)ZL) in case of the mass-lumped method.
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Since the basis functions are translation invariant, the submatrices
M Chefherar) and ACoShetak) are the same for any k € Z3; with Ak € Z3;
fixed. Furthermore, the submatrices M&%2m) are only non-zero when
k = m, since the mass matrix is diagonal in case of mass-lumping and
block-diagonal, with each block corresponding to an element, in case of
DG. The submatrices A(+ak) are only non-zero when Ak € {-1,0,1}3,
since the nodal basis functions for mass-lumping and the local basis func-
tions for DG do not interact when they are two or more cells apart. This
implies that we only need to consider the submatrices M) .= Jf(€0.80)
and A(%0:2aK6) for Ak = {—1,0,1}.

Now let k& = Ky := QWﬂZ, for some z € Z3,, and let U, € RV Xm0 pe
the numerical wave at time ¢ = O:

Uy, o) = Hh,ﬂoei(n'xk), k € Z3. (4.9)

Then M *1AQh,0 satisfies

(MflAtho) Q) = Mi(ﬁo) Z A(QO’QAk)Hh,o(QkJrAk)
Ake{-1,0,1}3
= Mi(ﬁ;()) Z et(rxaik) 4(Q0,2ak) Qhﬂoei(n.xk)
Ake{—1,0,1}3
= Mi(riO)A(N)Hh,Qoei(RIXk)a

for all k € Z3;, with Mi(flio) the inverse of M%) and
AlR) . Z lrxaK) 4(Q0,2aK)
Ake{-1,0,1}3

This implies that if (s, Uy q,) is an eigenpair of Sk = Mi(g}o)A(”),
then (sp, U, () is an eigenpair of M~'A. In other words, we can ob-
tain eigenpairs of M ~'A by computing the eigenpairs of a small matrix
S(k) ¢ Rm0xm0 - Note that since M) is symmetric positive definite, and
A®) is Hermitian, S*) has ng distinct eigenpairs. Since there are N3
choices for z € Z3, and S(k2) has ng eigenpairs, we can obtain all of the
N3 x ng eigenpairs of M~ A in this way.

Now consider the numerical plane wave in with (s, Uy q,) an

eigenpair of S, so with (sy,, U,,) an eigenpair of M~'A. We can rewrite
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U, as U,(t) = Qh’oe_i("”f). If we then substitute this wave into 1) we
obtain
K

cos(Atwp) Uy (t;) = Z
k=0

From this, it follows that U}, in (4.8)) is a discrete plane wave if (s5, Uy, )
is an eigenpair of S and if wy, satisfies cos(Atwy,) = Zi(:o @(—Atzsh)k,
so if

1
(2k)!

(—APsy)* Uy (), i=1,...,np— 1.

K
_ b , Lo A2k
wp, = iAt arccos (Z (2k)!( At*sp) ) . (4.10)

k=0
It remains to determine the time step size At. In the appendix we show
that the numerical scheme is stable, if

At < ek [/Omar(M~LA), (4.11)

where O'max(M_lA) denotes the spectral radius of M 1A and ¢k is a con-
stant, given by

K

1
Z m(—f)k

CK ::inf{x20|
k=0

> 1} . (4.12)

To obtain a bound on the spectral radius, recall that we can write every
eigenpair of M~'A in the form of (sy, Uy, ), with U, o given in and
with (sp, Uj, q,) an eigenpair of S(2) for some z € Z3,. This implies that
Omaz(M~1A) is equal to SUP, 73 amax(S(’*z)). We can therefore bound
Omaz(M~1A) as follows:

O'max(M_lA) = sup Umax(S(“Z)) < sup Jmax(S(“)) = Shomaz, (4.13)
ZGZ‘}V KEK)

with Kg := [0, 27)3 D {""'z}zez?\, the space of all distinct wave vectors k.

The constants cx can be computed numerically. For example, cx =
4,12,7.57 for K = 1,2,3, respectively. For higher values of K, see, for
example, [53], where his oy satisfies cx = 207.

We can extend the results of this section to parallelepiped cells by apply-
ing a linear transformation x — T-x, with T € R3*3 a second-order tensor.
The parallelepiped domain is then given by Q = T - (0, N)? and the cells
are given by 9 = T - [0,1)3 and Q) = x) + o, with x = T - k the front-
left-bottom vertex. The wave vectors k, are of the form k, = 27(T~ - z)
and the wave vector space Ky is given by Kg := T~ [0,27)3, with T~ the
transposed inverse of T.
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4.5.2 Computing the dispersion and eigenvector error

To explain how we compute the dispersion error, we first consider the
acoustic wave equation. Let & be a given wave vector and let u® be the
acoustic plane wave given by u(®(x,t) = ¢ (**=“)_ The angular velocity
is given by w = =c|k| with ¢ the acoustic wave propagation speed. We
compare this plane wave with the numerical plane waves.

To do this, we use the results from the previous subsection. There, we
showed that for any eigenpair (s, Uy, o ) of S (%) we can obtain a numerical
plane wave in the form of with angular velocity 4wy, given by .
Since S has ny eigenpairs, this means we can obtain ng discrete plane
waves {Q;f’z)}?ol, with angular velocities {:I:wh 7’)}l |, for a given wave
K,i)\n

} 0

vector k. The correspondlng wave propagation speeds {c 2, can be

computed by c(m = |wy, (1) |/|<| and we can order the numerical plane
waves such that

|c—c |<|c “’2)\§....

We consider Hgﬁ’l) to be the matching numerical plane wave and Qﬁf’i),
with ¢ > 1, to be spurious modes. We then define the dispersion error as
follows

(k,1)
B lc—c;, |
edisp("") = c

The complete procedure for computing eq;s, (%) in the acoustic case is
given by

1

a. Compute all eigenpairs (sgn’i),gﬁfég) of §() .= M.(QUU)A(“).

b. Compute w(n )= A arccos (Zszo R H(—At%s (F" Z)) ) the angular ve-
locities.
(k) _ (ki)

c. Compute the wave propagation speeds ¢, = w, " /|| and order ev-
erything such that |c — c | <le— “’2)\ <....
(1)
d. Compute egisp(k) = |c — ¢}, | /c.
Now let u(()n) (x) := u®)(x,0) = ¢**) be the acoustic plane wave at

()
0

onto the numerical space,

(k)

and let Q;fo’i) be the discrete plane wave at ¢ = 0. In the ideal case, u,

t = 0. Also, let gén) be the projection of u,
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1)

is equal to Qﬁfd up to a constant. In most cases, however, the projection

g(()n) is a superposition of a well-matching plane wave Q;fdl) and several

other plane waves Qg&di), for ¢ > 1, that may have a completely different

shape and velocity. We can compute the number of these spurious waves
by computing the projection error.

To do this, we let U( ) ¢ span{ggfdl)} denote the projection of g[()"”)

onto span{ﬂm0 )}, such that (Q(()”),Qxﬂ”dl))M = (g(()”),ggfél))M, with inner

product (u,v)ys := u!Mv. We then define the projection error as

()) _ gyl
evee(rs) = B0~ Yo llar.
™ I

where |lul[as := y/u'Mu. We refer to this as the eigenvector error, since it

is related to the accuracy of ngél), which is an eigenvector of M 1A [52].

Since the physical plane wave, the mesh, and the set of basis functions
are all translation invariant, we can efficiently compute this error by only

considering ugz), the part of u(gn) restricted to cell 5. We define ggz)

(%)

to be the projection of uQ onto the discrete space restricted to €2y and

define U( ~) ¢ span{Uh Qo} the projection of ug) onto span{Uh Qo} such

that (U( ) UELRQ?)M (ggo),gﬁfglo)) Moy, With Mg := M) We can then
compute evec( ) by

lugy — Ul
evec(n) = ®)
HHQO HMO

The complete procedure for computing e ..(k) in the acoustic case is
given by

muv

A. Compute all eigenpairs (sﬁf’”,gﬁfgg) of §) .= N0 g(w)

B. Compute w,(f’i) = A arccos (Zk 07 ) (—At2s ( )) ), the angular ve-
locities.

C. Compute the wave propagation speeds cgf’i) = wh / |«| and order

everything such that |c — cﬁf D <le- (” <

D. Compute ggz) : the projection of ugz) onto the discrete space of cell €.
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E. Compute U( %), the projection of ugz %) onto span{Uh e }

F. Compute eyee(k) = [y — UL |asy /s [ as,-

For the isotropic elastic case, the procedure is very similar. Let
be the wave vector and let ul®) denote the elastic plane wave of the form
ul®)(x,t) = ae!**=“!) yith a the amplitude vector, w = #c|k| the angular
velocity, and c¢ the elastic wave propagation speed. In the elastic isotropic
case, we have to distinguish between longitudinal or primary waves, where
a is parallel with k and the propagation speed is ¢ = cp = /(A + 2u)/p,
and transversal, shear or secondary waves, where a is perpendicular to K
and the propagation speed is ¢ = cg = \/pu/p.

For the analysis, we will only consider the secondary wave, since the
wavelength \ = 27 /|k| = 2m¢/w of this wave is shorter and therefore gov-
erns the required mesh resolution. In 3D, there are two linear independent
amplitude vectors, a1 and a(®?2) | that are perpendicular to k and we will
refer to the corresponding secondary plane waves as u® and u*2?. We
will compare these physical plane waves with the numerical plane waves in
a similar way as for the acoustic case.

Since, for a given k and w = +cg|k/|, there are two linearly independent
secondary waves, we compare the secondary wave velocity ¢ = cg with the
wave propagation speed of the two best matching numerical plane waves.
In particular, we define the dispersion error as

K,2
edisp("") = ‘C — Cg )‘
c

The procedures for computing this error is the same as for the acoustic

case, with step d replaced by

d*. Compute egjsp(K) = ]c—ch ]/c

The eigenvector is now computed by

("6) (
u
eveC(K') = sup H QO ”MO’

us(7 )Espan{u(N 1) us(;) 2>} HEQO HMO

where ug’i) is the projection of ug@’i) onto the discrete space of cell {2y, and

U( ~) ¢ span{Uhnglo) Uhngfo)} is the projection of u§2 ~) span{u D ugz 2)}

onto span{Uhnﬂl), U " 2)} In other words, we compute the worst possible
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(k1)

projection error for a linear combination of ug, and ug,

(r<,2) projected onto

the span of the two best-matching numerical plane waves U( Q ) and QELRQQO).
We can efficiently compute this by

evec(ﬁ) = O'maa:(BilR)a

where 0pq:(B~!R) denotes the largest eigenvalue of B~'R and B,R €

R2%2 are matrices given by Bj; = (ugzl) ug;’] )) M, and Rw = (gg;’z) —
U(” Z) gZO’J) Hg?]))MO, with Qg; 2 the projection of gQ'Z’Z) onto the span

1) 2)
of {Utho UthO }-
The procedure for computing eye.(k) is the same as for the acoustic
case, with steps D-F replaced by

D*. Compute gg;’i): the projection of ugg’i) onto the discrete space of cell

Qp, fort =1, 2.
E*. Compute U%": the projection of u*" ont {Unl) URQ)}
. pute U, " projection of ug "™ onto span{U, ", U, 3’
fori=1,2.

F*. Compute B;; := (ué0 ),E&’J))Mo and R;; = (u, éo ) Ug)oﬂ)?Hgo’j)
Q&O’] )) My, for 4,7 = 1,2, and use this to compute the eigenvector

error €yec(K) = \/Omaz (B~ R).

So far, we only considered the dispersion error and eigenvector error for
a given wave vector k. For a given wavelength A = 27 /|k|, we define the
dispersion and eigenvector error as the worst case among all wave vectors
of length |k| = A/(27), so among wave vectors in all possible directions:

€disp(A) i= sup edisp(K), (4.14a)
KER3, |k|=N/(2)
evec(A) 1= sup evec(K). (4.14b)

KERS, [K|=)/(2m)

We can use these errors to determine the required number of elements per
wavelength. To compute these errors, we use a search algorithm, which
requires the computation of egisp(k) and eyec(k) for a large number of
wave vectors k. The complete procedure for computing the dispersion and
eigenvector error is given by:

1. Construct a cell g and subdivide it into tetrahedra.

2. Compute the submatrices M%) and A0-2ak) for Ak € {—1,0,1}3.
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3. Compute Sp mae, given by (4.13). This is done with a search algo-
rithm which requires the computation of o,,4(S*)), with S®) =

Mi(ﬁjo)A("‘), for a large number of wave vectors k.

4. Compute At < \/ck /Shmaz, With cx given by 1’

5. For a given wavelength A, compute the errors egisp(A) and eyec(A)
given in . For each A, this requires the computation of eg;sp(K)
and eyec(k), using steps a-d and A-F, for a large number of wave
vectors K.

4.5.3 Estimating the computational cost

To compare the efficiency of the different methods, we also compute the
number of degrees of freedom nye., the number of non-zero entries of the
stiffness matrix n,,q¢, and the estimated computational cost n¢omp, for each
wavelength .

We define nyee to be the number of degrees of freedom per A\*-volume.
This is computed by

)\3
Nyec = N0 m ,

where ng is the number of basis functions corresponding to cell g, and
|Q] is the volume of €.

We define n,,,¢ to be the number of non-zero entries of the stiffness
matrix per A3-volume. In case of mass-lumping, we estimate this number
by

ML A3
nomt) =1 S0 Y Uyl o

a€Q0, ¢'eN(q)

where |U,| is the number of degrees of freedom per node (|U,;| = 1 in the
acoustic and || = 3 in the elastic case), Qq, is the set of nodes on Qg, and
N (q) are the neighbouring nodes of ¢ that are connected with ¢ through
an element.

In case of the SIPDG method, we estimate this number by

3
(DG) _ A
nmat - Z Z |u€| |u€/ | |QO| )
e€Tq, e'eN(e)



74 CHAPTER 4. DISPERSION PROPERTIES

where |U,| is the number of basis functions with support on element e, 7q,
are the elements in Qg, and N (e) are the neighbouring elements of e that
are connected with e through a face.

To estimate the computational cost we look at the size of the matrix
times the number of matrix-vector products. The resulting estimates gives
a rough estimate of the relative CPU time of the different methods, since
it estimates the number of computations when using a globally assembled
matrix.

We define the computational cost neomp as the number of non-zero
matrix entries per A3-volume times the number of matrix-vector products
during one oscillation in time. The duration of one oscillation is Ty = \/c,
with ¢ the wave propagation speed. The number of matrix-vector products
during one oscillation is the number of stages of the Lax—Wendroff scheme
K times the number of time steps Na; = To/At = \/(cAt), where At =

V€K [ Sh.maz, With cx given by 1) and Sy mae given by 1' We use

this to compute neomp as follows:

Necomp = Nnmat K Nag.
4.6 Results and comparisons

Table 4.1: Analysed finite element methods

Method H Description

ML1 Linear mass-lumped finite element method

ML2 Degree-2 mass-lumped finite element method [51]

ML3a, ML3b || Degree-3 mass-lumped finite element methods [11]

DGX Symmetric Interior Penalty Discontinous Galerkin
method [36] of degree X =1,2,3

DGXa DGX with penalty term derived in [32] and given by
4.4

DGXb @With penalty term derived in [55] and given by
(@.41)

An overview of the different finite element methods that we analyse
is given in Table Each method is combined with an order-2p Lax—
Wendroff time integration scheme, where p denotes the degree of the spatial
discretization.
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Figure 4.2: Tetragonal disphenoid honeycomb restricted to cell Qg (left)
and restricted to 3 x 3 x 3 cells (right).

To analyse the dispersion properties of these methods, we use standard
Fourier analysis, as explained in Section We consider a periodic mesh
of congruent nearly-regular equifacial tetrahedra, known as the tetragonal
disphenoid honeycomb. To obtain this mesh, we slice the unit cell g :=
[0,1)% into 6 tetrahedra with the planes © =y, x = 2, and y = z and then
apply the linear transformation x — T - x, with

1 -1/3 -1/3
T:= |0 8/9 —/2/9|. (4.15)
0 0 2/3

An illustration of this mesh is given in Figure

4.6.1 Acoustic waves on a regular mesh

We first consider the acoustic wave model with ¢ = p = 1. Figure
illustrates the dispersion and eigenvector error with respect to the number
of elements per wavelength Ng := /A3 /|e|qy, with A the wavelength and
le|qay the average element volume. The eigenvector error for ML1 is always
zero, since it has only one degree of freedom per cell 2y and therefore allows
only one numerical plane wave for a given wave vector. From this figure
we can obtain the order of convergence, which is 2p for the dispersion
error and p + 1 for the eigenvector error. These convergence rates are
typical for symmetric finite element methods for eigenvalue problems, see,
for example, [9] and the references therein. The 2p-order superconvergence
of the dispersion error is also in accordance with the results of [52] 3, 21].

By extrapolating the results shown in Figure we can obtain approx-
imations of the errors of the form e = a(Ng)~?, where « is the leading
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Figure 4.3: Dispersion error (left) and eigenvector error (right) for the
acoustic wave model.

constant and [ is the order of convergence. The approximations are given
in Table [£.2

Table 4.2: Approximation of the dispersion and eigenvector error for the
acoustic case.

Method H €disp ‘ Eyec ‘
DGla || 1.45(Ng)~2 | 1.20(Ng)~2
DG1b || 2.46(Ng)~2 | 0.56( Ng) 2
ML1 || 2.87(Ng)~2 0
DG2a || 3.00(Ng)~* | 2.89(Ng)~3
DG2b || 4.83(Ng)~* | 2.22(Ng)~®
ML2 || 4.82(Ng)™* | 3.78(Ng)~3
DG3a || 1.77(Ng)~% | 1.46(Ng)~*
DG3b || 3.98(Ng)™6 | 1.88(Ng)~*
ML3a || 2.25(Ng)~6 | 1.26(Ng)~*
ML3b || 2.15(Ng)~6 | 1.22(Ng)~*

We can use these results to obtain estimates for the number of elements
per wavelength required for a given accuracy, but we can also use them to
obtain other properties, such as the number of time steps or the compu-
tational cost required for a given accuracy. An overview for a dispersion
error of 0.01 and 0.001 is given in Table and respectively, and the
relation between the accuracy and the computational cost is illustrated in
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Figure .4

n
comp

Figure 4.4: Dispersion error of different finite element methods for the
acoustic wave model plotted against the estimated computational cost.

Figure[4.4]shows that for linear elements, the mass-lumped method ML1
is significantly more efficient than the DG methods DG1la and DG1b, while
for quadratic elements, DG2a is significantly more efficient than ML2 and
DG2b, and for cubic functions, DG3a is slightly more efficient than ML3b
and significantly more efficient than DG3b and ML3a. In all cases, the DG
methods using the sharper penalty term given by are significantly
more efficient than those using the penalty term given by . For a
dispersion error of around 0.01 and higher, the linear mass-lumped method
ML1 performs best in terms of computational cost, while for a dispersion
error below 0.001 the best method is the DG method with cubic basis
functions DG3a or the second degree-3 mass-lumped finite element method
ML3b.

Tables and [£.4] also show that for the case p = 1, the eigenvector
error is always smaller than the dispersion error, but that for higher-order
elements, the eigenvector error can become almost 5 times as large when
the dispersion error is 0.01 and 10 times as large when the dispersion error
is 0.001. This is due to the fact that the dispersion error converges with a
faster rate (order 2p) than the eigenvector error (order p + 1) for higher-
degree methods.
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Table 4.3: Number of elements per wavelength Ng, number of degrees of
freedom 7nyec, size of the global matrix n,,,¢, number of time steps Nay,
computational cost ncomp and eigenvector error ey, for a dispersion error
of 0.01 for different finite element methods for the acoustic wave model.
The numbers are accurate up to two decimal places.

edisp = 0.01
Method NE ‘ Nyec ‘ Nmat ‘ NAt ‘ Ncomp H Evec
DGla 12 7000 | 140 x 103 | 39 | 5.4 x 10% || 0.0083
DG1b 16 | 15000 | 310 x 103 | 72|22 x 10% || 0.0023
ML1 17 810 | 12 x 103 15| 0.18 x10° || 0
DG2a 4.2 720 | 36 x 10 | 12| 0.88 x 10% || 0.040
DG2b 4.7 1 1000 | 51x10%| 26| 2.7 x10°% | 0.022

ML2 4.7 860 | 39 x 103 29 | 2.3 x10° || 0.037
DG3a 2.4 270 | 27x10% | 14| 1.1 x 109 || 0.046
DG3b 2.7 400 | 40x 103 | 31| 3.7 x10° | 0.035
ML3a 2.5 370 | 31x10%| 36| 3.3 x10° || 0.034

ML3b 2.4 360 | 30 x 103 18 | 1.7 x 109 || 0.034

4.6.2 The effect of mesh distortions

We also investigate the effect of the mesh quality on the dispersion error.
To do this, we first create meshes of very flat elements by scaling the regular
disphenoid mesh in the z-direction. After that, we create distorted meshes
by displacing some of the vertices of the disphenoid honeycomb.

To create flat elements, we scale the disphenoid mesh in the z-direction
by a factor T,. The effect on the dispersion error is illustrated in Figure|4.5
For a mesh flattened by a factor 2, the dispersion error does not grow more
than a factor 2.5, but flattening the mesh by a factor 10 increases the error
by a factor between 10 and 100. In all cases, the mesh resolution remains
the same and even becomes smaller in the z-direction. This means that
the mesh quality can have a strong effect on the accuracy of the method
and that using flat tetrahedra can significantly reduce the accuracy. The
methods using lower-order elements are more sensitive to the mesh quality
than the higher-order methods.

To create distorted meshes, we displace some of the vertices of the
disphenoid mesh. In particular, we create a distorted mesh using the fol-
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Table 4.4: Same as Table but for a dispersion error of 0.001.
edisp = 0.001
Method Ng Nyec ‘ Nmat ‘ Na¢ ‘ Ncomp H Evec
DGla 38 | 220000 | 4400 x 10% | 120 | 540 x 10° || 0.00083
DG1b 50 | 490000 | 9700 x 10% | 230 | 2200 x 10° || 0.00023
ML1 54 26000 | 390 x 103 47 18 x10% | 0
DG2a 7.4 4100 | 200 x 103 22 8.8 x 10° || 0.0071
DG2b 8.3 5800 | 290 x 103 46 27  x 10° || 0.0038
ML2 8.3 4800 | 220 x 103 52 23 x 10° || 0.0065
DG3a 3.5 840 84 x 10° 21 5.3 x 106 || 0.010
DG3b 4.0 1300 | 130 x 10° 46 17 x 109 || 0.0075
ML3a 3.6 1200 98 x 103 52 15 x 109 || 0.0074
ML3b 3.6 1100 96 x 103 27 7.7 x 105 || 0.0073
25¢ 80
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Figure 4.5: Relative dispersion error for the disphenoid mesh scaled in the
z-direction by a factor T for the acoustic wave model. Here, eg;sp, 0 denotes
the error for the original mesh.

lowing steps:

1. Slice the cube [0,0.5)3 into 6 tetrahedra with the planes z = y, = = z,

Y= z.

2. Repeat this pattern 2 x 2 x 2 times to pack the unit cell [0,1) with

48 tetrahedra.

3. Displace the central node by moving it from (0.5, 0.5,0.5) to (0.5(1+
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Figure 4.6: Repeated subcells with a small distortion (left) and correspond-
ing tetrahedral mesh (right).
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Figure 4.7: Dispersion error (left) and eigenvector error (right) for the
acoustic wave model for a distorted mesh with distortion é = 0.9.

§),0.5(1 + 8),0.5(1 + &)), where § € [0,1) denotes the size of the

distortion.
4. Apply the transformation x — T - x, with T defined as in (4.15)).

In case of zero distortion, § = 0, we obtain the original disphenoid honey-
comb, scaled by a factor 0.5. When the distortion ¢ approaches 1, some of
the elements become completely flat with zero volume.

An illustration of the mesh with distortion § = 0.4 is given in Figure
In Figure the dispersion and eigenvector error are plotted against
the number of elements per wavelength for a heavily distorted mesh with
0 = 0.9. These results show that the order of convergence remains 2p for
the dispersion and p + 1 for the eigenvector error, even though the mesh
is distorted. The distortion does, however, affect the leading constant of
the errors. The effect of the mesh distortion on the dispersion error is
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Figure 4.8: Relative dispersion error for meshes with a distortion §. Here,
edisp,0 denotes the error of the regular mesh with 6 = 0.

illustrated in Figure [4.8] Again, the accuracy is not significantly affected
by small distortions, but large distortions can reduce the accuracy by an
order of magnitude.

4.6.3 Elastic waves and the effect of the P/S-wave velocity
ratio

Besides the acoustic wave model, we also consider the isotropic elastic wave
model. Figure illustrates the dispersion and eigenvector error with
respect to the number of elements per wavelength for the isotropic elastic
wave model with = p =1 and A = 2, so with a P/S-wave velocity ratio of
2. Again, the order of convergence is 2p for the dispersion error and p + 1
for the eigenvector error.

By extrapolating these results we can again obtain approximations of
the errors of the form e = o(Ng) ™, which are given in Table Figure
illustrates the relation between the dispersion error and the computa-
tional cost, based on these results. The relative performance of the different
methods is similar to the acoustic case.

We also look at the influence of the P/S-wave velocity ratio cp/cg
on the dispersion error, where cg = /i denotes the S-wave velocity and
cp = A+ 2u denotes the P-wave velocity. This relation is illustrated
in Figure This figure shows that the DG methods are not really
sensitive to the cp/cg ratio, since the dispersion error never grows more
than a factor 1.5. The higher-order mass-lumped methods are slightly
more sensitive, with a dispersion error becoming around 3 times as large
for ¢p/cg = 10, compared to cp/cs = 2, while the linear mass-lumped
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Figure 4.9: Dispersion error (left) and eigenvector error (right) for the
isotropic elastic wave model with a P/S-wave velocity ratio of 2.

Table 4.5: Approximation of the dispersion and eigenvector error for the
elastic wave model with a P/S-wave velocity ratio of 2.

Method H €disp ‘ Cpec ‘
DGla || 2.81(Ng)~2 | 1.25(Ng)~2
DG1b || 3.00(Ng)~2 | 1.25(Ng) 2

ML1 || 5.39(Ng)~2 | 2.16(Ng)~2
DG2a || 3.55(Ng)~* | 1.76(Ng)~3
DG2b || 6.20(Ng)~* | 2.77(Ng) 3

ML2 || 7.29(Ng)~* | 4.39(Ng)~3
DG3a || 3.32(Ng)~6 | 1.79(Ng)~*
DG3b || 5.04(Ng)~=¢ | 2.11(Ng)™*
ML3a || 3.63(Ng)~% | 1.66(Ng)~*
ML3b || 3.58(Ng)~=¢ | 1.69(Ng)~*

method is very sensitive, with a dispersion error becoming almost 40 times
as large in this case.

4.7 Conclusions

We analysed the dispersion properties of two types of explicit finite element
methods for modelling wave propagation on tetrahedral meshes, namely
mass-lumped finite elements methods and symmetric interior penalty dis-
continuous Galerkin (SIPDG) methods, both for degrees p = 1,2,3 and
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Figure 4.10: Dispersion error of different finite element methods for the
isotropic elastic wave model with a P/S-wave velocity ratio of 2, plotted
against the estimated computational cost. The graphs of DG3a and ML3b
and of DG3b and ML3a are almost identical.
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Figure 4.11: Relative dispersion error for the isotropic elastic wave model
with different c¢p/cg ratios. Here, egisp o denotes the error for the original
mesh with c¢p/cg = 2.

combined with an order-2p Lax—Wendroff time integration method. The
analysed methods are listed in Table 1.

The dispersion properties are obtained semi-analytically using standard
Fourier analysis. We used this to give an indication of which method is the
most efficient for a given accuracy, how many elements per wavelength are
required for a given accuracy, and how sensitive the accuracy of the method
is to poorly shaped elements and high P/S-wave velocity ratios.

Based on the results we draw the following conclusions with regard to
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efficiency:

e The linear mass-lumped method is the most efficient method for a dis-

persion error of around 1% when using approximately regular tetra-
hedra. Heavily distorted elements, however, can significantly reduce
its accuracy.

The degree-3 SIPDG method, with the penalty term derived in [32]
and given by , and the second degree-3 mass-lumped finite ele-
ment method of [I1] are the most efficient methods for a dispersion
error of around 0.1% and less.

The SIPDG methods using the sharper penalty term bound derived
in [32] are significantly more efficient than those using the penalty
term of [55], which is based on the trace inequality of [79].

The required number of elements for a given accuracy can be obtained

from the approximations given in Tables and We also draw the
following conclusions with regard to accuracy:

e Higher-order methods suffer more from spurious modes for the same

dispersion error. This is due to the fact that for higher-order methods,
the convergence rate of the dispersion error, 2p, is larger than the
convergence rate of the eigenvector, p + 1.

All methods are significantly affected by a poor mesh quality, al-
though lower-order methods are more sensitive to this than higher-
order methods. Flattening the tetrahedra by a factor 10 reduces the
accuracy of the methods by 1-2 orders of magnitude, even though the
mesh resolution remains the same and even improves in one direction.

The SIPDG methods are not really sensitive to high P/S-wave veloc-
ity ratios, while the accuracy of the higher-order mass-lumped meth-
ods reduces slightly when the P/S-wave velocity ratio is increased.
The accuracy of the linear mass-lumped method, however, reduces
by an order of magnitude when the P/S-wave velocity ratio is raised
from 2 to 10.

4.A Stability of the Lax—Wendroff method

Theorem 4.A.1. Consider the following time integration scheme:

U(tH_l) = —U(ti_l) + Q,BU(ti), 1=1,2,...,
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where € R is a constant and {U(t;)}i>0 is a sequence of scalars repre-
senting a scalar variable u(t) at time slots t; = iAt, with At the time step
size. This scheme is stable, by which we mean that the solution grows at
most linearly in time, iff |B| < 1.

Proof. If B € (—1,1), then the two independent solutions of the time inte-
gration scheme are given by U(t,) = e* (%) where w satisfies cos(wAt) =
B and i := /—1 is the imaginary number. Otherwise, if 3 = 1 (or
B = —1), then the two independent solutions are given by U(t,) = 1,n
(or U(ty) = (=1)",n(—1)"). Finally, if 5 > 1 (or f < —1), then the two

independent solutions are given by Ul(t,) = e (or U(t,) = —eTn¥),
where w satisfies cosh(wAt) = 8 (or — cosh(wAt) = ). Therefore, the
scheme grows at most linearly in time iff 8 € [-1,1]. O

Theorem 4.A.2. Consider the order-2K Lax—Wendroff time integration
method given by

Q(ti—i-l) tl 1 +2 Z 7At2k _1A)kg(tz)7 L= 17 27 (RN

where M and A are symmetric positive definite matrices, and {U(t;)}i>0
is a sequence of vectors representing a vector variable u(t) at time slots
t; = iAt, with At the time step size. This scheme is stable, in the sense that
the solution grows at most linearly in time, if At < \/cx/Omaz(M~1A),
where Opmar (M1 A) denotes the spectral radius of M~ A and cy is defined

_ S Lo
=inf<x >0] 2(2 )'( ) >1y.
k=0

Proof. We can rewrite the time integration scheme as

U(tiy1) = —U(ti—1) +2BU(L;),

where B 1= S & 0 2}€),At2k( M~1A)*. Since M and A are symmetric

positive definite, we can diagonalise M 1A as VDV ™!, with D a diag-
onal matrix with only positive real values on the diagonal. We can then

diagonalise B as B =V (Zk 07 At%( )k) V~1. Using this diagonal-

isation we can decouple the matrlx—vector equations into scalar equations
of the form

U(ti-i-l) = _U(i—l) + QBU(tZ)a 1= 1) 2) )



86 CHAPTER 4. DISPERSION PROPERTIES
with
K
8= Z sAt2 for some eigenvalue s of ML A.

k:0

From the definition of cg, it follows that |3] < 1 for all possible 3, if
At 00 (MTA) < ck, so if At < \/CK/O'max(M_lA). From Theorem
4 A Tlit then follows that this scheme is stable. O

Remark 4.A.3. The values of cx can be computed numerically. For ex-
ample, cx = 4,12,7.57 for K = 1,2, 3, respectively.



Chapter 5

New Higher-Order Mass-Lumped
Tetrahedral Elements for Wave
Propagation Modelling]

5.1

Wave propagation modelling has many applications in the fields of struc-
tural mechanics, electromagnetism and geosciences. In many of these ap-
plications, waves need to be modelled on a large and complex 3D geometry

Abstract

We present a new accuracy condition for the construction of con-
tinuous mass-lumped elements. This condition is less restrictive than
the one currently used and enabled us to construct new mass-lumped
tetrahedral elements of degrees 2 to 4. The new degree-2 and degree-
3 tetrahedral elements require 15 and 32 nodes per element, respec-
tively, while currently, these elements require 23 and 50 nodes, re-
spectively. The new degree-4 elements require 60, 61, or 65 nodes
per element. Tetrahedral elements of this degree had not been found
until now. We prove that our accuracy condition results in a mass-
lumped finite element method that converges with optimal order in
the L2-norm and energy-norm. A dispersion analysis and several nu-
merical tests confirm that our elements maintain the optimal order of
accuracy and show that the new mass-lumped tetrahedral elements
are more efficient than the current ones.

Introduction

that requires a fast and robust numerical algorithm.

! Accepted for publication as: Geevers, S., Mulder, W.A. & van der Vegt, J.J.W.
(2018). New Higher-Order Mass-Lumped Tetrahedral Elements for Wave Propagation

Modelling. SIAM Journal on Scientific Computing.
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The oldest and most popular algorithm is the finite difference method,
which approximates the wave field on a uniform grid. This method is
relatively easy to implement and is very efficient on simple geometries.
However, its accuracy quickly deteriorates if the grid points are not aligned
with sharp material interfaces and boundaries of the domain. A good
alignment is often not possible with uniform grids.

Unstructured meshes, on the other hand, offer more geometric flexibility
and can be properly aligned with many complex geometries. Such meshes
can be used with finite element methods. While more difficult to implement
and requiring more computations, the finite element method can remain
accurate on very complex geometries when using a proper mesh. When
applied with mass lumping, the finite element method can in such cases
become more efficient than the finite difference method [81].

Mass lumping is important for applying the finite element method to
wave propagation problems, since it allows for explicit time-stepping. When
using an explicit time integration scheme, the finite element method re-
quires the solution of a linear system Mx = b, with M the mass matrix,
at every time step. When using the classical finite element method, the
mass matrix is large and sparse, but not (block)-diagonal. This makes the
numerical scheme very inefficient for large-scale simulations. Mass lumping
avoids this problem by lumping the mass matrix M into a diagonal matrix.
Usually, this is done with nodal basis functions and an inexact quadrature
rule for M with quadrature points that coincide with the basis functions
nodes.

For quadrilaterals and hexahedra, mass lumping is relatively straight-
forward and is accomplished by using tensor product basis functions and
Gauss—Lobatto quadrature points. The resulting method is known as the
spectral element method. Quadrilaterals and hexahedra, however, offer less
geometric flexibility than triangles and tetrahedra.

For linear triangular and tetrahedral elements, mass lumping is done
using standard Lagrangian basis functions and a Newton—Cotes integra-
tion rule. For higher-degree triangular and tetrahedral elements, however,
this approach results in instabilities, a singular mass matrix, or a subop-
timal convergence rate. The Newton—Cotes rule for quadratic triangular
elements, for example, has zero weights at the vertices, resulting in a singu-
lar mass matrix. This can be resolved by enriching the quadratic element
space with a cubic bubble function that vanishes on all edges and by adding
an additional node at the centre of the triangle [29]. By enriching the el-
ement space with higher-degree bubble functions and combining it with a
suitable quadrature rule, mass-lumped triangular elements were also ob-
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tained for degrees 3 [16, [I5], 4 [51], 5 [11], 6 [53], and 7 to 9 [49, 17]. For
tetrahedra, mass lumping can be accomplished in a similar way by adding
higher-degree face and internal bubble functions to the element space. So
far, this has resulted in mass-lumped tetrahedral elements of degrees 2 [51]
and 3 [I1].

In this chapter, we show that the accuracy condition that was imposed
on the quadrature rules of these higher-degree triangular and tetrahedral
mass-lumped elements is too strong. This condition is that the quadrature
rule of a degree-p element should be exact for polynomials up to degree p+

p' —2 [12], where p’ > p is the highest polynomial degree of the functions in
the enriched element space. Instead, we show that for p > 2 the quadrature
rule only needs to be exact for functions in U ® Pp—2, with U the enriched
element space and P,_» the set of polynomials up to degree p—2. We prove
that by satisfying this condition, the finite element method can maintain
an optimal order of convergence in the L?-norm and energy-norm.

This new accuracy condition enabled us to develop several new mass-
lumped tetrahedral elements of degrees 2 to 4. The new elements of degrees
2 and 3 require 15 and 32 nodes per element, respectively, while the current
versions require 23 and 50 nodes, respectively. Our degree-4 elements re-
quire 60, 61 or 65 nodes. Mass-lumped tetrahedral elements of this degree
had not been found until now. A dispersion analysis and various numer-
ical tests confirm the optimal order of convergence of these methods and
show that the new mass-lumped tetrahedral elements are significantly more
efficient than the current ones.

Although this chapter focuses on wave propagation problems, more gen-
erally, mass lumping is useful for solving any type of evolution problem that
requires explicit time-stepping. It is also useful for efficiently computing
higher-order derivatives, which appear, for example, in the Korteweg—de
Vries equation [50].

This chapter is constructed as follows: In Section we present the
scalar wave equation and the classical finite element method. In Section
we explain mass lumping. The stability is analyzed in Section
In Section we present our new accuracy condition for the quadrature
rule for the mass matrix and prove that, if this condition is satisfied, the
mass-lumped finite element method can maintain an optimal order of con-
vergence. This condition enabled us to derive several new mass-lumped
tetrahedral elements of degrees 2 to 4, presented in Section We ana-
lyze the dispersion properties of these new methods in Section and test
the methods numerically in Section In both sections we compare the
new methods with existing finite element methods. Finally, we present our
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main conclusions in Section (5.8

5.2 The scalar wave equation and classical finite
element method

In this chapter, we mainly focus on the scalar wave equation, which serves as
a model problem for more complex wave problems such as the elastic wave
equations and Maxwell’s equations. Let Q C R3 be a 3D open bounded
domain, with Lipschitz boundary 992, and let (0,7) be the time domain.
The scalar wave equation can be written as

pOiu =V -cVu+ f in Q x (0,7), (5.1a)
u=20 on 01}, (5.1b)
uli=0 = uo in Q, (5.1c)
Opu|i=0 = vo in Q, (5.1d)

where u : © x (0,7) — R is the unknown scalar field, V is the gradient
operator, p,c: ) — R are positive scalar fields, and f: Q2 x (0,7) — R is
the source term. We assume that the parameters p and c are bounded by
po < p < p1and ¢y < ¢ < ¢ for some positive scalars pg, p1, o, c1 € RT.

This equation can be solved with the finite element method, which
is based on the weak formulation of (5.1). Assume the initial conditions
satisfy up € HE(Q) and vy € L*(Q) and assume the source term satis-
fies f € L? (O,T; L2(Q)). Here, L%(f)) denotes the space of square in-
tegrable functions on (2, H& denotes the Sobolev space of functions on
Q) that are zero on 9€) and have square integrable weak derivatives, and
L?(0,T;U), with U a Banach space, denotes the Bochner space consist-
ing of functions f : (0,7) — U such that ||f(¢)||y is square integrable
in (0,7). The weak formulation of is finding u € L2(0,T; H}(Q)),
with dyu € L?(0,T5L*(Q)) and 8y(pdu) € L*(0,T; H1()), such that
ult=0 = uo, Oyuult—p = vg, and

(9 (pdsu), w) + a(u,w) = (f,w) for all w € H}(Q), a.e. t € (0,T). (5.2)

Here, (-,-) denotes the pairing between H~(Q) and H} (), (+,) denotes
the L2(Q) inner product, and a(-,-) : Hi(Q) x H}(2) — R is the elliptic
operator given by

a(u,w) = / cVu - Vw dz.
Q
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Because of the boundedness of p, it follows that the norm ||u||% = (pu,u)
is equivalent to the standard L?(Q)-norm. It can then be proven, in a way
analogous to [46, Chapter 3, Theorem 8.1}, that is well-posed and has
a unique solution.

The solution of can be approximated by the finite element method.
Let 7T;, be a tetrahedral tessellation of €2, with A the diameter of the smallest
sphere that can contain each element in 7, and let Uj, denote the finite
element space consisting of continuous functions that are polynomial of
degree at most p when restricted to a single element:

U = {u € H}(Q) | ule € Py(e) for all e € Tp},

where P, denotes the set of all polynomials of degree p or less. The classical
conforming finite element method is finding wy, : [0,7] — Uy, such that
up|t=0 = pug, Opupli=o = Ipvo, and

(pOup, w) + a(up,w) = (f,w) for all w € Uy, ae. t € (0,T), (5.3)

where ITj, : L?(Q2) — Uy, is the weighted L? projection operator defined
such that (pIlju, w) = (pu,w) for all w € Uy,

This can be rewritten as a set of ODEs using a linear basis {w; }?_; of U,
For any function v € Uy we define u € R™ as the vector of coeflicients such
that u = """ | u;w;. The finite element method can then be formulated as
solving uy, : [0,7] — R™, such that uy|i—o = Hnug, duy|i—o = ILve, and

Mot + Au,, = f* for a.e. t € (0,7), (5.4)

where M, A € R™ "™ are the mass matrix and stiffness matrix, respectively,
given by M;; 1= (pw;, w;), Aij == a(w;,w;) for all 4,j =1,...,n, and f* €
L?(0,T;R"™) is the source vector, given by ff := (f,w;), for i = 1,...,n,
a.e. t € (0,7).

When using an explicit time integration scheme, a system of the form
Mx = b needs to be solved at every time step. Typically, the mass matrix
M is large and sparse, but not (block)-diagonal, resulting in a very inef-
ficient numerical scheme. A diagonal mass matrix can be obtained by a
technique known as mass lumping. We will discuss this in the next section.

5.3 Mass lumping

Mass lumping is usually done with nodal basis functions and an inexact
quadrature rule for the mass matrix. A diagonal matrix is obtained when
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the integration points coincide with the nodes of the basis functions. How-
ever, when using elements of degree p > 2, this technique does not result
in a stable and accurate finite element scheme. For example, for stan-
dard quadratic Lagrangian basis functions combined with a Newton—Cotes
quadrature rule, the weights at the vertices of the quadratic tetrahedral
element become negative, resulting in unstable modes.

To overcome such problems, the elements are enriched with higher-
degree face and interior bubble functions. These enriched elements are
still affine-equivalent to a reference element €. We can therefore write the
discrete space in the form

Up = Hy(Q) N U(Th,U),
where

UTh,U) :=={ue H'(Q) | uo ¢, € Utor all e € T},

with ¢ : € — e the reference-to-physical element mapping, and U the
reference space. If U = Pp(€) we obtain the standard elements of degree
p. To obtain enriched elements, we set U = Py(é) @ U 1= {u | u =
w + ut for some w € Py(é),ut € UT}, with U a space of higher-degree
face and interior bubble functions.

A nodal basis and quadrature rule for U, can be constructed from a
nodal basis and quadrature rule for the reference space U. In the next two
subsections we will discuss this in more detail.

5.3.1 Nodes and nodal basis functions

A nodal basis for a space Uy, consists of a set of nodes Qj, and corresponding
basis functions {wx }xeg, , such that span{wy }xco, = Un and wx(y) = oxy
for all x,y € Qp, where dyy denotes the Kronecker delta. This means that
each basis function equals one at one particular node and zero at all the
other nodes.

A common way to construct such a nodal basis for the space U (T, U ) is
using a nodal basis {1} g for the reference space U. The element nodes
Q. are obtained by mapping the reference nodes to the physical element:
Qe 1= {¢e(X)}3c5- The nodal basis functions of this element, {wex}xeo.:
are obtained by mapping the reference basis functions to the physical ele-
ment. We can write these functions as we x := W 61 (x) © <z>g1. The set of
global nodes Qp, is the union of all element nodes and the corresponding
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global basis functions are obtained by concatenating the corresponding el-
ement basis functions. Formally, we define the global nodal basis functions
{wx }xeq, as follows:

- —1
Wle = {wégl(X) B, (5.5)

0, otherwise,

for all x € Oy, where Ty denotes the set of elements containing or adjacent
to x. To ensure that these global basis functions are well defined and
continuous, we need to impose the following additional conditions on o)
and {ﬂ)g}ie Q:

gl =0 forall fe F,xe Q\ f, (5.6)

and
Q=s(9Q) for all s € S, (5.7a)
Wg = ﬂ)s(;{) oS for all s € S, (57b)

where F is the set of reference faces and S is the set of all affine mappings
that map € onto itself. Condition implies that if a basis function is
zero at the nodes on a face, then it should be zero on the entire face, and
condition implies that the set of element nodes and basis functions are
symmetric and do not depend on the choice of ¢.. A proof that {wx}xeo,
is indeed a set of well-defined and continuous nodal basis functions is given
in Lemma [5.A2] and Theorem [(5.A3]

It remains to incorporate the Dirichlet boundary condition up|sq = 0.
If up € U(Ty, ﬁ) = span{wy }xc0,, then, because of , this condition is
satisfied when uy, = 0 at all nodes on 9f2. A nodal basis for U}, therefore
consists of all interior nodes Qp, \ 992 and corresponding basis functions

{wx}xeo,\00-

5.3.2 Quadrature rule

To obtain a diagonal mass matrix, we approximate the integrals with an
inexact quadrature rule with integration points that coincide with the nodes
of the nodal basis.

Let Q¢ := {¢c(X)};cg be the set of nodes on e, and let {wex}xeg, be
a set of corresponding weights. Together, the weights and nodes form a
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quadrature rule for the element. The quadrature rule is used to approxi-
mate the integrals of the mass matrix at the element as follows:

(pu,w)e = /puw dr ~ Z We xPe(X)u(x)w(x) =: (pu,w)o,, (5.8)
¢ xX€Q,

where p. := ple denotes the scalar field p restricted to element e. We
assume that p is continuous within each element, which implies that the
approximation above is well defined. The global product (pu,w) is then
approximated by

(o, 0) = (p w)gy = 3 (s w)a.. (5.9)
e€Th

Now let wy, wy, with x,y € Qp,, be nodal basis functions as described
in the previous subsection. The corresponding mass matrix entry is given

by

(pr7 wY)Qh = 5xy Z WE,Xpe(X)v (5'10)
e€Tx

This implies that the mass matrix is diagonal with entries of the form
2667; We,xpe(x)'

The quadrature rules can be constructed from a reference quadrature
rule. This rule consists of the reference nodes Q and a set of weights
{Wz}zc5 and approximates integrals on the reference element as follows:

e e~ g~ e~
(pu,w)e = H [ i di = 15 ),

with |e| the volume of e, || the volume of €, and p := pod,, U := uog, W :=
wo@e. This approximation is the same as when we x = (|e|/\é|)w¢e_1(x).

Now that we have introduced the quadrature rules for the mass matrix,
we can present the mass-lumped finite element method.
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5.3.3 Mass-lumped finite element method

Assume that p € CO(Ty), uwo € HE(Q) NCY(Q), vo € CH(Q), and f €
L?(0,T;¢°(Q)). Here, C°(Ty) denotes the set of functions that are in C%(€)
when restricted to e. The mass-lumped finite element method is finding
up, ¢ [0,T) — Up, such that up|i=o = Ipuo, Opup|i=0 = Ipvo, and

(pO2up, w)o, + alup,w) = (f,w)g, forallw e Uy, ae. te (0,T),
(5.11)

where I, : C°(Q) — U(Ts,U) denotes the interpolation of a continuous
function by a function in U(7p, U) through the nodes of Qj,.

To write this as a set of ODEs, let {x(¥}?_, = 9}, \ 9Q be a numbering
of all interior nodes, and define w; := wy for all 7 = 1,2,...,n. Then
the mass-lumped finite element method can be formulated as solving uy, :
[0,T] = R™ such that u,|¢=o = Inuo, Oruy|i—0 = Invo, and

Md?u, + Auy, = f* for a.e. t € (0,7), (5.12)

where M;; = (pwi,wj)g,, Aij = a(w;,w;) for all 4,5 = 1,...,n, and
i = (f,wi)g,, fori=1,...,n,ae. t e (0,7). From (5.10) it follows that
M is now a diagonal matrix that can be written as

Mij=6ij ) Wexinpe(x?), iLj=1,...,n. (5.13)
€T (i)

This set of ODEs can be efficiently solved using an explicit time integration
scheme such as the second-order leap-frog scheme or a higher-order Dablain
scheme [I§], which is a type of Lax—Wendroff scheme [45] for second-order
wave equations.

In the next sections we analyze the stability and accuracy of the mass-
lumped finite element method and derive conditions for the quadrature
rules.

5.3.4 Stability of the mass-lumped finite element method

To analyze the stability of the mass-lumped finite element method, we look
at the behavior of the discrete energy. Consider the mass-lumped method
given in (5.11)) and substitute w = dyu to obtain

OBy, = (f,0u)g, for a.e. t € (0,7),
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where Ej, = $(pdu, 0ju)g, + 3a(u,u) is the discrete energy. This im-
plies that the discrete energy remains bounded when the source term f is
bounded and that the discrete energy is conserved when there is no source
term.

For stability it then remains to show that the discrete energy is a well-
defined energy. This means that (pv,v)g, + a(u,u) > 0 for all u,v € Uy,
(u,v) # 0, which is the case when (pu,u)g, > 0 for any v € Uy, u # 0.
Since we can write (pu,u)g, = u'Mu, this is satisfied when M is positive
definite. From it follows that this is the case when all weights of the
quadrature rules are strictly positive, which is the case when the weights
of the reference quadrature rule are strictly positive.

5.4 Accuracy of the mass-lumped finite element
method

5.4.1 A less restrictive condition on the accuracy of the
quadrature rule

Let Uy, = U(T;,U), with U = P,(é) @ U™, be the finite element space
constructed as in Section where p > 2 denotes the degree of the fi-
nite element method and UT C P (€) is the space of higher-degree face
and interior bubble functions. Also, let the quadrature rule for the mass
matrix be based on a reference element quadrature rule as described in
Section We will prove that an optimal convergence rate of the mass-
lumped finite element method is obtained when all weights of the reference
quadrature rule, {&g};c g, are strictly positive and

/ Fai =3 axf(x) for all f € Py_s(é) @ U, (5.14)

¢ %€Q

where P, 2(6) ® U := {f | f = wu for some w € P,_2(€),u € U}. This
means that the quadrature rule of the reference element should be exact for

products of the reference basis functions and polynomials of degree p — 2.
Until now, the condition used for the accuracy of the quadrature rule was

/j dz =Y wxf(x), for all f € Pyypy_2(é), (5.15)
€ %x€0

(see, for example, [16, [51],[11]), so it was imposed that the reference quadra-
ture rule should be exact for functions in P,y,_2(€), with p’ the highest
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polynomial degree of the enriched space, which turns out to be significantly
more restrictive for tetrahedral elements. By using instead of
we are able to develop new mass-lumped elements that require significantly
fewer nodes.

In the next subsections we will prove that the convergence rate of the
mass-lumped finite element method remains optimal under the less severe
condition . The novel part of the proofs is the bounds on the in-
tegration error, derived in Section [5.4.3] This is the only part where we
explicitly use condition . Using these bounds, we can prove optimal
convergence in a rather standard way.

5.4.2 Some norms and interpolation properties

For the convergence analysis, we use multiple interpolation properties,
which we will present in this subsection. Also, to make the analysis more
readable, we will use C' to denote some positive constant that may depend
on the regularity of the mesh, the reference space U, the reference quadra-
ture rule, the domain €2, and the parameters p, ¢, but does not depend on
the mesh resolution h, the time interval (0, T"), or the choice of the functions
that appear in the inequality.

Let H*(Q), with k > 1, denote the Sobolev space, consisting of func-
tions with square integrable order-k weak derivatives equipped with norm

lull == I1D%ul, k=1,
|| <k
where || - [|o denotes the standard L?(£2)-norm, and D® := 9795295 de-
notes a higher-order partial derivative of order |a| := a1 + a3 + a3. Also

let H*(73,), with k > 1, denote the broken Sobolev space, consisting of
functions that belong to H*(e) when restricted to element e, for all e € Tp,.
We equip this space with the norm

lulF p =D llulZe =D | D 1D%uliZ ], k>1

e€Th e€Th \|a|<k

Now let I, : C°(Q) — U(T5,U) denote the interpolation by a function
in U(Ty, U ) through the nodes of Q. This interpolation operator is well
defined for functions in H2(T;,) N HY(Q), since H%(e) C C°(€) when e is a
3D element, and therefore H?(7,) N H(2) € C°(Q). For this interpolation
operator, we can present the following approximation properties:
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Lemma 5.4.1. Let p > 2 be the degree of the finite element space and let
u € HY Q)N H*(T;,) with k > 2. Then

HU - IhuH'Th,l < Chmin(p—’_l’k)_lHuHTh,min(p—‘rl,k)v I < mln(p +1, k)
Proof. This result follows from [12, Theorem 3.1.6]. O

Now assume that the weights for the reference quadrature rule are all
strictly positive. For any function in H'(€2) N H?(7},), we can then define
the following discrete L? seminorm:

[ul, = (u,u)g,.

This discrete seminorm is well defined, since H'(Q) N H?(T,) C C%(Q) as
mentioned before. This becomes a full norm, || - ||g,, that is equivalent to
the L?-norm, for functions in Uy:

Lemma 5.4.2. If all the weights of the reference quadrature rule are strictly
positive, then

C_lHuHo <lullg, < Cllullo for all u € Uy, (5.16)

Proof. Since the function space of the reference element U := span{mg}ieé
is finite-dimensional, and since all weights of the reference quadrature rule
{(’Di}ieé are positive, there exists a constant C' > 0 depending on the

reference quadrature rule and function space U , such that
Calle < llallg < Cllale for all 4 € U.

~ 2 e ~ ~ _ .
where ||u]] 5= (,1)5. Then 1} follows from the relations

2 lel )~ 2 2 lel) - 2
lulld =" EHueHe’ lulld, = @HueH 5,
e€Th e€Th
where U, := u 0 @,. O

Now let I}, , : L*(Q) — P,4(Tp) denote the L2-projection onto the space
of piecewise nonconforming polynomials of at most degree ¢:

Py(Th) :={u € L*(Q) | ul. € P,(e) for all e € Ty}

We then present the following interpolation properties:
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Lemma 5.4.3. Let u € H*(T;) with k > 2, and let ¢ > 0. Then
lu = Thhgully < CR™™ N 7, i (5.17)

Furthermore, if also w € HY(Q), if p > max(q,2) is the degree of the finite
element space, and if all the weights of the reference quadrature rule are
strictly positive, then

lu — I qulg, < Chmin(a k) HUHﬂnmin(qH,k)' (5.18)

Proof. The first inequality, (5.17)), follows from [I2, Theorem 3.1.6]. The
second inequality can be derived as follows:

lu — Up qulg, = [Tpu — p qulg,
< C|[Ipu — 1y qullo
< C([Hpu — ullo + [Ju — IIp qullo)

< CRMREHLR) |l m a1k

where we used Lemma in the second line, the triangle inequality in
the third line, and Lemma [5.4.1| and ([5.17)) in the last line. O

5.4.3 Bounds on the integration error

In this section we will derive some useful bounds on the error of the quadra-
ture rules for the mass matrix. The proofs of these bounds will be the only
cases where we explicitly use the accuracy condition of the quadrature rule,
given in . Using these results we can prove optimal order of conver-
gence of the mass-lumped finite element method in a rather standard way.

Let u,w € H?(Tp), and let r4(u,w) := (u,w) — (u,w)g, be the inte-
gration error of the mass matrix. We can derive the following bounds on
Th:

Lemma 5.4.4. Let p > 2 be the degree of the finite element space, u €
HE(Q) with k > 2, and w € Uy,. If the reference quadrature rule satisfies
and if all its weights are strictly positive, then

7 (u, w)| < CR™ PPl i o 0] 1 (5.19)
and

[ra(u, w)| < CR™™FF | i1 gy [[0]l75,2. (5.20)
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Proof. Using 1) and the fact that P,_2(€) ® U> Py(€) for p > 2, we

can write

rh(u,w) = rp ((u = My pqu) + [y p1u — My p_ou) + I 0w,
(w — Ty ow) + I ow)
=rp(u— I poqu, w) + rp (Il pou — I, p_ou, w — I pw).

From this, the Cauchy—Schwarz inequality, and Lemma we can then
obtain (5.19)).

Using (5.14)), we can also write

rp(u, w) = rh<[(u — I pu) + (I pu — p poqu) + (I pyu — Ip, pou)+

Hh’p_gu], [(w — Hth) + (Hh,lw — thow) + thow])

= rp(u —IIp, pu, w) + rp (I pu — p pogu, w — I, gw)+

Th(pp—1u — M pou, w — p, jw).

From this, the Cauchy—Schwarz inequality, and Lemma [5.4.3] we can then
obtain (|5.20)). 0

5.4.4 Optimal convergence for a related elliptic problem

To prove optimal convergence of the mass-lumped finite element method,
we first prove optimal convergence for a related elliptic problem.

Let v € H?(T3). The elliptic problem related to , is finding u €
H(Q) such that

a(u,w) = (v,w) for all w € HY (). (5.21)

This problem is well defined since a is coercive and bounded with respect to
the H'(Q)-norm, which follows from the boundedness of ¢ and Poincaré’s
inequality.

The related mass-lumped method for solving this problem is finding
uy, € Uy, such that

a(up, w) = (v,w)g, for all w € Up,. (5.22)

In the next theorems we prove optimal convergence of this method in
the H'-norm and L?-norm.
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Theorem 5.4.5 (Optimal Convergence in the H'-norm). Let u be the

solution of and uyp, the solution of , with p > 2 the degree of
the finite element space. Also, let ky, ky, > 2, u € H*(Q), and v € H* ().

If the reference quadrature rule satisfies and if all its weights are

strictly positive, then
= wnlly < CR R (1) + [olhmin))- (5:23)
Proof. By definition of v and up, we have
a(u — up,w) = rp(v,w) for all w € Up,.
By choosing w = Iu — up we can then obtain
a(Ipu — up, Inu — up) = —a(u — Inu, Inu — up) + rp(v, Iyu —up). (5.24)
From the coercivity of a it follows that
| Thu — up || < CalIyu — up, Iyu — up). (5.25)
From the boundedness of a and Lemma [(.4.] it follows that
laluw — Iy, Ty — wn)| < CH™ 5D o o | e — w1 (5.26)
Using Lemma we obtain
[ (v, Iy = up)| < CR™ ™R o] i ) [ e — 1. (5.27)

Combining ([5.24)), (5.25)), (5.26)), and (5.27) then gives

[ Thu — uplli < Chmin(p’kuiLkv)(Hu”min(erl,ku) + [Vl min(p,k,))- (5:28)

From Lemma [B.4.1] it also follows that

lu — Ipully < CR™™ PR D gl ot k) - (5.29)
Combining (5.28) and (5.29) then results in (5.23). O

To prove optimal convergence in the L?-norm, we make the following
regularity assumption: for any v € L?(Q), the solution u of (5.21) is in
H?(Q2) and satisfies

[ulla < Cllofo- (5.30)

This is certainly true if 92 is C? and ¢ € C1(9).
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Theorem 5.4.6 (Optimal Convergence in the L?-norm). Let u be the so-

lution of and uyp, the solution of , with p > 2 the degree of the
finite element space. Also, let ky, ky > 2, u € H*(Q), v € H*(Q), and as-

sume that the reqularity condition holds. If the reference quadrature
rule satisfies and if all its weights are strictly positive, then

lu —upllo < Chmin(p+1’k“’k”)(HUHmin(pH,ku) + [V min(p+1,k0))  (5:31)
and
|u — uplo, < Chmin(p+1’k“’k”)(||U||min(p+1,ku) + [V min(p+1,k0))- (5:32)
Proof. Let z € H}() be the solution of
a(z,w) = (u — up, w) for all w € HL(Q).

From the regularity assumption it follows that z € H?(Q2) and |z[s <
C|lu — upllo. Using the definition of z, u, and uy, we can also write

lu — upl|§ = a(u — up, 2)

a
a(u —up, z — Inz) + a(u — up, Ipz)
a(u —up,z — Inz) + rp(v, Ipz). (5.33)

Using the boundedness of a, Theorem Lemma and the regu-
larity assumption, we obtain

la(u — up, z — Ipz)| < Cllu — upll1|lz — Inz|1

< ORI RAD (a1 )+ [ollming) e — wnllo. (5.34)

From Lemma Lemma [5.4.1) and the regularity assumption it also
follows that

(v, Ipz)| < CRPREFLED |y || ot gy [l — o (5.35)

Combining (5.33)), (5.34), and (5.35)) results in ([5.31).
To derive (5.32)), we use Lemma to obtain

lu —unlg, = [hu — unllg, < Cl[Ipu — upllo-

Combining this inequality with (5.31)) and Lemma results in ((5.32)).
O
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5.4.5 Some additional norms and interpolation properties

In order to analyze the convergence for the time dependent problem, we
need to introduce an additional projection operator and some additional
function spaces.

Let L denote the spatial operator L := —V - ¢V, and let u € H}(Q)
with Lu € C°(Q2). We define the projection m,u € Uy, to be the solution of

a(mpu, w) = (Lu,w)g,, for all w € Uy,

We can derive the following interpolation property of this projection oper-
ator:

Lemma 5.4.7. Let p > 2 be the degree of the finite element space, and
let ¢ € C*(Q) and v € H}(Q) N HE2(Q), with k > 2. If the reference
quadrature rule satisfies and if all its weights are strictly positive,
then

Hu - Whuul < Chmin(p,k)Hu”min(p—i-2,k+2)a

Moreover, if reqularity condition also holds, then

hmin(p+1,k

|u — mpullo < C )||u||min(p+3,k+2)a

hmin(erl,k:

lu — WhU‘Qh <C )Hu||min(p+3,k+2)-

Proof. From partial integration it follows that a(u,w) = (Lu,w) for all
w € H(Q). Also, by definition of the projection we have a(mpu,w) =
(Lu,w)q, for all w € Up. The inequalities then follow from Theorem
and Theorem by taking v = Lu, k, = k + 2, k, = k, and using the
bounds || Lu|q < C|lul|g+2 for ¢ < k. O

We also extend the spaces H*() to Bochner spaces L>(0,T; H*(1)),
equipped with norm

[ulloo,r := ess sup |[ul|g.
te(0,T)

5.4.6 Optimal convergence of the mass-lumped finite
element method

In this section we prove the optimal convergence of the mass-lumped finite
element method for the wave equation. We first derive an equation for the
behavior of the numerical error and then prove optimal convergence in the
energy-norm and L?-norm.
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Lemma 5.4.8 (Error Equation). Let u be the solution of and let
up, be the solution of . If p € CUQ), d?u € L2*(0,T;CH(Q)), and
f € L*0,T;C°(%)), then Lu € L*(0,T;C°(Q)), and

(pat?ehvw)Qh + a(efhw) = _(pagehvw)gh (5'36)

for all w € Uy, and almost every t € (0,T), where ey := mpu — up and
€Ep = U — TTRHU.

Proof. Since p is bounded and continuous, pd?u € L*(0,T;CJ(f2)). Since
also f € L%(0,T;C%(Q)), it follows that Lu € L?(0,7;C%(2)) and pd?u +
Lu = f. This implies

(PO} u, w)g, + (Lu,w)g, = (f,w)g,

for all w € Uy, and almost every t € (0,7). Using the definition of 7pu we
can then obtain

(pOfu, w)g, + almpu,w) = (f,w)o,

for all w € U, and almost every ¢t € (0,7"). By definition of u;, we have

(pal?uhvw)gh + a(uha U}) = (fvw)Qh

for all w € Uy and almost every ¢t € (0,7). Subtracting this from the
previous equality and reordering the terms results in (5.36)). O

Theorem 5.4.9 (Optimal Convergence in the Energy-Norm). Let u be
the solution of and let up, be the solution of , with p > 2 the
degree of the finite element space. Let p € C(Q), f € L*(0,T;C°(Q)), and
let ¢ € CFL(Q), u, O, 0?u € L>®(0,T; H*2(Q)) for some k > 2. Also,
assume that reqularity condition holds. If the reference quadrature
rule satisfies and if all its weights are strictly positive, then

Hu - uh||oo71 + ||atu - 8tuhHoo,O < Chmin(p,k) (”uHoo,min(p+3,k+2)

+ 110vttl| oo min(p+3.5-+2) + TN 07U oo min(p+3.5+2)) - (5.37)

Proof. Define ep, := mpu — up, and €, := u — mpu. From Lemma [5.4.8] it
follows that

(pO7en, w)g, + alen, w) = —(pd} en, w)g,, (5.38)
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for all w € Uy, and almost every t € (0,7). By substituting w = dye;, we
can obtain

8tEh = —(patQEh, ateh)gh, (5.39)
for almost every t € (0,7, where Ej, := 1 (pdsen, den)o, +5alen, ep) is the
discrete energy. Fix T” € (0,T) and integrate (5.39) over (0,7”) to obtain

Tl
Eh‘t:T/ = Eh‘t:O — / (p&feh, 8t€h)Qh dt. (5.40)
0

Using the coercivity of a, the boundedness of p, and Lemma [5.4.2] we can

derive
lenlls + |lBsenllo < CEL?, ae. t € (0,T). (5.41)

From the Cauchy—Schwarz inequality, the bounds of p, Lemma and
Lemma [5.4.2] we can also obtain

(PO ens Bren) o, < CH™ PRl i 149) 1 Been o, (5.42)

for almost every ¢ € (0,7). Finally, we can use Lemma Lemma[5.4.7]
and the boundedness of p and a to obtain

1/2 min
Ey?|imo < CR™ P8 (||| o min(prsbr2) + |10t lsominprspsa))-  (5:43)

By taking the supremum of (5.40) for all 77 € (0,7T) and using (5.41)),
(5.42), and (5.43]), we can obtain

lenlloc,s + 10kenllocn < CR™™ PR ([l og mingps.542)

+ HatuHoo,min(p-i-S,k-i-Q) + Tuagu"oo,min(p-&-?),k-i—m)- (5-44)
Using ((5.44)) and Lemma we obtain ([5.37)). O

Theorem 5.4.10 (Optimal Convergence in the L2-Norm). Let u be the
solution of and let up be the solution of , with p > 2 the degree
of the finite element space. Let p € C(Q), f € L*(0,T;C%(Q)), du €
L%(0,T;C3()), and let ¢ € C*1(Q), u, dyu, € L°(0,T; H*+2(Q)) for some
k > 2. Also, assume that regularity condition holds. If the reference
quadrature rule satisfies and if all its weights are strictly positive,
then

HU - Uh”oo,O < Chmin(erl,k) (Hu”oo,min(p+3,k+2) + THatu‘|oo,min(p+3,k+2)) .
(5.45)
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Proof. Define ep, := mpu — up, and €, := u — mpu. From Lemma [5.4.8] it
follows that

(003 ensw)a, + alensw) = —(pdPen, w)a, (5.46)

for all w € U, and almost every ¢ € (0,7). Fix T" € (0,T") and choose w as

T/
w\t:t/ = / (&% dt.
t/

This implies that w|;—7» = 0 and dyw = —ey,. Using the relations

1
(09 en, w)g, = Bi(pdhen, w)g, + S0(pensen)ay,
1
alep,w) = —§8ta(w,w),
—(pagéh, w)Qh = _at(pateha w)Qh - (patelw eh)Qh?

we can rewrite ((5.46)) as

1 1
§3t(peh, en)o, = §8ta(w,w) — 0y (pOh(u — up), w) o) (pOren, en) oy,
(5.47)

for almost every t € (0,7). Integrating (5.47)) over (0,7”) and using the
fact that w|;—p» = 0 and Oy(u — up)|t=0,zc0, = 0 results in

1
i(pef”eh)Qh‘t:T’ =
1 1 '
E(pem 6h)Qh‘t:0 - ia(w7 w)‘t:() - (patfha eh)Qh dt. (548)
0

From the boundedness of p and Lemma it follows that
lenllo < Clip'?enllo, a.e. t € (0,7). (5.49)

Because of the coercivity of a we have

1
—§a(w,w)|t:0 < 0. (5.50)

From the Cauchy—Schwarz inequality, the bounds of p, Lemma [5.4.7] and
Lemma [5.4.2] we can also obtain

[(pOsen, en)a,| < CR™™ PR 10| in o3 kt2) llen o, (5.51)
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for almost every ¢ € (0,7"). Finally, we can use Lemma Lemma [5.4.7]
and the boundedness of p to obtain

1o Zenle=olly < CR™ P |lull g rmingp3.412)- (5-52)

By taking the supremum of (5.48) for all 77 € (0,7) and using (5.49),

(5.50), (5.51f), and (5.52), we can obtain

H6h||oo,0 < Chmin(p—i—l,k) (||u”oo,min(p+3,k+2) + T||atu||oo,min(p+3,k+2)) .
(5.53)

Using (5.53) and Lemma we obtain (5.45]). O

5.5 Several new mass-lumped tetrahedral
elements of degrees two to four

In this section, we present several novel mass-lumped tetrahedral elements
for degree p = 2,3,4. The new degree-2 and degree-3 elements use 15 and
32 nodes per element, respectively, while the current elements for these
degrees require 23 and 50 nodes, respectively [51], [I1I]. We also introduce
several degree-4 elements, requiring 60, 61, and 65 nodes. Mass-lumped
tetrahedral elements of degree 4 had not been found until now.

Table 5.1: Degree-2 mass-lumped tetrahedral element with 15 nodes.

Nodes n w Parameters
{0,000} 4 55 -
{(3:3,00} 6 355 -
{550} 4 =5 -
{(Lo1)) 1 3 -

U= 7)2 D Bf @Be — {xlaxlx2aﬁf7/8€}

We present the mass-lumped tetrahedral elements using the reference
tetrahedron with vertices at (0,0,0), (1,0,0), (0,1,0), and (0,0, 1). In pre-
vious sections we used a tilde to denote coordinates and sets in the reference
space, but since we only consider the reference space in this section, we will
drop the tilde for readability.
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Table 5.2: Degree-3 mass-lumped tetrahedral element with 32 nodes.

Nodes n w Parameters
{(0,0,0} 4 452
{(@.0.0)) 12 5 L

13720 6
{(0,b,0)} 12 102 =2
{(ceo)y 4 35 §

U="Ps®BfP1 & BPy = {w1,23w2, Brx1, Bex1}

U® P = {x1, 2300, 2323, Bra1, Brz122, Bex1, Ber122}

The nodes on the reference element are described using the notation
{x}, which denotes the node x and all equivalent nodes s(x), with s € S.
As shown in Lemma [5.A.1] any s € S can be represented by a permutation
of the barycentric coordinates. In this case, the barycentric coordinates
are given by the three Cartesian coordinates x1, xs, x3, and the addi-
tional coordinate x4 := 1 — x1 — 9 — x3, S0 any s € S can be written as
s(x1,x2,23) = (x5, x5, xk), with 4,5,k € {1,2,3,4}, 1 # j, i # k, j # k.
The barycentric coordinates of the node x = (%, %, %), for example, are
therefore given by ( %, %, %, %), and the set of equivalent nodes {x} consists
ot (5,10, 40 LD ma 1),

The reference function space, denoted by U, is the span of all nodal
basis functions and is described in terms of {w}, which denotes the span of
function w and all its equivalent functions w o s, with s € §. For example,
all equivalent functions of w = z1x9 are x1x9, 13, T1T4, Tox3, ToXy, and
x324, so {w} is the span of these six functions.

We assign the same weight to each equivalent node, so wx = wgy(x)
for all s € S. From this and properties and it follows that
if the quadrature rule is exact for a function w, then it is exact for all
equivalent functions in {w}. If we can describe a function space in the

form of {wy,ws,...,wy}, by which we mean the span of wi,ws,...,wy
and all their equivalent versions, this means the quadrature rule is exact
when it is exact for the N functions wq,ws, ..., wy.

To give an example, the degree-3 element, given in Table consists
of the nodes (0,0,0), (a,0,0), (b,b,0), (¢,¢,c), and all equivalent nodes,
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Table 5.3: Degree-4 mass-lumped tetrahedral element with 65 nodes.

Nodes n w Parameters

{(0,0,0)} 4 0.0001216042545112321

{(a,0,0)} 12 0.0004704124198744411 0.1724919407749086
(

{(1,0,0)} 6 0.0001767065925083475 -
{(b1,b1,0)} 12 0.001974748586596177  0.1474177969013686
{(b2,b9,0)} 12 0.001192465311769701  0.4540395272271067
{(3,1,0)} 0.001044697597634123 -
{(c1,c¢1,¢1)} 0.008841425190569096  0.1282209316290979
{(d,d, % —d)} 0.006891012924401557  0.08742182088664353

0.007499563520517103  0.3124061452070811
0.01057967149339721
U=Py®Bs(P2®By) ® Be(P2® By @ Be)
= {961,96%2,x%f’?%,ﬁfm,5f$1$2,512«75e90175e931$2,Beﬁfaﬁg}

{(c2,c2,¢2)}
{3 1))

I N = N

_ 2 3.2 ..3,..3 2 2,2 22 2
U ®P2 == {xhxleax1x27x1x275fx175fx1x275fx1m275fx176]"7;13327 e

oy B, Berina, Bexi a3, BeBrar, BeBrrize, Bix1, foa122}

and the function space for this element is given by U = P3 @ BsP1 © B.P1,
where By := {8} := {x1x223} are the face bubble functions and B, :=
{Be} := {w1222324} is the internal bubble function and where we used the
notation By Py, := By @ Py, BePy := Be ® Pg. The quadrature rule should
be exact for all functions in U ® Py, which can be written as

2 2 2
U® Py ={x1, 2122, 2723, Br21, Bra1xa, fex1, Bex122},

so as the span of 7 independent functions and all their equivalents. This
means the quadrature rule should be exact for these 7 functions. Since this
quadrature rule also has 7 parameters, namely 4 weights and 3 position
parameters a, b, ¢, this results in a system of 7 equations with 7 unknowns.
Solving this system results in the parameters given in Table

This approach has also been used to obtain the other elements presented
in this chapter. We have not yet found a systematic way to determine a
suitable function space U D P, with a suitable configuration of the nodes.
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Instead, we just tried multiple configurations and checked if the resulting
weights were all positive and the resulting nodes all lay on the reference
triangle.

The degree-2 element with 15 nodes, the degree-3 element with 32
nodes, and the degree-4 element with 65 nodes are given in Tables
and respectively. In these tables, n denotes the number of nodes
in the given equivalence class. Variants of the degree-4 element, requiring
only 60 and 61 nodes, are given in Section

In the next sections we test these new mass-lumped elements and com-
pare them with the current mass-lumped elements and several discontinu-
ous Galerkin approximations.

5.6 Dispersion analysis

In this section we analyze the dispersion properties of the mass-lumped
elements. The dispersion error is measured by the difference between the
propagation speed of physical and numerical waves and is one of the main
criteria to judge the quality of the finite elements for wave propagation
modelling. We will use it to obtain an indication of the required mesh
resolution for a given accuracy, and to compare different finite element
methods in terms of accuracy and numerical cost.

For the analysis we will follow the same procedure as in [30]. We con-
sider a homogeneous medium with p,c = 1 and consider physical plane
waves of the form

u = ei(m-xfout)7
where 7 := /=1 is the imaginary number, & is the wave vector, and w
is the angular velocity. Since p,c¢ = 1 we have a wave propagation speed
cp = 1. For a given wave vector k we compute all corresponding numerical
plane waves and determine the numerical wave with a propagation speed
cpn, = wp/|K| closest to the physical wave velocity. The dispersion error is
defined as the relative difference (cp — cpp)/cp. We then find the worst
case among all possible wave directions for a fixed wavelength A = 27/|k|.
We determine the dispersion error for different wavelengths and extrapolate
the results to obtain a relation between the dispersion error and number of
elements per wavelength.

To obtain the numerical plane waves we construct a periodic tetrahe-
dral mesh by packing a single parallelepiped cell with tetrahedra and then
repeating this pattern to fill the entire 3D space. An illustration of such a
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Figure 5.1: Single parallelepiped cell packed with tetrahedra (left), and a
repeated pattern of these cells (right).

mesh is given in Figure[5.1} Such a periodic mesh enables us to compute the
numerical plane waves using Fourier modes and by solving an eigenvalue
problem related to a single cell.

To do this, let g be the parallelepiped cell at the origin. We can write
Qo :=T-[0,1)3 = {y | y = T - xfor some x € [0,1)3}, with T € R3*3
the second-order tensor whose columns are the vectors of the edges of {2
connected to the origin. Let {x(%:9}70 he the set of nodes on Q. For each
k € Z3, we define the translated cell Qy := T-k+Qg and let {x()110 he
the corresponding translated nodes. Then, for each node x(%<%) | we define
w9 to be the corresponding nodal basis function. We can then define
the following submatrices:

(o) . (pw(Qo,i)’w(Qo,j)>

ij t,j=1,...,n0,

Qh’

Agjszo,nk) —a (w(ﬂoyi)’ w(ﬂk,j>) 7 ke {-1,0,1}% 4,j=1,...,no.

For each wave vector & we then define the matrix

glk) . Mi(riio) Z (KT k) 4(Q0,%)
ke{-1,0,1}3

where Miﬁo) denotes the inverse of M%) For an order-2K Dablain

scheme, with time step size At, the angular frequencies of the numerical

(K/vi) ny :
plane waves {w,; "’ }:°; are given by

K
(ki) _ 1 L N2 (kK
wy = iAt arccos (kz_o (2]4:)!( AtZs, ) ) ,
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where {sgf’i)}?zol are the eigenvalues of o(S®*)) [30]. The numerical wave
propagation speed is given by cgf;:) = |w,(f’z)\ /|k|. The dispersion error, for

a given wavelength A, is then given by

caisp(N) = sup _inf
KER3 |k|=2m/X \ = 1m0 cp

For our dispersion analysis, we will consider a congruent, nearly regular,
equifacial mesh, known as the tetragonal disphenoid honeycomb. This
mesh can be obtained by a repeated pattern of cells, where a single cell
can be obtained by slicing the unit cube into six tetrahedra with the planes
r1 = x9, x1 = 3, and xo = x3, and then applying the transformation
x — T - x, with

1 -1/3 -1/3
T:= [0 /8/9 —/2/9
0 0 2/3

We will analyze the relation between the dispersion error and the num-
ber of elements per wavelength Ng := (\3/]e|qs)/?, where |e|q, = 2v/3/27
denotes the average element volume. We will also look at the following
quantities:

® Nyee = nO%: the number of degrees of freedom per A3-volume. Here
Q0| = 44/3/9 denotes the volume of .

® Nypat = %quggo IN(¢)]: the number of nonzero entries of the

stiffness matrix per A3-volume. Here, Qq, denotes the nodes on €
and |N(q)| denotes the number of nodes connected with ¢ through
an element.

e Nay = Typ/At: the number of time steps during one oscillation in
time. Here Ty = A/cp denotes the duration of one oscillation and
At = \/CK /Shmaz is the largest allowed time step size for the order-
2K Dablain scheme, with cx a constant depending on the order of
the time integration scheme (cx = 4,12,7.57,21.48 for K = 1,2, 3,4,
respectively) and

(k1)

Shymaz = SUP MMax S,
keko i=1,...,n9

the largest possible eigenvalue s, with Ko = T~ [0, 27) the space
of distinct wave vectors.
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® Neomp = Nmat’iK Nay: the estimated number of computations per 3=
volume during one time oscillation, with K the number of stages of
the order-2K Dablain scheme.

Details on the dispersion analysis and how the quantities listed above are
computed can be found in [30].

102}
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Figure 5.2: Relation between the dispersion error and number of elements
per wavelength for different mass-lumped finite element methods. The
graphs of ML3n50a and ML3n50b, and the graphs of the degree-four meth-
ods are almost identical.

Table 5.4: Approximation of the dispersion error. The new mass-lumped
methods are marked in bold.

Method ‘ disp H Method ‘ disp
DG1 1.45(ng) 2 DG2 3.00(ng)~*
ML1 2.87(np)~? || ML2n23 | 4.82(ng)~*

ML2n15 | 1.89(ng)~*

DG3 L.77(ng)~° DG4 | 0.739(ng)”
ML3n50a | 2.25(ng)~% || ML4n60 | 0.865(ng)
ML3n50b | 2.15(ng)~% || ML4n61 | 0.854(ng)~
(ng)~° (ng)

ML3n32 | 1.19(ng)~ ML4n65 | 0.825(ng)~
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n
comp

Figure 5.3: Relation between the dispersion error and estimated compu-
tational cost for different finite element methods. The new mass-lumped
methods are illustrated with dotted lines. The graphs of DG4 and ML4n60
are almost identical.

We will refer to the standard linear mass-lumped finite element method
as ML1. The higher-order mass-lumped methods will be referred to as
ML[p]|n[n], where p is the degree and n the number of nodes per element.
In particular, the degree-2 method of [51] will be referred to as ML2n23
and the two versions of the degree-3 method in [I1] will be referred to as
ML3n50a and ML3n50b. The mass-lumped methods introduced in this
chapter will be referred to as ML2n15, ML3n32, ML4n60, ML4n61, and
ML4n65.

We will also compare the mass-lumped methods with the symmetric
interior penalty discontinuous Galerkin (SIPDG) method, introduced and
analyzed in [36]. For the penalty term, we use the lower bound derived
in [32], since it was shown in [30] that this penalty term results in a sig-
nificantly more efficient scheme than the penalty terms based on the more
commonly used trace inequality of [79]. The quantities for the computa-
tional cost are computed in the same way as for the mass-lumped method,
but now ng denotes the number of basis functions in Qg and 7,4 iS com-
puted as Nypqt = \S/\Tzl ZSETQO |Ue|?|N ()|, where Tq, are the elements in €,
|Ue| are the number of basis functions per element, and |[N(e)| =5 are the
number of elements connected with e through a face, including e itself. We
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edisp = 0.001

Method Ng ‘ Nyec ‘ Nimat ‘ Nt ‘ Ncomp
DG1 38.0 | 220000 | 4400 x 10% | 120 | 540.00 x 10°
ML1 54.0 | 26000 | 390 x 10% | 47| 18.00 x 10°
DG2 7.4 4100 | 200 x 103 | 22 8.80 x 10°

ML2n23 8.3 4800 | 220 x 10% | 52 | 23.00 x 106
ML2n15 || 6.6 1200 39 x10° | 11 0.90 x 106
DG3 3.5 840 84 x 103 | 21 5.30 x 10°
ML3n50a || 3.6 1200 98 x 103 | 52| 15.00 x 10°
ML3n50b || 3.6 1100 96 x 103 | 27 7.70 x 10°
ML3n32 || 3.2 430 26 x 103 | 13 1.00 x 10°
DG4 2.3 420 73x 10° | 12 3.50 x 109
ML4n60 || 2.3 370 38 x 103 | 23 3.50 x 106
ML4n61 || 2.3 390 39 x 103 | 16 2.50 x 106
ML4n65 || 2.3 410 44 x 103 13 2.20 x 106

Table 5.5: Number of elements per wavelength Ng, number of degrees of
freedom 7nyec, size of the global matrix n,,q,:, number of time steps Nag,
and computational cost 7cemp for a dispersion error of 0.001 for different
finite element methods for the scalar wave equation. The new mass-lumped
methods are marked in bold. The numbers are accurate up to two decimal
places.

will refer to the SIPDG methods of degrees 1, 2, 3, and 4 as DG1, DG2,
DG3, and DG4, respectively.

For the time integration, we combine a degree-p finite element method
with an order-2p Dablain time integration scheme, since this results in
order-2p convergence of the dispersion error.

Figure [5.2]illustrates the relation between the dispersion error and num-
ber of elements per wavelength. The dispersion error of the finite element
methods converges with order 2p, which is typical for symmetric finite ele-
ment methods for eigenvalue approximations; see, for example, [9] and the
references therein. Using extrapolation, we obtain formulas for the disper-
sion error, given in Table These formulas can be used to determine the
required resolution of the mesh given the wavelength and desired accuracy.
From the leading constants we can see that the new mass-lumped methods
of degrees 2 and 3 are more accurate for the same mesh resolution than the
SIPDG and existing mass-lumped methods of these orders. The degree-4
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mass-lumped method with 65 nodes is slightly more accurate than the ver-
sions using 60 and 61 nodes but is slightly less accurate than the degree-4
discontinuous Galerkin method.

While some methods are more accurate for the same mesh resolution,
this does not necessarily mean that these methods are more efficient, since
the computational cost per element can greatly differ per method. To get
an idea which method is most efficient for a given accuracy, we also look at
the relation between the dispersion error and the estimated computational
cost. This relation is illustrated in Figure[5.3] The required computational
cost of each method for a dispersion error of 0.001 is also illustrated in

Table B.5

These results show that the new degree-2 mass-lumped method signifi-
cantly outperforms the other degree-2 finite element methods, reducing the
required computational cost for a given accuracy by one order of magni-
tude. The new degree-3 method is also significantly more efficient than the
other degree-3 methods, reducing the required computational cost by more
than a factor 5. These reductions in computational cost can be explained
by the improved accuracy for the same mesh resolution, a reduction in the
number of degrees of freedom and therefore reduction of the size of the
stiffness matrix, and by a smaller number of time steps due to a larger
allowed time step size.

Among the degree-4 finite element methods, the mass-lumped method
using 65 nodes performs best, mainly due to a smaller number of required
time steps, although these differences are relatively small.

Figure [5.3] also indicates that for a dispersion error between 1% and
0.1%, the new degree-2 mass lumped method performs best, while for
smaller dispersion errors, the new degree-3 mass lumped method is most
efficient. When we extrapolate the graphs, we find that the degree-4 mass-
lumped method using 65 nodes will only outperform the degree-3 method
for a dispersion error below 107°.

While the dispersion analysis provides useful information on the effi-
ciency of the numerical methods, it does not include the effect of interpo-
lation errors or inaccurate higher-frequency modes that may contaminate
the numerical solution. Furthermore, the estimated computational cost is
no perfect measure for the computation time, since the real computation
time heavily depends on the implementation of the algorithm and the hard-
ware that is used. In the next section we therefore also show the results of
several numerical tests for the mass-lumped methods.
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5.7 Numerical tests

5.7.1 Homogeneous domain

We first tested and compared the old and new mass-lumped tetrahedral
element methods on a homogeneous acoustic model using unstructured
tetrahedral meshes. The domain is [~2,2] x [-1,1] x [0,2] km? and the
acoustic wave propagation speed is cp := 2km/s. A 3.5-Hz Ricker wavelet,
starting from the peak, was placed at x4 := (0,0,1000) m, and 56 receivers
were placed on a line between z, = —1375 and x, = +1375m with a 50-m
interval at y, = Om and z, = 800m. Data were recorded for 0.6 s, counting
from the time at which the wavelet peaked, but the computations already
started at the negative time -0.6 s when the wavelet is approximately zero.

0 0

10 10 T

——1.24 124
——2415 ——2415
——2423
——3432 | { 10!
——3.450a
—+—3,4 50b

—=—2423
——3432
——3.450a
——3.4 500
4460
——d4461
—£—4465

4,460
—+—4,461
—4—4.465

02 10° 10 10°

1
NIA Wall clock time for timestepping (s)

Figure 5.4: RMS errors as a function of the cube root of the number of
degrees of freedom (left) and as a function of the wall clock time (right). In
the legend, p, K n refers to the element of degree p with n nodes, combined
with a K-order time-stepping scheme. The older elements, apart from the
one with degree 1, have degree 2 with 23 nodes and degree 3 with 50 nodes
and two variants called a and b.

The exact solution, in case of an unbounded domain, is given by

w(t—r/cp
U(X,t) = (47”4/), t S 0.6 S,
where r := |x — Xg4| is the distance to the source and w(t) := (1 —

272 f2t2)e*“2f “* the Ricker-wavelet of peak frequency f = 3.5Hz. This
wavelet is zero up to machine precision for ¢t < —0.6s. For the bounded
domain, on which we imposed zero Neumann boundary conditions, we add
mirror sources to handle the reflections caused by the boundary conditions.
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Table 5.6: Linear fits of the left graph of Figure

Method ‘ RMS error H Method ‘ RMS error

1,24 (4.9 x 10)NCE/3x20) 12415 | (4.4 x 103) N(-1/3%3.0)

2423 | ( YN (=1/3x33)
3432 [ (9.2x10°)NEI/BAD 114460 | (8.6 x 105) N(Z1/3x5.1)
3,4 50a | (2.9 x 106)N(=1/3x46) 1l 44 61 | (1.3 x 107)N(~1/3x5.2)
3,4 50b | (2.6 x 106)N(=1/3x46) || 4 4 65 | ( YN (=1/3x5.2)

For the implementation of the mass-lumped methods we used the al-
gorithm described in [54]. The time step size is based on the estimates
of [55] multiplied by a factor 0.9. The simulations were carried out with
OpenMP on 24 cores of two Intel® Xeon® E5-2680 v3 CPUs running at
2.50 GHz. Figure|5.4]shows the observed root mean square (RMS) errors of
the receiver data for the various schemes against the number of degrees of
freedom N and against wall clock time. The latter should not be taken too
literally because it depends on code implementation, compiler and hard-
ware, and even varies between runs. It can be further reduced by going to
single precision, but then it becomes more difficult to measure the errors
when they become small. Therefore, we ran a double-precision version of
the code when preparing these figures.

Fourth-order time-stepping was used for degrees higher than one [1§].
For degree 4, we also considered sixth-order time-stepping, but the errors
were nearly the same as with fourth-order time-stepping for the current
example.

Power-law fits, given in Table show that the RMS errors converge
with approximately order p+1 and confirm that the new elements maintain
an optimal order of convergence. Figure also shows that the new mass-
lumped methods require fewer degrees of freedom and less computation
time for the same accuracy. For the degree-2 methods, the difference in
wall clock time is up to one order of magnitude, while for the degree-3
methods this difference is up to a factor 2. The degree-4 methods become
more efficient for errors below 1073,

5.7.2 Elastic salt model

We also tested the methods on the more realistic salt model from [44],
made elastic by replacing the water layer at the top by rock. A 3-Hz Ricker
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wavelet vertical force source was placed on the surface at (2000,2200,0) m
and 25 receivers were placed on a line between x, = —1012.5 and z, =
7887.5m with a 25-m interval at ¢, = 2200m and z, = O0m. An illustration
of this salt model is given in Figure Figure displays vertical cross
sections through the 3D vertical displacement wavefield of the 65-node
degree-4 method, clipped at 25% of its maximum amplitude with red for
positive and blue for negative values. Small amplitudes were replaced by
the P-velocity to give an impression of the model. Figure also shows
seismograms of this method for the displacement in the z- and z-directions
clipped at 2% of the maximum amplitude.

Figure 5.5: Interfaces of the salt model taken from [44].

Simulations were carried out with the same implementation and in the
same environment as for the homogeneous test case. The RMS errors are
estimated by taking the traces for the 65-node degree-4 method as the
“exact” solution. For the RMS error we use the data of receivers between
x =2.1 and x =4km in the time interval [0, 1.8]s. We selected this subset
to exclude errors caused by the absorbing boundary layers. To compute
the relative RMS error, we divide by the RMS of the data.

An overview of the RMS errors and the wall clock time is given in Table
[5.7 The differences in the traces of the different degree-4 methods is of or-
der 1075 and is much smaller than the estimated errors of the lower-degree
elements. This indicates that the RMS errors of the degree-4 methods are
of order 10™® and supports the idea that the degree-4 method can be used
to estimate the accuracy of the lower-degree methods in this case. The
table illustrates again that the new degree-2 and degree-3 mass-lumped
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Figure 5.6: Vertical cross section at y =2.2km of the P-velocity with a
superimposed snapshot of the vertical displacement of the 65-node degree-
4 method after 0.5s (a), 1.0s (b), 1.5s (c) and 2s (d).

2% clip

Offset (km)

Figure 5.7: Seismogram of the displacement in the z- (left) and z-direction
(right) for the 65-node degree-4 method.

tetrahedral elements are more efficient than the current ones. The differ-
ences in computation time between the degree-4 methods is mainly due
to the difference in the number of time steps. The ML4n65 allows for a
larger time step size than the other variants, which makes it slightly more
efficient.
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Table 5.7: Estimated relative RMS error of the displacement in the z and
z-directions and measured wall clock time. The error is estimated by com-
puting the difference with the ML4n65T4 data. ML[p|n[n|T[K] refers to
an element of degree p, with n nodes per element, combined with a time-
stepping scheme of order K. There are two versions of the ML3n50 element.
ML1T2 is also tested on two refined meshes. New mass-lumped methods
are marked in bold.

Method H RMS-z | RMS-z ‘ time (s)
ML1T2 0.50 0.42 324

0.36 0.39 4230

0.12 0.11 47962
ML2n15T2 || 0.044 0.048 7358
ML2n23T2 0.058 0.064 28950
ML3n32T4 || 0.0014 0.0015 41946

ML3n50aT4 || 0.0016 0.0017 312149
ML3n50bT4 || 0.0016 0.0017 177312
ML4n60T4 || 0.000017 | 0.000019 | 613945
ML4n61T4 || 0.000013 | 0.000014 | 336362
ML4n65T4 || 0 0 275933

5.8 Conclusion

We developed a less restrictive accuracy condition for the construction of
continuous mass-lumped elements, which enabled us to construct several
new tetrahedral elements. The new degree-2 and degree-3 tetrahedral ele-
ments require 15 and 32 nodes, while the current versions require 23 and
50 nodes per element, respectively. These new elements require fewer de-
grees of freedom and allow larger time steps than the current versions. We
also developed degree-4 tetrahedral elements with 60, 61, and 65 nodes per
element. Mass-lumped tetrahedral elements of this degree had not been
found until now.

A dispersion analysis and numerical examples confirm that the new
mass-lumped methods maintain an optimal order of accuracy and show
that the new elements are significantly more efficient than the existing
ones. In particular, the new degree-2 method is shown to be up to one
order of magnitude faster than the current method, while the new degree-3
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tetrahedral element results in a speed-up of up to a factor 2 for the same
accuracy. The new degree-4 elements outperform the lower-degree elements
for an accuracy below 1072, Among these degree-4 elements, the one with
65 nodes is the most efficient, which is mainly due to a larger allowed
time step size. The dispersion analysis also shows that the new degree-2
and degree-3 mass-lumped methods require significantly fewer degrees of
freedom and a smaller number of time steps than the symmetric interior
penalty discontinuous Galerkin methods of the same degree.

We have only considered tetrahedral elements in this chapter, but the
accuracy condition might also lead to more efficient triangular or higher-
dimensional simplicial elements. Furthermore, although we focused only
on linear wave propagation problems, mass lumping is useful for solving
any type of evolution problem that requires explicit time-stepping.

5.A Nodal basis functions

Lemma 5.A.1. Let e be a d-simplex in RY, with d > 0, and let s : R* — R
be an affine mapping that maps e onto itself. Then s can be represented
by a permutation of the barycentric coordinates of e. In particular, there
exists a permutation function P : R4TT — R sych that

s(x)* = P(x") for all x € RY, (5.54)

where x*, s(x)* € R denote the barycentric coordinates of x and s(x),
respectively.

Proof. Note that both x — s(x)* and x — P(x*) are affine mappings from
R? to R4*L. It therefore suffices to show that (5.54) holds for all vertices
of e. To do this, let v; € R% for i = 1,...,d + 1, denote the vertices of
e, and let p be the permutation of (1,...,d + 1) such that s(v;) = vy ).
If we define P such that P(e;) = e, with e; € R4T! the unit vector in
direction 7, then

p(i)>

s(vi)" = vy

ol
@)
3£
o=
\;/

foralli=1,...,d+ 1. O
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Lemma 5.A.2. Let Qp, be defined as in Section[5.5.1, and let x € €, for
some x € Qp,e € Tp. If is satisfied, then ¢ 1(x) € Q.

Proof. By definition of Qy, there exists an element e* € 7, and node X* € Q
such that x = ¢« (X*), so ¢.' (x) = X* € Q. Now construct a reference-to-
reference element mapping s € S such that s| o1 @ne) = Pe Lo e | 61 (@ e)"

Then, using (5.7al), we can obtain ¢, !(x) = s 0 ¢.' (x) = 5(x*) € Q. O

Theorem 5.A.3. Let Qy, be defined as in Section and letx € Q. If
the conditions in (@ and are satisfied, then the basis function wy,
given n , is well defined and continuous and satisfies

wx(y) = 5xy fOT all y € Qh, (555)
where dxy denotes the Kronecker delta function.

Proof. The fact that wy is well defined follows immediately from Lemma
A2

To prove that wy is continuous, let f = de~Nde™ be any face adjacent to
the elements e, et € Q. It is sufficient to show that wy|ge+n; = Wx|ge—n 7
where w|gens denotes the trace of function w restricted to e on face f.
Suppose that x ¢ e~ Ue". Then wx|ge—ns = 0 = wx|ge+ny-

Now suppose that x € €7\ f. Then x ¢ e and x* ¢ ft, where Xt :=

¢_H(x) and f* := ¢_(f). From (5.6) it then follows that wx|pe+ny =
Wser © G| = 0 = wx|oe—y-
Finally, suppose that x € f. Let s € S be a reference-to-reference

element mapping such that s| = ¢€_,1 O Pot| e We can then derive

Wx|petnf = W+ © ¢e_+1’f
= Wy(z+) 0 50 G 1 s
= Wy1(9 0 G-y
= U)X|8e*mf7

where the second line follows from .

Since wy is continuous, wx(y) is well defined for any y € Q. To prove
property , suppose there is an element e € 7Tj, such that x,y € e.
Define X := ¢_1(x) and ¥ := ¢; ' (y). Then wx(y) = @z(¥) = x5 = Oxy-

Now suppose that there is no element e such that x,y € €. Then x # y
and there exists an element e such that y € € and x ¢ €. By definition of
wy it then follows that wx(y) = 0 = dxy. O
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5.B Variants of the degree-four mass-lumped
tetrahedral element

Table 5.8: Degree-4 mass-lumped tetrahedral element with 60 nodes.

Nodes n w Parameters
{(0,0,0)} 4 0.00009319146955767176 -
{(a, O 0)} 12 0.0004829332376473431  0.1614865833496676
{( ,0)} 6 0.0002005503792135920 -
{(bl,bl, 0)} 12 0.002003104085841525 0.1490219288469598
{(b2,b2,0)} 12 0.001126849366800016 0.3944591972171783

{(c1,¢1,1)} 4 0.009159244489996298 0.1302058846372564
{(d,d,}—d)} 6 0.006725322654059780  0.06386116838612691
{(c2,c2,¢2)} 4 0.01118676108633598 0.3012179234079087
U="Ps®BsP2 @ Be(P2 ® By)
= {21, 2329, 2323, Brx1, Brr122, Bet1, Bex122, BeBr}

U® Py = {x1,0220, 2323, 2323, By, fo%mg, fo%m%, Bj%xl, .

oy Bern, Bew%x% ﬁeﬂﬁ%x% Beﬁf-rla Beﬁfxll?a ﬁgﬂﬁ}
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Table 5.9: Degree-4 mass-lumped tetrahedral element with 61 nodes.

Nodes n o w Parameters
{(0,0,0)} 4 0.0001593069370906064 -
{(a,0 0)} 12 0.0004461325181676239 0.2001628104707848
{( ,0)} 6 0.0003715829945705960 -
{(bl,bl, 0)} 12 0.001884294964657102  0.1397350972238366
{(b2,b2,0)} 12 0.001545425606069384  0.4319436235177682

{(01,01,61)} 4
{(d.d,5—d)} 6
{(CQ,CQ,CQ)} 4

{10 1

0.008841425190569096
0.006891012924401557
0.007499563520517103
0.01057967149339721

0.1282209316290979
0.08742182088664353
0.3124061452070811

U=Ps®BsP @ B (P @ By @ Be.)
- {'xl?x%x?a l’%fl'%,ﬁfxl, 6fx1x27 Bex1, 5e$1$2,5eﬂf,53}

— 2 3,2 3.3 2 2.2 32
UR Py = {3:1,371:52,xle,wle,Bfwl,Bf:clwg,Bf:cle,Bf:cl, ..

o Bew, Beaixa, Bexixd, BeBran, BeBraixa, B, Bra12a}







Chapter 6

Efficient quadrature rules for computing
the stiffness matrices of mass-lumped
tetrahedral elements for linear wave

problems]

Abstract

We present new and efficient quadrature rules for computing the
stiffness matrices of mass-lumped tetrahedral elements for wave prop-
agation modelling. These quadrature rules allow for a more efficient
implementation of the mass-lumped finite element method and can
handle materials that are heterogeneous within the element without
loss of the convergence rate. The quadrature rules are designed for the
specific function spaces of recently developed mass-lumped tetrahedra
[Geevers, S., Mulder, W. A., & van der Vegt, J. J. W. (2018). New
higher-order mass-lumped tetrahedral elements for wave propagation
modelling. Accepted for publication in SIAM Journal on Scientific
Computing. arXiv:1803.10065], which consist of standard polynomial
function spaces enriched with higher-degree bubble functions. For the
degree-2 mass-lumped tetrahedron, the most efficient quadrature rule
seems to be an existing 14-point quadrature rule, but for tetrahedra of
degrees 3 and 4, we construct new quadrature rules that require less
integration points than those currently available in literature. Several
numerical examples confirm that this approach is more efficient than
computing the stiffness matrix exactly and that an optimal order of
convergence is maintained, even when material properties vary within
the element.

!Submitted to SIAM Journal on Scientific Computing as: Geevers, S., Mulder, W.A.
& van der Vegt, J.J.W. Efficient quadrature rules for computing the stiffness matrices of
mass-lumped tetrahedral elements for linear wave problems.
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6.1 Introduction

Mass-lumped tetrahedral element methods are efficient methods for solving
linear wave equations, such as the acoustic wave equation, the elastic wave
equations, or Maxwell’s equations, on complex 3D domains with sharp ma-
terial interfaces [81]. They offer the same convergence rate and geometric
flexibility as standard continuous tetrahedral element methods, but also
allow for explicit time-stepping due to a diagonal mass matrix.

To obtain mass-lumped elements, Lagrangian basis functions are com-
bined with an inexact quadrature rule for computing the mass matrix,
with quadrature points that coincide with the basis function nodes. For
hexahedral elements, mass-lumping is achieved using tensor-product basis
functions and Gauss—Lobatto points, resulting in the well-known spectral
element method [59, 63],43]. For linear triangular and tetrahedral elements,
mass-lumping is achieved with standard Lagrangian basis functions and a
Newton—Cotes integration rule. For higher-degree triangular and tetra-
hedral elements, however, the element space needs to be enriched with
higher-degree bubble functions in order to maintain stability and optimal
order of convergence [29] [14]. The first higher-degree tetrahedral elements
were developed in [51] for degree 2 and [1I] for degree 3. Recently, we
developed new mass-lumped tetrahedral elements of degrees 2 to 4 [31].
The new degree-2 and degree-3 elements require significantly less nodes
than the earlier versions, while mass-lumped tetrahedra of degree 4 had
not been found before. Because of the reduced number of nodes, these new
mass-lumped elements are also much more efficient than the earlier versions
[31] and are therefore more suitable for large-scale 3D simulations.

A question that remains is how to efficiently compute the stiffness ma-
trix for these elements. When the material parameters are piecewise con-
stant, the stiffness matrix can be evaluated exactly [54]. Alternatively, we
can use a quadrature rule to approximate the stiffness matrix. This latter
approach can significantly reduce the number of computations as we will
demonstrate in Section Moreover, it also allows us to handle material
parameters that vary within the element without loss of convergence rate
as we will prove in Section

Finding an efficient quadrature rule for the stiffness matrix for mass-
lumped tetrahedra is not straightforward. For hexahedral elements, the
stiffness matrix can be approximated with the same Gauss—Lobatto quadra-
ture rule that is used for the mass matrix, but for mass-lumped tetrahedra,
using the quadrature rule of the mass matrix to also evaluate the stiffness
matrix turns out to be inefficient or inaccurate. In this chapter, we there-
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fore present new and efficient quadrature rules for computing the stiffness
matrices for mass-lumped tetrahedra.

To obtain these quadrature rules, we show that the quadrature rule
only needs to be exact for functions in the space Pp_1 ® DU, where p > 2
denotes the degree of the element, P,_1 denotes the space of polynomials up
to degree p—1, and DU denotes the space of partial derivates of functions in
the element space. Since the mass-lumped tetrahedra contain higher-degree
bubble functions, so does the space P,_1 ® DU that needs to be integrated
exactly. Most quadrature rules in literature, however, are designed to be
exact for spaces of the form P;. We could choose k equal to the highest
polynomial degree that appears in Pp_1 ® DU, but the resulting number
of quadrature points may then be suboptimal. Instead, we try to find
quadrature rules that are exact for P,_1 ® DU with a minimal number of
quadrature points.

For the degree-2 tetrahedral element, the most efficient quadrature rule
still seems to be the 14-point rule of [38] that is accurate for polynomials
up to degree 5. For the degree-3 element and the three degree-4 elements
of 60, 61, and 65 nodes, however, we present new quadrature rules that
require 21, 51, 60, and 60 points, respectively, while using a quadrature
rule from the current literature would require 24, 61, 81, and 81 points
[80].

This chapter is organised as follows. In Section [6.2], we introduce the
mass-lumped finite element method, and in Section we present our
new quadrature rules for evaluating the stiffness matrix. We prove in Sec-
tion that the conditions used to obtain our quadrature rules result in
optimal convergence rates. In Section [6.5] we show numerical examples
demonstrating that using our numerical quadrature rules for evaluating
the stiffness matrix is more efficient than evaluating the integrals exactly
and that the convergence rate is not lost when material parameters vary
within the elements. Finally, we summarise our main conclusions in Section
0.0l
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6.2 The mass-lumped finite element method

To present and analyse the mass-lumped finite element method, we consider
the scalar wave equation given by

pOiu =V -cVu+ f in Q x (0,7), (6.1a)
u=20 on 092 x (0,7), (6.1b)
Ult=0 = up in €, (6.1c)
Ou|i—0 = o in Q, (6.1d)

where Q0 C R? is the spatial domain, (0,7) is the time domain, u : Q x
(0,T) — R is the scalar field that needs to be solved, V is the gradient
operator, f : Q x (0,7) — R is the source term, ug, vy :  — R are the
initial values, and p,c : Q — R™T are positive spatial parameters. The
spatial domain 2 is assumed to be a bounded open domain with Lipschitz
boundary 02, and the parameters p and ¢ are assumed to be bounded by
po < p < p1and ¢g < ¢ < eq, with pg, p1, co, c1 strictly positive constants.

To solve the scalar wave equation with a finite element method, we
consider the weak formulation. Let L?(2) denote the standard Lesbesque
space of square-integrable functions on Q, H}(Q2) the standard Sobolov
space of functions in L?(£2) that vanish on 9Q and have square-integrable
weak derivatives, and L?(0,T;U), with U a Banach space, the Bochner
space of functions f : (0,7) — U such that | f||¢ is square integrable
on (0,7). The weak formulation of can then be written as finding
u € L*(0,T; H§(2)), with du € L*(0,T;L*(Q)) and with d;(pdeu) €
L?(0,T; H1(9)), such that

(Or(pOu), w) + (cVu, Vw) = (f,w) for all w € Hy (%), (6.2)

where (-, -) denotes the standard L?(£2) inner-product and (-, -) denotes the
pairing between H(Q) and HJ ().

This weak form of the wave equation can be solved with the mass-
lumped finite element method, which consists of the following components:

e a tetrahedral mesh 7;, where h denotes the radius of the smallest
sphere that can contain each element,

e a reference tetrahedron é with reference space U = Pp @ Ut =
{u | u = w+ut for some w € Pp,ut € U}, where P, denotes
the space of polynomials of degree p or less and U+ a space of higher-
degree face and interior bubble functions,
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e a set of reference nodes Q that can be used for both interpolation
and quadrature on €,

e a set of quadrature weights {@x};.gs-

Using these components, a finite element space can be constructed of
the form

Up = Hy(Q) N U(Ty, U),
where
U(Th,U) :={ue HY(Q) |uo ¢, €U for all e € T},

with ¢e : € = e the reference-to-physical element mapping. The interpola-
tion points are given by Qp = Q(Ty, Q), where

AT, Q) == |J | ¢e(%)

e€Th %€Q

and the L?(Q) inner-product is approximated by

(u, w) = ’e| /ue We dT ~ Z |e| We(X) =: (U,M)Qh,
eGT

e€Ty er

with |e| and |é|] the volume of e and é, respectively, and 4, := u o ¢,
We = W O Pe.

The finite element method can then be formulated as finding wuy :
[0,T] — Up, such that up|i=o = Ipuo, Opupli=0 = Ipvo, and

(pd2up,w)g, + (cVup, Vw) = (f,w)q, for all w € Uy, (6.3)

where [}, is the interpolation operator that interpolates a continuous func-
tion at the points Qp by a function in U(Tp, U)

Now let {x;}¥, be the set of all interpolation points Qy, that do not lie
on the boundary 912, and define nodal basis functions {w;}Y, such that
wi(x;) = 0;; for all 4,5 = 1,..., N, with 6 the Kronecker delta. Also define,
for any continuous function v € C(Q), the interpolation vector u € RY
such that u; := u(x;) for all i = 1,..., N. The finite element method can
then be formulated as finding u;, : [0,7] — R such that u,|1—o = uo,
Oy |i—o = vg, and

otu, + M~ Au, = f. (6.4)
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Here, M € RV*N | with M;; := (pw;,w;)o,, is the mass matrix, and A €
RN*N with A;j := (cVw;, Vwj), is the stiffness matrix.

Since the interpolation points and quadrature points coincide, the mass
matrix is diagonal with entries M;; = (pw;, 1)g,. Therefore, we can effi-
ciently solve the system of ODE’s in using an explicit time-stepping
scheme. Standard conforming finite element methods do not result in a
(block)-diagonal mass matrix and are therefore less suitable for solving
wave equations on large three-dimensional meshes.

To remain accurate and stable, the mass-lumped finite element method
needs to satisfy the following conditions [31]:

C1 (Unisolvent). The space U is unisolvent on the nodes Q.

C2 (Symmetry). The space U and the set Q are invariant to affine map-
pings that map € onto itself.

C3 (Face-conforming). If @ € U is zero at all nodes in onf, with f a
reference face, then @ is zero on f.

C4 (Positivity). The weights {0z }4.g are all strictly positive.

C5 (Accuracy). The quadrature rule is exact for functions in Pp_o @ U
when p > 2.

The first three conditions are necessary to guarantee that the global basis
functions are well-defined and continuous. The last two conditions are
necessary for stability and for maintaining an optimal order of convergence.

When p > 2, these conditions can not all be met for standard polyno-
mial spaces U = Pp. Therefore, the element space needs to be enriched with
higher-degree bubble functions. We will focus on the mass-lumped tetrahe-
dral elements recently developed in [31]. An overview of these elements is
given in Table There, n denotes the dimension of U , which is equal to
the number of nodes per element, By := {z12223, T1T2T Y4, T1T3Ty, ToT3TY }
denotes the four face bubble functions, and B, := {z1xex3z4} denotes
the element bubble function, with x1, 2, z3, x4 the four barycentric
coordinates. We also used the notation UV = U@V = {w | w =
wv for some u € U,v € V'} for any two function spaces U, V.

To apply these elements more efficiently, we also approximate the L?
inner-product for the stiffness matrix, (¢Vu, Vv), with a quadrature rule.
This also allows us to handle material parameters ¢ that vary within the
element. It turns out that it is more efficient and sometimes even neces-
sary to compute the stiffness matrix with a different quadrature rule than
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Table 6.1: Overview of mass-lumped tetrahedra.

32 | P3® ByP1 @ BPr

60 | Py BfP> ® B.(P2+ By)

61 | P4 @ ByPo® Be(P2 + By + B.)

65 734@3]0(732—1-3]")@Be(PQ—i-Bf—i—Be)

p
2115 PQ@Bf@Be
3
4

for the mass matrix. We will denote the quadrature points and weights
for the stiffness matrix by Q' and {@% }zear respectively, and denote the
corresponding approximated L?(€)-product by (-, ')Q'h .

The resulting finite element method remains stable and accurate if the
following conditions are also satisfied:

C6 (Positivity). The weights {@} };c 5/ are all strictly positive.

C7 (Spurious-free). There is no function @ € U with zero gradient Vi =
0 on all quadrature points Q' except the constant function. In case
of linear elasticity, there is no function @t € U3 with zero strain Vi +
Vit = 0 on all quadrature points Q' except the six rigid motions.

C8 (Accuracy). If p > 2, the quadrature rule for the stiffness matrix is
exact for functions in P,y ® DU, where DU denotes the space of all
partial derivatives of all functions in U.

A proof that these two conditions are sufficient to maintain an optimal
order of convergence is given in Section

We constructed quadrature rules that satisfy these conditions for the
specific function spaces of the higher-degree mass-lumped tetrahedra pre-
sented in Table[6.1] For the degree-2 element, the most efficient quadrature
rule seems to be an existing 14-point rule that is fifth-order accurate, but
for the higher-degree elements, we obtained new quadrature rules that re-
quire less points than existing rules. An overview of these rules is given in
the next section.
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6.3 Efficient quadrature rules for the stiffness
matrix

To present the quadrature rules for the stiffness matrix, let € to be the ref-
erence tetrahedron with vertices at (0,0,0), (1,0,0), (0,1,0), and (0,0, 1).
The barycentric coordinates of this element are given by the three Carte-
sian coordinates x1, 2, r3, and the fourth coordinate x4 := 1 —x1 — 29 —x3.
These coordinates are useful for describing S, the space of affine mappings
that map € onto itself, since any function s € S can be defined by a per-
mutation of the barycentric coordinates.

Table 6.2: Quadrature rule of 14 points [3§] for the stiffness matrix of the
degree-2 15-node tetrahedron.

{(c1,¢1,¢1)} 0.01224884051939366  0.09273525031089123
{(02, 02, 02)} 0.01878132095300264  0.3108859192633006
{(d, —d)} 6 0.007091003462846911 0.04550370412564965

V= P5 - {xla IE%ZL‘Q, $%$37 ﬂf"nla /8f$1$27 ,Bel'l}

Nodes # W Node parameters
4
4

Table 6.3: New quadrature rule of 21 points for the stiffness matrix of the
degree-3 32-node tetrahedron.

Nodes W' Node parameters

i
{(c1,c1,c1)} 4 0.008382813462606309 0.08360982293995379
{(c2,c2,c2)} 4 0.01062803097330636  0.3195556046935656
(

{(f1, fr, f2)} 12 0.005973459577178217

0.06366100187501753
0.3362519222398494

{3,455} 1 0.01894177399687740 -
V =Ps5® ByP3

- {xly CL’%JIQ, CE?.’IZ’%, /Bf'rlv fo%x27 5]207 Be«rh /Beflfl.’lfg}

Now let {x} denote point x and all equivalent points s(x), with s € S.
The quadrature points will consist of several equivalence classes {x} with
quadrature weights that are the same for each equivalence class. To give
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Table 6.4: New quadrature rule of 51 points for the stiffness matrix of the
degree-4 60-node tetrahedron.

Nodes # W Node parameters
{(e1,c1,¢1)} 4 0.001076330088382485 0.04010756377220036
{(c2,c2,¢2)} 4 0.006422430307819483 0.1881144601918900

{(d, d, % —d)} 6 0.003859721113202450 0.1124010568611476

[0.04781990270450464 ]
| 0.2053222493389064 |

[10.2347999378738287 |
0.03405863749492695

[0.4614535776221135 |
10.06693547308143162 |

{(f11, f11, fr2)} 12 0.003162722714222902
{(fo1, fo1, f22)} 12 0.004715130256124021

{(f31, f31, fa2)} 12 0.001320748780834370

{4,111 1 0.003130077388468573 -
V =Pr & Bf(Ps & ByP3) & BPs
= {.’El, m%x% JI?JZ‘%, lelxgv /folv /fo%'lfg, /fo?x% /8]2(-.%1, ,BJ%ZL'%LU% ,ch, .

oy B, Bertaa, Bex3n3, BeBran, BeBrriza, Bix1}

an example of an equivalence class, consider the point (c1,c1,¢1). The
barycentric coordinates of this point are given by c1,¢1,¢1,1 — 3¢1, so the
equivalence class {(c1,c1,¢1)} consists of the four points (c1,¢1,¢1), (1 —
3c1,¢1,¢1), (1,1 —3c1,¢1), and (c1,¢1,1 — 3¢1) when ¢; # i.

To find a set of points and weights that satisfy accuracy condition C8,
we construct a linear basis that spans V' O P,_1 ® DU. We describe this
linear basis using the notation { fi, fa, ..., fx}, which denotes the functions
fi,..., fr and all equivalent functions f; os, with i = 1,...,k and s €
S. To give an example, all equivalent versions of z¥r3z314 are given by
the six functions x%x%xg.m, x%x2m§x4, x%xgm,xi, xlx%$§x4, xlx%xgxi, and

2.2
T1T2X3Ty-

After having constructed a basis {fi, fa,..., fx} for V, we search for
a quadrature rule that has a configuration with k parameters. These pa-
rameters consist of location parameters and quadrature weights. Because
of the symmetry, a quadrature rule that is exact for a function f is exact
for all equivalent functions. Therefore, to satisfy C8, we end up with a
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Table 6.5: New quadrature rule of 60 points for the stiffness matrix of the
degree-4 61- and 65-node tetrahedron.

Nodes # W Node parameters
{(c1,c1,¢1)} 4 0.001137453809249273 0.04091036488546224
{(c2,c2,¢2)} 4 0.006907244220995018 0.1942594527940223
{(e3,¢3,¢3)} 4 0.004458749819772567 0.3166409312612929

{(dq,dq, % —dp)} 6 0.001389883779363477 0.02776256108257648
{(da, do, % —dy)} 6 0.004236295194116969 0.1022199785693040

[0.03511432271187172]
| 0.2097218125202450 |
[0.1790174868402900 ]|
0.03980830656880513
[0.4192720711456938 |
0.00895031787296103

V =Ps @ B}P3 @ B(Ps © BfPs)

_ 2 3,2 4,3 4.4 2 3,.2 32 2.2 3
= {531,551352,$1$2a$11’2>1’11‘27Bfﬂflvﬁfiﬁx%5f$1$2a5f$1>5f$1$2>5fa cee

s 7Be$1> Be$%x27 ﬁel“;’x%v Beﬁfl'b Beﬁfﬂ?%iﬂm Beﬁ?ﬁ ngla B§$1$2}

{(fi1, f11, fi2)} 12 0.001788418107829456

{(fo1, fo1, fo2)} 12 0.003642034272731381

{(f31, fa1, f32)} 12 0.001477531071582210

nonlinear system of k equations:

[ 53 di = 3 ks, i1k

%€Q

We obtain solutions of this system using Newton’s method and check for
each solution if it satisfies C6 and C7. When we cannot find an admissible
solution for configurations with k parameters, we add an additional basis
function fiy1 to the set that needs to be integrated exactly, and search for
quadrature rules with configurations of k+ 1 parameters. We continue this
process until we find a suitable quadrature rule.

The quadrature rules that were obtained in this way are given in Tables
There, # denotes the number of nodes in each equivalence class,
and By := x1wox3 and B, = w1w22374 denote the face bubble function and
interior bubble function, respectively.

The quadrature rule with the least number of points we could find for
the degree-2 15-node tetrahedron is the 14-point fifth-order accurate rule of
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[38]. We also found an accurate quadrature rule of 10 points with positive
weights, but the resulting method was not accurate since condition C7 was
not satisfied: it had one non-constant mode with gradient equal to zero at
all 10 points. We also considered the 15-point quadrature rule used for the
mass matrix, but this significantly increased the condition number of the
element matrix and therefore resulted in a considerably smaller time step
size.

The quadrature rules for the degree-3 and degree-4 elements are new
and require less quadrature points then rules currently available in litera-
ture, since most quadrature rules in literature are constructed to be exact
for a function space of the form P and not for the specific function spaces
Pp_1®DU . To give an example, the highest polynomial degree of DU of the
degree-4 61- or 65-node tetrahedron is 7, so P3 @ DU contains a polynomial
of degree 10. A quadrature rule that is order-10 accurate already requires
81 quadrature points [80], while our quadrature rule for these elements only
requires 60 points. Similarly, our quadrature rules for the degree-3 32-node
tetrahedron and the degree-4 60-node tetrahedron require 21 and 51 points,
respectively, while the quadrature rules currently available in literature for
these elements require 24 and 61 points [80].

6.4 FError estimates

In this section, we prove that when conditions C1-C8 are satisfied, the finite
element method maintains an optimal order of convergence for a related
elliptic problem. Convergence for the wave equation immediately follows
from this result in a way analogous to [31].

Throughout this section, we will let p denote the degree of the finite
element space, by which we mean the largest degree such that U D Pp. We
will also let C' denote a positive constant that may depend on the domain €2,
the regularity of the mesh, the parameters p and c¢, the reference space U,
and the reference quadrature rules (Q, {wz}tzes) and (2, {Wz}tzea), but
does not depend on the mesh resolution h and the functions that appear
in the inequalities.

6.4.1 Preliminary results

To obtain error bounds, we first define some norms and function spaces
and list a few preliminary results. Let H*(Q) denote the Sobolev space of
functions on 2 with order-k square-integrable weak derivatives, and equip



138 CHAPTER 6. EFFICIENT QUADRATURE RULES

the space with norm

lall? = D 1D%ull5,

lal<k
where || - ||o denotes the L?-norm, D := 9105295 the partial derivative,
and |a| := a1 + ag + a3 the order of the derivative. We also define the

broken Sobolev spaces H*(T;,) := {u € L?(Q) | ul. € H*(e) for all e € T3},
equipped with norm

lallF, i = > lulellz-

e€Th

Throughout this section, we will use the fact that H2(Q) D C°(Q2) for any
three-dimensional domain €.

We also define the semi-norms ]u|2Qh = (u,u)g, and |0|29,h = (0,0)g;
for piecewise continuous functions u and o, and define Il , to be the
L?-projection operators on the discontinuous piecewise-polynomial spaces
V(Th,Py) == {u € L*(Q) | uo ¢ € P, foralle € T,}. Several useful
properties of these spaces and operators are listed below.

Lemma 6.4.1. Let ¢ > 0. Then

|unlo, < Cllunllo for all up, € V(Th, Py),
lonlg; < Cllonllo for all o, € V(Tr,, Py)>.

Proof. These results follow immediately from the fact that the elements are
affine equivalent with the reference element and that the reference space
P, is finite dimensional. O

Lemma 6.4.2. If conditions C1-C/ are satisfied, then |-|g, becomes a full
norm | - ||, on U(Ty,U) and

lunllg, = Cllunllo for all up, € Uy,

Furthermore, if conditions C1-C3, C6, and C7 are satisfied, then | - |QZ
becomes a full norm || - [ g; on V(Tn, DU) and

HVuhHQ/h > CHVUhHO fOT all uy, € Uy,

Proof. These inequalities follow immediately from the fact that the ele-
ments are affine equivalent with the reference element and that the refer-
ence element space U is finite dimensional. O
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Lemma 6.4.3. Let u € H*(T;) and o € H*(T;,)?, with k > 0, and let
q>0. Then

H’LL - Hh,qUHT}“m < Chmin((ﬁ_Lk)_mHuHTh,min(q-i-l,k’)a m < min(q +1, k)a
||U - Hh,anTh,m < Chmln(q+17k)_mHG-H’Th,min(q—i—l,k)a m < min(q +1, k)
Furthermore, if k > 2, then
|u — Ty gulg, < CR™™HR)|ullp gt b

o — Hh,q0|Q;l < Chmin(q+1’k)||0-H7'h,min(q+1,k)‘
Finally, if u € HY(Q) N H*(Ty,) with k > 2, then
Hu - IhuHTh,m < Chmin(p+17k)_mHuHTh,min(p-&-l,kﬁ m < min(p +1, k)
with p > 2 the degree of the finite element space.
Proof. The first, second, and last inequality follow from [12] Chapter 3;1].
For the fourth inequality, let ¢* > ¢, be a polynomial degree and Q* D Q a
set of points such that Py« is unisolvent on Q" and let I; be the interpolation
operator that interpolates a function in H?(7}) at the nodes Q(T, Q%) by a
function in V (7, Py+). We can then obtain the fourth inequality as follows:
lo —Ilhqolg = [Iho —lhqo|g;
< OlIyo —Thgallo
< O[Ty = allo+ [lo — My q0llo)
< Chmin(q+1,k) HUHTh,min(q+l,k)v
where we used Lemma in the the second line and the triangle inequal-
ity in the third line. The last line follows from [12], Chapter 3.1].
The third inequality can be derived in a way analogous to the fourth
inequality. O

6.4.2 Estimates on the integration error

Define integration errors 7 (u,w) = (u,w) — (u,w)g, and 7} (o, T) =
(o0,7) = (0,7)g,. In [31] we derived the following bounds on 7.

Lemma 6.4.4. Let p > 2 be the degree of the finite element space, u €
HE(Q) with k > 2, and w € Uy,. If conditions C1-C5 are satisfied, then

[, w)| < CR™ P ] i py 01,

"l“h(u, ?,U)| < Chmin(p-i—l,k) ||u||min(p+1,k) ||wHT}“2
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We also derive bounds on the integration error for the stiffness matrix.

Lemma 6.4.5. Let p > 2 be the degree of the finite element space, o €
H*(T,)? with k > 2, and T € V(Ty,, DU)3. If conditions C1-C3, C6, and
C8 are satisfied, then

[rh(a, )] < CR™™ 0 |lo|l7; wingp) 17 o, (6.5)

min k
ri(o, )] < CR™™ D ||| in g1 I 1751 (6.6)
Proof. Using C8, we can write
ry(o,7) =71, (o — 1 p_10,7).

The inequality (6.5)) then follows from the Cauchy—Schwarz inequaltiy and
Lemma [6.4.3]

Using C8 and the fact that P, C Pp_1 ® DU for p > 2, we can also
write

74;1(0-1 T) = 7”;1((0' - Hh,pa) + (Hh,pa - Hh,p—lo-)
+ Hh7p_10', (T — thoT) + th()T)
=r(oc -0, 7)+r,(Uy 0 — O} g0, 7 — I 07).

The inequality then follows from the Cauchy—Schwarz inequaltiy and
Lemma [6.4.3 ]

6.4.3 Error estimates for a related elliptic problem

Let v € C°Q). The elliptic problem corresponding to (6.2) is finding
u € H} () such that

(cVu, Vw) = (v,w) for all w € H (). (6.7)

The corresponding mass-lumped finite element method is finding uy, € Uy,
such that

(cVup, Vw)gr = (v,w)g, for all w € Up,. (6.8)

In the next two theorems we prove optimal convergence in the H'-norm
and L?-norm.
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Theorem 6.4.6 (Optimal convergence in the H'-norm). Let u be the solu-

tion of and uy, the solution of . Assume c € CP(Q), u € H"(Q),
and v € H™ (Q), with ky, k, > 2. If conditions C1-C8 are satisfied, then

lu = wplly < CR™™EFR) (|l i g1 ) + 10 lmin (ko)) (6.9)

with p the degree of the finite element method.
Proof. Define ep, := Ipu — up, and €p, := u — Ipu. Using , we can write

(cVIhu, Vep) g = — r,(cVIyu, Vey) — (cVep, Ver) + (cVu, Vep,)

= — 1, (cVIyu,Vey) — (cVep, Ver) + (v, ep),
and using , we can obtain
(cVun, Ver)g, = (v,€n)Q,-

Subtracting these two equalities gives

(cVen, Ven)g, = —r,(cVIyu,Vep) — (cVep, Vey) +rp(v,en)  (6.10)

From Lemma the positivity of ¢, and Poincaré’s inequality, it follows
that

lenll < C(cVen, Ven) gy - (6.11)
Using Lemma Lemma, and the regularity of ¢, we can obtain

rh(eVInu, Vep)| < CR™ PRV Tyul|7; min(p k. —1)llenll
< CR™ PR [l i 1.5, L enl 1 (6.12)

Using the Cauchy—Schwarz inequality, the boundedness of ¢, and Lemma
we can also obtain

|(cVen, Ven)| < CR™ PR | i1 k) el (6.13)
Finally, using Lemma we can obtain
(v, en)| < CR™PRD o] o lenllr (6.14)
Combining — gives
lenlls < CR™MMPRTVR (luf| i1 k) + 19l mino k0)-

Since u — up, = ey, + €5, inequality then follows from the above and
Lemma 6.4.3] ]
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To prove optimal convergence in the L?-norm, we make the following
regularity assumption: for any v € L?(£2), the solution of (6.7)) is in H?(Q)
and satisfies

[ull2 < Cllvllo- (6.15)
This is certainly true when 9 is C? and ¢ € C1(9).

Theorem 6.4.7 (Optimal convergence in the L?-norm). Let u be the

solution of and uy, the solution of . Assume ¢ € CPTH(Q),
u € HF(Q), and v € H*(Q), with ky, k, > 2, and assume the reqularity

condition holds. If conditions C1-C8 are satisfied, then
lu = unllo < CR™™EFLFAE) (|l i i1 k) + [0l min(pr1.6,))s (6:16)
with p the degree of the finite element method.
Proof. Define z, € H}(Q2) to be the solution of the elliptic problem
(cVzp, Vw) = (u — up, w) for all w € H}(Q).
From the regularity assumption it follows that zj, € H?(2) and
[znll2 < Cllu = upfo-
From the definition of z, it also follows that

lu = unll§ = (¢VIu —unl, Vzn)
= (cV[u —up], Vizn — Inzn)]) + (cV[u — up), VIpzp).  (6.17)

We can bound the term (¢V[u — up], V]zp — I 2p]) as follows:

[(eV]u—up|,V]zn — Inzp))| < Cllu — unll1llzn — Inzallx

< Chmin(p’kufl’k”)ﬂ(||U||min(p+1,ku) + 1 llmin(p, ko)) 120 ll2

< Chmin(p+1’ku7ku+1)(Hu”min(erl,ku) + 11V | min(p,ko) ) 1 — urllo;

(6.18)

where we used the Cauchy—Schwarz inequality and the boundedness of ¢ in
the first line, Theorem [6.4.6] and Lemma [6.4.3] in the second line, and the
regularity assumption in the last line. It then remains to find a bound for
(cV[u —up], VIpzp).
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To do this, use (6.7)) to write
(cVu,ViIpzp) = (v, VIpzy),

and use to write

(cVuh, VIhzh) = rﬁl(cVuh, VIhZh> + (cVuh, VIhZh)Q;L
= T;L(Cvuha VIhZh> + (’U, Ihzh)Qh’

Subtracting these two equalities gives
(eV[u —up), VIpzp) = =1, (cNVup, Vipzy) + ma(v, Inzp). (6.19)
Now, set ¢ := min(p — 1, k, — 2). We can write

o (cVup, VIpzy) = 1 (Vug, NV Iz, — O 0cVIgzp)
=1}, (Vup, — I, o Vu, cV Iz, — I 0V Ipzp)
+ 74, (I Vu, ¢V Iz, — I, 0cV L 25)
=1}, (Vup, — I, o Vu, V2, — I 0V Ipzp)
+ r%(chqVU, Vinzy)
=: R 4+ Ro,

where we used C8 for the first and third equality. We can bound R; as
follows:

|R1| < [Vup, — 101, o Vullo||cVIpzn — I 0cVInzn |0
+ [Vup =10, g Vulg, [eVInzn —p0cVinza|g;
< Chl|Vup = gVullo|[ 2|2
< Ch([[Vup, = Vullo + [|[Vu = g Vullo)[[u — uallo
< CRMM PRI (]| i g1 k) + 10l mingoso)) e = unllos

where we used the Cauchy—Schwarz inequality in the first line, Lemma
the regularity of ¢, and Lemma [6.4.3] for the second inequality, the
triangle inequality and the regularity assumption for the third inequality,
and Theorem [6.4.6] and Lemma [6.4.3] for the last inequality. We can also
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bound Ry as follows:

|Ro| < ChPHY eIl Vull 75, i1 | VInzn] 75,0
< CWPHY [T g V|7, pia [Hnznl175, 2
< O Vull 7, pia |2 12
= ChPY T g Vul| 75,420 12
< ChPH|Vull 7, gllzall2

< ChP M|l min(p g —1) 1w — tnlo-

Here, the first line follows from Lemma and the fact that cIl; ,Vu €
HPTY(T,)3, the second line follows from the regularity of ¢, the third line
follows from Lemma[6.4.3] the fifth line follows from Lemma[6.4.3] and the
last line follows from regularity assumption. The fourth line follows from
the fact that IIj ,Vu is piecewise polynomial of degree ¢ and therefore
| pg V|7 pr1 = [[1InVu|7, 4 By combining the bounds on Ry and Ry,
we then obtain

]r}L(cVuh,VIhzh)] = |R1 + RQ‘ S ’Rﬂ + ’RQ’

< ORISR (i) + 10llmingp o))l = unllo- (6.20)

From Lemma Lemma [6.4.3] and the regularity assumption, it also
follows that
(v, Inzn)| < CR™ PR o)l o1 ) 02750
< CRMPHLED) |1y ot k2012

< ORI 0 o1, |12 = o (6.21)

Combining (6.19), (6:20), and (6:21) gives

|(cV]u — up], VIpz1)|

< CRMEERED ([ i1, + 10 mingo1,80)) 1 = unfo-

Combining this with (6.17) and (6.18]) then gives (6.16]). O

These results can be used to prove optimal convergence for the wave
equation in a way analogous to [3I] by replacing a(u,w) by ap(u,w) =
(cVu, Vw)Q;L and by defining the projection operator 7, of [31] such that
ap(mhu, w) = (V- cVu,w)g, for all w € U,
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6.4.4 Error estimates for the linear elastic case

So far, we only analysed the scalar wave equation, but we can obtain error
estimates for the elastic wave equations in an analogous way.

In the linear elastic case, the wave field u : Q x (0,7) — R3 is a vector

field and (|6.1a)) becomes

pdfu=V-C:Vu+f in Q x (0,7),

with [V -C Vu]z = z?,k,lzl GjCjiklakul, where C : Q — R3X3X3X3 is
the elastic tensor field with symmetries Cjji; = Cjipg = Cijix = Chiij and
bounds

colle+at|| < ||C: o] < allo] for all o € R3*3,

?,j:l g z2j

The only part of the error analysis that requires some additional work
in this case, is the second inequality of Lemma Instead of [[Vul g, >
C||Vu|lo, we need to show that, if conditions CI-C3, C6, and C7, are

satisfied, then

with cg, ¢1 strictly positive constants and ||o||? := >

IVuy, + Vu’}LHQ/h > C||Vuy, + Vul ||o for all u,, € Up. (6.22)

This result follows from the fact that U is finite dimensional and the rela-
tions

el 1=1 (e | Sty =t
Hvuh +vul}€zH2Q;L = Z EHJe L (vwe + VWE) : Jet} o
e€Th
lel1+-1 jos | &= 12
IVu, + Vg [l = EHJel (Vwe + VW) - I
e€Th

where J. := V¢, is the Jacobian of the element mapping, J_* denotes the
transposed of the inverse of the Jacobian J_1, W, := J, - (u;, 0 ¢.) € U3,
and [|g]|%, == Yzco willo )|

Using the boundedness of C, , and Korn’s inequality, we can show
that the bilinear operator for the elastic case ap(u, w) := (C': Vu, Vw)gr
is still coercive. The other parts of the error analysis are analogous to the
scalar case.
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6.5 Numerical tests

6.5.1 Algorithms for computing the element stiffness
matrices

Before we present the numerical tests, we first briefly describe the algo-
rithms for computing the element stiffness matrices. In particular, we show
how we efficiently compute the element stiffness matrix-vector products on
the fly. We do not store the matrices, since this requires storing and fetch-
ing significantly more data, and since it was shown in [54] that an on-the-fly
approach is more efficient for higher-degree elements.

To describe the algorithms, let ¢ € 7, be an arbitrary element. We
introduce the following notation.

e {X;}", = Q: nodes on reference element é. Nodes of the different
mass-lumped elements can be found in [31].

e ;: nodal basis function corresponding to X;.

. wge) := ; o ¢ 1 nodal basis function of the physical element.

o (X}, = Q' quadrature points for the stiffness matrix on reference
element €. Quadrature rules for the different elements are given in

Section [6.3

e @}: quadrature weight corresponding to X/

.
o A& ¢ R the element stiffness matrix.
e u©): the wave field on e.

) g(e) € R™: the wave field at the nodes on e.

When using exact integration, the stiffness matrix-vector product v(€) :=
A©ul®) e R™ is given by

[APul)]; = / V! - vul© d, (6.23)

fori =1,...,n. After rewriting the integral as an integral over the reference
element, this becomes

(A, = / Va; - &) - val® di, (6.24)
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where @(®) := u(®) o ¢, V is the gradient operator in reference coordinates,
and €(®) := (co¢,) |e J_t.J 1 is a tensor field, with J. := V¢, the Jacobian

[e[7e
of the element mapping and J_ the transposed of J_ 1. When c is constant
within each element, then &© is also constant and we can compute 1'
using the algorithm of [54]:

3 n
[A(E)H(e)]i — Z Ez(;),jD Z Bi(;D’JD)E;e) (625)
tp,jp=1 Jj=1

where B(ip:Jp) € R"*" are precomputed matrices, given by
BjPP) = /(@'D@i)(ajzﬁj) dz,
e

for ip,jp = 1,2,3, 4,5 = 1,...,n, with éiD the derivative in reference
coordinate ip. We can reduce the number of computations in (6.25)) using
the fact that €(©) is symmetric:

L DD LN O S ) IR

ip=1jp=1

where B(ip:ip) .= Blin.ip) 4 BUp+ip) if 5 +£ j; and B(pJp) .= Blin.ip)
when ip = jp. The complete algorithm can then be described as follows:

Al. Compute ¢(ip.in) € R™ for ip=1,2,3, jp < ip:
ZDJD Z B lDJD
A2. Compute A©ul®) ¢ R™:
L& 0 linin)
=30y e

ip=1jp=1

The computational work is dominated by the first step where 6 matrix-
vector products with matrices of size n x n are computed.

Alternatively, we can compute A ul®) by evaluating the integrals with
a quadrature rule. Equation ([6.24)) then becomes

Z elek) . valo)(x)), (6.27)
k=1
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where &(¢%) = @& &) (%)) € R3*3. We can compute this as follows:

3
ZZD“D S ZD(“L- . (6.28)

k=lip=1 Jjp=1

where D(0) € R?'*" are precomputed matrices, given by
D) = (8, ) (%4,).

The complete algorithm can be described as follows:

B1. Compute Ur) € R" for jp = 1,2,3:
ZD (4p) (e
B2. Compute ¢(0) € R" for ip = 1,2, 3:

3
(ip) _ ~(e;k) (ip)
Ok - Z Cipjp€k -
Jjp=1

B3. Compute A©®u® e R™:

[A@yle Z <ZDZD> (zD>).

ip=1

The computational work for this algorithm is dominated by the first and
third step, which both require 3 matrix-vector products with matrices of
size n’ x m, so 6 of these matrix-vector products in total. Since n’ <
n for all the quadrature rules presented in this chapter, this number of
computations is smaller then for the previous algorithm, although only
slightly. However, as we will show next, this quadrature-based algorithm
is significantly more efficient than the exact-integral algorithm in case of
linear elasticity. Moreover, this quadrature-based algorithm also works if ¢
varies within the element.

In case of linear elasticity, the wave field u : © x (0,7) — R3 is a
vector field and the term cVu becomes the stress tensor C' : Vu, with
C € R3X3%3X3 the order-four elasticity tensor with symmetries Cijul =
Cjikl = Cijlk = Cklij and [C : Vu]ij = Zi,l:l Cijklaluk. The vector
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ul® € R3 can in this case be written as a concatenation of three vectors
u®d ue?d yle3) € R where ule? is the wave field component w; at the

nodes on e. The parameter ¢©) becomes C(¢) := % Jt-(Coge)-J
where [J7- C - I = 30, o1 [I2 NipCrjhgl I gt and &) becomes
Clek) .= ¢ ]’Cé(e) (X},). The algorithm for computing the element stiffness

matrix-vector product using exact integration then becomes

A1*. Compute e(p-70:3v) € R™ for ip,jp,jy = 1,2, 3:

n
(ip,ipsiv) _ (ip.ip)  (edv)
€; = g Bij u; .

j=1
A2*. Define v(© := A©ul®). Compute v(¢V) € R” for iy, = 1,2, 3:

3
(esiv) _ § : ~(e) (ip,jp.jv)
Y, - CZD,WJV,JD €

ip,jp,jv=1
The computational work is again dominated by the first step, which now

requires 27 matrix-vector products with matrices of size n x n.
When using a quadrature rule, the algorithm becomes

B1*. Compute €p3v) ¢ R for jp,jy = 1,2, 3:

(]Da]V) ZD(JD u' ,Jv)

B2*. Compute o(i2:v) € R" for ip, iy = 1,2, 3:

3
(ipiv) _ Z ~(e,k) (4psdv)
Tk = Cipiv ik .

Jp,jv=1

B3*. Define v(® := A©u(®). Compute v(&V) € R™ for iy = 1,2, 3:

X(e,zv . Z <ZD zD,zV )

ip=1
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The computational work for this algorithm is dominated again by the first
and third step, which now both require 9 matrix-vector products with ma-
trices of size n’ X n, so 18 of these matrix-vector products in total. The
number of computations is therefore reduced by more than a factor 1.5
when compared to the algorithm based on exact integration. Furthermore,
the quadrature-based algorithm can also handle tensor fields C' that vary
within the element.

Both algorithms can be slightly improved by exploiting the fact that
the rows and columns of the matrices B(2:7P) and the columns of matrices
DUD) gum to zero. Furthermore, in case of isotropic elasticity, steps A2*
and B2* can be computed more efficiently by exploiting the simple structure
of the elasticity tensor C.

In the next section, we demonstrate the superiority of the quadrature-
based algorithm for the case of non-constant parameters and linear elastic-

ity.

6.5.2 Acoustic wave on a heterogeneous domain

We first test the methods for an acoustic wave propagation problem with
a heterogeneous domain. The acoustic wave equation is given by
1

1
Pp=V-= in Q x (0,T 6.29
pC2 t P \% pr7 m X( ) )7 ( )

with spatial domain 2 C R3, time interval (0,T), pressure field p : Q x
(0,7) — R, mass density p : @ — R, and acoustic wave speed ¢ : Q@ —
R. We choose Q := (—Ly,L1) X (—Lg,L2) x (—Ls, L3) and impose zero
Neumann boundary conditions.

To construct an analytic solution, let X; := x; + % cos(m;x;), for i =
1,2, 3, be distorted coordinates, with m; = %W/LZ- and a; € [0,1), and
define g; := 0;X; = 1 — a;sin(m;x;). Also let py € R be the average mass
density, cg € R the average wave speed, k € R3 the wave vector, and
w = ¢plk| the angular velocity, and let parameters p and ¢ be given by

p(x) := pogi(x1)g2(x2)g3(x3),

k¥ + k3 + k3
c(x) := ¢ 12 3 .
\/k?g?(xl) + k3g3(x2) + k393 (x3)

Then the standing wave, given by

p(x,t) = cos(wt) sin(k1 X7) sin(koX2) sin(ks X3),
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is a solution of that satisfies the zero Neumann boundary conditions.

Now, set L; = 1 km, a; = 0.2, k; = 3m;, for i = 1,2,3, and ¢y = 2 km,
po =2 g/cm3. To test the numerical methods, we use p(x,0) and 9;p(x, 0)
as initial conditions. We test on multiple unstructured meshes and simulate
in time using a fourth-order time-stepping scheme [I8] with time step sizes
based on [55] scaled with a factor 0.9. The root mean square (RMS) error
is computed after two time oscillations, so at T' = 47 /w ~ 0.7698 s.

Table 6.6: Power-law fits of the left graphs of Figures and Conver-
gence rates are given in bold font.

RMS error

Method Figure ‘ Figure

2,415 | (3.1 x 102)N1/3%3:3) [ (2.4 x 101)N(-1/3%2.6)
3,432 | (22 x103)N(E1/B3x41) | (9.9 x 100) N (=1/3x2.1)
4,460 | (5.5 x 104)N(1/3x53) | (9.4 % 100) N (-1/3%22)
4,461 | (7.8 x 104)N(1/3x5:3) | (9.6 x 100) N (~1/3x22)
4,465 | (7.2 x 104)N(1/3x53) | (1.0 x 100) N (-1/3x2.2)

——2415
——3,432

4,460
——4.4 61
——4,465| 7

10°F

o Wallclok ine o imestepping
Figure 6.1: RMS errors for the acoustic test case as a function of the cube
root of the number of degrees of freedom (left) and as a function of the wall
clock time (right). In the legend, p, K n refers to the element of degree
p with n nodes, combined with an order-K time-stepping scheme. The
element stiffness matrices were evaluated using a quadrature rule.

Figure shows the RMS error plotted against the cube root of the
number of degrees of freedom N and the wall-clock time for the mass-
lumped tetrahedral element methods using the quadrature-based algorithm
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for the stiffness matrix as discussed in the previous subsection. The simu-
lations shown here were performed with an OpenMP implementation on 24
cores of two Intel® Xeon® E5-2680 v3 CPUs running at 2.50GHz. Power-
law fits of the left graph are also shown in Table This graph shows
optimal convergence rates of order p + 1 and thereby confirms the error
estimates of the previous section. In particular, it confirms that optimal
convergence rates are maintained, even though the spatial parameters p, ¢
vary within the element.

—e-2415
——3.432

4,4 60|
4461/ 4
——4,465

107

RMS error
RMS error

10

v R v ot e s 0 -
Figure 6.2: Same as Figure but using exact integration to evaluate
the stiffness matrix and using a piecewise-constant approximation of the
mass density p. All methods only converge with second order due to the
parameter approximation and higher-degree methods only result in more
degrees of freedom and computation time.

Figure [6.2] shows the same as Figure for the methods using exact
integration to evaluate the stiffness matrix and using a piecewise constant
approximation of the mass density p. Power-law fits of the left graph are
again given in Table The graph shows that, due to the piecewise
constant approximation, only second-order convergence rates are obtained.
The higher-degree elements now only result in more computations per el-
ement, without any significant gain in accuracy. When comparing with
Figure it follows that the quadrature-based approach is much more
efficient than using exact integration with piecewise-constant parameter
approximations.



6.5. NUMERICAL TESTS 153

6.5.3 Elastic wave on a homogeneous domain

We also test the methods for an elastic wave propagation problem on a
homogeneous domain. The elastic wave equations are given by

pdPu=V . C:Vu+f, in Q x (T, T1),

with u : Q x (Tp,T1) — R3 the displacement field, f : Q x (Tp,T1) — R3
the force field, p : Q@ — R the mass density, and C' : Q — R3*3X3%3 the
elasticity tensor. We consider an isotropic elastic medium, so C' : Vu =
AV - )l + p(Vu + Vub), with T € R3*3 the identity tensor, Vu' the
transposed of Vu, and A, u :  — R the Lamé parameters.

We choose a domain = [~2,2]x[—1,1]x[0, 2] km? with zero Neumann
boundary conditions, and set the parameters with a constant mass density
p = 2 g/cm?, primary wave velocity vp := /(A +2u)/p = 2 km/s, and
secondary /shear wave velocity wg := y/p/p = 1.2 km/s. A unit vertical
force source with a 7-Hz Ricker-wavelet is placed at xg.. := (0,0,1000) m
and receivers are placed between x, = —1375 m and x, = 1375 m with a
50-m interval at gy, = 200 m and 2, = 800 m. The exact solution can be
found in [4]. The simulation time is chosen such that reflections caused by
the boundary conditions do not reach the receivers.

100 10°

RMS error
RMS error

1(;2 1(;4 10°
N'A Wall clock time for timestepping (s)

Figure 6.3: RMS errors for the elastic test case as a function of the cube
root of the number of degrees of freedom (left) and as a function of the
wall clock time (right). In the legend, p, K n refers to the element of
degree p with n nodes, combined with an order-K time-stepping scheme.
Suffix w denotes elements for which the stiffness matrix was evaluated using
the quadrature-based approach described in subsection [6.5.1] while for the
other elements we used the exact-integral algorithm.

We tested the methods on multiple unstructured meshes and simulated
over the time interval (—0.3,0.6) s, with the time-stepping algorithm as
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in the previous test case. Simulations were also carried out in the same
environment as in the previous test case. The RMS error is based on
the errors at all receivers and for all directional components and is plotted
against the cube root of the degrees of freedom NV and elapsed time in Figure
[6.3] The left graph shows that the methods converge with optimal order.
The right graph shows that for the degree-3 and degree-4 elements, the
quadrature-based procedure reduces the computational cost by a factor of
ca. 1.5. For the degree-2 element, this procedure also results in a moderate
speed up.

6.6 Conclusion

We presented new and efficient quadrature rules for evaluating the stiff-
ness matrices of mass-lumped tetrahedral elements for wave propagation
modelling. These quadrature rules can significantly reduce the number of
computations compared to algorithms that evaluate the stiffness matrix us-
ing exact integration, and can handle spatial parameters that vary within
the element without loss of the optimal convergence rate. Obtaining these
quadrature rules is not trivial, since degree-p mass-lumped tetrahedral el-
ement spaces contain, apart from polynomials up to degree p, numerous
additional higher-degree bubble functions when p > 2. To obtain efficient
quadrature rules, we therefore carefully analysed the stability and accuracy
requirements needed to maintain optimal convergence rates. The result-
ing conditions are presented in this chapter, and we prove that, if these
conditions are met, the resulting method can maintain an optimal order of
convergence, even when the spatial parameters vary within the element. We
found quadrature rules that satisfy these conditions for recently developed
mass-lumped tetrahedral elements of degrees two to four.

For the degree-2 element, the quadrature rule with the least number of
points we could find was the degree-5 accurate 14-point quadrature rule of
[38], but for the degree-3 and degree-4 elements, we found new quadrature
rules that require significantly less integration points than existing quadra-
ture rules. Several numerical examples illustrate the accuracy and efficiency
of this approach and its superiority to evaluating the integrals for the stiff-
ness matrix exactly. In particular, the quadrature-based approach results
in a computational speed-up of around a factor 1.5 in case of elastic waves
and maintains an optimal convergence rate when the spatial parameters
vary within the element.



Chapter 7

Conclusions and Outlook

In this dissertation, new and existing finite element methods for wave prop-
agation modelling were presented, analysed, and compared. The main con-
clusions are as follows:

e The new penalty term bound for the discontinuous Galerkin method
presented in this dissertation results in a better accuracy and signif-
icantly less time steps compared to other bounds available in liter-
ature. The computational speed-up for a given accuracy can be an
order of magnitude when using this new bound.

e The time step bound for the discontinuous Galerkin method presented
in this dissertation can be efficiently computed, guarantees stability
of the method, and is always close to the largest allowed time step
size. Numerical tests show that the time step bound does not become
smaller than a factor 1.4 compared to the largest allowed time step
size.

e The theory behind the stability of finite element methods combined
with standard explicit time-stepping schemes can not be readily ex-
tended to a basic local time-stepping scheme. In particular, for a
basic local time-stepping scheme, instabilities can always be present,
unless the local time step size is applied everywhere, but this would
turn the scheme back into a standard time-stepping scheme.

e The new mass-lumped tetrahedral elements presented in this disser-
tation are much more efficient than the discontinuous Galerkin and
other mass-lumped methods available in literature. The computa-
tional speed-up for a given accuracy can be an order of magnitude.
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e Based on a dispersion analysis, the degree-2 mass-lumped element
method is the most efficient for an accuracy between 0.01 to 0.001,
while higher-degree mass-lumped element methods become more ef-
ficient for dispersion errors below 0.001. The dispersion analysis pre-
sented in this dissertation also provides estimates for the required
mesh resolution for a given accuracy.

e The new quadrature rules for evaluating the stiffness matrices of
mass-lumped tetrahedral elements presented in this dissertation re-
quire up to 256% less quadrature points than other quadrature rules
available in literature. Using a quadrature rule to compute the stiff-
ness matrix can significantly speed-up the finite element method com-
pared to algorithms that evaluate the stiffness matrix exactly. In the
case of linear elasticity, this speed-up is around a factor 1.5. Fur-
thermore, the quadrature-approach can handle material parameters
that vary within the element without loss of accuracy, while approx-
imating the material parameters with piecewise constant parameters
completely destroys the efficiency of higher-order methods.

While the work presented in this dissertation greatly improves the effi-
ciency of finite element methods for seismic modelling and wave propaga-
tion modelling in general, addressing the following topics in the near-future
could even further improve the finite element method:

e Mesh generation: generating a high-quality mesh for finite element
modelling can take as much time as the simulation itself. This is
a major drawback of finite element methods and more efficient and
robust mesh generators would therefore greatly improve the efficiency
of these methods.

e Postprocessing: while the dispersion error converges with order
2p, with p the degree of the finite element method, the finite element
method only converges with order p+ 1 due to interpolation errors. If
we can efficiently regain the 2p convergence rate by preprocessing and
postprocessing the numerical data, this would significantly improve
the efficiency of higher-degree finite element methods.

e Hybrid scheme: while finite element methods can more efficiently
capture the effect of complex topographies, finite difference methods
are more efficient in the majority of the domain where the material
parameters vary smoothly. An interesting research question is if it
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is possible to combine these methods and only use the finite element
method near the topography.

Testing with full waveform inversion: after having the finite
element method fully optimized, it is interesting to test how much
efficiency is gained when this method is applied to full waveform
inversion.
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