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GENERAL INTRODUCTION

The numerical solution of wave equations (acoustics, elastodynamics or electromagnetics) is
increasingly used in many areas such as civil engineering, mechanical engineering, aerospace engineering,
geophysics, medicine, biology or telecommunications. Applications are then various: noise reduction,
radar and antenna design, satellites and waveguides, detection of hidden targets, medical imaging,
seismic imaging, earthquakes dynamics, etc.

The scientific context of this thesis is seismic imaging, which aims at recovering the structure
of the earth. A seismic imaging method using a wave equation model is called a seismic-reflection
technique. This kind of method is very popular in the petroleum industry because it is the one that
yields the most accurate images of the subsurface in view of analyzing them to find hydrocarbons. We
refer to [I] for a detailed description of seismic imaging methods.

The principle of a seismic acquisition, as we can see on fig. [3] is simple: sources, generally placed
on the top of the subsurface, emit waves inside the earth; then receivers, which are usually placed at
the top or in the depth, record the reflected waves (arrival time and amplitude). The amplitudes of
reflected fields allow to recover the material characteristics constituting the ground, and the arrival
times allow to establish the position of the reflectors, which are the interfaces between two different
media.

Sources Receivers

Fig. 1: Principle of a seismic acquisition.

A seismic acquisition procedure consists in two main steps: the stacking and the migration. The
stacking is the sum of the different signals recorded at the receivers and allows to perform seismic
tomogrography i.e. to recover wave velocities. The stacking contains the position of the reflectors in
time: it corresponds to the arrival time of the reflected waves. The migration consists in turning this
information in time into an information in space in order to locate the reflectors in the subsurface.
These two main steps are done one after the other, the order in which they are performed depends on
the type of seismic image which is looked for. For simple velocities and structures (post-stack time
migration (TM)) or for complex velocities and simple structures (post-stack depth migration (DM)),
the stacking is done before the migration. For simple velocities and complex structures (pre-stack
TM), or for complex velocities and complex structures (pre-stack DM), it is the migration which is



done before the stacking.

Seismic imaging campaigns can be done in the sea (fig. or on the ground (fig. and with its
results, one can construct a map of the variations of the velocity in the medium. The latter is referred
to as the velocity model. Its quality depends on the number of sources used. It is the reason why in
seismic imaging the number of sources is usually large (about 10000). Consequently, the efficiency of
the whole procedure is directly related to the efficiency of the numerical method used to solve wave
equations.

Fig. 2: Seismic imaging campaigns: in the sea@ and on the ground @

There exist several seismic imaging methods: the Reverse Time Migration (RTM) and the Full
Wave Inversion (FWI) are the most widely used. Both methods are based on the resolution of wave
equations.

The RTM, which is a depth migration technique, is based on the reversibility of wave equations.
From the sources, one propagates waves to obtain the propagated field. Then one makes use of the
recorded data of the reflected waves as initial data, and propagates them in order to obtain the
back-propagated field. Finally, the image of the subsurface is obtained by correlating the propagated
fields and back-propagated fields: at each point where there is a correlation, a reflector is deduced.
For more details on the RTM technique, we refer to [2] or [3].

The FWI, which is reviewed in [4, [5], aims at solving the tomography problem and migration
problem simultaneously. It is an iterative procedure solving 2N harmonic wave equations at each
iteration of the algorithm if NV sources are used. It defines an inversion process (see [0] for more details
about inversion process), and thus it is composed of two major steps: first, one solves the forward
problem (i.e. the propagation of the wave) which models the phenomenon for each source; then, one
computes residuals due to a comparison between the recorded data and the numerical data using, for
instance, a least-squares method. These residuals are used to update the velocity and the process is
repeated until there is accordance between recorded data and numerical data.

Seismic imaging can be performed in the time-domain, as it is presented in [2] for the RTM, or in
the frequency-domain; we refer to [7] or [§] for examples of RTM in frequency-domain and to [9] for
the FWI. Compared to frequency-domain case, time-domain approaches do not require an important
computational cost, but the implementation of the imaging condition is more involved. Furthermore, in
frequency-domain approaches, it is not necessary to store the solution at each time step of the forward
simulation. This is interesting because seismic imaging involves very large problems with a lot of data
and a particular attention should be taken to memory consumption. In the frequency-domain case,
the main drawback then lies in the need to solve a large linear system of equations which represents
a challenging task when considering realistic 3D elastic media, despite the recent advances on high



performance numerical linear algebra solvers [I0]. The use of domain decomposition techniques or
Schwarz methods, such as the ones proposed in [11, 12| 13, [I4, [I5] for Helmholtz and Maxwell’s
equations can greatly reduce the computational costs and the memory consumption especially when
it is coupled to an appropriate preconditionner [16], 17]. This method is very performant for solving
a single problem associated to one source. However, for seismic problem where one generally has
to invert a linear system with more than 1000 right hand sides (each of them being associated to a
source), achieving highly efficient solution strategy can be quite challenging with iterative or hybrid
iterative direct methods.

Today, the main challenges in seismic imaging are the speed up of seismic modelling; the 3D data
handling, the size of realistic 3D geophysical problems being close to terabytes; and the construction
of velocity models.

In this thesis, we are interested in the modeling part, i.e. the resolution of the forward problem of
the FWI, assuming a time-harmonic regime, leading to the so-called Helmholtz equation.

During the past decades, the geophysical community focused on the acoustic wave equation since
FWI or RTM for elastodynamics was out of reach of the supercomputers of that time. Now, with
the progress of high performance computing, it is possible to consider 2D elastodynamics but it
is still complicated to deal with realistic 3D elastic models. The main objective of our work is to
propose and develop a new finite element (FE) type solver characterized by a reduced-size discrete
operator (as compared to existing FE solvers) without hampering the accuracy of the numerical solution.

A wide variety of approximation methods of wave equations is currently available. The FWI is
performed with methods belonging to the family of finite difference (FD) methods or finite element
(FE) methods. FD methods use regular grids, which make them easy to implement, and allow to
obtain easier systems to solve (as compared to FE methods). We refer to [18] for examples of FD
methods in the geophysics frameworks and to [I9] for 3D applications. Their main disadvantage is
their lack of sufficient accuracy when dealing with highly heterogeneous media or when the underlying
mesh is too coarse. Moreover with FD methods, one does not take accurately into account the irregular
topography of the subsurface because the structured mesh cannot correctly approach interfaces [20, 21].
Indeed, with Cartesian meshes, it is difficult to handle a steep subsurface.

By contrast, with FE methods [22] 23], one can use unstructured meshes to discretize accurately
complex domains. One inherits from a greater flexibility in the construction of the mesh. However,
FE methods require more memory space than FD methods. Two kinds of FE method seem to be
adapted to wave propagation simulation: spectral elements (SE) methods (see [24] or [25] for example
of SE methods for geophysical applications) and discontinuous Galerkin (DG) methods (see [26] for a
comparison between DG methods and FD methods applied to wave equations for seismic applications).

SE methods use high order functions and need less memory space than classical FE methods without
hampering the numerical convergence order. However, SE methods are formulated on quadrangular
(2D case) /hexahedral (3D case) meshes which may not be ideally adapted to the discretization of
complex geometries in the 3D case. DG methods and FE methods mainly differ on basis functions:
DG basis functions are only piecewise continuous. Moreover, in addition to the fact that they are
formulated on unstructured triangular meshes, they are more suitable than classical continuous FE
methods to deal with hp-adaptivity (interpolation degree p or mesh step h can change from element
to another) [27], providing a greater flexibility in the mesh construction and the discretization of
the different regions of the subsurface. For time-domain problems, DG methods provide explicit
representation of the solution because the mass matrix is at worse block diagonal. In addition, they
are nicely adapted to high performance computing.



Their main drawback is that they have an higher computational cost (CPU time and memory) as
compared to classical FE methods because they are expensive in terms of the number of unknowns,
especially when arbitrarily high order interpolation of the field components is used. This is due to the
fact that the degrees of freedom belong to only one element (because basis functions are discontinuous
at the interfaces of the elements) and so, the degrees of freedom placed at the interfaces have to be
duplicated. In this case DG methods lead to larger sparse linear systems with a higher number of
globally coupled degrees of freedom as compared to classical FE methods on a given mesh.

To overcome this drawback, we consider in this thesis a new DG method, the hybridizable DG
method (HDG) introduced by Cockburn, Peraire and Lazarov in 2009 for second order elliptic problem
[28]. The principle of this HDG method consists in introducing a Lagrange multiplier representing the
trace of the numerical solution on each face of the mesh cells. This new variable exists only on the
faces of the mesh and the unknowns of the problem depend on it. This allows to reduce the number
of degrees of freedom for the discretization and thus, the number of unknowns of the global linear
system. Now the size of the matrix to be inverted only depends on the number of degrees of freedom
of each face and the number of faces of the mesh. It is worth noting that for a nodal DG method,
this matrix size depends on the number of degrees of freedom of each element and on the number of
elements of the mesh. Finally the solution of the initial problem is recovered thanks to a simple linear
independent elementwise calculation.

Moreover, as it is a DG method, the HDG method benefits of the advantages of them i.e. hp-adaptivity
and an easily parallelizable implementation.

The HDG method has been adapted to solve Maxwell’s equations in frequency-domain [29, [30]
and fluid mechanics models [31], [32] [33], 34]. In [35], the method has been applied to time-implicit
elastodynamics, but no work has ever addressed the extension of the HDG method to elastodynamics
in harmonic domain.

The main contributions of this thesis are: the development of an HDG method for elastodynamics
in harmonic domain, for isotropic and anisotropic media in two and three dimensions; the performance
analysis of this new method; and the comparisons of its performances with the ones of classical DG
methods. This thesis is divided into five parts: in the first part, we remind how the elastic wave
equations are obtained and we review the different numerical methods which allow to solve them.
The second chapter is dedicated to two nodal DG methods: the centered fluxes DG method and the
upwind fluxes DG method. We explain these two methods and compare them on a simple test case in
order to determine a reference method for the comparison with the HDG method.

We describe the proposed 2D HDG formulation in chapter three and we detail the implementation of
the algorithm. We analyze the numerical convergence of the method and the condition number of
the resulting matrix to be inverted. We also study the influence of the penalization parameter on the
accuracy of the solution and we discuss the p-adaptivity property of the HDG formulation.

In chapter four, we compare the performance of the HDG method to two classical DG methods: the
upwind fluxes DG method that we present in chapter two and the interior penalty discontinuous
Galerkin method. We test the three methods on simple test cases: the propagation of a plane wave
and the scattering by disk-shaped obstacles. Then, we compare the performances of HDG and IPDG
methods on a more realistic test case which is a classical benchmark in geophysics: the Marmousi test
case. Finally, we apply the HDG method to anisotropic media.

In the last chapter, we present the 3D HDG formulation for the general anisotropic case and we detail
the implementation of the algorithm. We present preliminary results in order to validate the developed
numerical code.



INTRODUCTION GENERALE

La résolution numérique de 1’équation des ondes (acoustiques, élasto-dynamiques ou électromag-
nétiques) est de plus en plus utilisée dans de nombreux domaines tels que le génie civil, le génie
mécanique, I’aérospatiale, la géophysique, la médecine, la biologie ou encore les télécommunications.
Ses applications sont alors trés variées: réduction du bruit, application aux radars et antennes, satellites
et guides d’ondes, détection de cibles cachées, imagerie médical, imagerie sismique, séismes, etc.

Cette theése s’inscrit dans le cadre de 'imagerie sismique, dont le but consiste & reconstituer la
structure de la Terre. Une méthode d’imagerie sismique utilisant le modéle des équations d’ondes est
la technique de sismique-réflexion. Ce type de méthode est trés populaire dans 'industrie pétroliére
parce qu’elle permet d’obtenir des images trés précises du sous-sol qui seront analyser afin de trouver
des hydrocarbures. Nous faisons référence a [I] pour une description détaillée des méthodes d’imagerie
sismique.

Le principe d’acquisition sismique est simple, comme on peut le voir sur la fig. des sources,
généralement placées & la surface du sous-sol, émettent des ondes & l'intérieur de la Terre; des
récepteurs, placés ou en surface ou en plus en profondeur, enregistrent ensuite les ondes réfléchies
(temps d’arrivée et amplitude). Ce sont les amplitudes des champs réfléchis qui permettent de retrouver
les caractéristiques des matériaux qui constituent le sous-sol, et les temps d’arrivée permettent d’établir
la position des réflecteurs, qui sont les interfaces entre deux milieux différents.

Sources Receivers

Fig. 3: Principle of a seismic acquisition.

Une procédure d’acquisition sismique est constituée de deux étapes principales: le stacking et la
migration. Le stacking est la somme des différents signaux enregistrés par les récepteurs et permet
d’effectuer une tomographie sismique, c’est-a-dire de retrouver les vitesses des ondes. Le stacking
contient également les positions des récepteurs en temps: cela correspond au temps d’arrivée des
ondes réfléchies. La migration quant & elle consiste & transformer cette information en temps en
une information spatiale dans le but de localiser la position des réflecteurs dans le sous-sol. Ces
deux principales étapes sont faites I’'une aprés ’autre, et I'ordre dans lequel elles sont effectuées
dépend du type d’image sismique que 1’on souhaite avoir. Pour des vitesses et des structures simples
(post-stack time migration (TM)) ou pour des vitesses complexes et des structures simples (post-stack



depth migration (DM)), le stacking est effectué avant la migration. Pour des vitesses simples et des
structures complexes (pre-stack TM), ou pour des vitesses et des structures complexes (pre-stack DM),
la migration est faite avant le stacking.

Les campagnes d’imagerie sismique peuvent étre faites dans la mer (fig. ou dans le sous-sol
(fig. . Avec leurs résultats, on est capable de construire une carte représentant les variations de
vitesse dans le milieu. Cette derniére est appelée le modéle de vitesses et sa qualité dépend du nombre
de sources utilisées. C’est la raison pour laquelle en imagerie sismique le nombre de sources est
généralement trés grand (autour de 1000). Par conséquent, Uefficacité de toute la procédure d’imagerie
est directement reliée a l'efficacité de la méthode numérique utilisée pour résoudre I’équations des
ondes.

Fig. 4: Seismic imaging campaigns: in the sea@ and on the ground @

Il existe plusieurs méthodes d’imagerie sismique: la Reverse Time Migration (RTM) et la Full
Wave Inversion (FWI) sont les deux méthodes les plus largement utilisées. Elles sont toutes les deux
basées sur la résolution d’équations d’ondes.

La RTM, qui est une technique de migration profondeur, est basée sur la réversibilité des équations
d’ondes. A partir des sources, on émet des ondes afin d’obtenir un champ propagé. Ensuite, on
utilise les données enregistrées des ondes réfléchies comme données initiales et on propage dans le but
d’obtenir un champ rétro-propagé. Finalement, 'image du sous-sol est obtenue en corrélant les champs
propagé et rétro-propagé: a chaque point ou il y a corrélation, on en déduit qu’il y a un réflecteur.
Pour plus de détails sur la RT'M, nous faisons référence a [2] ou [3].

La FWI, qui est expliquée dans [4, 5], a pour but de résoudre en méme temps un probléme de
tomographie et un probléme de migration. C’est une procédure itérative qui requiert de résoudre
2N équations d’ondes harmoniques & chaque itération de 'algorithme si N sources sont utilisées.
La FWI définit un probléme inverse (voir [6] pour plus de détails sur les problémes inverses), et est
alors composée de deux étapes principales: d’abord, la résolution du probléme direct (c’est-a-dire la
résolution de la propagation d’ondes) qui modélise le phénomeéne pour chaque source; puis, le calcul
de résidus en comparant les données enregistrées et les données calculées numériquement. On peut
par exemple utiliser la méthode des moindres carrés pour effectuer cette comparaison. Une fois les
résidus calculés, ils sont ensuite utilisés pour mettre a jour le modéle de vitesses et le processus est
ainsi répété jusqu’a ce qu’il y ait concordance entre données numériques et données observées.

L’imagerie sismique peut étre effectuée en domaine temporel, comme présenté dans [2] pour la
RTM, ou en domaine fréquentiel; nous faisons référence a [7] ou [8] pour des exemples de RTM en
domaine fréquentiel et a [9] pour la FWI. Les approches en domaine temporel ne nécessitent pas
d’importants cotlits de calcul, mais 'implémentation de la condition d’imagerie est plus compliquée



qu’en domaine fréquentiel. D’autre part, en domaine fréquentiel, il n’est pas nécessaire de stocker la
solution & chaque pas de temps de la simulation directe. Ceci est un point intéressant car les problémes
d’imagerie sismique sont de grands problémes impliquant un grand nombre de données et une attention
particuliére doit étre apportée a la consommation mémoire. En domaine fréquentiel, le principal
inconvénient est la résolution de grands systémes linéaires. Cela représente un véritable challenge si
I’'on veut considérer des cas réels 3D dans des milieux élastiques, et ce malgré les récents progrés sur
les solveurs numeériques linéaires haute performance [10]. L’utilisation des techniques de décomposition
de domaines ou des méthodes de Schwarz, telles que celles proposées dans [11], 12 [13| [I4, [I5] pour les
équations d’Helmholtz et de Maxwell peuvent grandement réduire les cotits de calcul et la consomma-
tion mémoire, particuliérement si elles sont couplées avec un préconditionneur approprié [16, [I7]. Ces
méthodes sont trés performantes pour résoudre un probléme associé a une seule source. Cependant,
pour des problémes sismiques olt on doit généralement inverser un systéme linéaire pour plus de 1000
second membres (chacun d’eux étant associé & une source), obtenir une méthode de résolution assez
efficace peut étre assez difficile avec des méthodes itératives ou méthodes hybrides (combinant des
méthodes itératives et directes).

Aujourd’hui, les principaux challenges en imagerie sismique sont ’amélioration de la modélisation
sismique; le traitement des données 3D, la taille des problémes réalistes géophysiques 3D avoisinant
les térabytes; et la construction des modeéles de vitesse.

Dans cette thése, nous nous intéressons & la partie modélisation, c’est-a-dire & la résolution du
probléme direct de la FWI, en supposant un régime harmonique; ce qui nous améne a résoudre
I’équation d’Helmholtz.

Au cours des derniéres décennies, la communité géophysique s’est focalisée sur I’équation des ondes
acoustiques étant donnée qu’effectuer une RTM ou une FWI pour un probléme élastodynamique
était hors de portée des moyens informatiques de I’époque. Aujourd’hui, grace aux progrés en calcul
haute performance, il est possible de considérer les problémes élastodynamiques 2D mais considérer
des modeles élastiques réalistes 3D reste toujours compliqué. L’objectif principal de ce travail est de
proposer et de développer un nouveau type de solveur élément fini (FE) caracterisé par un opérateur
discret de taille réduite (comparé aux solveurs FE déja existants) sans modifier la précision de la
solution numérique.

Une large variété de méthodes d’approximation des équations d’ondes sont aujourd’hui utilisées. La
FWI est utilisée par exemple avec des méthodes appartenant aux familles des méthodes de différences
finies (FD) ou d’éléments finis (FE). Les méthodes FD s’utilisent avec des grilles réguliéres, ce qui les
rend simples a implémenter. Elles permettent d’obtenir des systémes faciles a résoudre (comparé aux
méthodes FE). Nous pouvons citer [I8] comme exemple de méthodes FD dans un contexte géophysique
et [I9] comme exemple d’applications 3D. Leur principal inconvénient est qu’elles manquent de précision
lorsque 'on souhaite traiter des problémes hautement héterogénes ou quand le maillage utilisé est
trop grossier. D’autre part, elles ne prennent pas bien en compte la topographie irréguliére du sous-sol
terrestre, étant donné que les maillages structurés ne permettent pas d’approcher correctement les
interfaces |20 21]. En effet, avec un maillage cartésien, il est difficile de traiter un terrain escarpé.

A Tinverse, avec les méthodes FE [22] 23], on peut utiliser des maillages non-structurés pour
discrétiser plus précisement les domaines complexes. On hérite alors d’une grande flexibilité en matiére
de construction du maillage. Cependant, les méthodes FE requiérent plus d’espace mémoire que les
méthodes FD. Deux classes de méthodes FE semblent étre les mieux adaptées & la simulation de la
propagation d’ondes: les méthodes d’éléments spectraux (SE) (voir [24] ou [25] pour des exemples
d’applications géophysiques des méthodes SE) et les méthodes de Galerkine discontinues (voir [20]



pour une comparaison entre les méthodes DG et les méthodes FD appliquées aux équations d’ondes
dans un cadre sismique).

Les méthodes SE peuvent s’utiliser avec des fonctions d’ordre élevé et nécessitent moins d’espace
mémoire que les méthodes FE classiques tout en gardant le méme ordre de convergence numérique.
Cependant, les méthodes SE sont formulées sur maillages composés de quadrangles en 2D ou d’hexaédres
en 3D ce qui n’est pas idéalement adapté a la discrétisation de géométrie complexe, surtout dans le
cas 3D. Les méthodes DG différent principalement des méthodes FE par leurs fonctions de base: les
fonctions de base DG sont seulement continues par morceaux. Ajouté au fait qu’elles sont formulées
sur des maillages triangulaires non-structurés, elles sont alors plus adaptées que les méthodes FE
continues classiques pour gérer I’hp-adaptivité (degré d’interpolation p ou pas de maillage h pouvant
changer d'un élément a Pautre) [27], fournissant un important degré de flexibilité dans la construction
du maillage et dans la discrétisation des différentes régions du sous-sol. Pour les problémes temporels,
les méthodes DG fournissent une représentation explicite de la solution, car la matrice de masse est au
pire diagonale par blocs. D’autre part, ces méthodes s’adaptent trés bien au calcul haute performance.

Leur principal inconvénient est 'important cott de calcul (temps CPU et mémoire) qu’elles générent
comparé aux méthodes FE classiques. Ceci est dii & un grand nombre d’inconnues, particuliérement
quand on utilise un ordre d’interpolation arbitrairement élevé pour les composantes du champs. Cela
s’explique par le fait que comme les degrés de liberté appartiennent & un seul élément (& cause des
fonctions de bases discontinues aux interfaces des éléments), ceux placés aux interfaces doivent étre
dupliqués. Par conséquent, les méthodes DG conduisent & des systémes linéaires creux trés grands
avec un grand nombre de degrés de liberté couplés comparé aux méthodes FE classiques sur un méme
maillage.

Pour pallier cet inconvénient, on considére dans cette thése une nouvelle méthode DG, la méthode
DG hybride (HDG) introduite par Cockburn, Peraire et N’Guyen en 2009 pour les problémes elliptiques
du second ordre [28]. Le principe de la méthode HDG consiste a introduire un multiplicateur de
Lagrange représentant la trace de la solution numérique sur chaque face des cellules du maillage.
Cette nouvelle variable existe alors seulement sur les faces du maillage et les inconnues du probléme
dépendront d’elle. Ceci permet de réduire le nombre de degrés de liberté pour la discrétisation et donc
de réduire le nombre d’inconnues du systéme linéaire global. La taille de la matrice & inverser dépend
alors seulement du nombre de degrés de liberté sur chaque face et du nombre de faces du maillage. 11
est intéressant de noter que dans le cas d’une méthode DG nodale, la taille de cette matrice dépend
du nombre de degrés de liberté de chaque élément et du nombre d’éléments du maillage. La solution
au probléme initial est finalement obtenue par de simples calculs linéaires indépendants.

D’autre part, comme c’est une méthode DG, la méthode HDG bénéficie des mémes avantages: adap-
tivité hAp et une implémentation simple pour le calcul paralléle.

La méthode HDG a été adaptée a la résolution des équations de Maxwell en domaine fréquentiel
[29, 30] et aux modéles de mécanique des fluides [31], [32], 33, B4]. Dans [35], elle a été appliquée
a I’élastodynamique en temps implicite, mais aucune étude n’a été effectuée sur ’extension de la
méthode HDG a I’élastodynamique en domaine harmonique.

Les principales contributions de cette thése sont: le développement d’'une méthode HDG pour
I’élastodynamique en domaine fréquentiel, pour des milieux isotropes et anisotropes en deux et trois
dimensions; 'analyse de performance de cette méthode; et des comparaisons de ces performances a
celles obtenues avec des méthodes DG classiques. Cette thése est divisée en cing parties: dans la
premiére partie, nous rappelons comment sont obtenues les équations des ondes élastiques et nous
revoyons les différents types de méthodes numériques qui permettent de les résoudre. Le second
chapitre se consacre & deux méthodes DG nodales: la méthode DG & flux centrés et la méthode DG a
flux décentrés. Nous expliquons ces deux méthodes et nous les comparons grice & un cas test simple



dans le but d’obtenir une méthode de référence pour la comparaison avec la méthode HDG.

Nous décrivons la formulation HDG 2D que nous proposons dans le chapitre 3 et nous détaillons
I'implémentation de son algorithme. Nous analysons sa convergence numérique et le conditionnement
de la matrice & inverser. Nous étudions aussi 'influence du parameétre de pénalisation sur la précision
de la solution et nous discutons sur la propriété de p-adaptivité de la formulation HDG.

Dans le chapitre quatre, nous comparons les performances de la méthode HDG & deux méthodes DG
classiques: la méthode DG & flux décentrés que nous avons présentée dans le chapitre 2 et la méthode
DG avec pénalité intérieure. Nous testons ces trois méthodes sur des cas tests simples: la propagation
d’une onde plane dans le vide et la diffraction par des obstacles de forme circulaire. Ensuite, nous
comparons les performances des méthodes HDG et IPDG sur un cas plus réaliste qui est un exemple
classique géophysique: le modéle Marmousi. Enfin, nous appliquons la méthode HDG a des milieux
anisotropes.

Dans le dernier chapitre, nous présentons la formulation HDG 3D dans le cas général anisotrope et
nous détaillons la mise en oeuvre de son algorithme. Nous présentons des résultats préliminaires dans
le but de valider le code développé.
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ABSTRACT

Cette these s’inscrit dans le cadre de Paction stratégique DIP (Depth Imaging Partnership), parte-
nariat entre ’entreprise Total et I'institut de recherches Inria. Le projet DIP s’intéresse a I'imagerie
sismique, qui consiste & reconstituer la structure du sous-sol terrestre. Pour cela, des sources placées
au dessus des zones que l'on souhaite explorer émettent des ondes qui se propagent a l'intérieur du
sous-sol. Des récepteurs enregistrent ensuite les ondes réfléchies (temps d’arrivée et amplitude). Cest
a partir des données enregistrées aux récepteurs que I’on peut reconstruire une image du sous-sol.
L’imagerie sismique peut s’effectuer en domaine temporel ou en domaine fréquentiel. L’implémentation
de la condition d’imagerie en domaine temporel est plus complexe qu’en domaine fréquentiel, mais
effectuer des simulations réalistes en domaine fréquentiel s’avére presque impossible, car les cofits
de calcul sont beaucoup trop importants. En effet, d’une part, les problémes d’imagerie sismique
sont généralement des problémes avec un grand nombre de données (le nombre de sources utilisées
et de récepteurs étant trés grand). D’autre part, en domaine fréquentiel, on doit résoudre de grands
systémes linéaires d’équations ce qui représente un véritable défi si I’on veut considérer des cas réels
3D dans des milieux élastiques, et ce malgré les progrées sur les solveurs linéaires haute performance.

Dans cette thése, nous nous intéressons a la résolution de ’équation des ondes en domaine fréquen-
)
tiel, le but étant d’essayer de réduire la taille du systéme linéaire a résoudre.

Les équations des ondes élastiques en domaine fréquentiel, encore appelées équations d’Helmholtz,
s’écrivent:

iwp(x)v(x) = -o(x) + Fy(x) dans Q

\Y
iwg(x) = Q(X) : E(V(X)) dans Q (001)

Pour x = (z, v, z)T €Qc R {
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ou :

p(x) densité ;

v(x) = (vz(x), vy(x), v.(x) )T, est le vecteur vitesse ;

) . 1 /0v; Ovj .
€ est le tenseur des déformations avec €;; = — -4+ — ], 1,] =, 2;
= 2\ 0j 0i
o est le tenseur des contraintes avec, dans le cas isotrope, o;; = Agjtr(e) + 2p€;;, i,] =T, 2;

C est le tenseur d’ordre 4 symétrique des coefficients élastiques. On se raméne & une matrice 6 x 6

en utilisant la notation de Voigt.

CH<X) Clg(X) Clg(X) 014(X) 015(X) 016(X)
012 (X) CQQ(X) CQg(X) 024(X) CQ5(X) C26(X)
Dans le cas anisotrope, on a C(x) = Ci3(x) Cs(x) Cs(x) Caa(x) Cs(x)  Co(x)
’ — 014()() CQ4(X) 034(X) C'44(X) C45(X) C46(X)
Ci5(x) Cas(x) Css5(x) Cas(x) Cs5(x) Che(x)
ClG(X) CQ(;(X) CgG(X) 046(X) 056(X) CGG(X)
A(x) + 2u(x) A(x) A(x) 0 0 0
)\Ex; A(x) —1(— 2),u(x) ( ))\(x) " 0 0 0
. A(x A(x Ax) + 2p(x 0 0 0
Dans le cas isotrope, C(x) = 0 0 0 ux) 0 0
0 0 0 0 wux) O
0 0 0 0 0 pu(x)

A et p sont les coefficients de Lamé du milieu;

F(x) représente les forces de volume.

Dans la suite, on n’écrira plus les dépendances en espace des paramétres physiques p, A et p, des
tenseurs g ,oeteet du vecteur v.

Les conditions aux limites utilisées pour assurer 1’existence et I'unicité du schéma sont:

e La condition de Dirichlet pour exprimer la surface libre

‘n=0 sur Iy, (0.0.2)

IS]

e Une condition de Sommerfeld pour représenter une condition absorbante

o-n+PAO)P v =0 sur T, (0.0.3)
avec I'; la surface libre et T', la surface absorbante, et on a Iy UT, = 9Q et I, N T, = 0.

Plusieurs méthodes permettent de discrétiser ces équations:

e Les méthodes de différences finies: elles s’utilisent avec des grilles réguliéres ce qui facilite leur
implémentation et nécessitent peu de cotits de calcul. En revanche, elles souffrent d’'un manque
de précision et ne s’adaptent pas bien & la topographie du sous-sol, notamment lorsqu’on se
trouve en présence de milieux escarpés.

e Les méthodes d’éléments finis: leur avantage est qu’elles sont formulées sur des maillages non-
structurés. Elles s’adaptent donc bien a des topographies irréguliers. D’autre part, la solution
est représentée a partir d’approximations polynomiales et la méthode converge numériquement
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avec un ordre optimal (i.e. la méthode converge a l'ordre p + 1 si le degré d’interpolation est p).
Cependant, les méthodes d’éléments finis font intervenir une matrice de masse pleine qu’il faut
inverser, ce qui rend ces méthodes plus cotiteuses que les méthodes de différences finies. Par
ailleurs, en domaine fréquentiel, elles souffrent de pollution numérique.

Les méthodes d’éléments spectraux: ce sont une classe d’éléments finis et elles ont donc la
méme précision que ces derniéres. Leur principal avantage est la diagonalisation de la matrice
de masse par 'utilisation de points d’interpolation de Lagrange et de quadratures de Gauss-
Lobatto-Legendre. Elles peuvent aussi s’utiliser en formulation d’ordre élevé. Malheureusement,
elles sont principalement formulées sur des quadrangles en 2D et des hexaédres en 3D. Leur
formulation sur des maillages triangulaires est assez complexe. En domaine fréquentiel, elles
souffrent aussi de problémes de pollution.

Les méthodes de Galerkine discontinues: ce sont aussi une classe d’éléments finis. En réalité,
c’est une combination entre méthode d’éléments finis car la solution est approchée par des
polyndémes, et méthode des volumes finis car les interactions aux interfaces sont calculées a
partir de flux numériques. Bénéficiant d’une matrice de masse diagonale par blocs, elles peuvent
étre vue comme une méthode concurrente des méthodes d’éléments spectraux. Par ailleurs,
elles ont ’avantage d’étre formulées sur des maillages triangulaires non-structurés. Le fait que
les fonctions de base des méthodes de Galerkine discontinues soient continues sur I’élément
mais discontinues & ses interfaces permet d’adapter ’ordre d’interpolation & chaque élément
(p-adaptivité) rend ces méthodes bien adaptées au calcul paralléle. Cependant, ces discontinuités
impliquent que les degrés de liberté appartiennent a un seul élément, et ceux se trouvant aux
interfaces doivent alors étre dupliqués pour n’appartenir qu’a un seul élément. Cela implique
alors un trés grand nombre de degrés de liberté et donc un important cotit de calcul, comparé
au colt de calcul des méthodes éléments finis classiques.

La méthode de Galerkine discontinue hybride: c¢’est une classe de méthodes de Galerkine dis-
continues. Elle bénéficie donc des mémes avantages: formulée sur des maillages triangulaires
non-structurés, approximation polynomiale, hp-adaptivité, bien adaptée au calcul paralléle,
fonctions de base discontinues. Leur différence avec les méthodes de Galerkine discontinues
classiques vient du fait qu’on va exprimer les inconnues du probléme initial en fonction d’une
nouvelle variable, un multiplicateur de Lagrange A, vivant uniquement aux interfaces et représen-
tant la trace de la solution numérique sur chaque face du maillage. Le multiplicateur A vivant
uniquement sur les faces du maillage, les fonctions de base de la méthode sont alors continues
sur les faces mais discontinues aux frontiéres. Par exemple, en 2D, les fonctions de base sont
continues sur les arétes mais discontinues aux sommets. En 3D, elles sont continues sur les
faces mais discontinues sur les arétes. De cette maniére, seuls les degrés de liberté situés sur les
frontiéres des interfaces doivent étre dupliqués. Etant donné que le systéme linéaire & résoudre
est fonction de A, le nombre global d’inconnues est alors moins important que pour des méthodes
de Galerkine discontinues classiques. La solution au probléme initial est ensuite retrouvée a
partir de simples calculs indépendants.

L’objectif de cette thése est de développer la méthode de Galerkine discontinue hybride (HDG)

pour les équations élastodynamiques en domaine fréquentiel.

La premiére étape a été de déterminer une méthode de référence pour nous permettre d’évaluer
Iefficacité de la méthode HDG. Nous nous sommes d’abord concentrés sur deux méthodes de Galerkine
discontinues (DG) nodales: la méthode DG a flux centrés et la méthode DG a flux décentrés. Une
étude de ces deux méthodes sur un cas test analytique, le cas test de 'onde plane se propageant dans
le vide, nous a permis de montrer que la méthode DG & flux centrés est sous-optimale, i.e. elle ne

13



(a)

Fig. 0.0.5: Distribution des degrés de liberté globaux pour les méthodes éléments finis [1.2.4al de
Galerkine discontinues et de Galerkine discontinue hybride avec un degré d’interpolation
de 3.

converge numériquement qu’a ’ordre p pour un degré d’interpolation p, et qu’elle n’est donc pas
adaptée pour la comparaison avec la méthode HDG. La méthode DG a flux décentrés, bien que plus
coliteuse, converge bien optimalement et c’est cette méthode que nous avons retenue comme méthode
de référence.

Nous avons aussi comparé la méthode HDG & la méthode DG avec pénalité intérieure (IPDG).
Dans ce résumé, nous ne présenterons pas les méthodes DG & flux décentrés et IPDG, nous nous
concentrons sur la formulation HDG pour I’équation des ondes élastiques. Nous ferons ensuiteun
résumé des principaux résultats obtenus.

METHODE DG HYBRIDE

Nous allons expliquer briévement comment obtenir la formulation HDG des équations d’Helmholtz
élastiques. Avant cela, nous introduisons les notations et définitions que nous allons utiliser dans la
formulation.

NOTATIONS

Soit Tp, une triangulation du domaine de calcul  constitué d’éléments K (triangles en 2D, tétraé-
dres en 3D). Nous définisons

e F(K) I'ensemble des faces de 'élément K,

F' une face quelconque de I’élément K,

Fp Pensemble des faces Fy, situées sur le bord I' du domaine de calcul €2, ¢’est-a-dire F, = 0K NI,

F; Vensemble des faces internes F; c.a.d F; = 0K N 0K’ ou K et K’ sont deux éléments voisins,

e 73 'ensemble des faces du maillage Ty, c.a.d Fp, = F; U Fyp,
e n est la normale sortante de 1’élément K.

Soit P,(D) l'ensemble des polynoémes de degré au plus p sur le domaine D; pour chaque élément
K € Tp, VP(K) est espace P,(K), VP(K) 'espace (P,(K))? et XP(K) 'espace (Pp(K))4.

VP={veL*(Q): |k e VP(K),VK €T},
VP ={ve (L*Q)’: vl e VI(K),VK € Ta},
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P ={oe (L¥Q)’: gk € TV(K),VK € Ti},
2
My, = {n € (L*(Fn)":  nlr € (B(F))* ,VF € Fp}.
Finalement, nous définisons le saut [-] d’un vecteur v tel que
[vVl]=vT -nt+v~ -n,

et d’'un tenseur g tel que

ForMmuLAaTIiION HDG

Pour établir la formulation HDG, on considére les équations d’Helmholtz élastiques sur un élément
K de Ty, en supposant les paramétres physiques p, A et u constants par élément.
On multiplie ces équations par une fonction test (w,§) € VP(K) x XP(K) et on intégre par parties.

On trouve alors approximation (v4,a,) € Vj x I} telle que

/iwpth'w+/ah:Vw— ahl’l-W:/f'W,
K oK K (0.0.4)

/}Ziwah:£+/th.v. <QK§) _/31(%'0}(5'“:0'

On note par a : b le produit scalaire de deux tenseurs a et b.

Les traces numériques @h et v, sont les approximations de ¢ et v sur la frontiere 0K.
On pose

AR = Qh,VF € Fp, A € My,. (0.0.5)
et on définit Qh en fonction des autres inconnues:
g,=g,—S(vi—A)®@n sur OK. (0.0.6)

S est un matrice de stabilisation locale qui a un effet important sur la précision et la stabilité du
schéma, et nous la définissons telle que
S =1L

En sommant les contributions de (0.0.4]) sur tous les éléments et en imposant la continuité de la
composante normale de @h, le probléme peut étre reformulé de la maniére suivante:

trouver (vi, g, ,\y) € Vi x Bj x M) tel que: ¥(w,§,n) € VP(K) x ZP(K) x M),

Z/Kiwpth-w—i—Z/KJh:Vw— Z/M(&h-n-w: Z/Kf-w,

KeTy KeTy KeTy, KeTh

K;’;L/Kiwah | 5+K;7L/th Al <QK£> B K;’h /BK e G én =0 (0.0.7)

La derniére équation de ce systéme est appelée condition de conservativité et exprime faiblement la
continuité de la composante normale de Qh.

D’aprés , on remarque que sur 0K
g, n=0g, -n—S(vy— ), (0.0.8)
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et que F; / B uln = K; / o K; / (Vi — M) - 1. (0.0.9)

En introduisant les équations (0.0.8) et dans, respectivement, la premiére et la derniére
équation du systéme ({0.0.7)), on obtient alors le systéme global suivant

Kze’:r/wpKVh W_KEG;/ Va W+K§e;r/ (Vi = An) w—KZE;/fw
Dol ENTSS o R RS o IR

Z/ g, n-n— Z/ Vh_/\h) n=0.

KeTn KeT,

(0.0.10)

Le probléme local sur un élément K s’écrit

/zwpKv W — / g . +/ S(VK—)\h)-WZ/fK-W,

PRINCIPAUX RESULTATS NUMERIQUES

Nous avons étudié la méthode HDG sur plusieurs cas tests analytiques 2D:

e la propagation de l'onde plane dans le vide, qui nous a permis de confirmer que la méthode
HDG convergeait optimalement, de montrer I'importance du paramétre de stabilisation 7 sur la
précision des résultats;

e la diffraction de I'onde plane par un obstacle cylindrique et par un solide élastique.

Ces trois cas tests nous ont permis de démontrer que, pour un méme maillage et un méme ordre
d’interpolation, la méthode HDG était moins cotiteuse que les méthodes DG classiques.

Nous avons également évalué les performances de la méthode HDG sur un cas test anisotrope. Ce cas
test nous a montré que la valeur optimale du parameétre de stabilisation semble étre vf). D’autre part,
nous avons pu constater qu’exécuter I'algorithme HDG anisotrope n’impliquait pas de cott de calcul
supplémentaire par rapport au cas isotrope.

Finalement, nous avons testé la méthode HDG sur un cas test géophysique trés courant: le modéle
Marmousi. Avec ce dernier cas test, nous avons testé 'implémentation paralléle de I'algorithme HDG.
Nous avons ensuite étendu l'algorithme 2D au cas 3D. Les résultats préliminaires de comparaison
HDG/DG classiques confirment qu’a maillage donné et degré d’interpolation donné, la méthode HDG
est plus performante.
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CHAPTER 1

GENERAL PRESENTATION OF THE MODELING OF THE ELASTIC WAVES
PROPAGATION

In this chapter, we remind the expression of the elastic wave equations obtained by linearization of
the equations of continuum mechanics. Then, we review the different numerical methods that have
been developed to solve them.

1.1 ELASTIC WAVES EQUATIONS

The propagation of a seismic wave inside the Earth is represented by the elastic waves differential
equations: a seismic wave moving inside a part V of the subsurface is characterized by short vibrations
which have a small amplitude as compared to the size of the volume V (the deformation after the
passage of the wave is very small: around 1 mm per km). So the subsurface is supposed to have an
elastic behavior; we remind that the elasticity defines in particular the capacity of a solid material to
return to its original shape after having been deformed.

1.1.1 LINEAR ELASTICITY

Seismic waves travelling inside the subsurface induce small deformations of the subsurface which
can be described by a linear elasticity model. Linear elastic equations are established thanks to the
equation of motion, obtained from equations representing the linear deformations and the conservation
of linear momentum law, and taking into account the equation representing the material behaviour.

e Equation of motion

— Linear deformations
Considering a fixed reference frame in space and time, a small volume element V whose
gravity center has a position xg = (xo,yo,zo)T at time ty. After the deformation, its
position at time ¢ is x = (z,y,2)” . Its displacement u(x) = (ug, Uy, u;)” is then defined as
Ju(x)

ot
The measure of the deformation of the volume is expressed thanks to the strain tensor

u(x) = x — xg. Its velocity is the time derivative of its displacement, v(x)

_ V — Vet
S A
where V qef is the volume of the element after the deformation.
Considering that we are in the case of infinitesimal strain theory (or small deformations
theory) i.e.

[lu(x)|| << 1 and |[|Vu(x)|| << 1,

the strain tensor € can be linearized, i.e. the second-order terms of the finite strain tensor
are neglected. Thus, we write the relation between strain tensor and displacement (linearity
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between displacement and strain)

o 1 auZ + 8Uj
D=9\ 0x; " Omi

>7 27]:x7y72

Remark. In the case of the infinitesimal theory, the tensor € is a symmetric tensor,
according to its definition.

— Conservation of linear momentum law
Newton’s second law of motion (or conservation of linear momentum law) tells us that

OMv
F="——
ot ’

where F is the forces applied to a body, M is its mass and v its speed.
As we consider an elastic volume V whose mass is M, we apply the mass conservation law

oM
o 0

Knowing that M = / / / p(x) with p the mass density, we apply Newton’s second law and
1%

the mass conservation law to the elastic volume V. We obtain

e - [l %5

where Fy, is the vector gathering the volume forces and Fg the vector gathering the surface
forces. Cauchy’s theory allows to linearize Fg as a function of the normal outward vector n

Fs(x) = o(x)n,

where ¢ is the stress tensor. We apply the divergence theorem in order to transform the
integral over the surface into an integral over the volume

J[z0om= [[[ 7ot

Finally, we write the equation of motion

d*u(x)
P(X)W =V -g(x)+ Fy(x),

that we can also express with the velocity v

p(x) 8‘(;(:) =V a(x)+ Fy(x). (1.1.1)

e Material behaviour
For an elastic material, Hooke’s law links the strain tensor and the stress tensor, where C' is the
stiffness tensor or elasticity tensor (in Pa)

this means that

oij =Y Cijhir-
kel
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The expression of the fourth-order tensor C' depends on the physical properties of the medium.
The most general elastic case is the anisotropic case, where physical properties of the material are
depending on the space directions. In that way, an anisotropic material could present different
properties depending on its orientation. In order to better understand what is an anisotropic
material, we can give the example of polarized eyeglasses: they do not allow the light to pass
through as a function of the direction that they face.

Moreover, mathematically, the tensor C' follows symmetric properties

Cijkt = Cjitt = Cijik = Chusj-

Thanks to these properties, we can reduce it, in 3D, as a 6 x 6 matrix C, using the following
Voigt’s notation for numerical indexes

(1,2,3,4, 5,6)T = (zzx,yy, 22, yz,xz,xy)T. (1.1.2)

In the general anisotropic elastic case, we write

Ci1(x) Ciz(x) Ci3(x) Cu(x) Cis(x) Cie(x)
021(}{) CQQ(X) CQg(X) 024(X) 025(){) CQG(X)
C(x) = C31(x) Cs2(x) Cs3(x) Csa(x) Cs5(x) Cse(x)
C41 (X) C42(X) C43(X) C44(X) C45(X) C46(X)
Cs1(x) Osa(x) Cs3(x) Csa(x) Cs5(x) Cse(x)
Ce1(x) Coa(x) Co3(x) Cpa(x) Cgs(x) Ces(x)
Finally, the tensor C' satisfies
o Ce:e>0,

where a : b defines the scalar product between two tensors a and b

a: Q = Zaijbi]’.

According to this property, C is invertible in the space of symmetric tensors. This means that

for each symmetric g, it exists one and only one symmetric € such that
g=Ce ande= Do,

where D satisfies the same properties as C. We denote Q‘l =D.

Remark. When we use the matriz form to express C, we also have: cC'=nD.

The simplest case of elasticity is the isotropic one. An isotropic medium is a medium (or material)
whose physical properties are independent of the space directions. In that case, the coefficients
of g simply depend on ¢ and on two variables u and A called Lamé’s coefficients:

0ij(%) = A(x)0i; Tr(e(x)) + 2u(x)eij (x),  i,j = 2,9, 2,

where § represents the Kronecker delta.
Consequently, the tensor C only depends on the two variables yu and A

A(x) + 24(x) A(x) A(x) 0 0 0
A(x) A(x) + 2u(x) A(x) 0 0 0
C(x) = A(x) A(x) A(x)+2u(x) 0 0 0
0 0 0 ux) 00
0 0 0 0 wux) O
0 0 0 0 0 ux)



Remark. Thereafter, to simplify, we omit the x-dependency in the physical parameters p, X and p,
the tensors C,a and € and the vectors u and v.

The parameter ;4 = G is the shear modulus and A\ does not have physical meaning (A = K — %G,
with K the bulk modulus). The parameters A and p can also be replaced by Young’s modulus
FE and Poisson’s coefficient v defined by

E:M(3)\+2M)7 S, S
A+ 2N+ )

Most of geophysical media are weakly anisotropic, i.e. they are anisotropic only along one
direction and isotropic in the orthogonal plane. We distinguish two kinds of transverse isotropy:
the vertical transverse isotropy (VTI) where the symmetric axis is vertical, and the tilted
transverse isotropy (TTI) where the symmetric axis is tilted.

In the VTT or TTI case, the elastic coefficients C;; are depending on Lamé’s coefficients A and
w, and on Thomsen’s coefficients er, v and § (see [36] for more details); and in the TTI case,
they also depend on 6 the tilt angle and ¢ the azimuth (in the horizontal plane, angle between a
reference direction and tilt angle’s direction, as it is shown on fig. .

Y o

Fig. 1.1.1: 0 and ¢ angles’ representation

The expression of the tensor C' for the VTT case is

Cn (Ci1i—2Cg) Ci3 0 0 0
(C11 — 2Cs6) Cu Ciz 0 0 0
ovVTI C13 C13 C3z 0 0 0
- 0 0 0 044 0 0 ’
0 0 0 0 Cu O
0 0 0 0 0 Ces
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where

Cii = (A+2p) (1+2er),

C33 = (A +2p),

Cua = p,

Co6 = p (1 +26),

(Cr3 4 Caa)® = (N4 )7 +26 (A +20) (A + ).

The TTTI coefficients of tensor C are expressed as functions of QVTI and a rotation matrix RT7!
3 3 3
_ TTI pTTI pTTI pTTI ~VTI
Cijkl = Z Z Z sz' qu Rrk Rsl Cpqrsa

p=1g=1r=1 s=1

where
cosfcos¢p cosfsing —sinf

RTTT — —sin ¢ cos ¢ 0
sinfcos¢ sinfcos¢ cosb

Remark. In fluids, the propagation of waves is modeled by the acoustic equations. In that case pp =10
(or v = 0.5) which greatly simplifies the expression of the elastic tensor C. In the acoustic case, we
have 04y = 0yy = 0., and 0y = 05, = 0y, = 0. The stress tensor o is then reduced to only one
component which is called the pressure p . The pressure can be expressed in terms of velocity vector
or displacement. The number of unknowns, in the 8D acoustic case, is reduced to four: the three
components of the velocity or displacement vector and the pressure.

Hence, solving the acoustic wave equations is much less computationally intensive than solving the
elastodynamics equations. For this reason, the acoustic wave equations have been used for a long time
in the geophysical community to model wave propagation inside the subsurface. Thanks to the increase
of the computational power, it is now possible to consider elastic wave equations in order to be more
accurate and to explore more and more complex regions.

Finally, gathering the equation of motion as a function of the velocity and Hooke’s law, we obtain
the first order formulation of the elastodynamics equations in time domain

0
po =V -a+F,,
ot 1.1.3
9 (1.1.3)
Z-Ciaw)
Thereafter, we prefer to consider the following formulation
0
oo (1.1.4)
izg:g(v)—i—Fg.
The two formulations (1.1.3) and (1.1.4) are equivalent if and only if
OF, :
5 = divFy.
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1.1.2 ELASTIC WAVES EQUATIONS IN HARMONIC DOMAIN

System ((1.1.4) can be expressed in harmonic domain by using a Fourier transform which transforms
time variable ¢ in frequency variable &

+oo )
f(t) = / Fe)emictae, ViR,

and conversely

Fe) = / - f(t)e M qt, Ve e R.

—00

The first order formulation of the elastodynamics equations in harmonic domain is thus
{ iwpv =V - 7,

" - (1.1.5)
iwd = C :¢(V) + Fy,

where 7 is the imaginary unit and w = 27 f is the angular frequency, f is the frequency.

In this thesis, since we are interested in the elastodynamics equations in harmonic domain only,
we will omit the notation ™ for the sake of simplicity.

We develop system (1.1.5). For (z,y,2) € Q C R3, in the general case, we get

( iow 1 00z n 00y n 00
T p\ oz Dy 0z )’
) 1 (004 Doy, Doy,
Wy = >\ oz + ay + 9. )
iow 1 00 35 N 0oy, 00,
S a@x (9(% 0z )’
) vy
WOy = Cnaf +Cra—— 3y +C13 8
+C14 (C%Z + avy> +Cis (avm + 8vz) + Ci6 <6vz avy) + fazs
. 0vy vy Ov,
iwoyy = Clo—F7— o + Cog— By + Co3 B
+Co4 (8”2 + va> + Coas (avm + sz) + Cas (8% + al@) + fyy:
Ovy 0 ov, 1.1.6
wo,, = (13— +Co3—= v +Cs3 U ( )
ox Oy 0z
—|—034 (sz + 8vy> + 035 (&)Z + 8UZ) + 036 (8UL + 8vy> + fzzv
. v, ov ov,
Wogy = Cig—7m— 7 + 02687 + Cs6 G
+Cus (8% + 8vy> + Cs6 (6% + avz) + Cos (8% + avy) + fay,
. vy ov,
iwoy, = OCi5— 8 T4 Cys—2 By + C35 Ep
+Cu5 (8“2 + 8vy> + Cs5 (5 + 5) + Cse <8”“: + 6%) + foz,
) vy vy Ov,
iwoy, = Clu—— o + Oy 487 + O34 B
+Cyq ((%Z + avy) + 5 (8% + 8vz) + Cap <%UI 6vy> + fyz-

\
Under a vectorial form, this system is written

OW OW oW
) A A A = 1.1.
WwW + A, o +A, 3y + A, 9% 0, (1.1.7)
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The analysis of the eigenvalues of matrices A;, A, and A, in the isotropic case (which is given in
section chapter 2) shows that the perturbation of an isotropic elastic medium generates two
kinds of waves:

e P-waves (pressure waves or primary waves). They are compressional waves and longitudinal (i.e.
they move alongside to the direction of the waves propagation, as it is illustrated by fig. [1.1.2)).
They travel faster than other waves through the Earth and arrive first at seismograph stations

A+ 2u
p

(hence the name of "Primary waves"). Their velocity v, is equal to v, = . Moreover,

P-waves can travel through any type of material, including fluids.

e S-waves (shear waves or secondary waves). They are transverse (i.e. they move perpendicularly
to the direction of the waves propagation, as illustrated by fig{l.1.3). They propagate slower than

v
P-waves: their velocity v, is equal to vy = H, and typically vg < ﬁ. Moreover, contrarily to
p

P-waves, S-waves can travel only through solids, as fluids (liquids and gases) do not support
shear stresses.

P Wave

Compressions
F —l Undisturbed medium

. 7 = T
S b L T | e R S A S R e T,
1 0 88 0 .51 0 4 1 00 0 8 1

l.—. Dilatations J

[ Direction of the prnpagatii>

Fig. 1.1.2: P-waves propagation

Remark. In system (1.1.6), we can generate P-waves only by taking fry = fo. = fy= = 0 and for
only S-waves, foy = fyy = f22 =0

1.1.3 ELASTIC WAVES 2D APPROXIMATION

After some calculations, we can approximate the 3D system ([1.1.6)) in the isotropic case by a 2D
system by assuming an infinite invariant direction. In geophysics, it is generally the y direction, and it
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Fig. 1.1.3: S-waves propagation

consists in removing all the spatial y derivatives in the 3D system. The 2D general system read as

. . 1 6Umm + 8Umz

wWhe = p\ Oz 0z

. 1 (00yy  Ooy.

Wty = o\ oz 0z )’

. . 1 004, 0o,

e = p \ Ox 0z )’

. 0V ov, ov ov,  Ov, ov

wog, = Cn o e + 01487 +Ci5 e + 5 + 01667; + fox,
. Ov, ov, vy Ov,  Ov, ov

woyy = Cra—— py + Co3—— 9% + 02487 + Cos 9% + o + 02667; + fyys (1.1.8)
. Ov, ov, vy Ov,  Ov, Ovy

WO 5y C13 a + C33—= B + 03487 + Css 9% + O + 03687 + foz,
. Ov, ov, ov Ov,  Ov, ov

iwogy = Clg—— o7 + C36—— pp + C4687 + C6 e + O + C6687 + fry,
. OV ov, vy Ov,  Ov, vy

iwoy, = Cls—7— 9z C35—— 5, T 04587 + Css 2 "o, T 05687 + faz
) vy ov, vy Ovy  Ovu, ov

Woy, = C14 o + C3y—— pp + 04437 + Cus E + o7 + 04687 + fyz.

In the isotropic case, we can distinguish two 2D systems:

e System (1.1.9) where P and S waves are only polarized in (z, z) plane. We have P-SV (V for
vertical) waves. We remark that the interactions between P and SV waves at the surface generate
surface waves which are called Rayleigh waves (see fig. for Rayleigh waves propagation).

( iow 1 (00gy n 004
T p\ oz 0z
o _ 1 (0og. n 00
= p\ ox 0z
. O0vy 81)2 ovy,  Ov,
Woge, = Cri—— B + Ci3— pp + C15 pp + B + foz, (1.1.9)
. ov ov ov ov
WOz, = 013 aw +033 8z +035 8; + a; +fzz7
) v, ov, Oovy  Ovu,
WOz, = 015% +Cs5 g e + 5

e SH (H for horizontal) waves (or Love waves) are polarized in planes (z,y) and (y, z), they are

25



independant of P and SV waves and their propagation (see figil.1.5) is given by system :

0 0
iy = (e )

. vy vy
iwoy, = Coq—2 4 Cow—2 + fyy,

&, 8

WOy = Cu6 =l + Cog=¥ L+ fays

b, . b

iwoy, = C44E+C46%+fyz~

(1.1.10)

We do not describe in more details the characteristics and role of Love and Rayleigh waves.

Remark. In this thesis when we focus on the 2D case, we consider the system|[1.1.9.

Rayleigh Wave

:::::::::::

L
[t

T |

Fig. 1.1.4: Rayleigh-waves propagation

Love Wave

IS - " i

7777717777777 777

."a’.l' JI!JI!JF} L

Direction iﬁ’ﬁﬁbﬂ*ﬁ‘aqa‘tﬁé =

Fig. 1.1.5: Love-waves propagation

1.1.4 SOURCE TERM f{,

So far, we have described how we obtain the elastic waves equations and how the presence of
the different media is expressed. We have not described yet the source term fy, = (f;, fy, f.) that
generates the waves.

In geophysics, the source term f, generally represents the pulse emitted by the physical explosive
source. This is expressed by a Dirac distribution

< p(x)i(x) >= p(0), Ve e Cy(Q).
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But, as this can be difficult to model numerically, we can express it by a Gaussian function

T—x y—y z—2z
oy, 2) = de URE R,

where A is the amplitude, (zo,yo, 20) are the coordinates of the source and ¢, <,, and ¢, the spreads

of the blob as a function of z,y and z respectively.

A second solution, specific to Finite Element methods, consists in approximating § by a function dj,

that satisfies
/ Snpi = ¢i(0)
Q

for all the basis functions ¢; of the finite element space. This is the solution that we have chosen in
our codes.

1.1.5 BOUNDARY CONDITIONS

Finally, we need to discuss how to handle the physical boundary where the domain is bounded
and how to model transparent boundary where the domain is infinite or very large compared to the
wavelength. From a mathematical point of view, these spatial boundary conditions are crucial to
insure the consistency of the numerical scheme and the uniqueness of the solution.

We will distinguish two kinds of physical boundary conditions:

e For a free surface condition simulating a physical interface between the domain and the air on
the boundary I';, we impose
an =0, (1.1.11)

(no normal tractions), and no particular condition on the velocity components.
e For a wall boundary condition on the boundary I'y

Vvi:()y i:x7y7za (1112>

For the simulation, the theoretically unbounded propagation domain is artificially truncated and
we have to define an appropriate numerical treatment if we want to reduce as much as possible
the reflections on the boundary I',.More precisely, we would like to impose some conditions on the
corresponding boundary faces which allow the absorption of the waves when they reach the artificial
boundary. There exist several possible strategies including Perfectly Matched Layers (PML, C-PML,
etc.) or absorbing conditions which are approximations of an exact transparent condition. The latter
option has been adopted in this thesis and we use two kinds of absorbing conditions. Both are first
order absorbing boundaries conditions (ABC). They are less accurate than higher order ABC but
much easier to implement.

We consider a Sommerfeld condition which is expressed, according to [37], in the 3D TTI case on T,
such as

o-n+PAWO,¢)PTv =0, (1.1.13)
where,
e P is defined such as :
n _ Ny __ ngng
Ny ) Nynz )

—if .| #1, P=|"y \/ng%Tng n2+n2 |

n, 0 \/n2 +n2
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cos(n;5)=0 0 —sin(n.3)
—if |n.| =1, P = 0 1 0 :
0

sin(n. %) cos(n.5) =
Ap
o A0,0) = Ap(0,0) + As(0,9) = (A ) ( ) , with
A
Ap1(0,9) = s(0, ¢) (ksin® ¢ + cos® ¢(k cos? 0 + sin”0))
Ap(0,¢0) = —c(0, ) ((k — 1) cos ¢sin ¢ sin 6) ,
Ap3(0,0) = —(0, ) ((k — 1) cos ¢ cos §sin 6)
As(8,¢) =0,

A53(97 ¢) = —pPUs

where Kk = /1 — 2ep and

—PUp
VK2 cos? 0 cos? ¢ + 12 sin? 0 + sin 0 cos? ¢

—(k — 1) cos ¢sin ¢sin® 4
—(k — 1) cos@sinf cos ¢

rsin? ¢ + cos? ¢(k cos? 0 + sin? 6) T
g(e, ¢) =

e 0 is defined by

—nzn nyn
cost = | ———==cos¢p — ——=—sin¢ | sinf + \/n2 +n2cosf if [n,|#1,
\/ M2 4 nZ \/n2 +n2

cos#' = —n, cos psin 6 if [n.| =1,

and sinf = /1 — cos? 4.
e ¢ is defined such as

— if sin@’ £ 0,

sin 0 cos 6

sin 0/ +nzsin9”
if n.| # 1, L, (ny cos ¢ Ny sin ¢ ) sin ¢
sin ¢’ = -

cos ¢’ = (ny cos ¢ + ny sin ¢)

. I'
\/n%+n§ \/niJrn%/ sin 6
cos
COS(ﬁ,:nz,iel,
: _ sin
if |n,| =1, 0 s
., sinfsin¢
sin¢g’ = Tang
sin
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— if sinf’ =0,
cos¢ =1 and sin¢’ = 0.

Remark. In the isotropic case, kK =1, 0 =0 and ¢ = 0 involving cos ¢’ = 1 and sin¢’ = 0 and
cost =1 and sin@ = 0. Matriz A(0,¢) becomes

—pUp 0 0
A(97 ¢) = 0 —PUs 0
0 0 —pUsg

The matriz PA(0',¢')PT expresses as

1
2 2 2 2 NNy 2
—pupny — pus(nins + ny)m —pupngny, + pvsm(l —ni)  —pupNgN, + pUsngn;
Ty
Nty 2 2 2 2,2y_ 1
—pupngy + pus——— 5 (L =nz)  —popny + pvs(ng + nZng) s —puphynz + pusngn
ng +ny Ty
2 2 2
—PUpNg Ny + PUsNL N, —PUpNyN, + PUsTY T, —pUpny — pvs(ng + ny)

Another option for the absorbing condition is to use the plus-minus decomposition of the flux matrix
D,,; this will be detailed in the next chapter. Here, we just give the main idea of this decomposition:
when a wave crosses over an interface between two media M ™ and M, we have

g+n+ +g n” =0, and vi4+vT =0.

So, we can define a simple treatment which consists in considering that the inflow flux (Dy)™ is zero
for each face on the artificial boundary, i.e.

(Dn)” (v,a)" =0on T, (1.1.14)

1.2 NUMERICAL SCHEME: MODELING OF THE ELASTIC SYSTEM

In the following, we review the most popular methods for discretizing system ({1.1.5]).

1.2.1 FINITE DIFFERENCE METHOD (FDM)

The finite difference method is the most simple and intuitive discretization method. A lot of
numerical FD schemes for geophysical simulation in time domain are based on the seminal work of
[18]. We refer to [19] for an example in 3D domain.

FDM is formulated on uniform grids and based on the strong formulation of the equations. Thanks to

the fact that the partial derivatives 5,1’ =x,vy, 2, are approximated by Taylor expansions
i
Ou u Ai)—u
(x) _ u(x+A40) (x)’ P—
i At

where Ai is a constant called the step. Generally, Az = Ay = Az = h. This implies simple systems to
solve and an implementation easy to do. It presents the best compromise between accuracy and com-
putational efficiency, but it lacks flexibility: as it is not formulated on unstructured meshes, the mesh
cannot be adapted to local wavelength or to the topography of the subsurface. Moreover, if we want
accurate solutions, we have to use very fine discretization and as a consequence computational costs
increases drastically. When the subsurface has a strong topography, it requires a specific treatment as
proposed for instance in [20] or [2I], which strongly complicates the implementation of the method.
However, today it is still the most popular numerical method used by oil industries in their production
algorithms.
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1.2.2 FINITE ELEMENT METHOD (FEM)

The finite element method is based on a weak formulation. The numerical solution is a polynomial
approximation and one obtains an optimal convergence rate p 4+ 1 if p is the used interpolation order.
Its principal advantage is that it is formulated on unstructured meshes, so it can handle the complex
topography of the subsurface and its heterogeneities. Examples of extension of FEM to the elastic wave
equations can be found in [22] 23]. However, the use of unstructured meshes implies a computational
cost more important than the one needed for the FDM. Moreover, with the construction of the linear
system, a mass matrix and a stiffness matrix appear. The resolution of the system leads, in time
domain, to an implicit representation of the solution which indicates that we have to invert the mass
matrix which is generally a full matrix whose inversion can be expensive. To overcome this problem,
one can use a mass condensation technique in time domain as proposed in [38 [39].

In frequency domain, the scheme is subject to pollution effects [40} 4], 42].

Beside the mass condensation technique, another particular FEM has been developed: the spectral
element method (SEM). This method combines the use of Lagrange interpolants and of Gauss-Lobatto-
Legendre quadratures that makes the mass matrix diagonal, and this without loss of accuracy. In
other words, we can inverse easily the mass matrix and we keep the same convergence order than with
classical FEM, namely p + 1 if we use interpolation order p. Another advantage of the SEM is it can
be used with high order formulation. We refer to the works of Komatitsch et al. (|24, 43| [44]), and to
De Basabe and Sen’s work [25] for example of applications of SEM in geophysical context.

The main drawback of SEM is that it is formulated on meshes made of quadrangles in 2D and on
hexahedra in 3D. This strongly limits the geometrical flexibility. Here are some works in 2D where the
SEM is applied on triangular meshes (|45, 46, [47]) but the implementation is complicated, particularly
when we consider high-order FE.

Furthermore, the SEM is particularly used for time domain waves propagation. Indeed in frequency
domain, as classical FEM, they suffer from pollution effects.

1.2.3 DISCONTINUOUS GALERKIN (DG) METHOD

The discontinuous Galerkin method is a particular FEM such that the mass matrix is block
diagonal and so easily inversible. Hence, it is a rival method to the SEM.
It is a combination between FEM, because the solution is represented by a polynomial approximation,
and finite volume method (FVM), because the interactions between the interfaces are computed with
numerical fluxes.
The first DG approximation has been proposed by Reed and Hill in 1973 for the resolution of the
hyperbolic problem of neutrons transport equation [48]. Since then DG methods have been developed
to solve various partial derivatives equations. In [49], B. Cockburn describes DG methods and applies
them to various linear and non-linear problems.
A first advantage of this method is that it can be formulated on unstructured triangular meshes
(triangles in 2D and tetrahedrons in 3D) and can be applied on hexahedra elements too. Thus, we
benefit from a high level of flexibility in the mesh construction, we can adapt the size of the element
(h adaptivity, see fig. to the local wavelength or to a heckled topography.
DG methods use basis functions which are, as their name indicate, discontinuous functions: they are
polynomial functions on the element but are discontinuous through its boundaries. It is important to
note that the exchange of informations between two elements is performed across the interfaces only
by means of numerical fluxes. The distinction between all the different DG methods arises from the
expression of their numerical fluxes. We refer to [50] for a review of the various DG methods which
can be applied to the elliptic problems for example.
The discontinuity of the basis functions implies that the degrees of freedom (DOF) belong to only one
element. Thus, the DOF that are located at the interfaces (edges in 2D and faces in 3D) have to be
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duplicated as we can see on fig. Due to the fact that one element has its own degrees of freedom
and that the information is only exchanged at the interfaces, the elements are independent from each
other and therefore, each element can have its own interpolation order (p adaptivity, see ﬁg
for the local approximation of the field elements. We remark that as we use polynomial functions,
we benefit from a large choice of interpolation orders, and prove that if the fluxes are appropriately
defined, we obtain the same convergence order as classical FEM.

Moreover, with the use of discontinuous functions, any kind of boundary condition can be implemented.
One can even treat transmission conditions between elastic and acoustic media [51] as often encountered
in geophysical applications.

Finally, the use of discontinuous basis functions makes DG method a local method, and, as a conse-
quence an easily parallelizable method.

Fig. 1.2.1: Example of non-conforming mesh.

Fig. 1.2.2: Example of h-adaptivity.

Fig. 1.2.3: Example of p-adaptivity (P, P, P3).

For these reasons, DG methods have became very popular during the last two decades. A lot of works
have been devoted to their applications to wave equations. We can cite, for example, in time domain
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the works of Dumbser and Késer. In [52, 53], they treat the isotropic elastic case considering fluxes
based on the solution of Riemann problems and computed with upwind scheme. In [54] they extend
their method to anisotropic media considering Godunov and Rusanov fluxes. In [55] Delcourte et al.
are interested in a DG method using centered flux for the first order formulation of the elastic wave
equations. In [56], Grote et al. use centered flux DG formulation with interior penalty, also known as
interior penalty DG method (IPDG), to solve the acoustic wave equation. The stability of this method
is demonstrated in [57]. In [27], they use the hp-property of DG method to solve the wave equations.
The application of DG methods to seismic imaging in frequency domain is more recent. It has been
proposed by Brossier in his PhD. thesis [58]. We also refer the reader to the paper of Brossier, Etienne,
Operto and Virieux [59].

1.2.4 HYBRIDIZABLE DISCONTINUOUS GALERKIN (HDG) METHOD

The main drawback of DG methods is the large number of DOF as compared to classical FEM or
SEM. As we have explained, in DG methods the degrees of freedom belong to only one element, and
consequently, those located at the faces have to be duplicated as it is shown figs. [1.2.4al and [1.2.4b]
This involves important computation costs.

To reduce the computational costs, Cockburn, Gopalakrishnan and Lazarov introduced the hybridizable
discontinuous Galerkin method in 2009 for second order elliptic problems, see [28]. It has been applied
to various problems: in particular to the Maxwell’s equations |30}, 29] in time harmonic domain and to
the acoustics and elastodynamics, considering displacement gradient-velocity-pressure formulation, in
time implicit domain [35]. We refer the reader to chapter 3 for a more detailed bibliography .

The HDG method is a class of DG method and we recover the same advantages of the latter: it
is based on unstructured meshes and on discontinuous basis functions, it is an easily parallelizable
method and it is well suited to hp—adaptivity. The main difference is that the HDG formulation is
based on the introduction of a new variable A which is defined only on the interfaces of the mesh.
The variable A is a Lagrange multiplier and represents the trace of the numerical solution on each
interface (edge in 2D, face in 3D) of the mesh.

As A is defined only on the interfaces, HDG basis functions are discontinuous at the boundaries of the
edges/faces as it is shown on fig. . In other words the basis functions are continuous over an
edge in 2D but discontinuous at its vertices. In 3D they are continuous over a face but discontinuous
at the edges. So, only the vertices in 2D or the degrees of freedom located at the edges in 3D have to

be duplicated. Hence, it contains less unknowns than (V, g)T, and the linear system involving only A

is easier to solve. Once this is done, we recover the solution of the initial problem (v, g)T thanks to
independent elementwise calculations.

This procedure allows us to reduce the number of unknowns of the linear global system, i.e. the global
number of degrees of freedom. On the one hand because A, as we will see later, has three components
in 3D (two in 2D) whereas in classical DG method the vector of unknowns of the linear system has
nine components in 3D (five in 2D). On the other hand because the size of the matrix to be inverted
and the number of global degrees of freedom only depend on the number of edges/faces of the mesh
and on the number of degrees of freedom of each edge/face, whereas for classical DG method they
depend on the number of cells of the mesh and on the number of degrees of freedom of each cell.

CONCLUSION

In this chapter, we have recalled how to obtain the elastodynamics equations in time domain
and in frequency domain. In this thesis, we are interested in solving the elastodynamics problem in
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(a)

Fig. 1.2.4: Distribution of the global degrees of freedom for the FEM [1.2.4al the DG method [1.2.4b
and the HDG method with an interpolation order of 3

frequency domain ((1.1.5)

Our objective is to solve the 3D formulation with the HDG method because as the 3D formulation
is very costly in memory terms specifically, we want to try to reduce this memory cost by using the
HDG method.

Before doing this, we have to test and validate the HDGM for the 2D formulation. To do that, we first
develop classical DG methods, the centered flux DG method and the upwind flux DG method, which
are presented in the next chapter, for the resolution of equations . These nodal DG methods
will serve as reference methods, specifically the upwind flux DG method, for the comparison with the
HGD method.

We also consider another DG formulation for the comparison, the interior penalty DG method (IPDG)
based on the second order formulation of the wave equations. We are interested in the comparison
between HDG formulation and this method because, as we will see later, the unknowns vector of the
linear global system has the "same" number of components (i.e. (ug,uy,u,) for the IPDG formulation
and (Mg, Ay, A;) for the HGD method), only the number of degrees of freedom (i.e. the global size of
the unknowns vector) is changing.
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CHAPTER 2

CLASSICAL DG METHODS: CENTERED FLUX DG AND UPWIND FLUX DG
METHODS

In the previous chapter, we have presented various numerical methods for solving the wave equations
and we have explained that discontinuous Galerkin (DG) methods, which are a combination between
FEM (with the use of polynomial functions) and finite volume method (the neighboring elements are
linked thanks to numerical fluxes) present many advantages. They are local; they can be formulated on
unstructured meshes; they are well-adapted to high performance computing; they allow hp-adaptivity.
In this chapter, we describe and we analyze the performance of two classical DG schemes for the first
order formulation of the elastic wave formulation: a centered flux DG method, as it is developed in
[55], and an upwind flux DG scheme based on the same principle than the one developed for Maxwell’s
equations in [60]. In the first section, we introduce the specific notations to DG methods and we
describe the discontinuous basis functions that will be used to discretize the formulations. In the
second section, we give the general expression of a DG schemes and emphasize once again that the
various DG schemes differ from the expression of the numerical fluxes. Then, we express the numerical
fluxes leading to a centered fluxes DG formulation and to an upwind fluxes DG formulation. In the
last part of this chapter, we compare the performances of the two DG methods on a simple test case,
in order to determine the most appropriate formulation to serve as a benchmark for the HDG method
that we develop in chapter 3.

2.1 PROBLEM STATEMENT AND NOTATIONS

In this section, we recall the formulation of the isotropic elastic system and we introduce all the
notations and definitions that we need for the expressions of the centered flux and the upwind flux
DG formulations. Finally, we describe the Lagrange basis functions for DG methods.

2.1.1 ISOTROPIC ELASTODYNAMICS SYSTEM

We remind that we want to solve the first order formulation of the elastodynamics system in
harmonic domain. In the 3D case, for x = (z,y,2) € Q C R?

wpv = V. in £,
(2.1.1)
iwog = (v) + 15 in Q,

IS}

I
[N

The boundary conditions are given by
on =0on Iy,
= (2.1.2)
(Dp)” W =0onTY,
with T UL, = Q2 and T’y NT, = 0. We remind that the first relation of (2.1.2)) describes a free surface

condition on I'; while the second relation represents an absorbing boundary condition on I'y.
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For p and C regular enough, system (2.1.1]) with boundary conditions (2.1.2)) admits an unique solution
(v,o) in H(Q) x H®(Q).

The developed equations in the 3D isotropic case write

i B 1 00 3 n 00y n 004,
T p\ oz Ay 0z )’
. 1 (004 Doy, Doy
Wy = o\ Oz + oy + 0z )’
i 1 (00 +8oyz +8azz
WUz = - )
p\ Ox dy 0z
ov v ov
) T A 2 —— A - z ’
o (A+2p) Ox + oy + 0z
ov ov ov
' = (A+2u) L+ A 5= z 2.1.
WOy, (A +2p) By + o + 2 ) (2.1.3)
ov ov ov
WO, = A+2 - A - - )
iwo (A +2p) 5, + oy oz
WO = avx—}—%
zy — M Ay or )’
Wo = Ov. %
yz — M By 92 )’
) B Oov,  Ov,
0wz = 0z + ox
We prefer to use the vectorial form (1.1.7) that we have given in the previous chapter
OW OW oW
wW + A, A A, =0, 2.14
iwW + pe +A, 3y + ER 0 ( )
with
W = (Ua:avyaUzaUm:aUyyaUzzaaxy70yzaaa:z)T7
1 1
0 00— 00 O0O0O 0 0 0000 - 00
p 1 1 p
0 00 0O0OO0O =100 0 0 00— 00 0O
P 1 P 1
0 00 0 00 0 0 - 0 0 00 0 0 0 -0
p p
Ar=—|XA420 00 0 0000O0|A=-]0 X 000000 0]
A0 0 0O OO O0OTO0OTU O 0O A2 0 0 0 0 0 0 O
A 00 0 00 0 O0O0 0 A 00 OO 0O 0O
0 w0 0 00 0 0 O i 0 0000 0 0O
0 00 0 0 0 0 O0O0 0 0 w0 0 0 0 0 0
0 O 0o 000 0 0 O 0 0 0000 0 0O
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In 2D, we consider the system ({3.1.1)) where the y components vanish and where we are still in presence
of P and S waves (contrary to the system (1.1.10) where only SH waves propagate). The obtained
system is then composed of 5 equations with 5 unknowns

The 2D vectorial form is then

with

)

T oo o©

) 1 8am aazz
1WU == -
v p\ Oz 0z )’
) 1 80232 n 80,22
WY - -
i p\ Oz 9z )’
19} 0
) Uz Yz
= 2
WOz ()‘ + :u’) BP +A ox
) vy . 0v,
1wWao - .
e F\ 82 " oz
oW oW
iwW+A,—+A,— =0,
ox 0z
T
W = ('U:m VzyOgxy Ozz, Ua:z) y
1
- 0 0 0 0
P 1
0O 0 - 0
10 ] A—Z = -
0 0 O 0 A
0 0 O 0 A+
0 0 O 7] 0

)
)

oo o O

O OO I+ O

)

oo o O

(2.1.5)

(2.1.6)

Thereafter, we consider the 3D vectorial form as the 2D formulation can be deduced from it by

removing y components.

2.1.2 NOTATIONS AND DEFINITIONS

We discretize the computational domain € by a collection of disjoint elements (tetrahedra in the
3D case, triangles in the 2D case) 7. We denote by

e F : aface of an element K (see fig. ,

o F(K) : the set of faces (edges in the 2D case, anyhow, we call it face) of an element K,



e Fp : the union of all the boundary faces Fy, i.e. F, = 0K N 0XY,

F; ¢ the union of all interior faces F; i.e. F; = 0K N 0K’ where K and K’ are neighbours,

e 7}, : the set of all faces Ty, i.e. Fp, = F; U Fp,

e 1 : the outward unit normal vector to K, n’ the outward unit normal vector to K’ (see fig. [2.1.2)).

(a)

Fig. 2.1.1: Element K with a face F' in 2D (a) and in 3D (b).

n

Fig. 2.1.2: Definition of the normal outward vectors n and n’.

In 3D the tetrahedron defined by vertices Sy (0,0,0), Sy (1,0,0), S5 (0,1,0) and Sy (0,0,1) (see

ﬁg is called the reference element K the associated referenee face I i is the trlangle S1.5953.
In 2D, the reference clement K is the triangle defined by vertices S (0,0), S» (1,0) and S (0,1) (sce

fig .|2.1.3)) and the reference edge F is defined by the segment {5152} .

z
“a A
53 54
o > T Sy S3
S1 So x ¥ Ny

Fig. 2.1.3: Reference element K in 2D and in 3D.
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For each element K of the mesh 7j, there exists a linear function Fx which transforms a point
X (2,7, Z) in the element K into a point x in the element K

1 To9 —T1 T3 —T1 Ta— T1 T
Fr(@y,2)=|wm | +ve—wn vw—y wu—un vl
Z1 zZ9 — 21 zZ3 — 21 zZ4 — %1 2

where (x;,y;, z;) are the coordinates of the vertex S; of K. An illustration of the Fx transformation is

given in fig.

Fi can also be written under the vectorial form as
Fx (f) = AgT + bk,
where the jacobian Jg satisfies

Jx = Ak and ‘JK‘ = ’detAK|.

S3

54 / Sl
So

Sh S

"L"', \4y

Fig. 2.1.4: Linear function Fx in 3D.

Let P,(D) denote the space of polynomial functions of degree at most p on domain D.

For any element K of 7;,, we denote by ®% = (90K)i:1 gt @ basis of P,(K). The variable ng denotes
|
the number of degrees of freedom (ndof) and ng = (p T ;S) with s the space dimension. For example
1s!

in tab. we give the number of degrees of freedom in 2D and in 3D for polynomial functions until
order 4.

Dimension 2D 3D
Interpolation order P1 P2 P3 P4 P1 P2 P3 P4
Ndof by Triangle/Tetrahedron | 3 | 6 | 10 [ 15 | 4 | 10 | 20 | 35
Ndof by Edge/Face 21314 |53 |6]|10]15

Tab. 2.1.1: Number of degrees of freedom per element as a function of the interpolation degree.

We consider here Lagrange polynomial functions gDiK which are defined by:

lifi=34 1<4i,5<ng,
Y 0 otherwise (2.1.7)
eKal)y=0 VK #K.
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where d;; is the Kronecker symbol, ajK the coordinates of the j** degree of freedom (dof) of K and
K/

a;

the coordinates of the j** degree of freedom of K.
Remark. We denote ¢; = goZK the Lagrange polynomial functions on the reference element K.

To illustrate the definition of functions ¢, we have represented them in 1D on fig. for three
interpolation orders.

¥3 3 P4
P1 P2 ¥1 P2 ®1 ¥2

1 2 1 3 2 i\
P Py Py

Fig. 2.1.5: 1D Lagrange polynomial functions gozK.

Thanks to the fact that the support of functions goiK is only contained in the element K, we deduce
that the only non-zero basis functions on the element K are the one associated to the degrees of
freedom of the element K. Then, using the application Fx, we express basis functions golK in terms of
the basis functions @; defined on the reference element K:

eK Py g €Py, @ =@ 0Fg', 1<i<ng.

The degrees of freedom @ of the reference element K are located at the points of coordinates:

L iljlll)
Ti,Yj, 21) = , , , 2.1.8
@77, 3) (p mLR (2.18)

withé,j,l=1,..,p+landi<p+1, i+j<p+2, i+j+1<3.

We represent these points in 2D for four interpolation orders on fig. and fig. in 3D for three
interpolation orders.

The location of the degrees of freedom a of the element K can be obtained by the relation:

a = Fk(a).

O B By B

Fig. 2.1.6: Location of the degrees of freedom in 2D for four interpolation orders.
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P P Ps

Fig. 2.1.7: Location of the degrees of freedom in 3D for three interpolation orders.

Thanks to the definition of the location of the degrees of freedom of K (2.1.8)) and the definition
of the Lagrange polynomial functions (2.1.7), we deduce the expression of basis functions @;. For
example, we give the expression of P basis functions and P, basis functions:

e P, basis functions:

e P, basis functions:

@1(37@\72):1_%_@_27

{52 (/x\agv'/z\>:/'%'\7

@3 (EU\, /y\v 3) = /y\7

51 (7,5,2) = 2.
o ~ o~ ~ (1 o o
biE G =20-3-7-9 (3 -3-7-2),
SN [ 1
902(‘,1:7:%2):2‘% x_§ )
N (.1
b3 (@0.2) =2y |y -3 ),
PN (.1
4($,y,2):22<2—>,

2

P5(2,y,2) =42 (1-2-y—2),
9/56 (27@\72):4'%377
o7 (2,y,2) =4y(l-r-y—2),
Ag(f7g72)242(1—/$\—g//\—/2\)’
@9 (53\7 :/y\v 2) = 45527
(:/510 (3"\737’2):4@\2

We now introduce the following approximation spaces:

Vi = {vn, € L*(Q)|VK € Tp,vn|i € Pp(K)},

Vi = {vi € (L3(Q))’ VK € Th, vilx € (B,(K))*},
S =1{g, € (LAQ)° VK € Th.g, |k € (By(K))°},

where L?(Q) is the space of square integrable functions on the domain €.
The dimension of V}, is the number of degrees of freedom associated to the mesh Ty i.e. nbeeys X N,
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the dimension of Vy, is 3 X nb.es X N, and the dimension of 3, is 6 X nbees X ni. For all functions
v E Vy:

nKg

o) = 3 v(a:)pk ().

=1

For all vectors v € V:

V() =Y vala)ef (X)ex + Y vy(ai)ef (x)ey + Y v(ai)e (x)e,
i=1 i=1 i=1

The space Xy, is constructed using the same principle.

2.2 DG FORMULATIONS

We first detail the general principle of the construction of DG methods. Then, we develop the
expression of the numerical fluxes associated to the centered and the upwind fluxes. The last part of
this section is dedicated to the processing of the boundary conditions.

2.2.1 PRINCIPLES

In order to establish the DG formulations, we multiply the vectorial equation ([2.1.4]) of the
elastodynamics system by a test-function & € Vj, x 3}, and integrate over an element K of 7j.

T
The DG method seeks an approximate solution Wy, = (vh, gh) in the space Vj, x 3y, satisfying for
all K in Tp,

/szh <I>dx+/ A, —L Wi <I>dx+/ A, W dx+/ Azawh@dx:o. (2.2.1)
K Ox K 0z

In the following, we omit the infinitesimal integral element dx in order to simplify the presentation.
Moreover, we choose to make a classic approximation of coefficients p, A\ and p consideringthem
as piecewise constant, i.e. constant over an element. There is no theoritical difficulty to consider
polynomial variations inside one element. However, for seismic application is difficult to determine the
polynomial variations of the velocity. In other words, it is more difficult to obtain the polynomial
velocity model than to integrate it inside the variational formulation.

Matrices A, A, and A, which depend only on these coefficients, are also piecewise-constant.

Integration by parts of (2.2.1)) yields

d
/ iwWy, - P / AW, - + AxWh - On, — / AyWh . 87 + AyWh . Q)ny
K 9y Jox
(2.2.2)

od
—/ AW, 2L AW, dn. =o0.
K 0z Jox

We introduce the matrix D such that
DW}, = (A, Wi, A W), AW,
in order to obtain
DW; -n=A,Wyn, +A,Wyn, + A, W;n_
=D,Wy,
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where Dy, is defined such that

D, = (Agnzs + Ayny + Any).
We rewrite (2.2.2) as

/ iwWy, - O / AW, - — aq) / A Wh / AW, - gi)-i-/ (anh).(l)zo. (2.2.3)
0K

By summing equations (2.2.3) over all elements, we obtain the following global equation

Z/szh®—Z/AWh Z/AWh—Z/AWh

KeTy, KeTy, KeTy, KeTy, <2.2'4>
+ > / (DaWy,) - ® = 0.
KeTy

We have to pay attention to the numerical treatment of the term (D, W),) since Wy, is discontinuous
across an element boundary. As we have illustrated in 1D on figf2.2.1] at the boundary 0K the
physical values associated to the "right" and the "left" elements are different. We thus define the jumps.

Definition. We define the jump [-] of a vector u:

e On a face F € F; as

K+

[u =u®" nt+uX n=uf .0t —uX .0t with nt = -n",
e On a face F € Fy as
[u] = uf - n,
The jump of a tensor g is:
e Ona face F € F;
— + —
[c] =" " nt + 0" n” =" nt — " nt

e On a face F € Fy

From this definition, we denote

¢

Remark. To ensure the continuity of the solution, if (v,g) is solution of ([2.1.1)), then
[v] =0 and [g] = 0.

So,
[W] =o0.
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Fig. 2.2.2: Definition of the jump

Taking this into account, we get:
> thcb—Z/th Z/thqﬂrZ/ (DLW oF+ (D, _W,;) o
KeT;, 79K FeF, FeF, FeF,
and using the definition of the jump, we write:
Z (DaWp,) - ® = Z / [(DW},) -
KeTy 0K FeFy
The global DG formulation is finally given by

Z/wwh@—Z/AWh Z/AWh Z/AWh

KeTy, KeTy, KeTy, KeTy,

+Z/[[th

FeFp

(2.2.5)

As we use basis functions ® whose support is in the element K, equation (2.2.5)) can be reduced to
one equation per element K. The surface integral over K’s boundary is written as the sum over all K
faces

/M(anh)-@: Y (DaWy)p - @

FeF(K)
Moreover, as matrices A,, Ay and A, are piecewise constant, we obtain the following local equation

0Pk IPK oPK
OWE . K _ / AEWEK . / A KVVK ) / AKVVK )
/K ¥R @ R o Oy 0z

¥ Z/th|F<I>K

FeF(K

(2.2.6)

This is the generic formulation of a DG method and, as we said previously, the difference between the
methods lie in the expression of the fluxes. To compute the numerical trace (D, W3) |F in equation
(2.2.6)), we will consider two options: a centered scheme and an upwind scheme.
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2.2.2 CENTERED FLUX DG SCHEME

To establish the centered flux DG formulation, we approximate (D,W3)|r on a face F by its
average.

Definition. We define the mean (average) {-} of a variable u such as:

e On a face F € F;

K K’
(T
{u} = 9
e On a face F € F
{u} =u”
The average of a vector u is
e Ona face F € F;
K K’
u +u
="
e On a face F € Fy
{u} = u’.

Using the definition of the average of a vector for (D, W},) |r, the local equation (2.2.6) becomes

pK oK oK
/szh L /AKWK-a /AKWK.a /AKWK 0
K

0z
FedKNoK'
+ Z / KWh oF =0.
FeoKNo

We easily verify that summing the centered flux local equation over all the elements yields the expected
global DG equation

Z/WWK of — Z/AKWK Z/AKWK.‘?(I> Z/AKWK oor

KeTy KeTy KeTy, KeTy

+ > /{D W, }[@] = 0.

Fer,
Property (Relation between the average and the jump). Let u and v be two vectors, we have:
[u-v] = {u}[v] + [u]{v}.
Proof.

(u—l—u')-(v-n—l—v/-n')—i—%(u-n—i—u’-n')-(V+V')

(u—{—u')-(V—V')-n—I—é(u—u')-(V—{—V')-n

{u}[v] + [ul{v} =

N — DN

u-v—u’~v')-n

I
_

s

-v].
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The fact that W, is solution of the elastodynamics equations implies:
[Wh] =0,
where [W,,] gathers [vp,] and [g,]. Thus, if we multiply Wy, by a constant matrix D
[DW,] =0,

and we can deduce that

/. [DW,) -

we remind that n is included in the definition of the jump [-].
Finally, replacing the surface integral, we recover the global equation ([2.2.5)).

= 3 [Dawaiel+ 3 [ pwil(e) - / (W, } 2],

FeFy, FeFy

DISCRETIZATION
. K K . .
In equation (2.2.7), as W' € V, x X, each component of W;* can be decomposed in the basis
K _ (. K\ .
" = (80 )7,
nK
K K, K
Wi =Y WK, (2.2.8)
Jj=1
where .
K
W] = (U:Bj ) 'ij ) UZJ' ’ Uxxj ) Uzmj ’ Uyyj ) UZZj ) Uwyj ) Jij ) U.’L'Zj) .

Choosing the test function as golK € &K 1 =1, ng, we obtain the following local discretization

nK nK 6()0](
o> W | ool — Al S wi [ oS
= K K r

j=1

K < K K&PZK K S K K&PZK

ALY Wi [ T o ary wi [
J=1 J=1

(2.2.9)

nK
DI LD AN e 3w [ ekt

FeoKNoK' j=1 j=1

+Z/DW oK = .

FedKno

Let us introduce the following additional notations
T
WK = (W, .., W),
M (i, j) = / 05 e

. opk
Dﬁ((l,j) :/ SDJK ou with v = z,y, 2, (2210)
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We have seen in section that ¢ can be expressed as a function of @;:

pit (%) = Gi(Fi' (%))

Using the change of variables: x = Fg(X), we get:
ME(i, j) = |det | /f{@j@v

fo(z',j) = |detJpy | <JF§/A @V@) ey, with u=x,y, 2, and (ew)m=1,3 = Oum.
K (2.2.11)

EK(i,5) = |det T, /ﬁ@@,
XK (i, ) = |det T, | /Fw

Thus, to compute the above matrices, we only have to compute the integrals over the reference element,
the Jacobian Jp, and the coefficients |det.Jp, | and |det.Jp, | which greatly simplifies the computation.
Finally, we write the local discretization into the matrix form:

iwMFEWE — ARDEWE — AFDEWHR — AFDEWH
1 / ! !
+ Y (DEeFwR 4D e W)
FEOKNOK' (2.2.12)

Y [ rwE) -0

FeoKNo

Remark. We have not developed the boundary term Z / (DfWhK) - K We will detail the
F

FeoKNox
treatment of this term in section[2.2.]]

By gathering all the local equations (2.2.12]) of all elements, the global equation ([2.2.5)) can be written
as

M+RIW+ DY > (DEWE) . oK =, (2.2.13)
KeT;, Feaknon I’

where W = Z wE , and M and R are defined such as
KeTy,

MKL:{ ME K =1L

0, otherwise,

1
—AKDE — AKDE - AKDE 4+ 5(ngf(), ifK=1L
REL _ ) FEOKNIK'
Z - (D?&KK/) , otherwise.
FeOKNOK'

Remark. The global matriz M is block diagonal.
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2.2.3 UPWIND FLUX DG SCHEME

We recall the local DG equation (2.2.06):
ol ol il
/szh SpE /AKWK-a /AKWK-a /AKWK 0
K

0z
+ > /thchbK

FeF(K)

As we said before, the two DG formulations considered in this study differ in the expression of the
flux (D, W},) | across the interface F.

We first study the properties of matrix (Dy). It is a square matrix which can be diagonalized. The
corresponding eigenvalues are

51:_U]N62253:_1)8764255:€6:07£7:€8:U87§9:vp)

A+ 2u

where v, = and v = \/ﬁ . The associated eigenvectors are gathered in the 9 x 9 matrix
p

p
R, where kth column is the eigenvector associated to the eigenvalue &
Ng Up N, Vg 0 0 0 0
Ny Vp 0 N, Vs 0 0 0
n, Up —Nyg Vs —Ty Vs 0 0 0
)\+2un326 2ungn, 0 2nyn, 0 0
R, = )\—I—Q,ung 0 2pnyn, 0 2ng N, 0 N
2ung+)\ —2ungn, —2pnyn, 0 0 2, ny
2pnyng Ny My T Ny —NgN, —Nyn, n?
2punyn, —[ngny (ng — nz) n2 —NyNg —MNzNg
2un,ng W (nz — ni) L T T R —T; Ny
0 —Ny Vg —MNg Vp
—Ty Vg 0 —Ny Up
Ny Vs Ny Vs —n vy
0 2ungn,  A+2pn2
2pnyn, 0 A+2p nz
—2pnyn,  —2pungn, 2un?+ A
U Ty Ty Ty 2 pny ng
I (ng—nz) — [ Ty My 2punyn,

—UNg Ny (ng —n%) 2un,ng

Remark. The eigenvalues and eigenvectors can be computed analytically because we consider isotropic
media. Their expression is much more complicated for anisotropic media and we refer to [54] for more
details on the anisotropic formulation.

Definition. Let Dy, be a diagonalizable matriz whose eigenvectors are gathered in matriz Ry, positive
eigenvalues in diagonal matriv AT and negative eigenvalues in A~
We define Dy such that

F=RuAT (R,

and D such that
D, =R,A™ (Rn) "
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Property. Using the above definitions, we have
(Dn) =D +D; and |(Dn)|=D} —Dj. (2.2.14)

For the upwind flux DG formulation, we define the numerical trace ((Dn) W},) | on a face F' as

—+ AN !
(D) W) |r = (D) " WE + (DE) Wi, (2.2.15)
In equation (2.2.6)) we replace the surface term by its approximation for an interior face, we obtain
i oK
/mwf-qﬂf—/ AfWhK /AKWK 007 /AKWK oe7
K
+ Y / [ (DEYF W + (DK’) WK'] LK
FedOKNOK'
+ > / (DEWE) - oK = .
Fearna”

Summing over all the elements, we get

2 @K 2
Z/szK oK — /AKWK 907 /AKWK 907 /AKWK 88
KeTy, KeTy, KeTy, o

KeTy,
+Z/DK Wk <1>K+Z/ (DE)” Wk . oK

FeF; FeF;
+ > / (DEWE) - ok =0.
FeF,

and we recover equation (2.2.5] . Indeed the plus-minus decomposition (2.2.15)) of (D, Wy},) can be
seen as the decomposition into the inflow flux (Df )7 WX and the outflow flux (Dﬁ< )+ WK and
when we sum these two terms we recover the jump of (D, W},) on the face F.

DISCRETIZATION

Using the decomposition (2.2.8)) of WhK in the basis & and taking, as test-function, golK =1 ng,
we obtain the local equation for the upwind DG scheme

< K K K KnK K KaSOlK KnK K KaSOlK KnK K KaSolK
WZWJ'/SOM —AxZWj/% rs —AyZWj/% oy —AZZWj/soj 9
—1 K — K x — K Y 1 K z
J J J J
ng nK
—+ AN ’ ’
+ 2. | ) ZWJK/F@W%(DE) ZWJK/F%K%K
p o

FeoKNOK'
+ > / (DEWE) = 0.
FeoKNoN
(2.2.16)
Similarly to the centered scheme, we write the above equation in a matrix form
iwMEWH — ARDEWHS — AFDEWH — AFDEWH
> ((fo ) e (fo’)‘ W)
FEOKNIK' (2.2.17)
FeoKNo
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where matrices MX DE v = z,y, 2, K and 52KK’ are defined by ([2.2.11)).
Finally, the global equation for the upwind DG scheme in a matrix form is

M+R)W+ D> > / (DEWE) - oK =0, (2.2.18)
KeT, Feoknon’ ¥

where W = Z WX and M and R are defined in this case such as
KeTy

MKL:{ ME K =1L

0, otherwise,
~AKDE _AKDE _AKDK L+ N (DEYTeF, ifKk=L
RKL _ 3 FeoKNOK'
Z (Dfl) EXK otherwise.
FEOKNIK'

2.2.4 BOUNDARY CONDITIONS

We focus here on the numerical treatment of the integral term over the boundary of the computa-
tional domain,

Z (DEWF) - oK.
Feaknon”’ T

Two boundary conditions have been introduced in the problem statement in section [2.1.1}
e A free surface condition to simulate a physical interface between the domain and the air;

e An absorbing boundary condition to simulate an infinite domain.

FREE SURFACE CONDITION
On a free surface boundary we impose

on =0, (2.2.19)

and no particular condition is applied to the velocity components. We then have

/ (wa,ff)-q)K:/ LEWS - oK,
Fb Fb

0 0 0 000 O0O0O O

0 0 0 000 O0O0O O

0 0 0 000 O0O0O O

(A +2u)ny Any An, 00 0 0O0O

where LK = ANy (A +2p)ny An 000O0O0O
ANy Ay A+2u)n, 0 0 0 0 0 O

Ty Ung 0 000 O0O0GO

0 Un, Ty 0 00 O0O0O

WU 0 U 000 O0O0TO O

In the matrix form, the free surface boundary condition is written

LEWEBE,
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ABSORBING BOUNDARY CONDITION

In section we have introduced two kinds of absorbing boundary condition. For the two DG
schemes studied in this chapter, we consider the plus-minus decomposition of the flux matrix (2.2.14)).
We define the simple treatment which consists in considering that the inflow flux is zero for each face

on the artificial boundary, i.e.
(Dn)” W =0 on F,. (2.2.20)

Then
/(Dfo)@K:/ (DE)" Wk . oK
Fb Fb

+
7SS W [ el = (pf) B
l,j=1
where BX (1,7) = / cp] gpl |detFFb|/ PP
Finally, the global discrete system reads as

o Y0 MEWF - ST AKDIEWK - 3 ARDEW - Y AKDEWK
KeT;, KeT;, KeTy, KeTy

+> ) (HfglKWK HK,SKK’WK,) (2.2.21)
KeTy, FEOKNIOK!

£y Y GstwE
KeTn, FEOKNON
where HE = (DK) and HK (DK ) in the case of the upwind numerical flux, HX = lDK nd

HY = IDK for the centered numerical scheme, and GX = L¥ or GE = (D n) depending on the
type of boundary conditions.

2.3 NUMERICAL RESULTS: PLANE WAVE PROPAGATION IN AN HOMOGENEOUS
MEDIUM

In this section, we provide some numerical results in 2D to assess the performances (accuracy and
efficiency) of the centered and upwind flux DG schemes introduced in the previous section. These
schemes have been implemented in a Fortran 90 software. We use the MUMPS sparse direct solver for
the resolution of the linear system (see [61] for more details).

The simulations are performed on a computer system whose characteristics are:

e 2 Quad-core Nehalem Intel® Xeon® X5550
e Frequency : 2,66 GHz

e Cache L3 : 8 Mb

RAM : 24Gb (DDR3 1333MHz)

Infiniband QDR : 40Gb/s

Ethernet : 1Gb/s
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All the simulations are done in sequential.

First, we consider the simple test problem of the propagation of a plane wave in an homogeneous
medium. The computational domain € is a 10000 m x 10000 m square. The physical properties of
the medium are p = 1000 kg.m ™3 and the Lamé’s coefficients A and x are set to 8 MPa and 4 MPa
respectively. These values imply a velocity v, of P-waves equal to 4000 m.s~! and a velocity v, of

S-waves equal to 2000 m.s~!. On the boundaries we impose an absorbing condition such that the
exact solution is a plane wave incident field

V;L‘O
Voo

We _ vez(kI cos Oz+k, sin 6z) = | 020 ei(kl cos 0z+k sin 92)’
0220

020

where k = \/k2 + k2 = “ s the wavenumber, k, = ¥ cosf and k, = “ sin 6, and 6 is the incidence
v

Up Up
angle. w is the angular frequency, w = 27 f where f is the frequency.

If we choose arbitrarily V.o, we can express the other components such as:
kakz (A + )
Vo= 503 2
pw* = kgp — kA + 2p)

V$07

—1
Oxx0 = U (k:c (>\ + 2#) Vo + Akz‘/ZO) ,

Oz20 = (Akxvxo + ()‘ + 2//4) kzv:zO) s

w

Oxz0 = %M (sz:cO + kx‘/tz()) .

Remark. For more details on the analytical expression of the plane wave, we refer to annex [4]

In all the experiments, we choose 6 equal to 0° and f = 2 Hz, so that w = 47 ~ 12.56 Hz. We
discretize the computational domain €2 with three unstructured meshes with respectively 3000, 10 000

and 45 000 elements. Two of these meshes are shown on figs. [2.3.1aland [2.3.1b| and their characteristics
are gathered in tab.[2.3.1]
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Fig. 2.3.1: Discretization of 2.
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| Mesh | # Mesh elements | # Mesh vertices | Rmin (m) | himaz (m) | hmaz /Pomin |

M1 3 100 1620 193.6 625.0 3.23
M2 10 300 5 200 107.5 312.5 291
M3 45 000 22 500 45.4 156.3 3.44

Tab. 2.3.1: Characteristics of the three meshes

We compare the obtained numerical solutions by focusing on the V, component. When using the
coarsest mesh with 3 100 triangles and the DG method with uniform interpolation of order 1 (noted
DGFD-P; method), we obtain the numerical solutions shown on figs. [2.3.3a] and [2.3.3b| for the centered
DG scheme and upwind DG scheme respectively. We can compare these two solutions to the exact
one represented on fig. 2.3.2] Clearly, for this relatively coarse mesh, the DGFD-P; formulation based
on the centered scheme solution is notably less accurate than the solution obtained with the upwind
scheme. Increasing the interpolation degree (figs. [2.3.4a] and [2.3.4Db|) or the resolution of the mesh
(figs. [2.3.5af and [2.3.5b]) leads to numerical solutions that are closer to the exact one. These results are
confirmed by the 1D x-wise plots of the V, component for y = 5000 m on figs. 2.3.6] to 2.3.8 On
these plots, the solution is recorded every 10 m on the x—axis.

Remark. We use Paraview for the visualisation, see [62] and [63] for more details.

Fig. 2.3.2: Exact solution, V,, component.

(a) Centered flux DGFD-P; scheme. (b) Upwind flux DGFD-P; scheme.
Fig. 2.3.3: Numerical solution, mesh M1, V,, component.
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(a) Centered flux DGFD-P5 scheme. (b) Upwind flux DGFD-P; scheme.
Fig. 2.3.4: Numerical solution, mesh M1, V,, component.

(a) Centered flux DGFD-P; scheme. (b) Upwind flux DGFD-P; scheme.
Fig. 2.3.5: Numerical solution, mesh M2, V,, component.

0z 02
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-0.05

-0.1

-015

0.2 -0.2
-4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000
VX_exact VX_exact
VX_IUM —— VUM ——
(a) Centered flux DGFD-P; scheme. (b) Upwind flux DGFD-P; scheme.

Fig. 2.3.6: x-wise distribution of V., mesh M1 at range y=5000 : in red line the exact solution, in
green cross the centered (left) and upwind (right) DGFD-P; solution.

Fig. [2.3.10| shows the numerical convergence of the centered and upwind DGFD methods. These
two graphs confirm that the centered DGFD scheme is less accurate than the upwind DGFD scheme
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Fig. 2.3.7: x-wise distribution of V,, mesh M1 at range y=5000 : in red line the exact solution, in
green cross the centered (left) and upwind (right) DGFD-Py solution.
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(a) Centered flux DGFD-P; scheme.
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(b) Upwind flux DGFD-P; scheme.
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Fig. 2.3.8: x-wise distribution of V,, mesh M2 at range y=5000: in red line the exact solution, in
green cross the centered (left) and upwind (right) DGFD-P; solution.
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(a) Centered flux DGFD-P; scheme.
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(a) Centered flux DGFD-P» scheme.
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(b) Upwind flux DGFD-P; scheme.
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(b) Upwind flux DGFD-P» scheme.

Fig. 2.3.9: x-wise distribution of V,, mesh M2 at range y=5000: in red line the exact solution, in
green cross the centered (left) and upwind (right) DGFD-P; solution.
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and we observe that the centered DGFD scheme converges with order p whereas the upwind DGFD
scheme converges with order p + 1, i.e. with optimal rate. In tabs. [2.3.442.3.5] we present the mean
and relative errors in the V, and 0., components. The mean error is computed, for example for the
V: component, as follow

_ vaeaca B Vxnu'm ’ |L2

= . 2.3.1
I mean number of elements ( )
The relative error is computed as
V. -V, 2
ETTrelative = H ze:’cﬁ/ Tru:HL . (232)
Zega |l L

The centered fluxes DG method is in general less accurate than the upwind fluxes DG method especially
if the mesh is too coarse and for low interpolation degree.

o™ Wl

W,

5 55 6 6.5
h

max

(a) Centered flux DGFD method.

14

12 20——=—=
10 1

W, - W, |
[<2]
»
W
'\'U

(b) Upwind flux DGFD method.

Fig. 2.3.10: Convergence order of the centered [2.3.10aj and upwind [2.3.10b| flux DGFD methods for

plane wave propagation in a homogeneous medium.

The computational performances of both methods for all the performed simulations for this test
problem are summarized in tab. [2.3.2] for the number of non-zero terms in the global matrix and the
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memory used (in MB), tab. for the time required for the construction of the global matrix (in
seconds) and for the resolution (in seconds). The upwind DG scheme requires more memory space
than the centered DG scheme. This is due to the fact that there is more non-zero terms in the global
matrix in the former case (at least 1.5 times more non-zero terms). Albeit this increase in the number
of non-zero terms in the global matrix, the contruction of the L. and U factors for the upwind DG
discrete operator does not require more CPU than that of the corresponding factors for the centered
DG discrete operator. However, a difference is clearly observed in the solution time.

# Mesh elements | Interpolation Non-zeros terms Memory (MB)
degree
Cent. scheme Upw. scheme | Cent. scheme Upw. scheme

3 100 7.5e+05 1.5e+4-06 204 288

10 300 1 2.5e+06 5.1e+06 877 1076
45 000 1.1e+07 2.2e+07 4489 5492
3 100 2.2e+06 4.3e+06 527 804

10 300 2 7.4e+06 1.4e+07 2036 3097
45 000 3.2e+07 6.2e+07 10687 15965
3 100 5.8e+06 9.4e+06 1246 1656
10 300 3 1.9e+07 3.1e+07 5020 6600
45 000 8.3e+07 1.3e+4-08 27228 34597
3 100 1.2e+-07 1.8e+07 1980 2749
10 300 4 4.1e+07 5.9e+07 7372 10098
45 000 1.8e+4-08 2.6e+08 37018 50297

Tab. 2.3.2: Number of non-zero terms in the global matrix and memory used.

# Mesh elements | Interpolation Construction time (s) Solution time (s)
degree
Cent. scheme Upw. scheme | Cent. scheme Upw. scheme
3 100 2.8e-02 4.0e-02 1.3 1.5
10 300 1 9.9¢-02 0.1 6.7 7.2
45 000 0.4 0.7 48.4 68.0
3 100 8.8e-02 0.1 4.1 6.0
10 300 2 0.3 0.3 19.0 28.8
45 000 1.3 1.5 155.0 224.5
3 100 0.2 0.2 10.0 14.4
10 300 3 0.7 0.8 50.5 78.2
45 000 3.4 3.4 438.9 643.2
3 100 0.5 0.5 18.0 28.1
10 300 4 1.6 1.8 86.1 135.2
45 000 11.7 7.6 915.3 1077.4

Tab. 2.3.3: Time required for the global matrix construction and for the system resolution.
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h (m) | Interpolation Mean Error V, Relative Error V (%)
degree Cent. scheme Upw. scheme | Cent. scheme Upw. scheme
625.0 4.8e-02 1.8e-02 15.9 6.0
312.5 1 3.2e-03 1.7e-03 3.3 1.8
156.3 1.7e-04 9.9¢-05 0.8 0.4
625.0 1.7e-03 1.6e-03 0.5 0.5
312.5 2 5.9e-05 5.7e-05 6.0e-02 5.8e-02
156.3 1.4e-06 1.4e-06 6.1e-03 6.1e-03
625.0 1.4e-04 1.3e-04 4.2e-02 4.1e-02
312.5 3 3.2e-06 3.1e-06 3.3e-03 3.2e-03
156.3 3.8¢-08 3.7¢-08 1.7e-04 1.7e-04
625.0 1.1e-05 1.0e-05 3.4e-03 3.2e-03
312.5 4 7.6e-08 6.8e-08 7.8e-05 7.0e-05
156.3 3.5e-10 3.1e-10 1.6e-06 1.4e-06
Tab. 2.3.4: Mean and relative errors on V.
h (m) | Interpolation | Mean Error o,, | Relative Error o, (%) | Convergence order
degree Cent. Upw. Cent. Upw. Cent. Upw.
scheme scheme | scheme scheme scheme  scheme
625.0 165.5 72.9 13.6 6.0 - -
312.5 1 17.3 6.6 4.5 1.7 1.7 1.7
156.3 1.6 0.4 1.8 0.4 1.3 2.0
625.0 7.6 5.9 0.6 0.5 - -
312.5 2 0.5 0.3 0.1 6.5e-02 2.3 2.9
156.3 2.2e-02  6.2e-03 | 2.5e-02 6.9e-03 2.3 3.2
625.0 0.8 0.4 6.4e-02 3.1e-02 - -
312.5 3 3.8¢-02  1.0e-02 | 9.8¢-03 2.7¢-03 2.8 3.7
156.3 9.5e-04 1.4e-04 | 1.1e-03 1.5e-04 3.2 4.2
625.0 5.9e-02  3.4e-02 | 4.6e-03 2.7e-03 - -
312.5 4 1.1e-03  3.1e-04 | 2.8e-04 7.9e-05 4.1 5.2
156.3 1.2e-05 1.5e-06 | 1.3e-05 1.7e-06 4.4 5.6

Tab. 2.3.5: Mean and relative errors on o,, and convergence order.
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CONCLUSION

In this chapter, we studied two nodal DG methods, the centered flux DG method and the upwind
flux DG method, for the solution of the elastic Helmholtz equations.
With the test problem of the 2D propagation of a plane wave, we have seen that the centered
formulation is suboptimal: we loose one numerical convergence order than classical finite elements
methods or than upwind formulation.
However the upwind scheme requires more memory space and computational time. This is due to the
fact that, in the upwind flux case, the number of non-zero terms is around twice as high as the one of
the centered method.
Another drawback of the upwind DG method that we do not study in this work but that we should
not neglect is the dissipative character of this scheme as it is studied in [64].
Despite of this disadvantage, in the following, we prefer to consider the upwind DG method as a
reference method for the comparison with the hybridizable DG (HDG) method rather than the centered
DG method because this latter is not enough accurate and suboptimal.
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CHAPTER 3

HYBRIDIZABLE DISCONTINUOUS GALERKIN (HDG) METHOD FOR 2D ELASTIC
HELMHOLTZ EQUATIONS

In the previous chapter, we have introduced two DG formulations respectively based on centered
fluxes and upwind fluxes. We have emphasized that, despite their advantages (use of unstructured
meshes, adaptivity in particular), DG methods present the important drawback to be very expensive
methods because of the huge number of globally coupled degrees of freedom. To overcome this
drawback, a new class of DG method has been introduced recently: the hybridizable discontinuous
Galerkin (HDG) method.

The HDG method drew inspiration from Fraejis De Veubeke’s work on the hybridization of finite
element method for the linear elasticity model [65] in 1965 where the hybridization is presented as
an implementation technique. This technique is based on the introduction of an auxiliary unknown
An and is close to a static condensation technique. In 1985, Arnold and Brezzi showed that this
unknown A, could be assimilated to a Lagrange multiplier, associated to a continuity condition on the
approximate flux.

In 2004, Cockburn and Gopalakrishnan defined A, as the solution of a weak formulation and they
developed the hybridization of Raviart-Thomas (RT) [66] and (BDM) [67] mixed methods of arbitrary
degree [68]. They extended the method to local DG method for Stokes problem in [69] in 2006.
A summary of their work on this new hybridization technique is done in [70]. Finally, Cockburn,
Gopalakrishnan and Lazarov gave an unified framework for a second order elliptic model problem [28]
in 2009 and proposed the hybridizable DG (HDG) method.

Then, the HDG method has been applied to various problems: the Maxwell’s equations [29] 30] in
time-harmonic domain; the acoustics and elastodynamics, considering displacement gradient-velocity-
pressure formulation, in time implicit domain [35]; the Stokes problem [31] or for fluid problems in
[71] where Giorgiani exploits the p-adaptativity feature of the HDG method; and more general partial
differential equations in continuum mechanics [32] ; linear [34] and non-linear convection-diffusion
problems [33].

In order to develop efficient and accurate new solvers for geophysical applications, we propose to
apply the HDG method to the elastic Helmholtz equations.
This chapter is divided into four parts: first, we remind the 2D first order formulation of the elastic
wave equations and we introduce the notations and definitions that we use in the HDG formulation
(section 3.1). Then, we apply the HDG method to the Helmholtz equations and we discuss the
well-posedness and its relation with classical DG methods (section [3.2)). In section we describe its
implementation and give a summary of the HDG algorithm at the end of the section. We finish this
chapter by the numerical part: the test case of the propagation of a plane wave in an homogeneous
medium is used to study the numerical convergence of the method and to take a look at the condition
number of the associated discrete operator. We also study the influence of the hybrid parameter on
the accuracy of the solution. Finally, we test the p-adaptivity property of the HDG formulation and
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compare performances with the ones obtained with the HDG method using an uniform interpolation
degree. Additional numerical results, including comparisons between the upwind flux DG method,
the interior penalty DG (IPDG) method and the proposed HDG method, are presented in the next
chapter.

3.1 PROBLEM STATEMENT AND NOTATIONS

In this section, we remind the 2D elastic waves equations and introduce some additional notations.

3.1.1 2D ELASTIC WAVE EQUATIONS IN HARMONIC DOMAIN

The 2D elastodynamics system is obtained from the 3D system by considering an infinite invariant
direction. This means to remove the corresponding spatial component, i.e. in geophysical applications
the y component. By this way, we get, for x = (z,2) € Q C R?

{iwpv = V.a in Q,

(3.1.1)
iwg = Ce(v)+f in Q.

We recall that we have omitted the x-dependency in the mass density p, the velocity vector v =
( vg, v, )T, the stress tensor g, the source term f, and the symmetric elastic tensor C.

In 2D and using Voigt’s notation, this tensor C is reduced to a 3 x 3 matrix which writes in the general
2D anisotropic case as

Cnn Ci2 Ci3
C=| Ci2 Cy Co
Ciz3 Coz (s

In the 2D isotropic case, it reduces to
A+ 2u0 A 0

A A+2u 0
0 0 7

@
Il

Remark. To express the elastic tensor C into a matriz form, we use the Voigt’s notation. In section
we have given it in 3D. In 2D we have

(1, 2, 3" = (zx, 2z, 22)T.

Remark. In the geophysics framework, the source term f represents the pulse emitted by the explosive
source and is considered as a point source S or a Gaussian function.

As in the previous chapter, we assume that the physical parameters (p, A and p for the isotropic
case and p and the Cj; coefficients in the general case) are piecewise constant.

We can develop the equations of system (3.1.1)). For (z,2) € Q C R?, in the anisotropic case

( ) = 1 004y | 0042
T p\ oz 0z
WV — 1 9042 + 902
= p\ ox 0z
) O0vy 0v,, Ovy  Ov,
WOy = 01167 + Cq2 9z E + B + fz, (3.1.2)
- v v, v, Ov,
wozy = Cia—— B =+ Copp—— 9% + Ca3 87; + o + 2,
) v, v, Ov,  Ovu,
Wwoe; = Ciz—5— B + Co3—— 9% = + Cy3 9. + 97 )
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and for the isotropic case

( iwv _ 1 004y 4 00y,
T p\ ox 0z )’
- 1 /00y, 00,
wu, = = 7
p\ Ox 5 0z A
iwose = (A +21) 22 4+ ASE 4y, (3.1.3)
o ox z}z
wozz = Ag -+ (A+2u) =+ f
. _ % n ov,
Wowz = M 0z ox

We consider two types of boundary conditions:

e The Dirichlet condition to express the free surface condition

og-n=0 onlYy, (3.1.4)

e The Sommerfeld condition for the absorbing boundary condition

o-n+PAG)P'v=0 onT,, (3.1.5)

with I'; the free boundary and I, the absorbing boundary, and I’ UT, = 9 and I'; N Ty, = 0.

Remark. The expressions of the matrices P, A(0) and 0’ are detailed for the 3D case in section|1.1.5

Remark. The boundary condition (3.1.5) is valid for TTI media. In the particular case of an isotropic
medium, it reduces to
g-n—puy(v-n)n —pug(v-t)t =0 on Ty, (3.1.6)

A+ 2p

p
vector and t the unit tangent.

with v, =

the P-wave velocity, vs = \/ﬁ the S-wave velocity, n the outward unit normal
p

3.1.2 NOTATIONS

As we have done in the previous chapter, we consider a triangulation 73 of the computational
domain €, composed of triangles K. We use the same notations and definitions as in chapter [2] i.e:

e F': a face of the element K (see fig. [2.1.1)),
o F(K) : the set of the faces of an element K of Ty,

e 7} : the set of the boundary faces Fy, i.e. F,, = 0K NT', where I' = 09,

F; : the set of the interior faces F; i.e. F; = 0K NOK' where K and K’ are neighbours,
e 7}, : the set of all the faces of the mesh, i.e. F, = F; U Fp,

e n : the outward unit normal vector to K, t its tangent.
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In 2D, the reference element K is the triangle defined by the vertices S (0,0), S, (1,0) and Sy
(0,1) (see fig. [2.1.3]) and the reference edge F is defined by the segment |:§1§2]

The linear function Fx which allows to switch from the reference point X (Z, z) to the point
x (z, z) is defined in the 2D case by

o~ To — 1 I3 — T1 T I
Fg (2,2) = o _ )+ .
2721 23— 2 z 21

The set P,(D) is the set of polynomials of degree at most p on the domain D.
Let ®X a basis of P,(K) composed of Lagrange polynomial functions cpZK defined by the relation

(2.1.7) in chapter
For each element K € T}, we define V?(K) as the space P,(K), VP(K) as the space (]P’p(K))2 and
¥P(K) as the space (P,(K))>. The discontinuous finite element spaces that we need for the HDG
formulation are given by

VPE={vel*Q): v|xecVP(K)VK €T},
V= {ve(I*9)’: v|k € VI(K),VK € T, },
P = (o (L*Q)’: gk € ZP(K),VK € Ti},

where L?(Q) is the space of square-integrable functions on the domain .
We also need to introduce the traced finite element space

My, = {n e (L*(Fn)>:  nlr € (P)(F))?,¥YF € F}.

The space M, represents the space of functions that are continuous on an edge but discontinuous at
its ends.

In order to better understand the difference between the spaces My, and V¥, we show on fig. the
location of the degrees of freedom of these two spaces.

Py Py Ps Py

Fig. 3.1.1: Representation of the locations of the degrees of freedom of the spaces V¥ (o) and My, (a).

Finally, we recall the definition of the jump [-] of a vector v for an interior interface F' =

OKtNOK™ € F;

[v-n]=v' -nt+v -n",
and for a boundary face F = 0K NT € F,

[v-n]=v" -n".
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The jump of a tensor ¢ is defined for an interior face F; by

and on an external face Fj by

3.2 HDG FORMULATION

Now that we have introduced the problem statement and the notations and spaces that we need,
we present the weak form of the HDG formulation of the problem. We also verify the well-posedness
of the local problems of the formulation and we establish a link between the HDG formulation and
the upwind fluxes DG formulation.

3.2.1 PRINCIPLES

To establish the HDG formulation, we consider equations (3.1.1)) on an element K of 7,. We
multiply them by test functions (w,{) € VP(K) x ¥P(K) and we apply an integration by parts. We

look for an approximate solution (vy, g,) € V x X} such as

/Kiwpth-w—/K(V-ah>-w = 0,

(3.2.1)
[ive e [ (Cpetm) 6 = [ 1ig
Remark. We denote by a : b the scalar product between two tensors a and b.
By integrating by parts we obtain
/iwpth~W+/ah:VW— gh‘n‘w = 0,
K K oK (3.2.2)
Jomoer fovr{@) - [ e = o

On the boundary 0K the numerical traces éh and v, represent the values of a, and vy, respectively.

The principle of the HDG formulation consists in expressing (vy, gh) in terms of a hybrid unknown
Ap only. This unknown A\, € My, is a Lagrange multiplier and is mainly introduced in order to replace
the numerical trace v;,. We thus define

A, =V, VE € Fp, An € My,. (3.2.3)

The numerical trace gh is then expressed in terms of the other unknowns g, Vi and, Ay by the
following relation

g, =a,—S(vh—Ap)®n on OK. (3.2.4)

where S is a local stabilization matrix which has an important effect on both accuracy and stability of
the numerical scheme as we will see in the sequel.

Remark. In [35], Cockburn, Peraire and Nguyen express the time-implicit isotropic elastodynamics
equations using the displacement gradient-velocity-pressure formulation, i.e. they choose to express
the isotropic elastic waves equations as a function of the velocity v, the displacement gradient tensor
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H = Vu, and the hydrostatic pressure p = (4 X\)(V -u). In their HDG formulation, they express (see
equation (33)) the numerical trace (,uI/-\IZ + ﬁ}:l) as a function of vy, A\, = Vv, the Lagrange multiplier,

H;, and py, as R
pHy + ppl = pHy + ppI = S (v, — Ap) @ n. (3.2.5)

We easily check that

V (uH} + ppI) = Vg (3.2.6)

.
Consequently, assuming that
V (4B + 1) = Vg, (3.2.7)

and using the fact that the operator V is a linear operator, we replace (MI/-\IZ —1—@21) in this equation

by its definition (3.2.5)), and we found that
V5, =V (2, ~S(vi—M)@n). (3.2.8)

We deduce the relation (3.2.4) and establish an equivalence between the two isotropic elastic formulations.

Remark. In the next section, we will prove from an energy identity that S has to be definite positive
i order to ensure the well-posedness of the local HDG formulation.

Moreover, in [33], it is proved from the energy identity that S can have the form 11 (eq. 37 of [35])
where T > 0 is a local stabilization parameter and I the identity matriz. It is this expression of S that
we choose in this thesis. We study the impact of this parameter on the accuracy of the solution in the
numerical section.

If we replace vy, by Ay in (5.3.1))

/iwpth'er/ah:Vw o n-w = 0,
X« g

K oK
[ e

/Kiwah:«SJr/th-v-(CKg)_/aKAh.C ¢n

we observe that we have now three unknowns but only two equations. Thus, we have to introduce a
new equation in order to determine Aj. To be compliant with the underlying physics, we enforce the
continuity of the normal component of 7, .

By summing contributions of equationsﬁ over all elements and enforcing the continuity of the
normal component of Qh, the problem can be rewritten in the following way:

find (vp,0,,An) € Vi x 3P x M, such that: V(w,{,n) € VP(K) x XP(K) x My,

Z/iwpth'w+ Z/Jh:VW Z/ §h~n-w = 0,
KeTy, K KeTy, KeTy, oK
Z/iwah:§+2/vh.v.(CK§>— Z/ /\h.gKén = Z/f:f, (3.2.9)
KeT, 7K KeT, 7K KeT;, VK KeT, 7K

> [, uln = o

FeFy F

Remark. The last equation of (3.2.9), which is called the conservativity condition, expresses the weak
continuity of the normal component of éh'
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Property. According to (3.2.4),

g, n=0g, - n—S(v;,—Vp). (3.2.10)

Moreover, we have:

P /[[Uh n] .y = Z/ 0= Z/ (Vi — V) - 1. (3.2.11)

KeTy, KeTy,

Proof. For the equation (3.2.10)), we have

(0 —S(vip—Vp)®n) -n
g, n— n-

S
:gh~n—S(Vh—</\h .

For equation ([3.2.11)), on a face F' = K™ N K ~, we have

(Vi —Vp)®n-n
)

8, u-n = [ o, n =S w1
F F

= /F (ghK+ T kT (v,IL(Jr —Qh)> i/ (gff_ nf sk (V,If_ —ﬂ,,)) 1.
Then, using the definition of the jump, we obtain equation (3.2.11])).

Introducing equations (3.2.10) and (3.2.11)) in the first and third equations of system ({3.2.9)

respectively, and using an integration by parts of the first equation, we obtain the following global
HDG formulation

Z/zwpth W—Z/ V:> W—I—Z Svh—)\h) = 0,
KeT, KeTh, KeTh,
Z/ §+Z/vhvcg Z//\hK~n:Z/f§,
KeT, VK KeT, KeT;, VoK KeT,
Z/ n—Z/Svh—/\h~n:0.
KeT, KeTy,
(3.2.12)

The local problem on an element K reads as

/zwpth W — / V 0’ W+/ S(v{f—)\h)-w = 0,
oK (3.2.13)

/K%K:§+/Kv,{<.v.(ch)_/aKAh.(;Kg.n /Kf:g‘

Remark. The source term is taken into account through the local problem, else the HDG method is
able to handle with volumic, surfacic or point source as well as classical DG methods.
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3.2.2 WELL-POSEDNESS OF THE LOCAL PROBLEM

In order to analyze the well-posedness of the local problem, we consider the local equations ([3.2.13])
without source term

/iwpthK-w—/ <V~U£{>-w+/ S(th—)\h)-W:O, Vw € VP(K)
K K 0K

/Kz'wathf—l-/vaf.V.(CKg)_/aK)\h.C gn:(L VE € BP(K)

-1 . .
We choose w = V,If and & = (gK ) ghK as test functions and we add the two above equations.
We obtain

/iwpKv,{f.v{f_/ (v.of).v,f5+/ S (vE — n) v+
K K - oK

(3.2.14)

Taking A\p, = 0, we get

[ 5w e el gk s [ s ((vog) o)+ [ s v =0 G219)
K K - K o 0K

We remind that w which is the angular frequency and p which is the mass density are two strictly
positive reals variables; the tensor g_l, whose properties are detailed in section 1.1.1 in chapter 1, is
a positive definite tensor in the space of symmetric tensors (i.e. it verifies gflg : £ > 0,VE symmetric

tensor).

So if we consider the real part of the equation (3.2.15]), we have Sv}lf -VhK = 0 which implies that
10J:¢
vff =0on 0K if S is a definite positive matrix. This shows us that we can consider any form of S as

long as it is a definite positive matrix. We have chosen to consider S = 71 because this form leads to
sparser local matrices and because it is the form used in [35]. Moreover, we have tested numerically
others forms of S in 2D and we do not have seen large differences on the results.

For the HDG-P; and HDG-Ps formulations, all the degrees of freedom are on 9K, so vf =0 on
the entire element K. This implies that ¢ = 0 on the element K. Thus we can ensure the local
well-posedness of the local problem for the HDG-P; and HDG-Ps methods.

Remark. In 3D, the HDG-P3 method also has its degrees of freedom on OK. Thus, the local well-
posedness of the HDG-Ps method is ensured in 3D.
3.2.3 RELATIONSHIP BETWEEN HDG AND UPWIND FLUX DG

A link between the HDG formulation and the upwind flux DG method can be shown by considering
the global HDG formulation

Z/WPKVh w— Z/ V g, ) w+ Z/ (Vi — An) - = 0,

KeTy, KeTy, KeTy

Z/ §+Z/vhvcg Z/ -nzz/fg,

KeTy KeTy, KeTy KeTy
S [ )X [ st = o
KeT, 79K KeT;,
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We write it as

Z/wpKVh w + Z/ (V-w)— > /3th wn+ Y S(vi—An)-w=0, (3.2.16)

KeT, KeT, KeTs KeT, /0K

> / iwg, : ClE + > / Vi Vg~ Z/ A€ n= Z/ C e, (3.2.17)
KeT, VK KeTh KeTh KeTh

> / o, -n]-n- Z/ STV} +87v, ) n+ Z/ (ST +87) A -n=0. (3.2.18)
Fer, F FeF, FeF,

From equation (3.2.18)), we deduce
Z / (ST+S7)M\p-n= Z (/ (STv)i +S7v;) 'U—/[[Uh‘n]]-n)7
F F

Fer, FerFy,

and, by setting n' = (SJr + S*) n on each internal face

(S+v++S*v_) , 1 ,
F;/)\h n = P (/F (SZJFS,)h = /Wﬂh n]]'77>~

In equation (3.2.17) we can write

Z/aKAhn—Z/Ahfn]]

KeTy, FeFy

If the interpolation degree of v and g, is lower or equal to the one of \j then there exists p € My
such that o|p = [¢'- n] on each face F. Then, we deduce from the two above expressions, by choosing
) >
n=¢

Stvi+S7v,) ,
2 /BK)\h €n=2, </F( (Si+S‘)h)[[£'n]]_/ (S++S )[[J n]]-[[g-n]]>.

KeTy, FeFy

(S+VZ + S_v}:)

We develop the expression of

(St +87)
Stvi+S v, STvi+S v, +S v/ +Stv, Stvi+S v, S v/+Stv,
St+8- 2 (St +8S7) 2 (St +S7) 2(St+S7)
v,f + vy, S+t S—

+_ Y-~ + _ v
7 tamr sy ) T o sy ()
_ vii+v,  (ST=S7) (v} —v})
2 2(St+87)

in order to write equation as
Z/zwa §+Z/thC’§—Z/{vh}C£

KeTy KeTy, FeFy,
(87 —8) (vii —vi),
+F;/s++s n}lCx€ -0l = F;/ S++S) €& -nl = Z/

KeTy,
(3.2.19)
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Considering now equation ([3.2.16f), we develop the surface terms as follow

Z/M%'n'w— S (v —An) - W = Z/F[[Uh'n'vvﬂ— > /F(S+VZ-W++S‘Vh-W‘)

KETy oK FEF, FEF,
+ > /)\h-(S+w+—|—S_w_)
FerF, F
> [ (2 m1- ) + (g} v )
- /F (SJFV,T w4 S”v, ‘Wi) —|—/F)\h- (SJFWJr + waf) .

If the interpolation degree of A is higher than the one of w, then there exists ¢ € My, such that
ol = (SJFWJr + S*W*) on each internal face F'. Thus, we write

Z/ g, W — S(vi—Ap) - w=A+B+C+D,
KeT, oK oK

where

A= 3 [ Iz, 0l v} + (g} T nl).

FeFy
B=-— Z/(S+V;-w+—l—8v;-w),
Fer, '
1
C=- /[[o ‘n]- (STwh+S"w),
F;}L FST+S—=h

_ StV 8 Vi ot e

Knowing that

+ g +_g-
StTwt +S w™ = # (Wwh+w™) + % (wh—w),
we express C' as
1 _
0=—Z/Fs++s—ﬂ%'nﬂ'(s+w++s w)
FeFy
:-Z(/[[a n]]{w}—i—/ ST S_(er)ﬂg n]]>
FEF, " r2(8T+87) "
Similarly, for B, we have
B=-— Z/(S+V,J{-W++S_Vh-w_)
FeF, F
V}T+Vi: + ot ——— VZ—V,: +wrt -
:_Z /-(Sw+SW)+/-(SW—SW).
F 2 F 2

FeF,
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Thus, the sum B + D becomes

+
B+D=- Z/ S+vh wh+8~ vh-w Z/S ‘S,:L_iz_vh -(S+w++S_W_)

FeF, FeF,
__ Z/Vh+vh. (STwh+8 w Z/Vh_v (STwt -8 w)
FeF, FeFy
Vi v, +Vh Vi = Vi) N
+Z/ -S+ Jr—i—SW Z/ S+—|—S) '(S+w++Sw)
FeF, FeF
(ST—87) (v —v;) vi—v;)(ST+87) _
__Z/F 4h n) (4w Z/ h (wt —w)
FeF, FeF,

(St —S7)(vi —v;) ST+8-

+Z/F 25T +s) 2

(8% =87 (v —vi)

+F§h/F I (W —wT)
e e e )
Finally,
A+B+C+D= F;/{ /F2(SS++_+SS_)(W+—W_)-[[0 1]
- {S}W (wtew) s [ _4?;2 L) e w),

and equation (3.2.16)) becomes

e 3 e z/{a}uwn

KeTy, KeTy, FeFy
F;/ S++S (wh —w") F;/{S} (W+—W7) (3.2.20)
+_V—) B

Hence, v;, and g, are solutions of a classical upwind scheme. The HDG system has properties
similar to the upwind DG scheme and thus, it can be studied following the method proposed in
Ainsworth, Monk and Muniz [64].
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Finally, let us remark that, in equations (3.2.19) and ([3.2.20)), if ST = S~ = S, we obtain

(S [ <% [ o e 5 [l b

KeTy KeTy, FeFy,
5 [ o
FeFn (3.2.21)

> J

¢ Cpé /{vh}cf n]
KeTy, KeTy, Fe

£ 3 [ agle, g m= 3 [ i

\ FeFy, KeTy,

\ J‘m
+
(]
T 3
S
<

In that case, the stabilization parameter introduces numerical dissipation in the scheme.

3.3 IMPLEMENTATION

To solve the HDG system , we have to implement the local system . To do that
we need to discretize this local system. We first consider the case of an isotropic medium and then,
the case of an anisotropic medium. The discretization of the boundary conditions requires a special
attention. In the last part of this section, we give the main lines of the HDG implementation.

3.3.1 DISCRETIZATION FOR THE ISOTROPIC CASE

For the discretization of the local equations , we first consider the simple isotropic case
and assume the right-hand side f is equal to zero.
Taking as test function the basis function (piK , we develop the local equations and write
the local solution (v¥, o) as a function of A (simplified notation for Az). In order to avoid confu-
sion with \ the Lamé’s coefficient and \ the Lagrange multiplier, we denote by A;, the Lamé’s coefficient.

0ok 0K
/iwvafwf(— i ¢K+/ THolf ol — / el = 0,
K Kk Oz Kk 0z 0K
K K ok K U K, K K K K
/iwpKUz Yi — i@z _/ T U, P; / T )\ZSDZ = 0)
K K 31‘ 52 oK
. Ok 8@
K K 9% K
A 2 ALv
/KWUM% /K(L+ 1) Vg o +/K Lz
_/ (/\L+2,u) Azp; na:_/ /\L/\z@anz = 0, (331)
oK oK
0
/ iwa Lol / Apvy Ool / (AL +2u) v¥ i
ox 0z
— )\L)\zgoian—/ (AL +2u) Apn, = 0,
oK oK
K
/iwdfzsof“r/ ;wK&p’ +/ ok 2 */ Mzs&f{nz*/ pA o, = 0.
K 0z K oz oK 0K

For an element K, we decompose the local solutions (VK , gK ) as follow

ax
K K
= E 0¥ l=uz,2
J=1

(3.3.2)

i
K K K
O] = E Tkl iP5 s kil=uz,z
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where gojK are the basis functions of P,(K) and dX the associated number of degrees of freedom.
For a face F', X is represented by

d¥

A=Y A, I=a2 (3.3.3)
j=1

where "L/JJF are the basis functions of P,(F) and df’ the associated number of degrees of freedom.

We denote by B(K,[) the global index of the I-th face of the element K (I = 1,2,3). For example, if
the I-th face of K is the j-th face Fj then S(K,1) = j (see fig. B.3.1)).

Conversely, if Fj is the common face between K and K’, we define ((j,+) = K and ((j,—) = K.

K/ = C(ja _) K/
—_— - )\IB(Klvg)
Aj /
K = ¢(j,+) K

/

PRI )

Fig. 3.3.1: Definitions of S(K, 1) and {(j,+).

After discretization, the local linear system resulting from (3.3.1) is

3 3
iyt — D" g%, — DIl 4 30 rUEIYS - Y KO o,
=1 =1

3
iwpM ol — DI ol ~ DI ol + Y TUDE[ W - T rUIDEf AN — o,
=1 =1

3 3
iwMS o, + (A + 20)DEvE + AL DERE = (O + 20 FNQE = > AN ENQE =0, (3.3.4)

=1 =1
3 3
iwMS g + (A + 2 DX + ALDEE = " (Ap +2m)Af0QE — Y " Al = o,
=1 =1

3
iwME ok + p (DEE + DEVE) - ZM (AQ(K’”QZ +A§(K’”@f§) =0.
=1
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The entries of the local matrices are defined by

Mg:/golgojdx

]DK

u,ij

K

Eij

=/ o ol ds;
OK

lz] / ¢B Kl)(pKdS

K, BKIl) K
@ul 27 /BKZ Ty %( )QOJ )

where OK' denotes the face of index [ of the element K.

= / 8u<pde with u =z, z;

with u = z, z.

From (3.3.4) we define the unknowns vector wk = (yf , yf , gfx, gfz, gffZ)T
and the vector AK = (M6, \K) Ky ) yak) !
The local linear system on the element K can be written as
AEWE f CEAR =0 (3.3.5)
with
_ 5 -
iwpME + Z T KOEK 0 —DfT 0 —]D)fT
=1
0 iwpME + Z r(KOEK 0 —DfT —]D)fT
AKX = =1 ,
(AL + 2u)DE A DE iwME 0 0
A DE (AL + 2u)DE 0 iwME 0
i uDE uDE 0 0 inK_
rEURK TEARK T E3FE 0 0 0 ]
0 0 0 rEDFK rEFK rESFK
CF =~ | +20)Q5 (Ar+20)Q (A +20)Qf AQY ALQ% AQE
AL QK ALQK AL QE (AL +20)Qf  (Ar+2p)QE (AL +2p)
pQY pQ% Q% Qi QL nQl;
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We consider now the discretization of the transmission condition (the last equation of (3.2.12])).
We remind that the transmission condition on a face F; = 0K N 9K’ such as j = B(K,l) = B(K',g) is
written as, Vn € My,

F

The resulting discretization is given by the two following systems

QK"K 4+ Q" oK — sWDRKT K 4 7 (KDGI NS
(3.3.6)
+QET gK 4 Qi oK _ KRR K (K DG AU
and
Qxl Jzz + Q T(K’Z)F{{Tyf + T(Kvl)GjAE(K,l)
(3.3.7)
+QE " oK 4 QK" g - FKDRET WK (KD G BN — g
where
= / Vitmds.
Fj
From (3.3.6)) and (3.3.7), we write a local system for \:
BYWH + L¥AR + RY =0, (3.3.8)
where i i ] -
BN o o o of
—rEORE 0 o o Qf
—rUORET 0 o o
BX = ’
o —rFUFT 0 Qf e
0 TR 0 Qf QY
0 IR 0 of Qf
0 (K2 B 2) 0 0 . .
0 0 7 (K3)GAK.3) 0 0 0
L% = |
0 0 0 FK D GBK,1) 0 0
0 0 0 0 (K2 GAK2) 0
- 0 0 0 0 0 FE3)GAES) |
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and R¥ gathers the contributions from the neighboring elements.
If the neighboring elements of K are K, Ko and K3 with the common edges [ = 1, 2, and 3 respectively,
we define

Rl
Ris
Ri
|RE]

where

RKi — [_T(K“z)]FZK? 0 QK? 0 QKZT:| EKZ +T(Ki’i)GjA£(Ki’i),

and
Rm:[o _T(m,i)Ff? 0 QZ? QKE} Wi | (K Gi \FKi)

x1

Definition. We denote by A the vector which gathers all the degrees of freedom of A for each face
A = (Ala "'aAN'f)T )

where Ny is the number of faces of the mesh. We write N the size of A.
We define the local trace space spreading operator AgDG as a matriz which allows to transform the
unique global trace space values A onto the vector A of the degrees of freedom localized on the faces
of K, i.e:

AgDGA = AK‘
If N)(\K’l) is the number of degrees of freedom of the l-th face of K and Nf the total number of degrees
of freedom of A, then

3
—=K Kl
Ny =S N
=1

The size of AgDG 18 thus Nf\( X N . It only contains 0 and 1 and, for each element K, it extracts the
degrees of freedom A located on the faces of K
Finally, we define the trace space spreading operator Agpa such as
1
Anpa
Anpc =
Ne
Arn'pe

Anpa can be seen as a connectivity table linking the local degrees of freedom on the element K to the
global degrees of freedom of the Lagrange multiplier A.

Remark. We will compare the total number of degrees of freedom of the HDG method and the one of
the upwind fluxes DG method in the next chapter.

We rewrite (3.3.16]) as
ARWE L CEAB A =0, (3.3.9)

and consequently we can express WX in terms of A

WE = —(AK)ICE AR LA (3.3.10)
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By summing all the equations of the transmission condition on all the faces of each element,
element by element, we obtain

D (Afipe)" [BEWK + LXAf peA] =0, (3.3.11)
KeTy,

where the sum over all the elements along with the left application of the transpose of Ag pe allows
to gather the element-wise contributions corresponding to faces.

By replacing WX by (3.3.10) in (3.3.11)), we obtain a global system in A

Z (Afipg)" [-BX(A%)7'CF + LX) AfjpeA = 0. (3.3.12)
KeTy,

Now, if we consider a point source on the element K, then the local equation (3.2.13)) reads as

Lsiwszvfs.w—/Ks<v.0th).W+/8KSS<VhKS_)\h>_W _—
/ iwahKS:f+/ st.V-(Q é‘)_/ )\h'g é.n - / f:é
K. = . 27 Jox, S PR

and the corresponding discretization (3.3.9)) becomes
Ky Ks Ks g Ks _ QK
AT W™ + CH AgpeA =57,

That leads to . .
W = (45§ (4 Ao

Finally, we obtain the following global system
> (Afpe)” [FBEAR)TICK + L AfpeA = > —(Afpe) BF(AF)1SF. (3.3.13)
KeTy, KeTy,
3.3.2 DISCRETIZATION FOR THE ANISOTROPIC CASE

The discretization of the local problem in the anistropic case proceeds similarly. We take the basis

function @f{ for the test function; we develop the local equations (3.2.13]), where the coefficients of the
tensor €' are the anisotropic coefficients; and we express the local solution (VK , gK ) as a function of A.
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The first step yields

. K K aga{(w K agfz K K, K K K K
v B + T Uy 95 T Ay =0,
K K 0% K Oz 0K oK
. Ok &
/WPKUfSOf(— Sl - 8”90{(+/ Tl ol — / TE Aol 0,
K K 0% K 0% OK OK
0 %)
/Zwam% /CHUK o /C’120K SO; /013< K (;,0; + v :92)
K K o
_ Cridatpf g — C'12>\zs0Z n, —/ Ci3 (Ao nz + Aopi*ng) =0,
oK oK
(3.3.14)
; 0K 0K
K K KO¥; KO¥;
. C C C
/szo—zzgoz +/K 12U / 22'U / 23< G + v, O
B e N e N I
0K oK

0 ApK
/W%z% /CI3UK o /023UK SD; /033< K (;p; + ok g;)

- CISAxﬁpl'Knx _/ 023>\z90{(nz _/ Cs3 ()\z@lan - AzSoanx) =0.
\ oK 0K 0K

Using the discretization given in section [3.3.1} the local linear system resulting from (3.3.14)) is

3 3
iprK K DK K DK K 4 ZT(K’I)EzKQf _ ZT(K,Z)FZKAQ(K,Z) -0,
=1

(o [ontp”
=1

3 3
iprK K ]D)K K f]D)ngfz + ZT(K’”E{{Q? — ZT(KJ)IFIKAf(K’” =0,
1=1

’EZ
=1
WM™ g, + CﬁDKvK + CiEDEVE + Cff (DEuE + DEuK)
3

. ZOﬁAB(KJ)QJIC(l . ZCK)\B(KZ)QK ZCK ( Kz)@K n )\/3 Kl)QK> -0,
=1

=1 =1 (3.3.15)

iwMB g+ CgDKUK + CEDEVE + X (]D)KUK + DEok)
3
- Z CEXEDQE — S~ CEAFIQE — Z cfs (MK + 22Dl =0,
=1 =1 =1

iwME oK+ CEDEE + CQSDKUK + Cf5 (DEvE + DEVE)

_ ZCgAB(KDQK ZC%A[%(KUQK ZCK (AB(K DQK 4+ /\5<KI>QK> —

with matrices M¥, DX EX FX and QF defined in section m The local linear system on one
element K is written in the same way as in the isotropic case

ARWE L CcEAR = 0. (3.3.16)
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WHE and A are the same vectors than in section only matrices A% and C¥ change

3
iwpM™ 4+ " IR 0 -DK" o —DX”
=1 5
0 iwpM® + YIRS 0 —pET KT
AKX = =1 ,
CEDE + cEDE CEDE 4 CcEDE MK 0 0
CEDE 4 clDE CKDE 4 CcEDE 0 iwMK 0
CEDE + CEDE CEDE + CEDE 0 0 iwMK|
T(K,I)F{( T(K,2)F§{ T(K73)F?I){
0 0 0
CF = — |CiQ: + C1Q5  CfQL +CRQY  OfQl + CfQl

KK KK
CisQu + Co3Q5  CHQE + CRQE QL + CEQ%

|CQ% +CQY CRQE + CEQY, CEQL + CEQK
0 0 0
T(K’l)IF{( T(K’2)F§< T(K’B)]Fg{
CEQE + CEQE CEQE + CEQE, CEQK + CEQK

CEQE + CEQE CEQE + CEQE, CEQK +CEQK

CHRQAN + CHQ  CRQL + R,  CHRQ% + CHQs |

The transmission condition on a face F; = 0K NOK’ is unchanged from the isotropic case and its

local discretization stil reads as
BEWE + LEAK + RE = 0.

Matrices BX and LX and “operator” RX are the same as in the isotropic case.

Finally, considering a source term non-equal to zero and using the trace space spreading operator
Anpa, we obtain a similar global system as (3.3.13)), where only the entries of matrices AX and CX
change

> (Afpe)” [FBEAS)TICK + LX) AfpeA = Y —(Afipe) B (A%)1sK.
KeTy, KeTy
3.3.3 BOUNDARY CONDITIONS

To complete the HDG formulation, we have to describe the discretization of the transmission
condition on a boundary face. We recall the boundary conditions (3.1.4) and (3.1.5) that we have
chosen:
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e The free surface conditionon I 1 g-n =0

e The absorbing boundary condition on T' : ¢ - n+ PA(# yPTv =0
In 2D, the matrix P is reduced to

Ng —Ny
P = ,
Ny MNg
and the matrice A(0) to
20 + sin® 0 20 + sin® 0
ficos 04 s (ks cos® 6 + sin® §) ficos 0+ s (—(k — 1) cos fsin )

—pv
? \//@2 cos?2 6 + sin? 0
(k—1)cosfsinf

PUp —

\/,%2 cos? @ + sin® 0

—pv
p\/m200829+sin20
(k—1)cos@sind
—pup —
\/I{2COS29+SIH 0

A(0) =

(—(kcos® 0 +sin*0)) ((k — 1) cos@sinf) — pug

The parameter 6 is the tilted angle of the wave in the TTI medium, x = /1 — 2ep, with 7 one
Ci — Cis

of Thomsen’s constants defining the TTI nature of the medium and expressed by e = 50
33

Finally, in 2D, the angle ¢ is defined such as

cos = —n,sinf + n, cosd,

sin@ = /1 — cos26'.

Remark. As we have said in section the absorbing boundary condition in the isotropic case is
written:
g-n—p(v(v-n)n+uv,(v-t)t) =0.

Indeed, in the isotropic case, Kk =1 and 8 = 0 which implies that

(3 2)

The boundary conditions are taken into account in the last equation of the global formulation
(13.2.12)) and they thus modify the expression of the transmission condition. Using the notation Bc for
the matrix PA(#')PT, we write a general global formulation for both the isotropic and anisotropic
cases

Z / 77+Z/ n+Z/ Bc)\h))

FeFp\I'UT'y Fely Fely,

Z/gszrZ/gan,

Fely Fel'g

(3.3.17)

where in our case, g = 0 and g, = 0.

Replacing gh -n by the expression (3.2.10)), we obtain

Z/ - Z/ (vi— M)+ Z/ Be) (3.3.18)
FeFy FeFy Felg
Taking now into account the boundary conditions in the transmission condition, the HDG formulation

reads as
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find (vi,g,, \n) € V) x 37 x M) such that V(w,§,m) € VP(K) x XP(K) x MY,

Z/zwpl(vh w — Z/ V a, w+2/ (v, — An) -

KeTy, KeTy, KeTy,

Z/Ma §+Z/vhv cg

KeTy, KeTy, KeTy,

Fer, FerFy, Fely

Z/ n—z/ (Vi — An) - 77+Z/ (BeAp) -m = 0.

Z//\h H_Z/ffa

(3.3.19)

The discretization of the last equation of (3.3.19)) on the boundary I', leads to the two systems:

ek, + QL ok, — rFDFf o + 7EDGINIED 4 Beyy GF ALY + BeppGF AR = 0

and

QE ok +Ql ok — rFOFf K + 7 FDGINIED 4 Bepy G AR 4+ Bey GFAJR = 0

Remark. The expressions of Bc coefficients in the isotropic case are

Beyn = —p (vKnK + o nk? ) ,

K K ( K K
Bcia = Begp = —png, n, (vp — Vg ) ,

Beay = —p (vKnK + UKnK ) .

(3.3.20)

(3.3.21)

The Bc coefficients in the anisotropic case have a more complicated expression that we do not detail here.

We remind that the local system in A® corresponding to the local transmission condition is written

BEWHE + LEAK 4 RE =

Then, for an element having an absorbing face, from (3.3.6)), (3.3.7), (3.3.20) and, (3.3.20)), we deduce

that the inclusion of the absorbing condition does not modify the expression of the matrix BX but
affects the values of some coefficients in the matrix L*. For example if the edge [ = 1 of K is an

absorbing edge, LX becomes

[(75D 4 Beyp ) GAUED 0 0 BepoGAUED
0 K2 GAU) 0 0
LK 0 0 T(E3)GAK3) 0
BCQlGﬁ(K’l) 0 0 (T(K’l) + BCQQ) GPUD)
0 0 0 0
I 0 0 0 0
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3.3.4 ALGORITHM

Besides the expression of the variational formulation, the HDG method also differs from classical
DG methods concerning its computer implementation. In classical DG method, we only have to
consider the volumic degrees of freedom which are local, while in HDG method we also have to deal
with the Lagrange multiplier, which is global. In that sense, the implementation of the HDG method is
a mix between the DG method (local volumic degrees of freedom) and the FE method (global degrees
of freedom). This distinction is even more important if we want to integrate p-adaptivity in our HDG
algorithm.

In this section, we describe the main blocks of the HDG algorithm. The most important steps are the
construction of the linear system (algorithm [1)) and of the right-hand side (algorithm [2)).

The resolution part (algorithm [3]) is divided into two tasks: the resolution of the system defined for
the hybrid variable A with the MUMPS solver (see [61] for more details) and from the A solution,
the elementwise resolution of the local system in order to obtain the solution of the initial
problem (v,g).

Algorithm 1 Construction of the linear system
1: for K =1 to thm‘ do
2. Compute the local mass matrix M* and the stiffness matrices DX, with v = x, 2, considering
the interpolation degree pg of the element

3: forl=1to3do

4: Compute matrices IEZK , IFZK , Qu, with u = z, z, and GZ=PED | considering the interpolation
degree p; = max (pg, px) of the face

5: end for

6:  Compute matrices A%, (AK)~1

7. Compute matrix CK

8:  Compute RX = (AF)~ICK

9:  Compute matrix B

10:  Compute matrix L, taking into account the boundary conditions if it is necessary in the
construction of LK

11:  Compute KX = BX(AK)~1CK + LX

122 Use of operator AZ pc & Connection between local indexes of the
(2 x (ndof(p1) x ndof(p2) x ndof(ps))) degrees of freedom and their global indexes

13:  Construction of the corresponding section into the global matrix K

14: end for

Algorithm 2 Construction of the right hand side
1: Localisation of the point source S
2: for K =1 to Nb; do
3. Construction of the local matrices S¥, of size ((5 x ng) x 1)
Multiplication BXS%

4
5:  Use of operator Aﬁ pa € use of the relation between local indexes and their global number
6:  Construction of the corresponding section into the global right-hand side S

7: end for

The sizes of the different matrices involved in the construction of the HDG discrete operator are
presented in tab. In this table, nx is the number of degrees of freedom associated to the element
and ndof(py) the number of degrees of freedom associated to the face. The size of the matrix K which is
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Algorithm 3 Resolution

end for

: Resolution of the linear system KA =S with the use of the solver MUMPS
. Computation of the solutions of the initial problem W¥:
: for K =1 to Nby; do

Use of operator Ag pa € use of the relation between local indexes and their global number
Compute W = —(AF)T1CE AL A = —(AF)7ICEAK

Nfaces Nfaces

the matrix to be inverted for obtaining the value of Ais [ 2 x Z ndof(py) | x| 2 x Z ndof(py)

f=1 f=1
Matrix Size
m n
AR (AK)~T (5 X ng) (5 X ng)
Cck (5 x ng) (2 x (ndof(p1) + ndof(p2) + ndof(ps3)))
RE (5 X nk) (2 x (ndof(p1) + ndof(p2) + ndof(ps)))
BE (2 x (ndof(p1) + ndof(p2) + ndof(ps))) (5 X ng)
LK (2 x (ndof(p1) + ndof(p2) + ndof(ps))) | (2 x (ndof(p1) + ndof(p2) + ndof(ps)))
KK (2 x (ndof(p1) + ndof (p2) + ndof(ps3))) | (2 x (ndof(p1) + ndof(p2) + ndof(ps)))
Nfaces Nfaces
K 2 % Z ndof(py) 2 x Z ndof(py)
/=1 f=1
SK (5% nk) 1
BESK [ (2 x (ndof (pr) + ndof (p2) T ndof (3))) i
Nfaces
S 2 x Z ndof(py) 1
f=1
Tab. 3.3.1: Size of the matrices.

3.4 NUMERICAL RESULTS

In this section, we provide numerical results in order to validate and evaluate the efficiency of

the HDG method. As for the upwind flux and the centered flux DG methods of chapter 2| the HDG
method is implemented in a Fortran 90 software and we use the MUMPS sparse direct solver for the
resolution of the linear system defined for the hybrid variable A.
The computations are done on a computer system whose features are given in section of chapter
For this preliminary numerical study of the HDG method, we only consider here the simple problem
of the propagation of a plane wave in an homogeneous medium. More complicated and more realistic
problems will be considered in the next chapter.

3.4.1 PLANE WAVE PROPAGATION IN AN HOMOGENEOUS MEDIUM

In order to be coherent and to make comparisons, we take the same physical properties of the
medium than in section of chapter , i.e. a mass density p equal to 1000 kg.m ™3 and Lamé’s
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coefficients A and p equal to 8 MPa and 4 MPa respectively which imply a velocity v, of P-waves
equal to 4000 m.s~! and a velocity v, of S-waves equal to 2000 m.s~!.
The same boundary condition that we have imposed in order to obtain a plane wave is applied:

u= vez(k cos 0z+k sin Oy)

where k = 2 is the wave number, 6 the incidence angle (we have set § = 0), and w the angular
v

frequency, w p: 27 f where f is the frequency (we have taken f = 2Hz, so w = 4w ~ 12.56 Hz).

We also use the same discretization of the computational domain €2 i.e. € is discretized into three
unstructured meshes, two of them are represented on figs. [2.3.1a] and [2.3.15]

The features of the three meshes (number of elements, vertices, maximum length of an edge hiaq,
minimum length Ay, and the ratio hpin/hmaes) are summarized in tab. .

As for the classical DG methods, we focus on the numerical solution of the V,, component. When
using the coarsest mesh with 3 000 triangles and the HDG-P; formulation, we obtain the numerical
solution shown on fig. 3.4.2al On fig. [3.4.2D] we look at the absolute error between this numerical
solution and the exact one represented on fig. Clearly, for this relatively coarse mesh, the
HDG-P; scheme is not accurate enough. Increasing the interpolation degree (fig. leads to
a numerical solution which is closer to the exact one. If we increase the resolution of the mesh
(fig. , the numerical solution is closer too to the exact one, but we clearly see that the second
mesh is not again well adapted for the HDG-P; scheme with our choices of parameters for this test case.
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(a) Numerical solution. (b) Absolute error between the exact solution and
the numerical solution .

Fig. 3.4.2: Mesh M1, HDG-P; scheme, V, component.
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9.54e-09

(a) Numerical solution. (b) Absolute error between the exact solution and
the numerical solution.

Fig. 3.4.3: Mesh M1, HDG-P, scheme, V, component.

9.54e-09

(a) Numerical solution. (b) Absolute error between the exact solution and
the numerical solution.

Fig. 3.4.4: Mesh M2, HDG-P; scheme, V,, component.

Fig. shows the numerical convergence of the HDG method. Similarly to classical finite
elements methods and to the upwind flux DG method, the HDG method proposed here converges
with order p + 1, i.e with optimal rate.
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Fig. 3.4.5: Convergence order of the HDG method

For various frequencies (from 1 Hz to 8 Hz), the condition number of the global matrix is represented
on figs. [3.4.6a] to [3.4.6d] for each interpolation degree.
The variations of the condition number of the HDG-P; global matrix proves that the HDG-P;
interpolation is unstable. Indeed, this condition number varies strongly with both the frequency and
the size of the mesh, which impacts the accuracy of the solution. Hence, to obtain an accurate solution
with the HDG-P; scheme we have to use very fine meshes. The HDG-Ps interpolation is less sensitive
and can be used with fine meshes while the HDG-P3 interpolation can be use correctly with medium
meshes. Coarse meshes can be used with the HDG-P4 interpolation.
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Fig. 3.4.6: Condition number of the global matrix as a function of the frequency, with 7 = 1.

On tab. 3:4.1] we present the mean and the relative errors of the V, component computed with the
HDG method and the UDG method. More comparisons are given in section [£.2] in the next chapter.
For a same mesh and using the same interpolation order, the HDG method has a larger error and
seems to be less accurate than the UDG scheme.

On tabs. [3.4.2] and [3.4.3], we present the characteristics of the mesh for a given error level with
different interpolation degrees. We also specify the number of degrees of freedom per wavelength

Aw = % The global number of degrees of freedom of the HDG method is presented in the next

chapter and is compared to the one of the UDG method.

When we established the HDG formulation section [3.2] we introduced a stabilization matrix S
which plays a central role on the accuracy of the method as verified here. In our formulation, we have
taken S equal to 7I where I is the identity matrix and 7 is the stabilization parameter. Thus, it is
the value of the parameter 7 which influences the accuracy of the HDG method and in the following,
we want to study this for the simple test case considered here. To do that, for several values of
interpolation degree, we compute the numerical solution of the propagation of the plane wave on the
second mesh (composed of 10300 elements) while the parameter 7 varied from 1074 to 10%. The relative
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h (m) | Interpolation Mean Error V, Relative Error V,, (%)
degree HDG scheme UDG scheme | HDG scheme UDG scheme
625.0 0.2 1.8e-02 52.8 6.0
312.5 1 1.3e-02 1.7e-03 13.7 1.8
56.25 1.2e-03 9.9¢-05 5.5 0.4
625.0 6.7e-03 1.6e-03 2.1 0.5
312.5 2 5.9¢-04 5.7e-05 0.6 5.8e-02
56.25 3.1e-05 1.4e-06 0.1 6.1e-03
625.0 5.4e-04 1.3e-04 0.2 4.1e-02
312.5 3 2.6e-05 3.1e-06 2.7e-02 3.2e-03
56.25 6.5e-07 3.7e-08 2.9e-03 1.7e-04
625.0 3.9e-05 1.0e-05 1.2e-02 3.2e-03
312.5 4 9.5e-07 6.8e-08 9.7¢-04 7.0e-05
56.25 1.1e-08 3.1e-10 4.9e-05 1.4e-06
Tab. 3.4.1: Mean and relative errors on V,, 7 = 1.
Interpolation | # elements | # vertices | hmaz (M) | Amin (m) | # dof per wavelength
degree

1 32 000 16 320 156.25 41.7 97

2 3 100 1620 625.0 193.6 14

3 640 350 1250 435.2 5

4 230 130 2 500 742.3 2

Tab. 3.4.2: Characteristics of the meshes in order to reach an accuracy level of 1% on V, for 7 = 1.

Interpolation | # elements | # vertices | hmaz (M) | Amin (m) | # dof per wavelength
degree
1 78 000 39 000 99.1 24.6 233
2 45 000 22 500 156.3 45.4 201
3 3 100 1 620 625.0 193.6 19
4 780 420 1 250 394.74 6

Tab. 3.4.3: Characteristics of the meshes in order to reach an accuracy level of 1% on V, for 7 = 1.
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error depending on the value of 7 is presented on figs. [3.4.7a] to [3.4.7d] The thick line represents the
UDG relative error for the same mesh using the same interpolation order. We remark that for this test
case, when the value of the parameter 7 is of the order of the v, value, we obtain the same relative
error than that the UDG scheme. The value of 7 has no influence on the memory requirement and
computational time. So for example, for the HDG-Py scheme on mesh M2, we need 355 MB and 6
seconds to obtain the numerical solution. On figs. [3.4.8a] to [3.4.8d] we plot the variation of the relative
error on the different meshes when we take 7 = 1000. Except for the HDG-P; scheme, the behavior
of the relative error when 7 = 1000 is the same as the behavior of the relativor error of the UDG scheme.
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Fig. 3.4.7: Influence of the parameter 7 on the relative error using the same mesh and the same

physical parameters.
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Fig. 3.4.8: Variation of the relative error as a function of the mesh for the UDG scheme (—) and for
the HDG scheme (—) when 7 = 1000.

We have also plotted the influence of the parameter 7 on the condition number for different
frequencies on figs. [3.4.13a] to [3.4.13dl We remark that we have a jump of the value of the condition
number when the value of the parameter 7 is equal to vg = A+ 2pu.
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Fig. 3.4.9: Variation of the relative error as a function of the parameter 7 for only different values of
vp, with HDG-P3, mesh M2.
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Fig. 3.4.10: Variations of the relative error as a function of the parameter 7 when v, and vy change,
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Fig. 3.4.14: Mesh used for testing p-adaptivity.

3.4.2 P-ADAPTIVITY

We test the p-adaptivity property of the HDG method. To do this, we still consider the case of the
propagation of a plane wave in an homogeneous medium. The features of the considered medium are
a mass density p = 1 kg.m ™3, a P-waves velocity v,=8000 m.s~!, and a S-waves velocity vs= 4000
m.s~!. The unstructured mesh used for this test is presented on fig. and its characteristics are
summarized in tab. 3.4.4]

’ # Mesh elements ‘ # Mesh vertices ‘ Romin (m) ‘ hmagz (m) ‘ hmaz [ Pomin ‘ Amiin ‘ Amaz ‘
y 11 500 \ 5 900 | 1365 | 3404 | 249  [8226 ] 3000000 |

Tab. 3.4.4: Characteristics of the selcted unstructured triangular mesh for testing p-adaptivity.

The interpolation degree p is distributed as follows:

1. We determine approximately the height h; of each triangle by considering h; = 2 x \/a;, where
az is the area of each triangle;

2. We compute n; = Ag/h;, where A\g is the S-wavelength. The value n; represents the number of
points per wavelength;

3. Considering tab. we determine for each interpolation degree p, the value n; which allows to
obtain a relative error on the order of 1%. This level of error is a classical level of error required
by seismic imaging application. Thus, we assign the interpolation degree as follows
if (12.0 < ng) then p=1,
if (4.0 < ny < 12.0) then p=2,
if ( 1.5 < ny < 4.0) then p=3,
if (0.5 < ny < 1.5) then p=4.

These values are determinated thanks to tab.
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We test the p-adaptivity with two frequencies: f=1 Hz, and f= 2 Hz; and the distribution of
triangles for each experiment is given in tab.

’ D ‘ # triangles (f=1 Hz) ‘ # triangles (f=2 Hz) ‘
1 3 155 0
2 7 817 9 608
3 485 1465
4 77 461

Tab. 3.4.5: Distribution of triangles for the p-adaptivity.

We now compare the computational cost of the HDG method with p-adaptivity and the HDG
method using a uniform distribution of the interpolation degree, in terms of the relative error on the
V,; component and the computational coss (memory and construction and resolution times). Results

are presented in tabs. and

P \ V. Relative error (%) \ Memory (MB) ‘ Construction time (s) \ Solution time (s) ‘

1 108.7 192 0.8 1.7

2 2.6 408 3.1 4.4

3 0.2 716 9.4 94

4 2.8e-02 1082 24.9 17.0
p-adaptivity 0.2 387 42 i3

Tab. 3.4.6: Comparison of the HDG-P,, performances using uniform degree and p-adaptivity for f=1
Hz.

P Vz Relative error (%) ‘ Memory (MB) ‘ Construction time (s) ‘ Solution time (s) ‘

1 1303.8 192 0.8 1.7

2 282.0 408 3.2 4.4

3 10.7 716 9.3 9.4

4 1.1 1082 25.1 17.1
p-adaptivity 1.0 485 6.3 6.1

Tab. 3.4.7: Comparison of the HDG-P,, performances using uniform degree and p-adaptivity for f=2
Hz.

These results demonstrate the potential advantages of using a non-uniform distribution of the
interpolation degree which allows to improve the error on the solution without increasing the memory
and the computational time. Indeed, in the first experiment, the mesh is composed of 68% of triangles
with degree 2, 27% with degree 1, and only 4% with degree 3 and 1% with degree 4. This configuration
allows to obtain a result as accurate as the one obtained using an uniform degree equal to 3, but with
memory and the computational time costs divided by 2 in comparison to the HDG-P3 costs. These
costs are similar to the ones required for an uniform degree equal to 2. In the second experiment, the
mesh is composed of 83% of triangles with degree 2, 13% with degree 3 and only 4% with degree 4
and in that case we obtain an error similar to the one obtained with an uniform degree equal to 4,
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but the required memory and the computational time are closed to the one needed for a HDG-Py
computation.

CONCLUSION

In this chapter, we have applied the HDG method to the 2D elastic Helmholtz equations and we
have studied its well posedness. We have shown, thanks to numerical experiments that the convergence
order of the HDG method is optimal as with classical finite elements.

The value of the stabilization parameter 7 impacts on the accuracy of the HDG method. Numerically,
its optimal value seems to be close to the value of v),. In any case, the HDG-P; scheme seems to be
numerically unstable when we look at the condition number of the global matrix, and thus higher
order schemes should be prefered.

We have shown that, thanks to p-adaptivity on a given mesh, we could reach the accuracy of a global
method of degree p for the cost of a method of degree p — 1 or p — 2.

These results should be confirmed theoretically, following the strategy proposed by Cockburn,
Gopalakrishnan and Sayas in [72], which was extended by Griesmaier and Monk to the acoustic
Helmholtz equation in [73]. It has been shown in [74] that, on classical second order elliptic problem,
the Lagrange multiplier A contained extra informations so that the accuracy of the solution could be
enhanced by applying an appropriate local post processing.

In the next chapter, we will compare the efficiency of the HDG method to the one of classical
DG methods. We will show that, as it was observed in [75] by Kirby, Sherwin and Cockburn, when
comparing HDG and continuous Galerkin (CG) methods (see [38]), HDG outperforms classical DG
methods as soon as the discretization order is high enough.
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CHAPTER 4

2D NUMERICAL RESULTS - METHODS COMPARISON

We have presented a first performance analysis of the HDG method in the previous chapter. We
now want to compare its performances to the ones of classical DG methods. We focus on the upwind
flux DG method since, as we have seen in chapter 2, the centered flux DG method is suboptimal
whereas the upwind flux DG method converges with order p + 1 as FE methods and as the HDG
method.

We also compare the HDG performances with the ones of an interior penalty DG (IPDG) method.
Indeed, even if the IPDG method is based on the second order formulation of the wave equations,
this comparison is interesting because in the IPDG method, the unknown is vectorial (one solves the
problem in terms of v). Actually, the HDG method can be seen locally as a first order formulation of
the wave equations involving the vectorial unknowns v and the tensorial unknowns ¢, and globally as
a second order formulation involving the vectorial unknown . It is thus interesting to compare the
construction of the global matrix and the resolution of the global system for the two methods.

In the first section of this chapter, we give a brief presentation of the IPDG method. Then, we compare
the results of the HDG, upwind flux DG and IPDG methods for the propagation of a plane wave in
an homogeneous medium using the same configuration as the one presented in sections [2.3] of chapter
2 and of chapter 3. We complicate the geometry of the problem by considering the disk shaped
scattering with a free surface condition in section [£:3] In the following section, we extend our study
to the elastic solid scattering problem before considering a classical 2D test case that is used as a
benchmark in geophysics where we compare the parallel performances of the HDG and IPDG methods.
Finally, in the last section of this chapter, we test the HDG method with anisotropic media.

4.1 INTERIOR PENALTY DISCONTINUOUS GALERKIN (IPDG) METHOD

For our study, we apply to the elastic Helmholtz equations the interior penalty discontinuous
Galerkin (IPDG) method used in [56] or [64] to discretize the wave equations in the time-domain. It
is worth noting that the IPDG scheme has been designed for the second order formulation

—w?pv — V- (CVv)=1f, inQ. (4.1.1)

We use the same notations and definitions of the jump and the mean than the ones introduced in
chapter 2 section [2.1.2] We also use the approximation spaces V}, defined in that section. As we have
done for the nodal DG methods applied to the first order formulation of the wave equations in chapter
2, we multiply equation by a test function ¢ € Vj on an element K

—/pru-gp—/V-(CVu)-cp:/fv~gp.
K K K

The use of a Green formula leads to

—/pru'go+/C’Vu-Vg0— C’Vu-ngpz/fva.
K K~ oK — K

98



Let Tj a triangulation of 2. We assume that p and C are regular enough so that, on each internal
edge F of T,
[ul =0, and [CVu]=0.

Summing over all the elements of 7, we obtain

Z—/Kw2pu-v+ Z/KCVu-Vv— CVu -np = Z/Kf~v.

KeTy KeTy KeTy 9K KeTy,

As explained previously for the other DG methods, it is the expression of the numerical flux / CVu-

oK
ny on the boundary which differentiates all the DG methods. We briefly explain how it is defined in
the IPDG formulation.
As we use discontinuous functions and following what we have done in [2.2.1] we write

Z CVu-nyp = Z / CVu - ny + Z / (C*Vut -nTet +C"Vu -n¢7)
KeT;, V0K Fer, ¥ Fer '

= Z /F[C'Vu-nap]].

FeFy,
Using the property linking the mean and the jump, we obtain
> [Ievand = ¥ [(cvan) [+ 3 [ [cvuenle)
Fer, ' F Fer, ' Fer, ' F

As u is solution of the elastic wave equations, we have
[ul =0, and [CVu-n]=0.

Thus, the boundary term reads

Z /F[[CV“ ‘np] = {CVu-n}-[g].

FerFy,

In order to have a symmetric formulation, we can write

> [ 1eu-ng] = {(CVu-n}- o] + [WHCTe - )
FeFr, ' F

Finally, to ensure the coercivity of the bilinear form of the IPDG formulation we add a positive term

defined by
> [ Al 1,

FeF,
where v is the parameter which penalizes the jump of the numerical solution on the face F. This
«
parameter is defined by v = o where a only depends on the interpolation order p and hr is the
F
smallest inscribed circle of the two elements sharing F'.

The IPDG formulation is finally given by, find u, € Vy, such that, Vo € Vy,

Z —/Kpruh.@_F Z/Kcvuh.v(p

KeTy, KeTy,

- Y [ tevad B+ ey + Y [l W= Y [ 6o

FeFy FeFy KeTy

(4.1.2)
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This associated linear system writes

where U}, is the vector gathering all the components of the vector uy, M is the mass matrix which is
block diagonal, K is the stiffness matrix and B is the matrix gathering the terms coming from the
discretization of the absorbing condition (which is not detailed here) and F is the source term.

4.2 PLANE WAVE PROPAGATION IN AN HOMOGENEOUS MEDIUM

The configuration of this problem is the one we have presented in sections of chapter 2 and
[3:4.7] of chapter 3 and we do not detail it further. Here, we compare the results obtained with the
HDG method (HDG), the upwind DG method (UDG) and the IPDG method (IPDG).

Tabs. and compare the mean and the relative errors obtained using the HDG and the
UDG formulations for V, and o,, components respectively. For the HDG formulation, we use two
values of 7, 7 =1 and 7 = v;,. As the IPDG errors are similar to the UDG errors, we do not compare
in these two tables the results obtained with the IPDG method.

We focus on the V,, component (tab. because the error level on o, component is similar, except
for p = 1. We test the HDG formulation with two values of the parameter 7, 1 and v,, because we
have seen in section that this parameter has an influence on the accuracy of the solution. We
observe that the mean and relative errors obtained with the UDG scheme and the HDG scheme with
T = v, are close, except for p = 1 when using the coarsest mesh. When we compare the methods
on the same mesh and with the same interpolation order, the largest errors (mean and relative) are
obtained with the HDG scheme using 7 = 1.

Tabs. 4.2.4) and [4.2.6] compare, respectively, the number of non-zero terms in the global matrix and
the memory that the solver needs for the inversion of the global matrix and resolution process for
both methods and for a solution computed on the same mesh and with the same interpolation order.
We also add the results obtained with the IPDG formulation in these tables. These experiments show
that to obtain a solution computed on the same mesh and with the same interpolation order, the
HDG method requires less memory than classical DG methods, except for p = 1. This is due to the
fact that the HDG method reduces the global number of unknowns, and thus, the size of the global
matrix that we have to invert. This gain increases with the order p.

The global number of unknowns corresponds to the number of degrees of freedom and is presented in
tab. For each method, it can be easily computed. If we consider uniform interpolation degree,
for the 2D elastic Helmholtz equations, in the classical DG framework it is

Npa =5 x nde X N,

where nde is the number of degrees of freedom on each element and N, is the number of elements.
The global number of unknowns for the HDG method is

NHDG =2 X ndf XNf,

where ndf is the number of degrees of freedom on each face (edge in 2D) and Ny is the number of
faces. Finally for the IPDG scheme, it is

NIPDG = 2 X nde X Ne.

(p+1)(p+2)

In 2D, ndf =p+ 1, nde = 5

3
,and Ny ~ §Ne. Thus, replacing ndf, nde and Ny in order
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to compare Npg, Nippa and Nypg, we get

Nupe =3 (pupa + 1) x Ne,
(ppc + 1)(ppc + 2)
2
and Nrppe = (prppc + 1)(prppg + 2) Ne.

So, if ppg = prppe = papc = p and if the number of elements N, is the same for the three methods

6
Nupc = -———Npc = ——NirpG-
5(p+2) (p+2)
6
For p > 1, the ratio m will always be smaller than 1, and thus the number of unknowns of
p

the HDG method will always be smaller than the one of a classical DG method. This explains why
when prap = ppg, the HGD method needs less memory space.

When p = 1 the global number of unknowns of the IPDG formulation is equal to the one of the HDG
method, as observed in tab. Then when p > 1, Ngpg becomes smaller than Nyppea.

Tabs. and show that if 7 is set to an appropriate value (7 = v,), the accuracy of the HDG
method is equivalent to the one of the UDG method (and of the IPDG method). However, it is not
always possible to determine the optimal value of 7. Tabs. and also show that when 7 is
far from this optimal value (7 = 1), then one can recover the same accuracy as the UDG method
by increasing the interpolation order by 1. Even with this increase of the interpolation degree, the
numerical costs of the HDG method remains below than the ones of the UDG method. Indeed this
numerical costs strongly depends on Ngpg, Npg and Nrppg which represent the size of the system
to be inverted. From , we deduce that

Nupe < Npg and Nypag < Nrppa,

when

5 1
PHDG < g(pDG +1)(ppc +2) =1 or pupc < g(pIPDG + 1) (prpoc +2) — 1.
For example, if ppg = 1, the HDG scheme will require less memory space than the UDG formulation
if pppe < 4. When we compare the HDG and the IPDG memory space, if prppg = 1, pgpg has to

be smaller than 3.

In tab. [£.2.7] the computational times of each method is presented. The construction of the HDG
global matrix requires more computational time than the construction of the UDG matrix. This
additional time is largely compensated by the time required for the resolution. Finally, the total
simulation time is also smaller when we use the HDG scheme.

In tabs. and we compare the computational performances of the UDG method and the
HDG method for a target accuracy level. We note that in this comparison we have taken a value of
the parameter 7 = 1 which is not optimal. We want to emphasize once again that for a given accuracy,
the HDG method is still more competitive than the UDG method. When the computations are done
on the same mesh (tab. , to obtain the same accuracy level, the HDG method requires one
interpolation order more than the UDG method. Despite this, it is less expensive in memory terms.
In tab. [£.2.9] we use the same interpolation order for the two schemes. In this case, the HDG method
needs a more refined mesh, but, except for p = 1, is still less expensive in terms of the memory space.

We present the pattern of the global matrix in fig. for the HDG method, fig. for the
UDG method and fig. [£.2.3] for the IPDG method. For mesh M2 and p = 2, the three matrices are
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h (m) | Interpolation Mean Error V, Relative Error V,, (%)
degree HDGr=1 HDG7T=wv, UDG |HDG7T=1 HDGrT=v, UDG
625.0 0.2 7.8e-02 1.8e-02 52.8 25.5 6.0
312.5 1 1.3e-02 5.3e-04 1.7e-03 13.7 0.5 1.8
56.25 1.2e-03 1.3e-04 9.9e-05 5.5 0.6 0.4
625.0 6.7e-03 1.5e-03 1.6e-03 2.1 0.5 0.5
312.5 2 5.9e-04 7.1e-06 5.7e-05 0.6 7.3e-03 5.8e-02
56.25 3.1e-05 1.3e-06 1.4e-06 0.1 5.8e-03 6.1e-03
625.0 5.4e-04 1.4e-04 1.3e-04 0.2 4.4e-02 4.1e-02
312.5 3 2.6e-05 1.7e-07 3.1e-06 2.7e-02 1.7e-04 3.2e-03
56.25 6.5e-07 3.7e-08 3.7e-08 2.9e-03 1.7e-04 1.7e-04
625.0 3.9e-05 1.0e-05 1.0e-05 1.2e-02 3.2e-03 3.2e-03
312.5 4 9.5e-07 1.8e-09 6.8e-08 9.7e-04 1.8e-06 7.0e-05
56.25 1.1e-08 3.1e-10 3.1e-10 4.9e-05 1.4e-06 1.4e-06

Tab. 4.2.1: Plane wave propagation in an homogeneous medium: mean and relative errors on V.

h (m) | Interpolation Mean Error oy Relative Error o, (%)
degree HDG7=1 HDGT=v, UDG |HDG7T=1 HDGrT=v, UDG
625.0 472.1 197.3 72.9 38.8 16.2 6.0
312.5 1 33.3 8.0 6.6 8.7 0.5 1.7
56.25 2.0 0.5 0.4 2.2 0.6 0.4
625.0 6.4 6.2 9.9 0.5 0.5 0.5
312.5 2 0.2 0.1 0.3 5.0e-2 7.7e-03 6.5e-02
56.25 3.6e-03 6.7¢-03 6.2e-03 4.0e-3 7.4e-03 6.9e-03
625.0 0.4 0.4 0.4 3.2e-02 3.8e-02 3.1e-02
312.5 3 8.7e-03 2.5e-03 1.0e-02 2.2e-03 1.6e-04 2.7e-03
56.25 1.2e-04 1.5e-04 1.4e-04 1.4e-04 1.6e-04 1.5e-04
625.0 3.5e-02 3.7e-02 3.4e-02 2.7e-03 2.9e-03 2.7e-03
312.5 4 2.8e-04 3.4e-05 3.1e-05 7.1e-05 2.2e-05 7.9e-06
56.25 1.4e-06 1.7e-06 1.5e-06 1.5e-06 1.9e-06 1.7e-06

Tab. 4.2.2: Plane wave propagation in an homogeneous medium: mean and relative errors on o,
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h (m) | Interpolation | Convergence order
degree HDG UDG

625.0 - i
312.5 1 2.5 1.7
56.25 2.0 2.0
625.0 - -
312.5 2 3.3 2.9
56.25 3.5 3.2
625.0 - -
312.5 3 3.9 3.7
56.25 4.1 4.2
625.0 - -
312.5 4 5.3 5.2
56.25 5.6 5.6

Tab. 4.2.3: Plane wave propagation in an homogeneous medium: convergence order of the HDG and
UDG methods.

# Mesh elements | Interpolation Non-zeros terms
degree
HDG scheme UDG scheme IPDG scheme
3100 4.5e+05 1.5e+06 4.5e+05
10300 1 1.5e+06 5.1e4+06 1.5e+06
45000 6.4e+06 2.2e+07 6.4e+06
3100 1.0e+-06 4.3e+06 1.8e+06
10300 2 3.3e+06 1.4e+-07 5.9e+-06
45000 1.4e+07 6.2e+07 2.6e+07
3100 1.8e+-06 9.4e+06 4.9e+06
10300 3 5.9e+06 3.1e+07 1.6e+07
45000 2.6e+07 1.3e+08 7.1e+07
3100 2.8e+06 1.8e+07 1.1e+07
10300 4 9.2e+06 5.9e+07 3.7e+07
45000 4.0e+07 2.6e+08 1.6e+08

Tab. 4.2.4: Plane wave propagation in an homogeneous medium: number of non-zero terms in the
global matrix.
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# Mesh elements | Interpolation # dof #dof/wavelength
degree
HDG UDG IPDG | HDG UDG IPDG

3100 1.9e4+04 4.7e4+04 1.9e+04 9 23 9
10300 1 6.2e+04 1.5e+05 6.2e+04 31 7 31
45000 2.7e4+05 6.7e4+05 2.6e+05 | 134 334 134
3100 2.8¢+04 9.4e+04 3.7e+04 14 46 19
10300 2 9.3e+04 3.1e+05 1.2e+05 46 154 61
45000 4.0e+05 1.3e+06 5.3e+05 | 201 668 267
3100 3.8e+04 1.6e+05 6.2e+04 19 78 31
10300 3 1.2e+05 b5.1e+05 2.1e+05 62 256 102
45000 5.4e+05 2.2e+06 8.9e+05 | 268 1114 445
3100 4.7e+04 2.3e+05 9.4e+04 23 117 47
10300 4 1.5e+05 7.7e+05 3.1e+05 77 384 154
45000 6.7e+05 3.3e+06 1.3e+06 | 335 1671 668

Tab. 4.2.5: Plane wave propagation in an homogeneous medium: total number degrees of freedom
(ndof) and ndof by wavelength () for both methods

# Mesh elements | Interpolation Memory (MB) Memory ratio
degree

HDG UDG IPDG | HDG UDG IPDG.
3100 44 288 58 1 6.55 1.32
10300 1 161 1076 221 1 6.68 1.37
45000 797 5492 1156 1 6.89 1.45
3100 97 804 215 1 8.29 2.22
10300 2 355 3097 852 1 8.72 2.4
45000 1746 15965 4454 1 9.14 2.55
3100 170 1656 598 1 9.74 3.52
10300 3 624 6600 2394 1 10.58  3.84
45000 3080 34597 12362 1 11.23  4.01
3100 254 2749 1324 1 10.82  5.21
10300 4 947 10098 5251 1 10.66  5.54
45000 4653 50297 27314 1 10.81  5.87

Tab. 4.2.6: Plane wave propagation in an homogeneous medium: memory consumption.
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# Mesh elements | Interpolation | Construction time (s) Solution time (s)
degree

HDG UDG IPDG | HDG UDG IPDG
3100 0.2  4.0e-02 1.0 0.2 1.5 0.3
10300 1 0.8 0.1 3.4 1.0 7.2 1.6
45000 3.3 0.7 14.4 6.1 68.0 11.9
3100 1.3 0.1 3.9 0.6 6.0 1.6
10300 2 2.8 0.3 13.0 2.3 28.8 9.2
45000 12.2 1.5 55.8 154 2245 79.8
3100 4.8 0.2 10.9 1.0 14.4 6.2
10300 3 8.1 0.8 35.4 4.4 78.2 38.1
45000 35.8 3.4 154.3 | 32.2 643.2 3378
3100 5.8 0.5 24.0 1.6 28.1 18.7
10300 4 21.1 1.8 79.4 8.7 1352  118.2
45000 106.1 7.6 341.4 | 70.7 1077.4 1068.0

Tab. 4.2.7: Plane wave propagation in an homogeneous medium: time required for the global matrix

construction and for the system resolution.

Level of | # Mesh | Interpolation | Memory (MB) | Construction Solution
Error | elements degree time (s) time (s)
HDG UDG | HDG UDG | HDG UDG | HDG UDG
le-02 3100 2 1 97 288 1.3  4.0e-02 | 0.6 1.5
le-03 3100 3 2 170 804 4.8 0.1 1.0 6.0
le-03 10300 2 1 355 1076 2.8 0.1 2.3 7.2
le-04 3100 4 3 254 1656 5.8 0.2 1.6 14.4

Tab. 4.2.8: Plane wave propagation in an homogeneous medium:
between computational time and memory required with a same mesh for both methods, with 7 =1 in

the HDG method.

for the same level of error, comparison

Level of | Interpolation # Mesh Memory (MB) | Construction Solution
Error degree elements time (s) time (s)
HDG UDG | HDG UDG | HDG UDG | HDG UDG
1le-02 1 45000 3100 | 797 288 3.3  4.0e-02 | 6.1 1.5
le-03 2 10300 3100 | 355 804 2.8 0.1 2.3 6.0
le-04 3 10300 3100 | 624 1656 8.1 0.2 4.4 14.4

Tab. 4.2.9: Plane wave propagation in an homogeneous medium: for the same level of error, comparison
between computational time and memory required with a same interpolation order for both methods,

with 7 = 1 in the HDG method.
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sparse matrices as expected. The fill rate of the HDG matrix is 0.038%, the one of the UDG matrix is
0.015%, and the one of the IPDG matrix is 0.041%. The advantage of the UDG matrix is that it is
sparser than the HDG one, but its size is larger (around 3 times more).

The structure of the HDG matrix is close to the one of the IPDG matrix. We distinguish four blocks
confirming that the unknowns are gathered in a vector and that in this unknown vector we have
two distinct parts (corresponding to A, and A, in the HDG case and V, and V, in the IPDG case).
However, the pattern of each of the four blocks of the HDG matrix is similar to the pattern of the
global UDG matrix.

nz = 2774232 4

Fig. 4.2.1: Plane wave propagation in an homogeneous medium: pattern of the HDG matrix for the
mesh M2 and an interpolation degree of 2
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nz = 14243632

Fig. 4.2.2: Plane wave propagation in an homogeneous medium: pattern of the UDG matrix for the

mesh M2 and an interpolation degree of 2

ng = 2436736

Fig. 4.2.3: Plane wave propagation in an homogeneous medium: pattern of the IPDG matrix for the

mesh M2 and an interpolation degree of 2

Looking at the computational costs required for the resolution of the system in tabs. and
it is clear that the sparsity of the upwind DG matrix does not compensate the higher number of

degrees of freedom.
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4.3 DISK-SHAPED SCATTERER

We now complicate the geometry of the computational domain. We consider the scattering of an
incident plane wave v'*¢ by a circle of radius r on which we impose a free surface condition. The
solution of this problem can be computed analytically and we give the expression of the exact solution

in appendix
We remind that when a wave encounters an interface between two media, it generates two kinds of

waves (see fig. [4.3.1)) : the reflected wave and the transmitted wave.

medium 1 incident wave reflected wave

medium 2 .
transmitted wave¥,

Fig. 4.3.1: Scattering of a wave.

In this example, the computational domain €2 (see fig. 4.3.2)) is the ring included between the
circle of radius a = 2000 m whose boundary I'; corresponds to the free boundary, and the concentric
circle of radius b = 8000 m whose boundary I', is assumed to be an artificial boundary. If we denote

Fig. 4.3.2: Disk-shaped scatterer: configuration of the computational domainl {2

by (VS, gs) the scattered field and (Vt, gt) the total field, in the domain €2, the total field satisfies

Y

Vt — VS +Vmc and gt :QS 4 mc‘
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Moreover, we remind that the fields (vt, gt), (VS, gs) and (vmc, gmc) satisfy the wave equations (4.3.1])

without source term
iwpv = V-g in €,
Ce

. - (4.3.1)

wag =

On I'y, the absorbing condition (1.1.13)) for an isotropic medium is only applied on the scattered field

a®-n—pu, (v -n)n —pu, (v -t)t =0.

In the following, to simplify, we formulate this condition as B(v*®,g®) = 0.
We thus have two choices for computing the numerical solution of the scattering problem:

1. We compute the total field (Vt, gt), and then we deduce the scattered field (vs, gs), i.e. we solve

the wave equations for (Vt, gt) zaking the following boundary conditions

B(Vs,gs) =0 B(Vs,gs) 4 B(Vinc7ginc) — B(Vinc’ginc) PN B(Vt,gt) — B(Vinc’

ocn=0 only,
inc) on Fa:

S|

2. We directly compute the scattered field (vs, gs) solving the wave equations for (vs, gs) with

The HDG and the UDG solutions are computed with the first approach, whereas the IPDG solution is
computed with the second option.

The characteristics of the homogeneous medium chosen for the experiment are a mass density
p = 1000 kg.m ™3 and Lamé’s coefficients A = 8 MPa and i = 4 MPa, which imply a P-waves velocity
vp equal to 4000 m.s~! and a S—waves velocity v, equal to 2000 m.s~!.
In Q, the distance between circles of radius a and b corresponds to 6 times the wavelength A,. We

v
remind that \, = 7p, where f is the frequency. f is taken equal to 4 Hz. In these conditions, the

radius a is equal to 2 times the wavelength A, and the radius b to 8 times.

We discretize € using three unstructured meshes: one composed of 1200 elements (fig. 4.3.3al), one
of 5100 elements (fig. |4.3.3b)) and one of 21000 elements, which is not represented because it is too
fine. The characteristics of these meshes are summarized in table [£.3.]

We plot the exact solution of the scattering problem for V, component on fig. [£.3.4] The numerical
solution for V,, computed on the second mesh and using the HDG-Py scheme is presented on fig.
and using the UDG-P5 scheme on fig. Whereas the numerical solution computed with the UDG
method fits well with the exact solution, the numerical solution computed with the HDG method
is not accurate enough. Comparisons with the exact solution are given in fig. [£.3.50 for the HDG
method and in fig. for the UDG method. To obtain a better numerical solution with the HDG
method, we can increase the interpolation order, keeping the same mesh (fig. or we can refine
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(a) Mesh M1, 1200 elements. (b) Mesh M2, 5100 elements.

Fig. 4.3.3: Disk-shaped scatterer: discretization of €.

Mesh ‘ # Mesh elements \ # Mesh vertices \ Pomin \ Pmaz \ hmaz [ Pomin ‘
M1 1200 640 440 | 1016 2.31
M2 5100 2630 212 | 490 2.31
M3 21000 11000 105 | 245 2.32

Tab. 4.3.1: Disk-shaped scatterer: characteristics of the three meshes
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the mesh (fig. |4.3.8a)), keeping the same interpolation order.

Fig. 4.3.4: Disk-shaped scatterer: exact solution, V, component.

Vx_real
0,207 0,2

(a) Numerical solution (b) Absolute error between the exact solution and the
numerical solution

Fig. 4.3.5: Disk-shaped scatterer: numerical solution, mesh M2, HDG-P, scheme, V, component.

(a) Numerical solution (b) Absolute error between the exact solution and the
numerical solution

Fig. 4.3.6: Disk-shaped scatterer: numerical solution, mesh M2, UDG-P, scheme, V, component.
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Vx_real
0,207 —0,2

(a) Numerical solution (b) Absolute error between the exact solution and the
numerical solution

Fig. 4.3.7: Disk-shaped scatterer: numerical solution, mesh M2, HDG-P3 scheme, V,, component.

(a) Numerical solution (b) Absolute error between the exact solution and the
numerical solution

Fig. 4.3.8: Disk-shaped scatterer: numerical solution, mesh M3, HDG-P5 scheme, V, component.

As we have done in section [3.4.1] for the propagation of a plane wave, we study the influence of the

value of the parameter 7. With a circular computational domain, we see on figs. [£.3.9a] and [£.3.95| that
the parameter 7 seems to have no influence on the accuracy of the solution. This is due to the fact
that the geometric error dominates since the circle is not discretized by curved elements. Hence, in
this test case, the geometric error is greater than the numerical error resulting from the inappropriate
value of 7. The fact that the HDG solution is computed on the boundaries of the element makes it
more sensitive to the geometric error and explains why the influence of the parameter 7 is hidden if
the geometric error is large.
This is confirmed by the convergence curves fig. for the HDG method and fig. for
the upwind DG method. The two numerical convergence curves have the same behavior and do not
achieve the optimal rate. The main reason is that the curved boundaries are discretized by affine
elements and this is a limitation for obtaining higher convergence orders.
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Fig. 4.3.9: Disk-shaped scatterer: variation of the relative error as a function of the parameter 7.
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(a) HDG method. (b) Upwind DG method.

Fig. 4.3.10: Disk-shaped scatterer: convergence order of the HDG and UDG methods.

In tab. we have gathered the memory space and computational time required to obtain
the same error level with the two methods on a same mesh. We observe that the modification of
the geometry of the computational domain has no influence on the computational performances of
the HDG method. It is still less expensive than the UDG method, even when we use it with one
interpolation order more than the UDG method on a same mesh. To obtain a same error level on this
example, we need 3 times less memory and 2 times less computational time with the HDG method.
When we compare the mean and relative errors for V,, and o,, components (tabs. and , we
observe that, except for the coarsest mesh (mesh M1) and for p = 2, we have the same error level for
both methods. As said when we have looked at the influence of the parameter 7 for the numerical
convergence, this is due to the geometric error which dominates over the numerical error due to the
method used.

On the other hand, the geometric error has no effect on the memory requirement and the computational
time, see them tabs. [£.3.6] and [£.3.8] As we have seen in the previous test case, the HDG scheme
requires less memory than the UDG method (around 10 times less for this test case). The construction
of the HDG global matrix needs more time than the UDG method but this additional time is widely
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compensated by the resolution time. Finally, as for the previous test case, the whole HDG computation
needs less time than the upwind DG simulation.

In tabs. 4.3.0] [4.3.9] 4.3.8 and 4.3.7] as we have done previously, we also compare the computational

performances of the HDG method to the ones of the IPDG scheme and we deduce the same conclusions.

h (m) | Interpolation Mean Error V, Relative Error V, (%)
degree HDG scheme UDG scheme | HDG scheme UDG scheme
1016.9 2.2 1.0 273 123
490.1 2 0.3 8.1e-02 122 36
245.9 6.3e-03 1.8e-03 11.1 3.2
1016.9 1.5 0.5 154 56
490.1 3 2.5e-02 1.6e-02 10.9 7.2
245.9 1.0e-03 9.6e-04 1.8 1.7
1016.9 0.5 0.4 48.5 37.3
490.1 4 1.2e-02 1.3e-02 5.4 9.5
245.9 9.9e-04 9.9e-04 1.7 1.7
Tab. 4.3.2: Disk-shaped scatterer: mean and relative errors on V.
h (m) | Interpolation | Mean Error o, | Relative Error o4, (%) | Convergence order
degree HDG UDG HDG UDG HDG UDG
scheme scheme | scheme scheme scheme  scheme
625.0 7101 3802 242 128 ; ;
312.5 2 635 159 83 20 1.0 2.0
56.25 9.9 4.8 5.1 2.5 4.0 3.2
625.0 3687 1195 112 36 - -
312.5 3 43 38 5.6 4.9 4.0 2.7
56.25 2.9 3.0 1.5 1.5 2.3 1.9
625.0 1033 743 31.0 22.3 - -
312.5 4 30.2 31.0 3.9 3.4 2.9 24
56.25 2.9 3.0 1.5 1.5 1.6 1.6

Tab. 4.3.3: Disk-shaped scatterer: mean and relative errors on o,, and convergence order.
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Level of | # Mesh Interpolation Memory (MB) Construction Solution
Error | elements degree time (s) time (s)
HDGm UDGm | HDGm UDGm | HDGm UDGm | HDGm UDGm
le-02 5100 3 2 61 152 4.3 0.3 3.4 14.7
le-02 5100 4 3 462 2921 10.9 0.7 6.2 38.2
le-03 21000 3 2 246 611 16.5 1.2 26.4 93.7

Tab. 4.3.4: Disk-shaped scatterer: for the same level of error, comparison between computational time

and memory required with the same mesh for both methods.

# Mesh elements | Interpolation Non-zeros terms
degree
HDG scheme UDG scheme IPDG scheme
1200 3.9e+05 1.6e-+06 6.7e+05
5100 2 1.6e+06 7.0e+06 2.9e+06
21000 6.6e+06 2.7e+07 1.2e+4-07
1200 6.9e+05 3.6e+06 1.9e+-06
5100 3 2.9e+06 1.5e+07 8.0e+06
21000 1.2e+07 6.2e+07 3.2e+07
1200 1.1e406 6.8e+06 4.2e+06
5100 4 4.6e+06 2.9e+07 1.8e+07
21000 1.8e+07 1.2e-+08 7.3e+07

Tab. 4.3.5: Disk-shaped scatterer: number of non-zero terms in the global matrix

# Mesh elements | Interpolation Memory (MB) Memory ratio
degree
HDGm UDGm IPDGm | HDGm UDGm IPDGm
1200 44 269 69 1 6.1 1.6
5100 2 179 1360 375 1 7.6 2.1
21000 783 6578 1776 1 8.4 2.3
1200 70 525 187 1 7.5 2.7
5100 3 309 2921 1006 1 9.5 3.3
21000 1384 14131 4952 1 10.2 3.6
1200 100 895 418 1 9.0 4.2
5100 4 462 4537 2251 1 9.8 4.9
21000 2101 21186 11074 1 10.1 5.3

Tab. 4.3.6: Disk-shaped scatterer: number of non-zero terms in the global matrix and memory used.
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# Mesh elements | Interpolation # dof #dof/wavelength
degree
HDGm UDGm IPDGm | HDGm UDGm IPDGm
1200 1.1e4+04 3.6e+04 1.4e+04 11 35 14
5100 2 4.6e+04 1.5e+05 6.1e+04 46 152 61
21000 1.8e+05 6.1e+05 2.4e+05 184 611 244
1200 1.5e+04 6.0e+04 2.4e+04 14 59 24
5100 3 6.1e+04 2.5e4+05 1.0e+05 61 253 101
21000 2.5e+05 1.0e+06 4.1e+05 246 1018 407
1200 1.8e4+04 8.9e4+04 3.6e+04 18 89 36
5100 4 7.7e+04 3.8e+05 1.5e+05 7 380 152
21000 3.1e+05 1.5e+06 6.1e+05 307 1527 611

Tab. 4.3.7: Disk-shaped scatterer: total number degrees of freedom (ndof) and ndof by wavelength
(Ay) for both methods

# Mesh elements | Interpolation Construction time(s) Solution time (s)
degree
HDGm UDGm IPDGm | HDGm UDGm IPDGm
1200 0.4 7.1e-2 1.8 0.3 2.6 0.5
5100 2 1.5 0.3 7.9 1.7 14.7 3.9
21000 5.5 1.2 31.9 12.0 93.7 26.1
1200 1.1 0.2 5.1 0.6 5.3 1.7
5100 3 4.3 0.7 21.9 3.4 38.2 14.0
21000 16.5 2.7 90.6 26.4 249.3 107.2
1200 2.8 0.3 10.7 0.9 10.2 5.0
5100 4 10.9 14 45.7 6.2 65.6 42.3
21000 43.7 5.5 184.5 49.5 447.3 336.2

Tab. 4.3.8: Disk-shaped scatterer: time required for the global matrix construction and for the system

resolution.
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4.4 SCATTERING BY AN ELASTIC CIRCLE

The next test problem considered is the scattering of a plane wave by an elastic disk-solid, which
corresponds to an heterogeneous wave propagation problem.
The computational domain £, fig. is composed of the circle 2, and the ring £, so 2 = Q,UQ.

. o

Fig. 4.4.1: Elastic solid scatterer problem: configuration of the computational domain §2.

As for the previous case test, we note (Vs O’S) the scattered field, ( t t) the total field and

( ) the refracted field. According to fig. |4.3.1} in the configuration of the problem, the total field
satlsﬁes

~+
~+

Vt — Vt“ = v

t = vl = vS4v™  and

= glo« = o" in Qg,

\% S+Q in Qb.

with (vs,gs), (vt,gt), (vmC amc) and (v a ) satisfying the wave equatlons without source
term. The variables (vt’l ) denote the total field in Q, and ( b Nes ) the total ﬁeld in Q.

On the boundary I'y, we impose the absorbing condition ( m ) to simulate the infinite circle that
we denote B(u, o) for sake of simplicity. The boundary I'; is the interface between the two domains
Q, and Q, and transmission conditions have to be imposed on it in order to ensure the propagation
of the wave in the second medium. The classical transmission conditions are

HQJ\Q
19 119

== O'

tp

clen=¢%n and vl=v on I';.

The solution of this problem can be computed analytically and we give the expression of the exact
solution in appendix [C]
To compute the numerical solution, we have to compute the solution in 2, and in 2. In €2,, we have
simply to solve the wave equations for (Vt“, gt“). In Qp, as for the scattering of a plane wave by an
empty circle, we have two choices for computing the numerical solution:

1. We compute the total field ( b, tb), and then we deduce the scattered field (VS ,gs) by

substracting (v ( inc. gmc) b

boundary conditions

on=g¢glen and v =vle onlYy,
B( s )+ B( inc 7znc) — B(Vinc 7znc) P B( th) — B(Vinc70_inc) on Faa

, l.e. we solve the wave equations for (v gtb) taking the following



2. We directly compute the scattered field (VS, gs) solving the wave equations for (VS, gs) with

on=¢glen and v =vle onlYy,

B(Vs7gs) — B(Vmc7ginc) onT',.

The HDG and the UDG solutions are computed with the first method, whereas the IPDG solution is

computed with the second option.
The physical characteristics of the two media are gathered in tab. [£.4.2] The frequency taken for

the simulation is equal to 4 Hz, and thus w ~ 25.13.

| Medium | p (kgm™) | A (MPa) | p (MPa) | v, (ms™) [ v (ms™?) |
2,0 6,4e+01 | 3,2e401 8,0e+03 4,0e+03
4,0 4,0e+03 2,0e+03

Qq
Oy 1,0 8,0

Tab. 4.4.1: Elastic solid scatterer problem: characteristics of the two media.

The computational domain € is discretized by three unstructured meshes, as we have done in the
two previous test cases. One is composed of 1300 elements (fig. |4.4.2al), one of 5400 elements (fig.

4.4.2b)) and one of 22000 elements (which is not represented because it is too fine). Their features are
presented on tab.
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(a) Mesh M1, 1300 elements (b) Mesh M2, 5400 elements

Fig. 4.4.2: Elastic solid scatterer problem: discretization of €.
The exact solution of V,, component is represented on fig. [£.4.3] The comparison between this
solution and the numerical solution computed with the HDG-Py scheme on the mesh M2 (fig. 4.4.4al)

is presented on fig. [£.4.4b] The comparison wih the numerical solution computed with the UDG-Ps

scheme on the same mesh (fig. [4.4.5al) is given on fig. 4.4.5bl The observations are the same as the ones
made for the disk-shaped scattering problem: the HDG solution is not enough accurate and suitable
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| Mesh | # Mesh elements | # Mesh vertices | Romin | Romaz | hmaz | Pomin |

M1 1300 700 440.52 | 1016.91 2.31
M2 5400 2800 211.56 | 490.08 2.32
M3 22000 11000 105.86 | 245.87 2.32

Tab. 4.4.2: Elastic solid scatterer problem: characteristics of the three meshes

for low interpolation order on the same coarse mesh. As previously, we increase the interpolation order
of the HDG scheme (fig. [4.4.6a) and on fig. we refine the mesh, keeping the HDG-P3 scheme.

Vx_real

0,2

0,1
oEo

¥ 0,1
0213 7

Fig. 4.4.3: Elastic solid scatterer problem: exact solution, V, component.
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(a) Numerical solution (b) Absolute error between the exact solution and the
numerical solution

Fig. 4.4.4: Elastic solid scatterer problem: numerical solution, mesh M2, HDG-Ps scheme, V,
component.
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Fig. 4.4.5: Elastic solid scatterer problem: numerical solution, mesh M2, UDG-Ps scheme, V,
component.
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E0,0()
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(a) Numerical solution (b) Absolute error between the exact solution and the
numerical solution

Fig. 4.4.6: Elastic solid scatterer problem: numerical solution, mesh M2, HDG-P3 scheme, V,
component.
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9,88e-08

(a) Numerical solution (b) Absolute error between the exact solution and the
numerical solution

Fig. 4.4.7: Elastic solid scatterer problem: numerical solution, mesh M3, HDG-Py scheme, V,
component.

The numerical convergence of the HDG method is shown on fig. [£.4.84] and the one of the UDG
method on fig. [1.4.8b] As for the previous test case, the two numerical convergences have the same
behavior. The optimal rate is not obtained. As we have remarked in the disk-shaped scattering
problem, the main reason is because the geometric error dominates. The mean and relative errors on

V: and 0., components are presented on tabs.
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(a) HDG method. (b) UDG method.

Fig. 4.4.8: Elastic solid scatterer problem: numerical convergences of the HDG and UDG methods.

The memory consumption is given on tab. The computational time of the simulations are
presented on tab. the number of non-zero terms in the global matrix in tab. and the
number of degrees of freedom in tab. f.4.8] Tab. [£.4.9] presents the comparison of both methods on a
same mesh for a given error level.

We draw the same conclusions than in the previous test case: the HDG method requires less
memory and computational time (see tabs. |4.4.5 4.4.6| and |4.4.9)). Moreover, as the geometric error
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h (m) | Interpolation | Mean Error V, | Relative Error V, (%)
degree HDG  UDG | HDG UDG
1016.9 2.1 0.9 273.5 120.1
490.1 2 0.2 6.4e-02 | 91.5 31.0
245.9 5.0e-03 1.7e-03 | 9.6 3.3
1016.9 1.2 0.4 134.7 46.4
490.1 3 2.0e-02  1.4e-02 9.5 6.5
245.9 1.0e-03 9.9e-04 | 2.0 1.9
1016.9 0.4 0.3 42.0 29.9
490.1 4 7.3e-03 7.7e-03 | 3.4 3.6
245.9 9.9e-04 9.9e-04 | 1.9 1.9

Tab. 4.4.3: Elastic solid scatterer problem: mean and relative errors on V.

h (m) | Interpolation | Mean Error o4, | Relative Error o4, (%) | Convergence order
degree HDG  UDG | HDG UDG HDG UDG

1016.9 7351.8 37429 | 213.2 108.6 - -
490.1 2 457.8 143.2 52.3 16.4 1.6 2.1
245.9 9.1 5.5 4.1 2.5 3.7 2.9
1016.9 3141.9 1054.3 | 83.2 27.9 - -
490.1 3 41.7 41.6 4.7 4.7 3.9 24
245.9 3.8 3.9 1.7 1.7 1.8 1.6
1016.9 838.6  667.3 22.1 17.6 - -
490.1 4 25.5 26.9 2.9 3.0 3.1 2.6
245.9 3.8 3.8 1.7 1.7 0.8 0.9

Tab. 4.4.4: Elastic solid scatterer problem: mean and relative errors on o,, and convergence order.

# Mesh elements | Interpolation Memory (MB) Memory ratio
degree
HDG UDG IPDG | HDG UDG IPDG
1300 48 307 92 1 6.4 1.9
5400 2 202 1543 457 1 7.6 2.3
22000 879 7318 2211 1 8.3 2.5
1300 7 604 236 1 7.8 3.1
5400 3 351 3233 1246 1 9.2 3.5
22000 1553 15741 6104 1 10.1 3.9
1300 111 988 529 1 8.9 4.8
5400 4 526 5160 2789 1 9.8 5.3
22000 2362 23982 13362 1 10.2 5.7

Tab. 4.4.5: Elastic solid scatterer problem: memory used.
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# Mesh elements | Interpolation | Construction time(s) Resolution time (s)
degree
HDG UDG IPDG | HDG UDG IPDG
1300 0.2  4.7e-02 1.6 0.2 2.3 0.6
5400 2 0.9 0.2 6.5 1.1 14.4 4.5
22000 3.5 0.8 25.0 6.6 98.2 34.1
1300 0.6 0.1 4.2 0.3 5.1 2.1
5400 3 2.7 0.5 17.6 2.0 36.7 18.4
22000 11.1 1.9 69.3 13.7 3481 1434
1300 1.7 0.2 9.2 0.5 9.2 6.3
5400 4 7.2 1.0 38.6 3.4 69.6 58.1
22000 30.1 3.8 153.3 | 23.8 5254 473.2

Tab. 4.4.6: Elastic solid scatterer problem: time required for the global matrix construction and for
the system resolution.

# Mesh elements | Interpolation Non-zeros terms
degree
HDG UDG IPDG
1300 4.1e+05 1.7e+06 7.2e405
5400 2 1.8e+06 7.5e+06 3.1e+-06
22000 7.0e4+06 3.0e4+07 1.2e407
1300 7.3e4+05 3.8e+06 2.0e+06
5400 3 3.1e+06 1.6e+07 8.6e+06
22000 1.2e+07 6.6e+07 3.5e+07
1300 1.1e+06 7.3e+06 4.5e+06
5400 4 4.9e+06 3.1e+07 1.9e+07
22000 1.9e+07 1.2e4+08 7.8e+07

Tab. 4.4.7: Elastic solid scatterer problem: number of non-zero terms in the global matrix .

# Mesh elements | Interpolation # dof #dof /wavelength
degree
HDG UDG IPDG | HDG UDG IPDG

1300 1.1e+04 3.8e+04 1.5e+04 6 19 8

5400 2 4.9e+04 1.6e+05 6.5e+04 24 81 32
22000 2.0e+05 6.5e+05 2.6e+05 98 325 130
1300 1.6e4+04 6.3e+04 2.5e+04 8 31 13
5400 3 6.5e+04 2.7e+05 1.1e+05 32 135 54
22000 2.6e+05 1.1e+06 4.3e+05 | 130 541 216
1300 1.9e4+04 9.5e4+04 3.8e+04 10 47 19
5400 4 8.2e+04 4.1e+05 1.6e+05 41 202 81
22000 3.3e+05 1.6e+06 6.5e+05 | 163 812 325

Tab. 4.4.8: Elastic solid scatterer problem: total number degrees of freedom (ndof) and ndof by
wavelength () for the three methods.
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Level of | # Mesh | Interpolation | Memory (MB) | Construction Solution
Error | elements degree time (s) time (s)
HDG UDG | HDG UDG | HDG UDG | HDG UDG
le-02 5400 3 2 351 1543 2.7 0.2 20 144
le-03 22000 3 2 1553 7318 | 11.1 0.8 13.7  98.2

Tab. 4.4.9: Elastic solid scatterer problem: for a same level of error, comparison between computational
time and memory required with a same mesh for both methods.

dominates due to the fact that we approximate a circular domain by triangles, the study of the
numerical error and of the accuracy of the methods is difficult to realize. It is the reason why we do
not study the influence of the parameter 7 in this test case.

4.5 GEOPHYSIC TEST CASE: THE MARMOUSI MODEL

Finally, for testing the 2D isotropic HDG method in a high performance computing (HPC)
framework, we consider a geophysic benchmark: the Marmousi model. As the UDG method is the
most expensive method between the HDG, IPDG and UDG methods, we only present the HDG and
IPDG performances. The v, velocity model is represented on fig. @ The mesh of the domain,
which is composed of 235 000 elements, is shown on fig.

Distance (m)
] 2000 4000 6000 8000 s
0
- 1000
E
&
2 2000

Fig. 4.5.1: Marmousi velocity card and topography.
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Fig. 4.5.2: Marmousi discretization.

The characteristics of the computer system that we used for the simulations are:

e 2 Hexa-core Westmere Intel® Xe0n® X5670

e Frequency : 2,93 GHz
e Cache L3 : 12 Mb
e RAM : 96 Gb

e Infiniband DDR : 20Gb/s

Ethernet : 1Gb/s

We compare the efficiency of both methods by dividing the sequential computational time by the
parallel computational time. First, we compare the efficiency of the construction of the global system
on fig. We observe that the efficiency of the construction of the HDG global matrix is close
to the one of the IPDG matrix. Then, when we compare the efficiency of the resolution part of the
algorithm on fig. we observe that the efficiency of both methods is also close and collapse. This
collapse is essentially due to the use of a direct solver which exhibits a poor scalability.
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Fig. 4.5.3: Efficiency of the parallelism of the HDG method (red) and of the IPDG method (blue).

Figure presents the memory required by the direct solver for the inversion and the resolution
process. For both methods, the memory increases with the number of cores, this is intrinsic to the
LU solver. We note that using the HDG method divides the memory consumption by a factor 3 to 4.
Hence, solving the Marmousi problem with the IPDG method requires around 80 GB while the HDG
method only requires 20 GB.
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Fig. 4.5.4: Memory consumption (GB) for the resolution.

The speed up is presented on figs. [4.5.5a] and [4.5.5b] In fig. we compare the time that we
need for the construction of the global matrix. It is relatively stable when we compare it to the number
of cores used. The construction of the HDG global matrix is performed about four times faster in
terms of CPU time than the one of the IPDG matrix. For the full simulation (fig. [4.5.5b), the HDG

algorithm is performed around seven times faster.
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Fig. 4.5.5: Speed up.

4.6 ANISOTROPIC TEST-CASE

Finally, we present results that we have obtained with the HDG method when considering an
anisotropic problem. We consider the domain shown on fig. composed of six layers: a zone
of water, a layer of water sand, a zone of shale, a layer of sandstone, a layer of salt and another
layer of water sand. The physical characteristics of the six media are summarized in tab. The
computational domain is reduced to a 3000 m x 3000 m square. On the upper boundary, we put the
free surface condition ; on the other boundaries, we impose the absorbing condition .
The computational domain is discretized into three unstructured meshes with respectively 600, 3000
and 28000 elements. Their characteristics are given in tab. [£.6.2]

For this test case, as we do not have access to an analytical solution, therefore we compare the HDG
results with the one obtained with the interior penalty DG (IPDG) method (see fig. [1.6.3). The HDG
solution was computed with different values of 7, shown on figs. [4.6.4a] to [4.6.4ff This anisotropic
example allows to demonstrate the importance of the value of the parameter 7. Indeed the HDG
solution closer to the IPDG solution is the one computed with 7 = X + 2 (fig. [£.6.4f). With the other
solutions (figs. 4.6.4a] to 4.6.4€)), we distinguish 4 different regions, but the wave propagation is not
correct when we compare to the IPDG propagation. The solution on figs. [4.6.4a] to [4.6.4¢| are not
accurate enough.

It is interesting to take a look on the computational performances of the two algorithms (tab. .
The HDG formulation is more competitive in terms of memory and computational time than the
IPDG method: we need 3 times less memory and between 3 and 9 times less computational time.
This depends on the mesh refinement.

Another remark on this test case is the presence of pollution in the region where the source wave is
localized. This is due to the fact that the first layer, which is a layer of water, so an acoustic medium,
is approximated with a pseudo-acoustic medium: we have taken an elastic medium with v; = 0.
Finally we also use this test case to compare the computational performances in tab. of the
program when it performs in an isotropic framework and anisotropic context. We clearly see that
taking into account the anisotropy does not increase the computational cost. This is due to the fact
that, in the HDG formulation, the anisotropic property affects only two local matrices and more
specifically affects only the value of some coefficients which are not equal zero in the isotropic case.
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Fig. 4.6.1: Anisotropic test case.

[ Water
1 Water Sand

m Shale
@ Water Sand
@ Sandstone

0 Salt

| Water | Water Sand 1 | Shale | Water Sand 2 | Sanstone | Salt |

1500
0
1000
0
0
0

1409
480
2030
0.022
0.018
0

4359
3048
2810
0.172
0
10

1609
780
2030
0.022
0.018
15

4633
3231
2710
-0.026
-0.033
25

5334
3353
2710
0.369
0.579
20

Tab. 4.6.1: Characteristics of the anisotropic media.

| Mesh | # Mesh elements | 4 Mesh vertices | Romin (m) | hmaz (m) | himaz /Pomin |

M1 600 330 30 012 17.07
M2 3 000 1 500 30 187.5 6.25
M3 28 000 14 180 13.6 64.9 4.77

Tab. 4.6.2: Characteristics of the three meshes.
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(a) Mesh M1, 600 elements (b) Mesh M2, 3 000 elements

Fig. 4.6.2: Triangulations of the domain.

Fig. 4.6.3: IPDG-P3 numerical solution, computed on the mesh M3.
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Fig. 4.6.4: HDG-P5 numerical solutions for different values of 7, mesh M3.

CONCLUSION

Thanks to this numerical study, we have seen that for a same computation (same mesh and same
interpolation order), the HDG method is more competitive in memory and computational time terms
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Mesh Memory (MB) Construction time (s) Solution time (s)
Isotropic  Anisotropic ‘ Isotropic  Anisotropic ‘ Isotropic  Anisotropic ‘

M1 38 38 0.5 0.5 0.2 0.2

M2 168 168 2.5 2.5 1.6 1.6

M3 1971 1971 22.3 22.2 41.6 40.2

Tab. 4.6.3: Comparison between isotropic and anisotropic HDG-P3 performances.

Mesh | Memory (MB) Construction time (s) Solution time (s)
HDG IPDG [ HDG IPDG | HDG IPDG |

M1 38 98 0.5 2.8 0.2 1.0

M2 168 958 2.5 12.6 1.6 12.1

M3 1971 7496 22.3 128.0 40.2 440.0

Tab. 4.6.4: Comparison between HDG-P3 and IPDG-P3 performances.

than classical DG methods. Moreover performing the HDG scheme in an anisotropic formulation does
not involve significant additional computational cost as compared to the isotropic formulation.
Following the value of the stabilization parameter 7, the solution can be more or less accurate. We
thus have three choices to obtain a better solution with the HDG formulation. First, we can change the
value of the parameter 7, the optimal value seems to be close to vg as demonstrated in the anisotropic
problem. This solution does not increase the required memory. The second option is to increase the
interpolation order. We have seen that, even if we use the HDG scheme with one or two interpolation
order more than classical DG methods, it still needs less memory. The last option for a better accuracy
is to refine the mesh, and we have seen too that even with finer meshes the HDG method is still
competitive in memory terms.

Finally, the parallel implementation of the HDG algorithm performs well.

All these conclusions have to be confirmed for the 3D elastic Helmholtz equations.
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CHAPTER 5

HYBRIDIZABLE DISCONTINUOUS GALERKIN (HDG) METHOD FOR 3D ELASTIC
HELMHOLTZ EQUATIONS

In this last chapter, we extend the development of the HDG method to the 3D elastic wave
equations. We recall the 3D anisotropic elastodynamics in the first section and we introduce notations
specific to DG methods in the next section. Then, in the third part, we derive the HDG formulation
that we discretize in section 4. Finally in the last section, we analyze the performances of the 3D
HDG method and we compare it to the performances of the IPDG method on a simple test case, the
propagation of a plane wave in an homogeneous medium, and on a more realistic benchmark, the
Epati test case.

5.1 3D ELASTIC WAVE EQUATIONS IN HARMONIC DOMAIN: PROBLEM
STATEMENT

We recall the first order formulation of the 3D elastodynamics problem in harmonic domain: for
X = (r,y,2) € QCR?

= (5.1.1)

wpv = V.o, in €,
iwg = Ce(v)+f, in Q.

As we have in previous chapters, we omit the space dependency in the mass density p, the velocity
vector v = (v, vy, v,)T, the strain tensor ¢, the stress tensor g, the elasticity tensor C, and the
source term f. - B o
In 3D, the elasticity tensor C is a fourth order 3 x 3 x 3 x 3 symetric tensor, that we express using
Voigt’s notations, as a 6 x 6 matrix. In the general case, we have

Cii Ci2 Ci3 Cuu Ci5 Cis
Ci2 O Ca3 (o (o5 Cop
Ci3 Coz3 Cs3 (O34 C35 Csg
Ciy Coy C34 Cy Cys Cue
Ci5 O C35 Cy5 Cs5 Cs
Ci6 Cos Cs36 Cus Cs6 Cos

Remark. We remind that the 3D Voigt’s notation writes
(zz, yy, zz, yz, zz, zy)l = (1, 2, 3, 4, 5, 6).

The developed anistropic equations of system ([5.1.1)) reads as: for (z,y,2) € Q C R3
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In the isotropic case, the 3D tensor C is expressed as

I

SO Ox®T O OO
oOxT oo oo
T oo o oo

6vy ov,  Ov, Ovy
By + 5% >+C’55<8z +6m) + Cs6 <8y+

Ovy
)—'_046(3 +
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5vy
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And thus the developed equations of the isotropic system are

o 1 003y 004y 00z,
Top\ ox oy 0z )’
1 (004 Doy, 0oy,
Wy = p < ox dy 0z )’
i 71 0oy, Ooy, 00,
= p\ oz oy 0z )’
ov ov ov
rxr — 2 - - - Hp)
iwoge = (A + ,u)a +)\<8y 5, >+f
0 vy Ov,
iwoyy, = (A+ 2p) 81;/ +A ( 8” 5 ) + 1y, (5.1.3)

v, ov v,
. _ vy vy o, 9V
WO, A<8$8 +ay)+()\+ 1) 8ZJer,
) Ovy  Ovy
wWoey =1\ gy T )

) ov,  Ov,
,L(“)O-IZ = H az am 9
. vy | Ov,
Wy = 0z oy

To complete the description of the numerical scheme, the boundary conditions are given by

e The free surface condition

og-n=0 on Iy, (5.1.4)

e The absorbing boundary condition

o-n—PAW,¢)P'v=0 onT,, (5.1.5)

where I'; UT, =T = 09 and n is the outward unit norm vector. We remind the expressions of P, A, ¢’
and ¢’ which are described in section [1.1.5]

e P is defined such as

\/ni—i—n% \/n%—&—n%
— if ‘nz‘ #1, P= "y \/n%ail—nz _\/ny%—:n% )
n, 0 n2 +n2
cos(n;5) =0 0 —sin(n.%)
—if n,| =1, P= 0 1 0
sin(n. %) 0 cos(n.5)=0
Al (97 (b)
o A(f,0) = | A2(0,9) |, with
A3(97 d))

K sin? ¢ + cos? ¢(k cos? 0 + sin? 0)
—(k — 1) cos ¢sin ¢ sin? § ,
—(k — 1) cosfsinf cos ¢

A1(0,9) =<(8,0) (k sin? ¢ 4 cos? ¢(k cos? @ + sin® 9))
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As(0,0) =<(8,0) (k- 1) cos ¢ sin ¢ sin® 0) (k — 1) cos ¢ sin ¢ sin? @

—rksin? ¢ + cos? ¢(k cos? O + sin? 0) ! 0
—pvs | 1
(k — 1) cos@sinf cos ¢ 0

—rksin? ¢ + cos? ¢(k cos? 0 + sin? 9) 0
As(0,¢0) =(0,¢) ((k— 1) cos ¢pcosBsinb) (k — 1) cos ¢ sin ¢ sin? 6 —pus | O
(k — 1) cosfsinf cos ¢ 1

where k = /1 — 2ep and (6, ¢) = — P

VK2 cos? 0 cos? ¢ + k2 sin? 0 + sin? 6 cos? ¢

e 0 is defined by

—ngn

cosh = | —=—cosp — —L——sin¢ sinf + y/n2 +n2cosf if |n,| # 1,
\/ M2 4 nZ ,/n2—|—n2

cos ' = —n cos ¢psin 6 if n,| =1,

and sin® = /1 — cos? 0.

e ¢ is defined such as

— if sinf’ # 0,
, sin 6 cos 0
cos ¢ = (ng cos ¢ + nysin @) st —i—nzsina,,
if .| # 1, . —My COS ¢ ngsing | sinf
sing’ = - TR
Jmaang o\ fn24np ) sind
6
cos ¢’ =n, 70,08 T
if n.| = 1 sin 6
’ in ¢/ sin 0 sin ¢
ing' = ———
> sin ¢/
— if sin@’ = 0,

cos¢’ =1 and sin¢’ = 0.

Remark. In the isotropic case, k =1, 0 =0 and ¢ = 0 so that cos¢’ =1, sin¢/ =0, cosf' =
1 and sin® = 0. Matriz A, ) becomes

—pUp 0 0
A(97¢) = 0 —PUs 0
0 0 — Vs

The matriz PA(0', ¢')PT is given by

1
2.2 2 NgN 2
_pvpn — pus(nzns +n )m —pupngny + pvsﬁ(l —nz)  —pUpNEN + PUNLN
xz Ty
Nz Ty 2 2 2,2y 1
—pUpNgNy + PUs o 2 (1—=n3) —pvpni + pvs(n2 4+ n?n )n%+n§ —PUPNY Nz + PUNYN;
2 2 2
—PUpNZN, + pvsnxnz —PUpNyNy + PUsTY T, —pUpny — pfus(nx + ny)
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5.2 NOTATIONS
In 3D, the mesh 7} of the computational domain €2 is composed of tetrahedra K. We use similar

notations to the 2D case, i.e

e Fis a face of K,

e F(K) is the set of faces of an element K,

e F; is the set of the boundary faces Fy, i.e. F, = 0K NI, where I' = 99,

e F; is the set of interior faces F; i.e. F; = 0K NOK' where K and K’ are neighbours,
e F}, is the set of all the faces of Ty, i.e. Fp, = F; U Fyp,

e n is the outward normal vector to K, t an arbitrary tangent vector to K.

P,(D) denotes the set of polynomials of degree at most p on the domain D. For each element
K € Th, VP(K) is the space P,(K), VP(K) is the space (P,(K))* and P(K) is the space (P,(K))°.
The approximation spaces in 3D are defined by

VP={veL*(Q): |k e VP(K),VK €T},

VP = {ve (L’(Q)’: v|ke VP(K),VK € Tp},

P —{oe (I*9)°: olx € ZP(K),VK € Ti},

My, = {ne (L*Fn)’:  nlr € (B(F))® VF € Fi}.

The definition of the jump is the same as in 2D, namely, for an interior interface F' = 0K +TNIK ™~ €
Fi, the jump [-] of a vector v is

[v.n]=vt -n"+v .n7,

and of a tensor o
[c - n]=0c"-nt+¢" -n".

For a boundary face F = 0K+ NT € Fp, the jump [-] of a vector v is

+ .t

[v-n]=v"-n",

and of a tensor o

+ .0t

[c-n]=¢"-n".

5.3 PRINCIPLE OF THE 3D HDG FORMULATION

The principle of the 3D HDG formulation is similar to the 2D case. We start by considering
equations (5.1.1)) on an element K of Ty, still assuming physical piecewise constant parameters (p, A
and p for the isotropic case and p and the Cj; coefficients in the general case).

We multiply (5.1.1)) by test functions (w,§) € VH(K) x XP(K), integrate by parts and find the

approximation (vy,, g, ) € V% x 2P such as B

/iwpKVh'w+/ah:Vw—/ Qh-n-w = 0,
K K oK (5.3.1)
iw0:§+/v-V-C§ —/ vp-C & n = /f:ﬁ.
/K ==k " <*K:> oK M=K K =
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As in 2D, the numerical traces gh and vy, represent the approximations of g and v on 0K; and we
define them as

vy = A\, VF € Fp, A € My, (5.3.2)
and

g,=0,—S(vi—A)®n on 0K. (5.3.3)

We choose S, the local stabilization matrix, to be a diagonal matrix, such that S = 71 where 7 > 0 is
the local stabilization parameter and I the identity matrix.

We sum contributions of (5.3.1) over all elements and enforce the continuity of the normal
component of Qh in order to rewrite the problem:

find (vp,g,,An) € Vj x B} x My, such as: V(w,§n) € VP(K) x ZP(K) x My,

K;T}L/szp;(vh-w—l—K;rh/K Vw—%/ . = 0,
%Aiwah:g+K;Lvh.v <C§ K;r/ = K;/fg, (5.3.4)
Z/F[[Uh-n]]-n = 0.
Fery,

According to the definition (5.3.3)), the expression of g, -non JK reads as

g, n=g, - n—S(v,—Vp). (5.3.5)
Hence,
W ACRERED S B CR IR S LIRS AR
FeF, KeT KEeTy,

and we can rewrite system ([5.3.4)) as

Z/zwpth W — Z/ g, ) w+ Z/ (v, — ) - = 0,
KeTy, KeTy, KET
a {—i— /Vh V. C’f / /\hi ‘n = /f:g,
Z/ - — Z/ (vib—Ap)-n = 0.
KET, KeTh,
(5.3.6)

The local problem on an element K is written as in 2D

/zwpth W — / V 0 w+/ S(v,[f—/\h)~w = 0,
K (5.3.7)

R R Ry O

From now, we omit the index h after the unknowns v¥*, gK and A in order to simplify the presentation.

5.4 DISCRETIZATION OF THE 3D HDG FORMULATION

The discretization of the 3D HDG formulation is similar to the 2D case, the differences mainly
concern the number of unknowns and the size of the matrices. We first consider the discretization of
the isotropic case, before discretizing the anisotropic equations. In both cases, as in 2D, the right-hand
side f is first assumed equal to zero.
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5.4.1 DISCRETIZATION FOR THE ISOTROPIC CASE

Taking as test-function the basis function ¢, we develop the local equations (5 and write the

local solution (v, o%) as a function of A\. We obtaln the following equations
( K K
, do dok 0o
/ ZWPK'UfSOK _ 8I$<10K _ aIySOK angpK
K K 0T K 0y K 0Oz = 0,
+ T v o / BN K
ook ook 80
/’LW,OKU o Y2y K _ vy K _ yz
K Oox x Oy K 0z — 0,
+/ & v o / K)\ygp
K K oK
/prKvK(pK_ doy. K 9oy, doll
K z ox dy Kk 0z — 0
—i—/ Tvang / BN
oK 0K
dp" / p / o
K K K K K
AL+ 2 —_— A —_— A —
/K’Lwam‘%’ +/K(L+M)vx6x+KLy3y+KLza o
- / (AL +201) At s / A" i mzso n
oK
K K K 0"
Wy, e" + ALUmT"’ (AL +2u)v )\L —_—
K K z = 0, (54.1)
R (szmw ny / AAspHn,
oK
, 0P &p 6@
K _K K K K
A —_— A AL+ 2
/Klwo-zz(p +/K LUy o +/K LUy 8y /(L+ M) 82 _ 0
—/ ALAz nx—/ )\L)\ o%n, / (AL +2u) Az n,
oK
/ iwag/apK—i-/ 7:; /
K = 0,
—/ pAap"ny — / Py Mgy
oK
, D™ A
Jertie s [ S [t
K — 07
/ pAp™ . — / PP N
: K dp™ oK dp™
/szoyzgo +/ B / v, oy .
/ ySO nz_/ M)\zSO Ty
oK

Remark. We now denote Lamé’s coefficient by A\, in order to avoid confusion with the Lagrange
multiplier X.
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We decompose the local solutions (v, g%) as

i
- For an element K, vf* = g yl{(jtp]K, l=uy,z,

(5.4.2)
Ukl Za—kl]@] ’ kal:x7y7zv
where cij are the basis functions of P,(K) and d¥ the associated degrees of freedom.
dF
- For a face F, \I' = Z)\ @Z)J , l=ux,y,z, (5.4.3)
j=1

where "L/JJF are the basis functions of P,(F) and df’ the associated degrees of freedom.

We write by 5(K, 1) the global index of the I-th face of the element K (I =1,2,3,4); for example, if
the I-th face of K is the j-th face Fj then B(K,1) = j.

Conversely if F is the common face between K1 and K, we define n(l,+) = K+ and n(l,—) = K.
After discretization, the local linear system resulting from is

MKK ]D)K K DKTK DKTK

iwp :ry Oz
4 =0
i Z TEDE YK _ 37 r(KDRK\BUD ’
=1 =1
iwpMFvX — DK oK — pE' 5K ]D)KT ol
4
pu— 0’
=1 =1
iwpMF X — DK oK DK GK ]D)KT oK
4
= 0,
i Z TEDES K _ 37 r(KDRK\BUD
=1 =1
iwMF ok + (AL +2p)DE vl + ADE v + A DEvE
= 0,

4 4
= 2O+ 20)2000Q = 3 A AEIQp Z ALAD QY

=1 =1
iWwMF o + ALDEVE + (AL + 20)DE v + A DEE

4 4 4
= 0,
- Z ALAZEDQE — 3 (O + 2 A0 ENQE — Y T A A EDQE
l 1 =1
iwME K 4 )\L]D)KUK + )\L]D) —|— (AL + 2u)DE YK

4
= 0,
— Z ALABUEDQE Z)\Lég(K’l) ﬁ _ Z(/\L + 2p) AP EDQE
=1 =1

=1

(5.4.4)

4
iwME g & +M(DK ff-l-foyaIc{) _Z/‘( KZQK‘F)\B(Kl)Qfl) = 0
WMKJK +M(DKUK+DK K Z”( KZ)QK+/\,B KIQ£(1> _—
WMol + 1 (DI + DEw)) Z“( KZQKJF)\ﬁ(KlQl) = 0.
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with the following entries:

Mg-:/cplcpjdx

DX . —/ ©; Gugojde, with u =z, vy, 2,

u,tg

IEl i / Pi @de
K,\l)
Ry = [ g
(K,I) .
Qul JiJ /8Kl nffw? Sojl'(v with u = €r,Y,z.

The linear local system on an element K reads as
AKWE L CEAK =, (5.4.5)

where
oK. oK

Tz fyz]T

XD, 5]
K,1 K2 K,3 K4

)

A= [AZUOD NS e D]
T
AR = [A[ A AK AF AF AF AK AL AL

with AK = [aum 0, —DfT, 0, 0, —]D)glfTa —DfTv 0}

[ 0 , auz, 0, 0, —DK" 0, —DK", o, —DfT}

[ 0 , 0, auz, 0, 0, —DEK" 0, —DK”, —Dfﬂ

[(A+20)DE, ADE, ADE, iwpMK 0, 0 0, 0 0]
K .

[ D, (A+2u)DE, ADE, 0 iwpMX, 0 0, 0 0

[ A]D)K, ADE (A +20)DE, 0 0, iwpMX 0, 0 0

K .

A _[ pDY, uDX, 0, 0, 0, 0 iwpMX 0 0]

Af = ubDE, 0 ;AD)K 0, 0, 0, 0, iwpME 0]

A =[ 0 , uDE, uDE 0, 0, 0, 0, 0, iwpMX]
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4
where auz = iwpM® + Z T(K’Z)EZK.
=1

X =-[ck o cF],

[ FEDRK r(K2FK r(E3)FK r(KAOFK
0 0 0 0
0 0 0 0
(AL +20)QF  (Ap+20)QK (A +20)Q (A +2u)QK,
with CX = — ALQE AL QE, ALQE AL QE, ,
AL QK ALQE, A QE A QK
nQp pnQL, pQL nQk,
nQ% nQL nQL nQX
0 0 0 0
I 0 0 0 0 1
T(Kvl)]F{( T(K’Q)Fg{ T(K’g)Fg( T(K’4)F£{
0 0 0 0
B ALQR B ALQL ) ALQL . ALQL, .
Cy=— |+ Q/Qle (AL +21)Q (AL + 2!2@3;3 (AL + QAQQM ;
)\L@y1 )\LQfg ALng, )\L@y4
pQL pQX, nQE, nQE,
0 0 0 0
nQL nQL nQL pQf
0 0 0 0
0 0 0 0
rEDRK r(K2RK T(K3)FK r(KARK
ALQE ALQ% AL QK ALQK
ck=- A QY A QL A QL AL QK
(AL +20)Q8 (AL +2m)Q% (A\p+20)Qf (AL +21)QE
0 0 0 0
u@% nQEL, nQL nQE,
1Qy nQk nQL pQl

The transmission condition on a face F; = 0Kt NOK~ such as j = B(KT,1) = (K, g) reads as

Vn € My,

+ +
[
Fj

LR SR (Vf—kh)‘n—sf (vff*—Ah)-n):o.
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So, we have the corresponding discretization

where

( T T T
Kt' Kt Kt5 K+t Kt5 K+t
Qxl (oo + le gacy + Qzl Oz
+ +T g+ + i +

K" K- K-T K- K" K-
+le Ora +le Qxy +Qzl (o

_ KR KT (KNG AR —

k+T K+ k+T K+ k+T K+
Qxl ggf;y + le gyy + Qzl gyz
+ +T g+ + i +

_T — _T — _T —
K K K K K K
+ Qxl g];y + le ny + Qzl Qyz

)

_ T(K:DFZK*Tyg* + 7 KTDGINSETD — g,

K+T K+ K+T K+ K+T K+
@xl Oz + le Qyz + @zl Oz
+ +T g+ + ; +

T _ T _ T _
K K K K K K
+ Qxl (o + le gyz + Qzl (o

_ T(K—,l)FlK—Tyf'— + 7 ETDGINIETD =,

Fj

From system (5.4.6) we deduce a local system for A%

BEWHE + LEAK 4 RE =

where RX gathers the contributions from the neighboring elements,

(K
A (K2)
A (K.3)
(K

O O O O O O o O

0 0 QE" 0 0
0 0 QK" 0 0
0 0 Q" 0 0
0 0 QK" 0 0
—r DR 0 0 QX" o
—r(KDFK” 0 0 Qo
—r(E3RK” 0 0 Q0
—r(EARK” 0 0 QF 0
0 —rEDEET 0 0 Qf
0 —rEARET 0 0 Qf
0 —rEIFET 0 0 Q'
0 —rEOFET 0 0 Q'

(5.4.6)

(5.4.7)

QK" 0
QK" 0
QK" 0
QK" 0
0 QX"
0 QX'
0 QK'|’
0 QX'
o' of
Qo of
' X
QF Q]

142



and LN =[LE LK LE] with

(K1) GBK.L) T
FK2) G 2)

T(

o

K,3)B(K,3)

A4 G A)

sNeoloNoloNeoNeNol-Nelo K=
eNeNeNeNoNeNoNoNoNP =l
cleoNoNoNeNeNoNeEPE=N=o)

OO O OO O oo oo

o O O

0
FEDGAEL)

0 FE2) GB(K.2)

H(K3)

BK3)

A4 G A)

S OO DODODOD OO OO oo oo

0
0 r(K2)
0

B(K,2)

)

B(K,3)

O O D ODDODDODDODDODODODOO OO0 fMhoooooo

0
0
0
0
0
0
0
G
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
G

DO O OODDODODDODDODDODOOD OO0 OOMooooOoO

As in 2D, we denote by A the vector of size N gathering all the degrees of freedom of A for each

face .
A= (AN AN

with Ny the number of faces of the mesh. The number of degrees of freedom of the [-th face of the

element K is denoted by N >(\K’l) and the total number of degrees of freedom of A% by Nﬁ\( Then, we
have

4
~—K K.l
Ny =S N
=1
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Thanks to the local trace space spreading operator Ag pa of size Wﬁ( X Ny that we have defined in
section which allows to extract the local trace vector A from the global trace vector A, we write

Alipch = A",
and we rewrite equation as
ARWE L CEAK A =0. (5.4.8)
We now express WX in terms of A
Wk = (A ICK A A (5.4.9)

Summing all the equations of the transmission condition on all the faces of each element, element
by element, we obtain

> (Afpe)” BEWK + LXK AFpeA] =0, (5.4.10)
KeTy,

where the sum over all the elements along with the left application of the transpose of Ag pe allow to
gather the elementwise contributions corresponding to faces.

Finally, by remplacing W in (5.4.10)), we obtain a global system in A:

Z (-AgDG)T [_BK(AK)_ch + LK] ~A§DGA =0. (5.4.11)
KeTy,

Remark. The 3D HDG global system has the same expression than the 2D HDG global system (3.3.12)),
only the sizes of the involved matrices change.

Considering now a point source on element K, the local equations (5.3.7) reads as

/ iwpKSv}Ifs-w—/ <V~st)'w+/ S<thS—)\h)~w = 0,
K, K, o 0K

y Ks. KS, . — . . g M
szgh .f—l—/sth \Y (gKé) /81(3)% gKé n /st.f.

and the corresponding discretization ([5.4.8) becomes
AR HEs  cFeARs) A = SK,

which leads to
W = (4%) 718" — (4%) T O A,

Finally, we obtain the following 3D global system

Z (Afipe)" [-BX(A%)7ICF + LX) AfjpeA = Z —(Afipe) B (A%)~ISK. (5.4.12)
KeTy, KeTy

5.4.2 DISCRETIZATION FOR THE ANISOTROPIC CASE

We now consider the local equation ([5.3.7)) for the anisotropic case. As we have done for all the
discretizations in this study, we take the basis function ¢ as test function. We obtain
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x Oz dy 0z
I PR GE QK / K\ pp
oK oK
/ iw pvagoK aawy K 8‘7yy K o, K
K or x Oy K 0z
+ TvatpK / K)\ygo
9K Dok aKé) K oK
K K Ovz K Iyz K K
/K“""’K”“" /K o / dy / 3
n FEK K WL
oK oK
, DK DK DK DK DK DK
szafxgoK—i—/va (Cug +Cl5igz +C167gy )—F/K (012 oy +Cha g +Cie g )
15] 15] I
+/ v, (013 g +Cuy g +Ci5 22 )—/ Az (Cr19"ng + C159" n. + Crgp™ ny) =
K Y Ox K
—/ Ay (Cra9™ny, + CrapSn. + Cigp™n,) 7/ - (Cr3¢™ns + Crap™ny + Cis9™ny)
oK
{ oK ) B DK ) DK
KZWU@QOK-F/K (012 Oz + Cos (;,0 + Cog gy >+/K’U£{ (CQQ gy + Coy g + Cag gx )
HpK I I
+/ vl (023 ? + Cos—— ? + Cas 4 )—/ Az (Cr29™ 1y + Cas0™ n. + Cogp™ny) =

\
o
=

>

y (Ca20™ny + Coup™n. + Cagp™ny) — / 2 (Ca30™ s + Cosp™ny + Cas0ny)

0¥ Ok 0 Ok 0 Ok
iwagtpK—ﬁ-/ Uf <013 1 + C35—— 1 + C36—— 1 >+/ 1125{ (ng 1 + Cg4—— 90 + C36—— 1 )
K K

p pE 0z oy oy 0z 0z
Ok Ok Ok
+ / vl ( Cy3—— LA Csq LA Css 4 - / Az (C1ss0an + C359"n. + C36<PKny) =
- / Ay (023@1(% + C340™n. + O30 ny) — / A (C330™ s, + Caap™ny + C350%n,)
oK
. 0 0 0 O 0 0K
szaﬁ}gaKJr/va (016 g + Cs6 g + Ces gy )JF/K”U;( (026§g+c46 g + Ces (;0 )
O O O
+ / vl ( Cag—2— Y Cug— 4 Cog— ) — / Az (Crep™ng + Csgp™ ns + Cogp™ ny) =
- / Ay (C%SOK% + Capp™ n + Copp™ny) — / A: (Ca69™ ns + Cusp™ny + Cse0™ny)
oK
. 0 0 0 O 0 0K
szgfzSOK + /va <015 g + Css g + Cisg gy ) + /Kvé( (025 gy + Clys g + Cs6 g )
0K 0K 9K
+ / vl ((Cas—=— Y i 4 Cas— ) — / Az (Ci50™ng + Css0™ ns + Csgp™ ny) =
- / Ay (025%0Kny + Cus™nz + Csp™ ng) — / Az (Cas9™n. + Cus™ny + Co50"ny)
oK
) 0K 0K 0 oK 2" o™
K K K K
KW%Z@ + /K% <C14 97 +Cus—F/— P +Cus oy + /Kvy Caos oy + Cpy—— B + Cus 97
DK 0pK 9K
+ / Uf C3a—— .4 +Coa—— . + Cys . - / Az (01490Knm + Cus5™n. + C46S0Kny) =
- / Ay (024%0Kny + Caap™ n. + Cagp™ ng) — / Az (Caap™n. + Cuap™ny + Cus™ny)
oK oK

(5.4.13)
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Using the discretization given in the previous section, the local linear system resulting from (|5.4.13)
is:

(5.4.14)
4 4
iprKgf — ]D)ngfx — foTgfy - Dngfz + Z T(K’Z)Elef — Z T(K’”]ngﬁ”(’” =0
=1 =1
T T T 4 4
iwpMF vl — DX oF — DI o —DE oK 4 ZHK”E{(@( — Z AR FAPVASY -0
=1 =1
T T T 4 4
iwpMK vl — DX oK — DI ol — DI o + 3 D[ K = " DD =0
=1 =1
ZWMK (CHD + 015]D)K + C16DK) UV, + (Clg]D)K + 014DK + ClG]D)K)
+ (CisDE + CLaDf + C15DE) v Z AN (C1Ql + CrsQf + C1eQy)

=1
4

4
Z B(K l) C12@ + Cl4@§ + Clﬁ@ﬁ) — ZAE(K’Z) (013QZ + C14Q£ + 015(@35) =0
= 1=1
inKny + (012D + 025]D + CQGD ) ’UJ{.{ + (CQQ]D),ff + CQ4D§ + 026]D)§) Qy
4
+ (023]D)§ + 024D£( + 025]1)915() yf - ZAQ(K’I) (Clefl + 025(@2 + 026@50
1=1
4 4
=3 AUOD (CpQf + CoaQE + Co6Q) = Y " MUY (C3Q + CouQlf + Co5Q%) =0
=1 =1
iWMKQg + (013Df + 035D§ + Csam);() Qf + (CZSD{J( + 034]1)5 + Csan) YUy
4
+ (CssDE + CaaDf + C3DE) wf =Y " ATD (C13Q + C55QE + Ca6Qp)
1=1
4 4
Z Kl) Czs@yz + C34Qf + C36Ql) — ZAE(K’Z) (C33Q% + C34fol +0550QF) =0
=1 1=1
ZLUMK (CmD + 056]D)K + 066]D)K) v, + (CQ@]D + C46DK + Cﬁ@]D)K)
4
+ (Cga]D)f + 046D£{ + CSGDf) Qﬁ{ - ZAf(K’l) (016(@51 + 056@5 + 066@50
1=1
4 4

= MUY (CoeQp + Cus QY + CosQl) — Y - MUY (C36QE + CusQL + C56QL) =0
=1 =1
ZLJMK (CmDK + C55DK + C5G]D)K) v, + (CQ5ID)K + C45DK + C56ID)K)

4
+ (C35DE + CysD) + C55DE ) X — ZAQ(K’Z) (C15QE + C55QF + C56Ql)
1=1
4 4
Z SUED (Co5Qp + CasQE + C56QE) — > AP (C55Q + CusQl + C55Qf) =0
=1 =1
inKgyz + (014]D) + C45DK + 046]DK) v, + (024]D) + C44DK + 046DK)
+ (034]1)5 + 044D£( + 045D§) v, i N (014(@ + C15QF + C46@yl)
1=1

4 4
= AU (CaQff + CuaQE + CusQE) Z NS (05,08 + CuQK + Ci5Q%) =0

=1
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with matrices M¥, DX EX FK and QF defined previously.
The linear local system on an element K is written similarly to the isotropic case

ARWE 4 CEAR =0, (5.4.15)

with -
HrK _ K K K K K K K K K
- [Qz 9 Qy 9 Qz 9 g;l}:l}? gyy? gzza gzy? sza gyz] Y

Ay, A

[y Ly 2z

]T, with A, — [AQ(KJ)’
BIK)  \B(K2) \BK3) \BKA
[AGUD | pBUD) | \B0D) a0

AU NI D]

Ay = )
Ao = [AZUED QR NS (U]
Matrices AX and C¥ change to

AN Z[AF AF AF AF AF AF AN AK A,

where .
AT = [iwpM® + > DRSS 0, o,
=1
o (CuDE + CisDE 4+ C16DY) , (C1aDE + CosDE + Cy6D]Y)
ey (Clg]D)f + 035}1])5 + 036]])5) , (ClG]D)zK + 056D§ + 066]1)5) ,
T
cees (015]1])? + C55D§ + C56]D)£{) , (CMD;{S + C45D§ + 046]1))5)] R
4
A§ =10, iwpM¥ + ZT(K’Z)EZK, 0,
1=1
- (Clz]D)ff + C14DE + C1DE) (022]]3)5 + CoaDE + CyeDE)
ey (CasD) + CauDE + C36DL),  (CosD) + CugDE + CeeDY)
T
o (0251[))5 + CysDE + Cs5DE) (0241[)5 + CuDE + CyDE)] ",
4
Ag( =10, 0, iwpM + ZT(K’I)EIK,
=1

ey (C13Df + CuDE 4 C16DL) ,  (CosDE 4 CouD)f + CosDE)
ey (033]]))5 + 034}1)5 + 035]])5) , (036]]])5 + 046D£( + 056]])5) ,

T
ey (C35DE + CusDE + Cs5DL) , (CouDE 4 CuDff + CusDE)]

- 1T
AKX = |-DE" 0, 0, wMK&, 0, 0, 0, 0, 0| ,

A =lo, -DIK", 0, 0, wM, 0, 0, 0, 0] ,

Af =10, 0, —DE" 0, 0, iwMX, 0, 0, 0| ,

- T
A? = —DfT, _D?T, 07 O’ O’ 07 ZWMK’ 0’ O] ?
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T
Ag(:[—]D)KT, 0, —DX", 0, 0, 0, 0, iwMK, 0} ,

T
Ag(:[o, -DK", -DE", 0, 0, 0, 0, 0, z‘wMK} :

cK=-[cK ck cf,

where
_ DK -
0
0
(C1QY + C15Q% + C16QY)
cY = [CK,, CK,, CK;, CK], with sz = | (C12QY + C25Q% + C26Q ) 1=1,2,3,4;
(C13QL + C35Q% + C36Q l)
(CreQy + 056@5 + Co6Q l)
(Clstz + C55Qzl + C56Q l)
(014(@95[ + CQf + C46le)
[ 0
T DRK
0
(C12Qf + 014(@21 + 016(@951)
CK =[cK, ck, ck, ck], with ¢f=|(CnQy+ 024(@21 + C26Q; ) 1=1,2,3,4;
(C23Qy; + 034QZ1 + C36Q; )
(C26Qy; + C46Qzl + Ce6Q;, )
(Ca5Qy; + C45Qzl + C56Q%)
(024le + 044(@21 + C46Q,7;l>
0
0
HKDRK
(C13Q% + CrQf + CmQﬂ)
CK =[cK, CK, cf, cX], with Cf = (cgngl + C4Qyy + Ca5Qs ) 1=1,2,3,4.
(C33Q% + C54Q + C55Q% )
(CSGQZl + C46Q,; + C56Q; )
(C35Q% + CusQf + C55Q%)
| (C54Qf + CaaQ)y + CusQY) |

The transmission condition on a face F; = 0K NOK ™~ is unchanged and its local discretization reads

as
BEWE + LEAK + RE = 0.

Matrices BX and LX and the vector RE are the same than in the isotropic case.

Finally considering a source term non-equal to zero and using the trace space operator Agpg, we

obtain a similar global system as (5.4.12)) in 3D and as (3.3.13) in 2D

> (Afpe)" [FBE(AF)TICK + LE] AfipoA = Y —(Afipe) TBF(A%)ISK.
KeTy KeTy
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5.4.3 BOUNDARY CONDITIONS

The discretization of the boundary conditions in 3D is similar to the discretization presented in
section . We remind the boundary conditions (3.1.4) and (3.1.6)

e Free surface condition over I'; : o -n =0,

e Absorbing boundary condition over I'y : ¢ - n— PA(¢',¢')PTv =0.

As in 2D, the boundary conditions are included in the last equation of the global formulation
(5.3.6) and modify the expression of the transmission condition

L) B L) E [l i)
Z/gz n+ Y /ga-

Fely Fely

(5.4.16)

where in our case, g; = 0 and g, = 0. Replacing gh -n by the expression (|3.2.10]), we obtain

Z/ - Z/ (Vi— ) -m— Z/ (PA@O,¢YPTA,) - =0.  (5.4.17)

Fery, FeF, Fely

Taking now into account the boundary conditions in the transmission condition, the HDG formulation
is written:

find (vi,g,, ) € V) x X} x M) such as: V(w,§,n) € VP(K) x ZP(K) X MY,

Z/ZWPKVh w — Z/ V a, W—I—Z/ (Vi = An) - = 0,

KeTy, KeTy, KeTh

> [ s+z/w< SO Y - > [re

KeTh KeT, KeT, KeTh
Z / N — Z / (Vvih—An)-m— Z / (PA(9/7¢/)PTAh) -n = 0.
FEF, FEF, Ferg VT

(5.4.18)
For the sake of clarity, we write Bc = PA(#,4')PT in the discretization of the last equation of

(5.4.18)) on the boundary I',
Q' ok @yl ok, + + Q" oK _ ;EDRKT WK 4 (KDGINSED _ ey  GF ABKRD

— BepaGF A — BepsGP AR =,
Qxl o le Jyy t @Zl Uyz - T(K’Z)FlKTQzI;{ + T(K’Z)Gjﬁg([(’l) — Bea GF AR

_ BCQQGF)\B(’“’) _ BC23GFA§(I<:,Z) —0,
Qxl oy + @yl Gyz + Qzl ok (KZ)FKTU + r(KDGI )\’B(K h_ Bc31GFA£(k’Z)

~ BegGF X — BegGF ARk — .

(5.4.19)

\

Then, for an element having an absorbing face, as in 2D, the inclusion of the boundary terms does
not modify the expression of matrix BX but affects only the values of some coefficients in matrix L.
For example if the face | = 1 of K is an absorbing face, LX becomes

L% =[LE LE LX],
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where LE =

0
G
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0 FE2)GR(K.2)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
G
0
0

0 0
0 0
G 0
0 G
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
FE3)GBK3) 0 ’
0 G
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
G 0
0 G

5.5 NUMERICAL RESULTS

This section is devoted to a preliminary numerical study of the performances of the proposed
HDG method in 3D. We first consider the simple test problem of a plane wave propagating in an
homogeneous medium. Then, we consider a geophysics test case the Epati model.

The 3D HDG algorithm has been implemented in a Fortran 90 software. As for the 2D algorithm,
the sparse direct solver MUMPS is used for the resolution of the linear system. The simulations are
performed on a computer system whose characteristics are:

e 2 x 12-core Haswell

e Frequency : 2,50 GHz
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Intel® Xeon® E5-2680 v3
Cache L3: 30 Mb

RAM: 128 Gb

Infiniband QDR : 40Gb/s

Ethernet : 10Gb/s
o AVX2

5.5.1 PLANE WAVE PROPAGATION IN AN HOMOGENEOUS MEDIUM

This analytical solution of this problem is the 3D extension of the problem of the propagation of a
plane wave in an homogeneous medium treated in chapter 2, 3 and 4. For this study, the computational
domain  considered is a plate (fig. . The characteristics of the medium are a mass density p=
1 kg.m™3 and Lamé’s coefficients A\, = and p = involving a velocity v,=4000 m.s~! and a velocity
vs=2000 m.s~ . On the boundaries we impose an absorbing condition such that the exact solution is
a plane wave. We choose a plane wave which propagates in the (x,y) plane

VmO
Vo
VzO
Ozx0
= | Oyyo
0220
Ozy0
Ox20
0yz0

_ i(ky cos Ox+k, sin 0 i(ky cos Ox+k, sin 6
U_vez( - x+ky sin Oy) ez( = x+ky sin y)’

where k = | /k2 + k2 + k2 = o is the wavenumber. The incidence angle ¢ is equal to 0° and the

frequency f is equal to 2 Hz, and thus the angular frequency w ~ 12,56. If we choose arbitrarly Vo,
we can express the other components as

kaoky (A + p)

Vo= y Vso,
YT pw? — K2y — k2(A +20) "
koks (N +

Vg = (A+p)

pw? — k2 — k2(A + 2p) "

x

-1
a0 = (ko (N4 2p) Vo + Ay Vo + Ak V20)

Tyy0 =~ - (ky (A +20) Viyo + My Vo + Ak Vo)

(Mex Vo + Moy Viyo + (A + 2p) k2 Vao)

-1
0220 =
w
_TH
Ozy0 = 7 (kyVmO + km‘/yO) )

Ogx20 = %Iu (szmO + ka:Vz0> 5

| o:0 = _j“ (k=Vyo + &y Vao)

The computational domain 2 is discretized by three meshes whose characteristics are presented

tab. B0l
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Fig. 5.5.1: Plane wave propagation in a 3D homogeneous medium: configuration of the computational
domain {2 .

’ Mesh ‘ # Mesh elements ‘ # Mesh vertices ‘ # Mesh faces ‘ Rmin, (m) ‘ hmae (m) ‘ hmaz [ Pmin ‘

M1 5 150 1350 11 300 292 955 3.27
M2 10 000 2 550 21 700 231 811 3.51
M3 15 600 3 600 33 500 156 709 4.54

Tab. 5.5.1: Plane wave propagation in a 3D homogeneous medium: characteristics of the three meshes

In order to validate the 3D HDG formulation, we present in tab. the relative error on V,
and o,, components. The stabilization parameter has been taken equal to vf,, as we have observed
in the 2D study that it seems to be an optimal value. We observe that for the interpolation orders
considered, the numerical convergence on V, is maintained, i.e. we converge with order p + 1. For 0.,
the numerical convergence appears to be suboptimal for the three meshes considered. This suboptimal
convergence can be explained by the fact that in 3D, it is difficult to refine correctly the mesh. In our
example, the finer mesh is not a refinement, strictly speaking, of the coarse mesh.

On fig. [5.5.2b] we plot the numerical solution that we obtain with the HDG-P3 scheme used on the
third mesh. A 2D view on the plan z = 0 is given on fig. We compare this solution to the
exact one (fig. and fig. for the 2D view) on figs. [5.5.2¢| and [5.5.3c|

On tabs. [5.5.3] 5.5.4] and [5.5.5] we compare the 3D HDG computational performances to the ones
of the 3D IPDG formulation. We remark that for p = 1 and p = 2, both methods have similar number
of degrees of freedom and require the same memory space and computational time for the global
system construction. For the resolution time, the HDG method starts to need less time for p = 2. The
memory consumption begins to be more important with the IPDG scheme for p = 3. Moreover, from
p = 3, we remark that the HDG global matrix construction requires more time than the IPDG global
matrix, but taking into account the resolution time, the HDG method is more performant. Finally,
the IPDG-P4 scheme has not been used for the second and third meshes because of high memory
consumption.
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# elements | Interpolation Relative Relative Convergence | Convergence
degree Error V,, (%) | Error 0., (%) order V, order oy

5 150 28.7 45.97 - -

10 000 1 20.07 36.1 2.0 1.5
15 600 15.97 30.5 1.93 1.3
5 150 6.4 8.75 - -

10 000 2 2.9 5.0 4.8 3.4
15 600 2.2 4.0 2.1 1.7
5 150 7.2 7.8 - -

10 000 3 3.19 3.85 4.98 4.3
15 600 2.4 3.18 3.5 1.4

Tab. 5.5.2: Plane wave propagation in a 3D homogeneous medium: relative error on V, and 0., and
convergence order.

(a) Exact solution (b) HDG-Ps5 solution

00286 Rﬁesul‘r

E0,0Q

i0,0]

1,63e-09 -

(¢) Absolute error

Fig. 5.5.2: Plane wave propagation in a 3D homogeneous medium: V, component, mesh M3

5.5.2 EPATI

Finally, we test the 3D HDG formulation on a geophysical benchmark: the Epati test case. The
configuration of the problem is presented fig. We discretize the computational domain into two
meshes whose characteristics are given on tab. [5.5.6]
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(a) Exact solution (b) HDG-P;3 solution

1,63e-09

(c¢) Absolute error

Fig. 5.5.3: Plane wave propagation in a 3D homogeneous medium: 2D view of V; component, mesh
M3

The numerical solution computed with the HDG-P3 is presented on figs. [5.5.5a] to [5.5.5¢,. We compare
the memory consumption of the HDG method to the one of a classical FE method, the classical
Lagrange FE method (tab. . On the first mesh, the memory consumption of both methods is
similar, but when we refine the mesh the HDG method requires more memory space than the FE
method for a same interpolation order.
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# Mesh elements | Interpolation | Non-zeros terms # dof fill rate (%)
degree

HDG IPDG HDG IPDG | HDG IPDG
5 150 6.7e+06 3.4e+06 | 1.0e4+05 6.2e+04 | 0.065 0.090
10 000 1 1.3e+07 6.7e+06 | 1.9e4+05 1.2¢e+05 | 0.034 0.047
15 600 2.0e+07 1.1e+07 | 3.0e+05 1.9e+05 | 0.022 0.030
5 150 2.7e+07 2.1e+07 | 2.0e+05 1.5e+05 | 0.065 0.090
10 000 2 5.2e+07 4.2e+07 | 3.9e+05 3.0e+05 | 0.034 0.047
15 600 8.1e+07 6.6e+07 | 6.0e4+05 4.7e+05 | 0.022 0.030
5 150 7.4e+07 8.6e+07 | 3.4e+05 3.1e+05 | 0.065 0.090
10 000 3 1.4e+08 1.7e+08 | 6.5e4+05 6.0e+05 | 0.034 0.047
15 600 2.2e+08 2.7e+08 | 1.0e+06 9.4e+05 | 0.022 0.030
5 150 1.7e4+08 2.6e+08 | 5.1e+05 5.4e+05 | 0.065 0.090
10 000 4 3.2e+08 - 9.7e+05 - 0.034 -
15 600 5.1e+08 - 1.5e+4-06 - 0.022 -

Tab. 5.5.3: Plane wave propagation in a 3D homogeneous medium: number of non-zero terms in the

global matrix.

# Mesh elements | Interpolation Memory (MB) Memory ratio
degree
HDG IPDG | HDG IPDG.
5 150 3.5e+03  3.2e+403 1 0.93
10 000 1 4.9e4+03 4.4e+03 1 0.89
15 600 7.1e+03 6.3e+03 1 0.88
5 150 6.7e+03  7.5e+03 1 1.11
10 000 2 1.2e+04 1.4e+04 1 1.18
15 600 2.1e+04 2.6e+04 1 1.23
5 150 1.4e+04 2.3e+04 1 1.61
10 000 3 2.8¢+04 4.9e+04 1 1.74
15 600 5.3e+04  9.8e+04 1 1.85
5 150 2.7e4+04 8.5e+04 1 3.11
10 000 4 5.9e+04 - 1 -
15 600 1.2e+4-05 - 1 -

Tab. 5.5.4: Plane wave propagation in a 3D homogeneous medium: memory consumption.

CONCLUSION

In this last chapter, we have extended the HDG formulation to the 3D elastodynamics equations.
The preliminary results on a simple test case that we have presented confirmed the numerical
convergence of the method. They also show that when compared to IPDG method, the HDG method
is still performant in memory and computational time. On a more realistic test case, we have compared
the HDG method to classical FE method, and in this case, it seems to be less competitive. However in
this preliminary 3D study, all the properties of the HDG scheme have not been used. For example, we
have not test the p-adaptivity, which can improve the HDG costs by, as we have seen in 2D, reducing
the computational costs to p — 1 or p — 2 computational costs and giving a solution with the same
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# Mesh elements | Interpolation | Construction time (s) | Solution time (s)
degree

HDG IPDG HDG IPDG
5 150 3.8 3.7 24.9 18.2
10 000 1 5.0 6.9 51.7 39.7
15 600 7.4 10.2 96.1 111.7
5 150 19.5 15.3 103 108
10 000 2 37.7 29.1 238 373
15 600 58.7 44.6 640 1172
5 150 135 o1 388 769
10 000 3 229 99 976 2435
15 600 348 155 3245 5676
5 150 512 147 1313 9868
10 000 4 1008 286 3935 -
15 600 1395 - 14270 -

Tab. 5.5.5: Plane wave propagation in a 3D homogeneous medium: time required for the global matrix
construction and for the system resolution.

’ Mesh ‘ # Mesh elements ‘ # Mesh vertices ‘ # Mesh faces

M1

500

150

1100

M2

6 400

1370

13 500

Tab. 5.5.6: Epati test case: characteristics of the two meshes.

accuracy than a HDG-P, solution.
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Fig. 5.5.4: Epati test case: Models of dimension 1.8 x 1.4 x 1.2km. 3D representation (left) and
vertical section at y = 700m (right).
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# Mesh elements | Interpolation # dof Non-zero terms Memory (MB)
degree HDG FE HDG FE HDG FE
500 1 1.0e+04 3.5e+02 | 5.8¢+05 1.1e+04 32 57
6 400 1.2e+05 3.6e+03 | 7.3e+06 1.4e+05 7124 332
500 2 2.0e+04 2.7e+03 | 2.3e+06 1.8e+05 125 311
6 400 2.4e+05 2.9e+04 | 2.7e+07 2.2e+06 | 1.7e+04 909
500 3 3.4e+04 8.3¢+03 | 6.5e+06 1.0e+06 354 451
6 400 4.0e+05 9.4e+04 | 8.1e+07 1.3e+07 | 3.7e+04 3350
500 4 5.1e+04 1.9e+04 | 1.4e+07 3.7e+06 794 749
6 400 6.1e+05 2.2e+05 | 1.8e+08 4.6e+07 | 6.1e+04 1.0e+04
500 5 7.2e+04 3.5e+04 | 2.9e+07 1.0e+07 1613 1293
6 400 8.5e+05 4.2e+05 | 3.6e+08 1.3e+08 | 1.2e+05 2.4e+04

Tab. 5.5.7: Epati test case: number of degrees of freedom, non-zero terms in the global matrix and

memory consumption.
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(c) Vertical section at y = 700 m.

Fig. 5.5.5: Epati test case: HDG-P3 numerical solution on mesh M2, with a frequency f = 2.
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GENERAL CONCLUSION

In this thesis we have proposed an hybridizable discontinuous Galerkin method for solving the
anisotropic elastodynamics wave equations in harmonic domain, in two and three dimensions.
We have analyzed the performance of the proposed method in 2D on simple test case and compared it
to classical DG methods. We have shown that the HDG method provides a more accurate solution for
less computational cost provided that the order is high enough. The next step will be the comparison
with classical FE methods in order to emphasize the efficiency of HDG.
We have also noted that, for scattering problems, the HDG scheme is more sensitive to the curvature
of the obstacles, which could be resolved using curved elements.
We have illustrated the usefulness of the p-adaptivity in 2D, which allows to reach the accuracy of a
global method of degree p for the costs of a global method of degree p — 1 or p — 2. This feature is
already implemented in the 3D code. We now have to determine an accuracy criteria for assigning an
order to a given cell, similar to the criteria we proposed in 2D.
For the numerical analysis of the scheme, we have shown that the HDG method could be rewritten
as an upwind fluxes DG method and one of our perspectives is to use this equivalence in order to
perform a dispersion analysis following the work of Ainsworth, Monk and Muniz [64].
We have observed the impact of the stabilization matrix on the accuracy of the HDG solution. In this
thesis we have considered a diagonal matrix and it could be interesting to study another form for the
stabilization matrix especially for the 3D case where we did not obtain an optimal convergence. Once
this is done, we could extend the 3D to higher order and make a performance analysis similar to the
2D case.
Another improvement would to apply a post-processing to the Lagrange multiplier in order to increase
the accuracy of the solution following the work of Cockburn, Guzman and Wang [74].
We have shown that HDG could be used for 2D simulation on geophysical benchmark, and we will
now implement the method in a Reverse Time Migration software, the ultimate goal being to couple
HDG method with a full waveform inversion solver. In order to tackle more realistic test cases in 3D,
it will be mandatory to improve the linear solver and we are now considering the use of an hybrid
solver such as Maphys developed by the INRIA team-project HIEPACS.
We plan on long-term to extend the HDG method to elasto-acoustic coupling in order to tackle offshore
seismic imaging.
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CONCLUSION GENERALE

Dans cette thése, nous avons proposé une méthode de Galerkine discontinue hybride pour résoudre
les équations d’ondes élastiques anisotropes en domaine fréquentiel, en deux et trois dimensions.
Nous avons analysé les performances de la méthode proposée en 2D sur un cas test simple et nous
I’avons comparé & des méthodes DG classiques. Sur un maillage donné et pour un méme ordre
d’interpolation, la méthode HDG permet d’obtenir une solution aussi précise mais en utilisant des
cotits de calcul plus faibles. La prochaine étape sera de la comparer avec des méthodes FE classiques
dans le but de démontrer l'efficacité de la méthode HDG.

Nous avons aussi remarqué, pour les problémes de diffraction, que le schéma HDG est plus sensible
aux obstacles courbés, ce qui peut étre résolu en utilisant des éléments courbes.

Nous avons illustré 'utilité de la p-adaptivité en 2D, qui permet d’obtenir la précision d’une méthode
globale de degré p avec des cotits de calcul d’'une méthode global de degré p — 1 ou p — 2. Cette
caractéristique est déja implémentée dans le code 3D. Nous devons maintenant déterminer un critére
de précision pour assigner un ordre & une cellule donnée, de maniére similaire au critére que nous
avons proposé en 2D.

Au niveau de ’analyse numérique du schéma, nous avons montré que la méthode HDG pouvait
étre réécrite comme une méthode DG a flux décentrés et une de nos perspectives est d’utiliser cette
équivalence dans le but d’effectuer une analyse de dispersion similaire aux travaux de Ainsworth,
Monk et Muniz [64].

Nous avons observé 'impact de la matrice de stabilisation sur la précision de la solution HDG. Dans
cette thése nous avons considéré une matrice diagonale et il pourrait étre intéressant d’étudier une
autre forme de matrice de stabilisation, en particulier pour le cas 3D ol nous n’avons pas obtenu une
convergence optimale. Une fois cela fait, nous pourrons étendre le 3D aux ordres élevés et effectuer
une analyse de performance identique & celle que nous avons fait pour le cas 2D.

Une autre amélioration serait d’appliquer un post-processing au multiplicateur de Lagrange afin
d’améliorer la précision de la solution, comme cela est fait dans le travail de Cockburn, Guzman et
Wang [74].

Nous avons montré que la méthode HDG pouvait étre utilisée pour la simulation 2D de benchmarks
géophysiques, et nous sommes actuellement en train de la mettre en oeuvre dans un logiciel de RTM,
le but ultime étant de coupler la méthode HDG avec un solveur FWI. Dans le but de traiter des
cas tests 3D plus réalistes, il devient indispensable d’améliorer le solveur linéaire et nous sommes
actuellement en train de considérer 'utilisation d’un solveur hybride tel que Maphys développé par
I’équipe-projet INRIA HIEPACS.

A long terme, nous souhaiterions étendre la méthode HDG au couplage élasto-acoustique afin de
traiter de plus larges problémes d’imagerie sismique.
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A ANALYTICAL EXPRESSION OF THE PLANE WAVE IN AN HOMOGENEOUS
MEDIUM

We remind that the incident field of a plane wave reads as:

VxO
Vo
U= | omo |e i@hetzks) (A.1)
0220
020

U is solution of the wave equation (2.1.1). Replacing (v, v,, 02z, 02z, O'zZ)T in system ([2.1.5)), we
obtain:

iwvxoe_i(zkx-i—Zkz) _E(kxaxxo + kzO':tZO)e_i(xkx—i_Zkz)
P
iwVope—i@hetshs) _ﬁ(kxgxzo ko )e i (@hatzhs)
iwoggoe @R t2h) = [\ + 20) Ky Vig + M, Vigle i Tk t2kz) (A.2)
iwo e~ TRt ke) = Nk, Vig + (A + 200) k. Vagle (7 +2k2)
iwopspe Rt = iy Vag + ke Vag)e T (et ok

If we replace 0440, 05,0 and 04,0 in the two first equations by their expressions given by the three
last, we get:

pw?Vio = Violk2(\ + 2u) + pk?] + Viokeko (X + 1) (A3)
p?Vig = Violk2(A+ 2u) + pk2] + Visokoka (A + 1) '
And so: bk () )
2Rz (A +
V. = Va
’ pw? — k2 — k2(A + 2p) ™
w?Veo = | (ko2 + )7 + E2(A + 2p) + k2p]V, .
PO T LT TR 2 — k2 e T A T
According to the second equation of the above system, we have:
(k2 + k2)%(cpesp)? — p*w?(cp + ) (k2 + k2) + pPw® = 0 (A.5)
(ﬁ)Q k, = ci cos(0) k, = “ cos(#)
K2+ k2 = % , o ' or C(j (A.6)
(—) k., = — sin(0) k, = — sin(6)
CS Cp Cs

Consequently, we can choose arbitrarily V.o and compute the others components of U.
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B ANALYTICAL SOLUTION OF THE DISK-SHAPED SCATTERER PROBLEM

In this section, we recall the analytical expression of the solution of the scattering of a plane wave
by an elastic disk-shaped configuration. This analytical solution is expressed in the form of Fourier
series. In the case of an infinite solid domain, the total displacement field u can be expressed using
two others displacement fields u' and u? as

u=u'+u?. (B.1)
Each of these displacement fields u/, j = 1,2, can be written with the help of two potentials ¢ and 1)

ul = Vol + (—e,) x Vo, (B.2)
u? = Vo2 + (—ey) x V2, (B.3)

where
ot = ZAl ) (kpr) cos(nd), Pl = Z A2 HW (k1) sin(nd),
ZA" w7 (kpr) cos(nd), Z AL HO) (ko) sin(nh),

and e is the third vector of the cartesian basis. H,(Ll) and H, 7(12) respectively represent Hankel’s functions
of first and second kind, defined such as

4
=

—~
8

~
I

In(z) + 1Y, (x)

HP () = Jo(z) — iYy(2). (B4

The Hankel function of second kind is the conjugate of the Hankel function of first kind. J,, and Y,, are
respectively Bessel’s functions of first and second kind. k, = Y is the P—wave number and ks = —

Up Vs
the S—wave number. In polar coordinates, we have
. O¢) 1 0¢7 .
= 3 ©r — A, €0, = ]-a 2a
Vo=t gger
1 81/1 GW .
J— ] pu—
(—ea) x VI = ~er — ep, j=12.
This allows us to write
W = ule, + ugeg, (B.5)
u=(uy +u?) er + (uj +uj) ep, (B.6)
o¢) 1 81/13 1047 Ol
h J=— d = -
where W= i eg MY T g T ar

Since the polar basis vectors e, and ey are given in the cartesian basis by (cosf,sin)! and
(—sin 6, cos ) respectively, it follows that the components of the displacement field can be expressed
in the cartesian basis as

{ux = wuprcosf —ugsing = (u}+u?)cosd — (up + u2)sind, B.7)

u, = wupsinf4ugcosd = (ul+u?)sinf+ (uj+ul)coso,
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with
+oo

" go (A HY (ypr) + A2 H (D (k)] cos(n),

f [ % W (kepr) — A2k, H(l) (ks r)] sin(nf),
n=0

Z [ASk H? (k pT) + A4H£2)(ksr)} cos(nf),

+

Z [ k) — Aﬁkst)’(kSr)] sin(nf).
Knowing that derivatives of Hankel s functions are determined by one of the two recurrence relations

(4)
. —HY) (2) forn=0
G () = ntl » ’
Hy; (l’) { Hr(zj—)l(l‘) — ﬁH;lJ)(gj) forn > 0,
T

or

_gWw (z) forn =10
(])/ _ n—'i—l ) ’
Hy; (x) { _Hg—i)-l(x) 4 EI—LSJ)(:U) for n > 0,
T
we choose to write arbitrarily
(1)
, —HY (%) forn =0
H(l) — ntl ,
n (:U) { —H7(11421($) + %Hél)(x) forn > 0,
and (2)
) —-H\Y (2) forn=20
@) () — n+l ’
Hy7 (x) { H7(12_)1($) — ﬁH}f) (z) forn>0.
T
Finally this leads to
“+00 , n ’ n
wr =37 [k HEY (kyr) + A2 HD (k) + ALk B (k) + A~ HP (k1) | cos(n)
:ig (B.8)
uy = Z [_Arlngy(ll)(ka) - AiksHy(Ll),(ksT) - Ai%Hr@(k’pr) - Aflkng),(k‘s?“)} sin(nf).
n=0

In order to determine coefficients AL, A2, A3 and A2, we have to use the boundary conditions. We get
u = —u'" on Iy, (B.9)
an=v,(v-n)n+uvs(v-t)t on I'y. (B.10)

We recall the reader to refer to figure for the definition of the boundaries I'y, and T'y. ©'™ is the

incident wave which is written as

uine — véznc + (_ez) % Vwinc,
with 1™ = 0 and

“+o00

P = Z end" Iy (kpr) cos(nf)
n=0
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1 ifn=0,

Wh“e&lz{ 2 ifn>1

. And finally we write

ine 8¢znc 1 a¢2nc
U

~or e
= Zanz cos(n0)kyJ), (kpr)ey + Z —Enz " Jn(kpr) sin(nf)eg
n=0 =

If we develop the equation
on=v,(v-n)n+uvs(v-t)t,

in polar coordinates, we find
Orr = WPURUr,

. (B.12)
Org = IWpUsUg.
o and 0,9 can be expressed in terms of potentials ¢/ et ¢/
Orr = O-v%'r + 0-7%1" = Z O-¢] + o';ﬁj’
=Lz : (B.13)
J J .
09 = Olgtory = Y oty
=12
where
J g,
= AAP +2u 52

j 1 9yJ
Y =
T = 20 [87’ (r 00 )]

o 2M(1a2¢ﬂ 1a¢>7)

r000r r2 00
R i82¢j o (1 8¢J
Tro T H |2 062 8r r Or '

where ¢/ satisfies the Helmholtz equation

A¢) =~k
This yields
—k2 ZAh W (kpr)cos(nf), h=1or 3.
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Then, by some calculations, we obtain

i = AlK2HO( 0
5 = Z (kpr) cos(nb),
n=0
o (1owy _ Tiow 1ot
or \r 00 B 7"2 89 r Orof
= ZAl r)(n cos(nd))
+ %Z:ﬁ% Alnk:SHT(l) (ksr) cos(nf), 1 =2oud,
0*¢1 NS g O :
o500r = nZ_OAnkPHn (kpr) (—n51n(n(9)),
0’ SN 4 .
20 = ZOAZH#)(W) (—nsin(nd)),
0?1J
507 = ZOAZ HY) (kyr)(—n? sin(nb)),
O (Low _ 10w 10%)
or \r or N 7‘2 87‘ r Or?
= ZAl ks HO (kgr) sin(nf) + ZAZ k2HY) (kgr) sin(n#).
n=0
In summary, for o', we get
( +oo
ot = 3 [ALRE (SAHD Gpr) + 20D (kyr)) +
n=0
2 1 /
Ai—n <—H,(11)(/~cs7“) + k HY (ky"))] cos(nf),
wor N X (B.14)
n ’
U;G = NZ [_2A%Lr (kar(Ll) (kpr) — THél)(kpr)> +
n=0
2
A? <—”2H7gl>(k8r) + lksﬂgﬂ’(ksr) - kﬁH,@”(ksr})] sin(nf).
\ r T
]{72
In addition, since k}Q) (A +2p) = k2p, we obtain A = k—‘;,u — 2u. Moreover, we remark that
2
" ]_ /
(1) — - g (11— (1)
HY (hyr) = = HY (k) = (1= ) Y Gy
e n n® o)
= —H ~ " g - .
ka n—l—l(kpr) (ka)2 n (ka) ( (ka)2) n (kpr)
It follows that
( R 1
ol = Z A}LT—';L (<n2 —n— 21{:27“2) HWY (kyr) + kyrH 7(1421(]‘; )> +
n=0 -
2un
A2 3 ((n — 1) H Y (ker) — k TH,(Zle(k: ))] cos(nb),
+oo 9 (B15)
pun
ot = 3 |~A T (0= 1) HO (yr) — kyr HLY, (pr) ) —
n=0 -
2 1
\ A2 75 <<n2 —n— 2k§r2> HWY (kgr) + ksTHlele(ker] sin(n@).

177



We can do the same for gQ and we obtain

4 +OO
of = D0 [ (k2 = 282) B (kyr) + 262HP (ypr) ) +
n=0
244" <_1H,<L2>(ksr) + kSHf)’(ksr)ﬂ cos(nd),
r\ r
Yoo . (B.16)
oy = Z [_QA:;M” (ka1(12)/(kp7") - Hle)(kpr)> +
T r
n=0
2
Aty (-’;HT@(W) + %ksﬂffy(ksr) - kﬁH,@”(ksr))] sin(nf).
If we sum these two systems, we finally get for o
~+00 21 1
o =y [A}LT? ((n2 —n— 2k§r2) HY (kyr) + kprHY, (K )) +
n=0
2un
a7 (< 1) HD (k) = kg Y, (kyr) ) =
3 (K2 = 202) HE) (eyr) + 262" (hyr) ) +
244" <;1H§L2)(ksr) bR H) (k:sr))] cos(n),
too B.17)
2un (
= 2 A2 (0= 0 B ) — B () ~
A%% (<n2 —n— ;k‘zr2> HT(LI)(kSr) +k TH,glﬁl(ksT)> _
2A%M; <ka7(12)/(kpr) - 714H7(12)(k3p7“)> +
2
Aty <—:2H,(L2)(k:sr) + %k:SHff)/(ksr) K2H®" (kg 7"))] sin(nf).
To summarize, using boundary conditions, we get
e At r=a,
+oo
3 [A}Lkaf})' )+A2 HO (k) + A2k HP (kyr) + ALZ H@)(k )| cos(nd) =
4o (B.18)
- Z eni"kyJ,, (kpr) cos(nb),
n=0
+oo
Z [_A}%ﬁﬂr(zl)(kpr) - AiksHysl)/(ksr) - Aiﬁﬂr(?)(kpr) - Aéker(?)/(ksr)] sin(nf) =
r r
n=0 oo .
Z;Enl In(kpr) sin(nf).
n=0
(B.19)
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+oo

9 1

Z [Al r—'u <(n2 —-n— 2/@27“2) Hr(zl)(k'pr) + kerr(zlle(kpr)> +
A2 2'“’7” <(n — 1) Hél)(ks?“) — kSTH,(ll_gl(ka)> -

K2 _ ka) H(Q)(kpr) + Qkf,H,?)”(kpr)) +

S n

2Af“u; <;1H}l2)(ksr) + kSHT(LQ)/(kST))] cos(nb) =

+oo
iwpvy Y | AbkpHSY (kpr) + AZZHD (kyr) + Ay HEP' (kypr) + AL H) (k)| cos(n),
n=0
(B.20)

“+o00
2un

zj}Al(wfmuﬁW@>—%ﬂéﬁ%po—
A2 (== gp2e?) B ) + )y () -
n )’ L@
p— |\ kpHy” (kpr) — —H,7 (kpr) | +

r r (B.21)

n2 1 ’ "
" <_ @) (kgr) + —ks H' (kor) — K2HP (k:sr))] sin(nd)
T

n P2
+oo

= WP, Z [_ATIL;HS)(]%T) - Aiker(zl)/(ksr)_
n=0

AL HD () — Aiksﬂ,@’(ksr)} sin(nf).

n r n
Since n represents modes of Fourier’s serie, we compute the coefficients Ai'“ j = 1,4 by solving the
following system at each Fourier mode n, since C,, is inversible

C,A, =B,, (B.22)

where C, = (Cp(5,1) Cpn(;,2) Cp(:,3) Cp(:,4))
B Y ()
—ZH(I)(k‘pa)

n
2

W Gl ) = | (02 = G207) HO ) + b (50 ) = i Y ) |
“n <(n — 1) HO (kb) — kpbﬂgﬂl(kpb» + iwpvsnﬂHfll)(kpb)
2 HY (kya)
a i
_ksH}ml) (ksa)
Cn(:,2) = 1) HO (kyb) — kbHW, (kb)) — 4 b HO (b
: (0= 1) B (hsb) = ko (b)) = iwopogy D (ki) |

1 b2y
- <<n2 —n— 2k§b2> HW (kb)) + kstSjl(ksb)> + z‘pr@HS) (ksb)
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ka}f)l(k'pa)
2 HP (kya)
. J— " / 2
CnloB =1 (= (2 = 282) B (b + 262D (b)) — o (k) a

—nb ( k,H®' (k,b) — [1)H7§2)(kpb)> + z’wpvsniH,?)(kpb)
*Hr(?)(ksa)

—kH? (kya)

Cu(:,4) = -

nb <bH§f)(ksb) + k:sﬂff)/(ksb)) — iwpvpniHT(LQ)(ksb)

2
n2 1 ’ " ! ]— / b2
(<_b2H,22)(ksb) ko P (h,b) — 2H ) (ksb)> +iw?p— HP (ksb)>
1

Q3

Al _ﬁninkpjukpa)
A? —eni" Jn(kpa)
A y B, = a VP
n A% ) n 0
An 0
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C ANALYTICAL SOLUTION OF THE ELASTIC SOLID SCATTERER PROBLEM

Like in the previous section, we recall here the analytical solution in the form of Fourier series of
the elastic disk-shaped solid scatterer problem. The displacement field w is represented with the help

to two potentials ¢ and
u=Vo+ (—ez) x Vi, (C.1)

where, in the case of a circle, like the domain 2, we refer to figure for the domains €2, Q,, £,
+oo
O =3 = Z A3 T, (kpr) cos(nd),
n=0

+o00o
=13 = Z AL T, (kgr) sin(né),

n=0
and in the case of a ring like €
+o0
=1+ 2= ZAn " (kpr) cos(n) + ZA5 2 (k) cos(nb),
n=0
Y=+ = E:AQH(1 (ksr) sin(nf) + ZAG 2 (kgr) sin(nd).
n=0 n=0

. . . . w w )
e, is the third vector of the cartesian basis. k, = — et ks = —. Hr(Ll) represents the Hankel’s function

Up Vs
of first kind defined such as
H(z) = Ju(z) +iVp(2), (C.2)

with J, et Y,, Bessel’s functions respectively of first and second kind. Hr(f) is the Hankel’s function of
second kind defined such as

HP () = Jo(z) — i¥y(z). (C.3)
In polar coordinates, we get
8¢ 10¢
V¢ Ir er + *% €9,
109 oY
(—ez) x Vip = 0% T B, %
It follows that
U = urer + ugey, (C4)
99, 10y _ 199 Oy
where UT_E+;% and ug = ~50 " o

Since polar vectors e, and ey are defined in cartesian basis by (cosf,sinf)" and (—sin#6, cos6)!
respectively, we obtain the components of the displacement field in the cartesian basis

Uy = UpcosO — ugsind,
{ u, = Upsinf + ugycosh. (C.5)

Then, in ,, the components of displacement field us are written

U3y = U3 cosH — uggsinb, (C.6)
Uz, = U3Sinf + usgcosb, '
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where
“+00

Usy = Z [A?Lkpjfl(kpr) + %Afﬁan(ksr)} cos(nd),
n=0
+oo N

ugo = > [ A8 (ko) = ARSI, (or) | sin(n).

n=0

In €, the components of displacement field u; are written
Ul2e = Uz + Uy = UlrCOSH — uigsind + ug, cos — ugg sin b
= (U1, + ugr) cos @ — (u1g + ugg) sin b,
U1, = Uiy +U2, = UrSiné + uqgcosd + uy,sinf + uig cosd

= (u1r + ugy) sin @ + (u1g + ugg) cos o,

where N
Uy = Z {A,llkszr(Ll)/(k:pr) + EA?LHS)(IR:ST)] cos(nb),
n=0 "
+0oo n ,
U = Z [—A}I—H,(ll)(k‘pr) — A2k HWM (k‘sr)} sin(n#),
n=0 r
= ’ n
Ugy = Z [AZ/{Z,H,(ZQ) (kpr) + —AngLQ)(k:Sr)] cos(n@),
n=0 "
+0o0o n ,
usp = Y |~ A T HP (kyr) — Ak HP' (k)| sin(nf),
r
n=0
SO we get
= ’ n / n
war = Y | ALk HY (kyr) + ZAZHD (ker) + Al H) (kyr) + ZASH (k)| cos(nf),
n=0
= n ’ n ’
wizg = Y [~ AL HD yr) = AZRH (k) = A5 % P (kyr) — ALk, P (k)] sin(no).
n=0

Derivatives of Hankel’s function are determined by the following reccurence relations

1)
, —H'\Y (%) forn=20
n (@) { —H (@) + S H (@) for n >0,
(2)
, —H\Y (2) forn =0
H(z) —_ 7'L+1 ’
o (%) { Hr(zz—)l(x) — EHT(LQ) () formn >0.
x

In the same way, the derivative of the Bessel’s function of first kind is

—Jnt1(x) for n =0,
J(x) = n
" —Jny1(x) + EJn(x) for n > 0.
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Using these definitions we rewrite w;- and u;g, 1 = 12,3

“+00
n n
Uz = T%:O {Aikp (—Jn+1(kpr) + W%(kﬂ)) + TAfLJn(ksr)] cos(nb),
400 n n
w=3 A0y — Atk () o)) i),
= (1) n n
1 1 2 1
Uz = n;) [Ank;p <—Hn+1(kpr) - —kaH,(L )(kpr)> + —ATHD (ker)+
Aty (B2 ) = D) ) + 2 AL ()| costus),
pr T
S 1) n
_ 1 1 2 1
U120 = HE:O |:_An,an (k‘pT) — Anks <_Hn+1(ks7ﬂ) + kSTHn (k’sT)> _

AL ZH ) (kyr) — ASs (H,S?lwsr) -

sT

In order to determine coefficients A%, i = 1,..,6, we use boundary conditions. We get

{ e _ on I

inc _ as
a,,n +o"n = g.n
g, =Up (vig-m)n+vs (vi2 - t) t on I'y.

We refer to figure for the definition of boundaries T';, and T',.

u™ is the displacement field of the incident wave described by
uinc — v(ﬁmc + (_ez> % Vwinc,

with '™ = 0 and
+o00o
P = Z end" Jn(kpr) cos(nh),

n=0

b 1 iftn=0
where e, = § fn>1"
In summary, we have

inc

_ ad)znc 1 a¢znc

ar a0
+o0o +oo “n
= Z ent" cos(nb)kyJ,, (kpr)er + Z TEnian(ka) sin(nf)ey,
n=0 n=0

The free surface condition on I'y is given by

nc
U’r‘@m + O'Tg - UT937

{ UTTlQ + O—:’L"ac = O-T"r'ga
and the absorbing condition on I'y by

Orry =  WURUI,
0'7n912 = WWUsU129-
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1 Hé”(kﬂ))] sin(nf).

(C.10)

(C.11)

(C.12)

(C.13)

(C.14)
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The components o, and 0,9 of o are expressed such as

_ ¢ 1)
{ O = oo (C.17)
Org = Opg + Orps
where
2
U'?'r = )‘A¢ +2 %a
Y 10y
ar raf )|’
of =2 (= 1 &%¢ — i@
0=\ o0or ~1200)°
v _ (LW _ 0 (10¢
o= \ 2002 " "ar \ror ) )
¢ satisfies the Helmholtz equation
2
A¢ = _kp¢7
&)
B ZAh (kpr) cos(nb),h = 1,3 orb,
and Cy(kpr) = H,(Ll)(k:pr), JIn(kpr) or J28S )(k‘pr). For g we get
+oo
2u 1
Oy = Y [A}ka, <<—)\ ~ Tz (ot () = n2)> HD (kyr) + 2’% H), (k, )) -
n=0 P
2/1,14721% (‘71 (1—-n) H,(Ll)(ksr) k Hfllﬁl(ksr)” cos(nf),
+oo
n n—
org, = ,uz [—QA n, < k Hé?l(kpr) + TH}ll)(kpr)> +
n=0
A22 (% (—n? +n+ 3(ksr)?) H,(LI)(k:Sr) - ksH&zl(ksr))} sin(nd).
(C.18)
For g,
+0o0
2u
Oppy = Z [A?lk:g <()\ + )2 (n - (k‘pr)2 + n2)> Hf)(k:pr) - 2ukH7(12)1(k:pr)> +
n=0 p
A8 (*71 (1+n) H? (ker) + kSHT(i)l(ksr)ﬂ cos(n).
“+o0o
n n+1
Orfy = NZ |:_2A?L,r <ka7(12)1(kp7') T, HT(L2)(ka)> +
n=0
Ag% (—% (n*+n— %(ksr) ) H. i )(kz r)+k H(g)l(k: 7"))} sin(nf).
(C.19)
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For a

“+o00
S [Agk; <

<_/\ _ 2 5 (n+ (kpr)* — n2)> In(pr) + 2M]<;rjn+1(kpr)) "
(

=L (1 = n) Jy(ksr) — ksJns1(ksr))] cos(nb),

n n—1
i = 1S [ (bt + ) ¢
1

AL2 (2 (=n? + n+ (ksr)?) Ju(ksr) — ksJni1(ksr))] sin(nd).

(C.20)
Finally for ginc

+oo
, 1 k,
gine = E Ent" K—)\kQ - 2,ur— (n— n? + (kpr)2)> In (kpr) + 2,u L Jni1(kypr) | cos(nd),

“+oo
, 1-
n=0
(C.21)

For r = a we have

+oo

n
Z [A}Lkp (—Hilﬁl(kpr) + @Hél)(k )) + A2 W (k) +
P

n
by () = 2 0) ) + A0 )~

Adk, (—Jn+1(kpr) + knrJn(kpr)> - ZAiJn(ksr)} cos(nd)

P
= Z —eni"ky ( In+1(kp )Jran(kpr)) cos(nh),
kpr
= n (1) n n
> [ A — A~ () 4 D)) = A3 )~
n=0 $
AS (Hﬁl(ksr) - erHg”(ksr)) + Ai%Jn(ka)—i-
Al (—Jn+1(ksr) n k”rJn(ksr))] sin(nf)
+oo n
= Z ;5ni"Jn(kp7") sin(nd)
n=0

186



+oo
2 1
3 [A}Lkg <<—)\ — (k) — n2)> HO (kyr) + 2MMH§+)1(1<;,,7~)> +

oy (kpr)
QMA%% (;1 (1 —n) HO (kyr) — kHY, ( ) +
ADR2 <<—>\+ (ki‘:)Q (n— (kpr)® + )> 2 (kyr) _2“k (1)1(k:pr)> +
243" (‘7} (14 n) HO (ko) + ko H? )
A3 R <<—)\ _ (;’;)2 (n+ (kyr)® — n2)> T (kpr) + 2’“‘kl Jn+1(k:pr)> -
QMAﬁ% (Tl (1 = 1) Jn(ksr) — ksdpsr (ksr )] cos(nb),

_ ioeni" [(—)\kg - 2u:2 (n—n?+ (kyr) )) (k) + zuk s (k, )} cos(n),
n=0

—+00
—1
3 |2 (o) + ) ) 4
PLE (7{ ( w4 (ks r>2> H (kor) = ko H{Y, (kg 7"))

245" (kaﬁl(kpr) _nt 1Hg2>(kpr)> 1
T

262 (-i <n2 b ;(kzsr)2> HO (kor) + ksH,SZ)l(k:Sr)> +
Jn(kpr)) _
Aﬁ% (i < n? - (k 1")2> T (et — kanH(ksr))] sin(nf)

+oo
= Z [—QMEni": <— ! " an(kpr) - kanH(kpr))] sin(n#@).
n=0

2A3'r ( kp Tyt (k) + =
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For r = b, we have

{1 ) PT

n=0

1
kpr

H’r(7,1+)1(kpr)>

pT

+A2 (2M” <_ (1 —n) HO (kyr) — ksﬂgﬁl(ksr)> - ivanH,(Ll)(ksr))
r\r r (C.22)
2u 1 2
+A) (kg ((—/\ E (n — (kpr)® + n2)> H® (kyr) — QMWHn_1<ka>>

—iwuvpky (Hff—)l(kpr) - an)(ka))) +
kpr
-1
AS <2MZ (r (14 n) H? (kgr) + kstf_)l(ksr)> - iva:Hle)(ksr))} cos(nf) =0
n representing modes of Fourier’s serie, we get for each Fourier mode n. For r = a

[A}ka <_H7(Ll—£1(kpr) + ;H}ll)(kpr)> + EAZHS)(ICST) + A?Lkp <H752—)1(kpr) - &,Hg)(kpr))
pT r P

+2AS O (kyr) — A3, (—Jn+1(kpr) + an(kpr)> - nAﬁJn(kzsr)} cos(nf)
T T

kpr
= —&,i"kp (—Jn+1(kpr) + I:T,Jn(kpr)> cos(nb),
2
(C.23)

n

ker

n 1 n
AL H ) = A (~H )+ B ) ) = A2 )~

Ak, (HP (kor) — k" H,(f)(ksr)) —l—Ai’L;Jn(kpr)—i—

sT

(C.24)

Alk, (—JnH(k‘ST) + ;Jn(ksr))] sin(nf)
sT
= gsni”,]n(kpr) sin(nf)

( (L4 n) B (k) + ksH,?_)1<ksr>) - (©25)

A\ (;’:)2 (n+ (kpr)* — ”2)> In(kpr) + QMk;TJnH(ka)) -

(—1 (1 —=n) Jn(ksr) — ksjnﬂ(ksr))] cos(nf)
= —epi" [(—)\kﬁ - 2uri2 (n—n?+ (k’pr)2)) nhpr) + 2“kp Jn+1(kp7“)] cos(nf),

r
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—1
" [—QA . ( kpHY | (k) + = - H}P(kpr)) +

2 /1
A2 (T < n24n4 = (k: r) >H7gl>(ksr) k H,gjl(ksr)> -

r

n n-+1
2A§L; (ka,(f’)l(kpr) -— H,g?)(kpr)) +

Agg <_71, (n2 +n-— ;(ksr)z) Hr(z2)(ksr) + kSHT(ZQ—)l(kST)) + (C.26)

r

QA%; (—kanH(k:pr) + an(k‘pr)> —

a2 (1 < n?fn4 s (k r)2> To(ker) — kSJnH(kzsr))] sin(nf)

r

- [—2ueni":f (— L () — /cpJnH(kpr)ﬂ sin(nf).
For r = b, we have
{Al (k:2 <( A Pt (hyr)? — n2)> HY (kyr) + 2u1Hr(Llle(k:pr)>
(kpr) k
ity (~H D O) + D ) ) )
+A2 <2u <;1 (1= n) HY (kgr) — ko H' jﬂm)) — iwv ;H(l)(k r))

’ (C.27)
2p 2
+A; (kg ((—)\ L (n— (kpr)® + n2)> HP (kyr) — 2uk—Hn l(kpr)>

P

-1
[A;L (—QNZ (‘k‘pHr(zlJZl(kpr) 4 n - ( )(kp?")> + iwstHy(;)(ka)) n
1
T

2 1
A?L (,ur < —n’+n+ 2(1{357“)2) Hr(ll)( sT) — k Hflﬁl(ksr))

(C.28)

A> (-2;/7? (ka,(f’_l(kpr) - H,g”(kpr)) + iwvs:Hff)(k:pr))

(2 (=3 (2 00 ) B2 ) + b2, 1)

kfr H? (ksr)> )] sin(nf) = 0.

k‘2
Since k:g (A +2u) = k2p, we replace A by k—; u— 2p and rewriting equations (C.23)) to (C.28)) under
2

matrix form, we finally get

+iwvgks (H(Q)l (ksr) —

n

C.A, =B, (C.29)
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where

with

nHS) (kp,a) — kp, aﬂﬂl (kp,a)
—nHél)(k‘paa)

<n2 —n- lkZaGZ) HD (kp,a) + k’paqu(z{gl(k’paa)
—n (0 = DHD (ip,0) = kip, 0L, (p,0))
(n? —n — 3k30%) HT(ZI)(kpw + kprr(zlJr)l(kpb) - iva% (”Hv(zl)(kpb) - kprffﬁl(kpb))
“n ((n — ) HY (k,b) — kprSjl(kpb)) — iwvsgt H (kyb)

nHT(ll) (ksaa)
—(nHY (ks,a) — ks, aH'Y (ks a))
n ((n = DHD (ky,a) = ko, alY, (he0))

(—(n2 . ;kzgacﬂ) HO (g, a) — ko,aHY, ()

b
n ((n ~1)HW (kyb) — kstﬁl(/@sb)) - zvaﬂH,(f)(ksb)

(—=n2 4 n+ 1k262) HV (ksb) — kbHLY, (ksb) + iwvs

1 1
@ 2 (nH (kD) = RDHLY, (kD))

—nJn(kp,a) + kp,atni1(kp,a)
njn(kpaa)
1
- <n2 —n— 2k§aa2) In(kpya) + kp,adni1(kp,a)

n((n —1)Jn(kp,a) — kp,adnt1(kp,a))

0
0
—nJy(ks,a)

ndy(ks,a) — ks,adn+1(ks,a)
—n((n—1)Jn(ks,a) = ks,ans1(ks,a))
- <n2 —n— ;k?aaz) In(ks,a) + ks,adni1(ks,a) |’
0

0

_nHr(LQ)(kpaa) + kpaaHﬁi)l(kpaa)
—nH,(f) (kpa a)
(nz +n— ;kEGGQ) H?S,Q)(kpaa) - kpaaHr(Lz—)l(kpaa)
—n (=0 + DHD (ky, ) + by, a2, (ky,0) )

(0% + 1 — K20 HP (k) — hybHL, (k) w§ (b2, (k) = nH ) (kb))
7]

“n ((n +1)H®D (kyb) — /cpr,?_)l(kpb)) + ivaQZbef)(kpb)
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nH?SJQ) (ksa a)
—(—nH® (ky,a) + ks, aH, (ks,a)
n (=(n+ DHP (k) + kool (ks,0))

Co(:,6) = <—(n2 tn— ;kicﬂ) H (ky,a) + ks, aH'”, (ks, a)

n (—(n + 1) H® (k,b) + kstle(ksb)) - ivaiH,(f)(k‘Sb)

—(n®+n- %kEbQ)H,(f)(ksb) + kb HP | (kb) + iwvs;u (kstﬁl(ksb) - anf)(ksb))

—eni" (—kpadni1(kpa) + ndy(kpa))
nent" Jy (kpa)
1
B — —epi” [— (n —n?+ 2k§a2> In(kpa) — kpaJnH(kpa)}

—eni"n ((n — 1)Jn(kpa) — kpatni1(kpa))
0
0

Since C,, is inversible, we have to solve the following system to find coefficients A%, j=16

A, =C,.'B,. (C.30)
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