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Abstract

This thesis is about some boundary integral operators de ned on the unit disk in three-
dimensional spaces, their relation with the exterior Laplace and Helmholtz problems, and their
application to the preconditioning of the systems arising when solving these problems using
the boundary element method.

We begin by describing the so-called integral method for the solution of the exterior Laplace
and Helmholtz problems de ned on the exterior of objects with Lipschitz-regular boundaries,
or on the exterior of open two-dimensional surfaces in a three-dimensional space. We describe
the integral formulation for the Laplace and Helmholtz problem in these cases, their numer-
ical implementation using the boundary element method, and we discuss its advantages and
challenges: its computational complexity (both algorithmic and memory complexity) and the
inherent ill-conditioning of the associated linear systems.

In the second part we show an optimal preconditioning technique (independent of the
chosen discretization) based on operator preconditioning. We show that this technique is
easily applicable in the case of problems de ned on the exterior of objects with Lipschitz-
regular boundary surfaces, but that its application fails for problems de ned on the exterior
of open surfaces in three-dimensional spaces. We show that the integral operators associated
with the resolution of the Dirichlet and Neumann problems de ned on the exterior of open
surfaces have inverse operators that would provide optimal preconditioners but they are not
easily obtainable. Then we show a technigue to explicitly obtain such inverse operators for
the particular case when the open surface is the unit disk in a three-dimensional space. Their
explicit inverse operators will be given, however, in the form of a series, and will not be
immediately applicable in the use of boundary element methods.

In the third part we show how some modi cations to these inverse operators allow us
to obtain variational explicit and closed-form expressions, no longer expressed as series, that
also conserve some characteristics that are relevant for their preconditioning e ect. These
explicit and closed forms expressions are applicable in boundary element methods. We obtain
precise variational expressions for them and propose numerical schemes to compute the integrals
needed for their use with boundary elements. The proposed numerical methods are tested using
identities available within the developed theory and then used to build preconditioning matrices.
Their performance as preconditioners for linear systems is tested for the case of the Laplace
and Helmholtz problems for the unit disk. Finally, we propose an extension of this method
that allows for the treatment of cases of open surfaces other than the disk. We exemplify
and study this extension in its use on a square-shaped and an L-shaped surface screen in a
three-dimensional space.

Finally, the methods developed are used in an application example. Based on techniques
and assumptions from geometrical optics, we propose improvements to existing methods for
the imaging of underground re ectivity using ground penetrating radar. Because they rely on
assumptions from geometrical optics, these methods have to tested by means of computational
simulations, resulting in the resolution of a massive number of direct problems. A complexity
analysis shows how the proposed preconditioning technigques can signi cantly reduce the algo-
rithmic complexity of the global problem. Finally, the resolution capability of the proposed
imaging methods are tested in di erent scenarios of practical interest.

Keywords:  Exterior Laplace problem, exterior Helmholtz problem, boundary integral
equations, boundary element methods, operator preconditioning, optimal preconditioning, screen
problems, crack problems.
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Resune

Cette these s'inscrit dans le sujet des operateurs inegraux de frontere ce nis sur le disque
unitaire en trois dimensions, leurs relations avec les probemes externes de Laplace et Helmholtz,
et leurs applications au peconditionnement des sysemes lireaires obtenus en utilisant la
nethode desekments nis de frontere.

On cecrit d'abord les nmethodes inegrales pour esoudre les probemes de Laplace et de
Helmholtz en dehors des objets a frontere egulere lipschitzienne, et en dehors des sur-
faces bidimensionnelles ouvertes dans un espace tridimensionnel. La formulation inegrale des
probemes de Laplace et de Helmholtz pour ces cas est cecrite formellement. La mise en uvre
d'une nmethode nunerique utilisant la methode desekments nis de frontere estegalement
cecrite. Les avantages et les ¢ s inkerents a la nethode sont abordes : la complexie du
calcul nurrerique (de memoire et algorithmique) et le mauvais conditionnement inkerent des
sysemes lireaires assoces.

Dans une deuxeme partie on expose une technique optimale de peconditionnement (in-
tependante de la discetisation) sur la base des operateurs inegraux de frontere. On montre
comment cette technique est facilement ealisable dans le cas de probemes ¢ nis en dehors
d'un objet eguliera frontere lipschitzienne, mais qu'elle pose des probemes quand ils sont
¢ nis en dehors d'une surface ouverte dans un espace tridimensionnel. On montre que les
operateurs inegraux de frontere assocésa la esolution des probemes de Dirichlet et Neumann
¢k nis en dehors des surfaces ont des inverses bien ce nies. On montreegalement que celles-ci
pourraient conduire a des techniques de peconditionnement optimales, mais que ses formes
explicites ne sont pas facilesa obtenir. Ensuite, on montre une nethode pour obtenir de tels
operateurs inverses de facon explicite lorsque la surface sur laquelle ils sont ¢k nis est un disque
unitaire dans un espace tridimensionnel. Ces operateurs inverses explicites seront, cependant,
sous forme de eries, et n‘auront pas une adaptation imnediate pour leur utilisation dans des
nmethodes desekments nis de frontere.

Dans une troiseme partie on montre comment certaines modi cations aux ogerateurs in-
verses mentionres permettent d'obtenir des expressions variationnelles explicites et fermees,
non plus sous la forme de sries, en conservant certaines caraceristiques importantes pour
I'e et de peconditionnement chercte. Ces formes explicites sont applicables aux nmethodes
desekments nis frontere. On obtient des expressions variationnelles pecises et on propose
des calculs nuneriques pour leur utilisation avec desekements nis frontere. Ces nethodes
nurreriques sont tesees en utilisant dierentes identies obtenues dans la treorie ceveloppee, et
sont ensuite utilisees pour produire des matrices peconditionnantes. Leur performance en tant
gue peconditionneurs de sysemes lireaires assocesa des probemes de Laplace et Helmholtz
a l'exerieur du disque est ainsi tesee. En n, on propose une extension de cette methode pour
couvrir les cas des surfaces diverses. Ceci estetude dans les cas pecis des probemes exerieurs
a des surfaces en forme de care et en forme dé dans un espace tridimensionnel.

Finalement, les methodes ceveloppees sont utilisees dans un exemple d'application. Sur
la base de techniques et hypotheses de l'optique geonetrique, on propose des aneliorationsa
des nmethodes existantes pour l'imagerie de la e ectivie du sous-sol en utilisant le radara
eretration de sol. Etant bases sur des hypotheses de I'optique geonetrique, ces nethodes
doivent étreevallees par simulations nunerigues, ce qui entrame la esolution d'un nombre tes
important de probemes directs. Une analyse de complexie montre comment les techniques
de peconditionnement proposes peuvent eduire la complexie algorithmique du probeme
global. Enn, la capacie de esolution des nethodes proposes pour la formation des images
du sous-sol estevaliee pour dierents s@narios d'inerét.

Mots-ckés :  Probeme exerieur de Laplace, probeme exerieur de Helmholtz, equations
inegrales de frontere, nethode desekments nis de frontere, peconditionnement par ogera-
teurs, peconditionnement optimal, probemes des surfaces ouvertes, probemes de ssures.
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Resumen

Esta tesis trata sobre operadores integrales de contorno de nidos sobre el disco unitario
en tres dimensiones, su relacon con los problemas exteriores de Laplace y de Helmholtz, y su
aplicacon al precondicionamiento de sistemas lineales generados utilizando el metodo de los
elementos nitos de frontera.

Inicialmente se describen los llamados netodos integrales para la resolucon de problemas de
Laplace y Helmholtz en el exterior de objetos de frontera regular Lischitziana y de super cies
abiertas bi-dimensionales. Se describe la formulacbn integral de los problemas de Laplace
y Helmholtz para estos casos, su implementacon nunerica utilizando el netodo de elementos
nitos de frontera, y se discuten las ventajas y los desafos intrnsecos a netodo: su complejidad
computacional (de memoria y algortmica), y el inherente mal condicionamiento de los sistemas
lineales asociados.

En una segunda parte se expone una tcnica de precondicionamientooptimo (independiente
de la discretizacon), basado en operadores integrales de contorno, y se muestra como esta
ecnica es fcilmente realizable en el caso de problemas de nidos en el exterior de un objeto
de frontera regular Lipschitziana, pero no as cuando el problema se de ne en el exterior
de una super cie abierta en tres dimensiones. Se mostraa que los operadores integrales de
contorno asociados a la resolucon de los problemas de Dirichlet y de Neumann de nidos en el
exterior de super cies tienen inversas bien de nidas. Se mostraa tamben que estas inversas
podran dar origen a ecnicas de precondicionamiento optimo, pero que su forma explcita
no es fcil de obtener. A continuacon se mostraan formas de obtener dichos operadores
inversos de forma explcita cuando la super cie es un disco unitario en un espacio tridimensional.
Estos operadores inversos explcitos estaan dados, sin embargo, en forma de series, y no sean
apropiados para el uso inmediato en netodos de elementos nitos de frontera.

En una tercera parte mostraremos @mo algunas modi caciones a los operadores inversos
mencionados permiten obtener expresiones variaciones explcitas y cerradas, ya no en forma
de series, conservando algunas caractersticas relevantes para el efecto precondicionador. Estas
formas explcitas cerradas s son aplicables en netodos de elementos nitos de frontera. Se
obtienen expresiones variaciones precisas y se proponen @lculos nunericos para su uso con ele-
mentos nitos de frontera. Estos netodos nunericos se prueban utilizando distintas identidades
aseguradas en la teora desarrollada y se utilizan para producir matrices precondicionantes. Su
desempeno en la mejora del condicionamiento de los sistemas lineales asociados a los problemas
de Laplace y Helmholtz en el exterior del disco es exhibido. Finalmente, se propone una ex-
tenson de este netodo que permite cubrir casos de dominios exteriores a super cies de diversos
tipos, la que se ejempli ca y estudia en problemas exteriores a super cies cuadradas y en forma
de L en un espacio en tres dimensiones.

Finalmente, los metodos desarrollados se utilizan en un ejemplo de aplicacon. Basados
tcnicas y supuestos de laoptica geonetrica, se proponen mejoras a netodos existentes para
la formacon de inmagenes de re ectividad del subsuelo utilizando radares de penetracon de
suelo. Al basarse en supuestos de laoptica geonetrica, estos netodos deben evaluarse median-
te simulaciones fsicas computacionales, lo que resulta en la resolucon de un rumero masivo de
problemas directos. Un aralisis de complejidad muestra @mo las ecnicas propuestas de pre-
condicionamiento reducen signi cativamente la complejidad algritmica del problema global.
Finalmente, la capacidad de resolucon de los netodos propuestos para hacer imagenes se
evalian en distintas situaciones de intees.

Palabras clave: Problema exterior de Laplace, problema exterior de Helmoltz, ecuaciones
integrales de contorno, netodo de elementos nitos de frontera, precondicionamiento por ope-
radores, precondicionamientooptimo, problemas de super cies abiertas, problemas de suras.
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Chapter 1

Wave Propagation, Boundary
Integral Equations, Boundary
Element Methods, and
Computational Complexity

In this chapter we will treat the subject of wave propagation, its mathematical modeling
in some speci c cases, some common numerical strategies to solve wave propagation problems,
their advantages and challenges.

In this chapter we lay down the framework for the results of the following chapters. The
chapter covers a wide range of subjects in a succinct manner aiming to provide a summarized
view of the domains relevant to the research work undertaken in this thesis. It contains de ni-
tions, notations, and results from previous research to be used in later chapters. It also serves
to illustrate the motivation of this research through highlighting the advantages, and especially
the challenges, this approach poses. The reader can skip the di erent sections of this chapter
depending on its familiarity with the subjects treated.

We will begin by establishing the Helmholtz equation and its relation to the Laplace equa-
tion and to wave propagation phenomena in several areas of physics providing motivation and
examples. We will then state a precise formulation of a relevant family of problems arising
in wave propagation along with some geometrical and functional framework. Next, we will
present the integral equation approach, that allows to solve some patrtial di erential equations
recasting them as integral equations on the boundaries of the propagation domains. We will
present variational formulations for the boundary integral equations, a boundary discretization
method, and the boundary element method which will give rise to discrete variational formu-
lations posed on nite-dimensional spaces. We will show how this allows for the construction
of Galerkin matrices leading to linear systems that can solve the discrete variational problem.
Finally, we will address the main di culties of this method, regarding computational complex-
ity and accuracy, which will serve as an introduction to the following chapter where we provide
a strategy to tackle these issues.

The de nitions, propositions and theorems have been taken from di erent classic sources
on the subject, such as [51], [57], [48]. Notation follows roughly that of [51]. Notation and
results concerning the surface discretization, triangular meshes, and boundary elements spaces
presented in this chapter have also been taken from [61].



1.1 The Helmholtz equation in physics

We will brie y provide a few examples of the use of the Helmholtz equation in the mathe-
matical modeling of wave propagation phenomena. These examples will quickly show a wide
range of possible applications in science and engineering, which will serve as motivation and
background for the work undertaken and reported in this document. These examples follow
those presented in [51, Section 1.2] and [64, Section 1.2].

Wave propagation phenomena in three-dimensional space are governed at each point by the
hyperbolic wave equation,

u
@2
where u is a function describing a quantity that is preserved over time and overR®, and c the
wave velocity of the propagation medium.

A time-harmonic solution, of frequencyf , to the wave equation can be sought using Fourier
transforms, slightly abusing notation, with the time dependency convention

)+ ¢ u(x;t)=0for x 2 R% andt 2 R*; (1.1)

u(x;t)=Re u(x)e " ; (1.2)

where the quantity ! =2 f is called the pulsation of the time-harmonic wave. Functionu is
now a solution to the Helmholtz equation:

u(x) + k?u(x) =0 for x 2 R, (1.3)
wherek = !=c is called the wave number.

The Laplace equation is a limit case of the Helmholtz equation, in which the frequency
is zero. Thus,k is also zero, yielding:

u(x) =0 for x 2 R3: (1.4)

The Helmholtz equation arises naturally in the mathematical modeling of numerous wave
propagation phenomena that are intrinsically time-harmonic. Additionally, the use of Fourier
transforms allows us to perform time-harmonic calculations for frequencie$ over a given band
so we can then compute the transient wave behavior. In the rest of this section we develop
examples of some of the most classic physical models for wave phenomena using the Helmholtz
equation.

1.1.1 Acoustic waves

Let us consider a gas in which a pressure wave is traveling. The total pressure on each
point is described by a function py (x;t), the total density by a function 1(x;t), and the total
velocity by a function vt (x;t). The conservation of mass can be expressed as

dd—tT(x;t)+div( TVvT)(X;t)=0; (1.5)

and the conservation of momentum as

(v xi0) + grad (p) (x:1) =0: (1.6)

Being interested in the perturbations of the pressure, we express the total pressure, density,
and wave velocity as background valuegg, o, and vq plus perturbations p, , and v:

VI=Vo+Vv;, pr=po+p;, and 1= o+ : (1.7)



We will assume that the gas is perfect. Assuming that the gas is also at rest, i.e. that
vo = 0, and using a rst order linearization of (1.5) and (1.6) (refer to [64, Section 1.2.1]
or [39, Sections 1.1.1 & 1.1.2]) yields the system of equations

8
(CUPIR R

% O@t(xft) + grad p(X,t) - 0 y

5 (1.8)

- Clzg?x;m odivv(x;t) =0
wherec = P R sT is the wave velocity, the adiabatic index of the gas,Rs its speci ¢ constant,
and T its absolute pressure. Assuming that the propagating wave is time-harmonic, and using
(1.2) asp(x;t) = Re p(x)e " andasv(x;t) = Re v(x)e " we can rewrite the system
(1.8) as

il ov(x)+ !gradp(x) =0;

W

; (2.9)
?p(x) + odivv(x)=0:

Applying divergence to the rst equation and eliminating div v yields a Helmholtz equation
for the pressure variation p:

p(x) + k?p(x) =0; (1.10)

wherek = !'=c is the wave number.

1.1.2 Elastic waves

The elastic equation describes the displacement of points inside an elastic object when a lin-
ear approximation is used in the case of small displacements. Let(x;t) = (uy(X;t);u2(x;t);uz(x;t))
be the three-dimensional displacement at pointx and time t. Let the strain tensor " for the
object be

1 @y, @y
iu)y=z ——+ —= 1.11
The strain tensor is related to the stress tensor by the Lanme parameters and as
DS
ju)y=2"4@u+ | ki (U); (1.12)
k=1

where f is the Kronecker delta.

Given the density , the conservation of momentum can be expressed as

@u X @i
—(x;t u)(x;t)=0: 1.13
@%( ) . @3(()( ) (1.13)
Using (1.2) asu(x:;t) = Re u(x;t)e " | if the displacement is time-harmonic, we can
rewrite the last equation as
x3 @i
L 2u(x) + @—'u(x):O; (1.14)

j=1
which, in vectorial notation, can be expressed as
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I 2u(x) + u(x)+( + )!grad divu(x)=0: (1.15)

If the displacement u has null divergence, i.e. divu = 0, the object is incompressible
and the previous equation can be rewritten as a Helmholtz equation for the time-harmonic
displacement:

u(x)+ k?u(x)=0; (1.16)

. p :
where the wave number isk = ! = = . These are the so-called shearing waves, or S waves.

A'\n interesting type of solutions is the irrotptional timeiharrponic waves, thus writable as

u = grad' . Using the vectorial identity v = grad divv “curl curl v, equation (1.15) can be
written as

L 2u(x)+( +2 )!grad div (u(x)) !curl!curlu(x):O; (1.17)

|
which means that, if u = grad' , then' must necessarily satisfy
12 +( +2 ) ' =0: (1.18)

. : P——————
This is a Helmholtz equation for a wave numberk = ! © =( +2 ). These are the so-called
pressure wave, or P waves.

1.1.3 Electromagnetic waves

We will show that the Helmholtz equation can also model an interesting range of electro-
magnetic wave propagation phenomena. Let us consider a homogeneous medium free of charges
with electrical permittivity =~ and magnetic permeability . The behavior of the electric and
magnetics elds E and H is then governed by Maxwell's equations:

8
!

% %t(x;t)+'curlH(x;t)=0;

: (1.19)
I

- @é-lt(x;t)+'curIE(x;t)=O:

Taking the divergence of both equations yields
@, . @ =
@glv E(x;t)= @g[jlv H(x;t)=0; (1.20)
which implies that
divE(x;t)=div H (x;t)=0; (1.22)

! Lo
if div £ (x;0) = div H (x;0) = 0. Using again the identity v = grad divv “curl curlv, and

taking curl on both equations, we can obtain

8 @E
§ @(x;t) @ E(x;t)=0;
; (1.22)
- @g;(x;t) ¢ H(x;t)=0;
wherec = 1=p ~ is the wave velocity.
Using (1.2) asE(x;t) = Re E(x)e ™ and H(x;t) = Re H(x)e "' , we obtain

Helmholtz equations for the electric and the magnetic elds when they are considered to be
time-harmonic:



8 2
< EMX)+ KE(x)=0;
; (1.23)
H (x)+ k?H (x)=0:

wherek = I=¢c = | b— is the wave number.



1.2 Problem domains, boundaries, and Sobolev spaces

In this section, we will provide a geometrical and a functional setting for much of the rest of
this document. We will begin by describing the types of domains that will be considered for the
development of the results that will be treated in the subsequent chapters. These domains will
be mainly classi ed according to the regularity of their boundaries, for which we will provide
a precise de nition. We will also provide a characterization of the functional spaces that will
be relevant to the analysis of the problems to be considered in these domains.

1.2.1 Domains and boundaries

Throughout this thesis we will consider a precise range of problems, those consisting of a
wave propagating on the exterior of a connected and bounded obstacle embedded in three-
dimensional space. This obstacle will be most notably distinguished by the regularity of its
boundary. If the obstacle is represented by the set of point®D  R® with boundary = @D,
we will distinguish between obstacles with Lipschitz-regular boundary and obstacles whose
boundary isn't Lipschitz-regular. Roughly speaking, a Lipschitz-regular boundary of an
obstacleO R32 is a surface that can be represented locally by the graph of a Lipschitz-regular
function [48, page 89]. We will provide a more precise description of this notion in the following
de nition.

De nition 1.2.1  (Lipschitz-regular surfaces [48, De nition 3.28]). A Lipschitz-regular surface
= @, boundary of an obstacleO in R3, is a surface for which exist nite families of sets
fWigll, andf ;g\, having the following properties:

1. The gamily fW, gi’\‘:1 is a nite open cover of , i.e., each W; is an open subset oR3 and
N
=1 Wi.
i=1 !

2. Each ; can be transformed to a Lipschitz hypograph by a rigid motion, i.e., by a rotation
plus a translation.

3. The setO satises W;\O = W;\ fori=1::N.

We will also speak of a Lipschitz-regular obstacle whenever an obstacle has a boundary
that is a Lipschitz-regular surface. This kind of object allows for the use of special analysis
tools that will provide signi cant advantages in modeling wave propagation phenomena, and
in developing numerical methods able to produce numerical simulations.

Cusps, cracks, and screens are examples of surfaces that are not Lipschitz-regular. The
screens are the focus of much of the work presented in this thesis, and will be described in
more detail. A large family of surfaces that are not Lipschitz-regular is produced when, locally,
parts of two Lipschitz-regular surfaces are joined with an angle of zero degrees. Surfaces that
are not Lipschitz-regular appear naturally when modeling many problems of practical interest,
but unfortunately they deprive us of many of the useful analytical tools that are available
for cases that consider only Lipschitz-regular surfaces. These domains that are not Lipschitz-
regular have a more complex geometry when applied to the modeling of physical phenomena.
This will be a major subject in the next chapters of this document.

A particular case of obstacles that are not Lipschitz-regular, especially relevant for the work
presented here, are the so-called screens. They are open surfacesRih These obstacles can
be viewed as objects that have collapsed and thus have no interior (inf@) = ?) but only
external boundary. The boundary will in turn have a one-dimensional manifold (a curve) as
boundary (@ 6 ?) . We will consider an orientation for surfaces de nable a.e. We will
denote with signs + and - this orientation, respectively signaling the exterior and interior sides
if is a closed surface (in the case of the boundary of an obstacle), or an upper and lower
side in the case of an open surface, i.e., in the case of a screen. We will also de ne, a.e., a
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unit vector, denoted by n, normal to surface and pointing towards the exterior or the upper
side, according to the case. Figure 1.1 illustrates a transformation that can give rise to screen
obstacles and the elements identi ed so far.

Figure 1.1: lllustration of the collapse of a Lipschitz-regular obstacleO into a screen , showing
its orientation and unit normal vector.

Two cases are of special interest: Lipschitz-regular obstacle® of boundary , and screen
obstacles . We will take interest in what is called the exterior problem. In the case of

Lipschitz-regular obstaclesO with Lipschitz-regular boundaries = @D, the problem domain
will be o = R3nO with boundaries , and what will be called the in nity. Similarly, in
the case of screen obstacles , the problem domain will be denoted by = R3n  with

boundaries and the in nity. Many problems in physics can be modeled specifying conditions
at the boundaries of the problem's domain, i.e. on and at in nity, the latter one meaning a
speci cation of the behavior of a solution asymptotically far from the obstacle.

It will be useful to consider a notion of regularity wider than that of Lipshitz-regularity.
In the context of De nition 1.2.1 a surface will be further called of class CK, or k-regular,
if there is a di eomorphism ; of classCK with inverse of classCk mapping each covering set
W; onto the unit ball such that the set W;\ is mapped onto its equatorial plane [51, Section
2.5.2].

1.2.2 Elementary di erential geometry

It will be useful to de ne certain surface di erential operators for functions de ned on
su ciently smooth surfaces, as the ones that will be used in the rest of this document. These
operators will appear later in the study of variational forms of boundary integral operators
that will be relevant for the treatment of the Laplace and Helmholtz problems. Let us begin
de ning the distance from a point to a given set in R3.

De nition 1.2.2  (Distance function). For every point x in R®, we denote by dis{x;A) the
distance ofx to the setA:
dist(x;A) = inz]‘A kx yk: (1.24)
y

The most relevant application for this function will be the measurement of the distance
from a point x to a surface , i.e. dist(x; ), and the distance from a point on the surface,
X 2 , to the edge of that surface whenever it is open, i.e. distk; @). We will use this notion
of distance to de ne the tubular neighborhood of a surface.

De nition 1.2.3  (Tubular neighborhood [51, Section 2.5.6]) A collection of points, denoted
«, whose distance to a surface is less than" > 0 is a tubular neighborhood of de ned as

= x 2R3:dist(x;) " : (1.25)



The imposition of regularity conditions on will allow us to de ne orthogonal projections
and liftings that will be needed in the de nition of some surface di erential operators.

Proposition 1.2.1 (Orthogonal surface projection [57, Example 8.1.8] [22, Lemma 14.16]))f
is a k-regular surface withk 2, then there exists" > 0 and a tubular neighborhood - of
such that the mapping

«¢ "™y - (x;8)= x+sny forx2 ; (1.26)
is a CK 1 di eomorphism. Thus, the orthogonal projection P : = ! is well de ned by
P(Xx+sny)=x forx2 ;ands2( ";"): (2.27)

For a function u de ned on a 2-regular surface , we will consider the lifting u P . We
denote this function, in the scope of this section, bya=u P .

I [
De nition'1.2.4 (Surface di erential operators curl andgrad ). We introduce the tangential
gradient, grad , de ned by | |
‘grad u = grad (e) ; (1.28)

!
and the tangential curl, curl , de ned by

! [
“curl u="curl (en); (1.29)

for a function u de ned on a surface with n being its unit normal.

|
'Remark 1.2|.1 (Alternati\lle expression for curl ). Considering the vector calculus identity

“curl ( v) = ‘grad v+ curl v fora eld v and a scalar eld on R2, the de nition of the

tangential curl is equivalent to | |

‘curl u='grad u n; (1.30)

!
wheren is the unit normal to  (and thus curln =0).

1.2.3 Sobolev spaces

In this subsection we will de ne the functional spaces in which the di erent problems to
be treated will be considered. These functional spaces are called Sobolev spaces and are the
natural spaces of functions in which to solve variational formulations of partial di erential
equations [4, Section 4.1]. This is due to the fruitful energy analysis in mathematical physical
modeling and the capacity of the Sobolev spaces to treat this concept together with a formal
framework for integration.

We will consider a variety of Sobolev spaces de ned on propagation domains and in the
surface of obstacles, either Lipschitz-regular or screens. We will focus on de nitions directly
applicable to the cases to be treated in the next chapter. For results of wider reach and greater
detail, the reader is referred to [48, Chapter 3], [19, Chapter 7], and [51, Section 2.5.2]. The
following exposition follows that of [61, Section 1.1].

Let us consider the following norms.

De nition 1.2.5  (L2-norm). Let us consider a function u measurable on a seS 2 R3. The
L2-norm k K 25y Of uon S is de ned as

0, 1,5

Kuk 25y = @ juj?dSA (1.31)
S



De nition 1.2.6  (Sobolev-Slobodeckii norm) Let u be a function de ned on a surface in
RS, the Sobolev-Slobodeckii nornj,i-2(y of uis de ned as

0 1,5
ju(x) u(y)j A
Tl Y d(x)d(y) : (1.32)

jUjH 1=2() = @
De nition 1.2.7  (H 2 Sobolev norm for functions de ned on surfaces) Let u be a function
de ned on a surface in R®. The H'() Sobolev normk k12, of u is de ned as

1=2

Kukyiz() = Kukfzy + juifjiz (1.33)

Before proceeding to the de nition of the Sobolev spaces that will be used in the rest of
this document, let us consider the extension of an open surface dR®.

De nition 1.2.8  (Closed extension€of an open surface in R3). Given an open surface
(i.e. @ 6 ?) embedded inR2, let us consider the closed extensio® as the Lipschitz-regular,
closed surface (i.e.@= ?) such that €

Let us now de ne the Sobolev spaces that will be directly relevant for de nitions to be
presented in the rest of this chapter, and for the results presented in subsequent ones.

De nition 1.2.9  (Positive order Sobolev spaces de ned on surfaces iR3). For an open or
closed surface embedded inR® we de ne the following spaces:

1. The Sobolev spacéd 172() is the closure of spaceC! () using the normk Kpi-z(y -

2. The Sobolev spacéd ézz() is the closure of spaceC} () using the normk klez() .

3. The Soboley space?!=2() is the subgpace oH'(§ of functions with support on
182()=  u2H¥2(§:supp(u) ~ .If isclosed,®= and H¥2()= 18%2() .

Remark 1.2.2. It follows from the previous de nition that 12()  Hg () .

We will de ne negative order Sobolev spaces using duality, for which we will de ne the
duality pairing. It is a standard practice to represent the duality pairing of Sobolev spaces as
inner products in L? even if the elements are no longet -integrable [19, Section 7.4].

De nition 1.2.10  (Duality pairing) . Let f 2 V%and g 2 V be functions in dual spaces, with
V and V°de ned over a surface , and possiblyf 2 L2() . We will compute the duality pairing
between dual Sobolev spaces as inner productslif() using density as

Z
i giyoy = rI]i!rln (friQL2y = rI]i!rln fn(x)g(x)d ( x); (1.34)
whereffogt_; L2() is a sequence such that
Iim kf fakyo=0: (1.35)

Notation 1.2.1. We also use the following notation for duality pairings referring only to the
domain of integration:
h;gi = M giyoy: (2.36)

We now use the duality pairing to de ne negative order Sobolev spaces on surfaces.



De nition 1.2.11  (Negative order Sobolev spaces de ned on surfaces R®). For an open or
closed surface embedded inR3 we use duality pairing to de ne the following spaces:

B B 0
1. The Sobolev space¢l 72()= 18172() , with norm

kuk s Vicz) ) (1.37)
UKy 12y =  SUPp .
U sevamriz) KKz
2. The Sobolev spacéd 72()= H2() ° with norm
jhu; vi i
kukg 12, =  Sup I Yoz J, (1.38)

osvaH12() KVKyi=2()
If isclosed,®= and® ()= H 32().

Proposition 1.2.2 (Tilde spaces' inclusions [61, Equation (1.6)]) It is easy to use the de ni-
tion of the norms to state the following inclusions:

L BY2()  H2();
2.18 =) H =2().

When is an open surface (a screen) spaceBl 17() and H 72() are no longer dual to
each other. This will prove to be challenging to some preconditioning methods based on oper-
ator preconditioning with opposite order operators for rst kind boundary integral equations.

It is this fact that deprives us from using well established operator preconditioning techniques
in the case of screen obstacles. Its implications will be made clearer during this chapter, and
will be formally stated in the next one.

When studying problems on unbounded domains, exterior to Lipschitz-regular obstacleD
or screen , it will be natural to consider weighted Sobolev spaces that will take into account
prescribed behaviors on functions asymptotically far fromO. Let us consider the following
spaces.

De nition 1.2.12  (The weighted Sobolev spaceV ! () [51, Section 2.5.4]). Given an un-
bounded exterior domain, = R3nO for a bounded Lipschitz-regular obstacl® or = R3n
for a screen , we de ne the space

2L%);§fzﬁo : (1.39)

wl ()= u:fE

q_
with f(x)= 1+ kxk>2.

De nition 1.2.13  (The weighted Sobolev spaceN () [51, Section 2.6.2]). Given an un-

bounded exterior domain, = R3nO for a bounded Lipschitz-regular obstacl® or = R3n

for a screen , we de ne the space
2120y ; 19U 120y @Y o Ly) (1.40)
" @x F@r ’ '

wH() = u:fE

q___
with f (x) = 1+ kxKk>2.

Remark 1.2.3 (Restriction to bounded domains). For a bounded subset g of the exterior
domain from De nition 1.2.13, the restriction of functions from the weighted Sobolev spaces
to g coincides withH( g). That is, for a bounded part of , W% () andW" () coincide
with H.()

The weighted Sobolev spaces are Hilbert spaces, unlilkdalgc( ) which is only of Fechet type.
Coinciding locally with H I})C( ) will be an important feature of the weighted Sobolev space that
will provide us with a meaningful way of referring to the value of the limits of functions on

as they approach surface . This will be treated formally in the next subsection.
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1.2.4 Traces and jumps

In this subsection we will summarize some results about the relation between a function
de ned on an exterior propagation domain and the limit of its value approaching the boundary
of an obstacle, be it Lipschitz-regular or a screen. We will de ne the so-called trace operator,
which will provide this limit value. The main tool presented in this subsection will be the
trace theorem, which will provide regularity estimates for a function de ned on surface as a
result of this limit process. We will begin by giving a simple de nition for the trace operator,
following [19, Section 7.5]. De nitions and results with greater reach, beyond the scope of the
work presented in this document, can be found in [48, page 100] and [38, Section 4.2].

De nition 1.2.14  (Trace operator). Given a Lipschitz-regular surface in R3, we de ne the
external and internal zeroth order trace operators HI}JC(R3 n) ! H¥() as

u(x) = “IEmO u(x "ny) (1.412)
for x in , and ny the external unit normal at x. Similarly, we de ne the rst order trace
operator, S HE(R*n) I H ¥2() as

@u , @
x) = lim u(x "ny): 1.42
@lx( ) "o @x ( X) ( )
Theorem 1.2.1 (Trace theorem [19, Section 7.5] [51, Theorem 2.5.3])The trace operator
maps continuously the spaceHL (R®n’) , onto H¥2() . The trace operator @@ maps

continuously the spaceH:.(R®n’) , onto H 72() .
We will be interested in the di erence of the traces of opposite sides of a surface. The jump
operators will provide us with the functions describing this quantity.

De nition 1.2.15  (Jump operator). Given an oriented surface in R® we de ne the jump
operator[ ] as
[ ul= "(u (u); (1.43)

and the jump operator @@ as

Qu_ .@u @y (1.44)
@ @ @

The trace operator and the trace theorem will allow us to de ne boundary conditions on
for the problems of interest. Imposing boundary conditions on the limit values of a function
will give rise to the so-called Dirichlet problems, while imposing boundary conditions on the
limits of the normal derivatives of a function will give rise to the so-called Neumann problems.
We will detail the Dirichlet and Neumann problems for the Laplace and Helmholtz equations

in the following section.

11



1.3 Laplace and Helmholtz problems

In this section we will de ne the problems that will be treated in the rest of this document.
These problems will be, for a propagation domain o on the exterior of a Lipschitz-regular ob-
ject O, the Dirichlet or Neumann, Laplace or Helmholtz partial di erential equation problems.
Likewise, for a propagation domain  on the exterior of a screen obstacle , the symmetric
or anti-symmetric, Dirichlet or Neumann, Laplace or Helmholtz partial di erential equation
problems. We will use the domain characterization, functional framework, and the trace oper-
ators de ned on previous Section 1.2 to provide precise de nitions of these problems. Before
proceeding to the formal de nition of the aforementioned partial di erential equation problems,
we will describe the di erent kinds of boundary conditions that can be prescribed on functions,
and in particular the conditions for a searched solution asymptotically far from an obstacle.

1.3.1 Boundary and in nity conditions

De nition 1.3.1  (Dirichlet boundary conditions) . Given an orientable surface embedded in
RS, a function de ned on a domain = R%n , can be set to comply with Dirichlet boundary
conditions, on either side of by prescribing the identities

u=g and u=g on ; (1.45)
for functions g de ned on

De nition 1.3.2  (Neumann boundary conditions). Given an orientable surface embedded in

R3, a function de ned on a domain = R®n , can be set to comply with Neumann boundary
conditions on either side of by prescribing the identities
@u @u
t= =t and — =" on ; 1.46
@ @ (1.46)

for functions ' de ned on

De nition 1.3.3  (Conditions at in nity [51, Section 2.2] [19, Section 11.3]). Let us consider a
function u de ned on an exterior domain ¢ (for Lipschitz-regular obstacles) or  (for screen
obstacles). For a pointx far from the origin, let us express it asu(r), with r = kxk. We will
say that it complies with the Sommerfeld radiation condition, or outgoing wave condition, if
. @u .

rI!llrn r @r iku =0: (1.47)
Remark 1.3.1 (Radiation condition and physical solutions). Commonly, given Dirichlet or
Neumann boundary conditions on the surface of an obstacle, two possible solutions complying
with the Helmholtz equation on the exterior domain. Being a time-harmonic formulation, both
incoming and outgoing waves satisfy it. The imposition of a condition like that of De nition
1.3.3, called the Sommerfeld radiation condition, eliminates one of them, leaving only the one
that physically represents an outgoing wave of eld.

1.3.2 Exterior partial di erential equation problems for Lipschitz-regular
obstacles

We will precisely de ne the problems that will treated throughout the rest of this document.
In this subsection we will specify the ones posed on domains exterior to a Lipschitz-regular
obstacle O.

12



Laplace problems

Let us de ne the following problems related to the Laplace partial di erential equation posed
on the exterior of a Lipschitz-regular obstacleO of boundary = @, i.e. on o = R®nO.

Problem 1.3.1 (Dirichlet Laplace problem for a Lipschitz-regular obstacle).

Giveng2 H¥() , nd u2 W% ( o) such that

8
< ux)=0; forx 2 o;
(1.48)
Tu(x) = g(x); for x 2
Problem 1.3.2 (Neumann Laplace problem for a Lipschitz-regular obstacle)
Given' 2H 2(), nd u2 W% ( o)=R such that
8
3 ux)=0; forx 2 o;
1.49
s . @u (1.49)

@X(x): ' (x); forx?2

Helmholtz problems

Let us de ne the following problems related to the Helmholtz partial di erential equation
posed on the exterior of a Lipschitz-regular obstacl® of boundary = @, i.e. on o = R3nO.

Problem 1.3.3 (Dirichlet Helmholtz problem for a Lipschitz-regular obstacle).

Giveng2 H¥™() andk2 C, nd u2 WH( o) such that

% u(x)+ k?u(x) =0; forx2 o;
E Tu(x) = g(x); forx 2 ; (1.50)
(1:47) is satis ed.
Problem 1.3.4 (Neumann Helmholtz problem for a Lipschitz-regular obstacle)
Given' 2H () andk2 C, nd u2 WH( o) such that

u(x)+ k?u(x) =0; forx2 o;

+ @u
@

(1:47) is satis ed.

(x)="(x); forx 2 ; (1.51)

VAW AR ©0

1.3.3 Exterior partial di erential problems for screen obstacles

In this subsection we will specify the partial di erential equation problems that will be
posed on domains exterior to screen a , i.e., on exterior domains = R®n". These problems
will have a wider variety of interesting de nitions because of the physical relevance of the cases
where the given Dirichlet or Neumann trace data are set symmetrically or anti-symmetrically
on opposite sides of .

13



Laplace problems

Let us de ne the following problems related to the Laplace partial di erential equation
posed on the exterior of screen ,i.e. on = R3n .

Problem 1.3.5 (Symmetric Dirichlet Laplace problem for a screen obstacle)

Giveng2 H¥() nd u2 W% I( ) such that

8
< ux)=0; forx 2
(1.52)
u(x) = g(x); forx 2
Problem 1.3.6 (Anti-symmetric Dirichlet Laplace problem for a screen obstacle)
Giveng2 18%72() nd u2 WY I( ) such that
8
< u(x)=0; for x 2 :
(1.53)
u(x)= g(x); forx?2
Problem 1.3.7 (Symmetric Neumann Laplace problem for a screen obstacle)
Given' 218 () nd u2w?¥ ( )=R such that
8
3 u(x)=0; forx 2
(1.54)
3 @u. .\ .
; x) ="'(x); forx?2
@X( ) (x)
Problem 1.3.8 (Anti-Symmetric Neumann Laplace problem for a screen obstacle)
Given' 2H ¥?() nd u2w?¥ ( )=R such that
8
3 u(x)=0; forx 2
1.55
. @u (1.55)

@X(x)z " (x); forx 2

Helmholtz problems

Let us now de ne the following problems related to the Helmholtz partial di erential equa-
tion posed on the exterior of screen ,i.e. on = R3n .

Problem 1.3.9 (Symmetric Dirichlet Helmholtz problem for a screen obstacle)

Giveng2 H¥() andk2 C nd u2 W"( ) such that

8 2
E u(x)+ k“u(x) =0; forx2 ;
E u(x) = g(x); forx 2 ; (1.56)

(1:47) is satis ed.

Problem 1.3.10 (Anti-symmetric Dirichlet Helmholtz problem for a screen obstacle).

14



Giveng2 18%72() andk2 C nd u2 W"( ) such that

8 2

% u(x)+ k“u(x) =0; forx2 ;

E u(x)=g(x); forx 2 ; (1.57)
(1:47) is satis ed.

Problem 1.3.11 (Symmetric Neumann Helmholtz problem for a screen obstacle)

Given' 218 ¥2() andk2 C nd u2 W"( ) such that

8 2
% u(x)+ k“u(x) =0; forx2 ;
g @@:(x) =" (x); for x 2 ; (1.58)

(1:47) is satis ed.

Problem 1.3.12 (Anti-Symmetric Neumann Helmholtz problem for a screen obstacle)

Given' 2H () andk2C nd u2 WH( ) such that

8
% u(x)+ k?u(x) =0; forx2
g @@;(x) ="' (xX); for x 2 ; (1.59)

(1:47) is satis ed.
In the rest of this chapter, we will focus on the problems de ned on exterior domains for

Lipschitz-regular obstacles. These results will later be extended for the screen obstacles in the
next chapter, where we will deal with the challenges posed by the screen geometry.
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1.4 Fundamental solutions and boundary integral operators

This section will mark a depart from the pure partial di erential equations approach to
introduce Green's functions and their associated boundary integral equations. These are the
main tools that will allow us to recast the considered problems, posed on exterior domains,
as integral equation problems posed on boundary surfaces or screens. These tools characterize
the framework for the results of this thesis, that is, the so-called integral equation methods.

We will begin by de ning the Green's function for the two partial di erential operators
considered, the Laplace and the Helmholtz partial di erential operators (following the exposi-
tion presented in [19, Section 11.1]). We will then use this Green's function to de ne boundary
integral operators. We will show relevant properties of these operators that will later allow us
to formulate the exhibited problems as integral equation ones. The presentation of the results
for the boundary integral operators follow the exposition of [51, Chapter 3].

1.4.1 Fundamental solutions and Green's functions

A fundamental solution for a partial di erential operator P, linear, with constant coe cients

and de ned in the space of distributions C3 (R®) 0, is a distribution E that satis es

PE= oin C} (R} (1.60)

together with radiation or decay conditions, where g is the Dirac delta function located at the
origin. Fundamental solutions are of interest because their convolution with a data functionf ,
i,e. u= E f, when it has sense, is a solution tdPu = f. If we no longer consider the Dirac
delta function centered at the origin, but at a point x 2 RS, i.e. , the solution G(x;y) to
PG(x;y) = x(y) is called the Green's function for the operatorP.

The Green's functions for the Laplace and Helmholtz operators are of great interest because
they allow us to express functions in o (the exterior of a Lipschitz-regular obstacle) or in
(the exterior of a screen) using their traces on boundary . Let us consider the free space
Green's function for the Helmholtz di erential operator for wave number k 2 C as the function
that solves:
yGKOGy) + K2GK(x;y) = x(y): (1.61)

The solution to (1.61) that satis es conditions at in nity given in De nition 1.3.3 is

‘ eikky x Kk
The Green's function for the Laplace operator results from takingk = 0, as
GO(x;y) = 1 (1.63)
Y=g ky xk’ '
Likewise, the derivatives of the Green's function for the Helmholtz operator is
I eikky x k y X
radyG*(x;y) = ——— (1 ikky xk) 2——; 1.64
grady GX(x;y) = =5 — (@ ikky  xk) | (1.64)
and for the Laplace operator, makingk = 0,
!
grad, GO(x;y)= — 2 =~ . (1.65)

4 ky x k3

| |
We have that grady G(x;y) = gradyG(x;y), for all k, including k = 0.
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Remark 1.4.1 (The Green's function in R?). In R?, the Green's function for the Helmholtz
operator is

GX(x:y) = %Hgl) (kky xK): (1.66)

where Hc(,l) is the Hankel function of the rst kind [19, Section 6.4]. The Green's function for
the Laplace operator inR? is

GO(x:y) = Zilnky xk: (1.67)

Equation (1.66) satis es conditions at in nity prescribed for R? [19, Equation 11.25].

1.4.2 Boundary integral operators

Using the Green's function for the Helmholtz di erential operators, we will de ne the
following boundary integral operators.

De nition 1.4.1  (Boundary integral operators de ned on a surface ). Let be a surface
embedded inR® and q be a function dened on . We will de ne the following boundary
integral operators:

1. The single layer or weakly singular operator:

z
Skq ()= G(x;y)a(x)d( x): (1.68)
2. The double layer operator:
‘ @
Dfg ()= GG (y)at)d (x): (1.69)
3. The transpose double layer operator:
z
099 0)= GG xiyAX)d(X) (1.70)
y
4. The hypersingular operator:
‘@
k — K(y - .
N"q (y)= @X@yG (x;y)a(x)d ( x): (1.71)

Theorem 1.4.1 (Traces of the weakly singular or single layer operator [51, Theorem 3.1.2,
part 1]). Let g be a function de ned on and let u(y) = ( Sg)(y) for y 2 R3. Then:

1. Function u is continuous across : fu= uand[ u]=0.

2. The normal derivates ofu at are

Z
@u, . ay) @ _ . .
@Ty(y)— 5+ —@]yG(x,y)q(x)d(x), fory2 (1.72)

Theorem 1.4.2 (Traces of the double layer operator [51, Theorem 3.1.2, part 2])Let ' be a
function de ned on and letu(y) = (D' )(y) for y 2 R3. Then:

17



1. The normal derivate of function u is continuous across : * QU= QU gnd  Qu -
0.

2. The traces ofu at are

, z
uy) = Y) + QG(x;y)‘ (x)d(x); fory2 (2.73)
2 @
Remark 1.4.2 (Normal derivative of Du). The normal derivate of Du from Theorem 1.4.2
is given by operatorN from De nition 1.4.1. Its associated kernel admits a strong singularity
equivalent tokx  yk 3 and it is not integrable. We will consider it to be an improper integral

to be calculated as a nite part integral or in a weak sense.

Finally, let us state the Caldeon Identities for the de ned boundary integral operators.

Theorem 1.4.3 (Caldeon ldentities [51, Theorem 3.1.3]). When a surface is closed and
Lipschitz-regular, the boundary integral operators from De nition 1.4.1 satisfy the following
operator identities:

DX sk=sk (DY ; (1.74)

Nk DK=(D¥ Nk (1.75)
DkaSka:%I; (1.76)
(b%) (D% N kK sk= %u 1.77)

wherel is the identity operator.

Remark 1.4.3 (Laplace as a special case of the Helmholtz casefll the results presented in
this subsection apply to the Laplace case by settidg=0.
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1.5 Boundary integral equations and variational formulations
for Lipschitz-regular obstacles

Using the previously de ned boundary integral operators from De nition 1.4.1, the partial
di erential equation problems can be recast as boundary integral equation problems posed
on bounded surfaces instead of on unbounded propagation domains. This becomes a crucial
advantage when seeking computational methods to solve these problems, as the domain to be
discretized now becomes nite. Without recourse to these so-called boundary integral equation
methods, the alternatives are the use of the so-called domain methods. These domain methods
discretize the propagation domain after truncating it at an often large distance from the obstacle
and imposing absorbing boundary conditions of perfectly matched layers on this new ctitious
boundary. This poses additional di culties when estimating the existence and properties of the
searched solutions and often require greater computational resources. The integral equation
approach does eliminate these problems for a wide range of relevant cases, but introduces new
ones that will be addressed in the nal section of this chapter, and treated in the rest of this
thesis.

1.5.1 Boundary integral equations for the exterior problems

Using the properties of the de ned boundary integral operators, we can pose the partial
di erential equation problems as integral equation problems for the case of Lipschitz-regular
obstacles. The case of screen obstacles will require special treatment and will be introduced in
the next chapter. Let O be a Lipschitz-regular obstacle of boundary = @D. In order to solve
the exterior partial di erential equation problem, we will associate it with an internal problem
posed on the interior of O. Let us denote by the jump of the Dirichlet trace and by the
jump of the Neumann trace across

(y)=[ ul(y) and (y)= gu (y); fory2 : (1.78)

The properties of the boundary integral operatorsS and D from Theorems 1.4.1 and 1.4.2
will allow us to establish important identities. Let us consider the following function de ned
onR3n

uly)= S (y) D* (y); fory2R3n : (1.79)

This function has an interesting property, as stated by the following theorem.

Theorem 1.5.1 (Integral representation theorem [51, Theorem 3.1.1]) For a Lipschitz-regular
obstacleO, for a given wave numberk 2 C, let u be a function such that

8

> u+ k? =0: inO;

N (1.80)
: u+ k?u =0: inR3NO:

Let us denote the jump of the traces oli across as in (1.78). Then, for y 2 , u can be
written as

u(y)= S (y) D ¥ (y): (1.81)

We will use this theorem, central to the so-called boundary integral equation approach and
methods, to reformulate the exterior Dirichlet and Neumann problems for the Laplace and
Helmholtz equations. We will do so for the case of Lipschitz-regular obstacles. When used
for the case of screen obstacles, its use will demand more speci city, especially regarding the
spaces used. This will be a starting point of the subsequent chapters.
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Dirichlet problem for a Lipschitz-regular obstacle

Let us focus on the Dirichlet exterior Laplace or Helmholtz problem, i.e. Problem 1.3.1 or
Problem 1.3.3. Let us propose the following associated interior problem:

Problem 1.5.1 (Associated interior Dirichlet problem). Given g 2 H¥?() , and k 2 C
(possibly zero), nd u2 W% 1(0O) such that

8

> u(x) + k?u(x) =0; forx 20:;

N (1.82)

u(x) = g(x); for x 2

If we consider the previous interior Problem 1.5.1 together with the exterior one, Problem
1.3.3 or Problem 1.3.1 fork = 0, we get that the jump of the Dirichlet traces is

[ uy(x)= (x)=0; forx2 : (1.83)
If we consider the jump of the Neumann traces,
@u
— (x)= (x); forx2 ; 1.84
@ (x)= (x) (1.84)

Theorem 1.5.1 tells us that
ux)= Sk (x); forx2z ; (1.85)

is a solution to the interior Problem 1.5.1, and particularly to the exterior Problem 1.3.3 or
Problem 1.3.1 whenk = 0. Also, Theorem 1.4.1 assures the continuity ofu across , which
tells us that

Tu=g: (1.86)

This provides us with an integral equation for , which we can later used to nd the solution
to the exterior problem. This allows us to recast Problem 1.3.3, or Problem 1.3.3 ik =0, as
a new integral equation problem.

Problem 1.5.2 (Boundary integral equation problem for the Dirichlet exterior partial di er-
ential equation problem). Given g 2 H¥¥() , and k 2 C (possibly zero), nd 2 H ()
such that
Sk (x)= g(x); forx2 ; (1.87)
and use it to determine
ux)= S (x); forx 2R3®nO: (1.88)

This assures us that the solution to Problem 1.5.2 is also the solution to Problem 1.3.3 or
Problem 1.3.1 whenk = 0.

Neumann problem for a Lipschitz-regular obstacle

Let us focus on the Neumann exterior Laplace or Helmholtz problem, i.e. Problem 1.3.2 or
Problem 1.3.4. Let us propose the following associated interior problem:

Problem 1.5.3 (Associated interior Neumann problem). Given' 2 H ¥2() ,andk 2 C
(possibly zero), nd u2 Wt %(0) such that

8

3 u(x)+ k?u(x) =0; forx 20;

(1.89)

3 @@:‘(x): ' (x) for x 2
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If we consider the previous interior problem, Problem 1.5.3, together with the exterior one,
Problem 1.3.4 or Problem 1.3.2 ifk = 0, we get that the jump of the Neumann traces is

g]u x)= (x)=0; forx2 : (1.90)
If we consider the jump of the Dirichlet traces,
[ u(x)= (x) forx2 ; (1.91)
Theorem 1.5.1 tells us that
ux)= DX (x) forx2 ; (1.92)

is a solution to the interior Problem 1.5.3, and patrticularly to the exterior Problem 1.3.4 or
Problem 1.3.2 ifk = 0. Also, Theorem 1.4.2 assures the continuity of the normal derivative of
DX, which tells us that

+ @Qu_

@] 1
This provides us with an integral equation for , which we can later use in (1.92) to nd
the solution to the exterior problem. This allows us to recast Problem 1.3.4 as a new integral
equation problem.

(1.93)

Problem 1.5.4 (Boundary integral equation problem for the Neumann exterior partial di er-
ential equation problem). Given' 2 H 172() , and k 2 C (possibly zero), nd 2 H2()
such that

@ (x)= N K (x)="(x); forx2 ; (1.94)
@«
and use it to determine
ux)= DX (x); forx2R3nO: (1.95)

This assures us that the solution to Problem 1.5.4 is also the solution Problem 1.3.4 or
Problem 1.3.2 ifk = 0.

1.5.2 Bilinear forms and variational formulation

Let us de ne the bilinear forms induced by the boundary integral operators associated with
the Dirichlet and Neumann exterior problems.

De nition 1.5.1  (Bilinear forms for Sk and NX). Let us de ne the following bilinear forms
induced by the weakly singular operatoS¥ anthhe hypeErsinguIar operatorN K:

ays(; = st (1.96)
D E
als(; H= N K; o (1.97)

These bilinear forms are suitable for variational formulations for Problems 1.5.2 & 1.5.4, as
the following theorems will show.

Theorem 1.5.2 (The bilinear form induced by SK is coercive [51, Theorems 3.3.1 & 3.4.1])
The boundary integral equation (1.87) from Problem 1.5.2 admits the following variational
formulation 3
2Giveng2 H¥() ; nd 2 H () such that

S (1.98)
"8 12H 12() ae(; Y= g; !

The associated operatorS¥ is an isomorphism fromH 172() onto H¥2() when k2 is not
an eigenvalue of the interior Dirichlet Problem 1.5.1 for the Laplacian. This also holds for
k=0.
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Theorem 1.5.3 (The bilinear form induced by N ¥ is coercive [51, Theorems 3.3.2 & 3.4.2])
The boundary integral equation (1.94) from Problem 1.5.4 admits the following variational
formulation 8

2Given' 2H ¥2(); nd 2H¥2() such that

S (2.99)

T8 T2HR() A H= o !

The kernel of N¥ is not integrable, but can be computed as an improper integral and has the
following expression:
ZZ | |
ars(; Y= GK(x;y) curl ;curl b od(x)d(y)

zz (1.100)
k? GK(x;y) (x) H(y)(nx;ny)d(x)d(y):

The associated operatorN ¥ is an isomorphism from H12() onto H 2() when k2 is not
an eigenvalue of the interior Neumann Problem 1.5.3 for the Laplacian andk 6 0. For k =0
operator N © is an isomorphism from H12() =R onto H, () , the subspace oH 2()

whose elements satisfyi; 1i =0.

In the following section we will see how to discretize the integration domain in order
to consider subspaces of the Sobolev trace spaces and formulate nite-dimensional variational
formulations.

22



1.6 Surface discretization, boundary element method, and Galerkin
matrices

In this section we will de ne the way in which a surface is discretized in order to form the
boundary element spaces. These spaces will be nite-dimensional subspaces of the Sobolev trace
spacesH™2() and H *72(), and will serve to de ne nite-dimentional variational formula-
tions that will provide approximations to the solutions of the in nite-dimensional variational
formulations associated with the boundary integral equations forSX and N X.

1.6.1 Primal and dual meshes

Let be a surface, open or closed, embedded irR3. Let us also consider a triangular
approximation  indexed by a discretization parameterh. Figure 1.2 illustrates a triangular
approximation for an open and a closed surface.

Figure 1.2: Conformal triangular approximation  of a closed (left) and an open (right) surface
embedded inR3,

Notation 1.6.1 (Indexing by the discretization parameter h). We will index a triangular
approximation of a surface either by  or ., referencing the discretization parameterh
or the number of trianglesNr.

De nition 1.6.1  (Conformal triangular approximation) . A triangular approximation y of
a surface is conformal if it is a connected set, and if the intersection of any two di erent
triangles of 4 is either void, a set triangle vertices, or a full triangle edge.

De nition 1.6.2  (Triangular mesh). A triangular mesh T, (or Ty, ) for the conformal tri-
angular approximation  (or n,) of a surface embedded inR3, open or closed, is the set
of:

The set of Nt triangles t; (indexed byi) that compose its triangular approximation :
ftight .
The set of Ng edgese (indexed by i) that compose its triangular approximation :
feghe .
The set of Ny vertices v; (indexed byi) of the triangles that compose its triangular

approximation p,: fvighy.

If surface is open, i.e. @ 6 ?, the triangular mesh T, will also include the set of N
0
internal vertices v? (indexed byi): v? |N=\1
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Notation 1.6.2 (Triangular mesh indexing). We will denote indistinctly a triangular mesh
indexing it by a discretization parameterh, or by the numberN+ of triangles that composes it
as Ty -

Notation 1.6.3 (Referencing elements of a triangular mesh) We will adopt the simpli ed
notation: t; 2 Ty will reference the i-th triangle from Ty, g 2 Ty, will reference the i-th edge
from Ty, vi 2 Th will reference the i-th vertex from T, and vi0 2 Ty will reference the i-th
internal vertex from Ty, if surface is open.

De nition 1.6.3  (Triangle elements). For each triangle t; of a triangular mesh T, we identify
the following elements:

The set of its three verticesTy (i) := fvi;v);vig.

The set of the six non-intersecting sub-triangles resultingnfrog1 dividingt; using all its
Os

medians as delimiters (barycentric re nement): T, o(tj) := f‘] -
J:
The set of the six pairwise non-intersecting sub-ﬁriaggles resulting from dividingt; in
08

halves using its medians as delimitersT,, (i) := t L
J:

Figure 1.3: Example of a trianglet; (left) of a triangular mesh with its sub-triangles f‘J (center)
and sub-trianglest} (right).

De nition 1.6.4  (Vertex elements). For each vertexv; of a triangular mesh T,, we identify
the following elements:

The set of trianglest for which v; is a vertex: Ty ¢(vi) = ft 2 Ty : v; is a vertex oftg.
The set of sub-trianglesf for which v; is a vertex: T,, o(vi) = f£2 Ty : v; is vertex of fg.

De nition 1.6.5 (Triangle measurements) Let us de ne the following measurements related
to a triangle t; of a triangular mesh Ty:

Its area A;: 7
Aj = dtj(x): (1.101)
ti

Its cell size h;: p__
hi = A (1.102)



Its diameter d;:
di = sup kx yk: (1.103)
X3y 2t
De nition 1.6.6  (Maximal and minimal cell sizes). For a triangular mesh T, we de ne the
maximal and minimal cell sizes as

Nmax = I=rr11a>’$l hi and hpyn = i=rln:i:r:1N hi: (2.104)

T T

De nition 1.6.7  (Regular triangular mesh). A family of triangular meshes T, is said to be
regular if for every triangle t; for every mesh there is always a constan€r such that

0<Cr z' 1; (1.105)
i

De nition 1.6.8  (Locally quasi-uniform triangular mesh). A family of triangular meshes T,
is said to be locally quasi-uniform if for every pair of trianglest; and tj, there is a constantC,_
such that for every mesh in the family

L (1.106)

whenever trianglest; and t; are adjacent, i.e., when they share an edge or a vertex.

De nition 1.6.9  (Globally quasi-uniform triangular mesh). A family of triangular meshes Ty
is said to be globally quasi-uniform if there is a constantCg such that for every mesh in the
family

Amax Ceg: (1.107)

hmin

We will use the de ned mesh to build a new one called dual mesh. The name is motivated
by the fact that we will use it to de ne spaces that will be subspaces of the space dual to the
one that we will de ne on the rst and primal mesh.

De nition 1.6.10  (Dual mesh). We will call &, the dual mesh of the triangular meshr}, to
the set of polygonal-wise elements associated with théy, vertices of Ty, fLigi'\‘:\i, where an
elementL; associated with the vertex; is de ned as the union of the subtriangled' that have
ri as vertex: [
Li = £ (1.108)
f21,, o(ri)

We will use meshT;, to de ne subspaces oH 72( ,) and §, to de ne subspaces oH ¥2( ).

1.6.2 Boundary element spaces and discrete variational formulations

In this section we will use the discretized surface , of and the triangular meshes T,
and §, to de ne nite-dimensional subspaces ofH () and H 72( 1), which we will use to
compute approximations to the solutions to the integral equations associated withSk and N X.
The space discretization for the case of open surfaces, i.e. screen obstacles, will be treated in
the next chapters.

Let P, denote the space of bivariate polynomials of a degree less than or equal to Let
us also consider the triangular meshry, for the triangular approximation p of .

De nition 1.6.11  (The V, nite-dimensional space). Let Vi, H2( },) be the nite-dimensional
space
Vh=1fv C( n): forevery trianglet 2 Ty (vj; 2 P1)Q: (1.109)
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De nition 1.6.12 (A basis for V},). Let us consider as basis fov, the set

1ifj = i;

f igi'\'zvl such that, fori =1::Ny we have i(vj) = 0if | 6 i

(1.110)

De nition 1.6.13  (The W}, nite-dimensional space). Let W, H 72( },) be the space
n 0
Whp= w L?( p): for every elementL 2 ® (wj,_ 2 Po) (1.111)

De nition 1.6.14 (A basis for Wy,). Let us consider as basis folW}, the set

1if x 2 Li;
f g\ such that, fori = 1::Ny we have {(x)= b 1.112
i%i=1 Y} i(x) 0if x 2L;: ( )

whereL; is the element of, associated with the vertexv;.

De nition 1.6.15 (Local mesh size associated with basis functions)For a basis function
associated with a vertexv; 2 T, be it j or , we will denote byﬁi its local mesh size, de ned
as L X
fi= ——— hy; (1.113)

I eVl o

the average of the cell size of the triangles making up its support.

Using the de ned basis functions, a function 2 Vy( ) can be determined by the set of
coe cients f Mgty :
Wy
h(X) = hi(x); forx2 (1.114)
i=1

Likewise, a function , 2 Wy( 1) can be determined by the set of coe cients f {‘gi'\':vl:

Ny

h(x) = hi(x); forx2 (1.115)
i=1

We can use this decomposition to de ne nite-dimensional versions of the variational for-
mulations established for the boundary integral equations associated with operator§* and
Nk,

De nition 1.6.16  (Finite dimensional variational formulations) . Let us de ne the following
nite-dimensional variational formulation associated with the variational formulation (1.98),
associated with the boundary integral equation foSk:

8
% Given gh 2 Vh; nd the set of coe cients f ihgi'\':v1 such that

v (1.116)
;forjzl:::NV: raf®( ;)= toh i
i=1
Similarly, let us de ne the following nite-dimensional variational formulation associated
with the variational formulation (1.98), associated with the boundary integral equation forN K:
8
% Given' 1 2 Wp; nd the set of coe cients f PglLy such that
Ny (1.117)
Eforjzls::NV: ral( i ) =Has i,
i=1

26



Slightly abusing notation, we have kept the notatiora?®> and a{(‘s although they now refer to
bilinear forms induced by operatorsSk and N ¥ de ned over the discretized surface . Addi-
tionally, nite-variational formulation (1.117) has to be augmented with a parameters 2 R*

whenk = 0 to assure that the solution y belongs to a subspace dﬁgzz( h):

8
% Given' 2 Wp; nd the set of coe cients f Pg\y such that

S (1.118)
?forjzl:::NV: rag®( i; )+ hisl hj;l =Hp; i
i=1

1.6.3 Boundary element computations and Galerkin matrices

In this subsection we will de ne the way in which the Galerkin matrices associated with
nite-dimensional variational formulations (1.116) and (1.117) are computed.

De nition 1.6.17  (Galerkin matrices associated withS* and N ¥). Let us de ne the Galerkin

matrices associated with boundary integral operatorsSk and N* on the conformal triangular

approximation  for a surface . We denote byNy the number of vertices of the mesh, for
h. We dene S"2 cNv Nv ag

D E
SUisjl=as(i; )= S*i: K for i;j =1::Ny: (1.119)
We dene N 2 CNv Nv as
D E
NPRGil=alS(i; )= N K4 5 ; fori;j =1:Ny: (1.120)

h

In the case of the Laplace problem, whek = 0 matrix N E has to be augmented, as indicated in
(1.118) to account for the kernel space of operatoN °. In that case, we deneN §J 2 CNv Nv
as

N O6;j 1= alS( i i)= N o I hi;l hj;L ;  forij =1:mNy: (1.121)
with a parameter 2 R*.

These Galerkin matrices allow us to pose linear systems to solve the nite-dimensional
variational formulations for the integral equations that allow us to nd solutions to Laplace and
Helmholtz problems, on the exterior of a Lipschitz-regular obstacle, with Dirichlet or Neumann
boundary conditions. Despite the advantages that this approach brings to the treatment of
such problems, most particularly in unbounded domains, we will see that it comes at a cost.
In the next section we will explain and quantify this cost. It will become evident that the
challenges posed by the boundary integral equation approach must be addressed, which will
end this introductory chapter by motivating the work undertaken in the subsequent ones.
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1.7 Memory complexity, algorithmic complexity and accuracy

The main advantage of the approach outlined in this chapter, that of the boundary integral
equations and the boundary element method, is that they can tackle partial di erential equation
problems posed on unbounded domains in a more natural way. They also need less degrees
of freedom, in comparison to domain methods, when used to solve cases with small boundary
surface to propagation volume ratios. However, other problems inherent to the boundary
integral equation and boundary element methods are introduced. In this section we will discuss
and quantify these disadvantages.

Through this section we will consider the case of a Lipschitz-regular obstacle , of bound-
ary @= that has been discretized in a mesh . The number of basis functions spanning
the discrete boundary element spaces used, i.e. the number of degrees of freedom of the linear
equation to be solved, will be denoted asNqq; . We will consider the case of a numerical simu-
lation where the maximum frequency of the propagating wave i nax , in a linear homogeneous
medium with wave propagation velocity v. Three quantities of a given mesh are of interest
when determining the size of the linear system, the number of unknowndqof: the number
of triangles N1, the number of verticesNy and the number of edgesNg. The presented vari-
ational formulations will give rise to a linear system with Galerkin matrix A and right-hand
side vectorb, thus giving to consideration the systemAx = b.

The approach presented is intended for single frequency problems, but the concept of a
maximum frequency f max comes into consideration when a Fourier analysis is used for solving
transient waves using several frequencies on a frequency range.

1.7.1 Wave frequency and mesh re nement

The relation between maximum wave frequency and mesh re nement comes from the ne-
cessity to accurately represent the oscillatory behavior of the computed solution of the traces
de ned on surface . Depending on the application, di erent criteria are used.

If fmax IS the maximum wave frequency andv is the wave velocity, the shortest wavelength
min In the simulated scenario will be

min = (1.122)
Depending on the application (simulation of near- eld or far- eld phenomena, for example)

a numbern of basis functions, typically between 5 and 10, must be assured by each wavelength
[64, Section 6.2.1]. This means that the largest edghmax on the mesh must comply with

min - _ \4 .
Nmax NN fom (1.123)
In the limit case of compliance with the basis-per-wavelength criterion imax = v=(n fmax)),
and if the mesh is regular in the sense of De nition 1.6.9 imax  Cchmin ), the following in-
equality holds:

Cc

N fmax

The number Nt of triangles of mesh 1, is bounded by

ioni .
h2. =2’

min

Nt

(1.125)

wherej j is the area of the discretized mesh surfacey. Again in the limit case of compliance
with the basis-per-wavelength criterion (hmax = v=(n fmax)), and if the mesh is regular in the
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sense of De nition 1.6.9, the number of triangles can be further bounded by
ZCéj hj n2

Nt
V2

2 (1.126)

If the mesh is conformal, counting three edges for each triangle gives a global counting of
edges where each one has been taken into consideration twice, thus relating the number triangles
Nt and the number of edgesNg like Ng =3=2Ny. If 4 is non-intersecting polyhedral mesh
in R3, the Euler Characteristic applies, i.e.,

Ny Ng+ Nt =2; (1.127)

thus providing the number of nodes of the mesh:

1
Ny = ENT +2: (1.128)

These two results provide us with limits to the number of edges and nodes for a frequency

f max -

C&j njn?
3v2
Since the number of basis functionsNyo; Will be a combination of multiples of Ny, Ng

and/or N+, the size of the linear system can always be limited in order by 2., .

CZj njn?

Ne
V2

f2. and Ng f2 +2: (1.129)

1.7.2 Memory complexity

The Galerkin matrices produced by the boundary element method are symmetric and can
be stored by saving the elements in, .e.g., the upper triangular part of the matrix. If the linear
system hasNgos degrees of freedom and the computations use a data type that requires an
amount m; of memory to be stored, then the amount of memoryNnem required to store the
matrix is

N Ngot +1

1.7.3 Algorithmic complexity

The algorithmic complexity of the resolution of the linear system is the amount of indi-
vidual number operations Ngqve required to solve it. Using iterative methods, the algorithmic
complexity is then the number of operations involved in a matrix-vector multiplication Ny
times the number of iterations N, required by the iterative solver.

The number of individual number operations Ny  involved in the multiplication of a
Ngof Ngof matrix by a Ngos vector is Ngof multiplications and (Ngof  1)? sums, adding up
to Nm v=2NZ, 2Ngo + 1 individual operations.

The number of iterations Njer required by an iterative method depends on the condition
number of the matrix of the linear system; it grows with it.

De nition 1.7.1  (Condition number of a matrix) . The condition number a matrix is a measure
of how much can the result of a multiplication by a vector change, for a small changes in this
vector. It depends on the norm used to measure this change. For a matrid 2 CN N, the
2-norm condition number is de ned as

max (A) .
min (A) ,

where min (A) and max (A) are the minimal and maximal singular values ofA .

condp (A) = (1131)
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The following theorem about the conditioning of the Galerkin matrices arising from the
boundary element method will present us with a challenge.

Theorem 1.7.1 (lll-conditioning of BEM matrices [57, Lemmas 4.5.1 & 4.5.2]) Let { be a
polygonal curve inR? or polyhedral surface inR3, and T, a conformal, regular mesh for it. The
Galerkin matrices SE and N K, associated with the boundary integral operator$sk and N ¥, are
ill-conditioned in the sense that there exists a constanC.qyng such that
cone Sk Ceondhyyy, and  cond N§  Ceondhy i (1.132)

It is known that for the conjugated gradient method, for example, to reach a relative
reductjon of ", there is a constantCcq(") such that the number of iterations required is Njer =
Ccg(") condx(A) [24, Theorem 11.3.3]. For other iterative methods for the resolution of the
associated linear system, the dependency of the number of iterations on the condition number
of system matrix A is harder to determine, although it grows with it as the mesh is re ned.
Some common iterative solvers used linear system arising from the boundary element method
are the GMRES and the BiICGSTAB methods [43, 45, 66].

1.7.4 Accuracy

When computing the solution of a linear systemAx = b, the relative error of the computed
solution will depend on the relative error in the numerical computation of A and b, and the
condition number of A as stated in the following theorem.

Theorem 1.7.2 (Accuracy lost due to ill-conditioning [24, Section 2.6.2]) When solving the
linear system Ax = b but with a perturbed matrix and right hand vector, i.e.,

A=A+ A and b=b+ b (1.133)

the relative error of the solution depends on the conditioning of matrixA and the perturbations

as:
kx  xk conch(A) k Ak N k bk

(1.134)

where x is the solution of the perturbed systenAx = b.

1.7.5 Overall complexity and accuracy

The overall situation concerning the di culties inherent to the boundary integral equation
and boundary element method approach can be summarized in the following table, Table 1.1,
using asymptotic notation (Big O, or Bachmann-Landau notation).

Table 1.1: Summary of the computational cost and relations between di erent quantities de-
termining it, expressed in terms of the maximum frequencyf max , Number of degrees of freedom
Ngof and minimum mesh cell sizeh.

Computational

COStp fmax Ndof h
N dof O 2 1 O h?
N mem @) fr‘,ﬁax @] Ngof O h*
Nm v O ffax |O N3; |O h*

The situation depicted in the previous table stresses the challenges that the integral method
introduces. Unaddressed, these di culties greatly limit the applicability of this approach,

30



especially to endeavors that require the solution of multiple direct problems (automatic control,
automated design, some inversion problems, etc.). Numerical accuracy will also prove to be
a challenging point in the application of the integral approach, as the example from the next
section will illustrate.

1.7.6 An illustrative example

In this subsection we will shortly illustrate the diculties quanti ed in this section by
means of an example. Let us consider the problem of computing the acoustic scattering by a
rigid ball of one meter in radius in an unbounded scenario at normal propagation conditions:
v = 343:2m/s at 1 atmosphere of pressure and X of temperature. The following gures
will describe the evolution of the main quantities describing the complexity of the numerical
problem for di erent required maximum frequencies within the audible range.

Figure 1.4: Evolution of the computational complexity with the rise of the required maxi-
mum frequency for the example problem: memory complexityNmem (left) and algorithmic
complexity Ny v (right) versus maximum required frequencyf max .
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Figure 1.5: Evolution of the conditioning and the relative error of the linear system with the
re nement of the mesh used for the example problem: condition number cong{A) (left) and
relative error kx  xk=kxk (right) versus the discretization parameters h considering di erent
errors in the computation of the system matrix and right-hand side vector.

Algorithmic complexity Ny v and memory complexity Njmem Can be managed with accel-
eration/compression techniques, such as the Fast Multipoles Method [25, 26,52, 55], the Panel
Clustering Method [31,32,56,57], and the Hierarchical Matrix Method [9,28{30] with Adaptive
Cross Approximations [5, 8, 10,65]. The Hierarchical Matrix and ACA approach is very exi-
ble, being able to tackle the problem for multiple integral kernels with the same computational
implementation, and allows for reduced complexity:

Nmem = O (Ngof l0gNgot) = O fr%ax logf max ; (1.135)
NN v = O (Ngof logNger) = O 2., 10gf max : (1.136)

However, conditioning and thus Njer remains a problem, and thus, for the accelera-
tion/compression given as example we still could encounter an elevated number of iterations
and undesired inaccuracies.

Although it still allows for an increase in the frequency of simulation for a xed com-
putational capacity, this in turn stresses the importance of controlling the error due to ill-
conditioning through preconditioning.

The subject of preconditioning will be treated in the next chapters. When the obstacle has
a Lipschitz-regular surface there are robust and well-known methods. This isn't the situation
for non-Lipschitz objects, for which we will propose a novel technique.
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Chapter 2

Operator Preconditioning and
Screen Obstacles

In this chapter we will develop a preconditioning strategy for the linear systems arising from
Galerkin discretizations of boundary integral equations related to the Laplace and Helmholtz
problems for a screen obstacle presented in Subsection 1.3.3. This present chapter can be
roughly divided into two parts: 1) Sections 2.1, 2.2, 2.3 and 2.4, and 2) Sections 2.5, 2.6 and
2.7.

In the rst part we will describe the main theoretical tool for the devising of preconditioning
strategies in general, and for screen obstacles and Lipschitz-regular obstacles in particular. We
will show how this tool immediately provides a viable preconditioning method for Lipschitz-
regular domains and we will point out where it fails when applied to screens. Then, a brief
explanation will be provided on previous results adapting this strategy for a curve screen
embedded inR2. A geometrical and a functional framework will then be provided in the case
of a canonical surface screen embedded R?®, the unit disk, which will be the main and starting
case for further developments beyond this chapter.

In the second part we will establish the existence of operators that are the inverses to the
boundary integral operators associated with the boundary integral equations that are used to
solve the Dirichlet and Neumann problems. It will be also shown that their explicit form is
not easily attainable, thus preventing their immediate use in building preconditioning methods
using the boundary element method. We will develop tools to build basis functions for the
functional trace spaces involved. This will lead to a rewriting, in the form of series expansions,
of the involved integral operators, which in turn will allow for series representations of their
inverses, whose existence will have been already proven. A spectral method for the resolution
to the boundary integral equations will also be developed. Using the series expansions forms in
a spectral method will illustrate, in a straightforward manner, how the devised preconditioning
strategy yields an optimal preconditioning method and optimally preconditioned matrices, de-
spite not being suited for the more versatile boundary element method. These results will pave
the way for the introduction of new boundary integral operators, resulting from modi cations
made to the ones proposed in this chapter. These new and modi ed integral operators, to be
developed in the next chapter, will have explicit variational forms that will be suited for use in
boundary element methods.
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2.1 Operator preconditioning

When solving a linear systemAx = b, where the matrix A is ill-conditioned, i.e., where
the value cond:(A) is high (in a sense given by Theorem 1.7.2 according to the context), a
preconditioning method must be used to tackle the problems that come with ill-conditioning
(increased number of iterations required by an iterative solver and poor numerical accuracy). A
preconditioning method provides a matrix M such that the matrix MA has a much lower con-
dition number and thus the linear systemMAXx = Mb does not su er from the aforementioned
problems.

There are di erent strategies based on di erent rationales that deliver a wide gamut of
preconditioning methods with di erent performances (a good collection of them can be found
in [15]). In the context of Galerkin matrices arising from variational formulations such as
the ones for the boundary integral equations described in the previous chapter, it was seen in
Section 1.7 that conditioning worsens with mesh re nement (and thus higher frequencies in
numerical wave simulations). The following theorem will suggest a strategy suitable for that
context, and capable of providing optimal preconditioning.

Theorem 2.1.1 (Operator preconditioning [16], [35]). Let V and W be re exive Banach spaces.
leta2 L(V V;C),b2 LMW WC)andd 2 L(V W,;C) be continuous sesquilinear

forms, with norms kak, kbk, and kdk respectively. Finally, let V},, = span f igiNzl V and
Wi = span f gL, W be nite-dimensional subspaces of the same dimension on which
the following inf-sup conditions are ful lled:
8up 2 Viy sup 12UV 2.1)
vi2Vi,  KVhky
8th 2 Wy sup M Cokh kw ; (2.2)
Wh 2 Wy, kthW
gy, 2 Vi, sup JAVHWRI L (2.3)
wh2W,  KWhKw
Let us de ne the following Galerkin matrices: Afi;j] = a( i; j), B[i;j] = b( i; j), and
D[i;j]= d( i; j), and let us de ne the preconditioning matrix M = D !BD M. The spectral
condition number of the preconditioned matrix MA has the following bound:
kakkbkkdk?
condb (MA _— 2.4
MA) = (2.4)

whereD " is the inverse of the conjugate transpose of matriD .

Remark 2.1.1 (Optimality of preconditioning) . The bound from equation (2.4) is independent
of the choice of bases for the spaces involved. In particular, the bound does not depend on the
dimension of the chosen nite-dimensional subspaces.

A general situation is attempting to solve a functional equation Pv = w posed over a
domain , with P :V ! W, when one space is the dual of the other. We take interest in the
bilinear form a(v;v!) = Pv;vt  for the variational formulation, for functions v;vt 2 V. If

Vh = span f igiNzl V is an N-dimensional discretization of the space for the variational
formulation, the problem can be solved via a linear system of equation&\x = b, with A[i;j] =
a( i, j)- Theorem 2.1.1 is a tool that allows us to formulate an optimal preconditioning

strategy, as it will be stated in the following de nition.

De nition 2.1.1  (Optimal preconditioning strategy) . For a Galerkin matrix A arising from
the variational formulation associated with the functional equationPv = w with P : V I W
(with V being the dual ofW or vice versa), with variational formulation a(v;v') = Pv;
using Vy, = span f igiN=1 , an optimal preconditioning strategy is:
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1. Find Q : W ! V that will induce a coercive bilinear form b(w;w!) = Qw;w!' , for

w:wt 2 W.

2. Take the bilinear form d to be the duality pairing betweenV and W and nd a N-
dimensional discretization of the spaceW, Wy, = span f igi'\':l W, such that it
also renders the duality productd(; )= h; i coercive forany 2V, and 2 W.

3. Build matrices B and D from bilinear forms b and d, and assembleM = D BD "
as stated in the theorem.

4. Precondition the linear system yieldingMAx = Mb.

This particular preconditioning strategy is one among many other possibilities within the scope
of Theorem 2.4.

Remark 2.1.2 (Candidates for Q). Di erent problems naturally provide operators that will

ful Il the role of operator Q as stated in the optimal preconditioning strategy. In the context of
boundary integral equations linked to wave propagation phenomena, the weakly singular, and the
hypersingular boundary integral operators t the roles of P and Q if the obstacle is Lipschitz-
regular. More generally, given an operatorP, an inverse Q = P 1 (if available), is a useful
choice.

Remark 2.1.3 (Complexity of inversion). The computation of matrix M involves the inversion

of matrix D, for which the a priori algorithmic complexity is O N3 . This consideration
becomes especially relevant when the purpose of the preconditioning is the reduction of the overall
algorithmic complexity of the resolution to a linear system. However, for many spectral and
boundary element discretizations, using appropriate bases' numbering techniques can produce
sparse and banded matrices that are much easier to invert.
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2.2 Preconditioning for Lipschitz-regular obstacles

In this section we will show how the optimal preconditioning strategy can be used to yield
methods that will achieve optimal preconditioning of the linear system associated with an
integral equation in the context of a Helmholtz or Dirichlet problem for a Lipschitz-regular
obstacle. We will see that when the obstacle is Lipschitz-regular, the second operator needed
for the strategy is naturally available. We will also see that the preconditioning matrix built
for the Laplace case, is also an optimal preconditioner for the Helmholtz case.

Let us begin by establishing the following result.

Proposition 2.2.1  (Stability of the pairing of the bases of nite-dimensional spaces [61, Section
2.2]). Let  be conformal triangular approximation of a closed surface and let T, and &, be
primary and dual triangular meshes for it. Let us consider the sets of basis function§ igiN:Tl
and f igiN:Tl as de ned in De nition 1.6.12 and De nition 1.6.14. If we assume that T is
locally quasi-uniform, and that for every triangle t; 2 Ty, there is a constantC such that the
associated local mesh sizes for the functions associated with its vertices (refer to De nition
1.6.15) satisfy 0 1.,
1 X X 1
57 @ f; f‘TA C>0; (2.5)
vizTu w(t)  vi2Tu v(h)
then, the following inf-sup condition is satis ed:

hi; ji "
sup

cak ikyize .y fori=1::Ny: 2.6
j:l:::NV k JkH 1:2( h) 1Ryl 2( h) Vv ( )

Remark 2.2.1 (The discretization from Subsection 1.6.2 satis es conditions of Theorem 2.1.1)
Condition (2.5) is easy to meet and, as we shall see indirectly in the next subsection, is met by
the discretization described in Subsection 1.6.2. The consequence of the previous proposition is
estimate (2.6), which allows to satisfy condition (2.3) from Theorem 2.1.1

2.2.1 Laplace problem

For a Lipschitz-regular obstacle of boundary = @ let us consider a conformal trian-
gular approximation . It was shown in Theorem 1.5.3 that operatorN©® : H?2( )=R !
H 72( ) de nes an isomorphism, and that it induces coercive bilinear form inH=2( ,)=R.
Similarly, it was shown in Theorem 1.5.2 that operator S°: H 72( ;) I H( },) de nes an
isomorphism and that it induces a coercive bilinear form inH 2( ).

Additionally, it was shown in Subsection 1.2.3 that spacesH™( ) and H ¥2( ) are
dual to each other if the surface is Lipschitz-regular, and that they can be discretized into
N-dimensional spacesv,, and Wy, using Py Lagrange based igiNzl and P; basesf igi'\':l. Fur-
thermore, it was shown in Proposition 2.2.1 that their basis functions comply with stability
estimates speci ed in (2.3) from Theorem 2.1.1 if the bilinear formd is taken to be the duality
product between H72( ,) and H ().

Being in compliance with the hypotheses of Theorem 2.1.1, we follow the optimal pre-
conditioning strategy from De nition 2.1.1 and consider the following matrices to perform a
numerical experiment in the case of a spherical obstacle =fx 2 R®: kxk < 1g with surface

= fx 2 R®:kxk=1gin R®, which we will mesh into a triangular mesh  for a particular
value of h as shown in Figure 2.1. We consider the following Galerkin matrices (cf. De nition
1.6.17):

Asoliii]= S5 j 5 Byelisjl= N®i; j + hi;li hj;li ; for 2R
2.7)

36



and
D[jl=hi; ji (2.8)

Using these Galerkin matrices, let us assemble the following preconditioning matrices as
indicated by the theorem:

Mg=D AgD "; and Myo=D ByoD ": (2.9)

In the next gure, Figure 2.1, we show the evolution of the condition number for the
Galerkin matrices A g0 and B yo as a function of the discretization parameter together with
the condition number for the preconditioned matricesM oA g0 and M goB yo.

Figure 2.1: A triangular mesh discretization  of the spherical surface taken as an example
for a given discretization parameter h (left), and the evolution of the condition number of
matrices A go, B yo, and M yoA go (or M 0B o) for diminishing values of h.

It is remarkable that, as predicted by Theorem 1.7.1, the condition number is roughly
O h 1 forthe unpreconditioned matrices, whereas the preconditioned matrices attain optimal,
absolutely bounded, condition numbers.

2.2.2 Helmholtz problem

The Helmholtz case can be viewed as a perturbed case of the Laplace problem. We will use
this fact to show that preconditioners built for the Laplace problem can also precondition the
Galerkin matrices arising in the Helmholtz problem. Let us rst note that the Green's function
for the Helmholtz problem can be expressed as the integral kernel for the Laplace case plus a
more regular function. Indeed, forx;y 2 :

GX(x;y) = GO(x;y) + RX(x;y); (2.10)
with o v
k . _ el Xy 1.
R*(x;y) = 27X Yk (2.11)

Thus, the weakly singular boundary integral operator can be written as the sum of two
operators,

37



sk=s%+ Pk, (2.12)
with P being a convolution operator with kernel R¥, and thus a compact operator relative toS°

[57, Lemma 3.9.8]. Then, the bilinear form associated withS* will be a compact perturbation
of the one induced byS®, which will not a ect the preconditioning strategy [36, Section 2.4].

Similarly, we know from Theorem 1.5.3 that the bilinear form induced by N ¥ can be rewrit-
ten using Sk as

D E D , | E
N ku;v = SKeurl Juicurl v : (2.13)
h h
which, by the same argument, can be written as a compact perturbation of the bilinear form
associated with N ©:

D E D, E D, , E

I
curl ,uicurl ,v + Pfcurl  ujcurl ,v (2.14)
h h h
As before, the bilinear form induced by N ¥ is then a compact perturbation of the bilinear
form induced by N ©.

These results indicate that the preconditioning matricesM go and M o from the previous
subsection can also be used to precondition the Galerkin matrices arising in the case of the
Helmholtz problem. In what follows, we will put this idea to the test through a numerical
example.

Let us consider the following two Galerkin matrices arising in the case of the Helmholtz
problem:

D E D E
Aglisjl= S*i; ; ; and Byfisjl= NK ;o (2.15)
h h
Let us also take the previously considered preconditioning matrices built using the bilinear
forms associated with operatorsS® and N °. Figure 2.2 shows the condition number of the
Galerkin matrices associated with the Helmholtz problem for, e.g., a wavenumbek = 0:3 and
its evolution with diminishing discretization parameter h.

Figure 2.2:. Evolution of the condition number of the Galerkin matrix for the Dirichlet
Helmholtz problem A g« with and without preconditioning using the Neumann Galerkin ma-
trix M o (left). Evolution of the condition number of the Galerkin matrix for the Neumann
Helmholtz problem B \« with and without preconditioning using the Dirichlet Galerkin matrix

M go (left).
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Remark 2.2.2 (Optimality of the preconditioning after a transient) . Figure 2.2 shows optimal
preconditioning after an initial transient region due to the misrepresentation of the wave-like
characteristics of the trace functions when using large cells in comparison to the wavelength.

Given that the Laplace Galerkin matrices are enough to precondition the Helmholtz case
we will drop the consideration for the Helmholtz case, and we will retake it at the end of this
chapter when we test the developed preconditioning method for wave propagation phenomena.
Consistently, we will change the notation to ease the exposition with focus on the Laplace case.

Notation 2.2.1 (Weakly singular and hypersingular kernel notation). In what follows, and
unless speci ed otherwise, we will adopt the following simplifying notations. The weakly singular
integral kernel for the Laplace case will be written as:

KWYS(x:y) = Gox:y): (2.16)
Similarly, the hypersingular integral kernel for the Laplace case will be written as:

G
@@,

Consequently, the wavenumber superscript indicator will be dropped, implicitly indicating that
k=0:

KMS(x;y) = GO(x;y): (2.17)

S=5% and N =N (2.18)

In what follows we will focus on the preconditioning of the matrices associated with the
Laplace operator. In the next section we will make clear why this approach can't be used
directly in the case of the screen obstacles. In this chapter we will describe this application
problem, and in the next chapter we will develop a strategy to tackle it.
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2.3 Boundary integral equations for the screen problem

In this section we will show some well established results that will provide the functional
framework relevant to the integral equations associated with screen obstacles. We will underline
the main di erence between the case when is a Lipschitz-regular obstacle and the case
of screen obstacle, remarking the new and challenging mapping properties of the involved
boundary integral operators.

We start by noting that between the four cases at hand for the screen problem, both the
anti-symmetric Dirichlet (Problem 1.3.6) and symmetric Neumann (Problem 1.3.7), can be
solved straightforwardly without need of recourse to boundary integral equations.

Proposition 2.3.1  (Solutions to the anti-symmetric Dirichlet problem and the symmetric

Neumann problem). Given the symmetric Neumann data’ (i.e. [ @u] ="' ), the solution

to the Symmetric Neumann Problem 1.3.7 can be computed without solving a boundary integral

equation. It can be computed by applying the weakly-singular operator to the Neumann data:
Z

u(y) =(S")(y)=

1 T . .
m (x)d(x); 82 : (2.19)

Similarly, given anti-symmetric Dirichlet data g (i.e. u = @), the solution to the Anti-
symmetric Dirichlet Problem 1.3.6 can be computed without solving a boundary integral equa-
tion; it can be computed by applying the double layer operator to the Dirichlet data:

Z@ 1
@y 4 kx

uty) = (Do)(y) = vk g(x)d(x); 8y2 (2.20)

Proof The solution u= S' is continuous across , and the jump properties of the weakly sin-
gular operator (see Theorem 1.4.1) yields [ @u=@ = ' , which satis es boundary conditions
of the Symmetric Neumann Problem 1.3.7.

The solution u = D g has a discontinuity across , given by Theorem 1.4.2: [ u] = g,
satisfying the boundary conditions given of the Anti-Symmetric Dirichlet Problem 1.3.6.

Remark 2.3.1 (Focus on the symmetric Dirichlet and the anti-symmetric Neumann problems)
Given that the anti-symmetric Dirichlet and the symmetric Neumann problem do not require
solving a boundary integral equation, and thus a linear system needing preconditioning, from
now on we will focus only on the integral operator preconditioning associated with the symmetric
Dirichlet and anti-symmetric Neumann problems.

Lemma 2.3.1 (Jump of the trace for the solutions of the symmetric Dirichlet and anti-symmet-
ric Neumann problems [62, Lemma 2.2]) Let u 2 W% () be the solution to the symmetric
Dirichlet Laplace problem. Then, the jump of the Neumann trace on is such that

@u

& 218 () : (2.21)

If u2 WL 1( ) is the solution to the anti-symmetric Neumann Laplace problem, then the
jump of the Dirichlet trace on is such that

=[u]2 B¥2() : (2.22)
The next two theorems provide us with boundary integral equations that relate the traces

of the searched solution with the given data. These integral equations are the same as for the
case of Lipschitz-regular obstacles.
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Theorem 2.3.1 (Boundary integral equation for the symmetric Dirichlet problem [62, Theorem
2.5]). A function u2 W% () is the solution to the symmetric Dirichlet problem if and only
if =[@u=@21® ¥?() is the solution to boundary integral equation problem

S =g; (2.23)
for g2 H¥?() :

Theorem 2.3.2 (Boundary integral equation for the anti-symmetric Neumann problem [62,
Theorem 2.6]). A function u 2 W% () is the solution to the anti-symmetric Neumann
problem if and only if =[u] 2 1#172() is the solution to boundary integral equation problem

N o= (2.24)
for' 2H () :

Theorem 2.3.3 (Potential computation of the solution to the Dirichlet and Neumann problems
[62, Lemma 2.4]) Once the jumps of the Dirichlet and Neumann traces have been found, the
solution to the symmetric Dirichlet and anti-symmetric Neumann problems can be computed
as

u=S D : (2.25)

Remark 2.3.2 (Vanishing jump of the traces). In the case of the symmetric Dirichlet problem
( u = @), the jump of the Dirichlet traces is zero, i.e. = 0, and thus the solution to
the problem becomest = S once has been calculated. In the case of the anti-symmetric
Neumann problem ( @u=@= '), the jump of the Neumann traces is zero, i.e. =0, and
thus the solution to the problem becomes = D once has been calculated.

The following theorem describes a key feature of the traces of the solutions to the symmetric
Dirichlet and anti-symmetric Neumann problems for screen obstacles. This important feature
will be present throughout this chapter and will be considered later as a hint for the proposal
of many of the techniques involved in the preconditioning method.

Theorem 2.3.4 (Behavior of trace jumps at the edge of the screen [62, Theorem 2.9])The
jump of the Neumann trace of the solution to the symmetric Dirichlet Laplace problem, i.e.
2 18 172() , behaves, at edge® of the screen, like

(y) 1=ICJ dist(@y); (2.26)

and the jump of the Dirichlet trace of the solution to the anti-symmetric Neumann Laplace
problem, i.e. 2 18172() , behaves, at edgg@ of the screen, like

v dst@:y); (2.27)

where dist(@ ;y) is the distance to the edge of the scree@ from a pointy 2 in the vicinity
of the edge.

The core of the problem with operator preconditioning when a Lipschitz-regular obstacle
of boundary collapses into a screen, an object of void interior and non-Lipschitz boundaries,
is that the mapping properties of the weakly singular and the hypersingular boundary integral
operators degenerate. They continue to map trace spaces onto their duals, but these spaces no
longer coincide with the ones where the other operator induces coercive bilinear forms. When
the boundary is Lipschitz-regular, there are two spaces in consideration, 1)H ¥72() where N
induces a coercive bilinear form, and 2H 72() where S also induces a coercive bilinear form.
These are mutual dual spaces. When the obstacle collapses into a screen, and its boundary
is no longer Lipschitz-regular, there are now four spaces in consideration, two associated with
each boundary integral operator. OperatorS mapst8 172() onto H (), to which it is the
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dual. On the other hand N maps8172() into its dual H *72(). The two operators involved

in the integral equations needed to solve the two problems, do not share spaces (either as image
or pre-image) where they can induce coercive bilinear forms, and thus they no longer furnish
optimal preconditioners. Additionally, Caldeon Identities no longer hold, which were useful in
achieving low condition numbers (besides being bounded) when the preconditioning strategy
was applied in Section 2.2.

Di erent approaches have been tried to tackle or to bypass this problem. Despite the fact
that the Caldepn Identities no longer hold for screen boundaries, the weakly singular and
the hypersingular boundary integral operators do precondition each other to some degree, as
proposed in [49], although not in an asymptotically optimal manner, with the spectral condition
number growing as O(jloghj). Another approach, called generalized Caldeon formula for
open boundaries, provides good preconditioning tools [44], but no asymptotical estimations
are available.

A family of strategies are based in the use of inverses to the boundary integral operators,
when available. Finding the inverse operators toS and N is, in general, a dicult task.
Recently, explicit variational expressions for the inverses have been found by Carlos Jerez-
Hanckes and Jean-Claude Necklec, along with precise space mapping properties and Caldepon-
type identities for the segment screen ( =( 1;1) f 0g) in R? [41]. These inverse operators
induce linear, continuous, and coercive bilinear variational forms in the dual spaces for each
operator, and thus provide a means to build preconditioning Galerkin matrices [36]. These
results have also been proven to be extensible to the boundary integral operators linked to
the Helmholtz equation and to curves other than the segment via a su ciently regular curve
transformation. More recently, explicit expressions for the inverse have been found for the case
where the screen obstacle is the unit disk irR® but only for N [37]. In this chapter we will
propose inverses foiS and N in series form.

42



2.4 Preconditioning for the segment obstacle in R?

In this section, we will brie y describe how the optimal preconditioning strategy was de-
veloped in the past into a preconditioning method for the case of a straight segment screen
in R? for the symmetric Dirichlet and the anti-symmetric Neumann problems. This case will
illustrate the di culties encountered when dealing with screens and will provide insight and
suggestions to the treatment of the tridimensional case. This aforementioned strategy was
reported in [36].

2.4.1 Geometrical and functional setting

The canonical curve screen chosen ilR? was the straight segment, which was de ned as
the set ., = | f Og, with | = ( 1;1). The propagation domain is named . Function
w(x)= 1 x2was de ned for x 2 |, which captures the behavior of the jump of the traces
at the edges of the screen (i.ex = 1;1) as revealed in Theorem 2.3.4.

Lemma 2.3.1 provides the relevant spaces where the boundary integral equations are posed:
#172() and 18 172(). As a reminder, these spaces are de ned as in [61, Section 1.1]:

18 172() H¥2() ° and H 122() 18172() °. (2.28)

Gelfand triples [57, Proposition 2.5.2] provide us the following inclusion relations:

/12()  L%) H () M) L) /() (2.29)

2.4.2 Direct and inverse operators and kernels for the symmetric Dirichlet
and the anti-symmetric Neumann problems

Among the four original screen problems (Problems 1.3.5, 1.3.6, 1.3.7 and 1.3.8), the anti-
symmetric Dirichlet and symmetric Neumann problems have straightforward solutions as shown
in Proposition 2.3.1. The other two problems, the symmetric Dirichlet and anti-symmetric
Neumann problems, can be rewritten as boundary integral equations. The direct operators
associated with these integral equations are known to b& and N, as stated in Theorems 2.3.1
and 2.3.2 respectively. For the symmetric Dirichlet boundary integral equation, the kernel of
the integral operator is the same as for theS boundary integral operator in two dimensions:

K&S(xy) = Zilogjx yj; for x;y 2 1: (2.30)

The variational formulation for the associated boundary integral equation is

8
3 Forg2 H¥2(): nd 218 ¥2()suchthatforall '218 1%2();

ST I z (2.31)
3 S ' o= 5-logix yj () “y)dxdy = gly) ‘(y)dy:

For the anti-symmetric Neumann boundary integral equation, the integral kernel of the
integral operator is the same as for theN boundary integral operator in two dimensions:

KX y) = 21JX1yJ2 for x;y 2 I: (2.32)

The variational formulation for associated boundary integral equation is
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N

For' 2H ¥2(); nd

ZZ
t 1 1

2 jx

yj?

2 18172() such that for all

(x) ‘(y)dxdy =

f2 /72()
z

2.33
" (y) ‘(y)dy: (239

In the development of the preconditioning strategy for the segment screen, as reported
in [41], explicit variational forms were developed for the inverse operatorsS * and N 1. For
the symmetric Dirichlet problem, a symmetric hypersingular boundary integral operator S 1,
with integral kernel K 'S, was determined. Likewise, for the anti-symmetric Neumann problem,
a weakly-singular boundary integral operatorN 1, with integral kernel K %S, was found. The
explicit forms of these kernels are shown in Table 2.1.

Table 2.1: Explicit forms of the integral kernels of the operators linked to the boundary integral
eguations in two dimensions.

Kernel

Symmetric Dirichlet

Anti-symmetric Neumann

Weakly singular

K&(x;y)= 5~ logjx Yj

Kis(xy) =

1 2]X_ Y]
2199 e cweor w2

Hypersingular

hsro-oy — T Xy 1
KS*(XY) = Soowe oovz

. — 1 1
KQSS(va)_ T]X yJZ

2.4.3 Series form of the integral kernels for the direct and inverse operators

These developments were achieved using polynomial bases ( rst kindl,,, and second kind
Un Tchebyshev polynomials), allowing for series expressions of the integral kernels. Table 2.2
shows the series expression of the integral kernels for the direct and inverse integral operators
involved in the symmetric Dirichlet and anti-symmetric Neumann problems.

Table 2.2: Series forms of the integral kernels of the operators linked to the boundary integral
eqguations in two dimensions.

Kernel Symmetric Dirichlet Anti-symmetric Neumann
P
WeaKly singular | K¥S(x;y) =log2+ — 2Ta()Ta(y) | KEEOGy)= OO, 100Un 1(y)
n=1 n=1
. P P
Hypersingular KIs(x;y) = ZnW KE(GY)=  2nUy 1(X)Un 1(y)
n=1 n=1

Remark 2.4.1 (Kernel singularities at the edge of the screen) It is remarkable that the series
expressions of the integral kernels explicitly show their behaviour near the edges of the segment
screen. This will provide relevant hints in the development of similar inverse operators for the
disk screen inR3, showing that the key feature is the relation between the singularities of the
jump of the traces (the unknown of the integral equations) and the behavior of the kernel at the

edge the screen.

Having the integral kernels for the variational expressions of the inverse operators, Galerkin
matrices can be built once the spaces have been discretized. These matrices act as mutual
optimal preconditioners as has been reported in [36].

2.4.4 Series expansions of functions belonging to the Sobolev trace spaces

The polynomial bases mentioned in the previous subsection allow for the expression of the
functions of the Sobolev trace spaces in the form of series expansions. This will become a key
tool in the construction of bases for the trace spaces for disk screen iR in the next sections.
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It has been shown separately by E. Stephan and co-workers in [20, 33, 60] and more re-
cently in an more comprehensive exposition, in [41], that using polynomial bases fdr?(l) and
the weight function w allows for the creation of bases for the Sobolev trace spacé®'=2(l),

B 72(1), H¥2(1), and H 172(1).

A function in the spacetd=2(1) can be expanded on the basi$wU,g}_,:

X 5Z
(x) = nW(X)Un(X);  n=—  (X)Un(x)dx: (2.34)
n=0 '

A function g in the spaceH ¥72(I) can be expanded on the basi§ Thgl_,:

N Z
g(x) = OnTn(X); On= 2 wdx:
|

(2.35)
=0 w(X)
A function ' in the spaceH *72(1) can be expanded on the basi$ Urg}_, :
% Pl
"(x) = "aUn(X); "h=— " (X)Up(X)w(x)dx: (2.36)
n=0 !
A function in the spacel® 72(1) can be expanded on the basi§w 1T,gl_,:
R . o
(x) = AW (X)) Th(X); n= — (X)Th (x)dx: (2.37)

n=0 '

In the next sections we will adapt the results related to segment screen iR? for the unit disk
screen inR3. With that goal in mind, we will specify a geometrical and functional framework
for that particular case and we will show the existence of operators that are inverses to the
ones involved in the boundary integral equations associated with the symmetric Dirichlet and
anti-symmetric Neumann problems.
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2.5 Geometrical and functional setting for the disk screen in
R3

From now on, we will focus on the case of a unit disk screen obstacle R3. We will provide
a geometrical and a functional setting appropriate for this case.

2.5.1 Geometrical de nitions

Let x = (X1;X2;X3) 2 R3, with canonical coordinate system @1; &,; 3), be a point, and let
us consider the split of the three-dimensional space into two half-spaces = fx 2 R%:x3 7 0g,
with interface plane given by x3 =0. We take interest in disk D in R3:

D=fx2R3:x3=0;x3+ x3< 1g: (2.38)

We divide plane in open disjoint sections D and ; = nD. The problem domain for
the unit disk screen obstacle is denoted by p = R®nD.

We also consider the unit sphereS in R3. The plane divides the unit sphere into two
half-spheres which we denote byS" (upper half-sphere), andS (lower half-sphere). For a
point on the sphere, we consider the cylindrical coordinate system ( ), where and are the

classic Euler angles (2 [0; Jand 2 [0;2 ]),and &, & andé& the local spherical coordinate
system forx 2 S

< xi(; )
Xa2(; )
)

x3(;

sin  cos;
sin  sin ;
co

: (x) = x =arccos(xs);

(x) = x =arctan(x2=x1); (2.39)

8

< &/(x)=(sin cos; sin sin; cos);
e (x) =(cos cos; cos sin; sin ); (2.40)
e (x)=( sin; cos; 0):

For a point on the disk, represented in bi-dimensional Cartesian coordinatesXi; x2) 2 R?,
we consider the polar coordinate system ( ), where 2 [0;1) is the radius, and& and é
the local cylindrical coordinate system of a pointx 2 D.

[o I

xi(; )= cos; (X)= x = X%+ x5=sin ;

X2(; )= sin; xX)= x= arctzm(x22=x1); (2.41)
& (x)=(cos ; sin ); (2.42)

e x)=( sin; cos ):

For a point x 2 D we denote asx 2 S its vertical projection onto the upper and lower
half-spheres. Likewise, pointsx 2 S have a vertical projection x 2 D onto the disk.

It is noteworthy that with this de nition, =sin is always non-negative. It will become
useful to de ne a weight function w relating the radius of a point x 2 D with the distance to
its vertical projections on unit sphere S,

w( )— 1 2=jcosj; (2.43)
such that, for x =( ; )2 D,

x (; )=( cos; sin; w()): (2.44)

Finally, we will denote by ( ; ) the inner product in R? and R3. When taking the inner
products of complex valued functions, we will use the conventions of taking the conjugate on
the second argument.
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Figure 2.3 resumes the de nitions and relations comprising the elements of the geometrical
setting for the unit disk screen in R3,

Figure 2.3: Geometrical setting for disk screenD, upper S, and lower S half-spheres and
other geometrical elements considered in this chapter.

Proposition 2.5.1  (Hypersingular integral kernel on disk D). The kernel of the hypersingular
boundary integral operator N has the following expression wher;y 2 D:

@ 1 1
KNs(x:y) = = : 2.45
(x:y) @x@y 4 kx yk 4 Kkx yk3 ( )
Proof | 1
! X 'y

rad = : 2.46
T 2 yk 4 kx yk® (2.46)

@ 1 _ ! 1 _ Ny (x y).
@, 4k« yk = ny grady 7k UK vk T e v yk3' (2.47)

! @ 1 (N X)X y) o (nx y)X y) Nx
rad = 3 +3 + . (2.48
J Y@y 4 kx Yk 4 kx yk® 4 kx yk® 4 kx yk® (2.48)

! @ 1 Ny Ny (nx (X y)(ny (x y))

n rad = 3 : 2.49
v 9 Y@y 4 kx  yk 4 kx ykd 4 kx yk® (2.49)

This identity gives the desired results for the case of the disk, wherx;y 2 D, an thus x3 =
ys=0and ny = ny =(0;0;1)".

Proposition 2.5.2  (Hypersingular kernel on sphereS). The kernel of the hypersingular bound-
ary integral operator N has the following expression wher;y 2 S:

1 1
hs/y, . — + .
K™(X;y) PR T (2.50)
Proof We know from the proof of Proposition 2.5.1 that

@x@y 4 k< yk 4 kx yk¥ 4 kx yk°
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We remark the fact that, particularly for x;y 2 S, we have that ny = x, ny = y and
kxk = kyk = 1. This allows for the following expressions for the distancekx yk:

kx yk2=2 2(x y) and kx yk4=4 8(x y)+4(x y)Z (2.52)
We write the hypersingular kernel as,
@ 1 _ ke YK X (X Yy (XY ey
@x@y 4 kx yk 4 kx yk°
The development of the numerator using the previous identities gives the desired result:
(x y)ka Yk 3x (x y)y (x y)=3 4x y)+(x y)? (2.54)

2 2(x y)+ 1 2(x y)+(x y)* (2.55)

kx yk2+%kx yk*: (2.56)

Proposition 2.5.3 (Relation between the weakly singular and the hypersingular integral ker-
nels on the disk) For x;y 2 D, the kernelsK ¥ and K " of the boundary integral operatorsS
and N on disk D are linked by the Laplace-Beltrami operator:

pK ™ = K*: (2.57)
1 _ 1 ]
° Tk K a1 JE (2.58)
Proof
oGy =div 5 GradoGecy) = &+ & Gy (2.59)
) L @% @% L
@ vy = Xi Vi
@XG(X’y) 4 kx yk® ' (2.60)
é .. 1 ,@ 1
@—%G(x,y)— 4 kx yk® (i y')@}( 4 kx yk (2.61)
!
@ 1 _ 3 i)
@x 4 kx yk® 4 kx yk° (2.62)
@ _ 1 (i Yi)?
) @%G(X = Tk yk3+ 4 kx  yk° (2:63)
@ @ o 2 3 (X1 Y2+ (X2 Y2)?
) @%+@ Glxiy) = 4 kx yk3+ 4 kx yk° (2.64)
(x1 yD2+(x2 y2)? =kx yk': (2.65)
@ & N 1 .
) @7%+ @3 G(x;y) = 7 % i (2.66)

Remark 2.5.1 (Change of variables between the disk and the upper half-sphere for the surface
vector curl operator). The inner product in C2 for the curl of two functions u and v de ned
on Sis, in spherical coordinates:

| |
“curlsu(x);eurlsv(y) = g o
@x) @(y) COS x COS y @Uix) @(Y)

+cos( v) “a, @, Sh S @x (2.67)

. cos y @¢x) @(y)  cos @lQX)@r(Y)
+sin( y) sin;/ @x @y sin x @x @y
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The inner product in C? for the curl of two functions u and v de ned on D is, in cylindrical
coordinates:

1 @x) @(y)

Xy @X @y
@) 1@y 1 ew @y (2.68)

+sin( x y) @x y @y x @x @y

! !
‘curlpu(x);curlpv(y) = cos( x  y) @@;@:)@é(i/hr

The change of variablesu(x) = U(x*) gives@U=@= @u=@ and =sin gives
@u. 1 @U_ 1 @U
@ cos @ w()@
Expressing one of the identities in the variables of the other through a change of variables allows
for the identi cation of the following identity linking both:

(2.69)

!CU”DU(X)J!CU”DV(V) S S !curIsU(x+);!curIsv(y+) Q) /")

2.70
COS 4 COS y @x @y (70

2.5.2 Functional setting

In this section we will recall some results from Section 1.2 for the particular case of disk
screenD embedded inR3.

Let us de ne a function's restrictions over a half-space:
u =u : (2.71)

Let us also introduce the trace operators  : C} I as

u= I'irrg) u(xs;Xx2; ): (2.72)

Operators can be uniquely extended to the space of bounded linear operators from
HI})C( ) to Hlf)zz() [48, Chapter 3]. Then, the trace operator of a subdomain of can be
de ned as:
u= u (2.73)

Let[ ]= * be the jump operator across a surface subset of plane . We will
take particular interest in the case where is D.

Additionally, we de ne an orientation for the surface , and denote by ny the unit normal
at x 2 on the positive part of the surface, according to Subsection 1.2.1. In the case of
screenD the unit normal becomesny = &3 =(0;0;1) for x 2 D, thus de ning the directional
derivative

@, u= Qu

— @78.
We take interest in the functional spaces relevant for the description of the solutions to the
Laplace and Helmholtz problems in p = R®nD, and the trace spaces on screeb.

(2.74)

The natural Sobolev spaces considered for the Laplace and Helmoltz problems [4, Section
4.1], for a general problem domain , are H1() if R2 is a bounded domain, orH I})C() if
not. Being the latter only of Fechet type, and being p unbounded, we de ne

( )

: u !
WE L p)= u2Cl( b): p——=2L2 p)gradu2 L% p)° ; (2.75)
1+ kxk?

de ning a Hilbert space which coincides with H,%,C( p) for bounded parts of p [51, Section

2.5.4]. We will also consider the following subspace oV 1( p):
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Wo' ' p)= u2Wb I p): ju=0 : (2.76)
Gelfand triples [57, Proposition 2.5.2] provide us the following inclusion relations:

(D) L*D) H **¥D); HYD) L*D) #® “*D): (2.77)

It is also remarkable that 81°2(D)  H, (D).

Using these geometrical de nitions and the outlined functional framework, we will show in
the next section that boundary integral operators S and N do have inverses. Their existence
will be guaranteed by the Lax-Mailgram theorem, and thus an explicit form will not be readily
available. Their explicit form will then be the subject of the subsequent sections.
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2.6 Existence of inverse operators for the Dirichlet and Neu-
mann problems

As it was shown in Section 2.3, the Laplace problem for a screen can be posed as a bound-
ary integral equation on the surface of the screen. For the Dirichlet (Neumann) problem, and
given Dirichlet (Neumann) data, the problem amounts to nding the unknown jump of the
Neumann (Dirichlet) trace solving the integral equation for the weakly-singular S (hypersin-
gular N) operator. In this section we will show that in the case of disk screerD in R3, integral
operators S and N have inverses. We will also show, however, that these inverses do not have
a straightforward explicit form. We will undertake the task of nding series expressions in the
following sections of this chapter.

This section regarding the existence of inverse operators is an adaptation foR® of the
results derived for R? in [41, Sections 2.6 & 2.7]. The exposition, order of the results and the
notation follow that of the mentioned reference.

2.6.1 Dirichlet Problems

Instead of directly considering the symmetric Laplace problem, we start by tackling a more
general Laplace problem with two di erent Dirichlet conditions g from above and below on
D. These boundary data lie in the Hilbert space

n 0
X= g=(g";g)2HD) H¥D):¢g" g 2R”D) (2.78)
with norm
kgk2 = o 2 + 2 + g 2 : (2.79)
g X = g H1:2(D) g H1:2(D) g g }Ql:Z(D) . .
We also de ne the Hilbert space for Neumann data as
n o
Y= "=(C"*" )2H D) H ¥¥D):'* ' 28 D) ; (2.80)
with norm , , )
1 2 — 1 1 1 L} .
K k= """ 4 iy ¥ 0oyt T 7 12 - (2.81)
Let us consider the general Dirichlet problem for the disk screen.
Problem 2.6.1. For g2 X, nd u2 WY ( p) such that:
8
2 p=0; X2 bp;
: 2.82
> D u=g; x 2 D: (2.82)
D
Uniqueness of solutions
Any function uin W% 1( p) can be split into its restrictions on
u = u 2w (2.83)

with well de ned traces ju 2 H&):cz(D). By de nition, if u is a solution to Problem 2.6.1,

then ;u =g with[ pu]2 1#1=2(D). Due to the regularity of the solution in the interior of
p, we have that

u = 0; and ,@u =0: (2.84)
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By the extension theorem [48, Theorem 3.18], there exists a continuous operatde™ :
H¥2(D)! H¥2()extending g* over satisfying

E'g" 2HY2() ; supp E'g" b and E'g" ,= g (2.85)

Furthermore, [g] 2 18172(D) so that its extension by zero in ¢, fg], belongs to H172().

LetusdeneE g = E'¢g" fg], which is also continuous.E* g* and E g also admit liftings
with compact support in the upper and lower half-spaces, given by the continuous operators
R :H¥() 1 Wb 1( ) Letusdenev 2WZY I( ) using operator composition:

v = R E g; (2.86)
which has compact support on . We consider

vt ifx2 *;

v if x 2 : (2.87)

so that v 2 W% 1( p). This allows the de nition of an operator A : X I WZ 1( p) such
that v = Ag, and for which the following continuity inequality holds,

because of the continuity of all the composing operators. The continuity of the trace operators
provides the following result.

Lemma 2.6.1. If u2 W% ( p) is such that pU=g with (g";9 ) 2 X, there exists a real
positive constantCx such that

Since by construction v =g ,itholds ,(u V) =0 andwe can rewrite Problem 2.6.1
with a homogeneous Dirichlet condition:
: 0 :
Problem 2.6.2. Givenv= Agandf = v2 Wol' 1( p) , hd win Wol' 1( p) such that

(
(2.90)

Proposition 2.6.1.  There is one and only one solutionw 2 Wol; l( p) to Problem 2.6.2.

Proof From (2.90), we have

) = . . 1, 1 )
Wi w Wot (o) T frw! wd ()’ 8w'2 Wy *( p): (2.91)

Let Br be the open ball of radiusR > 0 centered at zero with boundary @B and such that

supp(f) b Bg. Let r= \ Br and By = \ Br be the upper and lower half-spheres
with boundaries @B, = r[ (@&\ ). Forevery w! 2 Wy' *( p), it holds
t t D tE
WiW g iy T TWIT W g @V @g WV s, (29D

and addition of both half-spheres contributions yields

rw;r w
X

gt _ ) t
we W W(:)L; l(BR\ D) Br\ b @B‘?@W' @BQW H1=2(@RK)

R@W: gW' i )i (2.93)
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By de nition of W% 1( p), when R tends to in nity, the second term on the right-hand
side vanishes. The remaining boundary term over r extends now over wherein the splitting

into D and ¢ holds. Since ,w'=0and  w'=  w! the duality products over D cancel
out and yield:
@w; Tw Hiny ¥ @W; wt Hiz() = @w ;o w iz )¢ (2.94)

By the transmission conditions (2.84), the above contribution disappears to obtain:

p(w;w) = rw;rw = frwt WE (o) swt 2 Wy *( p): (2.95)

The associated bilinear form is continuous and coercive oWOl; 1( p). Indeed, using semi-norm
properties for this space,

p(Ww)=(rw;rw) _ = jwZ ;. ¢ 2kwkd i

TUET. (2.96)

by [51, Theorem 2.5.11]. Thus, .by the Lax-Milgram theorem, we have uniqueness @f sincef
belongs to the dual space oWy *( p).

This allows us to prove the following result.

Proposition 2.6.2.  If g 2 X, then Problem 2.6.1 has a unique solution inW 1( p).

Proof Let w denote the solution to Problem 2.6.2. Then, the solution to the original Problem

26.1isu = w + v and is independent on the lifting v 2 W% 1( p). Indeed, if we let
u; = w; + v; denote the solution for two di erent liftings i = 1;2, then it holds
( =0 2 p;
(U up) = Xe o (2.97)
p(u; u) =0 x 2 D;

which has as a unique solutionu;  u, =0 by Proposition 2.6.1.

Average and jump decomposition

The solution to Problem 2.6.1 can be split as follows. To any functionu in W% 1( p),
we associate restrictionsu on  belonging to W% (). Denote by u 2 W% 1(RY) the

mirror re ection of u over . Average and jump solutions de ned overR® are written as
8 8
_ut+u > _ g +g .
Uavg = 5 ) . Oavg = 5
S a T associated with the data S + g (2.98)
* Ump = 5 ' * Omp = T:

Normal traces can also be similarly decomposed. Due to the orientation of the normal,
de ne them as

(
— 1 + . .
Uavg = €3 1 (U u); . . Uavg:
D@ Uavg 2 3 1 ( . )i associated with the values 29 (2.99)
D@Ujmp = 3€3 1 (U" + U ); Ujmp ;

and we have the associated Green's formula (as (Uavg ; I Vimp) = 0):

(ru;rv) . h p@Uavg ; DVavgiH1=2(D) + h p@Ujmp ; Dijpi|41=2(D) ; (2.100)

for v2 WL 1(R?) split into average and jump parts.
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Proposition 2.6.3.  The solution to the Dirichlet Problem 2.6.1, is such that its Neumann trace
at D belongs to the space/. There exists a unique Dirichlet-to-Neumann map DtN: X ! Y
satisfying

DINg; giy  Ckgkg; (2.101)

for g in X, and where the vector duality product is given by:
MDIN g; giy = DIN Gayg: Gavg Hizpy * DtN Gjmp ; Gjmp g 1-2(D) (2.102)

Proof By Proposition 2.6.2, a unique continuous applicationTp exists such that

To @ X ! WL 1 p):

g 7! u=Tpg: (2.103)

Due to the trace theorem, Theorem 1.2.1, one can construct a continuous operator

.
DIN = D @ Tp : X! H ¥D H D),
D

belonging to Y since [ @u b@u 2 1# 1=2(D). Parity decomposition follows by taking
duality with v split into average and jump parts using formula (2.100).

Corollary 2.6.1. For g = g2 H¥?(D), the corresponding solution to Problem 2.6.1 in p is
symmetric with respect to . Moreover, there exists a unique Dirichlet-to-Neumann operator
DiNs:H¥2(D)! 18 (D) satisfying

DN 59 Gpizepy  Cak iz : (2.104)
Proof Sinceg =(g;g), the dierence g¢ g =0 lies trivially in 18%2(D) and g 2 X. Thus,
Proposition 2.6.3 holds but now the norm is

and the duality product becomes

X
b@Tpg;9 = 2H p@Tng]; gip; (2.105)

where Tp is given in (2.103) and factors two cancel out. We obtain the desired inequality by
dening DtNs=[ p@Tpl2 2] wherel | is the identity matrix of dimension n.

Corollary 2.6.2. For g = g2 B2(D), the associated solution to Problem 2.6.1 is anti-
symmetric with respect to and there exists a unique Dirichlet-to-Neumann operator DtN;s :
#172(D) ! H '7(D). Moreover, the energy inequality holds

DN 259 G gizpy € kOKgrzz(py : (2.106)

Proof Letusdene g=(g; g). Thedierence g¢ g lies trivially in ¥%2(D) and g 2 X.
Thus, Proposition 2.6.3 holds with

kgky =2 kgkm:z(D) ;

with duality product

X
p@T9: 9 iz = 2ho@T0Y; Uigiz(py (2.107)

so that factors cancel and we obtain the desired inequality.
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2.6.2 Neumann problems

As in the Dirichlet case, let us de ne the general problem:

Problem 2.6.3. Given' 2 Y, nd u2 W% (R3) such that

8
2 u :!0; X2 b
S B@U _ « 2 D: (2.108)

Proposition 2.6.4. The Neumann Problem 2.6.3 has a unique solution in the spad&/t 1(R%)
ifand only if * 2.

Proof [cf. dem of Proposition 2.6.1] For' = (' *;' ) and u satisfying (2.108), we have the
following variational formulation:
X

N(UV)= (U T V)ge = Y gv2wt Y(R%: (2.109)

H1=2(D) *

Clearly, the bilinear form  is coercive and continuous. On the right hand side, the dual form
is well dened only if ' * ' 2 1§ ¥2(D), since ,v= pv2 H¥D). Consequently, if
belongs toY, by the Lax-Milgram theorem, the problem has a unique solution inW% 1(R3).

Proposition 2.6.5.  The solution to the Neumann Problem 2.6.3, is such that its Dirichlet trace
at D belongs to the spac&. There exists a unique Neumann-to-Dirichlet map NtD: Y ! X
satisfying

INtD' ;' iy, CK K; (2.110)
for ' in Y, and where the vector duality product is given by:
MNtD' ;" iy = NtD' avg:  avg ] 1=2( ) * N jmp " jmp H 1=2(D): (2.111)
Proof By Proposition 2.6.4, a unique continuous applicationTy exists such that
Tv . Y L wWE I )
7Y u=Ty' (2112)

Due to the trace theorem, one can construct a continuous operator

.
NtD= P Tp:Y! HYD) HYD);
D

belonging to X since E',u pu?2 18 1=2(D). Parity decomposition follows by taking the duality
pairing with v split into average and jump parts using formula (2.100).

The symmetric and anti-symmetric Neumann problems for the disk can be stated as follows:

Problem 2.6.4. Find us;uas 2 WY 1(R3) such that
( (

us = 0; X2 p; and Uass = 0; X2 p;

[ D@Us] = X 2 D; C@Uass=% X 2D; (2.113)

for data ' in the spacel® 72(D) and' in H 172(D) respectively.
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Corollary 2.6.3. The symmetric Neumann Problem 2.6.4 has a unique solution i % 1(R3)
if and only if * 2 18 172(D). Thus, there exists a unique continuous and invertible Neumann-
to-Dirichlet operator, denoted NtDs : 18 ¥2(D) | H1%(D). Moreover, the energy inequality
holds

MNIDs'; " iy CK Kg 1z (2.114)
The inverse of this application is the operator DtNs de ned in Corollary 2.6.1.
Proof Same as for Proposition 2.6.4 using
N(UV) = (rusrv)gs = H; o pvip; 8v2wh Y(R3); (2.115)

and replacing' * ' with ' .

Corollary 2.6.4. The anti-symmetric Neumann problem 2.6.4 has a unique solution iiw % 1(R?)
if and only if * 2 H 172(D). Hence, there exists a unique continuous and invertible operator
NtD os : H (D) ! 18¥2(D) satisfying

MNDas'; ' ip  CK K 12y (2.116)
The inverse of this application is the operator DtN4s de ned in Corollary 2.6.2.

Proof Follows the one for Proposition 2.6.5. OperatorTy becomes

v :H D) ' wh {(R3;
Y7t u= Ty

and we can construct an operatorNtD ;s =[ p T n] with range in 1812(D). Thus,

MNtDas';' ip = (ru;rugs = jujf. 1z Cik puk (2.117)

2 :
1 1=2(D) ’
by continuity of the lifting operator. This proves the invertibility of NtD 5. Moreover, since
NtD 45 is also continuous, it holds

K' Ky 1=2(p) = NtD &' pu |, 1=2p)  C2K pUKgizo(py (2.118)

which combined with the previous inequality yields the desired result.

2.6.3 Inverses

We will brie y state the main conclusions of the present section in the following remarks.
They will state in further detail the fact that the boundary integral operators S and N are
Neumann-to-Dirichlet and Dirichlet-to-Neumann operators, that they have inverses, but that
they have so far been only expressed using abstract applications that solve the Dirichlet and
Neumann problems, and thus do not have yet explicit form.

Remark 2.6.1 (S isNtDgand N is DtN 45). It can be seen from Theorem 2.3.1 and Corollary
2.6.1 that we can identify the boundary integral operatorS with the Neumann-to-Dirichlet
operator NtD. Likewise, it can be seen from Theorem 2.3.2 and Corollary 2.6.4 that we can
identify the boundary integral operator N with the Dirichlet-to-Neumann operator DtN gs.

Remark 2.6.2 (NtD s hasDtN g as inverse andDtN 45 hasNtD 45 as inverse) By construction,
for the symmetric Dirichlet problem, the Dirichlet-to-Neumann operator DtN g takes Dirichlet
data and provides the Neumann traces of the solution. Also, for the symmetric Neumann prob-
lem, the Neumann-to-Dirichlet operator NtD 5 takes Neumann data and provides the Dirichlet
traces of the solution. Operators DtNys and NtD,s are linked in the same manner for the
anti-symmetric problems.

56



Remark 2.6.3 (DtN s and NtD 45 don't have explicit forms so far). In the previous development
presented in this chapter, operators DtN; and NtD,s have been constructed using abstract
operators that solve Dirichlet and Neumann problems from given boundary data via the Lax-
Mailgram theorem, and thus do not have explicit form. Indeed, operator DtN is built using
operator Tp from (2.103) that takes Dirichlet data on D and provides the solution in the problem
domain p. Likewise, operator NtD 45 is built using operator Ty from Equation 2.112 that takes
Neumann data onD and provides the solution in the domain.

In their present form, inverse operators do not contribute to the optimal preconditioning
strategy because they do not have an explicit form usable in numerical methods resulting in a
Galerkin matrix. In what follows in this chapter we will nd suitable explicit forms that can
be included in a preconditioning strategy. The following Table 2.3 summarizes the results so
far.

Table 2.3: Boundary integral operators S and N are identi ed with NtD s and DtN 55 respec-
tively, for which DtN 55 and NtD ¢ are identi ed inverses, although not having explicit form.

BIO | Closed form kernel| D.-to-N./N-to-D. | Mappings

S K Wws NtD ¢ 1§ =2(D)! H¥(D)
N K hs DtN s 8172(D) ! H (D)
st DtN ¢ H1¥(D)! 1’ ¥(D)
N 1 NtD as H ¥2(D)! B¥(D)
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2.7 Series forms for the boundary integral operators and their
inverses

In this section we will develop bases for the functional spaces involved in the Dirichlet and
Neumann problems on the disk. This will allow us to rewrite boundary integral operators S
and N in series form, using series expressions of the integral kernels. This will allow for an
explicit expression for their inverses, also in series form.

The main tool for the development of disk basis functions will be the results for the case of
a boundary integral operators on the unit sphereS in R3. Firstly, the referred results for the
spherical case will be presented. Then, the basis disk functions will be de ned in relation to the
ones on the sphere. This will allow for the de nition of series expressions of the functions in the
spaces involved in the Dirichlet and Neumann problems. Finally, previously mentioned facts
about the already developed two-dimensional case, and some other well established results,
will suggest the construction of integral kernels that will de ne four new boundary integral
operators. These boundary integral operators will be then identi ed as the four operators from
the previous section, thus giving a series expression f@, N and their inverses.

2.7.1 Spherical Harmonics: symmetry and parity

In the present subsection we will establish some useful facts about bases for functions
de ned on unit sphere S.

De nition 2.7.1  (Spherical Harmonics) The 2l + 1 Spherical Harmonics of order| > 0 are
the functions Y\ : S! C de ned as

Y™(; )= Mé™ P™cos ), for | m I (2.119)

where P M is the Associated Legendre Function of orded and degreem, and " is a normal-
ization constant de ned as

r s

+1=2 (I m)!

2 (I+ m)”

M= DT (2.120)

Proposition 2.7.1  (Hilbert basis for L?(S) [51, Theorem 2.4.4]) The Spherical Harmonics
are a Hilbert basis (i.e. orthogonal and normal) for the Hilbert spacel ?(S) endowed with the
natural inner product 7
(u;v)Lz(S) = uvds (2.121)
s

It will be useful to de ne angular momentum di erential operators that will later simplify
the writing of many identities.

De nition 2.7.2  (Angular momenta on the sphere [51, Section 2.4.1])Let us consider the
following di erential operations, called angular momenta, for a function u de ned on the unit
sphereS:
; @u .cos @u
! —+i—— ; and Lzu= >—: 2.122
@ sin @ SG) (2.122)
Some properties regarding di erential operators' action over Spherical Harmonics will also
be used.

L u=e

Lemma 2.7.1 (Angular momenta action on the Spherical Harmonics [51, Theorem 2.4.4])The
action of the angular momentum operators on the Spherical Harmonics provide the following
identities:

P
LYy"="( m{ m+1Y™?%Y and L3Y"=my™ (2.123)
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Proposition 2.7.2  (Derivaties of the Spherical Harmonics) A Spherical Harmonic Y™ has
the following derivatives:

@@W =% e TU mirmeDY™ & Emi meDY (2124
@@W = ;‘:'SS e’ (I m)(l+m+1)Y,™ + ¢ P (+m)(I m+1)y,™ * : (2.125)

Proof The computation of the derivatives of the Spherical Harmonics comes straightforwardly
from the application of the previous Lemma 2.7.1.

The parity of a Spherical HarmonicsY,™ with respect to the variable x3 is the same as the
parity of | + m, and thus the spaces generated by the Spherical Harmonics can be split into
two subspaces according to parity.

De nition 2.7.3  (Parity splitting of Spherical Harmonics) . Let us de ne the two following
subsets of the set of Spherical Harmonics according to their parity:

Ys=fY,":1 O, | m I, and |+ mis every; (2.126)
Yas = fY,™":1 0, | m I ,and|+ mis oddy: (2.127)

Remark 2.7.1 (Parity and symmetry) . The Spherical Harmonics belonging toys are symmet-

rical with respect to plane , and their value is not zero for all points on the equator X3 =0)

of sphereS. The Spherical Harmonics belonging toYys are anti-symmetric with respect to plane
, and their values are zero on the equator.

Proposition 2.7.3  (Orthogonality in S*). If I + m; and |, + m, have the same parity, the
following orthogonality identity holds:
z

T 1
Y OOYTE(X)AST (x) = 5 it i (2.128)
St
Proof
z z?2 z
Y™ )Y (x)dst (x) = M T2 P M(cos )P\T2(cos )sind (M M) g
St 0 0
(2.129)
71
= M om22 mr P M()P 2 (t)dt: (2.130)

0

Sincel; + my and |, + my have the same parity, P,Tl and PITZ will also have the same
parity, and thus PI';”lPIrz‘“2 will always be a pair function, which implies that

21 121
PIOPZ2(Mdt= 5 PP (1)t (2.131)
0 1
from which we get
Z lZ - L
Y"1 (x) Y2 (x)dS" (x) = > Y™ (x) Y, (x)dS(x ) = 5 m ||§3 (2.132)
st s

The orthogonality property stated in the last proposition only works for pairs of Spherical
Harmonic functions having the same parity. This feature will become a key aspect of the tools
that will be developed in what follows.
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2.7.2 Disk basis functions

Proposition 2.7.3 allows us to use orthogonality properties on the upper half-sphere, which
will allow us to de ne similar properties for vertical projections onto the disk.

De nition 2.7.4  (The Y set). Let us consider the Spherical Harmonicsy,™ on sphereS. We
de ne Y, as the set of functions de ned onD resulting from the composition of a projection
from the disk onto the upper half-sphere, and the Spherical Harmonics:

Y= y"2Ct(D):y"(x)= Y\"(x*); forx 2D : (2.133)

Notation 2.7.1  (Notation for arguments of the basis functions). Spherical Harmonics and
disk basis functions can have their arguments expressed in the following equivalent ways:

)= yhGo)= MM P w( )= YT (xT) (xT) = YT (xT): (2.134)

Remark 2.7.2 (First Associated Legendre Polynomials) The following table, Table 2.4, shows
the rst values of the Associated Legendre Polynomials involved in the functions of the sef,
i.e., P™(w( )). Itis noteworthy that, when |+ m is even,P™ (w( )) is a polynomial, whereas
| + m odd rendersP ™ (w( )) = w( )p"( ), where isp" is a polynomial.

Table 2.4: First values of the Associated Legendre Polynomials evaluated av( ), as used in
the de nition of the functions of Y.

PMw()) | m= 3 m= 2 m= 1 m=0 m=1 m=2 m=3
=0 o 1

=1 =2 "1 2 _

=2 FERE 3'1 7 | g¢

— 1 3 1 2" 1 2 b 5 2 3 2 2" 3
1=3 = 1271 2|1 4 5 1 21 3 >4 5 152°1 2] 15

De nition 2.7.5 (The Ys and Ygs sets) We split the functions from Y into two subsets
according to parity as follows:

Ys=fy" 2Y : I+ mis every; (2.135)
Yas = fy" 2Y 1+ mis oddg: (2.136)

De nition 2.7.6  (The Y§:W and Yés:W sets). Let us now de ne the following new sets based

on the previous ones:
m

yiw = y'W Y2V (2.137)
ym
yEw= IW YM2VYas (2.138)

Remark 2.7.3 (Behavior at the edge ofD). The properties of the Associated Legendre Func-
tions determine that P™(w( )) is a polynomial on wheneverl + m is even, and a polynomial
time5 function = 1 2 wheneverl + m is odd. That means that they can be expressed as

p( ) 1 2 wherepis a polynomial. This determines the behavior of the disk basis functions
near the border ofD:

In the radial direction, functions belonging to Ys behave as polynomials.

e . . p
In the radial direction, functions belonging to Yas goto zeroas 1 2 near =1.

In F;he radial direction, functions belonging to Yslzw have a singularity that behaves as
1= 1 Z2near =1.

In the radial direction, functions belonging to Y§§W behave as polynomials.
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2.7.3 Some identities on the disk

Proposition 2.7.4  (Orthogonality identity for D). If I;+ mj; and |I,+ m, have the same patrity,
the following orthogonality identity holds:

Z m TMaioy
ylll(x)y|22(x) — 1 my l1.
w0 900 = S mE (2.139)

Proof The change of variable =sin , along with the identity

yrGo )= YY) (xT)); (2.140)
implies that Z o - .
MdD(X) = le(X)YmZ(X)dS+ (X) (2 141)
W(X) l1 I2 , .
st

for which Proposition 2.7.3 nishes the proof.

Lemma 2.7.2 (Conjugated disk basis functions)

yr () =( DMy "(x): (2.142)

Proof Direct application of the conjugation yields

yrx)= e ™ PM(w( (x)): (2.143)
From the properties of the Associated Legendre Functions [3, Section 8.2], we know that:

(I + m)!

P™w( (x))=(C ( m)!PI M(w( (x))) (2.144)
I [ I .
) yh(x)=( " E|+ m;, e '™ P, M(w( (x))) (2.145)
r S
— m (I + m)! m [+1=2 (I m)! im m
=( 1) ( m)!( 1) > i+ m)!e P, "(w( (x))) (2.146)
r S !
— m m l+1=2 (I + m)! im m
=( D" (1 > 0 m) e " P, T(w( (x))) (2.147)
=( D™, Me ™ P, ™w( (x))): (2.148)

Corollary 2.7.1 (Variations to orthogonality on D). If I; + m; and I, + m, have the same
parity, the following orthogonality identity holds:

Z m m, Z —miroNomaroy
Y, (X)Y|2 (x) _ Y, (X)Y|2 (x) _(nm L my.
—W(X) dD(x) = —W(X) dD(x) = > L omy (2.149)
with m = jmqj = jmyj wheneverm; = my.

De nition 2.7.7  (Angular momenta on the disk). Similarly as in De nition 2.7.2, let us
de ne the following di erential operators over functions de ned on D:

Lu=e' =HiZ=" Lau= == (2.150)



Proposition 2.7.5 (Conjugated angular momenta).

Lu=1L uw Lsu=L 3o (2.151)

Proof The proof comes straightforwardly from the de nition of the angular momenta operators
on the disk.

Proposition 2.7.6  (Laplace-Beltrami operators as a composition of angular momentum op-
erators). The Laplace-Beltrami operator on disk D can be written using the angular momenta

as
pu= L + L u=1 L,u: (2.152)

Proof In cylindrical coordinates, the Laplace-Beltrami operators are known to have the fol-

lowing expression:
u= @, 10y 1@u (2.153)

Using the partial derivates,

@ _ i @U i @U i @U .
@(L u=-=e = —2@+ 0@ (2.154)
@ - o1 @ui@u .,  Gu iGu
@(L uy= e @ + @ +e @Q + @’ (2.155)
we can calculate
_ _ @u i@ui@u 1@u i@u i du 1@u
Ltw=L W= & %' ae e ‘e oa 2@ @1

from which the desired result is straightforward.

Notation 2.7.2 (Angular momenta for functions of two variables). When applied to a function
of two variables, e.g. x and y, the variable on which the angular momentum operators are
applied is noted as a superscript:

@u+ii @u
@X X@X

1 @Qu
; L’gu:f@'

1 @x

LXu=e '~ (2.157)

| !
Proposition 2.7.7  (Inner product representation for the gradp and curl p operators over
complex functions). If u and v are complex functions de ned onD, we have that

[ I ! [
“curlpu(x);curl pv(y) = ‘gradpu(x);gradpv(y) ; (2.158)
and that they are equal to

% Lyu(x)L v(y)+ L u(x)Ls+v(y) : (2.159)

I I
Proof We start by recalling the expressions for thegradp and curl p on the disk:

! cos Qu n_Gu

ar = : 2.1

gradpu sin %‘4 cos %u ; (2.160)
!

[ sin @u, cos @u

curl pu = @ (2.161)

@
@uy sin_@u
cos G+ )
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We observe that

@u sin @u . . @u cos @u

Liu= cos — —— +i Sih — + — 2.162
' @ @ @ @ (2.162)

@u sin @u . . @u cos @u
L u= cos —+ —— +i sin —+ —— 2.163
@ @ @ @ (2.163)

Using these expressions we can write the gradient and the curl operators as
! 1

gradpu = = Leu L u ; (2.164)

2 iL+u iL u

! 1 iLyu+iL u
curl pu = 5 L.ul u (2.165)

We also recall the expression for the inner product of complex vectors oB: (x ; y) = Xy,
giving us the expressions:

! ! ! T T
gradpu(x); gradpv(y) = gradpu(x) gradpv(y) ; (2.166)
! ! ! T
curl pu(x); curlpv(y) = curlpu(x) curlpv(y) : (2.167)
From the previous expressions it becomes evident that
! | ! I
“curl pu(x);curlpv(y) = gradpu(x);gradpv(y) (2.168)

%((iL+u+iL u)iL v+iL4Vv)
+(L+u L u)(L +V+LiV) (2.169)

1
é(L+uL V+L uL.v): (2.170)

Lemma 2.7.3 (Adjoints of the angular momentum operators). For functions that are zero at
the edge@, the angular momentum operators have the following adjoints:

hLiu;vip=hu; L vip,; ie, L, =L ; (2.171)
hL u;vig=hu;Lsvip; ie, L =Ly (2.172)
Proof Let us rst address the adjoint of L. . We have that

z 712 .
L. u(x)v(x)dD(x) = ¢ g‘ixw 'g‘(x) v(x)dd: (2.173)

D 00

Let us separate the integral in two parts:

712
I = ¢ g‘(x) v(x)dd: (2.174)

I, = ¢ ig?x) v(x)dd: (2.175)
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Applying integration by parts to the rst integral gives us

2 12 _
;= €  ux)v(x) _,d g UV g(x)u(x) dd; (2.176)

0 0 0

and applying integration by parts to the second integral gives us
!

ZL2 —
I, = g UV Iu(x)g(x) dd: 2.177)
00
Z 2
) Ii+1p= u(x)L:v(x)dD+ €  u(x)v(x) _d: (2.178)
D 0

Proposition 2.7.5 tellsus thatL.v= L v, so we can rewrite the previous expression as

2
hLiu;vip=hu; L vip+ € u(x)v(x) _ d: (2.179)
. -
Using the same procedure we also get
2
hL u;vip = hu; Lyvip e u(x)v(x) . d: (2.180)

0

Sinceu= v=0for =1, we obtain the desired result.

In the rest of this section we will develop a series of results related to application of deriva-
tives and angular momenta to the disk basis functions that will prove useful in the proofs of
the main results contained in the rest of the chapter.

Lemma 2.7.4 (Some properties of the Associated Legendre Functions [3, Section 8.5]For
a given variable 2 ( 1;1) we have the following recurrence relationships for the Associated
Legendre Functions:

@+ P™()=(1 m+1) PT() (+m)P™(); (2.181)

pn
¢ 2)@@.@' ()= 2,11 (@+D)(1+m) P () 10 m+1) PM()); (2182
p (12)(@@;’“( ): % ((l m+l)(| + m) le l( ) P|m+l( ) ): (2183)

This lemma and the application of the angular momentum operators easily allow to express
several identities regarding the disk basis functions. We will list them in the following corollaries
as they will be used later in subsequent proofs.

Corollary 2.7.2  (Angular momenta action on the disk basis functions)

p ym+1

Loy™=" (I m)(I+m+1) 'W ; (2.184)
p ym 1

Ly"=" (+m)(I m+1) 'W : (2.185)

64



Layl = my[™; (2.186)

Leym = P (I+m)(l m +1)y'r:vl; (2.187)

L y"= P (I m)(l+ m +1)y'mv\:l; (2.188)

Lay™= my™; (2.189)
. o — P !

LT s (0 m) pMyml (+med) po—TU g, (2190
3 P m P

LWE ey M P g Y (D P (239D)

- POz mE Pirme
L+y"= 2w () (I+ m) pﬁ yh, (I m+1) pﬁ Yy, (2.192)

Corollary 2.7.3 (Recurrence relations for the disk basis functions)

p !

R — .
meoy - o L r\(I+1)2 m2 2 m2 .
yi(x) = P ) P (D2 14 Yier (X) + pﬁ yiii(x) (2.193)
S S
i m (+men(i+m+2) ..

2 e y"(x)= pLO 1) YL (x) ] ym(x): (2.194)

2.7.4 \Weighted spaces and series representations

De nition 2.7.8  (Sesquilinear forms associated withw and 1=w). Let us notate by( ; ) the

following sesquilinear form associated withw:
Z

(U V)w = u(x)v(x)w(x)dD(x): (2.195)
D

Similarly, let us notate by ( ; )1y, the sesquilinear form associated withl=w:
z

(UV)1=w = U()VX)W H(x)dD(x): (2.196)
D

De nition 2.7.9  (The L% (D) and the L_ (D) spaces) Let us de ne the spaceLZ (D), asso-
ciated with the inner product (; )w and with the norm kuky, = = (u; u)w, as

L2 (D) = fu measurable : kuky < 1g ; (2.197)

amd the spacel §=W(D), associated with the inner product( ; )1, and with the norm kuk;-,, =
(u;u) =y, as
L2_,(D)= u measurable : kukj—,, < 1 (2.198)
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Proposition 2.7.8  (Bases forL2(D)). The setsYa " and Yas" form, each one, an orthogonal
and complete basis for.2 (D).

Proof Orthogonality can be easily checked from Proposition 2.7.4. The sety2 ™" and Yas"
are subsets ofL2 (D), since it can be easily shown that each member has a nite norm (indeed
equal to 1= 2). If the set Yo" wasn't dense inL2(D), there would be a memberf 2 L2(D)
not a.e. equal to zero and orthogonal to all members o‘f(slzw, ie.,

z
=  f(x)y"(x)dD(x)=0 for I O, I m I,1+ meven. (2.199)

w
D

il
w

f;

But for |+ m even, functionsy", i.e. the setYs, is dense inC! (D), since it is a combination of
polynomials in the radial direction (Remark 2.7.2) and trigonometric polynomials in the angular
direction. This means that f must be equal to zero a.e., which contradicts the premises, thus
implying that Y51:W is dense inL2. The same argument can be used fof + m odd, except
that y" functions in the radial direction are of the form w( )p( ), where nowp is polynomial
(Remark 2.7.2). Being w( ) regular on D the same argument stands, rendering the set of

functions y™ for | + m odd dense inC (D), and thus Yas" is also dense in_2,(D)

Proposition 2.7.9 (Bases forszW(D)). The setsYg and Y,s form, each one, an orthogonal
and complete basis forL2_, (D).

Proof This proof uses the same argument as the one from Proposition 2.7.8. Now, if the set
Yas was not dense inLEZW(D), there would be a memberf 2 LEZW(D) not a.e. equal to zero
and orthogonal to all members ofYgg, i.e.,

2§ ()Y

wix) dD(x)=0 for I O; | m [;;l+ m odd. (2.200)

(Y Mew =

But for | + m odd, again in accordance with Remark 2.7.2y"=w are polynomials in and
thus the functions y"=w are dense inC! (D). For | + m even, functionsy™ are polynomials in

, and thus f=w would have to be a.e. zero orD. This means that f itself would also have to
be a.e. zero orD. By contradiction, there is not such a function f .

We can expand functions in any of the four Sobolev space®72(D), H (D), H 72(D),
and ¥ 172(D) using these bases. Ifi is the solution to tge Laplace screen problem for the disk,
the jump of the Neumann trace will behave as 1= 2 near the edge, i.e., for ! 1,
and the jump of the Dirichlet trace will behave as 1 2 near the edge (cf. Theorem
2.3.4). This motivates the use of the weight functionw and the expansion of functions in

1#1°2(D) on the spacelL?_, on the basis Yas, functions in the spaceH!*?(D) on the space

L2_, on the basisYs, functions in the spaceH 7?(D) on the spaceL 3, on the basisYas", and

functions in the spacel® 172(D) on the spaceL 2, on the basisYs ™. Given the properties of the
basis sets, derived from the properties of the Associated Legendre Polynomials, this equates to
use polynomial bases and the weight functiorw in the radial direction as it was done for the
segment inR? in Subsection 2.4.4, and the basis €™ for L2([0;2 ]).

A function  in the spacelg72(D) will be expanded on the basisYgs of spaceszW:

X X z -
(x) = Myr ) M=y M=w = BL;X)ZdD(X): (2.201)
1=0 m= | p (1 (x)9)
I+ m odd

A function g in the spaceH *2(D) will be expanded on the basisYs of spaceL?_  :
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® X 2 Gym(x)
g(x) = gmy"(); g" = (01w = P=————dD(x): (2.202)
=0 m= | p 1 (x)9)

I+ m even

A function ' in the spaceH 22(D) will be expanded on the basisYas" of spacelL2:

"(x)= X X ' m ylm(x) .ooaam— . y|m ! ) z ' (X)T(X)dD(X)' (2.203)
I+ m odd

A function in the spaceld *2(D) will be expanded on the basisYa " of spacel2:

(x)_X X)L e yi" (X) ! _z ()y"(x)dD(x): (2.204)
_I:Omzllpﬁ, b ,pﬁw_D Y| . .

I+ m even

2.7.5 Series forms for the boundary integral operators

In this section we will develop series expressions for the kernels of the integral operators
related to boundary integral equations linked to the symmetric Dirichlet and anti-symmetric
Neumann Laplace problems. This will be done in order to use the developed tools and identities
concerning the disk basis functions to derive inverse integral operators. These inverse operators
will be useful for solving the boundary integral equations and for building coercive bilinear forms
in the function spaces relevant to these problems, thus compliant with the Theorem 2.1.1 on
optimal preconditioning.

We will put forward a theorem about the mapping properties of the operator N acting on
the disk basis functions, hinted by the results of Krenk [42] and Martin [46]. We will provide
a proof later on this section. We will make use of the gamma function [19, Section 6.2], which
we will denote, in the scope of this chapter, with the symbol .

Theorem 2.7.1 (Hypersingular operator on the disk basis functions) For | + m odd, the
action of the hypersingular boundary integral operator on a disk basis functioy" is

my(yy=  mY ().
(Ny)(x)= | Wix) (2.205)
where the constant " is given by:
I+ n;+2 | r2+2
m .
= +m 1 ) . m 1, ° (2206)
2 - 2 ¢

Remark 2.7.4 (Some of the rst values of ["). The values of " are real for | + m odd,
increasing with degreel, and decreasing with the absolute value of the orden. Table 2.5 shows
some of the rst values of |".

We will now propose series expressions for the integral kernels of some integral operators
intended to be related to the Dirichlet-to-Neumann and Neumann-to-Dirichlet operators for
the symmetric Dirichlet and anti-symmetric Neumann Laplace problems.

We know from Theorem 2.3.4 that the behayior of the traces of the solutions for the sym-
metric Dirichlet and anti-symmetric resemble 1= dist(x; @) for the former and = dist(x; @)
for the latter near the edge of the screen, and where dist(; @) is the distance to the edge of
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Table 2.5: Some of the rst values of |", for degreel 4, order 4 m 4 andl+ m odd.

m{m= 4/m= 3/m= 2/m= 1/ m=0 m=1|m=2 m=3 | m=4
I=0
I=1 0.7854
I=2 1.1781 1.1781
I=3 1.4726 1.7671 1.4726
I=4 1.7181 2.2089 2.2089 1.7181

the screen from a given pointx in the vicinity. We also know from the previous results ob-

tained for the segment screen embedded iR? that the integral kernels match those behaviors.

Finally, from Theorem 2.7.1, the desired mapping properties of one of the integral operators,
N . We will propose new integral kernels that will match all these features in .

De nition 2.7.10  (Some new integral kernels in series form)For (x;y) 2 D D, with x 6 vy,
let us de ne the anti-symmetric weakly singular and hypersingular integral kernels as the formal
series

® X 1 . .
Kas(x;y) = T Y)Y (y) + ym(x)y(y) ; (2.207)
=0 IT; oldd
¥ X m o o m
RaloV)= T W) wy) T Wi wly) (2.208)
I+ m odd

where " is de ned as in Theorem 2.7.1. Similarly for (x;y) 2 D D, with x 6 y, let us
de ne the symmetric weakly singular and hypersingular integral kernels as the formal series

b X 1 . .
K (x;y) = — YOOy () + vy )y (y) (2.209)

=0 m= | |
I+ m even

) ( m om om m
hS(y -y = m Y YTY) o oymr(x) y(y)
=T 60 wy) T we) wly)
I+ m even

; (2.210)

where " is a function of | and m yet to be de ned.

Remark 2.7.5 (The behavior at the edge is the same as in thdR? case) From Remark 2.7.3,

it becomes clear that the integral kernels of the four integral operators on the segment for the
two-dimensional case, have the same behavior as the corresponding proposed integral kernels
from the previous de nition in the radial direction.

Using these integral kernels we now de ne their corresponding boundary integral operators.

De nition 2.7.11  (Associated boundary integral operators) For a function u de ned on D,
let us de ne the symmetric weakly singular integral operator
z
(Ls"u)(y) = KS®(x;y)u(x)dD(x); (2.211)

D

the anti-symmetric weakly singular integral operator
z
(Lsu)(y) = Kzg(x;y)u(x)dD(x); (2.212)
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the symmetric hypersingular integral operator
Z

LSu ()= KEGy)u(x)dD(x); (2.213)
D

and the anti-symmetric hypersingular integral operator
Z

Lu (y)=  KE(x;y)u(x)dD(x): (2.214)
D

Using the tools and identities developed in this section, the mapping properties of the
associated boundary integral operators for the disk basis functions are easy to determine.

Proposition 2.7.10 (Integral operator action on the disk basis functions) The following
mapping identities hold for the boundary integral operators from De nition 2.7.11.:

y"_ 1

L‘gVSW = Tylm; for | + m even, (2.215)
yhr_ 1
L‘(,;"SS'W = ——y™; for I + m odd, (2.216)
|
th m — mylm.
sY = for | + m even, (2.217)
th m _— mylm.
asy| = et for I + m odd. (2.218)
Proof Let us analyze the rst case.
0 1
Wsylm * X 1 acmo g m? ylm m° g umo ylm
L& )= o @E(Y) Y () (D) + yiEly) YR(x) 1 -dD(x)A :
=0 m= 1 1° D D
I+ m even
(2.219)
Using the orthogonality relations from Proposition 2.7.4 and Corollary 2.7.1 it follows that
I
m o X 1 — 1)(m9) 1 '
Lo (y) = o BN T e, B @220)
= = I
=0 I+mm e\I/en
nm 1 — 11
= L 2w 2y (2.221)
[ [
Noting that ™ = |, ™ and thaty, ™ = ( 1)™yM™, the desired result is obtained. The next

three cases follow from similar analyses.

Proposition 2.7.10 assures that the constructed boundary integral operatoi S has the
desired mapping qualities.

Remark 2.7.6 (N is identied L1S). Operator N is identi ed with operator LS as they map
functions of 1#172(D) onto the same images orH 172(D).

The previous Proposition 2.7.10 allows us to extract two results that aim to show that
the boundary integral operators de ned using the series integral kernel ful ll the required
conditions, i.e., they provide inverse operators that induce bilinear forms that we can use to
build preconditioners.
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Theorem 2.7.2 (LS is minus the inverse ofLYS and LY is minus the inverse ofL"). The
operator LS : Yg I'Y 3 is the inverse of the operatorL s : Ye iy composed with a
change of sign, and the operatot 2 : Y§5=W 'Y 4 is the inverse of the operatorng " Yas !

Yals:W composed with a change of sign.

Proof These results follow straightforwardly from Proposition 2.7.10.

Corollary 2.7.4  (Bilinear forms induced by the new boundary integral operators on for the
disk basis functions) For [+ m4 andl,+ m5 odd, we have the following bilinear form identities:

8
yms yma <0 ,if 1168 12 or my 6 my;
Lws .7l = ' (2.222)
ww g % Jifly=lhb=landmy= my=m;
Dh - mE ( 0 ,if 1.6 1, 0rm; 6 my;
Lasyi s yp? = 0o - (2.223)
- Lifli=1la=1landmy=my=m:
For I + my; and I, + my even, we have the following additional bilinear form identities:
8
ymi o yme <0 ,if 1161, 0ormy 6 my;
LYs h .2 - . (2.224)
w'w o o % Jiflp=lo=landmy=my=m;
8
D E <0 ,if 1.6 1, 0ormy 6 my;
Lgslel : Y|n;2 = i (2.225)
b . & Lifli=Ilx=landm; = my= m:

Proof These results follow straightforwardly from the mapping properties of basis functions
established in Proposition 2.7.10, and orthogonality properties from Proposition 2.7.4.

Up until this point, we have matched ng, for which L%2 was the inverse, with N ; their
de nitions depend on the coe cients |", which are known. The question remains how to
choose [ so that we can identify LY with S, thus providing us with the inverse LS. We
noted in Remark 2.6.1 that the Neumann-to-Dirichlet operator for the symmetric Dirichlet
problem, NtD s, is in fact the operator S. Thus, the choice of ™ must allow K ¢ to be written
as KW, Following (1.100) from Theorem 1.5.3, we impose special relations betwedn$ and
LYs, and betweenL s and LYS.

De nition 2.7.12 (™ and the relation betweenLS and LYS, and betweenLs and LYS).
Let us dene " such that for functions u;v 2 19 172(D), the bilinear form induced by L can
be written as D E D , | E

L MSu;v o= L ¥curl pu; curl pv o (2.226)
and that for functions u;v 2 H!2(D) with zero mean, i.e. hu;1liy = 0 and hv;lip = 0, the
bilinear form induced by LS can be written as

D E D , | E
L Msu;v - Lascurl pu; curl pv 5 (2.227)

Proposition 2.7.11  (Rewriting hypersingular operators). For real functions, De nition 2.7.12
can also be written as

Lhs = %(L L% Lo+l LY L ); (2.228)
Lhs = %(L LW L.+L. LY L ): (2.229)
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Proof Let us address the rst identity. Let us rewrite the following variational expression:
D E ZZ | |
L MSu;v 5 K&(x;y) “curl pu(x);curl pv(y) dD(x)dD(y): (2.230)
DD

Using Proposition 2.7.7 we can rewrite it as

;Z ‘ K¥(x;y) LXu(x)LY v(y)+ LXu(x)LYv(y) dD(x)dD(y) (2.231)
_Dl% z K WS (- x y x y

=5 s (X3y) L Zu(x)Liv(y) L “u(x)L”v(y) dD(x)dD(y) (2.232)

D D

- %(m_gvs Lou; LaVip+ hl% L ;L vip) (2.233)
= %(m_ Le® Lsu;Vip+thly LY L T;vip) (2.234)
= %(hL LY Lsusvig+hle LY L u;vip) (2.235)
- %m LY L,+L, LY L )u;vip: (2.236)

which is the desired result. The second identity is obtained using a similar procedure.

Using De nition 2.7.12, the goal is to prove that it implies that the value of " allows for
the rewriting of S asL¢® for the disk. In what follows, we will examine the consequences of
the de nition of ™ given in De nition 2.7.12.

Proposition 2.7.12  (Recurrence relations for " and ). The values of ™ and " are

linked by the recurrence relations
[

m_1 (+m( m+1) ( m)(I+ m+1)
|

= 5 |m T |m+1 : (2.237)
for| 1and!l+ m odd, and
!
1 (+m){l m+1 I m)(l+m+1
el @emi men 0 mdrmey (2.238)

for| 1and|+ m even.

Proof From Corollary 2.7.2 we know the e ect of angular momentum operators on disk basis
functions y", thus we can easily compute, forl + m odd,

Ly Lws | oym= o mDUHM) o (2.239)

m 1
|

I+ m+1)(I m) .

m+1 I
|

which together with the action of LS over y[" gives the rst recurrence relation. The second

recurrence relation comes similarly from computing the eectofL,. L 35 L andL L35 L +
for I + m even.

L LS® Ly

(2.240)

Proposition 2.7.13  (Alternative expressions for ™ and ™). The values of " and " can
be rewritten without making use of recurrences as:

; for | + m odd, (2.241)



m= @ — _A@ iilA . for | + m even. (2.242)

Proof Let us rst recall the following property of the Gamma function [3, Eq. 6.1.12]:

P—n1
(n+12)= —  @i+1): (2.243)
i=1

Let us now rewrite some factors making up " in (2.206) (for | + m odd):

pi I+m 1
| + +2 | + +1 1 Y .
m - mr2yz = @i+1); (2.244)
2 2 2 L
p I m 1
| m+2 I m+1 1 a Y2
- % = T4+ = 2i +1); 2.245
2 2 2 2| rr21+1 - ( I )’ ( )
i=1
I+m 1
| + 1 +m Y2 .
”2‘ 1=p "5t (20): (2.246)
i=1
I m 1
| 1 m .
m# 1=p % 20): (2.247)

i=1
Replacing the four new expressions in (2.206) we get the desired formula for".

Using recursion relation (2.237) from Propaosition 2.7.12, a similar expression can be found
for ™ whenl+ mis even. Let us denotef (i) = (21 + 1) =2i and note that,

] = 2 f(i) f(i)= FhEm g f(i) f(i); (2.248)
i=1 i=1 2 i=1 i=1
I’“” = — f (i) f(i)= — f(i) f(i): (2.249)
4 . f Lm 4 .
i=1 i=1 2 i=1 i=1
Let us also denote | |
A\
Al = 2 f(i) f(i): (2.250)
i=1 i=1

Then ™ can be computed from the recursion as

|m:2:|m f |+2m (I+m)(I m+1)+ f ITm (I m)(l+m+1) (2.251)
:%((I+m+1)(l m+1)+(1 m+21)(l+ m+1)) (2.252)
|
=(I+m+1'g\(ml m + 1) 2.253)
|
) Pe(leman( ment 2 2 (2.254)

i1 21 +1 i1 21 +1
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Let us rewrite the following two products:

I+ m I+ m

Y2 1 1 Y2 1
- = . ; (2.255)
o o2+1 (I+m+1) 2 1
i=1 i=1
I m I m
Y2 1 1 Y2 1
. = - , (2.256)
o 2+1 (I m+1) 2 1
i=1 i=1
from which we nally write " as:
I+ m I m
4 2 Y 2
m=2" _2 . (2.257)
i1 21 i1 21

Remark 2.7.7 (First values of ™). The values of " are real for | + m, increasing with degree
I, and decreasing with the absolute value of the orden. Table 2.6 shows, as an example, some
of the rst values of |".

Table 2.6: Some of the rst values of |m, for degreel 4,order 4 m 4 andl+ m even.

Ml m=4 | m=3| m=2| m=1| m=0| m=1| m=2| m=3 | m=4
I=0 1.2732
I=1 2.5465 2.5465
|=2 3.3953 5.093 3.3953
I=3 4.0744 6.7906 6.7906 4.0744
I=4 | 4.6564 8.1487 9.0541 8.1487 4.6564

We will now show that the chosen value of " is such that it allows us to rewrite S asL¢®
for the case of the symmetric Dirichlet Laplace problem for the disk screen.

Theorem 2.7.3 (K%s is K&®). For (x;y) 2 D D, the weakly singular integral kernelK s,
associated withS, is equal to the proposed weakly singular symmetric kerné ¢'s.

! ! !
P|roof It is easy to show that gradX kx yk = grad)kx yk and that gradXK ¥S(x;y) =
gradK ¥S(x;y), and thus

!grad’é, (kx  ykK(x;y)) = !gradyD (kx  ykK¥(x;y)): (2.258)
For a function f of x and y on the D, we have that
| g cos x g (x;y) TxQ(x;y)=0
gradif (x;y) =0, and (2.259)
Sin x g (x;y) + €22 2L(x;y) = 0;
from where it is easy to conclude that
grad (kx  yKKES0Gy) =0 L % (k¢ ykK®(x;y))=0; (2.260)
since bothkx yk and K{5(x;y) are real. Using the above identities, we have that

LY (kx  ykK®(x;y))=0 ) K®(x;y)= CK™(x;y); (2.261)
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for some constantC.
Let us then prove that L} (kx ykKS(x;y))=0.
If we consider the Law of Cosines, or Generalized Pythagoras Theorem, i.e.

kx yk®= 2+ 2 2, ycos(x ) (2.262)

We can easily state the identities

&~ .
X — i( x y)
LY (kx  yk) X yk " y€ (2.263)
and i
e'!x i
L*(kx yk)= K « + yel( xy) o (2.264)
which allows us to write:
LY (kx yk)L*(kx vyk)= 1; (2.265)
kx ykLX(kx yk)= xe&* ye'lv; (2.266)
kx ykL*(kx yk)= ye'x+ ye'v: (2.267)
Using (2.265) together with the product rule
LX(kx  YKK¥S(xiy)) = LX(kx  yKKES(x;y)+ kx  yKLX(K2S(x:y));  (2.268)

we can write
L (kx  yk)L (kx  ykKP(xy))= KEP(xy)+ ke ykLX (kx  yk)LE (KZ®(x;y)): (2.269)

Since functionL* (kx  yk) is not zero for all x andy on D, we have

KES(y)= ke ykLX (ke yk)LX (KE5(x;y) (2.270)
0 L *(kx yk)Li(kx ykK&(x;y))=0 (2.271)
0L X(kx ykKg®(x;y)) =0 (2.272)
0 !gradé(kx ykK®(x;y)) =0 (2.273)

As it has now become clearer, a way of proving the theorem is to demonstrate identity
(2.270). In order to do so we will use the action of the angular momentum operators on the
disk basis functions, contained in Corollary 2.7.2, and recurrence relations for," that we will
conclude from the explicit expression for it given in Proposition 2.7.13.

Using (2.267) we can write
kx  ykL* (kx  yk)LX (K¥S(x;y)) = xe '+ yely LX(KMS(xy):  (2.274)

We will use this to prove (2.270) in several steps:

1. Develop an expression for ye ' xLX (K¥S(x;y)). This will be easy using (2.190) and
(2.192) from Corollary 2.7.2.

2. Develop an expression for ye Py LX(K¥S(x;y)). This will be a more di cult task be-
cause ye ' v, depending ony, will have to be treated to match the terms in L% (K &*(x;y)),
whose exponential components depend OR.

3. Finally we add both developed expressions to fornkx  ykL* (kx  yk)LX (K&3(x;y))
and develop a suitable expression foK ¢ to conclude that they are the same.

74



We will proceed in the same order.

1. Using (2.190) and (2.192) from Corollary 2.7.2 it is easy to see that

LXKES(Xiy) = P
2x 30 m=

I+ m even

ei X )4‘ XI 1
m

pP———— P
(1+1)2 m2 2 m2 —_
| mp—e—-—o X [+ m+1 x) ym
( ) (1+1)2 1:4Y|+1( ) ( )Pmyl 1X) y"(y)
#
) (|+m»~p (FD7 W o m+1)§ﬂm 5 YTy
)H—(I+1)2 1:4y|+1 2 1:4Y| X)) yirtly) -
(2.275)
Then, the desired term is:
. 1 * X
xe ' MLIKP(GY) = oo “m
2w( X)I:O m= | "
I+ m even
P — P
(I1+1)2 m?2 2 m2 —
I mp——r—uoy}, (X [+m+1)p—ou-— x) ym
( ) +1)2 1=4y| 1(x) ( )Pm)ﬁ 1(x) y"(y)
Pne me PrmeF
( ) (T+1)2 1= g (x) ( )pm)h 1(X) v (y)
(2.276)
2. Now using (2.184) and (2.188) from Corollary 2.7.2 we write
i X K WS y€ Ly R X 1P m+1 vm
ve LIKE0GY)= s S m(E ML)y Oym(y)
=0 Ilnr: e\I/enI (2.277)

p -
(+m)(I m+1) y" Hx) y"(y)

Then, using (2.194) from Corollary 2.7.3:

. iR X
ye I Y|_+(K\SNS(X;y)): Lly i

w(x) =0 m= | |m

s [+m even S |

p | | —_— | | ——

Cmemeyrieo SRy EREEE S )
S S I#

p TR, I I I
+ @m0 m+1) y" (x) (H(Tz li:) ™y ) («lm ++11))§ E)Z) Vi ')
(2.278)

which can be ordered into
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. RxoX
e L. (KE0GY)= oor :

2W(X)|=0 m= | Im
s [+m even s
2 2 2
0 m SRy emeny DD ype o)
S S #
12 [+ v1)2 1
wem CO Iy ey 0 mey G (0 DS gy )

(2.279)

We will now treat each term of (2.279) as a di erent summation and we will change the sum-
mation indices to accommodate the whole expression so that it will only have terms ory"(y)

and y\"(y), as the expression found for part 1. Let us consider the rst separate summation:

s
X X |2 2
I = e (2.280)
=0 m= |
I+ m even

We need to sum the new indicesm 1 and| + 1 to get an expression that is a factor of
y["(y). We use the properties of summations to get

s S

XX m) 12 (MeD)2 s K20 m2) (412 m2 o o
=0 me 1 1 (12 1= AR (y)_l 1m= | it (1+1)2 1:2y|+1(x)y|m(y)_
- I+n; even = I+ rﬁ even

(2.281)

In comparison to the summation to which we would like to add it, summed only forl > 0

and | <m<| with | + m even, we are introducing additional terms for (;m) = ( 1;1),

(Ibm)=(0;2), (I,m)=(1;3), etc. But, since (2.281) has a factor [ m +2), these additional

terms are zero, providing us the desired transformation of the rst term of the summation
(2.279).

Transforming the summation of each one of the separate terms of (2.279) as indicated, it
can be rewritten as

i WSy, - — 1 R X
@ LT gy
S I+ m even S
(I m+2) ((1+1)2 m?) o omes (+m 1) (12 m?) o
|r.r¢].11 (s(|+1)2 1_4)y|+1(x)y| (y) |mll (Isz 1:4) Yi 1(X)y| (y)) ,
(I+m+2)  ((1+1)2 m?) (I m 1) (12 m?
+ |n_21-1 ((l +1)2 1_4)y|+1 (X) yI (y) Im-;.]_ (|2 1_4) y| 1(X) yI (y)
(2.282)
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3. Summing the terms developed in points 1. and 2. we get the following expression

e ykL (YL (KEP0Gy) = 5oes
=0 m= |
| I+ m even
I m+2 | m _(1+1)2 m? . o
p = T ym oy
mt m Pne = )
bop
l+m+1 I1+m 1 2 M2 m v
M- (2.283)
; nT P Vi 109y (y)
"o
l+m+2 1+m _(1+1)2 m? ———
pur)” M X
ITIl Im p (|+1)2 1= y|+1( )yl (y)
"po #
I ' m+1 | m 1 12 m2 ———o
m i P )

From Proposition 2.7.13 we can extract suitable relations for " that will further simplify
the previous expression:

¢ m M= m " (+m+2) "=(1+m+1)

I+1
(2.284)
¢ m+1) Mt=( m+2) ™ (+m) " t=(+m 1) M™
Using these expressions we can rewrite (2.283) as
o ykL (k¢ yR)Ls (KYSOGY) = — o AR
e | 2w(x) =0 m= | "
I+ m even
"y o P (2.285)
P— X + — X .
(|+1)2 1=4 Yirr ()Y (Y) pm yim 1))y (y)
P #
*( (I (+1)* m? iy (X)y’“(y)+p'7 ym o (x) y"(y) :
P— n _
(1+1)2 S Z 1= >0

This last expression can be easily equated t& s applying identity (2.193) from Corollary
2.7.3toy™ and y™:

X X o -
Yy = T YOOy () + YOOV (Y) (2.286)
I=0 m= |
I+ m even .
_ 1 X XI i
ZW(X) I:0I+mrr:1 e\I/en Im
. P
I+1)2 2 m?2 o .
P%ym(x)m (y)+ 9%4 YO (y) (2.287)
#
W ym x)y" pm v (x) ym :
pmy“l(x)y' W+ P VM) YY)
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This nishes part 3., allowing us to conclude that K% = CK"Ys. We will now see that the
constant C is equal to 1.

Using Proposition 2.7.10, Proposition 2.7.13, and Remark 2.7.2 (i.eyd = §, from (2.120)),

it is easy to check that
z

WSy, - y8(x) — io - 0_.
KE06Y) i BP0 = 300 = 85 (2.288)
D
On the other hand
z y3(x) z 1
wSs . 0 ] .
K (x,y)W(X)dD(x)— 0 7 kx ykw(x)dD(X)' (2.289)
D

D

It will su ce to show that the integral of (4 kx ykw(x)) !overDis =4 to prove that
C =1. We know that K{S = CK ™S, so we also know that the integral of (4 kx ykw(x)) !
over D will be a constant for everyy. Let us choose the arbitrary pointy, = (0; 0) to evaluate
this integral.

We suppose thaty has cylindrical coordinatesy = ( y;0) and expressx in general cylin-
drical coordinatesx = ( x; x). We will compute the integral over the sub-region of D such
that y» and then compute the limit when ! 0. We will introduce the variable such
that,

x COS(x) . x Sin( x) .

kx yk ' kx yk '’
which comply with cos?( ) +sin?( ) = 1 by the law of cosines forkx yk. We will also use
the standard change of variables x =sin y and y =sin .

Using variable , for 2 [0;2 ], we can express the following terms:

q
x COS( )= ysin®( )+cos( ) 2  Zsin®() (2.291)

cos( )= and sin( )= (2.290)

and q
kx yk= y+ 2 Zsin’(): (2.292)

This allows us express the following derivative that will permit us to compute the integral
using the change of variables:
q
2 2 gin2
d 2 yxcos(y)_ x gsin()

— X

d x kx  yk? kx yk

(2.293)

Using this change of variables, and making y = arcsin( x), we can write the rst integral
for x y as

271 2 Z? :
1 Xd)é‘dX 1 o sin( x) d.d: 2294
4 kx kr' T 2 4 < — x4 (2. )
0 y X o, 1 cog(x) gsin“( )
Integrating rston  we have that
22 0 q T 2 1
q sin( x)d x = arcsin @g— > A (2.295)
1 co?(x) Zsin’( ) 1 §sin®()
0 q 1
1§
=5 arccos@g——o— A ; (2.296)

1 Zsin( )
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so that

1 24 d d 1% SR y i
T XZ X == 7 1 arccos@g—————— A d: (2.297)
0y ko yk X 0 1 §sin®()
Summarizing, we have
Z 2 71
1 o) oy L xd xd (2.298)
4 S kx yokw( x) i 04 . kxoyk 2
’ 0o q 1
14 1
=~ lim — arccos@g———— A (2.299)
4 yhed 1 2sin®( )
= 2 (2.300)

which nishes the proof.

Remark 2.7.8 (S is identied L¥%). Being the integral kernelsK Ws and K s equal for the
case of the symmetric Dirichlet problem for the disk, the integral operatorsS and L&® map the
same functions from§ 2(D) to H (D).

Theorem 2.7.4 (Weakly singular operator on the disk basis functions) For | + m even, the
action of the weakly singular boundary integral operatorS on a disk basis functiony" is
" 1 m.
s'W (x)= —y™ (2.301)
[
Proof This result comes straightforwardly from the Proposition 2.7.10, and the fact that S
and LS produce the same mapping from& ?(D) to H (D).

The result from Theorem 2.7.4 was later found to coincide with one from an article by Peter
Wolfe [68]. It was achieved by a di erent method, taking the Fourier transform of the left-hand
of (2.301) and inverting it. More recently, P. A. Martin has compared it to other expressions
for the application of S in the case of the disk screen [47].

We will now develop the results that will lead to the proof of Theorem 2.7.1.

Proposition 2.7.14  (Relation between the symmetric weakly singular and the anti-symmetric
hypersingular kernels on the disk) For (x;y) 2 D D, the kernelsK ¥ and K f'$ of the boundary
integral operators L% and LS on disk D are linked by the Laplace-Beltrami operator:

pK WS = K Is. (2.302)

Proof In this proof we will develop two expressions for pK Y using the two expressions
provided in Proposition 2.7.6 and then add them to recover the coe cients ™ needed forK IS
from the coe cients " using the recurrence relations from Proposition 2.7.12.

Let us proceed with the rst expression for the Laplace-Beltrame operator. It is easy to
show that LX K ¥S(x;x) = L Y K¥S(x;x), so we can write the rst expression for the Laplace-
Beltrami operator, as

pKg®(x;y)= L X LIKZ®(x:y) (2.303)

LX LYK¥(x;y): (2.304)
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Using (2.184) and (2.187) we can obtain

X1 op )y M)
Z’_ \SNS : - = I [ | |
L3 KS®(x3y) T (I+m)(I m+1) Wo0 W)
I+m even # (2.305)
P )y y)
O mlE MDY W)
and using (2.185) and (2.188)
X y' )yt Hy)
X )+/ gvs : - — [
L L IKZ®(X;y) T (I+m)(l m+ 1) W)Wy
I+m even # (2.306)
ym )y (y)
+I m)(l+m +1) wix) wiy)

As done in the proof of Theorem 2.7.3 we will analyze each term of the summand. Noting
that the pairs (I;m) =(0;0), (Lm)=(1; 1),(;m)=(2; 2), etc. makel + m =0 allows us
to rewrite the rst term as:

XX gm0 meny y Te0y ) XX @ meme) OO W), 0
m - m+1 - \4
I+ m even I+ m odd

Noting that the pairs (I;m) = (0;0), (I,m) =(1;1), (I,m) =(2;2), etc. makel m=0
allows us to rewrite the second term as:

XX my+m+1) y )y y) R X gemy(l m+1) y(x) y™(y)

= 1 : (2.308)
=0 m= | |m W(X) W(y) 1=0 m= | |rrI W(X) W(y)
I+ m even I+ m odd
Let us now obtain the second expression for the Laplace-Beltrami operator:
pK®(x;y)= L ¥ LXKI(x;y) (2.309)
=LY LYK¥(x;y): (2.310)
Using again (2.184), (2.185), (2.187), and (2.188), we can write
X ™ (x) Y (y)
LX LYKWs(x:y)= — (0 m{+m+1
' . 0 me 1 I ( X ) w(x)  w(y)
I+m even — # (2.311)
y" )yt My)

+( 1+ m)(l m+1)

w(x)  w(y)

As with the rst expression for the Laplace-Beltrame operator, noting that the pairs (I;m) =
(0;0), (Ihm)=(1;2), (I,m)=(2;2), etc. makel m =0 allows us to rewrite the rst term as:

AX @ my+m+1) Yy )y ) -2 X em)( mH1) Yy (x) YT(y)

=0 m= | Im W(X) W(y) ) 1=0 m= | |rn ! W(X) W(y)
I+ m even I+ m odd

1 (2.312)

Noting that the pairs (I;m) =(0;0), (m)=(1; 1),(Em)=(2; 2),etc. makel+ m=0
allows us to rewrite the second term as:

XX gm0 meny y T0y ) XX @ meme) OO W), 5 o0
m - m+1 - \4
I+m even I+m odd
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We can now add the two expressions for the Laplace-Beltrami operator to obtain

oKES(Gy) = Z(LF LY+ L LY )KE(;y) (2.314)
" !
_ x X 1 (+m m+1) (L m)+m+1) Y (x) ¥ (y)
=0 m= | 2 "t e w(x) w(y)
I+ m odd ! #
1 (I m(l+m+1) (I+m)(I m+1) y"(xX)y"(y) .
2o T W wy O

Using the recursion expression for |" from Proposition 2.7.12 we can nally write
!
R X m m m meyy
oK US(x;y) = m Y (x) y(y) + Y (x) yi" (y)
w(x) w(y)  w(x) w(y)

I=0 m= |
I+ m odd

= KMS(x;y): (2.317)

(2.316)

Theorem 2.7.5 (KM isKPS). For (x;y) 2 D D, the hypersingular kernelK 'S, associated
with N, is equal to the proposed hypersingular anti-symmetric kernek fS.

Proof This result follows from the relation pK"S(x;y) = KMS(x;y) from Proposition 2.5.3,
the identity KW“3(x;y) = K&3(x;y) from Theorem 2.7.3, and the relation pK3(x;y) =
K PS(x;y) from Proposition 2.7.14.

It's now easy to prove Theorem 2.7.1.

Proof of Theorem 2.7.1  From Proposition 2.7.10, we know that

mYI"(Y).

hs,,m -
Lasyl (Y) | W(y)’

fory 2 D: (2.318)

Integral operators N and L"$ have the same kernel forx;y 2 D, from which we conclude
the desired result: z o

ym(x)dD(x) _ Y ().

4k yk3 ' w(y)

(2.319)

for | + m odd andy 2 D.

We will now use these new expressions of the boundary integral operators linked to the
symmetric Dirichlet and anti-symmetric Neumann Laplace problems for the disk, and their
inverses, to build variational formulations and Galerkin matrices usable in preconditioning
methods. We will rst summarize the previous results in a succinct and clear manner in the
following table.

Remark 2.7.9. The following table summarizes the situation so far:

Table 2.7: Summary of the operators overD in their di erent forms.

BIO | Closed form kernel| DIN/NtD | Series Kernel| Series BIO | Mapping

S KWs NtD ¢ K¥s LYs 1§ =2(D)! H¥(D)
N K hs DtN as K hs Lhs #72(D)! H (D)
st DtN s K Js L 0s H=2(D)! 1’ (D)
N 1 NtD s Ko L % H ¥2(D)! B¥(D)
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2.7.6 Variational formulations and norms

We will now use the new de ned integral operators to endow the Sobolev spaces with
explicit inner products and norms.

De nition 2.7.13  (Induced bilinear forms). Let us de ne the following bilinear forms induced
by the described boundary integral operators:

al*2L B YXD) B ED)C ral(; = LYty (2.320)
2L H¥D) H'Z(D)C : H(gid) = g QSg;g‘E : (2.321)
als2 L B¥D) ®B¥4D);Cc :als(; Y= I:)L ns . tIJ:DD; (2.322)
We2L H D) H YAD);C :ps(;t D= LSy g (2.323)

Proposition 2.7.15 (Bilinear forms de ne inner products). The bilinear forms from De nition
2.7.13 de ne inner products in the following linear spaces:a%s in 1§ 72(D), kS in H(D),
alS in B172(D) and B in H 17(D).

Proof Let us focus on the rst bilinear form, a¥s for the linear spaceYs?:W. Let us take two

arbitrary functions u;v 2 Y™ and show that conjugate symmetry, linearity, and positive-
de nitiveness are satis ed.

* +
)4‘ XI ym )é‘ XI ym
hLYSu; vip = LYS FILEATE VALEATS (2.324)
w w
=0 m= | =0 m= |
% I+ m even [+ m even + D
x X um x X Ly
= =Y v —— (2.325)
w
1=0 m= 1 | 1=0 m= |
I+m even I+ m even D
XX ymym
= éin'q (2.326)
=0 m= | '
I+ m even
x X ymgm
= '2 1 (2.327)
=0 m= | '
I+ m even
R XI ym R XI ym '
= LYW vm a . T A (2.328)
w w
=0 m= 1=0 m=
I+ m even I+ m even D
= hLYSv; uip: (2.329)

Linearity on the rst argument comes straightforwardly from the de nition of the duality
product. And nally,

ws, o % X jum?
hLg®u; uip = ﬁ (2.330)
=0 I+mrr; e\I/en

shows thatad’®(u; u) is always positive and that, only u" = 0 for every | and m, and thus only for
u =0, makesa¥*(u; u) = 0, which shows the positive-de niteness property. The value (2.330) is
nite by virtue of the bi-continuity of the bilinear form for its associated Neumann-to-Dirichlet
operator, NtD ¢ from Section 2.6. Coercivity of the bilinear form induced by the corresponding
operator NtD ¢ also guarantees that normk kagvs is equivalent to norm k k The same
argument follows for the other three cases.

® 1=2(D)"
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De nition 2.7.14  (Norms for the trace spaces) Being inner products, the previous bilinear
forms allow us to de ne the following norms in the Sobolev spaces:

K Kaus = P ays(; ) (2.331)
q_——

K kaps = @B3(; ) (2.332)
q

kgkgee = 12%(95 9); (2.333)
| O

K ks = B ) (2.334)

Proposition 2.7.16  (Computation of the norms associated with the new boundary integral
operators). The norms from De nition 2.7.14 can be computed as follows:

2 _ R X 1 mTTm.
k ka\g[s - 2 m | I y (2.335)
=0 m= | I
I+ m even
®xoX mo
k Ko = - (2.336)
1=0 m= |
I+ m odd
X! mo
Kok = LK (2.337)
I=0 m= |
I+ m even
X X
K' Kby = > 1m' e (2.338)
=0 m= | ~ |
I+ m odd
where
"=y M =ww; (2.339)
=00y Msws (2.340)
g" = (9 Y™ 1=wi (2.341)
=Y MW (2.342)

Proof These results follow straightforwardly from applying Corollary 2.7.4 together with the
decomposition in bases described in Section 2.7.4.

Proposition 2.7.17  (Variational formulations for the new integral operators). The previous
bilinear forms are coercive in the appropriate spaces, and thus furnish appropriate variational
formulations for the boundary integral equations. A variational formulation for the boundary
integral equation associated with the boundary integral operatot &S (identi ed with S) is

8
< Giveng2 H¥(D), nd 2 1& (D), such that
(LYS VF) (2.343)
=2 . _ . .
8t2|’q1(D) a\évs(’ t)_ gltD'
The boundary integral equation associated with the boundary integral operatdr® (identi ed
with S 1) admits the variational formulation

8 _ ;
< Given 218 (D), nd 2 H¥?(D), such that
L VF (2.344)

8g' 2 H'Z(D) K*(gid)= 9" -
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The boundary integral equation associated with the boundary integral operatar?$ (identi ed
with N ) admits the variational formulation

8
< Given' 2H YD), nd 2 18¥2(D), such that
LS vE (2.345)
8 '21FD) agz(; Y= ',
The boundary integral equation associated with the boundary integral operatdr}? (identi ed
with N 1) admits the variational formulation

8 - _
< Given 2 18¥(D), nd ' 2 H (D), such that
(LA VF) . (2.346)
C 8 12H (D) e = oty
Proof Coercivity follows from the de nitions of the norms for each space in De nition 2.7.14.
Bi-continuity of the variational bilinear forms follows from the discrete Helder's inequality. Let
us consider the rst case; the proof for the rest follows the same procedure.

no XX P
avs(; Y= > (2:347)
=0 m= | '
I+ m even
¥ X i M t)m
1_p L (2.348)
=0 m= 1 21 2]
I+ m even
Using the discrete Helder's inequality we have
V V
. Hx x ImZH)@ X (t)lm2
a®(; H P 5wt 5 (2.349)
=0 m= | ' =0 m= | '
I+ m even I+ m even
k kﬁ 1=2(p) t ] 1-2(D) - (2.350)

2.7.7 Spectral method and preconditioning of the Laplace problem for the
disk screen

In this section we will use the developed theory to derive nite-dimensional variational
formulations using the disk basis functions in order to solve the boundary integral equations
linked with the four new integral operators. We will generate the Galerkin matrices associated
with the nite-dimensional variational formulation and we will build the matrix preconditioners
outlined by the optimal preconditioning strategy. In doing so, the preconditioning process will
be clearly illustrated.

In order to consider N-dimensional nite subspaces of the involved Sobolev spaces, we will
specify a way of counting the basis functions for each space, initially indexed by and m.

De nition 2.7.15  (Counting the basis functions on the disk). For l,s+ mas odd, we will count
the basis functions sequentially with the indexys as

. 1
ias(Mas; las) = > |§s tMast+1 (2.351)
which in turn inversely gives
o las(las + 1) | o o,
las(ias) =1+ argmax — 5 and mMgs(ias) =2ias  las(ias) 1 (2.352)
las 0

las (las +1) =2 <i as
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For Is + mg even, we will count the basis functions sequentially with the index as

. 1,

is(msg;ls) = > ls+2ls+ mg+2 ; (2.353)
which in turn inversely gives

Is(is) =1+ argmax W;
1

Is
(ls +1)( I +2) =2 <i g

and ms(is) = 2is ls(is)? 2s(is) 2: (2.354)

De nition 2.7.16  (Finite subspaces of Sobolev trace spaces)et us de ne the following
N-dimensional subspaces to be used in the nite-dimensional variational formulations of the
in nite-dimensional ones described above:

N mais) N 1=2
VN = span Y sy - H<(D), (2.355)
N s as) N 1=2
W = Span yla:z»iasa)s _— 18- (D), (2356)
N as(ias)_ ON =
Wy = span  yllsl=w W (D), (2.357)
N ey ON -
Wy = span yEw 18 2(D): (2.358)

De nition 2.7.17  (N-dimensional variational formulations). An N-dimensional discrete vari-
ational formulation for the boundary integral equation associated with the boundary integral
operator LY* (identi ed with S) is

8 .
] )] . yms ()
% Given gy = k gz‘(jf)k)yrg(sk()k) 2W, nd n = ) E(Si()')y'sv‘v') 2 vy, such that
=1 1=
(Lg® VFN)E
R yrs) yms() Pk Lo ymed) _
' E(i()')a‘évs i 9|n:(k()) y{:(k()); =0 ; for j =1::N:
i=1 k=1 D

(2.359)

The boundary integral equation associated with the boundary integral operatdr® (identi ed
with S 1) admits the N-dimensional discrete variational formulation

8

| Py B o
% Given = » E(é))% 2 Wy, nd gy = . glr:(i()')yg(i()') 2 Wy, such that

LS VF

B ma) me). oms) _ P me) Yo . ms() . e i 1
X0 B yil6) Vg = oy bt Tw oYy i forp =1

(2.360)

The boundary integral equation associated with the boundary integral operatar$ (identi ed
with N ') admits the N-dimensional discrete variational formulation

8 m as (k)

H ] P ] as k y m as i as i
% Given' y = . Es(k())% 2Wy, nd = . Es(i()')ylr:s(ig') 2 @y, such that
Lhs VE
" Mas() hs  Mas(). omas) _ Py mas(k)  Yinco . mas(i)
as S as . as —_— ] as as . as . T — sas .
- las (i) “as Y|as(i) ’ylas(j) = -1 las (K) W ,y|as(j) ) fOI‘j =1::N:

(2.361)
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The boundary integral equation associated with the boundary integral operatdrys (identi ed
with N 1) admits the N-dimensional discrete variational formulation

8 .
m N ymas (i)
% Given N = In;sazk(;() If:Sa(sk()k) 2 VN; nd ' N = ' Irzsa?i()l)ylas% 2 WN, such that
k=1 i=1
(Las VFN)
v Mas (i) L ws yg:?i()l) . yln;sa?j()” Mas (k) Mas (K) . yg:?i()” - f i =1:N:
las (i) ~as wo'w T K1 las (K) las(k) '~ w ; Tor ] = 10N
(2.362)

Proposition 2.7.18
from De nition 2.7.17 is performed as follows:

(Computation of bilinear forms). The computation of the bilinear forms

AT N

ws st . 7IsU) A — i. S ms(i). . ms(j) — s(i i

O 2 o0 K6 Y)Y 5 i (2.363)

s(i
Mas (i) Mas (i) Mas (j )

hs  Mas(). omas() _  las() 0. yws @ las() YlasG) A _ 1 .

aas ylas(i) :y|as(j) - 2 j S @Tv TA - W i (2364)
las (i)

Proof The values of the bilinear form follow directly from Corollary 2.7.4.

De nition 2.7.18

(Galerkin matrices for the spectral discretization). The Galerkin matrices

associated with the N-dimensional variational formulations from De nition 2.7.17 are de ned

as 0 1
1 1 1
WS — H [ .
AYS = édlag@ D e (2.365)
Is(1) Is(N)
1
hs — . ms(1)..... ms(N)
BhS = éd|ag L@ ST Ny (2.366)
1
hs _— : Mas (1), .... Mas (N)
A= Edlag e () 555 Ny (2.367)
1
1 1
WS — H PR .
B WS = éouag@ A e (2.368)
las (1) las (N)

where diag de nes a matrix by indicating the elements of its diagonal.

Proposition 2.7.19

(Computation of right-hand sides). The right-hand sides associated with

the N-dimensional variational formulations from De nition 2.7.17 are computed as

* ms(i) + " ms() *
ms(k). YIs() - 1y, Vi) . ms() - 1y (2.369)
Visto " T 21 w ' 7ls() 21" '
D D
* + * L+
Mas (K) Mas (] )
ylas(k) .yyMas () — } k. Mas (k). yIaS(j) = } k. (2 370)
w Tlas) 21 las (k) "\ 21 ’
D D

Proof Right-hand side values follow from
the disk in Proposition 2.7.4.

Proposition 2.7.20

the orthogonality properties for basis functions on

(Spectral solution to the N-dimensional variational formulations). The

coe cients of the solution to the discrete variational problem (L¥S VF ) are

ms(i) \ms(i).

1s(i) (i)

ms (i) _

Is(i)
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The coe cients of the solution to the discrete variational problem (L VF y) are
me() _ 1 ms(i).
Is( 7 ms(i) 1s()

ls (i)

The coe cients of the solution to the discrete variational problem (LS VF y) are

fori=1;::N: (2.372)

Mas (i) _ Mas (i) Mas (i), T N N\
@) = las() lac(i) fori=1;:N: (2.373)

The coe cients of the solution to the discrete variational problem (L% VF ) are

cmas(@) = L mas(i). g g
las(i) —  mas() las(i) fori=1;:;N: (2.374)

las (i)
Proof Let us consider the rst N-dimensional variational formulation (L¥Y® VFy). From
Proposition 2.7.18 we know that the left-hand side is:

X ms@)y

SO T forj = 1:mN: (2.375)

) 2 ms(i)

i=1 Is(i)
We also know from Proposition 2.7.19 that the right-had side is

X

1 mak i .
§g|r:(|<()) b, forj =1:N: (2.376)
k=1

ms(j)
Is(i)

ms(i) —  ms(i) ms(i). N
) = 1sG) 9eG) forj =1::N: (2.377)
The same procedure, using Proposition 2.7.18 and Proposition 2.7.19 gives the desired results

for the next three spectral formulations.

Then, we can compute each coe cient determining solution N as

The application of the preconditioning strategy into a preconditioning method for the
Laplace problem using the described spectral discretization yields some interesting results.
In the application of the optimal preconditioning theorem, Theorem 2.1.1, the Galerkin matri-
ces and right-hand side vectors can be computed using the two previous propositions. Matrix
D, accounting for the duality pairing of the bases becomes}l , with | being the identity ma-
trix. Matrices A and B (for the symmetric Dirichlet and anti-symmetric Neumann cases) are
diagonal, such that the application of the prescribed preconditions yields,

MA =D BD MA = %ﬂ; (2.378)
which has optimal condition number, i.e. cond(MA ) = 1, independently of the dimension
N of the discretization. This shows the way in which optimal preconditioning works despite
being a case where no preconditioning was required, since the linear systems arising from this
discretization are diagonal and can be solved explicitly without recourse to linear solvers, as it
was shown in Proposition 2.7.20.

In this present section we have found series forms for the operatorS and N (identi ed
with LYS and LS respectively), and their inversesS ' and N ! (identi ed with LS and L%
respectively). This allows us to build spectral discretizations to solve the associated problems,
specially the ones of interest (symmetric Dirichlet and anti-symmetric Neumann), and to test
the principles of operator preconditioning, although it is not practically needed when in a
spectral method framework.

In the following section we will attempt to modify the integral kernels to obtain explicit and
closed variational expressions that will be suited for boundary element method computations,
attempting to escape the limitations of spectral methods and reach practical applications to
screens other than the disk.
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Chapter 3

Preconditioning for Screen Obstacles
with Modi ed Integral Operators

The expressions found in the previous chapter for the inverses of the boundary integral
operators involved in the solution of the symmetric Dirichlet and anti-symmetric Neumann
are in the form of series. This makes their use inadequate for boundary element method
computations and for the construction of associated Galerkin matrices capable of improving the
preconditioning using the strategy outlined by Theorem 2.1.1 in a wider range of applications.
In this chapter, roughly divisible in three parts, we will develop a strategy to overcome this
problem.

In the rst part, Section 3.1, using the previous two-dimensional case from Section 2.4
and the existing series representation for the disk from the previous chapter as hints, we will
propose a modi cation to the series expressions for the inverse boundary integral operators.
These modi ed operators, although not being the exact inverses, will be proven to have an
explicit and closed variational expression, and thus be suited for use in boundary element
method preconditioning methods while still preserving the behavior of the kernels' singularities
from previously developed inverses.

In the second part, Section 3.2, we will de ne a special mesh partition suitable for the case
of the screens and in particular for the disk. We will use this discretization to de ne boundary
element spaces with which to formulate variational problems for the modi ed integral operators,
and then we will use them to develop numerical methods to compute their respective Galerkin
matrices. Using known solutions to the modi ed boundary integral operators, these methods
will be tested numerically.

In the third part, Section 3.3, we will use the Galerkin matrices to build preconditioners
that will be studied in numerical experiments. We will show that the preconditioners built
with them are mutually optimal preconditioners, from which we will draw several conclusions
about the variational problems associated with the modi ed integral operators, and about the
mesh partition process. We will later show the preconditioning capabilities of these matrices
when used as preconditioners to the matrices associated with operatos and N . We will also
show the preconditioning capabilities when applied to the matrices linked to the Helmholtz
problem, i.e. SK and N ¥. Finally, we will propose a technique to extend the exposed method
to other screens.
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3.1 Modied boundary integral operators with explicit closed
variational form

In this section we will modify the kernel expressions in order to nd closed forms of the
integral operators suited for boundary element method computation. They will be suggested by
the series expansion of the integral kernels of the weakly singular and hypersingular boundary
integral equations when the domain of integration is the sphere inR3. In the case of the
sphere, there are well-established results that allow us to change integral kernels from a series
expression to a closed form expression. Theorem 1.5.3 will also allow us write the hypersingular
integral operator using the weakly singular kernel. These two tools, as we shall see, will suggest
the mentioned modi cations.

3.1.1 Integral kernels for the weakly singular and hypersingular boundary
integral operators on the sphere

Proposition 3.1.1  (Series for the weakly singular and hypersingular boundary integral oper-
ators on the sphere [51, Section 3.2.3])The application of the weakly singular operatorS and
hypersingular operator N on functions de ned on S have the alternative series expressions:

— )4 XI m m .
(S)y)= . Im LY (y); (3.1)
A X0+ ompy
(N )(y)= o 1 | Y (y); (3.2)
where z Z
"= (x)Y,"(x)dS(x) and "= (x)Y,"(x)dS(x): (3.3)
s s

Proposition 3.1.2 (Series expression for the weakly singular kernel) The weakly singular
kernel has the following series expression:

X X
K" (x1y) = oYM V): (3.4)
1I=0 m= |
Proof
X X 1
(S)) = sep M)
1=0 m= |
X 1 z V My, m
S o, ERT | CTOOEATY) 35)
D 1
= aaq YOOV (Y) (x)dS(x);
s =0 m= |
XX 1
) K™(x;y) = mﬂm(x)Ylm(Y) (3.6)
I=0 m= |
1 — ® X 1 vMmiy\)ym .
The yk . ImYl Y (y): (3.7)

The previous expression of the weakly singular kernel allows us to extract some conclusions
that will further simplify the expression of the modi ed kernels proposed.
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Corollary 3.1.1 (Realness of the series weakly singular kernel on the sphereYhe series
expression of the weakly singular integral kernel is real, i.e.

(o x p )
Im lel x)Y,"(y) =0 (3.8)

=0 m=
and thus can be written in either of the following two forms:

* X 1 Gapgym ®* X 1 = ———
Imvl )Y (y) = Im“ v)Y,™(x): (3.9)

1=0 m= I=0 m=

3.1.2 Modied integral kernels and operators

The boundary integral operators on the disk, de ned and studied in Section 2.7, have the
desired mapping properties that induce bilinear forms that allow for preconditioning strategies
in the sense de ned by Theorem 2.1.1. However, having a series expression, they are not suited
for use in boundary element method computations. In this section we will propose modi ed
boundary integral operators, based on the previous ones, that will preserve the same behavior
in  of the integral kernels on the edge of the disk, which is the key feature of their performance.
This idea will be tested numerically in following sections.

The known relation between closed and series form for the kernels, in the case of the sphere,
suggests a modi cation on the previously de ned kernels. Let us de ne the following modi ed
integral kernels in the form of series.

De nition 3.1.1  (Modi ed integral kernels for the disk) . Let us de ne the following two weakly
singular integral kernels for (x;y) 2 D D, with x 6 y, as the formal series:

X X
IS(x;y) = Y (Y)Y (x); (3.10)
I=0 m= |
I+ m even
XI
Ras(X;y) = Y (Y)Y (X); (3.11)
I=0 m= |
I+ m odd
with 5
1= o1 (3.12)

Similarly, let us de ne the following two hypersingular integral kernels for(x;y) 2 D D, with
X 6 y, as the formal series:

XX ymy) ym(x)

hs/y . —
€ (x;y) = T Wly) W) (3.13)
I+ m even
® X m(vY) v ()
hS(y - \\ — Yt (y) yi" (x) .
Kas(x;y) = oo lW(y) wx) ' (3.14)
T 1+m odd
with 21(1+1)
= ﬂ: (3.15)

We will use these modi ed integral kernels to de ne modi ed boundary integral operators
for which we will later nd explicit and closed forms in variational contexts.
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De nition 3.1.2 (Modi ed boundary integral operators on the disk). For y 2 D we de ne
the following boundary integral operators:

Z

s (y)=  R&(x;y) (x)dD(x); (3.16)
D
Z

€5 (y)= RI(x;y) (x)dD(x); (3.17)
Z

g (y)=  KI(x;y)g(x)dD(x); (3.18)
Z

B (y)=  RI(x;y) (x)dD(x): (3.19)
D

Up until this point, the modi ed integral operators ( %S, [BYS, [€1S, and I€0S), modi cation
of the ones known to be identied with S and N and their inverses LS, L%, LIS, and
Lhs), present the same problem in their incorporation into a boundary element method: they
are in series form. The next theorems, central to this section, will show that they can also
be expressed in closed form, thus solving this problem while still preserving the same radial
behavior in  that was present in the exact inverses in theR? and R® cases.

Theorem 3.1.1 (Closed variational form for the weakly singular integral kernels). The weakly
singular integral operators from De nition 3.1.2 have the following closed form variational
expressions:

D E 272, 1 1
lews ; = rale y+k+ K (x) (y)dD(x)dD(y); (3.20)
D D
D E 2724 1 1
[ens:; tDz T vk YK " (x)" Y(y)dD(x)dD(y): (3.21)
D D

Proof Let us rst consider the case of R¥S. Let us consider a projectionT : S! D taking
points on the upper half-sphere to their vertical projections onthe disk ¢ = Ty* = Ty 2 D),
to be used in integration by substitution. The application of €S to a function de ned on
the disk yields, fory 2 D:

Z
€°  (y)=  K®(x;y) (x)dD(x) (3.22)
D
Zx X
= M TX)Y(Ty™) (Tx)jcos xjdS™ (x): (3.23)
S+ I=0 m= |
I+ m even
Let us dene * = T over S*, so that the application of €Y can be pulled to the upper
half-sphere:
Zx X
€ (y)= Y O)Y (Y T) T (x)jcos «jdST(x): (3.24)
St I=0 m= |
I+ m even

Let us now de ne f+ as the mirror re ection over S , SO that it is an even function of x3, i.e.,
f+(x*) = f+(x ). Being Y,™(x) (for | + m even), jcos 4j, and f+(x) even functions ofxs,

92



the integration can be computed on the whole sphere as

Z

ews 1R X Moyt F+ ()i - :

s =5 YT OO)Y(Y ) T (x)jcos xjdS(x): (3.25)
3 Izollnrr?e\llen

Also, for the rest of the (I; m) pairs, when| + m is odd, Y, will be odd, so that the integrand
will also be odd, and thus,
Z

|+ modd ) Y,m(x)Y,m(y+)f+(x)j cos xjdS(x) =0: (3.26)
s
Now these terms can be added to 3.25, so that the sum has all thd; (n) pairs:
12 X X

2 oim=
g 0=Im= |

By (y) = Y)Y (y ) T (x)j cos «jdS(x): (3.27)

By construction =2 = 1=(2| + 1), for which (3.4) from Proposition 3.1.2 allows us rewrite
(3.27):

z
BYS  (y)= K"S(x;y*)f+(x)jcos yjdS(x) (3.28)
yd Z
= K"S(x;y*)F+(x)jcos »jdSt (x)+ K™S(x;y*)f+(x)jcos 4jdS (x) (3.29)
v z S
= K"S(x";y") (x)dD(x)+ KWS(x ;y*) (x)dD(x) (3.30)
2 D
0 1 1 _
T4 kxt y+k+ kx  y*k (x)dD(x); (3.31)
D

which proves the identity (3.20) of the theorem.

The demonstration for K2S can be deduced from the application ofl€)s to a function
de ned over D, using the same argument with some modi cations. Starting with the series
de nitions for 1€¥'  afunction' * ="' T is de ned to pull the integral to S". De ning e
now as the odd mirror re ection, i.e. ‘f+(x+) = 'f+(x ), the same two key properties are
achieved: 1) the integrand becomes even and thus it can be transformed into an integral over
S, and 2) the complementary (; m) pairs (the even ones) integrate as zero and can be added
to complete the series. Once the expression of the integral kernel for the sphere is recognizable
from Proposition 3.1.2, it can be replaced and the integral later pulled back to the disk. Being
f+ odd, the minus sign appears naturally di erentiating this case from the previous one.

These closed form expressions of two of the integral kernels, without resorting to series
expressions, allow for the computation of boundary element calculations and the construction
of Galerkin matrices as it will be shown later in this chapter. In the next theorem we use the
closed form expressions of the weakly singular integral kernels to deliver closed form variational
expressions for the modi ed hypersingular operators€ls and €0S.

Theorem 3.1.2 (Closed variational form for the hypersingular integral kernels). The bilinear
forms induced by the hypersingular boundary integral operatot€l3 admits the following two
expressions of integration by parts:

D E D | | E 1 @ 1 @t
ens .t = ®%curlp;curlp ! o+ €Y = o=
as D s D D D as @« w@ Y b

(3.32)

93



and

D ) E Ly Lt 1D E 1D E
. t — . . t . t .
R s ERTs LU TS EeL Lt (639

Similarly, the bilinear forms induced by the hypersingular boundary integral operator€ls
admits the following two expressions of integration by parts:

b E DL ! E 1@ 1@}

[ehsq - = E%curlpg:curlpgt + [EWS : 3.34
S g gt D as p]¢} p9 D [ W@x W@y 5 ( )
and
D E t D E D E
ng ng 1 1
g ; ¢ . @\QVSW?T > SL. gL o 5 3 %L gL+ d . (3.35)
D

Proof Let us demonstrate the expressions fot€l3; the ones forl®S can be deduced similarly.
The bilinear form induced by (€S is written as:

D E ZZz
S = 1S(x:y) (x) T(y)dD(x)dD(y) 336)
27,
X SMeY um
= yr(x) yin(y) — _
e 1 WO W(Y) () T(y)dD(x)dD(y):  (3.:37)

I+ m odd

Letusdene T :S! D as the vertical projection of points from the sphere onto the disk,
and let us de ne the following odd functions for points x;y on S

(Tx) if x 2 S*;

_ YTy) ify2s
()= (Tx) x2S ;

YTy) ify2S: (3.38)

and ~(y) =

De ned like this, we identify Y,™(x)~(x) and Ylm(y)j(y) as even functions forl + m odd,
and as odd functions forl + m even. Thus, we can rewrite the bilinear form as:

D E ;Z2Zx% x

SR STV ()~ ()dSe)dsy):  (3.39)
S s I=0 m= |

Using Proposition 3.1.1 we can further write the expression as

ZZ
D E 1

B U =2 K60 (y)dSx)asly): (3.40)
S S

Using Theorem 1.5.3, we can rewrite the previous expression as

ZZ
D E 1

I?Qi oot 5 = > KYS(x;y) !curl 3~(x);!curl s~H(y) dS(x)dS(y): (3.41)
s s

Using now Remark 2.5.1, we can rewrite again the previous expression as

D E
Lehs . t —

as D
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Z7Z

1 ws sy @) @L(Y)
é K (X,Y) @X @y dS(X)dS(y)
e " @) @) @) &)
1 WS [y . X y COS x COS y X y
_,_é K (x,y) COS(x y) @y @y * sin y sin y @ x @y
I

S S !
cos y @(x) @'(y) cos x @(x) @(y)
sin y @y @y sin x @y @y

jcos xjj cos yjdS(x)dS(y)
(3.42)

+sin( y)

Let us focus on the rst integral. Using Proposition 3.1.2, we can write:

zz — zZ | _
177 sy ) @) @(y) _1TT RN ) @(X) @) .
Ess K™ (x;y) @, @, dS(x)ds(y) = Zss . |2Y| (x)Y"(y) @, @, dS(x)dS(y);
(3.43)
and since ~and ~! are odd (and even (;m) pairs vanish) functions we can write:
ZZ | _
1 X X t
= avm ) EX € W gy asiy) (3.44)
2 @x @y
s s 70 o
Z Z —
XX ;
- ey ) EX € W ggiyast () (3.45)
=0 m= | 2 @x @y
st s =9 m=
I+ m odd
ZZy x =
- Nrenm ) S WM as (x)as” (y) (3.46)
s g 150 m= 1 X y
I+ m odd
ZZ —
R 1 @x) 1 @)
= YOV (Y) dD(x)dD(y) (3.47)
oo 0 1 wix) @x wly) @y
1@ 1@t
e = = 3.48
as W@X W@y b ( )

thus providing the desired result for the rst integration in (3.42). Let us now address the
second one. Let us rst note that the following functions are even with respect to the plane
X3 =0:

@ @ cos y @ cos y @
xX);  —(y); . —(x) and . —(y): 3.49
o &Y e, ™ sn @, (3.49)
Thus, we can rewrite the second integral in (3.42), eliminating the terms forl + m odd, as:
Z Z l n o o !
S D N P @-(x) @'(y) , cos x cos y @(x) @(y)
s s =0 m=
[+m even 14

cos y @(x) @(y) cos x @(x) @(y)
sin y @y @y sin x @y @y

jcos xjjcos yjdS(x)dS(y):

(3.50)

Using the same procedure as before for writing sphere integrals of even functions as integrals
on S' and on D, and using (2.67) and (2.68) from Remark 2.5.1, we nd the desired expression
for the second integral.

+sin( y)
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For the second part regardinga3(; '), using proposition 2.7.7, let us rewrite the rst
term of (3.32):

D . E 27 . .
€¥curlp ; curl * = lYS(x;y) curlp; curlp ' dD(x)dD(y) (3.51)
= 5 YS(x;y) L+ L '+ Ly7L t dD(x)dD(y) (3.52)
B? E 4D E
= 5 evsL, ;L ¢ o3 evsL Lyt o (3.53)

The second term of (3.32) can be easily rewritten, using the de nition of operatorL 3 and
its conjugate (Proposition 2.7.5), as:

ey 10 ;Vlvg; - j j R0V s e g;do(x)dmy) (3.54)
_ Zz }@gSS(X;y)W(lx)ilgx W(ly)ilg;dD(x)dD(y) (3.55)
D D
- e xiy) =2 202 Wapgan(y) (3.56)
D D
o s x;y)LVSV()(())() Ljv(ty(;/)dD(x)dD(y) (3.57)
D;WS Ls .Ls® (3.58)

Fw(x) wly) p

This proves identities (3.32) and (3.33) from the theorem. Equations (3.34) and (3.35)
regarding [€% can be obtained with the same procedure using complementary parity and sym-
metry.

Proposition 3.1.3 (Modi ed integral operators' action over basis functions on the disk).
The modi ed boundary integral operators from De nition 3.1.2 have the following mapping
properties:

m
@gvsy'w = E'y{“, for | + m even, (3.59)
y" |
Le'gyg'W = Eylm, for 1 + m odd, (3.60)
lensym = ot for | + m even (3.61)
S | 2 W 1 ’ .
esym = YT for 14 m odd (3.62)
asyl = 2 w' ' '
Proof Let us analyze the rst case.
m » X° Y4 - m (x
el (y) = R0 Y anco: (363)
10=0 m%= |0
1% mO9 even
Using the orthogonality relations 2.7.4 and 2.7.1 it follows that
m x X 1
sl (y) = v, e (3.64)

10=0 mO0= |0
1% mO9 even
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|
= W) (3.65)
The next three cases follow from similar procedures.

Proposition 3.1.4 (Caldeon-type identities for the modi ed boundary integral operators on
the disk). The modi ed boundary integral operators from De nition 3.1.2 have the following
Calderon-type identities:

1 1

1
e - - LI (3.66)
1 1 1
[ehs jews: = TR £ i < S (3.67)
|ews Lehsg=} | + [EWS ELGWS g : (3.68)
s s 4 s w S W !
evs es =1 |, ews Llews (3.69)
as as 4 as v oas ’

Proof Let us prove the rst identity for €IS [E¥S. Using Proposition 2.7.10 it is easy to see
that, for 2 1# ¥2(D)

1)4 X ym
el ey = - i (3.70)
I=0 m= 1|
I+ m even
|
EEOREC (S VIS i 371
- @+1)2 " w- (3.71)
I=0 m= |
I+ m even
This expression can be separated as
XX qaer) ym XX ym X X g24gp4 ym
@+1)2 " w "~ " w @+12 "w (3.72)
=0 m= | 1I=0 m= | 1I=0 m= |
I+ m even I+ m even I+ m even
| |
_ 0 X ey XX 1y (3.73)
@+t w @+ w
=0 m= | =0 m= |
I+ m even I+ m even
X X 1 m
_ Y.
) 4 EF | = @+ 12 s (3.74)
I=0 m= |
I+ m even

The last term of the equation is easy to compose using operatdf¥s. Using again Propo-
sition 2.7.10 it's easy to see that

1 1 X X 1 ym

Lews Lews _ - omY. 3.75

WU W @2 W &7
- I+n;even

which proves the rst case. The case forl€S EYS is done in the same way forH 172(D) but
summing over| + m odd pairs.

Let us now address the cas¢E¥s [€0S. In a way similar to the previous two cases, we have,
for g2 H¥2(D),
X0+ o
b @z

I+ m even

[evs |ghs g= (3.76)

=0
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Using yet again Proposition 2.7.10 it's easy to see that

e Lgw o J* X1 VRV (3.77)

s W S _ (2| +1)2 Yo .
I-inn; even

which proves this case proceeding as in the previous two cases but replaciy§'=w with y".

The case forl€% €03 is done in the same way ford =2(D) but summing over | + m odd pairs.

=

=0

3.1.3 \Variational problems and norms

In this section we will use the modi ed boundary integral operators, for which we know their
explicit variational expressions, to formulate variational problems that we will later use to build
Galerkin matrices. The preconditioning capabilities of these matrices will be an important part
of this chapter, and will be studied in subsequent sections.

De nition 3.1.3  (Induced bilinear forms). Let us de ne the following bilinear forms induced
by the modi ed boundary integral operators from De nition 3.1.2:

E

2L B (D) #® HD)C seS(; = &S T (3.78)
D E

B 2L H™D) H7ZD)C :&gid)= Efgd (3.79)
D E

e 2L B7(D) ®D);C seg(c D= & s (3.80)
D E

ks 2L H FXD) H ED):Coc g D= &gy b (3.81)

These bilinear forms de ne norms in the spaces spanned by the disk basis functions, as we

will show in the next propositions.

Proposition 3.1.5 (The bilinear forms de ne inner products). The bilinear forms from De -
nition 3.1.3 de ne inner products in the linear spaces spanned by the set of disk basis functions:
a¥s in Yo, &S in Y, @S in Yas and 85 in Yas".

Proof Let us focus on the rst bilinear form, af® for the linear space spanned by{slzw. Let us

take two arbitrary functions u;v 2 span Y51:W and show that conjugate symmetry, linearity,

and positive de niteness are satis ed.
*

D E X X ym X X ym+
B¥yu;v = LY un 2 v 2 (3.82)
P =0 m= | w =0 m= | w
N I+ m even I+ m even + D
)é‘ XI | )é‘ XI ym
= —ulym; v,m'W (3.83)
=0 m= | =0 m= |
I+ m even I+ m even D
X X m
_ UV
= i (3.84)
=0 m= |
I+ m even
X X mym
- Vi
= i (3.85)
=0 m= |
I+ m even
= [B¥sv;u o (3.86)
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Linearity on the rst argument comes straightforwardly from the de nition of the duality
product. And nally,

Oows,. E % X jupy?
[evsy ; = ; :
< u; u 5 g (3.87)
I=0 m= |
I+ m even
shows that a*(u;u) is always positive and that, only u™ = 0 for every | and m, and thus

only u = 0, makes a¥*(u;u) = 0, which shows the positive-de niteness property. The same
argument follows for the other three cases.

De nition 3.1.4  (Norms associated with the modi ed operators). Being inner products, the
previous bilinear forms from De nition 3.1.3 allow us to de ne the following norms for their
respective spaces:

K Kays = et (3.88)
K Kgps = ! as(; ) (3.89)
kokeys = q #°(9; 9); (3.90)
g = BECT ) o

Proposition 3.1.6  (Computation of the norms associated with the modi ed boundary integral
operators). The norms from De nition 3.1.4 can be computed as follows:

®x X .
K Kays = ZI m~m. for | + m even, (3.92)
I=0 m= |
I+ m even
®x X
K Koy = ZI M~ for |+ m odd, (3.93)
=0 m= |
I+ m odd
XX
kgkégs = Z'glmf; for | + m even, (3.94)
=0 m= |
I+ m even
®x X
1 2 — | L} L} .
K kﬁgvg = 1 "t m; for I+ m odd, (3.95)
10 m= |
I+ m odd
where
m =0y M =W (3.96)
=0y M ws (3.97)
a" = (Y 1=ws (3.98)
=Y MW (3.99)

Proof The demonstration is done as the one for Proposition 2.7.16.

We will use the bilinear forms induced by the modi ed boundary integral operators to pose
variational problems. These variational problems will later give rise to the Galerkin matrices
that will be the subject of study, especially in their preconditioning abilities.
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De nition 3.1.5  (Variational problems for the modi ed boundary integral operators) . Let
us consider the following variational problems for the bilinear forms from De nition 3.1.3.
A variation problem for the boundary integral equation associated with the boundary integral
operator €5 is

8
< Giveng2 H¥(D), nd 2 1#® (D), such that
€Y VF (3.100)
8'21 (D) a&°(; D= g 'y
The boundary integral equation associated with the boundary integral operatd€® admits the
variational problem

8
> Given 21K ¥2(D), nd 2 H¥(D), such that
€S vF S (3.101)
8g' 2 H'(D) ®%(g;d)= :9'

The boundary integral equation associated with the boundary integral operatdﬁgg admits the
variational problem

§ Given' 2 H (D), nd 2 B¥2(D), such that
€S VF (3.102)
8 '21/82(D) al3(; H= 4 ',
The boundary integral equation associated with the boundary integral operatd€%s admits the
variational problem

g Given 2 18¥2(D), nd ' 2 H ¥2(D), such that
€95 VF S (3.103)
8'2H (D) (' H= ',

Coercivity and bi-continuity in the Sobolev trace spaces must be proven for the associated
Galerking matrices to be optimal preconditioners. These variational problems will provide
the Galerkin matrices that are intended to produce the desired preconditioning e ect on the
Galerkin matrices associated withS and N by virtue of their kernels' behavior in the radial
direction. This idea will be put to the test numerically in the next sections. These variational
problems are not necessarily variational formulations for the modi ed integral operators in
the relevant trace spaces on which these problems are posed, as their coercivity is not readily
assured for the norms of the Sobolev trace spacé® 72(D), H1™2(D), B#12(D) and H 72(D).

In fact, following Propositions 2.7.16 and 3.1.6, the coercivity would need the existence of

constants C¥s, CfS, C¥ and C! such that
1 ws . m hs . 1 ws . m hs .
~m Cs | I Cs L as | and I Cas 1 (3.104)
! !

and the existence of constantC®s, C¥s, C¥s and CJ such that

1 1
G CYsoomochsy oc¥ .y, and P CTE (3.105)
| |

This would amount to norm equivalency between the norms induced by the series operators
presented in the previous section and the norms induced by modi ed series operators presented
in this current section.

We will present the answer to some of this issues the following sections.
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3.2 Boundary elements method implementation

Taking advantage of known series representation of the operators posed on the sphere, it
was possible to consider in this present chapter slight modi cations to the series form integral
kernel from De nition 2.7.10, that had explicit and closed variational forms while preserving the
singularity behavior properties of the integral kernels. These singularity behavior properties
were signaled as a key feature of a previous achievement for a segment screerRifiand in
fact they were also shown for the series forms of the kernels of the inverse operators for the
case of the disk. In the rest of this chapter we will describe a domain discretization suitable
for the preconditioning strategy drawn from Theorem 2.1.1 and a boundary element method
adapted to the case of the disk screen. With these tools we will build, in the subsequent
sections, the Galerkin matrices for the new modi ed operators and we will test the numerical
implementation with benchmark cases. Finally, once the implementation has been argued to
be successful, we will explore the capacity for preconditioning of the new modi ed operators
in various cases for the Laplace and Helmholtz screen problem for a disk obstacle. We will end
this chapter showing an extension of the numerical method that can extend preconditioning
capabilities into screens with other shapes.

3.2.1 Domain discretization

In this subsection we will address in further detail the triangular mesh partition of the
surface of screens, particularly the disk. The main concepts about mesh partition were already
described in Subsection 1.6.1. The details further developed in this present subsection will
be related to the ful llment of dimension matching conditions stipulated in Theorem 2.1.1
when the surface is not closed. Producing a mesh over which to specify supports for boundary
element basis functions is more di cult for screens because the existence of a border of the
surface (@ 6 ?), and because the fact that one of the Sobolev spaces has functions that are

zero at this border ( in fact, 81%2(D) H, (D).

Let us consider a triangular meshT,, for the conformal triangular approximation Dy of
D (De nition 1.6.1) and a triangular mesh T, (De nition 1.6.2), made of Nt closed triangles
(with t; its i-th triangle), Ng edges andNy vertices (with v; its i-th vertex), of which N
are interior. The new domain of integration Dy,, an approximation of D, is then D, = [ iN:Tlti
(modulo a close-open topological operation).

Two dual meshes will be constructed starting fromT,,. The rst dual mesh &, is constructed
as it was indicated in De nition 1.6.10, but we will shortly refresh its main elements. We
consider the six disjoint sub-triangles (of type f' in De nition 1.6.3) resulting from dividing
each triangle of T;, using its medians. We consider the set of piece-wise polygonal elements
fLigi'\‘:\i, associated with the vertices of the primal meshT, such that piece-wise polygonal
elementL; associated withv; is the union of the collection of sub-triangles of typef' that have
vertex v; of the meshT, as one of its own vertices. This construction also yield®y, = [ !\':Vl Li
(modulo a close-open topological operation) and, when the discretized surface lies on a plane,
elementsL; are not just piece-wise polygonal, but polygons themselves.

We will consider a second dual mesh in order to develop appropriate elements for a subspace
of H ¥2(D), dual to §172(D) of functions zero on the border, and to comply with the require-
ment that both nite subspaces have the same dimensions. The second dual mesh, denoted by
T, will use a di erent subdivision of the triangles on the border of Dy: triangles t 2 T, with
two or three vertices on the edge@;, will not be subdivided and will be considered proper
sub-triangles, while the ones with one vertex over@y, will be divided into two sub-triangles (of
type tin De nition 1.6.3) separated by the median associated with the vertex on the border
@n. Triangles without vertices on @y, will be subdivided as in &. The dual mesh £0 is
then the set of piece-wise polygonal elements associated with tHd\c,’ internal vertices of the

0
mesh T, fMigi'\':{,, such that the elementM; associated with the internal vertex v; of T;, is the
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collection of sub-triangles (now produced di erently than for §,) that have the internal vertex
v; of the T, as one of their own vertices. Figure 3.1 illustrates the construction process fof,
and ?ho showing the subdivision of triangles near edgedD;, on a sector the ofDy,. Figure 3.2
shows specimens of the three meshes fb, for a given h.

Figure 3.1: Detail of the subdivision of the triangles of a meshT,, near the border of @,
showing the subdivision border triangles for the construction of, (left) and RO (right).

Figure 3.2: An example of triangular mesh partition Ty, of Dy, for a given mean edge sizé ex-
hibiting its triangles ftigiNzT1 (left), with the resulting dual meshes &,, exhibiting its components

fLigiN:V1 (center), and £ exhibiting its components f Migi’\‘:‘z (right).

A more formal de nition will be given using the tools developed in Subsection 1.6.1.
De nition 3.2.1  (Secondary dual meshf?). We will call £° the secondary dual mesh of the
triangular mesh T, the set of piece-wise polygonal elements associated with thb{} internal

0
vertices of Ty, fMigiN:\i, where the elementM; associated with the internal vertexv; is de ned
as:

3 2 3 2 3
[ [ [ [ [ [ [
M; = t t fi£: (3.106)
t2Tyr t(vi) t2Tyr t(vi) 12T, (1) 2Ty o(vi) 2T, a(t)
iTe v(D\ @nj=2;3 jTee v(D\ @hnj=1 JTee v (D @nj=0
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for i =1::NQ indexing the internal vertices of Ty,.

From its construction it is also clear that the dual mesh £0 is also a partition of Dy, in the

0
sense thatDy, = | iN:Vl M; (modulo a close-open topological operation), and when the discretized
surface lies in a plane element$/; are not just piece-wise polygonal, but polygons themselves.

It is remarkable that the number of piece-wise polygonal elements of the rst dual mesh
. is the same as the number of vertices of},, and that the number of piece-wise polygonal
elements of the secondary dual mesf? is the same as the number of internal vertices offy,.

Notation 3.2.1 (Sub-triangles of piece-wise polygonal elements fronf, and ®°). Given a
piece-wise polygonal elemenL;, associated with the vertexv; of Ty, the notation k 2 L; will
be used to mean that a trianglek is one of the sub-triangles of the element; (in this case,
triangles of type f in De nition 1.6.3). Given a piece-wise polygonal elementM;, associated
with the internal vertex v; of Ty, the notation k 2 M; will be used to mean that a trianglek is
one of the sub-triangles of the elemen¥; (in this case triangles of typef or type t-in De nition
1.6.3, or just triangles from Tj).

3.2.2 Mesh sets

In the presented modi ed boundary integral operators related to the Laplace equation for
the disk, the kernels involved projections of points from diskD onto upper half-sphereS" and
onto lower half-sphereS . When performing numerical integrations over Dy, advantage can be
taken performing them instead over projected conformal triangular approximationsS,”; and S, ,
which can be obtained fromDy, or vice versa. A projected conformal triangular approximation
is obtained using the weight function w, de ned for the disk in (2.43) from Subsection 2.5.1.
For the disk, function w provides the distancekx x k for x 2 D. Thus, conformal triangular
approximations S, can be obtained from Dy, taking the points of S to be the ones ofDp
after projecting them vertically using function w. Likewise, any one ofS, can de ne D, and
the complementary half-sphere using a similar procedure. Using di erent weight functions for
vertical projections will become a relevant tool when treating di erent screens, as it will be in
the next section of this chapter.

The boundary element computations will use, as it will be seen later in this chapter, in-
tegration over triangles in the upper and lower half-spheres. The set of these three meshes,
available for the computation of bilinear forms over Dy, will be named mesh set.

De nition 3.2.2  (Mesh set). A mesh set for diskD is the set of conformal triangular approxi-
mations of D, S*, and S , i.e. Dy; S{; ;S, for a xed discretization parameter h of Dy, such
that every vertex of S, (and of S,) is the vertical projection of a vertex of D, onto S* (and
onto S ).

We will consider three di erent types of mesh sets. The interest in studying di erent meshes
and mesh sets arises from: 1) the interest in providing mesh re nement nea@;,, as some
solutions to the relevant boundary integral equationes are expected to present singularities at
the border of D (refer to Theorem 2.3.4), and 2) the interest in analyzing the e ect of mesh
uniformity (De nitions 1.6.8 and 1.6.9) on the numerical method to be proposed. Theorem
2.1.1 assures optimal preconditioning independently of the choice of the basis for the nite-
dimentional subspaces of the relevant Sobolev trace spaces, provided that stability estimates
are ful lled by the chosen bases. The type of mesh sets to be considered are summarized and
explained in Table 3.1. They are obtained xing one of the three surfaces, taking it to be
globally or locally quasi-uniform (De nitions 1.6.8 and 1.6.9) and generating the other two by
projection.
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Table 3.1: Description of the types of mesh sets considered for the numerical experiments and
their construction processes for disk screem.

Type Dn S, S,

Mesh set #1 | Projected from S Glob. g.-uniform triangular mesh of S" | Proj. from S
Mesh set #1 | Glob. g.-uniform mesh of Dy, | Projected from Dp Proj. from Dy
Mesh set #3 | Radially graded mesh of Dy, Projected from Dy, Proj. from Dy

Specimens of the three types of mesh sets described in Table 3.1 are illustrated in Figures
3.3, 3.4 & 3.5 providing graphical representations ofDp and S for a given discretization
parameter h.

Figure 3.3: Example of discretized domainsDy, (left) and S; (right) in a mesh set of type
Mesh set #1 for a given discretization parameterh.

Figure 3.4: Example of discretized domainsDy, (left) and S:; (right) in a mesh set of type
Mesh set #2 for a given discretization parameterh.
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Figure 3.5: Example of discretized domainsDy, (left) and S;; (right) in a mesh set of type
Mesh set #3 for a given discretization parameterh.

3.2.3 Boundary element spaces and basis functions

We employ the described meshes and mesh sets to obtain zeroth and rst order piecewise
polynomial boundary element spaces, subspaces of the Sobolev trace spaces involved in the
variational formulations for the new boundary integral operators on the disk. We call P" the
space of bi-variate polynomials of a degree less than or equal tg and we then proceed to de ne
the following boundary element spaces. The de nitions that will be presented will resemble
those of Subsection 1.6.2, but will dier in the treatment required for the nite-dimensional
subspaces of the new spacd87?(D) and 18 72(D), that were not considered in Chapter 1.

De nition 3.2.3  (Boundary element spaces) Let us de ne the following nite-dimensional
boundary element spaces, piecewise polynomial on the triangles de ned for the primal mesh
and on the piece-wise polygonal elements de ned for its dual mesh, and for its secondary
dual mesh®?:

Vh(Dh)= 0h2 C(Dn):8t2Th gnj, 2 P H 2 (Dy) ; (3.107)
n (0] ~
$(Dh)=  h2Vh(Dn): njg, =0  1#2(Dp); (3.108)
n (0}
Wh(Dn)= nh2L%Dp):8L2® pj 2F° 8 =2(Dy); (3.109)
n (0]
Wp(Dp)= 'h2L%(Dp):8M 2 BY ' pj, 2 PP H ¥2(Dp): (3.110)

We will de ne precise basis functions that we will use in nite-dimensional versions of the
variational problems for the modi ed boundary integral operators. These basis functions will
be de ned by slightly modifying those from Subsection 1.6.2.

De nition 3.2.4  (Basis functions for the boundary element spaces)We denote the standard
zeroth and rst order nite element basis functions for the previously de ned nite dimensional
spaces as follows.

Let i 2 f1::Nyg index the vertices of meshT;, and its associated piece-wise polygonal
elementL; 2 §,.

. 1if x 2 Lj;
Fori2f1l::Nyg, wedene (x)= 3.111
ve 1(X) Oif x ZLj: ( )
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Leti 2f 1:::N89 index the internal vertices of meshTy, and its associated piece-wise polyg-
onal elementM; 2 £O.
1if x 2 Mj;

Fori2f1:N2g wedene 9(x)= 3.112
vd () 0if x 2M;: ( )

To de ne the rst order nite element basis functions we will consider the set of vertices of
a meshTy, i.e. fvigi'\':vl. Let i 2f 1:::Ny g index the vertices of meshT,.

1if i = j;

Fori2f1.::Nyg, we dene 2V, (Dp)such that (vj)= 0ifi 6
if i 6j;

for j =1::Ny:

(3.113)

We will use the superscriptO in 9, to emphasize the case when a function; cannot
be associated with a vertex on the boundary dd, in the case when ; 2 %,(Dy). This will
facilitate the notation when referring to basis functions of the spacé®,(Dy), signaling when a
basis function belongs to this space.

For piecewise a ne functions ; or io we will denote their restriction to a triangle ty,, as
i‘"‘ (x) = a"x1+ B"xz2+ d". We will write ty, 3 v; to mean that the trianglet, hasv; as one
of its vertices.

Remark 3.2.1 (Dimension matching of the boundary element spaces)Constructed like this,
the de ned nite-dimensional spaces are subspaces of the relevant Sobolev trace spaces associated
with operators S and N, and they also comply with the dimension matching requirement from
Theorem 2.1.1:

dim Wn(Dn) =dim(Vih(Dn)) = Ny; (3.114)

dim %,(Dp) =dim(Wq(Dp)) = NQ: (3.115)

3.2.4 Finite-dimensional variational problems

Using the de ned boundary element spaces, we will specify nite-dimensional versions to
the variational problems from De nition 3.1.5 associated with the modi ed boundary integral
operators. We will use these nite-variational problems in the construction of Galerkin matrices
that will be used in solving boundary integral equations for the modi ed operators, and later
in preconditioning methods.

Given a particular conformal triangular approximation Dy of D, we will consider the fol-
lowing expressions for functions in the boundary element spaces.

De nition 3.2.5 (Representation of functions in the boundary element spaces)A function
h 2 W (D) will be expressed as
v
h(x) = h i(x); for x 2 Dy: (3.116)
i=1
A function g, 2 V,(Dy) will be expressed as
Ny
on(x)= g i(x); for x 2 Dp: (3.117)
i=1
A function 1 2 %, (Dy) will be expressed as
NV
h(x) = h Ox); for x 2 Dy: (3.118)
i=1
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A function ' 2 Wh(Dy) will be expressed as

N

"h(x) = ' O0(x);  for x 2 Dy: (3.119)
i=1

De nition 3.2.6  (Finite-dimensional variational problems). We will adapt the variational
problems from De nition 3.1.5 using nite-dimensional variational problems as follows. A
variational problem for the boundary integral equation associated with the boundary integral
operator €Y is

8
% Given gy 2 Vh(Dp), nd |N=V1 , such that

ews

BYS VF, . - | | (3.120)
> et j):klgkhk;leh;forjzlzzzNV:

i=1 =

The boundary integral equation associated with the boundary integral operatd€l® admits
the variational problem

8
3 Given ;2 Wh(Dn), nd g IN:Vl , such that

BE VEh o By (3.121)
.§ o es( i i) = Eh K jiDh;forj=1:::NV:
k

i=1 =1

The boundary integral equation associated with the boundary integral operatd€l$ admits
the variational problem

8 0
3 Given'n2Wn(Dn), nd [ 1Y, such that
s VF 0 b E (3.122)
; l]i\/ h hs 0. 0 - IFD\/ v h 0. 0 . f H :1...NO.
o i aas( i J) k k' j ; Tor ) Ny
i=1 k=1 Dn

The boundary integral equation associated with the boundary integral operatd€ys admits
the variational problem

8
% Given 2 %(Dp), nd 1 i=81 , such that
" W D E (3.123)

v h s¢ 0. 0y — h 0. 0 . f o 1...\]0-
T iggs( i j)_ kK k' j ,for]—l...NV.
i=1 k=1 Dn

€3s VFn

In these variational problems we have kept the symbols of the bilinear forms from De nition
3.1.3, abusing the notation, but they represent here bilinear forms induced by the corresponding
modi ed operators over the new domain on integrationDy,.

3.2.5 Boundary element computations

In this subsection we will describe how to compute numerically the bilinear forms asso-
ciated with the previous nite-dimensional variational problems for the corresponding basis
functions. Let us rst establish the key numerical tool underlying all other boundary integral
computations.

Remark 3.2.2 (Integrating K™ over pairs of arbitrary triangles). The main tool behind the
numerical computation of the bilinear forms associated with the four nite-dimensional varia-
tional problems from De nition 3.2.6 is the integration of the kernel KW$ over any two pairs
of triangles, denoted here ak; and k», in R3:
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ZZ ZZ
K™ (x;y)dky(x)dka(y) =
k]_ k2 kl k2

dka(x)dka(y) .
7k« yk (3.124)
This integral is computed using a 6 point Gauss-Lobatto quadrature scheme when triangles
ki1 and ko are separated. If the triangles are adjacent (or if they are the same triangle) the
integral is computed analytically as described in [34, Annex D.12] and [11]. Later in this
subsection, trianglesk; and/or ks, from (3.124) will be trianglest in T, sub-triangles of typef;,
or sub-triangles of typet (refer to De nition 1.6.3). This will be useful when integrating over
pairs piece-wise polygonal elements i, or ?ho.

We will now proceed to specify the way in which the numerical computation of the bilinear
forms will be performed. For integrations over piece-wise polygonal elements, we will follow
Notation 3.2.1 and denotek 2 L; the fact that a sub-triangle k is one of the sub-triangles that
constitute a piece-wise polygonal element; 2 &,. In this case, sub-trianglesk can only be
of type f. We will use the same notation, denoting byk 2 M; the fact that a sub-triangle k
is one the sub-triangles that constitute a piece-wise polygonal elemeri¥l; 2 '?ho. In this case,
sub-triangles k can either be of typef, t-or event (refer to De nition 1.6.3). For couples of
identi ed sub-triangles ky, and k,, or their projections onto the upper or lower half-spheres,
the integration of KW$ can be performed as indicated by the previous remark, i.e. Remark
3.2.2.

Notation 3.2.2 (Projected triangles). For any given triangle k with vertices on Dy, we will
denote byk its projection into the upper o lower projected domainss, .

Proposition 3.2.1  (Computation of bilinear variational forms associated with €Y and 1€43).
The values of the bilinear forms associated with the weakly singular integral operatot&s and
(€S for the piecewise constant basis functions are:

ZZz Zz

as*(i; j)= KW x™;y* dLi(x)dL;(y) + KW x ;y* dLi(x)dL; (y); (3.125)
Li L LiLj
zZz Zz

(% )= K™ x™5y™ dMi(x)dM; (y) K™ x 5y* dMi(x)dM;(y):  (3.126)
Mi M Mi M

Proof This comes easily from considering the bounded support of elements; and M; and the
de nition of the bilinear forms in De nition 3.1.3.

Notation 3.2.3 (Components of unit vector normal to a triangle). Given a triangle k in R®
we will denote bynk its unit normal vector, and by n!‘, for i =1;2;3, its coordinates.

De nition 3.2.7  (Approximation of elementary integrals of KW$ over piece-wise polygonal
elements) We will use the following approximations, signaled by , for the integration of the
weakly singular kernel with projected arguments:

Z

z X X L 22
KW x ;y* dii(x)dL;(y) nkm nin K™ (x;y) dk, (x)dk (y); (3.127)

Li L km Likn Lj Km ki

zz x X L zz
KW x y* dM;(x)dM; (y) nkmpnkn K" (x;y) dk, (x)dk’ (y): (3.128)

MM, Km Mikn M; ko K

Proposition 3.2.2  (Computation of bilinear variational forms associated with (€S and IEfS).
The values of the bilinear forms associated with the hypersingular integral operat0|‘§2S and
1S for the piecewise a ne basis functions are:
+
D ! 1@° 1@}
eS( % 9= E%curlp, Yeurl P+ €8S 1@7 197

I by, W@ ’W@y ’

*

(3.129)
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D , E 1@ 1@,
SCir )= 1®%curlp, icurlp, i + gys =L .=-=1 3.130
%( | J) as Dp i Dn | Di, S W@X W@y b, ( )

Proof This follows straightforwardly from the de nition of the bilinear forms.

De nition 3.2.8  (Approximation of the elementary integrals for a ne functions over trian-
gles) We will approximate the integrals involved in the previous proposition. The rst dual
product of the bilinear forms (3.129) and (3.130) will be computed as:

D | E X X D | E
Eosscurlp iseurl = Bes,scurlp, ("icurlp, [ o5 (3131)
T tm2Ter (V) th2Tur e (V) "
with
D | | E zZZ
Ees,scurlp, ("icurlp, | o T a"al + 4"l KYS(x*;y™*)dtm(X)dtn(y)
tmZtnZ
a"a + 4" K¥S(x 5y ™) dtm (x)dtn (y);
tm tn
(3.132)
and
ZZ ZZ
KWS(x ;y*")dtm(X)dta(y) ny"ny K WS(x;y)dt,, (x)dt (y): (3.133)
tm tn tm th

Let us rst de ne function F,, for points x;y 2 Dy, triangles m and n, and verticesi and
j of Ty:

1 b

wiwly) © an 3
wherea™, 4", al', and l:f are de ned in De nition 3.2.4.
The second dual product of the bilinear forms (3.129) and (3.130) will be computed as:

Fw(OXy;m;n;i;j )= ; (3.134)

* +
m tn
|ews l@l 1@ — X X |ews l@lt 1@1 - (3.135)
S=as ! s=as 1 ’ .
W@x W@y o, tm2Tvr (Vi) ta2Tur ¢(v}) W@x W@y Dh
with
* +
tn Z Z
LGN l@ltm ;l@j = KYS(x™ 5y )Fw(X;y; m;n)dty, (x)dta(y)
W @x W@y Dn tm_t
"7z
KWS(x ;y")Fw(X;y;m;n)dty(x)dty(y);
tm tn
(3.136)
and
27 27

KYS(x ;yT)Fw(x;y;myn)dty, (X)dta(y) F@ro;rd;mnij)  KYS(x ;y")dtm(X)dta(y);

tmtn tmtn

(3.137)
wherer " and r{ are the centroids of trianglesty, and t.
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3.2.6 Galerkin matrices

Using the previously de ned boundary element computations we will proceed to de ne
the construction of the Galerkin matrices associated with the new modi ed boundary integral
equations.

De nition 3.2.9  (Galerkin matrices associated with the new modi ed operators) We will de-
ne the Galerkin matrices associated with the bilinear forms described in this section. These ma-
trices will be used in the resolution of boundary integral equations associated with the proposed
operators for testing purposes and later in preconditioning methods. We de nésg1 2 CNv Nv
as

SMi;j1=a%( i; j); fori;j =1::Ny: (3.138)
We dene Sh. 2 cVW NV as

Shlijil=eds( % 9 foriyj =1:NY: (3.139)
We dene N2 CNv Nv as

No[j]=el( i )+ hi; jip ;s forij =1:Ny: (3.140)

We dene NN, 2 CNV NV as

NRslijl1=als( % 9  forij =1:NY: (3.141)

The variational problem associated withl€lS is being modi ed in (3.140), augmented with a
parameter 2 R* to eliminate the kernel space. It becomes evident from (3.61) in Proposition
3.1.3 that the modi ed integral operator €25 has the constant functions onDy, as kernel space
(since they can be spanned by functioyd, and1=0) | =0).

Remark 3.2.3 (Computational implementation) . The variational problems, as well as all the
following computational experiments regarding preconditioning, have been implemented using
several computational languages and libraries. The main programs were implemented using
C+ along the style of [17]. Core routines for the integration ofK W$ for any two triangles in
R3 have been coded in FORTRAN, though accessed fro@+ , from slight modi cations of the
code explained in [34]. Scienti c computing libraries such as LAPACK [6] and EIGEN [27]
were used to perform matrix operations and condition number computations. BOOST scienti ¢
library for C+ was used for the computation of values of special functions (function and
Spherical Harmonics) [1]. Conformal mesh approximation of the surfaced, S and S* (and
other geometries to be exhibited in the nest subsections) were done using Gmsh [21].

3.2.7 Benchmarks

In this subsection we will test the numerical implementation of the Galerkin matrices arising
from the variational problem using the described discretization and boundary element compu-
tations. By solving boundary integral equations associated with the new modi ed boundary
integral operators for given data we can compare the computed results with the known solu-
tions. Using Proposition 3.1.3, boundary integral equations with known exact solutions can
be considered for each one of the four modi ed boundary integral operators on the disk. Ap-
proximations ", ", g"and' " can then be computed with the nite-dimensional variational
problem from De nition 3.2.6 using the described boundary element computations. Table 3.2
shows four boundary integral equations for given data, each one associated with one of the new
modi ed boundary integral operators on the disk, and their known exact solutions (as given
by Proposition 3.1.3). We will exhibit the of error of the computed solutions for the boundary
integral equations on Table 3.2, in order to show that the proposed numerical method is valid,
despite not having a priori error estimations.
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Table 3.2: Boundary integral equations for the modi ed integral operators to be used as bench-

mark cases.
Variational Problem | Integral Equation | Exact Solution | Computed Solution
5% VFh ers = % =4 h
e VF e =% =% h
B> VF esg= % 9=vi Oh
ehs VF ehs = % =y3 h

We will be interested in the convergence of the relative error by which the computed solu-
tions approximate the exact ones. In what follows, we will show this relative error convergence
using the Sobolev norms, for which an expression was established in Proposition 2.7.16, and
using the norms induced by the modi ed boundary integral operators in De nition 3.1.4.

Relative error convergence in Sobolev norms

Let us consider the four boundary integral equations and their variational problems from
Table 3.2. We will be interested in the convergence of the associated relative error in Sobolev
norms, as it will be summarized in Table 3.3

Table 3.3: Sobolev norms relative errors for the boundary integral equations for the modi ed
integral operators.

Variational Problem | Exact Solution | Computed Solution | Relative Error
k hK ws
[BYs VF — %
S h h K ka\évs
kl T hksz
evs VE ‘ ' _—
as h h k' kb\glss
kg Kins
B> VF g On LS
kgkbgs
Kk hKns
1ens VF L
as h h k kagg

In the following gures, Figure 3.6, 3.7 & 3.8 (for the three types of mesh sets described in
Table 3.1), we will show the convergence of the relative error of the computed solutions from
Table 3.2 & 3.3 for the di erent variational problems for di erent mesh re nements measured
by the discretization parameter h of Dy,.
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Figure 3.6: Convergence of the relative error in Sobolev norms between the exact solutions and
the computed solutions described in Table 3.2 using a mesh set of typklesh set #1 with
mesh re nement parameterh of Dy,

Figure 3.7: Convergence of the relative error in Sobolev norms between the exact solutions and
the computed solutions described in Table 3.2 using a mesh set of typklesh set #2 with
mesh re nement parameter h of Dy,
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Figure 3.8: Convergence of the relative error in Sobolev norms between the exact solutions and
the computed solutions described in Table 3.2 using a mesh set of typklesh set #3 with
mesh re nement parameterh of Dy,

Relative error convergence in modi ed norms

Let us consider the four boundary integral equations and their variational problems from
Table 3.2. We will be interested in the convergence of the associated relative error in the norms
induced be the modi ed integral operators, as it will be summarized in Table 3.4

Table 3.4: Modi ed norms relative errors for the boundary integral equations for the modi ed
integral operators..

Variational Problem | Exact Solution | Computed Solution | Relative Error
k hKqus
[BYs VF —
S h h K ke\évs
kl 1 h <
I_e,évss VF h ‘ I h kl kgé\/s
kg Ggkgs
s VF g Oh e
kokeps
k hKghs
1ens VF s
as h h k kegs

In the following gures, Figure 3.9, 3.10 & 3.11 (for the three types of mesh sets described
in Table 3.1) , we will show the convergence of the relative error of the computed solutions from
Table 3.2 & 3.4 for the di erent variational problems for di erent mesh re nements measured
by the discretization parametersh of Dy,.
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Figure 3.9: Convergence of the relative error in modi ed norms between the exact solutions
and the computed solutions described in Table 3.2 using a mesh set of typddesh set #1 with
mesh re nement parameterh of Dy,

Figure 3.10: Convergence of the relative error in modi ed norms between the exact solutions
and the computed solutions described in Table 3.2 using a mesh set of typddesh set #2 with
mesh re nement parameter h of Dy,
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Figure 3.11: Convergence of the relative error in modi ed norms between the exact solutions
and the computed solutions described in Table 3.2 using a mesh set of typddesh set #3 with
mesh re nement parameterh of Dy,

Validation of the numerical method

Remark 3.2.4 (A posteriori validation of the numerical implementation). Figures 3.6, 3.7 &
3.8, and Figures 3.9, 3.10 & 3.11 show the a posteriori error convergence, strongly suggesting
the validity of the mesh partition process and the boundary element computations.

Remark 3.2.5 (Variational problems allow for the resolution of boundary integral equations

for disk basis function data). These results also suggest that the variational problems from
De nition 3.1.5 are adequate in that, even if the bilinear forms are not assured to be coercive
for the relevant trace spaces indicated for them (relevant for the symmetric Dirichlet and anti-
symmetric Neumann problems, i.e.,l82(D), H (D), 18 ¥2(D), and H'%?(D)). They are
coercive in some spaces spanned by the disk basis functions and where the bilinear forms can
induce coercive bilinear forms (De nition 3.1.4), and where boundary integral equations for
the modi ed operators can be correctly posed using right-hand side data from the set of basis
functions.
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3.3 Preconditioning

In the previous section it was argued that the boundary element implementation for the
bilinear forms induced by the modi ed boundary integral operators was correct in the sense
that their Galerkin matrices correctly represent their associated variational problems, providing
solutions of diminishing relative error to the associated boundary integral equations of known
solutions. In this section we will study these Galerkin matrices in their use as preconditioners.
We will rst describe the construction of the preconditioning matrices following the strategy
from De nition 2.1.1 outlined by Theorem 2.1.1, but using the modi ed boundary integral
operators.

In a rst part of this section we will study the mutual preconditioning e ect of the Galerkin
matrices from De nition 3.2.9. In order to do so, we will build the bases' duality pairing
matrix D from Theorem 2.1.1. The Galerkin matrices associated with the modi ed integral
operators will prove to be mutual optimal preconditioners. This will provide us with relevant
information on the stability of the duality pairing of the basis from the sub-spaces of the dual
spaces involved in the boundary integral equations for the disk screen. It will also allow us to
extract some conclusions about the variational problems from De nition 3.1.5. In the second
part of this section we will use these Galerkin matrices to precondition the matrices associated
with operators S and N, related to the boundary integral equations for the symmetric Dirichlet
and anti-symmetric Neumann problems. In a third and fourth part we will extend the use of
these preconditioners to the case of the Helmholtz equation and to other screens, modifying
the weight function w.

3.3.1 Mutual preconditioning of the Galerkin matrices for the modied
boundary integral operators

In order to build preconditioning matrices as outlined in the optimal preconditioning strat-
egy from De nition 2.1.1, we will take bilinear operator d from Theorem 2.1.1 to be the duality
pairing, with which we will build the bases' duality pairing matrices.

De nition 3.3.1  (Bases' duality pairing matrices). Let us consider the following matrices for
a triangular mesh Ty, for the conformal triangular approximation Dy, of D, with Ny vertices,
of which N$ are internal.

We dene D 2 RNV Nv as:
DRLj1=hi; jip : fori;j =1:Ny: (3.142)
We dene DR 2 RMW NV as:

DREi1= 25 P o, i forij = 1::NY: (3.143)
Remark 3.3.1 (Bases duality pairing matrices are sparse) Because the chosen bases for the
boundary element spaces have local support, matriceBB and DR, will be sparse. This will
result in a lower inversion complexity, when required in building preconditioning matrices, as
stated in Remark 2.1.3

We now have all the necessary elements to build the preconditioning matrices, following
the optimal preconditioning strategy from De nition 2.1.1 taking the preconditioning operator
to be not the exact inverses, for which we do not have an explicit variational formulation, but
the modi ed integral operators (€0 and [YS), for which we do.

De nition 3.3.2  (Preconditioning matrices). Let as consider matricesN ! and Sf. from
De nition 3.2.9, associated with the modi ed integral operators €15 and [€%$, and matrices D !
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and DR, from De nition 3.3.1, to de ne the following preconditioning matrices as in Theorem
2.1.1. Wedene M} 2 CNv Nv as

ML= DB NI DB : (3.144)
We dene M [y 2 CNV NV as

1 H
M= D sh. DR : (3.145)

Z>

We will now consider using matrix M !} to precondition matrix S and matrix M § to
precondition matrix N QS. These two matrices on which to apply the preconditioners come from
the variational problems from De nition 3.1.5 and do not correspond to the variational problems
from Proposition 2.7.17, which are linked to operatorsS and N . In doing this, however, will
we show some interesting properties of the variational problems stated in De nition 3.1.5, and
we will extract conclusions regarding the discretization and the boundary element method
proposed.

Figures 3.12, 3.13 and 3.14 will show, for the three di erent types of mesh sets considered,
the evolution of the condition number for matrices S?, Sfi., N and N I, and that of the
preconditioned matricesM S and M N ..

Figure 3.12: Preconditioning of matrix S by matrix M f (left) and matrix N [ by matrix
M *,Q, for the mesh set of typeMesh set #1.
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Figure 3.13: Preconditioning of matrix S by matrix M [ (left) and matrix N [ by matrix
M r,\‘, for the mesh set of typeMesh set #2.

Figure 3.14: Preconditioning of matrix S by matrix M J (left) and matrix N [ by matrix
M r,\‘, for the mesh set of typeMesh set #3.

As appreciated from the previous gures, matricesS?, Sh, NI, and N !, are naturally
ill-conditioned, but they act as optimal mutual pre-conditioners.

Remark 3.3.2 (Spaces of the variational problem for the modi ed integral operators). Even

if the bilinear forms induced by the modi ed boundary integral operators are not coercive in
the relevant Sobolev trace spaces speci ed for the variational problem from De nition 3.1.5 (as

it was stated in the nal comments to Section 3.1), the fact that they provide optimal mutual
preconditioning suggests that the modi ed boundary integral operators do induce coercive bilinear
forms in the spaces spanned by the disk basis functions, and that these are pair-wise mutual
duals.

Remark 3.3.3 (Stability of the bases duality pairing for the boundary element spaces) As
an extension to the previous remark, the fact that modi ed boundary integral operators provide
optimal mutual preconditioning suggests that the bases' duality pairing for basis of the spaces
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% (Dn) and Wy(Dy) is also stable, as it was shown to be the case fWh(Dh) and Vu(Dy) in
Proposition 2.2.1, where, for a closed surface , it's evident that Wh( h) = Wh( n).

In the next subsection, we will use the preconditioning matrices from De nition 3.3.2 on
the matrices associated with the boundary integral operatorsS and N, associated with the
symmetric Dirichlet and the anti-symmetric Neumann problems.

3.3.2 Preconditioning the matrices for the symmetric Dirichlet and anti-
symmetric Neumann problems on the disk

We will now specify the construction of the Galerkin matrices for the symmetric Dirichlet
and the anti-symmetric Neumann problems for the disk screen. This matrices will be de ned
as in De nition 1.6.17 and as in Subsection 2.2.1, but now explicitely for open surfaces using
the tools and de nitions developed in this chapter.

De nition 3.3.3  (Galerkin matrices associated withS and N). Let us de ne the Galerkin
matrices associated with boundary integral operatorsS and N on the conformal triangular
approximation Dy, for the disk. As usual, we denote byNy the number of vertices of the mesh
Th for Dy, of which N2 are internal.

We de ne S" 2 CNv Nv g
S"[;j1=hSi; jip : forij =1:Ny: (3.146)
We dene Sh2 cNV NV as

Nij1= NP P+ Pt

S , 1; 2 forijj =1:NY; (3.147)

Dn I Dy

with a parameter 2 R* to suppress the kernel space of operatdd (refer to Theorem 1.5.3),
as it was done for the Galerkin matrix associated with operatot€ls from De nition 3.2.9.

We will now consider the preconditioning e ect of matrix M B on matrix S, and of matrix
M 1§ on matrix N . Figures 3.15, 3.16 & 3.17 will show the evolution of the condition number of
matrices S" and N ", and the preconditioned matricesM } S" and M [y N " using the di erent
types of mesh sets de ned.

Figure 3.15: Preconditioning of matrix S" by matrix M [ (left) and of matrix N " by matrix
M B for a mesh set of typeMesh set #1.
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Figure 3.16: Preconditioning of matrix S" by matrix M 1 (left) and of matrix N " by matrix
M B for a mesh set of typeMesh set #2.

Figure 3.17: Preconditioning of matrix S" by matrix M I (left) and of matrix N " by matrix
M B for a mesh set of typeMesh set #3.

In stark di erence with the cases from Subsection 3.3.1, matrixM [} is not an optimal
preconditioner for S" as it was forSQ, and matrix M Rl is not an optimal preconditioner for
N M as it was for N ;. As suggested in Remark 3.3.3, the dual pairing of bases for the nite-
dimensional spaces is stable in the sense of (2.3) as required by Theorem 2.1.1, and as it was
proven for the closed surfaces in Proposition 2.2.1. Also, as suggested by Remark 3.3.2, the
bilinear forms induced by the modi ed boundary integral operators are coercive and continuous
in some spaces, but their coercivity and continuity was not assured on the relevant Sobolev
trace spaces for the symmetric Dirichlet and anti-symmetric Neumann problems for the disk
(as warned in the closing remarks for Section 3.1).

The fact that matrix M 1 is not an optimal preconditioner for S" as it was for S!, and
matrix M Rl is not an optimal preconditioner for N " as it was for N QS, strongly suggests that
it is the case that the bilinear forms induced by the modi ed boundary integral operators are

not coercive and continuous in the relevant Sobolev trace spaces for the symmetric Dirichlet
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and anti-symmetric Neumann. However, there is a signi cant improvement in the condition
number of the preconditioned matrices, which is due to the radial behavior of the kernels of
the modi ed boundary integral operators. This was the guiding principle in devising operator
preconditioning techniques from the modi cations of the exact inverses developed in Chapter
2.

When preconditioning, the bilinear forms 85 and 85 used to precondition the matrices
associated to the boundary integral operatorsS and N respectively, can be shown to fail to be
continuous and coercive in the relevant spacesH 72(D) and H 172(D). We will analyze this
carefully in what follows, picking up the discussion at the end of Section 3.1

&S is not continuous in  H?(D)

In order for &S to be continuous in H 2(D) there would have to be a constantC > 0 such
that

o cm (3.148)
forall | 0andl+ m even. However, the opposite can be shown: there is no constafit > 0
such that inequality hold. Given the fact that | " foralll 0andl+ m even, it suces

to show that there is no constantC > 0 such that
. C (3.149)

or equivalently, that the series |= ,' does not has an upper bound for all 0. The following
gure shows that this is the case.

Figure 3.18: No-continuity of &S in H1*?(D) shown by the unboundness of |= .

&S is not coercive in  H?(D)

In order for €S to be coercive inH (D) there would have to be a constantC > 0 such
that

,cm (3.150)



for all | 0 and | + m even. The existence of such a constant is impossible, sincg = 0.
However, it's worth noting that in the subspace of functions from H 17?(D) with zero mean, &S
would be coercive. Noting that IO ", the existence ofC > 0 for | 1 such that (3.150)
holds can be assured by the existence of a consta@®> 0 such that

;o cof (3.151)

or equivalently, that the series |= 0 has a lower bound for alll 1. The following gure shows
that this is the case.

Figure 3.19: Coercivity of 8 for zero-mean functions ofH 1=2(D) shown by the lower boundness
of |= |0
'S is continuous in  H (D)

In order for 8$ to be continuous in H 72(D) there would have to be a constantC > 0
such that

%; (3.152)
|
forall | 1 andl+ m odd. Given the fact that | " foralll 1andl+ m odd, it
su ces to show that there is a constant C°> 0 such that
g(?; (3.153)
|
or equivalently, that the series | P has an upper bound for alll 1. The following gure

shows that this is the case.
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Figure 3.20: Continuity of 85 in H 172(D) shown by the boundness of | .

8 is not coercive in  H 172(D)

In order for 8 to be coercive inH 172(D) there would have to be a constantC > 0 such
that

C
T; (3.154)
forall | 1andl+ m odd. Noting that | ! ", the existence ofC > O for| 1 such
that (3.154) holds can be assured by the existence of a constat®> 0 such that
CO
T (3.155)
|
or equivalently, that the series : ! has a lower bound for alll 1. This is not the case, and

the non-existence of such a constant would be assured by the impossibility of the existence of
a lower bound for the series | : 1for1 1. However, a simple numerical experiment does not
provide a convincing argument, as the following gure illustrates.
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Figure 3.21: No-coercivity of S in H 72(D) shown by the lower unboundness of | : L

An explicit determination of the limit of the sequence provides the argument required to
assure that®s is not coercive inH (D).

Lemma 3.3.1 (Limits of the sequence associated with the coerciveness 85 in H 172(D)).

The limits value of the sequence; | ' is:

lim l 1=0: (3.156)

Proof Using the de nition of " we can write

D1 (141=2) 3=2)

3.157
i Mm@ (3457
where stands for the special function Gamma.
Using the properties of the Gamma function, we can rewrite
| 1_ @ .
I N TR (3.158)
We now consider the sequence
21)!
Lyt @r . (3.159)

2220+ 1) (I 1)

We recall that Stirling's approximations provide us with the following bounds for the fac-

torial of numbers n > 0: p

nt12e M (3.160)

Using Stirling's approximations from (3.160) we can produce bounds for the factorial factors
in the expression of the sequence (3.159):

2n"1=2g " nI en

@n  e@)?*172e 2: (3.161)
1 ¢ 1
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1 e 1 1

_— = 3.163
(r 2y 2 (I 1 1=2 ( )
Using these bounds we can now establish a bound for the sequence (3.159) as
- I!
I 1 2=3 .
2 : 3.164
i @ I 1) 1= (3.164)
A rearrangement of terms,
p__
I |
I 1 2=3 .
I 2 1 T 1 (3.165)
shows that
lim | | '=0: (3.166)

11

In the next subsections we will extend the principle explored in the present one to con rm
that the Laplace preconditioners preserve their preconditioning capabilities when applied to the
Helmoltz case when the surface is a screen (open), and we will further extend it to adapt this
preconditioning method to cover screens other than the disk by modifying the weight function
w.

3.3.3 The Helmholtz problem for the unit disk in three dimensions as a
compact perturbation

In Section 2.2 it was shown that the boundary integral operators for the Laplace problems
provided equally good preconditioners for the integral operators for the Helmholtz problems
when the surface on which they were posed were Lipschitz-regular. That is, the Galerkin
matrix associated with the bilinear form induced by S, provides an optimal preconditioner for
the Galerkin matrix associated with the bilinear form induced by N ¥, and that the Galerkin
matrix associated with the bilinear form induced by N provided an optimal preconditioner for
the Galerkin matrix associated with the bilinear form induced by S* (following Notation 2.2.1).

In what follows we will apply the same reasoning to the case of screen obstacles using the disk
as an example. For that, we will de ne the Helmholtz Galerkin matrices for operators S and
N K, now explicitly for the disk screen.

De nition 3.3.4  (Galerkin matrices associated withSk and N ¥). Let us de ne the Galerkin
matrices associated with boundary integral operatorsSk and N ¥ on the conformal triangular
approximation Dy, for the disk. As usual, we denote byNy the number of vertices of the mesh
Th for Dy, of which N2 are internal.

We dene Sl 2 CNv Nv as

D E
Sti;jl1= S | o3 forij = 1Ny (3.167)
h
We dene N2 CNV NV as
D E
NR;j1= N KD 0 o forij =1::NY: (3.168)
h

Remark 3.3.4 (The bilinear forms for the Helmholtz case are compact perturbations of the
ones for the Laplace case)By the same reasoning as that exposed in Subsection 2.2.2, the
bilinear forms for the Helmholtz case for the disk, i.e. Sk : t D, and N kK: t _ are
compact perturbations of the ones used for the Laplace case and de ned in De nition § 3.3.
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Figure 3.22 will show the evolution of the condition number of matricesS}! and N !, de ned
in De nition 3.3.4, and the evolution of the condition number of the preconditioned matrices
M St and M N ! using the pre-conditioners de ned in De nition 3.3.2, for diminishing
discretization parameter h.

Figure 3.22: Preconditioning of matrix S§ by matrix M } (left) and of matrix N § by matrix
M} for a mesh set of typeMesh set #1.

The same preconditioning e ect is observed when preconditioning the symmetric Dirichlet
and the anti-symmetric Neumann Helmholtz problem for the unit disk using the Laplace pre-
condi oners. Figure 3.23 exempli es the scenario of a wave propagation numerical simulation
where the disk screen is the obstacle for an incoming wave.

Figure 3.23: Example of a numerical simulation of wave propagation where a disk screen is
the obstacle for an incoming wave, showing the incoming wave (left) and the scattered wave

(right).

3.3.4 Generalization to planar polygonal screens

The preconditioning e ect of matrices M B and M *,\‘, is achieved by selecting kerneld€[s
and Y that induce integral operators that, while not providing exact inverses for S and N,
have kernels that behave similarly to those of the known inverses. This was related to the known
behavior of the jump of traces of the solutions of the Laplace problems, as stated in Remark
2.7.3, related tow( ) and 1=w( ). The weight function w was also intimately linked to the
relation between the sphere and the disk. This role manifests itself in the subsequent proposed
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method in the fact that vertical projection of point x on the disk onto the half-spheres, i.e.
X , was separated by a quantityw(x). This e ect was included in the numerical method in
two di erent ways: 1) considering the upper and lower conformal triangular approximations
S, that were produced with weight function w to perform the integrations involved in the
boundary element computations in Subsection 3.2.5, and 2) in the explicit use of the weight
function w in the proposed numerical scheme in (3.134).

In this section we will extend the action of the de ned preconditioners to some planar
polygonal screens , by preserving the behavior of the modi ed integral operators' kernels near
the edges of the screen. To do so, we will propose a di erent weight function for each screen
that will be related to the distance of a given point x 2 to edge @ when in the vicinity of
this edge. We will begin by dividing the planar polygonal screen into zones, and de ning for
each one of them a distance function with which we will later de ne a global modi ed weight
function w for screen .

Let us state formally the de nition of division by zones of a planar polygonal screen .

De nition 3.3.5  (Zone division of a planar polygonal screen) Let us consider a planar and
polygonal screen divided in Nz disjoint zoneszigi'\':Z1 such that each one of them reaches the
edge@, i.e., for i =1::Nz we haveZ;\ @ 6 ?, and such that the setZ;\ @ 6 ? belongs
to a line in R3. The sethigi'\‘:Z1 is called a zone division for the planar polygonal screen.

Let us consider the case of a square-shaped and an L-shaped screen to illustrate this ex-
tended method. We will divide the square-shaped screen into four zones, and the L-shaped
screen into six zones as indicated in Figure 3.24 and in compliance with De nition 3.3.5.

Figure 3.24: Zone division of a square-shaped screen (left) and an L-shaped screen (right).

Let consider the following geometrical de nition that will be useful in de ning the mentioned
zone-wise distance functions.

De nition 3.3.6  (External edge line of a zone) For each zoneZ; of a zone divisioanigi'\':Z1
for a planar polygonal screen , we will de ne the external edge line’; as the only straight line
in R® containing the segmentZ;\ @ 6 ?.

We can now formally de ne the zone-wise distance-to-edge function.

De nition 3.3.7  (Zone-wise distance-to-edge function) For each zoneZ; of a zone division

fZigisz1 for a planar polygonal screen , we will de ne the zone-wise distance-to-edge function
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distz, (x) for a point x 2 Z; as
distz, (x) = dist(x; i) ; (3.169)

where function dist( ; ) is de ned in De nition 1.2.2.

Finally, using the zone-wise distance-to-edge function we can de ne the global modi ed
weight function w for a planar polygonal screen .

De nition 3.3.8  (Global modi ed weight function w for a planar polygonal screen ). Given
a planar polygonal screen divided in Nz disjoint zoneszigi'\':Zl, we de ne the global modi ed
weight functionw for x 2 as

8p :
3 distz, (x); if X 2 Zq;

w (x)= (3.170)

distz,, (X); if X2 2Zn,:

Although this global modi ed weight function could be discontinuous at the intersection of
zones in which a screen is subdivided, it is easy to produce continuous ones for a considerably
wide range of screen geometries, such as the ones depicted in Figure 3.24. We will focus
on these examples, using this global modi ed weight functionw to generate the mesh set
f n; ;]'; n 0 by means of vertical projections, where |, are the upper and lower conformal
triangular approximation determined by vertical projections using function w to project form

h. Figures 3.25 & 3.26 illustrate the achieved mesh set for a square-shaped and an L-shaped
screen by showing , and .

Figure 3.25: Discretized square-shaped screen, (left) with its upper projection ;’] (right)
generated using the global modi ed weight functionw .
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Figure 3.26: Discretized L-shaped screeny, (left) with its upper projection ;’] (right) gener-
ated using the global modi ed weight function w .

Given a planar polygonal screen and given a chosen zone division for it, we use the global
modi ed weight function w over a conformal triangular approximation  to generate the mesh
setf n; [; 0 Together with replacing function w by w in (3.134) this allows to rede ne
the boundary element computations to generate the Galerkin matrices for the particular case
of a planar polygonal screen . Using these matrices, we will test again the preconditioning
capabilities of matricesM ! and M [} computed with these prescribed modi cations.

Figure 3.27 shows the evolution of the condition number of matrixS" and the condition
number of the preconditioned matrix M S, and also the evolution N " and the condition
number of the preconditioned matrix M R,N h for diminishing minimum edge lengths h, all
while using a square-shaped screen. Figure 3.28 shows the evolution of the condition number
of matrix S" and the condition number of the preconditioned matrix M ,S", and the evo-
lution N " and the condition number of the preconditioned matrix M fyN " for diminishing
discretization parameter h.

Figure 3.27: Evolution of the condition numbers forS" and M B S" (leftyand N " andM ;N "
(right) for a squared-shaped screen with diminishing discretization parameter h.
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Figure 3.28: Evolution of the condition numbers forS" andM 1, S", (leftyand N " andM N "
(right) for an L-shaped screen with diminishing discretization parameter h.

Remarkably, the condition number has greatly improved, especially for the symmetric
Dirichlet problem, although it presents anomalies in its evolution as the discretization pa-
rameter diminishes. This is due to the fact that the broken angles on the edge of the screen
introduce other singularities on the jump of the traces, not described so far, and fall out of
the scope of the functional framework given by the available theorems provided in Section 2.3.
These anomalies are sensitive to the values chosen to eliminate kernel spaces for the operator
1S, which explains why they only occur in the use of its associated matrixvl B.
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Chapter 4

Applications to the Design and
Testing of Remote Perception
Technologies

In this chapter we will present some results related to the use of numerical simulations
in the assessment of remote sensing technologies such as the ground-penetrating radar. This
application example will highlight the need for robust and e cient numerical simulation of
physical phenomena, such as the one outlined in Chapter 1, to which Chapters 2 & 3 suggest
ways of improving it.

As discussed in Section 1.7, computational complexity and numerical inaccuracy can severely
limit the usefulness of the application of numerical methods to solve partial di erential equa-
tions modeling physical phenomena. This becomes especially true when the solution to a partial
di erential equation has to be computed in humerous repetitions for di erent parameters, or
when its solution has to be fed into a process that has a feedback loop that might amplify
the error. A wide variety of relevant applications that involve the evolution of some physical
system make these situations unavoidable, such as automated design, optimization, automatic
control, or the solution of some inverse problems. The ground-penetrating radar technology is
an example where multiple and numerous transmitting and receiving spatial positions are used
to determine some physical property of the underground. The assessment of a given type of
radar can thus be performed by computing the direct problems associated with each of the nu-
merous emitting-receiving positions to simulate physical wave propagation. Then, these results
to feed an inverse problem solver that will determine some parameter of the physical system
that was involved in the evolution of the direct physical problems. This procedure allows for
the assessment of the performance of a system before it is built, which in turn allows for a
more e cient, and sometimes even a possible, development process.

In this chapter we will give a description of ground-penetrating radar systems, emphasizing
the ones that rely on time-harmonic radar signals. We will present a type of ground-penetrating
radar called holographic radar and a special variant. Next, we will discuss how to simulate the
propagation of radio waves using the Helmholtz equation for this chosen type of radar. This
will be a simpli cation of the more precise but costly simulations using the Maxwell equations
for the electromagnetic phenomena. This simpli cation is, however, a useful and standard
practice in the framework of the development of many remote perception technologies. This
discussion will include the modeling of re ective radar targets, the treatment of the interface
between the air above-ground and the subsurface, the cost of solving a large number of wave
propagation problems (as required by this setting), and how the approach developed in the
previous chapter can help reduce this burden. Finally, the simulations will be used as examples
in the assessment of a radar imaging principle that, because it relies on many assumptions that
usually go unveri ed, provides a case of study suited for the use of numerical simulations.
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4.1 Ground-penetrating radars

A ground-penetrating radar is a device that uses radio signals to gather physical informa-
tion from the underground of a given portion of land. More generally, they are considered to
be part of the subsurface radars, that include devices that use radio signals to gather physical
information that is otherwise inaccessible behind a wall, clothes, skin tissue, canopy, or other
material hiding a target of interest. The ground-penetrating radar often emits a radio signal
(unless it is a passive radar) that travels across the surface, reaches an underground area of
interest, and then is scattered back to the radar's antennas. The most common use for a
ground-penetrating radar is the location and identi cation of underground objects that can
scatter an incoming radio wave depending on their re ectivity, which is determined by di er-
ent physical parameters. These objects can be, according to the application of the technology,
structures of archeological interest, pipes, bodies of water, cavities, undesired remnants from
previous industrial activities, and even unexploded ordnance or landmines. Using the backscat-
tered radio waves, a ground-penetrating radar can locate the re ectivity, position, depth, and
possibly the shape of a re ective target depending on its design. These physical parameters
that determine the re ectivity of an underground target are of great importance in the descrip-
tion a physical scenario in which a ground-penetrating radar is to be used. Radio waves are
re ected by interfaces between media with di erent electromagnetic characteristics, which can
be modeled by the point-wise values of complex electrical permittivity and magnetic permeabil-
ity when time-harmonic radio waves are considered (cf. [63, Section 2.1]). A common scenario
is that of a bounded target buried within a su ciently homogeneous underground material. In
this scenario, the contrast in the electromagnetic properties of the underground and those of
the target determine its re ectivity. A relevant type of target is the totally re ective target,
often called a hard boundary object. This type of target is such that all incoming waves are
re ected and no carried energy penetrates into its interior. In what follows, we will consider
homogeneous above-ground and underground domains where homogeneous totally re ective
targets can be buried. We will detail in the next sections the framework to be considered.

Ground-penetrating radar systems can be classi ed according to numerous criteria. We will
provide some of them in the next subsection in order to precisely describe a given type. This
type will allow us to show the advantages attainable by more e cient numerical simulations,
such as the ones achievable using the numerical method proposed in Chapter 3, and how this
can help in the testing and design of radar imaging methods.

4.1.1 Types of ground-penetrating radars

Ground-penetrating radar systems can be classi ed according to di erent and numerous
criteria. We will mention the ones that will become relevant to the description of the system
on which we will focus our attention.

Proximity to the ground surface

In the framework of the ground-penetrating radars, the proximity of the antennas of a
radar system to the surface hiding the relevant propagation domain where a target of interest
is possibly hidden, is one of the distinguishing characteristics. We will di erentiate two types
of proximities that are relevant for practical reasons: 1) single domain, or contact ground-
penetrating radars, and 2) double domain or interface ground-penetrating radars.

Single domain, or contact ground-penetrating radars have their emitting and receiving
antennas in contact with the ground's surface or very close to it, thus generating relevant wave
propagation only in the underground domain; hence its name. These radars normally require
ground support to be put in position, and rely on ground transportation and mobility. This
has two major consequences: 1) there is interaction between the ground under analysis and
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radar equipment and/or even its operators, which can be problematic in the case of landmines,
unexploded ordnance or archeological sites, and 2) the e ect of the geometry and re ectivity
of the surface can be better controlled.

Double domain, or interface ground-penetrating radars have their emitting and receiving
antennas considerably above the surface of the ground under analysis, making the distance
that the wave travels above ground of importance, often introducing distorting e ects depend-
ing on the geometry and re ectivity of the interface surface between the above-ground and
underground. This is the case of airborne ground-penetrating radars, and has the advantage
of removing the possible mechanical interaction between the radar equipment and the ground,
and avoiding dependence on ground mobility which is often less agile, allowing less ground
coverage in a given amount of operation time.

Con guration of transmitting and receiving positions

Radars in general, and ground-penetrating radars in particular, have antennas that emit
and receive the radio signals used to scan the surroundings or the underground. These antennas
can be the same or di erent (for emission and reception), and a radar system can have one or
multiple antennas. One distinguishing characteristic is the spatial and temporal sequentiation,
and the type con guration of the radar measurements. If the antennas of a radar system move
above the ground, their movement will be often much slower than the propagation speed of the
radio wave, so that a radar measurement can be considered as a still photograph. Variations
from this setting for high speed radar systems or targets can be taken into account considering
the doppler e ect, but often fall outside the scope of ground-penetrating radars. Each one
of these measurements will be recorded by a number of antennas from the echoes produced
by the radio signal emitted by the same or possibly other antennas. According to this, we
will di erentiate: 1) multi-bistatic ground-penetrating radars and 2) multi-monostatic ground-
penetrating radars.

A multi-bistatic (MBS) ground-penetrating radar records radar measurements from di er-
ent antennas as they receive the backscattered radio signal emitted from other antennas. A
common con guration is recording on all the antennas while only one is transmitting separately.

A multi-monostatic (MMS) ground-penetrating radar records in numerous positions the
backscattered radio signal using the same antenna that produced it. The relevant feature is
that emission and reception are produced in the same spatial position, and can in fact be
separate but close-by antennas depending on the application.

Time-domain or frequency-domain radars

One of the most relevant and distinguishing aspects of the dierent types of ground-
penetrating radar, is the kind signal that they transmit and then receive back. The signal
that a radar system transmits through its antenna is generated internally in its electronic com-
ponents. This signal can be [40]: 1) a time-domain impulse signal, or 2) a frequency-domain
signal.

Time-domain impulse signals are characterized by short bursts of energy compacted into
a short duration of time that create a propagating wave that travels into the underground
generating echoes in its contact with the boundaries of re ective buried targets when present.
The relative compactness in time of the signals allows for the echoes to arrive separately so that
they are distinguishable when their arrival time is determined. This information, together with
the speed of propagation of radio waves in the di erent domains involved, provides relevant
spatial information about the targets that gave origin to the received re ections. This kind of
wave phenomenon lies out of the scope of the modeling described in Chapter 1 and adopted
throughout this document, unless it is used with Fourier analysis decomposition techniques for
transient signals.
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Frequency-domain signals are characterized by continuous emission of a single-frequency,
time-harmonic radio wave, so that at a given time, the antenna receives the sum of all backscat-
tered re ections, with di erent amplitudes and phases according to the traveled distances and
possible attenuations. This radar type is also known as continuous-wave radar, and can be fur-
ther classi ed in: 1) continuos-wave frequency-modulated and 2) holographic radars. The rst
ones, not often used in ground-penetrating radars, introduce slight changes in the frequency
of the radio signal, and are suited to detect the presence of targets, and their range and speed
though doppler analysis. The second ones emit a phase-coherent single-frequency radio wave
and record at each receiving antenna the amplitude and the phase of the incoming backscat-
tered wave. They are called holographic radars because the principle used in taking radar
measurements is analogous to the optical recording of an holographic image using coherent
light illumination and interference on a photographic plate [2, Section 1.2] [54].

In what remains of this chapter we will consider a speci c type of ground-penetrating radar.
According to our exhibited classi cation characteristics, it falls under the interface, multi-
monostatic, holographic, ground-penetrating radar type. The motivation is closely linked to
the rise of airborne instrumentation using drones and the improvements on data storage and
treatment.

4.1.2 Airborne ground-penetrating radars

The ground-penetrating radar to be considered as an example in this chapter is intended
to be t for use on board of a ight platform such a drone. This has determined some of its
characteristics, as the ones that have been speci ed in the previous subsection. A line array of
multi-monostatic antennas, taking holographic radar measurement, is positioned in a drone or
other ying platform aligned perpendicular to the ight path. The di erent antennas on the
line array are switched to take monostatic, time-harmonic, holographic radar measurements,
i.e., emitting a single-frequency, continuous-wave, and measuring the amplitude and the phase
of the sum of all incoming re ected backscattered signals from the ground and the underground.
As this switching provides measurements of the di erent antennas along the array, and as this
array travels over a portion of ground due to the movement along a ight path, the result
is a collection of Nyms amplitude and phase backscattered sample measurements taken at
points frngi'\':“{“"S contained in a surface above ground described by the movement of the
array on the air. This surface, which we will denote by " contains the recorded hologram
of the double domain for the wave propagation scenario. This scenario consists of an above-
ground propagation domain * and an underground propagation domain , separated by
the ground's surface, which we will denote as the interface surface'. A target possibly buried
in , of boundary T, is considered. Figure 4.1 illustrates the proposed scenario. In the case
of a single under domain radar, the hologram recording surface™ is just placed at the surface
of the ground.
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Figure 4.1: lllustration of an airborne line-array of antennas taking multi-monostatic radar
measurements over a given portion of land.

The interest on this con guration lies in that it allows for recording of underground data
for large portions of terrains in short periods of time. This relies, however, on complementary
technologies such as precise ight positioning and navigation, laser telemetry of the determi-
nation of the shape of ', and the storage and treatment of large volumes of data. Despite the
disadvantages of the stress put on the need for robust complementary technologies, and the
narrower range of ground-penetrating radar con gurations usable in this setting, it o ers sev-
eral advantages. Analyzing the underground of large portions of terrain can provide a critical
cost- and time-e ective rst assessment of a terrain when scouting for targets. This can become
critical when, for example, the intended radar targets are landmines and the assessment is set
to provide quick clearance of suspicious terrains or clear safe ground paths on it.

This particular radar type and sampling setting have many di erent variants, but we have
focused on radar systems consistent with the developments achieved in [18] and [13]. This two
documents describe a precise procedure to take multi-monostatic holographic radar samples.
The second, particularly, is suited to produce the kind of sampling data described in this
subsection using airborne platforms.
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4.2 Simulating time-harmonic radio signals

In this section we will show how to take advantage of some of the proposed techniques
developed in the previous chapters to perform simulations of the wave propagation problem
involved in ground-penetrating radar techniques. There are di erent ways of modeling these
phenomena, and while the Maxwell's equations provide a more comprehensive modeling that
takes into account physical characteristics particular to the electromagnetic behavior such as
polarization, the use of scalar wave equations is a standard recourse in the radar community
(cf. [2,23,58]). Doing this still yields useful conclusions, insight, and methods while simplifying
the theoretical framework to be used and the numerical complexity of the simulations involved.
In this chapter we will describe how to use di erent models and assumptions to take advantage
of the preconditioning tools developed in the previous chapters to evaluate a given ground-
penetrating radar system.

We will begin by setting the precise assumptions and tools that will be used to treat scalar
wave propagation and scattering produced by the boundaries present in a simulation scenario,
be it a single underground domain, or double domain or interface scenario as described in the
classi cation provided in Subsection 4.1.1. We will specify the notation to be used in each
one of these two scenarios, and the treatment that will be given to the re ective underground
targets and to the air-ground interfaces. Next, we will address the cost of simulating a wave
propagation in these scenarios. It is in this part where the previous results will be shown to
be signi cant by increasing time-e ciency even for simplistic implementations. Finally, we
will state the precise problem de nition for the computation of the holographic recording for
a single underground domain ground-penetrating radar scenario, and for an interface ground-
penetrating scenario. We will also provide examples of how these solutions look for relatively
complex radar targets such as the L-shaped screen presented in Subsection 3.3.4 from the
previous chapter. This screen target will be used throughout the chapter as it presents less
symmetries than other described screens such as the disk or the square-shaped screen. It will
also provide us with the chance to study the consequences of the preconditioning methods
described in Subsection 3.3.4.

4.2.1 General setting and assumptions

In the modeling of the behavior of wave propagation across surfaces, the Helmholtz equation
will use some assumptions that will give rise to a set o boundary conditions. Let us consider the
Helmholtz equation for acoustics governing the behavior of a scalar wave eldi. Let us focus
a on given oriented interface surface ! with unit normal n with upper side + and lower side

. We will call u the upper/lower restriction of u. The interface separates two propagating
homogeneous domains, * and , having wave velocitiesct and ¢ , wavelengths * and ,
and wavenumbersk® and k respectively. Enforcing continuity conditions across the surface

I we have the following continuity conditions:

8
U (x)= u* (x); forx2 '
s @ @t (4.1)
: @u(x)z n2 @:J (x); forx2 !':
wheren = ¢t=c = *= = k =k* is the refraction index between the two media. The

second condition in (4.1) comes from applying the time-harmonic conservation of momentum
across the interface ' from (1.9). Figure 4.2 shows in detail the elements to be considered and
de ned at the interface surface.
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Figure 4.2: Composition of the scalar wave elds at both sides of an interface '.

Let us shortly de ne the geometrical settings for the two operation scenarios to be consid-
ered hereinafter: a single underground propagation domain and a double domain divided by
an interface. In the rst one the antennas contained in the hologram plane " are in contact
with the ground's surface and the only propagation domain is the underground . In the
second one, the antennas contained in the hologram recording surfacé' are above-ground and
there are two propagation domains: the above-ground and the underground. We will call the
above-ground domain *, the underground domain , we recall that the surface containing
the multi-monosstatic radar measurement is ", and the air-ground interface is '. In both
cases we will denote by T the surface of an underground radar target. Let us denote the above
ground (underground) wave velocityc* (¢ ), the wavelength * (), and the wavenumberk*
(k ). Figure 4.3 shows both scenarios: the described single domain, and the interface scenario
for the holographic ground-penetrating radar simulations that will be speci ed in this section.

Figure 4.3: General setting for a holographic ground-penetrating simulation for a single domain
(left) and a double domain scenario (right).

We will now adopt further specications. We will consider a set of emitting-receiving
(monostatic) samples recording amplitude and phase value$c! gi’\':“{MS , with ¢! 2 C, each
associated with one of the sampling pointsf r I glt4s H. A position r is a position
where an antenna has emitted a time-harmonic radio signal, which will be modeled by a point
source represented by a Diract delta function. The scalar wave eldu will be decomposed
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in Uinc and ugcae. Let uj,c be each scalar eld caused by the radiation of each antenna at
point rH 2 H propagating towards the radar target, be it in in a single domain or through
an interface. Let ugcy; be the corresponding scalar eld scattered back by the surface of the
re ective radar target . When the scenario to be considered consists of a double domain
or interface problem, their restrictions to the above-ground domain * will be called u;,. and
Uscar» @Nd their restrictions to the underground domain  will be called u;,, and ug,;. Figure
4.5 illustrates the situation for a single domain scenario, and Figure 4.5 for a double domain
or interface scenario.

Figure 4.4. General setting for a holographic ground-penetrating simulation for a single under-
ground domain scenario showing the incident (left) and the scattered (right) wave.

Figure 4.5. General setting for a holographic ground-penetrating simulation for a double do-
main or interface scenario showing the incident (left) and the scattered (right) wave.
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4.2.2 Radar targets

For the examples to come in this chapter we will use totally re ecting screen radar targets
with boundaries denoted by T. This will impose the following Neumann boundary condition
on the exterior of the screen surface:

@@TC (x); forx2 T: (4.2)

Okt () =

This is in accordance with the more general conditions (4.1) when taken to be for a surface
T considered totally re ective. In this case the transmitted scalar wave eld is zero and that
the exterior eld is decomposed asu = u;,. + Uy, Yielding the stated boundary condition
on T.

For the examples that follow we will consider an L-shaped screen radar target to provide a
complex geometry that will allow us to test the resoling capacities of the ground-penetrating
radar to be simulated. Let us consider the following parametric square-shaped horizontal
screen:

a b a b b
r X1 ri+ z;rz2 - X2 |’2+§

a
5 > > ; Xz =1TI3 (43)

= (X1;X2;X3) 1 r1

This parametric screen will prove useful in the de nition of several surfaces in this chapter.
We will use this parametric squared-shaped screen to de ne the radar target screen’ as:

| .
T= ?6?05?0?0) ?0?0:85?0) , (4.4)

which is a 20cm wide and 20cm long L-shaped at screen on the plares = 0. We will consider

a conformal triangular approximation E for h 5 millimeters. According to the requirements

for the relation between h and the wavelength ~ from Section 1.7, this should safely allow us
to simulate up to frequencies resulting in = 5cm. Figure 4.6 shows the conformal triangular
approximation I of T forh 5 milimeters and 2872 triangles.

Figure 4.6: Conformal triangular approximation | of the radar target T for h = 4:9 milime-
ters resulting in 2872 triangles.
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4.2.3 Computational cost and conditioning

In this subsection we will analyze the cost of computing the wave scattered by the under-
ground screen target T described in (4.4) using conformal triangular meshes, the boundary
element method, and the Galerkin matrix N [ from (3.168) in De nition 3.3.4 to solve the anti-
symmetric Neumann Helmholtz problem for the screen T (Problem 1.3.12 for Neumann data
(4.2)). We will consider and compare two ways of solving this problem: 1) directly solving the
linear system for matrix N E for screen as computed in De nition 3.3.4, and 2) preconditioning
the matrix N [ using a preconditionerM §, computed as indicated in Subsection 3.3.4 before
solving the linear system now for the preconditioned matrix M *,Q, N E This second way of
solving a linear system will be indexed by the superscriptP C, meaning preconditioned, in the
several variables we will de ne.

Let us consider di erent conformal triangular approximations E of the screen target T
from (4.4) for di erent discretization parameters h. With each discretization parametersh we
will associate the admissible shortest wavelength =10 h, a highest admissible wavenumber
k=2 = or a highest admissible simulation frequencyf = ¢ = , for an underground wave
velocity ¢ . For each progressively ner mesh approximation, indexed byh, we will compute the
matrix N E and solve the associated linear system using the GMRES iterative method, taking
Nier iterations to be solved. Likewise, we will also considered the preconditioned linear system
for matrix M [y N and solve it also using the GMRES iterative method, now takingN £.¢
iterations. Table 4.1 shows the number of triangledN 1, and the admissible wavelength  in the
underground for the target T approximated by progressively ner triangular approximations

E indexed by h. It also show the condition number of the associated preconditioned and
unpreconditioned matrix, and the number of iterations required in each case.

Table 4.1: Condition number and number of iterations required to solve the linear system
associated with unpreconditioned matrix N ! and with the preconditioned matrix M §, N

for progressively ner meshes for the L-shaped screen' using the GMRES iterative solver.

The row for the radar target chosen in Subsection 4.2.2 has been highlighted.

| Nt | h] \ k [[ conde(NR ) [ Nier || conde(M AN ) [ NRE
176 | 0.019936] 0.1993| 31.5174 5.697 23 1.714 17
204 | 0.018175| 0.1817 | 34.5792 6.758 25 1.777 18
388 | 0.013331| 0.1333| 47.1314 7.694 28 2.052 17
668 | 0.010116| 0.1011| 62.1132 8.381 63 2.495 18
1214 | 0.007398| 0.0739| 84.9305 11.486| 82 3.047 22
2872 | 0.004969| 0.0496 | 126.4352 12.984| 122 6.730 29

It could be hastily concluded from Table 4.1 that applying matrix preconditioning might
increase e ciency when solving a single direct problem, i.e., solving the backscattered wave
when the target has been reached by the incoming wave coming from a single emitter ay“
in the hologram recording surface ™. A closer look into the time-e ciency of the processes
involved in preconditioning will indicate otherwise.

Let us consider the following de nition of time lapses associated with di erent parts of the
matrix computation and linear system solving in the context of the matrix preconditioning
methods described in Chapter 3.

De nition 4.2.1  (Time lapses associated with linear systems solving and preconditioning)
Let us consider the di erent conformal triangular approximations E (of the radar target T

from (4.4)) referred to in Table 4.1 and indexed by the discretization parameteih. For the

unpreconditioned linear system, let us de ne the following time lapses in seconds:

Tsetup(h): Time required to compute the matrix N E for E
Tewmres (h): Time required to compute the solution of the linear system using the GMRES
iterative method once the linear system has been assembled.
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TLs(h): Time required to assemble and solve the linear associated witk E given Neu-
mann data (4.2) for a single direct problem for single emitter/receiver inrH 2 H je.,
Tsetup(h) + Temres (h).

For the preconditioned linear system, let us de ne the following time lapses in seconds:

Tpc(h): Time required to precondition matrix N E for . This includes the time re-
quired to compute matrix SQS from (3.139) in De nition 3.2.9, the time required to com-
pute matrix DR, from (3.142) in De nition 3.3.1, the time required to invert it, the time
requiredhto compute matrix M R, from (3.145) in De nition 3.3.2 and the time multiply
it by N\ .

T&Gp(h): Time required to compute the matrixM y N ¢ for [, i.e., Tsewp(h)+ Tpc(h).

TEGRes (h): Time required to compute the solution of the preconditioned linear system
using the GMRES iterative method once the linear system has been assembled.

TLPSC(h): Time required to assemble and solve the linear system associated WN:hR, N L‘
given Neumann data(4.2) for a single direct problem for single emitter receiver inrH 2
H1 i-e-’ Ts%?up(h) + Tgl\%RES (h)

Tsaved(h): Total time saved when solving a linear system for the anti-symmetric Neumann
Helmholtz problem due to preconditioning, i.e. Tis(h) T S (h).

Remark 4.2.1 (The time required to assemble right-hand sides is neglected)In the time
lapses from De nition 4.2.1 the time required to assemble the right-hand side of the linear
system has been intentionally neglected as its algorithmic complexity involved in doing so is
signi cantly lower than the complexity involved in the other processes.

Remark 4.2.2 (Times are dependent on the machine used)The time needed to assemble
and solve a linear system also depends on the computer and the algorithms used. The matrix
inversion algorithm was chosen from the Eigen library as stated in Remark 3.2.3 (not optimized
for sparse matrices), and the machine used had a dual 3GHz Intel i7 core and 16GBytes of
RAM memory. Both parameters could be optimized to improve the required processing times,
but this wouldn't a ect the argument made throughout this subsection.

We will see that while preconditioned linear systems can be solved faster, the over time-
e ciency is not always poised to improve. Table 4.2 shows, for the same progressively ner
triangular approximations || of T indexed by h, some of the time durations from De nition
4.2.1.

Table 4.2: Time duration in seconds of the di erent processes involved in matrix assembling,
preconditining and solving for progressively ner triangular approximation || of the screen
radar target T.

’ NT ‘ h H Tsetup ‘ TGMRES ‘ TLS H TSF;ffjp ‘ Tgl\%RES ‘ TFSC H Tsaved ‘
176 | 0.019936| 0.7288 0.0259 0.7548 4.2468 0.0169 4.2637 -3.5089
204 | 0.018175(| 0.9531 0.0311 0.9842 5.3685 0.0221 5.3907 -4.4064
388 | 0.013331|| 3.9945 0.0812 4.0758| 18.2498 0.0357| 18.2856| -14.2098
668 | 0.010116|| 11.199 0.4115| 11.6111| 47.4604 0.0974| 47.5578| -35.9467
1214 | 0.007398|| 36.804 1.9721| 38.7763| 131.8325 0.7201 | 132.5525|| -93.7762
2872 | 0.004969|| 236.57| 10.3864| 246.9604|| 652.3295 2.3754 | 654.7049|| -407.7445

As anticipated, the last column of Table 4.2 shows that despite the fact that the proposed
preconditioning strategy from Subsection 3.3.4 allows for faster solving of the associated linear
system in less iterations, the overall time required for the assembly and solving of the linear
systems can grow with mesh re nement and be less time-e cient. Although these particular
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time lapses presented in Table 4.2 could be improved in view of Remark 4.2.2, the following
exposition will make use of this chosen application example to show the relevance of improved
algorithmic complexity as a motivation for the development preconditioning methods and ac-
celeration/compression methods. This will be the case regardless of observations about the
particular machine used and inversion algorithm chosen and commented in Remark 4.2.2. The
other advantage of matrix preconditioning, i.e., improved accuracy, will not be tested.

Let us reconsider the global problem of simulating the radar acquisition process for a holo-
graphic ground-penetrating such as it described in Subsection 4.2.1, and let us analyze the
time-cost of computing the scattering produced by the radar target ' when illuminated by
radio waves coming fromNyms di erent sources placed in the hologram recording surface H .
This is the so-called multi-monostatic scattering problem for positionsfr giN:“{MS .

De nition 4.2.2  (Time lapses associated with the multi-monostatic scattering problem for

the radar target). Let us consider the di erent conformal triangular approximations [ (of the
radar target ' from (4.4)) referred to in Table 4.1 and indexed by the discretization parameters

h, the time lapses de ned from De nition 4.2.1 and let Nyys be a number of multi-monostatic
scattering problems to be solved. Let us de ne the time in seconds needed to assemble and solve
the linear system for the anti-symmetric Neumann Helmholtz problem:

Tmms (h;Npms ) = Tsetp(h) + Nmms Temres (h): (4.5)

Likewise, let us de ne the time in seconds needed to assemble, precondition and solve the
linear system for the anti-symmetric Neumann Helmholtz problem:

Tans (N Nmms ) = Tetp(h) + Nums Téires (h): (4.6)

Since the assembling and preconditioning of a matrix is only performed once for many
Neumann data, i.e., dierent positions rH, the gain in time when solving the system will
outweigh the time lost in preconditioning after a certain value of Nyus . Let us consider
the radar target from Subsection 4.2.2 and its discretization E highlighted on Tables 4.1
& 4.2, with 2872 triangles and h 5mm, allowing for simulation frequencies resulting in
wavelength down to 5cm. Let us de ne the percent time gain for a given numberNywvs
of emitting/receiving points in "

Tums (h;Nwvs ) Thts (N Nums ) |

Twms (N = 100 : 4.7
s (M Nwms ) Tmwms (h;Nmms ) *.7)
which can be easily shown to be equal to
% Nums Temres () TEGres (M) Tec(h)
T s (h;Nums ) = 100 GMRES : (4.8)

Nmms Temres (h) + Tsetup(h)

The limit value, also directly obtainable, exempli es the usefulness of the improvements
leading to increased time-e ciency of linear system solving in problems requiring the solution
for a massive number of di erent right-hand side data:

9 T h TPC h
Tl\//f)Mg (h;NMMS ) !NM 100 GMRES ( ) GMRES ( )

4.9
ms 1 Temres (h) (4.9)

Figure 4.7 shows the evolution ofT,{’,/l"MS (h; Nmms ) for the chosen radar target approxi-

mation T from Subsection 4.2.2, forh = 0:0049695 andNt = 2872 and to be used in the
subsequent simulations, for an increasing numbeNy s of multi-monostatic radar measuring
points in the hologram recording surface ™.
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Figure 4.7: Evolution of T %, (h;Nmwms ) for the chosen radar target approximation |, for
h = 0:0049695 andNy = 2872 for an increasing numberNyus of multi-monostatic radar
measuring points in the hologram recording surface "

4.2.4 Air-ground interface, hologram recording surfaces, and imaging sur-
faces

In this subsection we will describe three surfaces of importance to the modeling of the
radar system: the air-ground interface surface ', the hologram recording surface ", and the
imaging surface R.

For the cases presented in this chapter we will consider the air-ground interface surface
to be an aperture surface from where the radio waves will enter and then exit the underground.
For the purposes of the following exposition, we will describe it parametrically inR3, xing a
given range inx1 and Xx», where it will be inscribed, and describing the height of the interface
surface with a function f, of these two variables:

= f(X1;X2;X3): 05 Xp;Xo 05 x3 = f|(X1;%X2)g: (4.10)

When specifying an interface surface, a range fox; and x, will be provided along with a
given resolution ' determining the number N, of area elements to be used in computations.
These area elements are arranged in a rectangular grid.

Figure 4.8 shows a discretized approximation of surface' for the function f, the function,
e.g.,

7 1
fi(xx2)= 55 5

20 2(x§ + x3): (4.11)
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Figure 4.8: Rectangular grid approximation of | of surface ', made of 400 elements (for
illustrative purposes) for the function f| from (4.11)

The hologram recording surface " is the surface that contains all sample points where
the monostatic holographic radar measurement are taken. In the case of a switching line array
of antennas moving at a height above the ground, as described in Subsection 4.1.2, the result
is most often a plane in three-dimensional space. In our examples, we will consider in fact a
plane which we will describe using the parametric square-shaped screen from (4.3) as:

H- ab (4.12)

When specifying a hologram recording surfacea, b, and ry will be provided along with
a given resolution " determining sampling pointsfr{"gi'\':“{“”S H for the multi-monostatic
con guration using a rectangular grid such that

ab
NMMS = . (413)

(%

The recorded hologram isH H 1 C, so that for a sampling point ri" 2 H the value
H rH is the complex value of the backscattered radio waveu,(r ™) (in the context of a sin-
gle underground domain) orug.(r {*) (in the context of a double domain of interface problem).
The complex value of a backscattered radio wave will provide us with the amplitude and phase
information needed for a holographic ground-penetrating radar image reconstruction. Given
a xed hologram recording surface M, taking enough sample pointsfri'“'gi'\':“{MS (choosing a
su ciently small M) allows for the determination of the map H through interpolation, and
the magnitude of the vaIuesH(r{“') for i = 1::Nmms can be regarded as the pixel values of
the holographic image recorded on M.
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Finally, we will describe the imagining surface where the re ectivity values of the under-
ground will be computed using the holographic ground-penetrating radar and the imaging
principle to be described. Similarly to the description of ", we will de ne the re ectivity
imaging surface using the parametric square-shaped screen surface (4.3) as:

R= ¢d (4.14)

Unlike for the hologram recording surface, for all the examples presented we will consider
c= d=1m, a resolution of R =1cm, and we will put the imaging surface at the center of the
target T, setting rg =(0;0;0).

Using the re ective imaging surface R, the recorded re ectivity image wilbe R R I C,
so that for a sampling pointr R 2 R the valueR rR is the complex re ectivity reconstructed
using the imaging principle to be described in the next section. Given a xed image recording
surface R, taking enough sample pointsfr Rg? (choosing a su ciently small R, with Ng =
cd=( R)?) allows for the determination of the map R through interpolation, and the magnitude
of the valuesR(rR) for i = 1::Ngr can be regarded as the pixel values of the reconstructed
re ectivity image recorded on R.

4.2.5 Simulating single domain and interface problems

In this subsection we will show the results of example simulations of wave propagation in the
prescribed scenarios, i.e., for a single underground domain scenario and for a double domain or
interface scenario. In both cases we will use the radar target T described in Subsection 4.2.2.
We will position a single emitter in an arbitrary position and we will compute the incident
scalar wave eld uj,c and the scattered scalar wave eld created by the L-shaped screen radar
target T contained in the plane x3 = 0. In providing these examples we will show how to
compute incident wave scattering and backscattered waves, especially when they travel across
an interface surface ' separating the above ground and the underground domains using an
aperture model. These simulations will be explained and performed for a single monostatic
holographic radar acquisition from a single sampling pointr .

For the results described and exempli ed in this subsection, we will consider the single
emitter to be in rH =(0:5;0; 1:1), and we will plot the values of the real part of the incident
wave eld uj,c and the backscattered eld uscar On a plane y,-o given by:

xp=0 = F(X1;X2;X3) i X2=0; 05 x3 05 01 x3 0:79: (4.15)

The description exhibited here for the computation of the scattered elds will be applied

in the next section to compute recorded hologramsH to be used in imaging algorithms that
will provide re ectivity images of the underground.

Single underground domains

The following de nition will state the procedure for computing a single direct problem for
a single emitter/receiver in a single underground domain scenario. This will then be used in
the next section to compute recorded hologram dataH using this procedure for each emit-
ting/receiving point.

De nition 4.2.3  (Single underground domain wave computation) For a single monostatic
direct problem computation the procedure is as follows:

1. Select an emitting/receiving point r .

2. Compute u,. in asu,.(y)= Gk (rH;y) fory 2

145



3. Compute the Neumann data of the scattered eld on the surface of" as

@'s'cat @Hc T
= ; fory2 ' 4.16
@, (¥) @, (¥) y (4.16)
4. Assemble and compute the linear system for the discrete variational formulation of
@y
N kK = a(y): 4.17
@, (y) (4.17)

5. Solve the jump of the Dirichlet traces .

6. Compute the scattered scalar wave eldig, asUgy(y)= D K (y) fory 2

7. Compute the value of the recorded hologram at as ug.,(r!).

In the following example, there is only one unbounded propagation domain , with prop-

agation parameters described in Table 4.3.

Table 4.3: Parameters for the single underground domain example simulations

Parameter | Value | Units
Domain S cm
k | 125.66| cm 1
T
h (4.4)
Target h 5 mm

Figure 4.9 shows an example computation of radio wave propagation in a single underground
domain scenario using the radar target ' described in Subsection 4.2.2 using parameters from
Table 4.3 and the procedure from De nition 4.2.3.

Figure 4.9: Example computation of radio wave propagation in a single underground domain
scenario using the radar target T described in Subsection 4.2.2 using parameters from Table
4.3 and the procedure from De nition 4.2.3. The real values of the scalar wave eldsli,c (left)
and uscat (right) are plotted on the plane 4,0

Double domain or interface problems

In order to compute incident and scalar elds across an aperture interface surface' we
will consider the Kirchho 's diraction formula [12, Section 8.3.2]. For known traces of u;,.

and % on ' from , We compute
z @ @
Une ()= Upe () -G (y) GX Gy Fe(0 d ;. fory2  : (4.18)
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For known traces of ug.,, and % on ' from *, we compute

£ @

Ugear(Y) = Ugeat(X) =—G* (x;Y) Gk*(x;y)@g@%’xﬂ(x) d'(x); fory2 *:

@ x

(4.19)

The successful modeling of the propagation across surfaceé using the previously enunci-

ated Kirchho 's di raction formula for the to cases of interest assumes that dist

De nition 4.2.4  (Double domain interface wave computation) For a single monostatic direct

problem computation the procedure is as follows:

1. Select an emitting/receiving point riH.

+

2. Computeu’. in *asul (y)= G (rfl;y)fory2 *.

+

3. Compute the values oy, and % at ' as

@F. _ @

+ — k¥ H.
uinc(y)_ G (rl 1y) and @y @y

4. Compute the values oy, and % at ' as

—=G" (r{';y) fory?2

(4.20)

(4.21)

(4.22)

Uinc (y)= Uinc (y) and @@]H]yc = nZ@@]H;C fory 2
withn= *=
5. Compute u;,. in as
z" & o #
Uine (V) = umc(x)%x (x;y) G (x;y)—“‘xc(x) d '(x); fory?2
6. Compute the normal derivative ofu,,, on T as
z" ) #
The )= unet) g ) S xin) Do) 4 o fory 2 T

7. Compute the Neumann data of the scattered eld on the surface of" as

@Year @he

= Scat - . T.
@, (y) @y(y), fory2

8. Assemble the linear system for the discrete variational formulation of
@y
N k - at :
@, (y)

9. Solve the jump of the Dirichlet traces .

10. Compute the scattered scalar wave eldig.,, asUg(yY)= D X (y) fory 2
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@ cal
11. Compute the values olig.,; and % at ' as

@ @
Useat(y)= D (v) and “oet= CEDN () fory2 't (4.26)
y y
+ @Ucy |

12. Compute the values otig, and =g at * as

+ _ @Geat _ 1 @Year I

Uscat(Y) = Ugear(y)  and @, Y @, fory2 7 (4.27)

withn= *=

13. Computeug, in * as
" #

z . .
Qs (x;y) Gk+(x;y)@@$°at(x)d '(x); fory2 *: (4.28)

Ugear(Y) = U;cat(x)a

14. Compute the value of the recorded hologram at!! as uZ . (r).

In the following example, there are two unbounded propagation domains, the underground
, and the above-ground *, with propagation parameters described in Table 4.4.

Table 4.4: Parameters for double domain example simulations

Parameter | Value Units

Domain S cm
k | 125.66 cm 1

, * 10 cm

+

Domain k* | 62.83 cm 1
n= %= 2 | dimensionless

Interface ' fi | (4.11) m
Tl 4.4 m

Target h 5 mm

Figures 4.10 & 4.11 shows an example computation of radio wave propagation in a double
domain scenario using the radar target T described in Subsection 4.2.2 using parameters from
Table 4.4, using the interface surface from Subsection 4.2.4 and the procedure from De nition

4.2.4.

Figure 4.10: Incident wave eld example computation of radio wave propagation in a double
domain scenario using the radar target ' described in Subsection 4.2.2 using parameters from
Table 4.4 and the procedure from De nition 4.2.4. The real part of the incident scalar wave
eld uinc is shown with its values on ' (left) and on the plane 4,0 (right).
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Figure 4.11: Scattered wave eld example computation of radio wave propagation in a double
domain scenario using the radar target ' described in Subsection 4.2.2 using parameters from
Table 4.4 and the procedure from De nition 4.2.4. The real part of the scattered scalar wave
eld uscat is Shown with its values on the plane y,-o (left) and on ' (right).
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4.3 A type of subsurface holographic radar

Given a con guration for radar acquisition in a scenario in which radar target T is buried
in the underground , and there is possibly a surface ' separating it from an above-ground
domain *, multi-monostatic holographic radar measurements can be taken on a recording
hologram surface " to determine the map H, as described in Subsection 4.2.4. An imaging
method uses an imaging principle, the holographic data measurement represented by the map
H, possibly the knowledge of a known interface ', and the physical parameters of the media
to compute a re ectivity complex map R on a re ectivity image surface R. The magnitude
of the values of this map on the surface R is the re ectivity image that signals the possible
presence of a re ective radar target buried at the position where that re ectivity image surface
has been computed.

In this section we will describe a type of imaging principle and method for the holographic
ground-penetrating radar. We will explain the motivations and assumptions behind it, and
we will propose simpli cations leading to new methods. These motivations are not the im-
provement of the quality or robustness of the capacities to identify a re ective target, but the
reduction of the cost and an increase of the speed in doing so. In fact, we will present prin-
ciples and methods that will progressively rely on more stringent assumptions that will allow
for faster image computations at the expense of robustness and quality. This provides, on the
other hand, the motivation for e cient simulation tools capable of predicting the performance
of such imaging methods and thus assessing their usefulness despite the lack of robustness
in many scenarios of interest. It is precisely the point that, through e cient simulation, the
spectrum of scenarios on which these methods can be relied upon may be correctly delimited.

We will begin by explaining the imaging principle used by the radar type chosen as moti-
vation, as explained in Section 4.1 and especially, in Subsection 4.1.2. We will also provide a
general framework for holographic radar imaging. We will present an imaging method based
on that principle for single underground domain scenarios and subsequent adaptations for dou-
ble domains or interface scenarios. We will provide image reconstructions for several cases of
interest giving some insight into the capabilities of the studied radar system while showing the
usefulness of the proposed simulation methods in such endeavor.

4.3.1 Holographic radar imaging and principles

Given a scenario for ground-penetrating radar analysis such as those given in Subsection
4.2.1, the result of performing multi-monostatic radar acquisition provides the following avail-
able data:

A hologram recording surface H.

A set of multi-monostatic holographic radar measurementsf ¢! giN:“{MS taken at sample
points frH gltums H . Through interpolation this provides the mapping H: " ! C.

A chosen re ective image surface R on which to compute the complex re ectivity map
R: T1 C.

Knowledge of the physical parameters of the underground. In our case , (k ).

If the scenario has an interface surface, it's geometry is also assumed to be known, so
that the geometrical object ' is de ned, as well as the physical parameters of the above-
ground domain. In our case *, (k*).

The position and the shape of the radar target is not know. But, a re ectivity image surface
has been chosen on which to compute the re ectivity of the underground on that area.

A general holographic imaging method can be expressed as a family of Iter functions
F. H RI C such that the complex re ectivity image is computed as
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Z
R(y)= Fy)HX)d P(x); fory2 R: (4.29)

H

In the case of a double domain or interface scenario, where the above-ground is separated
from the underground by a surface ', the Iter function depends on the interface surface and
is denoted asF, : "™ R1 C, resulting in a complex re ectivity image

Z
R(y)= F (x;y)HxX)d "(x); fory2 R: (4.30)

H

The principles and methods used in what follows come from geometrical optics, especially
in it's use of Snell's law for radio waves. Other techniques have used geometrical optics and
Snell's law in ground-penetrating technologies, but mostly for time-domain radars [7,53,59,67].
Under this approach, radio waves are being treated under the assumption that wavelengths are
considerably smaller than all other geometrical distances and magnitudes in consideration. The
imaging principle on which the methods here considered are base on, is the so-called conjugate-
phase matching (CPM) principle [23,50], and it is based on the principle of minimum optical
path length. In this context, the optical path length, or optical distance, is the product
of the geometric length of a wave path through an optical system, and the refraction index
of the medium where the wave propagates. The minimum optical path length between two
points is then the shortest between all possible wave paths joining the two points. The stated
assumption in which the wavelength of a time-harmonic radio wave is much smaller than all
other geometrical distances in consideration is crucial to the meaningfulness of the optical path
length. This assumption will soon prove to be excessive for ground-penetrating radars, and it
is one of the elements that compromise the robustness of these imaging methods in exchange
for speed and simplicity.

The conjugate-phase matching principle uses a conjugate phase propagation functio@k
and the minimum optical path length, under geometrical optics' assumptions, to provide a
measure of phase coherence between the observed holographic data contained in the nip
and a possible re ective target at a given position in R. Given the fundamental solution
governing wave propagation in the framework described in Section 1.4, the conjugate phase
propagation function uses the minimum optical path length, hereinafter called’, as:

GK()= e (4.31)

In the next subsection we will provide an explicit expression forF for the case of a single
underground domain that will illustrate how the minimum optical path length is used by the
conjugate-phase matching holographic imaging method. This method was described and tested
by Giubbolini and Sambuelli in [23] for single underground domains.

4.3.2 Imaging method for single underground domain scenarios

Givenx 2 M andy 2 R, the minimum optical path length of the round-trip path is the
geometrical distance between the two points, i.e. Rx  yk, times the refraction index n for
the underground domain:

(x;y)=2n kx yk: (4.32)

Being the only domain under consideration, the refraction index can be setton =1
setting as the reference propagation domain. The lter function for the single underground
domain scenario in the conjugate-phase matching method is then given by

F(x;y)= GE ((x;y))= e 'k Zx vk (4.33)
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The complex re ectivity image can be then computed as:
z
R(y)= e '® 2 yky(x)d "(x); fory2 R, (4.34)
H

or in its discrete version, using the points from the rectangular grid de ned in Subsection 4.2.4
for Hand R, as:

NXMS i H R
R(riR) =( H)2 e ik 2kr ' rf kH(rJH); fori =1::NRg: (4.35)
j=1

In what follows we will provide an example of complex image reconstruction using the
algorithm described in this subsection and synthesized in (4.35). As for the rest of the re-
construction examples of complex re ectivity images given in this chapter, we will present a
table summarizing the main parameters for the considered scenario, for the multi-monostatic
holographic radar acquisition, and for the image reconstruction.

Table 4.5 shows the parameters used for a multi-monostatic simulation and image recon-
struction using a single underground scenario.

Table 4.5: Parameters used for a multi-monostatic simulation and image reconstruction using
a single underground scenario

Parameter | Value | Units
Domain v cm
k 12566 m 1
H T 1
Hologram H ©O0;1) | Meters
H 2.5 cm
R T 1
0:0:0) meters
Image R R 1 cm
Method | (4.35)
T (4.4) m
Target 5 mm

The following gures show the scenario for the simulated multi-monostatic holographic
radar acquisition and the magnitude of the mapsH on ", andR on R. The values ofR are
represented on an arbitrary re ectivity scale.
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Figure 4.12: Scenario for the simulated multi-monostatic holographic radar acquisition using
parameters of Table 4.5, showing the underground propagation domain, the radar target, and
H with the magnitude of the values of H painted on.

Figure 4.13: Magnitude of the values of the mapH painted on " (left), and magnitude of the
values of the mapR painted on R (right) using parameters of Table 4.5. The known shape
of the radar target T has been drawn on the re ectivity image on the right as a reference.

As seen in Figure 4.13, the method proposed in [23], synthesized in (4.35) for our framework,
is capable of generating a re ectivity imageR where the radar target T can be resolved using
the parameters given in Table 4.5. In the next subsection, we will extend the principles used
to the case of a radar scenario with an above-ground and an underground domain separated
by a non- at interface. We will draw inspiration from geometrical optics techniques mentioned
in Subsection 4.3.1 and in particular from [14] for the treatment of the interface as a lens.
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4.3.3 Imaging method for double domains scenarios

When the scenario consists of an above-ground domain*, and an underground domain

separated by an interface surface ', the application of the same method using the principle
of minimum path length becomes a more di cult task. This is because now the determination
of the minimum path length for the round-trip from a point on the hologram recording surface
and a point in the imaging surface is not trivial as it was in (4.32). We will consider all possible
round-trips between x andy, then we will consider the subset of those complying with Snell's
law for the paths' entrance and exit across ', and nally we will choose the one with the

minimum optical path length.

A given (possibly non-physical) round-trip between pointsx 2 " andy 2 R, can be
decomposed in the incident go trip fromx to y, crossing ' at ri'nc, and the scattered return
trip from y to x, crossing ' at rl.;. We will consider the following geometrical distances:

+

— | — | . + | . — |

inc =~ X Fine > Iinc y Finc > scat— X l'scat s and Iscat =Yy MNscat -

(4.36)
We will also de ne the following directions given by unit vectors:
| | [ |
r: X y r: X r r y
+ Inc . — Inc . + —_ scat . — scat .
Vine = | v Vine = | v Vscat= | ) and Vscat = | : (4-37)
inc inc scat scat

When (k ) are known, and we x * as the reference media for refraction, i.e.n =
=, only a subset of all the possible round-trips between the two points comply with Snell's
law of angles. A round-trip will be called admissible or physical if both its incident go trip

wave path and its scattered return trip wave path comply with Snell's law of angles.

Using Snell's law we can compute the direction of the transmitted wave paths across the
interface surfaces for the incident wave and for the scattered wave. For the incident wave path

joining x and r!. we have that the transmitted direction ¢,,. should be
r ! !

2
n, (4.38)

inc

*ng  + n?2 1+ vi

1 .
¥ _ﬁ v Vinc M e inc nr}nc

so that the error in the transmitted angle for the incident wave is
e =arccos(fic Vine): (4.39)

A given incident path will be called admissible or physical if §. =0.

Likewise for the scattering wave, for the scattered wave path joiningy and r L., we can

+

compute the direction ¥, that the outgoing wave path should have as
r ! !
: 1 2

scat = N Vscar Vscat Nyl n2 1+ Veear et

(4.40)

scat
and determine the error in the angle with the actual direction for that given return path as
gcat = arCCOS(O;cat V;cat): (441)

A given scattered path will be called admissible or physical if &, = 0.

Figure 4.14 illustrates the de ned values and vector for a given round-trip between points
x2 Handy2 R.
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Figure 4.14: Geometrical lengths and vectors for an arbitrary round-trip between pointsx 2 "

andy 2 R,

A given round-trip will be called admissible if both the incident and the scattered wave
paths are admissible. For every admissible trip, let us de ne the optical path length as

\l (X’y) = IITWJ + I;Cf:lt +n Iinc + ISCﬁt (442)

From all the admissible round-trips, let *, (x;y) be the minimum optical path length, with
associated geometrical distancek ., lirc, lscat» @Nd lgeoi- Then the new lIter function F is

+ +

Fix;y)= G ( ()= e K= 57 (4.43)
The imaging method is thenZ
R(y)= Fx;y)HX)d "(x); fory2 H: (4.44)

H

In practice, in a discrete version, for every sample taken at jH H  and every reconstruction
point rR 2 R we explore a nite number of points on a rectangular grid on ' and consider
admissible the paths that comply with a tolerance i, i.e., ol and  S.ut tol. Then,
the optical path length is computed for all the admissible paths and the shortest one is selected
as”| (r{*;rf). We then compute the complex re ectivity image at points frRgNR as:

N)MMms
R(riR):( Hy2 e ik*‘l(rﬁ?rﬁ)H(er); fori =1::Ng: (4.45)
j=1

The proposed method, synthesized in (4.45) an called hereinafter Across-Interface Conjugate-
Phase Matching (AI-CPM), is capable of generating a re ectivity image R where the radar
target T can be resolved, as it will be seen in subsequent subsections. This comes at a cost,
since the complexity algorithm (4.45) isO (Nr Nmms Nj). In the next subsection, we will
further extend the principles for the case of a radar scenario with an above-ground and an
underground domain using additional assumptions that will distance us further from correct
physical representation and will achieve lower algorithmic complexities at the expense of ro-
bustness. We propose a new simpli ed imaging method based on the one presented in this
subsection and we will test it under di erent circumstances using numerical simulations.
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4.3.4 A simpli ed imaging method for double domain scenarios

In a further simpli cation of the imaging method from Subsection 4.3.3 we will adopt
the assumption that the incident incoming wave path and the scattered outgoing wave path
between pointsx 2 H andy 2 R are not sigini cantly di erent in magnitude, i.e., we will
assume that

IiJ;m + Iinc I;Lcat + Iscat (4-46)

Under assumption (4.46), the task of computing the minimum wave path lengths is sim-
plied because we can compute only one of them. In a new simpli ed algorithm, and under
this new assumption, we will consider the entry and exit wave paths that pass through points
x 2 "andy 2 R and we will determine the corresponding pointe™ 2 H that complies
with Snell's law, for which we will consider the exit wave path. The direction v, of the wave

path exiting the domain is computed as before using the new points:
Xy .
Vscat = W (447)

Then, the direction v, of the exit wave path in the domain * can be computed similarly
as in (4.40):

1
+ .
Oscat =N Vgea Vscat Mx p 1+ Vscat Nx Ny (4-48)

+

Using the exit direction 9., and if the holographic recording surface " is contained in
a plane at a given heightrt', then the corresponding the point =2 Hon M can be found
using x = (X1;X2;X3) 2 ' as

H
. _ r X3 .
- (x;y)=x+ 37+0‘;rcat- (4.49)
3 Vscat

Figure 4.15 illustrates the described geometrical process.

Figure 4.15: Geometrical lengths and vectors for the simpli ed round-trip passing through
between pointsx 2 ' andy 2 R.
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+

Taking
length is

as reference medium anah = *= | the corresponding round-trip optical path

SEHeGy):y)=2 Rf(xcy) x +nkx yk (4.50)

and the new lter function F, is

Fi(rhoGy)iy) = GE (i (ay)y)) = e K oamw). (4.51)

Using this new lter function, now de ned for pointson T and !, the imaging method is
expressed as 7
R(y)=  Fi(™"GysHE Gy)d H(x); fory 2 1 (4.52)

Given a rectangular grid of points fr! gi'\':'1 with resolution ', the new simpli ed imaging

|
algorithm is

hd
R = F(reRrHOHER (el Y(r]); fori=1:Ng; (4.53)
j=1

where the area element is
S

()= ")? 1+ g;(r,’)

2

2
g;(rj') : (4.54)

The value H(r") is available through interpolation whenever the resolution " of the
recorded hologram is small enough, and wheneves® 2 H and the there is a physical return-
trip ray. It is remarkable that the complexity of the new imaging method (4.53) is now
O(Nr Nj). This new and simplied method, synthesized in (4.53) and called hereinafter
Single-Path Across-Interface Conjugate-Phase Matching (SPAI-CPM), is capable of producing
re ectivity images of the underground as it will be seen in the next subsection. Its resolving
capabilities and robustness will be, as expected, worse than those of the previously described
method, AS-CPM from Subsection 4.3.4. This less performant method, relying on additional
assumptions, will be able to produce re ectivity images but it will also show greater image
degradation as the scenarios on which it's used deviate from conditions less challenging to
those assumptions.

In what follows we will provide examples of complex image reconstruction using the al-
gorithm described in this subsection, synthesized in (4.53), and in the previous subsection,
synthesized in (4.45).

4.3.5 Simulated examples

In this subsection we will present simulated examples of the two proposed imaging meth-
ods for underground re ectivity in double domain scenarios. The aim of these simulations
is to exemplify how numerical simulations of the global direct problem, i.e. solving a direct
backscattering wave problem for each monostatic radar sampling position, can help predict
the performance of a ground penetrating radar as the one considered. The two particular
underground imaging schemes proposed pose a case of interest because they are based on as-
sumptions that are commonly violated in realistic scenarios, and their performance must be
assessed via numerical simulations.

The di erent scenarios under which the imaging schemes will be evaluated, and the simu-
lations of wave propagation and backscattering in them, will share many parameters. Those
parameters particular to each scenario will be speci ed explicitly, while those shared will be
presented in the following table.
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Table 4.6: Parameters used for example cases of a multi-monostatic simulation and image

reconstruction in double domain scenarios
Parameter Value Units
. * 10 cm
+

Domain K* 62.83 m 1
Domain 5 cm
k 125.66 m 1
n= *= 2 | dimensionless
X1; X2 05 XxX1;x2 05 m
Interface ! ' 5 mm
f1(X1;%2) hy a(x?+ x3)+ bsin 21 m
H LA LH m

Hologram H (0;0x4)
H 5 cm

R T 1

(0:0:0) m
Image R H 1 cm

Methods | AI-CPM (4.45), and SPAI-CPM (4.53)
T (4.4) m
Target h 5 mm

The parameters speci ed in Table 4.6 show settings similar to those used for simulations in
Subsection 4.2.5 and image reconstruction in Subsection 4.3.2. We will use the target de ned
in Subsection 4.2.2. The main di erence between the scenarios that will be presented, as
anticipated in Table 4.6, will be the interface surface ', parametrized by the valuesh,, a, b,
and |, and the surface ™ of holographic recording, parametrized by its heightx and its size
LH. The following table summarized the scenarios that will be presented and the values for
the mentioned parameters that will de ne them.

Table 4.7: Summary of the scenarios presented under which the two underground imaging
methods will be evaluated using numerical simulations with common parameters from Table
4.6 and particular parameters for each case in meters.

| Scenario] h; | a] b 1[x§ L7 ]
A | 035|0.00|0.000| 00|10 10
B | 0.35|050|0.000| 00|10 10
C|035|0.00|0.000|00|30]| 15
D|035|000|0025/ 08| 10| 1.0
E|[035]000|0025/04| 10| 1.0
F|035|000|0025|02|10]| 1.0
G |035]|000|0070{0.1|10]| 1.0

The scenarios considered are divided in two main groups. In the rst group we consider a
at surface, a parabolic surface, and a radio sampling performed from a greater distance from
the surface and on a wider area, in a setting more similar to airborne acquisition. In a second
group we explore the e ect of the presence of ripple on the interface surface, ranging from
moderate to acute in comparison to the wavelength used.

For each scenario four gures will be presented. The rst one will show a three-dimensional
scenario showing the position and shape of the radar target ', the interface surface ', and
the surface of holographic recording " with the magnitude of the recorded hologram, i.e. Hj,
painted on it. The second one will show the magnitude of the complex values of the mapi
for the Nyms points sampled in 7. The third and fourth gures will show the magnitude of
the complex values of the mapsR painted on the reconstruction points on R for the AI-CPM
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and SPAI-CPM methods.

The reconstructed re ectivity maps R are represented using an arbitrary and normalized
scale across the examples presented. The edge of the original radar target it drawn over every
map to provide as reference of the accuracy of the reconstruction.
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Scenario A

| Scenario| hy | a| b 1]x§ L7 ]
| A [0.35]0.00] 0.000] 0.0 1.0] 1.0]

Figure 4.16: Three-dimensional depiction of Scenario A showing the radar target T, the
interface surface ', the surface of holographic recording " and the absolute value ofH
painted on it (left ), and the absolute values of the mapH painted on H (right ).

Figure 4.17: Absolute values of mapR reconstructed for Scenario A using AI-CPM (eft ) and
SPAI-CPM (right ), painted on R,
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Scenario B

| Scenario| hy | a| b 1]x§ L7 ]
| B [0.35] 050] 0.000] 0.0] 1.0 1.0

Figure 4.18: Three-dimensional depiction of Scenario B showing the radar target T, the
interface surface ', the surface of holographic recording " and the absolute value ofH
painted on it (left ), and the absolute values of the mapH painted on H (right ).

Figure 4.19: Absolute values of mapR reconstructed for Scenario B using Al-CPM (eft ) and
SPAI-CPM (right ), painted on R,
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Scenario C

| Scenario| hy | a| b 1]x§ L7 ]
| C [0.35] 0.00] 0.000] 0.0] 3.0] 15|

Figure 4.20: Three-dimensional depiction of Scenario C showing the radar target T, the
interface surface ', the surface of holographic recording " and the absolute value ofH
painted on it (left ), and the absolute values of the mapH painted on H (right ).

Figure 4.21: Absolute values of mapR reconstructed for Scenario C using AI-CPM (eft ) and
SPAI-CPM (right ), painted on R,
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Scenario D

| Scenario| hy | a| b 1]x§ L7 ]
| D [0.35] 0.00] 0.025] 0.8] 1.0] 1.0]

Figure 4.22: Three-dimensional depiction of Scenario D showing the radar target T, the
interface surface ', the surface of holographic recording " and the absolute value ofH
painted on it (left ), and the absolute values of the mapH painted on H (right ).

Figure 4.23: Absolute values of mapR reconstructed for Scenario D using Al-CPM (eft ) and
SPAI-CPM (right ), painted on R,
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Scenario E

| Scenario| hy | a| b 1]x§ L7 ]
y E[0.35]/0.00]0.025[/04[1.0] 1.0]

Figure 4.24: Three-dimensional depiction of Scenario E showing the radar target T, the
interface surface ', the surface of holographic recording " and the absolute value ofH
painted on it (left ), and the absolute values of the mapH painted on H (right ).

Figure 4.25: Absolute values of mapR reconstructed for Scenario E using AI-CPM (eft ) and
SPAI-CPM (right ), painted on R,
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Scenario F

| Scenario| hy | a| b 1]x§ L7 ]
y F]0.35/0.00]0.025/0.2]1.0] 1.0]

Figure 4.26: Three-dimensional depiction of Scenario F showing the radar target T, the
interface surface ', the surface of holographic recording " and the absolute value ofH
painted on it (left ), and the absolute values of the mapH painted on H (right ).

Figure 4.27: Absolute values of mapR reconstructed for Scenario F using Al-CPM (eft ) and
SPAI-CPM (right ), painted on R,
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Scenario G

| Scenario| hy | a| b 1]x§ L7 ]
y G[0.35/0.00]0.070]/0.1]1.0] 1.0]|

Figure 4.28: Three-dimensional depiction of Scenario G showing the radar target T, the
interface surface ', the surface of holographic recording " and the absolute value ofH
painted on it (left ), and the absolute values of the mapH painted on H (right ).

Figure 4.29: Absolute values of mapR reconstructed for Scenario G using AI-CPM (eft ) and
SPAI-CPM (right ), painted on R,
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The results provided for the cases A through G, described in Subsection 4.3.5 and with
parameters summarized in Table 4.6, show an overall satisfactory performance. Even if many
cases violate the assumption underlying the imagining principles of both methods, i.e., that
the wavelength is very small in comparison to the geometrical features of the scenario, the
algorithms produce re ectivity maps R whose absolute values allow for the location and (in
many cases) the identi cation of the shape of the radar target. From the somewhat restricted set
of simulated examples, some conclusions can be extracted about the imaging methods. Besides
the performance of the imaging methods, their simulations proves the proposed simulation
method appropriate to measure it, and highlights the improvements leading to more e cient
numerical simulations.

The rst method, called Al-CPM, a proposed extension of the method described and tested
for single domain scenarios in [23], is able to resolve the obstacle even when the geometrical
features of the interface surface violate the assumptions of geometrical optics on which it is
based. It does however provide poorer results the further this violation goes. Depending on the
actual refraction index and on the used wavelength in a real scenario, this method stands as
promising for use with airborne ground-penetrating radars when the underground is assumed
to be su ciently homogeneous and the geometrical features of the interface surface are larger
than the wave used length. The second method, SPAI-CPM, relying on additional and most
often unrealistic assumptions, stands out by its lower algorithmic complexity while its resolving
performance remains useful for a range of cases that could prove useful for some applications.
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Syntlese en Frarcais

Cette these s'inscrit dans le sujet des operateurs inegraux de frontere ce nis sur le disque
unitaire en trois dimensions, leurs relations avec les probemes externes de Laplace et Helmholtz,
et leurs applications au peconditionnement des sysemes lireaires obtenus en utilisant la
nethode desekements nis de frontere. On utilise aussi les esultats obtenus poureteindre la
poree des ces nethodes pour le peconditionnement des sysemes lireaires produits par des
objets plats plus grerals. Finalement, on montre la capacie de la methode propose dans la
gestion de la complexie computationnelle assoceea une nouvelle nethode de reconstruction
des images en utilisant la di raction d'ondes.

Chapitre 1: Propagation d'Ondes, Equations Inegrales de Front-
ere, Methode des  Eéments Finis de Frontere et Complexie
Computationnelle

On cecrit d'abord les nethodes inegrales pour esoudre les probemes de Laplace et de
Helmholtz en dehors des objetsa frontere egulere lipschitzienne, et en dehors des surfaces
bidimensionnelles ouvertes dans un espace tridimensionnel. On met le focus sur le cas du
probeme de Laplace. La formulation inegrale des probemes de Laplace est decrite formelle-
ment.

On s'ineresse aux formes bilireaires

s et N

pour l'oerateur de simple couche sur une distribution 2 H 172()
VA
S (y)= G(xy) (x)d(x); y2R%

et pour l'ogerateur hyper-singulere sur une distribution 2 H1%2()

z
N (y)= @]@?;IX(X:Y) 0)d(x); y2R

e nis pour une frontere susamment egulere et pour la solution fondamental de
lequation de Laplace en trois dimensions, i.e.

1

Cixiy) = 4 kx yk:

On cecrit I'obtention des solution nuneriques en utilisant la nethode desekments nis de
frontere (BEM en anglais) et on s'ineresse aux matrices qu'en esultent de cette methode. On
cecritegalement la mise en uvre d'une nmethode nurnrerique utilisant la methode deseements
nis de frontere dans un cadre susamment ample. Les avantages et les ¢k s interents a
la methode sont abordes : la complexie du calcul nunerique (de memoire et algorithmique),
d'ordre O N2 , et le mal conditionnement interentesa des sysemes lireaires assoces, d'ordre
O h 1 ,a N estle nombre de fonctions de base de I'espace discret utilie @test le paranetre
de taille de la discetisation de la surface . Dans la suite de la trese, on s'attaque au probeme
du conditionnement pour un type pecis de surface .

173



Chapitre 2: Ograteurs Inegraux et les Objets en Forme de
Disque

Dans une deuxeme partie on expose une technique optimale de peconditionnement (in-
ependante de la discetisation) sur la base des operateurs inegraux de frontere. On montre
comment cette technique est facilement ealisable dans le cas de probemes ¢ nis en dehors
d'un objet eguliera frontere lipschitzienne, mais qu'elle pose des probemes quand ils sont
k nis en dehors d'une surface ouverte dans un espace tridimensionnel. On montre que les
operateurs inegraux de frontere assocesa la esolution des probemes de Dirichlet et Neumann
k& nis en dehors des surfaces ont des inverses bien c nis. On montre egalement que ceux-Ci
pourraient conduirea des techniques de peconditionnement optimales, mais que ses formes
explicites ne sont pas facilesa obtenir. Ensuite, on montre une nethode pour obtenir de tels
operateurs inverses de facon explicite lorsque la surface sur laquelle ils sont ¢k nis est un disque
unitaire dans un espace tridimensionnel. Ces operateurs inverses explicites seront, cependant,
en forme des ries, et n‘auront pas une adaptation immediate pour leur utilisation dans des
nmethodes desekments nis de frontere. On ¢ nit le disque comme

D= fx = (x1;X2;X3) 2 R®:x3=0;x2+ x5 < 1g;

sur lequel on considerera aussi des coordonrees cylindriquesx( ) pour un point x 2 D.

On consicere les harmoniques spleriques ¢ nies pour un pointx sur la sphere unie ¢ nie
en coordonrees spteriques

Y™ x; x)= Mé™ *P™cos x),pour | m letm O
w
r s
+1=2 (I m)
m — m .
F=0 2 (I + m)’

On ¢k nit des fonctions de base sur le disque comme

y"(x) = Y™(x*); pourx 2D;

al X estla projection verticale sugerieure/inerieure du point x sur la sphere unie. En
Bonsidarant aussi une fonction de poids lee a la singularie des sauts des tracesw(x) =
1 £, etlensemble

Y= y"2C(D):y"(x)= \,\"(x*); forx 2D ;

on ¢k nit les ensembles

y"

Ys=fy™2Y :1+ m pairg; YW= W:y|m2YS ;

m
Yas = fy™ 2Y : 1+ mimpairg; YW= yIW Y™ 2 Y as
Un des principaux esultats est le ceveloppement en sries des fonctions sur les espaces
H™(D), H ¥2(D), B72(D), et B 72(D).
Une fonction dans I'espacel® 172(D) peut étre ceveloppee dans la baseYas:

XX ROV
= my"(x); "= p—=———o-dD(x):
(x) o ryr (X)) P 09 (x)
I+ m impair
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Une fonction g dans I'espaceH 72(D) peut étre ceveloppee dans la baseYs:

%X Z
o(x) = Y (x); g" = p%dmx):
I=0 m= |
I+ m pair

Une fonction' dans l'espaceH 172(D) peut étre ceveloppee dans la baseYészw:

* X y'(x) -
' (x) = '{"pﬁ: "= D'(x)y.m(x)dD(x):
=0 m= |
I+ m impair

Une fonction  dans l'espacel® 172(D) peut étre ceveloppee dans la baseY2™":

X X ym(x) Z o
(x) = {“pﬁ; = (x)y" (x)dD(x):
=0 m= |
I+ m pair

En utilisant ces ceveloppements en srie, on propose des noyaux inegraux comme ries
formelles:

X X 1 L L
as (X;y) = — YOOY™(y) + yr )yt (y) ;
I:Ol+nrr11:im;|)air |
his X m um ym m
hS (v -\ — m Y ymy) |y x)ym(y)
“abOVI= T 0 W) T W) wiy)
I+ m impair
X X 1 L .
KS(x;y) = —= VY™ () + ym )yt (y)
=0 I-Tn=1 p!’:\ir |
» XI m om um m
hS/o .\ — m YO Y"Y) oy x)ym(y)
RSOV= T w0 wy) T W) wiy)
I+ m pair

Dans ces noyaux, les coe cients " et ™ son d nis comme

10
(I+ny 1)=2 (I ny D=2
,’“:Z ZTlA@ 2+i1A;pourI+mpair,
1= =
(=2 . (1 yn)=2
4 2i 2
m_ _ A A - i i
| a1 . 51 pour | + m impair.
En & nissant les operateurs inegraux
z
(Lsfu)(y) = KS®(x;y)u(x)dD(x);
D
z
(Lasu)(y) =  Kzg(xiy)u(x)dD(x);
D
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Z
LBu (y)=  KI(x;y)ux)dD(x);

D
Z

Lisu (y)=  KE(x;y)u(x)dD(x);
D

onpreuve queL! LY = | etquelL® L"=1 (aw | estlapplication identie). En
suite on preuve queK s = K %S et que K "s = K S, avec

@G

K"S(x;y) = G(x;y) et K'“'(X:}/FW@]y

(X;y);

en donnant des expression pour les inverses et N sur le disque. Ces bases permettent
de triangulariser les formulation variationnelles pour les probemes de Dirichlet et de Neumann
pour le disque en trois dimensions, donnant une nmethode spectrale pour les esoudre.

Chapitre 3: Le Preconditionnement par Ogerateurs Inegraux
Modies pour des Objets Plats

Dans une troiseme partie on montre comment certaines modi cations aux ogerateurs in-
verses mentionres permettent d'obtenir des expressions variationnelles explicites et fermees,
non plus sous la forme des ries, en conservant certaines caraceristiques importantes pour
I'e et de peconditionnement chercte. Ces formes explicites sont applicables aux nethodes
desekments nis frontere. On obtient des expressions variationnelles pecises et on propose
des calculs nuneriques pour leur utilisation avec desekments nis frontere. Ces nmethodes
nuneriques sont tesees en utilisant dierentes identies obtenues dans la treorie developpee, et
sont ensuite utilisees pour produire des matrices peconditionnantes. Leur performance en tant
que peconditionneurs de sysemes lireaires assocesa des probemes de Laplace et Helmholtz
a l'exerieur du disque est tesee. En n, on propose extension de cette methode pour couvrir
les cas de surfaces diverses. Ceci estetude dans les cas pecis des probemes exerieursa des
surfaces en forme de care et en forme dé& dans un espace tridimensionnel.

En consicerant des noyaux modies,

XX
= (x5y) = Y (Y)Y (x);
1I=0 m= |
I+ m pair
XX
Kas (X;y) = Y)Y (x);
I=0 m= |
[+ m impair

XX ym(y) ym(x) |

S(x;y) = | ;
o e W) W(X)
I+ m pair
| -
erspeyy = 0 WD),
as 1 1
o e WOY) W(X)
I+ m impair
al les coe cients modies sont
2 _ 20 +1)
T 2+1 et 1= 20+1 °



on ¢ nitegalement des operateurs inegraux modies:

Z
€°  (y)= KR&S(x;y) (x)dD(x);

NO

s’ (¥) = KaS(x5y) ()dD(x);

NGO

g (y)=  KI(x;y)g(x)dD(x);

NGO

S (y)=  RIE(x;y) (x)dD(x):
D

Un esultat central de la trese est l'expression des formes bilireaires assocees aux ces
orerateurs. En fait:

D E Z<Z 1 1
ews -t - = + t D D .
T e kT ek W0 00a00)
D E 27 1 1
ewsr. + t - - ' vt .
G P ke v e vk (0 dDe)doey);
D D
D E D | | E 1 @ 1 @t
ehs . t — ews Lt t ews - . .
s ; 5 &= curlp ; curlp D+ Eas W@, ,W—@y .
Lehs . = [Ews [ H [ t + Ews = g . :
sg:gt D as CUl pg;curipg D s W@ 1W@y 5

Ces expression bilireaires sont fernees, et donc calculables dans le cadre des nethodes des
ekments nis de frontere. Les matrices qui en esultent, provenant des operateurs avec des
singularies dans leur noyaux similairesa celles des inverses d& et N, sont adapees pour étre
peconditionnantes. Plusieurs exemples nuneriques en montrent leur performance.

Chapitre 4: Applicationa la gestion de la Complexie Com-
putationnelle dans la Test de Methodes de Teédtection par
Simulation

En n, les methodes ceveloppes sont utiliees dans un exemple d'application. Sur la base de
techniques et hypotheses de I'optique geonetrique, on propose des aneliorationsa des nethodes
existantes pour l'imagerie de la e ectivie du sous-sol en utilisant le radara peretration de
sol. Etant bazes sur des hypotteses de l'optique geonetrique, ces nethodes doivent étre
evaliees par simulations nuneriques, ce qui entrame la esolution d'un nombre tes impor-
tant de probemes directs. Une analyse de complexie montre comment les technigques de
peconditionnement proposees peuvent eduire la complexie algorithmique du probeme global.
En n, la capacie de esolution des nethodes proposes pour la formation des images du sous-
sol estevaliee dans pour di erent senarios d'inerét.

Les nmethodes traiees dans ce chapitre appartient aux methodes de ltrage adaptative pour
la reconstruction des images complexes de e exivieR sur un surface R,
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z
R(y)= F;y)Hx)d H(x); fory2 F;

H

al H est la fonction de diraction (d'un objet irrade) mesuee sur une surface ", F
est le ltre adape, et ' est une surface qui cache I'objet dont on veut faire un image de sa
E ectivie.
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Cette these s'inscrit dans le sujet des operateurs inegraux de frontere e nis sur le disque unitaire en trois
dimensions, leurs relations avec les probemes externes de Laplace et Helmholtz, et leurs applications au
peconditionnement pour la methode deseéments nis de frontere. On cecrit d'abord les nethodes inegrales pour

les probemes de Laplace et de Helmholtz en dehors des objetsa frontere egulere lipschitzienne, et en dehors des
surfaces bidimensionnelles ouvertes. On decrit la mise en uvre deseéments nis de frontere, la complexie du
calcul nunerigue assoce, et le mauvais conditionnement des sysemes lireaires. Ensuite, on cecrit le
peconditionnement optimal sur la base des operateurs inegraux de frontere. Cette technique est facilement
ealisable dans le cas de probemes & nis en dehors d'un objeta frontere lipschitzienne, mais elle pose des
probemes quand ils sont e nis en dehors d'une surface ouverte. On montre que les ogerateurs inegraux de
frontere assocesa la esolution des probémes de Dirichlet et Neumann ont des inverses bien ¢ nies, et on montre
egalement que celles-ci pourraient conduirea des techniques de peconditionnement optimales, mais que ses formes
explicites ne sont pas facilesa obtenir. Ensuite, on pesent une nethode pour obtenir de tels operateurs inverses de
fecon explicite quand la surface est un disque unitaire. Ces operateurs inverses explicites seront, cependant, en
forme de =ries, et n'auront pas une application imnmediate avec des nethodes deseéments nis de frontere. On
propose, ensuite, certaines modi cations aux ogerateurs inverses mentionres permettant d'obtenir des expressions
variationnelles explicites et fernees en conservant certaines caraceristiques importantes pour l'e et de
peconditionnement chercte. Ces formes explicites sont applicables aux nmethodes deseéments nis frontere. On
obtient des expressions variationnelles pecises et on propose des sctemas nuneriques appropres. Ces nethodes
nuneriques sont tesees et sont ensuite utili€es pour produire des matrices peconditionnantes. Leur performance
en tant que peconditionneurs de sysemes lireaires est tesee. Enn, on propose une extension de cette nethode
pour les cas de surfaces diverses. Les nethodes developpees sont utiliees dans un exemple d'application. Sur la
base de techniques et hypotteses de l'optique geonetrique, on propose des aneliorationsa des methodes existantes
pour lI'imagerie de la e ectivie du sous-sol en utilisant le radara peretration de sol.

Title: Theoretical and Numerical Aspects of Wave Propagation Phenomena In Domains of Complex
Geometry and Applications to Remote Sensing
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This thesis is about some boundary integral operators de ned on the unit disk in three-dimensional space, their
relation with the exterior Laplace and Helmholtz problems, and their application to the preconditioning for the
boundary element method. We begin by describing the integral method for the solution of the Laplace and
Helmholtz problems on the exterior of objects with Lipschitz-regular boundaries and open two-dimensional surfaces
in three-dimensional space. We describe the integral formulation in these cases, the boundary element method, its
computational complexity and the inherent ill-conditioning of the associated linear systems. We describe optimal
preconditioning based on operator preconditioning. We show that this technique is easily applicable when objects
are Lipschitz-regular, but that its application fails for problems involving open surfaces. We show that the integral
operators associated with the resolution of the Dirichlet and Neumann problems de ned on the exterior of open
surfaces have inverse operators that would provide optimal preconditioners but they are not easily obtainable.
Then we show a technique to explicitly obtain such inverse operators for the unit disk. Their explicit inverse
operators will be given in the form of a series and will not be immediately applicable in the use of boundary
element methods. Then we show how some modi cations to these inverse operators allow us to obtain variational
explicit and closed-form expressions that conserve some characteristics that are relevant for their preconditioning

e ect. These explicit and closed forms expressions are applicable in boundary element methods. We obtain precise
variational expressions for them and propose appropriate numerical schemes. The proposed numerical methods are
tested and then used to build preconditioning matrices. Their performance as preconditioners for linear systems is
tested for the case of the Laplace and Helmholtz problems for the unit disk. We propose an extension of this
method that allows for the treatment of cases of open surfaces other than the disk. Finally, the methods developed
are used in an application example. Based on techniques and assumptions from geometrical optics, we propose
improvements to existing methods for the imaging of underground re ectivity using ground penetrating radar.
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