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AN INVERSE STOKES FLUID PROBLEM FOR STENOSIS
DETECTION: AN APPLICATION OF DIVERGENCE-FREE
RADIAL BASIS FUNCTIONS

Abstract

This work addresses the inverse geometric problem of identifying obstructions
in viscous fluid flows using sound wave measurements. We develop a Radial Basis
Function (RBF) free divergence hybrid method to simulate and solve the direct
and inverse problems. The proposed approach combines theoretical results and
numerical simulations and is based on the interaction between a fluid-acoustic
wave system. This non-invasive method has the potential to be applied in the
early detection of stenosis in coronary arteries, which is essential for preventing
heart attacks, and so, avoiding the occurrence of death.

This work is organized as follows: Chapters 1 to 4 are based on the article that is
in the process of being published [18]. In Chapter 1, we introduce the formulation
of the fluid-sound wave direct problem. Chapter 2 offers theoretical results on
the identification of obstructions in fluid flows. In Chapter 3, we demonstrate the
viability of the hybrid RBF method through numerical simulations. Finally, in
Chapter 4, we solve the inverse problem of identifying obstructions using sound
wave measurements, showing the real-world applicability of the theory.

In Chapter 5, we prove some results regarding the continuity of the non-stationary
Stokes equation with respect to the domain, using a method similar to that in [62].

Chapters 6 to 8 are dedicated to the hybrid divergence-free radial basis functions
(RBF) method developed in this thesis and published in [17]. In these chapters,
we discuss the formulation, properties, and advantages of the method, as well as
provide a comprehensive understanding of its development and applications.

This study lays the groundwork for future research and applications in the field
of obstruction identification in viscous fluid flows and early detection of stenosis in
coronary arteries. The proposed methodology has the potential to significantly im-
prove current diagnostic techniques and provide a more efficient and non-invasive
approach in clinical practice.
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Resumen

En este trabajo, abordamos el problema geométrico inverso de detectar obstruc-
ciones en flujos de fluidos viscosos utilizando mediciones de ondas acusticas. De-
sarrollamos un método hibrido de divergencia libre de funciones de base radial
(RBF) para simular y resolver el problema directo e inverso. El enfoque propuesto
combina resultados tedricos y simulaciones numéricas, y se basa en la interaccion
entre un sistema de flujo-onda actstica. Este método no invasivo tiene el poten-
cial de ser aplicado en la deteccion temprana de estenosis en arterias coronarias,
lo cual es fundamental para prevenir infartos al miocardio y con ello, evitando la
ocurrencia de muertes .

Este trabajo esta organizado de la siguiente manera: Los capitulos 1 a 4 se
basan en el articulo que esta envia de publica [18]. En el Capitulo 1, introducimos
la formulacién del problema directo de onda fluido-sonido. El Capitulo 2 ofrece
resultados teodricos sobre la identificacion de obstrucciones en flujos de fluidos. En
el Capitulo 3, demostramos la viabilidad del método hibrido RBF a través de sim-
ulaciones numéricas. Finalmente, en el Capitulo 4, resolvemos el problema inverso
de identificar obstrucciones utilizando mediciones de ondas sonoras, mostrando la
aplicabilidad real de la teoria.

En el Capitulo 5, demostramos algunos resultados sobre la continuidad de la
ecuacion de Stokes no estacionaria con respecto al dominio, utilizando un método
similar al presentado en [62].

Los Capitulos 6 a 8 estan dedicados al método hibrido de divergencia libre de
funciones de base radial (RBF) desarrollado en esta tesis y publicado en [17]. En
estos capitulos, discutimos la formulacion, propiedades y ventajas del método, asi
como proporcionamos una comprension integral de su desarrollo y aplicaciones.

Este estudio sienta las bases para futuras investigaciones y aplicaciones en el
campo de la identificacion de obstrucciones en flujos de fluidos viscosos y la de-
teccion temprana de enfermedades cardiovasculares. La metodologia propuesta
tiene el potencial de mejorar significativamente las técnicas actuales de diagnéstico
y proporcionar un enfoque mas eficiente y no invasivo en la practica clinica.
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Introduccién en espanol

La enfermedad de las arterias coronarias (EAC), también conocida como enfer-
medad coronaria, es el tipo de enfermedad cardiaca mas prevalente. El infarto de
miocardio (ataque cardiaco) es una de las principales causas de muerte en muchas
naciones del primer mundo, con un aumento en la incidencia en naciones emer-
gentes. En los Estados Unidos, al menos 360,000 muertes ocurren cada ano (ver
Lewandowoski y Cinquegrani, Enfermedad del corazon coronario en [66, Sect.2
Chap.8] y [57] y referencias en ellos).

Esta enfermedad es causada por la formacién de placas ateroscleréticas dentro de
las paredes de las arterias coronarias debido a la acumulacién lenta de colesterol,
acidos grasos, calcio y tejido conectivo fibroso, entre otras sustancias (ver [66,
Sect.2 Chap.8] y [31]).

La presencia de estas placas aterosclerdticas causa una obstruccién local (cono-
cida como estenosis) del flujo sanguineo, que puede tener consecuencias catastréficas,
como el infarto de miocardio. Aunque los sintomas de la EAC se hacen mas evi-
dentes en etapas posteriores, es extremadamente dificil diagnosticar la enfermedad
antes de la aparicion de los sintomas iniciales, que generalmente es un infarto de
miocardio rapido que a menudo resulta en mortalidad [58].

La estenosis coronaria puede ser detectada mediante cateterizacion femoral por
fluoroscopia o tomografia computarizada multidetectora, particularmente para
cuantificar los depdsitos de calcio coronario que se correlacionan con lesiones ob-
structivas significativas [66]. Sin embargo, ambas técnicas son invasivas. Por lo
tanto, el desarrollo de una técnica alternativa no invasiva de "auscultacién” para
la deteccion temprana de estenosis en los vasos coronarios es de gran importancia.

Esta bien establecido que la presencia de una obstruccién en la pared de una
arteria coronaria produce una onda actstica (soplo) que se propaga desde la pared
del vaso coronario a través de la cavidad toracica hasta la superficie del térax,
donde se puede registrar utilizando sensores especializados ([47], [12]). Esto sienta
las bases para un método de "auscultacién” no invasivo para la deteccion temprana
de la estenosis de las arterias coronarias que es relativamente facil de usar, asequible
y adecuado para entornos hospitalarios o de consultorios donde el ruido de fondo
es inevitable [47].

Desde una perspectiva fisico matematica, el problema de deteccién temprana de
estenosis coronaria mediante procedimientos no invasivos conduce a un problema
inverso fluido-estructra con datos externos.

Aunque la modelizacién y simulacién del flujo sanguineo, problema directo, me-
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diante diferentes técnicas, han sido realizadas por muchos grupos con el fin de
proporcionar conocimientos sobre el comportamiento del flujo para aplicaciones
clinicas [56], [57], existe un creciente interés en conectar esfuerzos computacionales
y analisis tedrico de manera tinica. Sin embargo, debido a la complejidad que surge
de tal combinacién, se encuentra en una etapa temprana incluso para el problema
directo, es decir, el problema de la buena formulacién en el sentido de Hadamard.

En este trabajo, presentamos un problema inverso geométrico 2D relacionado
con la identificacién y deteccién de estenosis en un conducto coronario utilizando
"registros” de ondas actsticas. En nuestro enfoque, el problema de deteccion se
refiere a la posicion, extensién y reduccién de la luz coronaria. En otras palabras,
abordamos un problema de obstaculo de frontera inversa a través de "mediciones
externas” de mediciones de ondas actsticas locales, que se encuentran fuera (a
una distancia adecuada) de la arteria coronaria. En este contexto, los términos
"registro” y "mediciones externas” son equivalentes. Esta técnica no es simple
debido a su no invasividad y al hecho de que se utiliza a diario en la practica
clinica a través de técnicas de ultrasonido [13, 55| y radiacion de ondas acusticas
en materiales biolégicos [53]. Ademas, considerar modelos complejos y acoplados
con datos especificos del paciente hace que los esfuerzos teéricos y computacionales
sean exorbitantes.

Simultaneamente, se modela la transmisién y propagaciéon del sonido a través de
los tejidos bioldgicos circundantes utilizando una ecuacién de onda lineal. El do-
minio acustico se discretiza mediante una cuadricula cartesiana, con acoplamiento
con fluido que ocurre en una pared (superior o inferior) con condiciones de desliza-
miento de Navier. Considerando que las condiciones de deslizamiento de Navier
describen el fluido en las paredes arteriales (paredes superior e inferior), el término
de acoplamiento entre el fluido y la onda corresponde al componente normal del
tensor de tensiones de Cauchy. Con esta informacién, nuestro problema inverso
consiste en detectar el obstaculo O a partir del conocimiento de los datos externos
proporcionados por el estado de onda en una subparte de su borde que no esta en
contacto con el fluido durante un intervalo de tiempo determinado (0,7"). En su
forma actual, este problema y su geometria asociada pueden considerarse como un
problema "de juguete” en 2D; sin embargo, hay algunos aspectos relevantes que
destacar:

a) Condicion O N IQ # (. En términos generales, esta condicién refleja un
problema inverso de obstaculo de frontera para un fluido lineal bidimensional.
Aunque existe una amplia literatura sobre problemas inversos de obstaculos
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que implican la obstruccién dentro del dominio (es decir, O CC 9f) con
diferentes técnicas [23, 7, 11, 21, 22, 3], hasta donde sabemos, no se ha
informado un andlisis inicial para el caso en el que O NI # .

Condiciones de borde y término de transmision. Siguiendo un marco tedrico
reciente para fluidos de Navier-Stokes con condiciones de deslizamiento de
Navier [10, 1], demostramos la existencia y unicidad de una solucién débil
para fluidos de Stokes considerando condiciones de borde mixtas; ver (1.2) a
continuacién. El término de transmisién sigue las ideas formuladas en [48],
y por lo tanto la informacién proporcionada por el tensor de tensiones de
Cauchy se encuentra en una condicion de borde para una ecuaciéon de onda.

Mediciones externas para el problema inverso. Nuestro enfoque aborda el
problema inverso de obstaculo de frontera fluido-estructura (estructura rigida)
a partir de mediciones externas proporcionadas por datos locales de ondas
de sonido. Cabe senalar que se ha realizado un estudio computacional de un
problema directo para un modelo fluido-actstico diferente en [59]. Sin em-
bargo, nuestro modelo tiene una estructura diferente, que se basa en condi-
ciones de deslizamiento de Navier y el acoplamiento de onda acustica con
el fluido a través del tensor de tensiones de Cauchy. En cuanto a las ob-
servaciones externas, el articulo reciente [44] utiliza el método de soluciones
fundamentales con regularizacién de Tikhonov para resolver la identificacion
de obstaculos sumergidos en un fluido estacionario de Oseen (con condiciones
de borde de Dirichlet), y cuyas mediciones externas se basan en la velocidad
del fluido, la fuerza de traccion o el gradiente de presion.



1 An Introduction to the Stokes
Boundary Obstacle Problem

1.1 Introduction

Coronary artery disease (CAD), also known as coronary heart disease, is the most
prevalent type of heart disease. Myocardial infarction (heart attack) is a lead-
ing cause of death in many first-world nations, with a rising incidence in emerg-
ing nations. In the United States, at least 360,000 deaths occur each year (see
Lewandowoski and Cinquegrani, Coronary Heart Disease in [66, Sect.2 Chap.§]
and [57] and references therein).

This disease is caused by the formation of atherosclerotic plaques within the
coronary artery walls due to the slow accumulation of cholesterol, fatty acids,
calcium, and fibrous connective tissue, among other substances (see [66, Sect.2
Chap.8] and [31]).

The presence of these atherosclerotic plaques causes local obstruction (known
as stenosis) of the blood flow, which may have catastrophic consequences such as
myocardial infarction. Although CAD symptoms become more evident in later
stages, it is extremely difficult to diagnose the disease before the appearance of
initial symptoms, which is typically a sudden myocardial infarction that often
results in mortality [58].

Coronary stenosis can be detected by fluoroscopy femoral catheterization or
multidetector computed tomography scanning, particularly to quantify coronary
calcium deposits that correlate with significant obstructive lesions [66]. However,
both techniques are invasive. Consequently, the development of an alternative non-
invasive "auscultation” technique for the early detection of stenosis in coronary
vessels is of great importance.

It is well established that the presence of an obstruction on the wall of a coronary
artery generates turbulent flow downstream, which in turn generates an acoustic
wave, commonly known as a murmur. This murmur propagates from the artery’s
wall, traversing the thoracic cavity, and reaches the chest’s surface. Here, it can
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be captured by utilizing specialized sensors ([47], [12]). This lays the foundation
for a noninvasive "auscultation” method for the early detection of coronary artery
stenosis that is relatively simple to use, affordable, and suitable for hospital or
office settings where background noise is unavoidable [47].

From a mathematical perspective, the early detection problem of coronary steno-
sis by non-invasive procedures leads to an inverse fluid-structure problem with
external data.

Although the modeling and simulation of blood flow, direct problem, through
different techniques, have been carried out by many groups in order to provide
knowledge of flow behavior for clinical applications [56], [57], there is a growing
interest in connecting computational efforts and theoretical analysis in a unique
way. However, due to the complexity arising from such a combination, it is in
an early stage even for the direct problem, i.e., the well-posedness problem in the
sense of Hadamard.

In this work, we present a 2D geometrical inverse problem concerning the iden-
tifiability and detection of stenosis in a coronary duct by using "records” from
acoustic waves. In our setting, the detection problem refers to position, extension,
and coronary lumen reduction. In other words, we address an inverse boundary
obstacle problem through ”external measurements” of local acoustic waves mea-
surements, which are located outside (at a suitable distance) from the coronary
artery. In this context, the terms "record” and "external measurements” are equiv-
alent. This technique is not simple due to its non-invasiveness and the fact that
it is used daily in clinical practice through ultrasound techniques [13, 55] and
acoustic wave radiation in biological materials [53]. Moreover, considering com-
plex and coupled models with patient-specific data makes both theoretical and
computational efforts exorbitant.

For these reasons, in this work, we consider a simple rectangular geometry €2
to model the blood flow as a viscous Stokes fluid in 2D with both Dirichlet and
Navier-slip conditions on the arterial walls. Hereafter, these kinds of boundary
conditions are called mixed boundary conditions. The domain has an obstacle O
representing stenosis, and such that O intersects the fluid domain at only one part
of the boundary, i.e., O N 9 # (. The Dirichlet boundary conditions are applied
to the velocity flow at the inlet and exit, while Navier-slip boundary conditions
are used for the top and bottom walls.

Simultaneously, the transmission and propagation of sound through surrounding
biological tissues are modeled using a linear wave equation. The acoustic domain
is discretized using a Cartesian grid, with fluid coupling occurring at a wall (top or

10



1.1 Introduction

bottom) with Navier slip conditions. Considering that the Navier slip conditions

describe the fluid at arterial walls (top and bottom walls), the coupling term
between the fluid and the wave corresponds to the normal component of the Cauchy

stress tensor. With this information, our inverse problem consists of detecting the

obstacle O from the knowledge of external data provided by the wave state on

a subpart of its boundary not in contact with the fluid during a certain time

interval (0,7"). In its current form, this problem and its associated geometry can

be considered as a 2D toy problem; however, there are some relevant aspects to
highlight:

a)

Condition O N 0 # (. In general terms, this condition reflects an in-
verse boundary obstacle problem for a two-dimensional linear fluid. Al-
though there is extensive literature on inverse obstacle problems involving
obstruction inside the domain (i.e., O CcC 99Q) with different techniques
[23, 7, 11, 21, 22, 3|, to the best of our knowledge, no initial analysis has
been reported for the case where O N 9 # (.

Boundary conditions and transmission term. Following a recent theoreti-
cal framework for Navier-Stokes fluids with Navier slip boundary conditions
[10, 1], we demonstrate the existence and uniqueness of a weak solution for
Stokes fluids considering mixed boundary conditions; see (1.2) below. The
transmission term follows the ideas formulated in [48], and thus, the infor-
mation provided by the Cauchy stress tensor lies in a boundary condition
for a wave equation.

External measurements for the inverse problem. Our approach addresses
the inverse fluid-structure (rigid structure) boundary obstacle problem us-
ing external measurements provided by local sound wave data. It should be
noted that a computational study of a direct problem for a different fluid-
acoustic model was conducted in [59]. However, our model has a different
structure, relying on Navier slip conditions and the coupling of acoustic wave
with the fluid through the Cauchy stress tensor. Regarding external observa-
tions, the recent article [44] uses the method of fundamental solutions with
Tikhonov regularization to solve the identification of submerged obstacles in
a stationary Oseen fluid (with Dirichlet boundary conditions), with external
measurements based on fluid velocity, traction force, or pressure gradient.

11



1 An Introduction to the Stokes Boundary Obstacle Problem

1.2 The problem setting

We define the spatial domain of fluid flow by €2 := (0, L) x (0, D), where L > 0 can
be understood as the length of the blood vessel and D > 0 its diameter. Assume

that 99 is divided into four parts Tines, Dby, 9% and Ty of a non-vanishing

measure such that T N T2, N T O\ T,,; = (. Throughout this research work,

wall wall
we adopt the convention that a boldface character denotes a vector or a tensor.

Furthermore, we consider an obstacle @ C Q with non-empty interior such that

Qo := Q\O only has one connected component, which is split into four parts
Lintet, Fgﬂf , ngfg’w”, ['out and the boundary 0O of O satisfies (see Figure 1.1):
oon Finlet = (Z)a o0 N Finlet = Q)a
a(DﬂFout = mv or O N T ou = wa (11)
00NTyar #90, o0 NT #0
r\lnjl:"
Q b Fout
\J
rosm b
(a)
rO,Up

wall

0\O Fou
@ rog

(b)

Figure 1.1: Geometric representation of the domain: a) Q , b) Qe := Q\O.

The velocity vector w and the scalar pressure p of the fluid in the presence of the
obstacle O are modeled by the Stokes system with mixed boundary conditions:

12



1.2 The problem setting

u; — div(o(u,p)) =0 in Qo x (0,7,

div(u) =0 in Qe x (0,7),

U = Gin on Dyer X (0,7), (1.2)
U = Gout on Loy x (0,7),
u-n=0,[o(u,pn], =0 on ro . x(0,7),

u(-,0) = uo(+) in Qp,

Given that m is the unit outward normal vector of 9y, and g;, and ge.: are de-

fined as nontrivial Dirichlet data. Additionally, o(u, p) is identified as the Cauchy

V4Vt
2

the identity matrix of size 2 x 2, while > 0 is the kinetic viscosity coefficient. The

stress tensor, that is, o(u,p) = 2D(u) — Ip = 2 u — pl. Here, I represents
subscript tg marks the tangential component of the relevant vector field, defined
as vy, := v — (V- Mn)n, as given in [54].

Concurrently, the acoustic wave propagation in the arterial wall and nearby
tissue is depicted through a linear wave equation within a bounded domain S :=

(0, L) x (D, H) as follows:

Wy — Aw =0 in S x (0,7),
w=(o(u,p)v)-v  on ([0,L]x{D}) x (0, ), (13)
2 4 o0 — on (95\ ([0, Lx{D}) x (0.7). |

wi(+,0) =w(-,0) =0 1in S,

In this context, v := (0, 1), a% stands for the normal partial derivative operator
and c denotes the assigned wave speed. From a mechanical perspective, H > 0 is
interpreted as the gap between the blood vessel and the chest surface, where the
acoustic wave will be detected, as illustrated in Figure 1.2. Meanwhile, the term
(o(u,p)v) - v physically symbolizes the normal stress imposed by the fluid on the
top wall of the domain Qp. It is worth highlighting that the expression (o (u, p)v)-
v represents the coupling term in an explicit form, that is, once the solution
to (1.2) has been determined, such a boundary condition of the wave equation
(1.3) is directly obtained. Keep in mind that the second boundary condition
aligns with the Higton absorbing boundary condition of order 1, as per [36, 43].
It is widely recognized that the application of absorbing boundary conditions is
a strategy to minimize the required spatial domain when numerically resolving
partial differential equations that accept traveling waves. The well-posedness of the
initial boundary value problem associated with the absorbing boundary conditions,

13



1 An Introduction to the Stokes Boundary Obstacle Problem

coupled to the wave equation, has been debated in multiple studies, for instance,
(63, 14, 45].

Sm ‘ w —Wave created by the fluid fo
i Sm —Measurement domain of the
. . i p —Fluid pressure
e ' u—Velocity field of the fluid
~~~~~ N \* 'm —Measurement domain of uyg

\ \
; \ \
i ' / . N \ \
K / , \
Y i SN u,p
i u H ] : i | \ [ i '
i H H H H : : 4 1 1 | !
1 1 : : : H H 1 i

Fluid force (o(u,p)n).n

Figure 1.2: Geometric representation of the wave w.

As mentioned, there are no papers dealing with the effective reconstruction
of an obstacle in contact with a subset of 92, and using some type of external
measurement, for unsteady Stokes fluids with mixed boundary conditions. The
aim of this work consists in determining an obstacle O C Q (time-independent and
satisfying (1.1)) using external measurements from the acoustic wave w (see (1.3))
in the set S,, x (0,Tp), where S, := [k1, ko] x {H} C 0S with 0 < ky < ko < L,
and Ty < T. Our idea consists in uncoupling the system (1.2)—(1.3) and analysing
the inverse obstacle problem throughout two inverse sub-problems, namely: one
inverse problem for the wave equation related to recovering a boundary datum

from wls,, x(0,,) and, another one connecting the recovered boundary datum for
the wave equation with partial information of the Cauchy tensor given by the
Stokes fluid; see Theorem 2.3.4. To consider a wave domain S independent of the
obstruction O, we impose the geometrical condition 0O N T2,

priori knowledge of one of the configurations given in (1.1).

= (), as well as a

14



2 The stokes equation with mixed
boundary conditions

In this chapter, we present a detailed proof of the existence and uniqueness of weak
solutions for the two-dimensional Stokes system with mixed boundary conditions.
Specifically, we consider the Stokes system with a combination of Dirichlet and
Navier-slip boundary conditions. While the paper [15] mentioned these mixed
boundary conditions, it did not provide a rigorous proof. Therefore, to ensure
completeness, we rely on recent research works [1, 2, 10] that deal with both
the unsteady and steady Stokes system with Navier boundary conditions. These
types of problems are commonly known as Zaremba’s problems in the literature.
For simplicity, we assume the viscosity to be u = 1.

We recall that C™ refers to a space of functions whose derivatives up to order
'm’ exist and are a-Hoélder continuous. Until further notice, we assume that  C R?
is a bounded curvilinear polygone of class C'! in the sense of [40, Definition
1.4.5.1]. We assume that there is M € N such that:

oM
r=o0=T; ,

J=1

were each I'; is a curve of class C*!, T, follows I'; according to the positive
orientation and we have that I'; C I" , I'; N I'j41 = (). We define I'p, 'y C T as:

M M
I'p=J Tl and Ty = |J T,

Jj=2 Jj=1

As mentioned before, we denote by v, as the tangential component of v, i.e.,
vy, = v — (v-m)n. Moreover, we consider the following spaces equipped with their
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2 The stokes equation with mixed boundary conditions

usual respective norms (for instance see [10] ) :

V(Q)={uc H(Q): div(u) =0,ulr,=0,u-n =0 on 0Q},
Hor, (Q) = {ue H(Q) : ulr,= 01},
H(div,Q) = {u € L*(Q) : div(u) € L*(Q)},
H(div,Q) = {u € L*(Q) : div(u) € L*(Q),u-n =0 on 09},
E(Q) ={ue H (Q): Aue Hy(div,Q)},
LY ={pe LX) : [ pdz =0}

The main novelty compared to [10] is our treatment of the mixed boundary
condition. To handle this rigorously, we make use of the Lions-Magenes space [50,
Chp 11] [40, Section 1.5.2] defined as follows:

H)*(Ty) = {u € H'(Ty) : d(z,0T:) " u € LX)} |

. . . 2 - 2 —1/2,, 11
equipped with the norm: |[|ul| L) = [l gz, + Hd uH 2 where
d(z,0I;) is the geodesic distance from x to OI';. Following this definition we set:

H Tp) = H H?(Dojy) and HY(T H Hy (Do)

In other to avoid heavy notation, for this section, we will denote:

(-,*)p, as the dual pairing between H})*(I;) and HI/Q(F,-)
(-,)5q as the dual pairing between H /2(9Q) and H'?(09) ,
(-,-)q as the dual pairing between H(div, )" and H(div, ).

To continue with the upcoming sections, we will rely on the following Green
identity, which will be proven in Section 2.4.

Theorem 2.0.1. Let Q be a bounded open subset of R? whose boundary is a curvi-
linear polygon of class at least C*. Let ;(u) denote the following trace mapping:

vj(w) : u — ulr,

Furthermore assume that v;(u) € Hl/Q( I';) forall j € {1,..,2M}. Then we have
the following Green identity:
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2.1 Steady Stokes system with mixed boundary condition

2M

— (Au.p)y = [ 2D(w): D) dz— 3 @D@nly. (el (2)

=1 ’
for allu € E(Q) and ¢ € {u € H'(Q)|div(u) = 0}

Remark 2.0.2. In Theorem 2.0.1 the spaces H (1)(/)2 are necessary to decompose the
dual pairing (-, ), into the sum of the dual pairing. This is due to the lack of
regularity of the tangential component of the Cauchy stress tensor [D(u)n|;, when
u e E(Q).

2.1 Steady Stokes system with mixed boundary
condition

While our primary focus is to establish the existence and uniqueness of the evo-
lutionary Stokes flow with mixed boundary conditions, it is crucial to begin by
proving the stationary case. Therefore, the objective of this subsection is to demon-
strate the existence and uniqueness of a weak solution for the steady Stokes system
with mixed boundary conditions.

—div(o(u,p)) = f in Q,

div(u) =0 in Q,
u-n=>_0 in 092, (2.2)
u=g on ['p,

2D(u)n], =h on I'y.

The main result of this section is the following theorem.

Theorem 2.1.1. Let f € Ho(div,Q), h € (HY (Ty)) and g € HE)*(T'p) such
that:
g-n=0and (h,n), =0. (2.3)

Then the problem of finding (u,p) € H'(Q) x L2(Q) satisfying (2.2) in the distri-
bution sense has a unique solution. Furthermore, we have the following estimate:

||U||H1(Q) + ||P||L2(Q) <C (||f||H0(div,Q)/ + ||g||H(1)é2(FD) + ||h||(H(1)62(FN))’) . (29)
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2 The stokes equation with mixed boundary conditions

Before presenting the proof of Theorem 2.1.1, we need to establish some prelim-
inary results. In particular, we recall the De Rham theorem 2.1.2 [9, Theorem 2.1]
which has significant implications for the Stokes problem. It excels at handling
all distributions, unlike the Stokes problem, which tackles more specific ones. No-
tably, if f belongs to H'(Q) and satisfies equation (2.5), Girault and Raviart’s
[35] simplified the theorem’s proof.

Theorem 2.1.2. Let ) be an open subset of R? and let f be a distribution in
D'(QY) that satisfies:

Vo € D, (), (f, 90>DI(Q)XD(Q) =0. (2.5)

where D,(Q) = { € D(Q)|div(p) = 0}. Then there exists a distribution p in
D'(2) such that:

f=Vp

The next Proposition establishes an equivalence between two formulations of a
problem involving the Stokes equations.

Proposition 2.1.3. Assume g = 0 in (2.2). Let f € Ho(div,Q), h € (Hy (Ty))
such that:
(h,n)p, = 0. (2.6)

Then, the problem of finding a pair (w,p) € H'(Q) x L*(Q) satisfying (2.2) in the
distribution sense is equivalent to the following:

{Find u € V(Q) such that (2.7)

Vv e V(Q), 2 [o D(u) : D(v)dr = (f,v)q + (h,v)p .

Proof. Let (u,p) € H'(Q) x L*(Q) be a solution of (2.2), and let v € V(Q).
Integrating by part with the help of [10, Lemma 2.4], we obtain:

/sz(u) . D(v)dz = (f,v)g + (2D(u)n,v), - (2.8)

Given that v|r,= 0, we can conclude from Theorem 2.4.2 that v|r, € H? (D).
Therefore, utilizing Theorem 2.0.1, we can proceed with the following decomposi-
tion:

18



2.1 Steady Stokes system with mixed boundary condition

/ 2D(u)n -vdS = 2D(u)n - vdS + 2D(u)n -vdS
[2)9] I'n

'p

= [ [eD@n) -nin-vas+ [ RD@nl,-vds (29

= | [2D(u)n)y-vdS = h-vdS

I'n I'n

where the integrals are to be understood as a dual pairing. Therefore, from equa-
tions (2.8) and (2.9) we have the following:

/Q 2D(u) : D(v)dz = (f,v), + (2D(u)n, v)p . . (2.10)

Conversely, let u € V' (§2) solution of (2.7), and let ¢ € D,(2) = {¢ € D(Q)|div(p) =
0}, and notice that we have that (see [10]):

Q/QD(u) : D(p)dr = /QVu :Vedr .
As a consequence, we have:

VSO € DU(Q)7 <—A’U, - f> §0>’D(Q)’><’D(Q) =0.

Therefore by De Rham theorem 2.1.2, there exists a distribution p € D(2)’ defined
uniquely up to an additive constant such that:

—Au+Vp=7F. (2.11)

Note that since H(div, Q)" is embedded in H () we can say that p € L?()
(see ]9, Proposition 2.10]). Let v € V(2), using (2.10) and (2.11) we obtain the
following:

(2D(u)njyy — h,v), =0 (2.12)

Now let « € H [1)(/)2(F ~) and let & be its extension by zero to 09, it follows from
Theorem 2.4.3 that & € H'/?(9Q). Therefore, there exists ¢ € H'(Q2) such that:

div(p) =0 in Q,
P = Quy onI".

It is clear that ¢ € V(Q), therefore, using the compatibility condition (2.6) and
the equation (2.12), we have:

19



2 The stokes equation with mixed boundary conditions

(2D(u)nliy — h, ) = ([2D
= ([2 (U)n] —h, @),
0.

We can conclude that 2D(u)nj,, = h on I'y. O

To prove the existence of a weak solution, we will employ a Korn-type inequality.
This inequality can be derived by utilizing the Poincaré inequality, which holds in
Hjp,(€), and the Korn inequality. The details of this proof can be found in 5,
Theorem 5.3.4].

Proposition 2.1.4. Let Q be a Lipschitz bounded domain. Then there exists a
constant C' > 0 depending only on Q) such that

Hu”iﬂ(m < C”D<U)Hi2(ﬂ) Vu € Hor,(Q). (2.13)

Proposition 2.1.5. Suppose that g = 0, and let f € Hy(div,Q), h € (HI/Z(FN))’.
Then the problem of finding (u,p) € H'(Q) x L2(Y) that satisfies (2.2) in the dis-

tribution sense has a unique solution. Furthermore, we have the following estimate:

ey + Pgiey < © (1l + Bl gy ) - (214)

Proof. Using the proposition 2.1.3, we only have to prove the existence and unique-
ness of the following variational problem:

Find u € V(Q2) such that
Vo e V(Q), [2D(u) : D(v)dr = (f,v), + (h,’lJ)pN

We set:
v) = Q/QD(u) . D(v)dz |
L(v) =(f,v)q + (h, 'U>FN

Notice that the bi-linear form af(.,.) is continuous in V'(2) since:

da:‘ ‘/ Vu: Vudr

< [Vl 20 VOl 120

20



2.1 Steady Stokes system with mixed boundary condition

Using proposition 2.1.4 and the fact that V(2) € H(r(Q2) we also obtain the
coercivity of the bilinear form a(.,.) on V(Q2). Now since:

(fiv)g < H-fHHO(div,Q)/HUHHO(div,Q) (2.15)

< 1l erg a0y 10l a1 gy

Using the fact that v|p,= 0 from theorem 2.4.2 we know that the mapping v|r,:
V(Q)—H ééQ(F ~) is continuous. Thus there exist a constant Cp > 0 such that:

<h”U>FN < CUHh’HHééQ(pN)/HvHHl(Q) ) (2'16>

Therefore L : V — R is continuous, and thus by the Lax-Milgram theorem
and the proposition 2.1.3, we can guarantee the existence and uniqueness of
(u,p) € H'(Q) x LE() satisfying (2.2) in the distribution sense.

To obtain a continuity estimate (2.14) notice that, by Proposition 2.1.4 and in-
equalities (2.15),(2.16) there exists a constant C; > 0 such that:

ol @ < Cr (1 sty + 18l ey ) (2.17)

Now, from (2.11) we have:

VPl < 1fllg-10) T AUl -1
< Cl”fHHg(div,Q)’ + C2||“||H1(Q) :

As a result, we can infer from [9, Proposition 2.10] that:
1Pl 220y < Cs (1F Ly ey + 1ellirrey) - (2.18)
Using (2.17) and (2.18) we obtain the desired estimate. O

Now, we are ready to demonstrate the primary outcome of this subsection,
Theorem 2.1.1.

Proof of theorem 2.1.1. Let g be the extension by zero to 02 of g. According to
Theorem 2.4.3, it follows that g € HY?(9Q) and there exists a constant C' > 0
such that:

||§||H1/2(a(2) < CHg“HééQ([‘D) (2.19)
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2 The stokes equation with mixed boundary conditions

Using the compatibility condition (2.3), let (w,7) € H'(Q) x L(£2) be the solution
of:

—div(o(w, 7)) =0 in ,
div(w) =0 in (2.20)
w=g on 0f2.

Therefore, using the classical estimate and inequality (2.19) there is a constant
Co > 0 such that:

lwl| g1 gy + 7l 720y < CO||gHH(1)é2(FD) :

Now notice that w € E(Q) since m € L*(2) therefore [2D(w)nsy|ry € HééQ(FN)’
due to Theorem 2.4.4. Thus we obtain the following inequality:

|[2D(w)n] < CleHE(Q)
< Cs (llwll gy + 17l 2 (2.21)

< O3||g||Hé(/)2(1"D) :

tg”(Héé%rN)y

Now since h— [2D(w)n];, € (H(l)(/)2(FN))’, using theorem 2.1.5, we denote (u,7) €
H'(Q) x L2() to be a solution of

—div(o(u, 7)) = f in  Q,

div(u) =0 in  Q,

G-mn=0 in o0, (2.22)
u =20 in I'p,

2D(u)n],, = h — 2D(w)n],, in Iy.

Defining v = uw + w, m = 7 + 7, we obtain the desired existence and unique-
ness result. Using the estimation (2.14) and the equation (2.21) and the triangle
inequality, we obtain the desired estimates. O
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2.2 Unsteady Stokes system with mixed boundary conditions
2.2 Unsteady Stokes system with mixed boundary
conditions

The aim of this section is to establish the existence and uniqueness of a weak
solution for the unsteady Stokes system with mixed boundary conditions:

u; —div(e(u,p)) = f in  Qx(0,7),

div(u) =0 in Qx(0,7),

u-n=0 on 00 x (0,7),

u=g on I'px(0,7), (223)
2D(u)n)y, =h on TI'yx(0,7),

u(0, ) = uo(z) in Q.

Since we are handling the non-stationary case, we need an additional space:
H={uecL*Q): div(u) =0,u-n =0 on 0Q}.
The main result of this section is presented in the following theorem.

Theorem 2.2.1. Let f € L2(0, T; Hy(div,Q)'), h € L2(0,T; (Hg)’ (Tx))),
g e L*0,T; H(l)(/)Z(FD)) and ug € H such that:

g(t) - n=0and (h(t),n), =0 Vvte(0,T). (2.24)
Then the problem of finding (u,p) € L*(0,T;V(Q))NC([0,T], H)x L*(0,T; L(Q))

that satisfies (2.23) in the distribution sense has a unique solution.

Remark 2.2.2. Notice that if we define Vo(Q2) = {u € HJ(Q) : div(u) = 0}, it is
clear that V((Q2) C V(2) C H and we know by [61] that V((Q2) is dense in H
therefore V'(2) is dense in H.

Before presenting the proof of theorem 2.1.1, some preliminary results are needed.
The following result [19, Theorem 10.9] which prove can be found in [50, Chap 3,
Theorem 4.1] provides a powerful tool to establish the existence and uniqueness
of weak solutions for parabolic problems in a highly general setting.

Theorem 2.2.3 (J.-L. Lions). Let H be a Hilbert space with a scalar product
denoted as (, ) and a norm denoted as ||. We identify the dual space H* with H.
Let V' be another Hilbert space, equipped with the norm || ||. We assume that V' is
a densely and continuously injected subspace of H, 1i.e.,

VCHCV™.

23



2 The stokes equation with mixed boundary conditions

Fiz a T > 0. For almost every t € [0,T], we are given a bilinear form a(t;u,v) :
V xV — R that satisfies:

1. For every u,v € V, the function t — a(t;u,v) is measurable.
2. |a(t;u,v)| < M||u||||v]] for almost every t € [0,T), for all u,v € V.

3. a(t;v,v) > a|jv||* — C|v|? for almost every t € [0,T], for allv € V.

Here, a > 0, M, and C are constants. Given f € L*(0,T;V*) and ug € H, there
exists a unique function u satisfying

d
we LX0,T;V) N ([0, T]; H), dit‘ e L}0,T;V*)

<Ccli?(t),v> +a(t;u(t),v) = (f(t),v) foraete(0,T), YveV,

and

u(0) = ug.

The following proposition characterizes the distributional solution of (2.23) in
terms of weak solutions.

Proposition 2.2.4. Suppose that g =0, and let f € L* (0, T; Hy(div,Q)"),
h e L*0,T; (HYA(Ty))) and ug € H such that:
(h(t),n)p, =0 Vte(0,T).

Then the problem of finding w € L*(0,T; V (Q))NC([0,T), H) andp € L*(0,T; L))
satisfying (2.23) in the distribution sense is equivalent to:

Find u € L*(0,T; V(Q)) N C([0,T], H) such that Yv € V (Q),
L Jou-vdr+ [(2D(u) : D(v)dz = (f,v)g + (h, )

in the distributional sense on (0,T), and

(2.25)
u(0) = up.

Proof. Let uw € L*(0,T;V(Q))NC([0,T], H) and p € L*(0,T; L%(€)) be a solution
of (2.23), and let v € V (), integrating by part as in Proposition 2.1.3 we obtain:

jt/gu'v dx +/92D(u) : D(v)dzx = (f,v)q + (h,v)p, - (2.26)
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2.2 Unsteady Stokes system with mixed boundary conditions

Conversely, let w € L?(0,T;V(Q)) N C([0,T], H) be a solution of (2.25). Let
p € D,(Q) ={p € D) : div(e) = 0}, and notice that we have the following
identity:

/CZ‘;() Lde‘i‘/v t) : Vip)dz = (f(t),¥)q -

As a consequence, we have:

Y € Dy (Q), <C§;<t) ~ Au(t) — f(t),<p> _0.

D(Q) xD(Q)

Therefore, thanks to De Rham Theorem [9, Theorem 2.1], there exists a distribu-
tion p(t) € D(2)" defined uniquely up to an additive constant such that:

du

—(6) = Au(t) + Vp(t) = F(1) (2.27)

Note that since L?(0, T; H(div, Q2)') is embedded in L2(0, T; H'(Q))(i.e. Ho(div, Q) <

H(Q)), we have p € L*(0,T; L2(2)).
Now let v € V(Q), using equations (2.26),(2.27), and the same argument as in
proposition 2.1.3 we obtain:

(2D (u(t))n]iy — h(t),v)p, =0,

By assumption u(0) = ug and u € L*(0,T; V(Q)) N C([0,T], H). This completes
the proof of Proposition 2.2.4. O]

The main objective is to prove the existence of the solution as defined in equation
(2.25). To accomplish this, we will make use of Theorem 2.2.3 and the following
lemma:

Lemma 2.2.5. Suppose that g = 0, and let f € L*(0,T; Hy(div,Q)), h €
L*(0,T; (HI/Q(FN))’), uo € H such that:

(h(t),n)., =0 Vte(0,T).

Then the problem of finding (u,p) € L?(0,T; V() N C([0,T], H) x L*(0,T; L3())
satisfying (2.23) in the distribution sense has a unique solution.
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2 The stokes equation with mixed boundary conditions

Proof. Thanks to proposition 2.2.4 ; we only need to prove the existence and
uniqueness of the following initial variational problem:

Find w € L*(0,T;V(Q)) N C([0,T], H)such thatVv € V(Q)
% Jou-vdr+ [2D(u) : D(v)dx = (f,v)y + (h, v>FN
in the distributional sense on (0,7"), and

u(0) = uo.

We commence our approach by invoking 2.2.3. Notably, we observe that V(Q) C
H and that V(Q) is dense in H with continuous injection. In Proposition 2.1.5,
we have already established that the bilinear form a(u,v) = 2 [, D(u) : D(v)dz
is both continuous and coercive over V(2). Moreover, consider the functional
L(t;v) = (f(t),v)q + (h(t),v)p,, which is a continuous linear function belonging
to L2(0,T; V (Q2)).

Hence, by employing Theorem 2.2.3 and Proposition 2.2.4, we conclude that
there exists a unique solution (u,p) € L*(0,T; V(Q))NC([0, T], H)x L*(0,T; L3(Q2))
to equation (2.25). Additionally, we note that % € L2(0,T; V(Q)').

O

Now we are in a position to prove the main result of this subsection, theorem 2.2.1.

Proof of theorem 2.2.1. Letw € L*(0,T; V(Q))NC ([0,T), H)),and w € L? (0,T; L3())

be the unique solution, as guaranteed by the compatibility condition of g in equa-
tion (2.24).

u — div(e(w, 7)) =0 in Q x (0,7,
div(w) =0 in Q x (0,7),
w=g on I'p x (0,7),
w=0 on 'y x (0,7,
u(0,2) =0 in Q.

Using an analogous argumentation as in theorem 2.1.1 we have that h—[2D(w)n]|r,
belong to L2(0, T; HY (Tn)').
From lemma 2.2.5, let w € L*(0,T; V(Q))NC([0,T], H) and 7 € L*(0,T; L3(2))
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2.3 Theoretical results to the identification problem

be the unique solution to:

u; — div(o(u, 7)) =0 in Qx (0,7),
div(w) =0 in Qx (0,7),
u-n=0 on 09 x (0,7,
u=0 onI'p x (0,7,
2D(u)n|,, = h — [2D(w)n];, onI'y x (0,7),
u(0,z) = uy in Q.

Defining v = u + w, p = 7™ + w, we obtain the desired existence and uniqueness
result.

]

Remark 2.2.6. As far as we know the regular solution with mixed boundary con-
ditions, as in (2.23), for general Lipschitz domains is an open problem. However,
some results for the polygonal case and for similar boundary conditions are avail-
able in [20] using potential theory. The generalization of these results to our
particular case is out of the scope of this research work and will be subject to
further investigation.

2.3 Theoretical results to the identification problem

In this section, we prove the identifiability of the obstacle O associated with the
Stokes system with mixed boundary conditions (1.2). To account for the obstacle’s
position in contact with part of the boundary 092 (as described in (1.1)), we first
define the admissible deformation of the domain. Then, we present the proof of our
main result, Theorem 2.3.4. Our proof builds on the arguments presented in [7],
where the authors proved the identification of immersed obstacles from boundary
data for the Navier—Stokes system with Dirichlet boundary conditions. However,
our proof includes novel contributions, such as considering the unique geometrical
configuration where the obstacle intersects the flow boundary, and mixed boundary
conditions instead of Dirichlet boundary conditions.

Definition 2.3.1. Let Q C R? be a simple connected and bounded curvilinear
polygon of class C11, 90 = Tt Ul wan U ue. A domain Qg is called an admissible
deformation of € if and only if:

i) Qo C Qis simple a connected and bounded curvilinear polygon of class C''t.
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2 The stokes equation with mixed boundary conditions

ii) 000 := Tinter U Fga” U T and Ty N Fga” are non—empty relatively open
sets of I'yqu-

iii) There exist a relative open set W C Q satisfying Q\Qp C W, there exists a
diffeomorphism ¢ : © — Q such that ¥(Q) = Qp and ¢ = I in Q\W (see
Figure 2.1).

Figure 2.1: Diffeomorphism example

Remark 2.3.2. From definition 2.3.1, given an admissible deformation ¢, an ad-
missible obstruction can be define as O = Q\Qp.

The following theorem is due to Fabre and Lebeau in [27]. It is worth noting
that this result is independent of the boundary conditions, thus, it can be applied
specifically to Navier-slip boundary conditions.

Theorem 2.3.3. Let Q C RY be a connected open set, N > 2 and T > 0. Let
a€ L (Qx (0,7)Y and c € C([0,T); Lj,.(Q,RY*N)) be a matriz-value function

loc loc
with v > N. If (v,p) € L*(0, T.H..(Q)) x L} .(Q x (0,T)) is a solution of:

loc

{vt—Av+(a.V)v+cv+Vp:0 in Qx(0,7), (2.28)

div(v) =0 in  Qx(0,7),
with v =0 in wy x (0,7, where wy is and open set of 2. Thenv =0 in Q2 x (0,7

and p is a constant.

Using the above theorem, we have the following corollary, which is essential for
the next identification theorem. We note that this result can also be found in
[7, Corollary 2.4] and a similar one in [16]. Since no proof is provided in [7], we
present a short proof.

28



2.3 Theoretical results to the identification problem

Corollary 2.3.1. Let Q C RY be a connected open Lipschitz domain, N > 2 and
T > 0. If (u,p) € L*(0,T; H{(Q)N) x L?(Q x (0,T)) is a solution of:

{ u; — div(o(u,p)) =0 in Qx (0,7,

div(w) = 0 i Qx(0,7), (2:29)

satisfying u = o(u,p)n =0 on ' x (0,T) where I' C 0N is relatively open non-
empty subsets, then
wu=0 in Qx(0,T).

Proof. Let g € I' and r > 0 such that B(xo,r)NIQ C I'. Let B = B(xo,r)NQ°
and 2 = QU B, we define the extension by 0 of w and p in € by:

i ( ) u (resp p) in Q x (0,7),
u (res =
PP 0 in B x (0,T).

Our goal now is to prove that (@, p) is solution of (2.29) in Q, for this let ¢ € D(Q)
and notice that:

<0(’l~l,,ﬁ)’n, (p>H—1/2(8B)XH1/2(aB) - <U(ﬁ7ﬁ)n, (P>H71/2(F)XH1/2(F) - 0

Therefore using integration by parts, it follows that:

((u; — div(o(u,p))) xB, 90>D’(§)xD(§) =0
In a similar way, we can also deduce that:

((u, — div(co(u,p))) xa, ¢>D’(§)xD(ﬁ) =0.
Therefore, we obtain:

(w, — div(o(u, D)), 90>D’(§)><D(5) =0.

Using Theorem 2.3.3 for (u, p) we obtain the desired result. O

Theorem 2.3.4. Let Qy, ) C RY be two admissible deformation of Q according
to the definition 2.3.1 such that Qo N Qy is a curvilinear polygons of class C*!
domain with a finite number of disjoint connected components. Let (u;,p;) €

L0, T; HY()N) x L*(0,T; L*(Q;)) be the solution of:

% — div(o(uy,p;)) =0 in S x(0,7),

div(u;) =0 in - Q; x(0,T),

uj = g on 1—‘inlet U Fout X (07 T); ] = 07 1 (230>
u;-n =0, (J<uj7p)n)tg =0 on Fguall X (O,T),
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2 The stokes equation with mixed boundary conditions

Assume that g # 0 € Héf(f‘mlet UTou) and that T, C TS ,, NTL . is a non-zero
measure set satisfying ', C 0(Qo NY), such that:

(o(ug,po)n) -n = (c(uy,p1)n) -n and uo-T=u; -7 only, x(0,7),
where n is external unit normal and T is tangent unit vector of I',,,. Then Qo = §25.

Proof of theorem 2.3.4. First within the context of Theorem 2.2.1 by defining
I'p =Tinet Ul and I'y = Ffm” we can guarantee the existences and unique-
ness of the solutions ug, uy to the equations (2.30). Setting u = wg — u; and
P = po — p1, we obtain:

—div(o(u,p)) =0 in QyNQ x(0,7),
div(u) =0 in QN x(0,7),
u=0 on I‘D x (0,7), (2.31)
u-n =0, (U(U’?p)n)tg =0 on ( )7
u(.,0) =0 on QoﬂQl.

Since o(u,p)n =0, w =0 on I'y, x (0,7) and I';, C 9(Q N ), it follows from
corollary 2.3.1 applied to each connected component of {25 N €2, that :

Uy = U7 in (QO N Ql) X (0, T) (232)
Now lets assume that 0\, is a non-empty open subset of Q. Thus, we have the
following:
8u0 . ~
5 " div(o(ug,po)n) =0 in  (20\21) x (0,7) . (2.33)

Given that Qg = (Q0\Q1) U (Q N Q) we have:

d
— wo(x, t)|°de = — / wo(x, t)|*de — — uo(x,t)|*dz. 2.34
I e wola)Pde = 5 [ Jualet) Pl (230
From the assumption that g N €2, is smooth, we can perform the following inte-
gration by parts:

d

% QN ‘ UQ ’ dx +/ UO)?’L - ugdS

ol 1) Pdw =~ |
O(onth) (2.35)

QN

+ / PoUg - dS .
A(QoNy)
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2.3 Theoretical results to the identification problem

Observing that for any two admissible deformations, we have the following (as
depicted in Figure 2.2):

0 (Q0 N ) =TpU[I0, NN Q)| U Ty NN Q)|

wal

And notice that from equation (2.32) we have that:

{[D(Uo)n]tg = [D(u)n]iy =0 on [0, NA(Q N Q)] UL, N2 NQ)]

ug-n=u;-n=>0

Therefore, from equation (2.35) it follows that:

d
7/ g (, )| = —/ ID(uo)?dz + | [D(ug)nly-gdS.  (2.36)
dt Joono, QN I'p
Also by assumption, we know that uo - n = [D(ug)n];,; = 0 on I') ,;, thus we
obtain:
dt/ o, 8)[2dz = — / ID( uo\d:z:—l—/ nly,-gdS.  (2.37)

It follows from equations (2.34), (2.36), and (2.37) that:

d

it o ool )Pl = [ Do) e

(00\21)

Therefore
E(t) = / uglT,t 2q
( ) QO\ST1| O(x )| €

is a decreasing non-negative function. However since ug(x,0) = 0, we have that
Uolgy\g;= 0 for all ¢ € (0,7). It then follows from theorem 2.3.3 that:

’U,OZOZTL QQ.

Nevertheless, this is impossible since ug # 0, because g # 0. Therefore Q\Q; = 0,
analogously we can deduce that ©;\Q = () which implies that Qg = €. m

As mentioned above, our main purpose is to study and solve the full inverse prob-
lem from a numerical point of view. In relation to the direct problem, the smooth
dependence of the Cauchy forces for the Stokes system with mixed boundary con-
ditions might be obtained by proving an extension of [7, theorem 5.1]. However,
its proof requires a thorough analysis of the holomorphic semigroup associated
with the main operator of (1.2), which, as is known, involves mixed boundary
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2 The stokes equation with mixed boundary conditions

Q 0 N Q 1 \\\\ /// Q 0 N Q 1

Figure 2.2: Example of domain intersection

conditions. Regarding the inverse wave equation problem, it is necessary to obtain
the regularity of the Stokes fluid with mixed boundary conditions, which is an
open problem in itself. To deal with hyperbolic inverse problems, a different set
of tools has to be used, such as the Hilbert uniqueness method, as can be seen in
[49, 67]. Since these topics deserve special attention, we have not attempted to
address them in this research work; further work is in progress.

2.4 The H&éz space

In this section, we recall some useful results about the Hééz space and also we

prove Theorem 2.0.1. Until further notice, we consider a bounded open 2 C R?
such that 99 is a curvilinear polygons of class C*! in the sense of [40, Definition
1.4.5.1]. Furthermore, we assume that there is M € N such that:

2M7
J=1

were each T'; is a curve of class C*! T';,; follows T'; according to the positive
orientation and we have that I'; C 9Q, I'; NT';11 = 0. We denote by S; the vertex
which is the end point of I';. We also define the following Lion-Maganese space:

Hyp*(Ty) = {w e HYX(Iy) : d(x,dly) " u e L*(Ty)}

2
equipped with the norm: HuH2Héé2(Fi) = HUH2H1/2(F¢)+Hd_l/QUH Loy For a smooth

function u € D(2) we denote v;(u),the corresponding trace mappings (i.e):
vi(uw) s u—ulp, . (2.38)

An important question is when does the trace of a function in u € H'/?(2) belong
to Hé({Z(Fj). In order to address this, we define o as the distance along I', com-
mencing at S;, and assign x;(0) to represent the point on I' that is o distance away
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2.4 The Hééz space

from S;. As such, given that |o| is adequately small, say |o| < ¢;, we find that
xj(0) belongs to I'; when o < 0 and z,(0) is part of I';;; when ¢ > 0. Utilizing
the previously defined notation, we refer back to [40, Theorem 1.5.2.3].

Theorem 2.4.1 (P. Grisvard). Let Q2 be a bounded open subset of R? whose bound-

ary T is a curvilinear polygon of class C'. Then the mapping u {fZ}J 1

where f; = vyju, is a linear continuous mapping from Wpl(Q) onto the subspace

Ny WP (Ty) defined by:
(a) No extra condition when 1 < p < 2.
(b) f;(S;) = fi+1(S:), 1 <j < N when 2 < p < 0.

(c) f61 |[fiv1(zi(0))— fz(zz 2)|* do < o0, 1< 5 <N whenp=2.

In the derivation of Theorem 2.4.1, it’s worth noting that condition (c) is limited
by the K [|luly1q), where K is a positive constant. Hence, the following theorems
p
can be proposed:

Theorem 2.4.2. Let Q) be a bounded open subset of R? whose boundary is a curvi-
linear polygon of class at least C*. Let uw € H'(Q) such that:
Yi-1(u) =y (u) =0
then the mapping define by :
u—y(u)

is a linear continuous mapping from H'(Q) — H, 1/2( I';).

Proof. To start, recall that the norm H'/?(T) is described as:

i, = i+ [ O o) )

Here, do symbolizes the standard hypersurface measure on I'. As u € H'(Q), the
norm of yu in H'/%(T") is bounded by ||ul|g1(q). Let’s denote f; = 7;(u), thus from
the previously mentioned equation and by d1v1d1ng the integration domain I' x I’
into Uy, It X 'y, we obtain:

> //F L e

Iflj - y|2

(2.40)

filz
//mrk\ z ‘x_ ‘5 )l do(x)do(y) < K|lul3p o).
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2 The stokes equation with mixed boundary conditions

As a result, it can be seen that f; = v;u € HY/%(T') because:

yu(a) = () :
//F . ju |x_y|2 do(z)do(y) < K||ullf g

Now, since vj_1(u) = v;41(u) = 0, we obtain:

i i)l
/ /J+1 |z — 9‘2 o(x)doly) + /Fj1 /Fj |z —yl? do(x)doly) < KHUH%II(Q)

Following [40, Theorem 1.5.2.3], it can be observed that as I'; 1, ;1 are C! curves,

/ do(y) / do(z)
i1 |T — 3/|2’ ro1 |z —yl?

are equivalent to d(x,T'j41) 7", d(y, I'j_1) " respectively. Therefore:

’fj / ’fj o2
< K
/ d(x F]+1 d(y do(y) < ”UHHl(Q)

Hence, we can conclude:

the functions:

15l < KNl o
[

Theorem 2.4.3. Let Q be a bounded open subset of R? whose boundary is a curvi-
linear polygon of class at least C*. Let f; € HégQ(l"j), and define f as the extension
by zero en I' (i.e):

= o Jfilz) zely
fm{o z¢T;

then f € HY*(I') and there exist a constant C > 0 such that:

I

H1/2 F) C||f]||Hl/2([‘

Proof. Given f; exists in H(%Q(Fj), it’s known that f; € L*(I';). From equation
(2.39) and separating the domain of integration I' x I' in {J; , I'; x Iy, we obtain:

7L oy =150 ey + 22 [, . 5@ = 5WF 4y0a00) 21

Ix —yl2
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2.4 The Hééz space

Note that the second term of equation (2.41) is bounded by || fjl| >, When k #
Jj —1,7,7 + 1 as the distance from I'; to Ty is strictly positive, i.e:

/iAJf—mz /|ﬂ [/\waJ(w@>

d
S V UU]

Ty |$ - y|2
2
< K[l fill” 12
< KIIF1 gz

(2.42)

@)

If k = j, the second term is bounded since f; € H&f(Fj):

/)AJE — L M<M<) do(y) <IFl g2

|z —y|?
The only case left to consider is when k = j — 1 or k = j + 1. As in [40, Theorem
1.5.2.3], it is important to note that I';;1,I';_; are C' curves. Therefore, the

/‘ do(y) /‘ do(z)
i |7 — ?J|27 o o —yl?

are equivalent to d(z,T;11) ", d(y,Tj_1)~" respectively therefore:

. |‘£]—y|2 ) ]1|‘a]:£]—y|2 7(w)do(y)

functions:

2.43)
<K,/ L@ t/ m (
dxrﬁl d(y do(y)
< KI5
Therefore, from Equations (2.41), (2.42), and (2.43), we deduce that:
Hf‘ H/2(T CHfj”HééQ(pJ)

]

By employing similar reasoning as in [40, Theorem 1.5.3.10] and a proof analo-
gous to [10, Lemma 2.4], we can state the subsequent theorem:

Theorem 2.4.4. Let Q be a bounded open subset of R? whose boundary is a curvi-
linear polygon of class at least C*. Let E(Q) = {u € H*(Q) : Au € Hy(div,Q)'},
then the mapping:

w = 2D(unlilr,
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2 The stokes equation with mixed boundary conditions

which is defined on D(Q) has a unique continuous extension as an operator from:
2 !/
E(Q) — (Hy'(T)))

Proof. Consider v belonging to D(2) and ¢ as an element of H'(Q) satisfying
@ -n =0 on . Remembering the relation Av = 2divD(v) — V(div(v)), we can
then proceed with an integration by parts to yield:

—(Av, p)g =2 / D(v) : Vipda — / 2D(vV)nlyg -y, ds — / div(v)div(p)dz.
Q r Q
Hence, for every v in D(Q) and for each ¢ within V(Q), it can be stated that:

—(Av, p)o =2 /Q D(v) : D(p)dz — Z / nly, - @y, ds. (2.44)
Consider f; as an arbitrary member of H (1)(/)2(Fj). We proceed by defining:

+  Jfi(®) zeTy

Consequently, by referring to Theorem 2.4.3, we have f € H'/ 2(T"). Now, similarly
to [10, Lemma 2.4], we consider ¢ in H'(£2) to be the solution of:

{dz”u(cp) =0 Q
(p:.?tg F

)

satistying [0l ey < Ol F gl gy < CllF gz Thus, using Theorem 2.4.3,
it can be deduced that:

el a @) < Clfill g2 - (2.45)

Now notice that:

/F 2[D(v)nl,, - f; ds

J

:Z/ tg ftgds

~ [ 2Dl - p s
- (Av,50>9+2/QD(v):D(gp)da:

< 1AVl ao i)y 1@l o (div.0) + 21D (V) |20 [D (@) | 22 ()

36



2.4 The Hééz space

Hence: )
3
(2D, )| < (18012, 4 0+ 2ID )0
1
x (I#l320) + 20D() 720 ?
Recalling that ||v||gr@) = [|v|lwir@) + A (,(aiv.0)y» it follows that from Korn’s

inequality that:

(D(©)nLiy, £i)r | < Collvll ooyl o)

Therefore, employing equation (2.45), we can infer that:

D@l g,y < Cllolrn

Hence, the linear mapping © : v — [D(v)n],yr, defined on D((?) is continuous for

the norm of E(2). Since D(S?) is dense in E(Q2),© can be extended by continuity
to a mapping still called © € L (E(Q), Hé{f(ﬂ)). O

We are now ready to prove our green identity

Proof of theorem 2.0.1. Notice that for every u € D(Q) and ¢ € {u € H'(Q) :
div(u) = 0} we have the following Green’s identity:

2M

(Mu,p)g = [ 2D(u): Dig)da— Y D@l 0Ny, (246

Jj=1

Thus, assuming that v;(w) € [[;X; H ééQ(Fj) and using the Korn inequality, we can

see that all terms of (2.46) are continuous in w for the norm of E(2). Therefore,

the result follows from the density of D(Q2) in E(£2). O
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3 Numerical perspective for the
direct problem

3.1 Direct problem and experimental setup

To solve the evolutionary Stokes equations with Navier-slip boundary conditions
relevant to these problems, we chose to utilize radial divergence-free kernels. This
decision was based on the fact that these methods are mesh-free, enabling us to
work with more complex geometries in the future, and possess spectral conver-
gence properties, as well as ease of implementation of boundary conditions such as
Navier-slip. However, a drawback of these methods is that the resulting matrix can
exhibit high condition numbers and the appearance of spurious eigenvalues. To
address this issue, we employed the recently introduced divergence-free hybrid ker-
nels, as described in the works [51] and [17]. These kernels, in their scalar version,
are a linear combination of Gaussian and Polyharmonic splines. The Gaussian
component contributes to exponential convergence, while the polyharmonic part
controls the stability of the scheme. For further details, see [17].

Let Q C RN, Li(u,p) = —plu; + 8872 and consider the system:

Ou; + LZ(’U,,p) = fz in 2 x (O,T),

ot
di =0 in Q2 x (0,7,
iv(u) o (0.7) ied{l,...,N}
Bi(u,p) = g; on 04,
u(+,0) = uo(+) in Q,
where B = (By,..., By) is a given boundary operator. In order to solve the

systems, we first define a matrix-valued kernel in the following form:

P = Ppiy 0 :RN%R(N-H)X(N—H)’
0 9

We then propose a solution using the method of lines in combination with the
general interpolation theorem [65, Proposition 3.11]:
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3 Numerical perspective for the direct problem

N N

(@, p)(@,t) =YY Bi®(x — &;)ayi—1)n, (1)
i=1 =1
N N, (3.1)
+ Z Z Lf‘i(w - éNin-i-j)Oé[NNb"F(i_l)Nin‘f'j] (t)7
i=1 j=1

The ansatz in equation (3.1) expresses (@, p)(x,t) as a linear combination of
vector-valued functions from RY to RV*! defined by the application of the opera-
tors B; and L; to each row of the kernel ®(- — &,), (i.e, B!®, Lf(ID). Here, §; are
the center nodes located both inside and on the boundary of the domain €2, and
the vector a(t) are the time-varying coefficients of the ansatz. The parameters
N, and N, represent the total number of boundary and interior center nodes,
respectively.

In 2D, the combined Div-free velocity-pressure kernel, denoted by ®, is given by

equation (3.2):
¢Div(x> 0
(I)(X) - ( 0 e 2" 4 Yo T2m+1 > : (32)

where r = ||x||, 72 is a positive real number related to the hybrid kernel for the
pressure, and ®p;, is the divergence-free hybrid kernel given by:

®piv() = {—AI + VV } (1 () + 1ipa()).

with ¥ (x) = exp(—cy,7?), ¥a(x) = r***1 and 7, is a positive real number. By
direct computation, we obtain the following expression for ®p;,(x):

1
Ty —c1xr + :

2, 1
2 —C1x5 + 5 C121Z2
Ppiv(x) =dere”" ( 2
2

LT T — a7}

—r2 2
T 1T
oy (4n? — 1) ((2"1) 20 2) .
(2n—1)

By substituting the ansatz (3.1) into the Stokes system, we can derive the following
system of ordinary differential equations:

Mﬂd(f) + Myga(t) =, (3.3)
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3.2 Numerical results for the direct problem

where My, My, € R2Ninx (2Np+2Nin) and Mp, € R2mwx (2 +2nin) -~ The golution to
the system of ordinary differential-algebraic equations (odea) in (3.3) provides us
with the time-varying coefficients of the ansatz, a(t). The system is numerically
solved using a technique known as backward differentiation formulas (BDF). Ac-
cording to numerical simulations reported in [17], all of the eigenvalues of the Gram
matrix associated with this system are found in the negative half of the complex
plane. Hence, the use of BDFs ensures the stability of the numerical method.

3.2 Numerical results for the direct problem

To demonstrate the effectiveness of the hybrid divergence-free kernel method, we
present numerical results for the problem (1.2)—(1.3). The computational domain
for the fluid is defined as Q\O = ([0,8] x [0,1])\O, where the obstruction O is
parameterized as follows:

z(s) =06, +s s € [0, 6],
00 =
{y(s) =% (1.0 - cos(%—”j)) s € [0,6s).

O,Up
I-wall

Q\O Fou

O,Down 93
I-wall

e e
Figure 3.1: Parametric representation of the domain Q\QO

The obstruction parameters used for this simulation are §; = 4, 5 = 1, and 63 =
0.5, which represent the position, size, and percentage depth of the obstruction,
respectively. The computational domain for the wave is set to S = [0, 8] x [1, 5].
Since the couple problem (1.2)—(1.3) is indeed only in one direction, for simplic-
ity, we decide to solve (1.2) with hybrid RBF and store the normal component
of the stress tensor to later simulate the wave equation using the finite element
method due to its simple geometry domain. We note that in all of our examples,
the finite element method achieved a similar order of precision as the hybrid RBF

technique.
For the numerical simulation (1.2) we use a mesh of 1119 Halton points, a BDF2
scheme to solve the odea system (3.3) with a time step of At = ﬁ in the interval
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3 Numerical perspective for the direct problem

[0,5], a fixed viscosity constant p = 0.1. It is important to note that for this
simulation, we define g;,,(z,t) = gout(x,t) = (cos(2mt + m) + 1).

For the numerical simulation of the wave equation (1.3) we use the element P1
with a mesh of 5963 points and a fixed propagation speed ¢ = 1.

It should be noted that our choice of the RBF hybrid parameters, ¢; = ¢o = 0.5,
v = 107*, and 7, = 107%, resulted in a reasonable condition number of 10
for the associated ODE matrix system (3.3) and a high degree of accuracy, with
a difference of 107* for the velocity field and 1072 for the pressure field when
compared to an analytical solution.

Figures 3.2 and 3.3 are snapshots of the simulations obtained from the velocity
field, the pressure, and the acoustic wave:

() (b)

Wave
-2.4e+01 -15 10 -5 0 5 10 15 2.3e+
| | |

(a) (b)
Figure 3.3: Norm of the pressure and the wave at t = 2.5 (a), t =5 (b)
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4 An optimization process for the
inverse problem

As a first step towards understanding the problem, we consider a specific class
of obstacles that allow us to determine the location, depth, and size of the ob-
struction. To do this, we use the measurements of the acoustic wave and fluid
flow.

Let O = O(0,, 05, 05) be the obstruction we want to identify. The measurements
of the sound waves generated by the Cauchy tensor resulting from the Stokes flow
is represented by wy,(.) = w (.; O(0,, 0, 63)), as defined in the systems (1.2) —(1.3).
Our goal is to reconstruct the obstruction O by using measurements of the acoustic
wave w in the observable set S,, = [k, ko] x H C 0S and measurements of the
tangential velocity in I',,, a relative open set of the fluid domain border, as shown
in Figure 4.1.

Sm H w —Wave created by the fluid fo
S —Measurement domain of the
p —Fluid pressure
u —Velocity field of the fluid
I'm —Measurement domain of uy,

(u,p)

@

Figure 4.1: Illustration of measurement domains for the numerical inverse prob-
lems.

The obstruction in our problem is defined by a parameterized boundary, given
by:
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4 An optimization process for the inverse problem

90 — {x(s):91+5 s €[0,6s],
y(s) =% (1.0 — COS(%)) s €10, 60s).

This parameterization allows us to understand the identification problem as one
of recovering the parameters 6, 65, 03 that define the obstruction O. Furthermore,
as the obstruction does not affect the domain S of the wave equation, we can
decompose the inverse problem into two separate inverse problems.

4.1 Inverse problem for the wave equation

Recalling the assumption that the obstruction does not intersect with the upper

up

- From equation (1.3), we can see that the

wall boundary, represented by I'
measurements obtained at the set S, are dependent on the unknown values of
the boundary term defined on I',? , x (0,7). In order to estimate these unknown

boundary values, we propose to minimize the following functional:

B = [ T ) =l S de (1)

where ||.||2 is the Euclidean norm and w,, are the wave measurements (see Figure

1.2) and w(.; f) € C([0,T], H'(S)) is the solution to:

wy —AAw =0 1inSx(0,7T),

w=f on ([0, L]x{D}) x (0,T) = L'y x (0,T),
G 4 c%w = on (9S\ ([0, L]x{D})) x (0,T),

wy(x,0) =0 in S,

w(xz,0) =0 in S.

Our goal in minimizing the functional given by equation (4.1) is to obtain an
estimation of the unknown boundary values on I';2,, x (0, T'). This functional quan-
tifies the difference between the solution of the wave equation with the unknown
boundary values (represented by f) and the measured wave values (w,,). By mini-
mizing this difference, we can obtain an estimate of the unknown boundary values
and, consequently, reconstruct the Cauchy tensor.

It is important to note that the wave equation has a finite propagation speed,
which means that we can only recover the unknown boundary datum within the
time interval (0,7 — ¢.), where t. represents the travel time of the wave between
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4.2 Obstacle inverse problem

the boundary datum site and the measurement site. In our specific case, given the
simplicity of the geometry, we can characterize the constant ¢. using the following
formula:

sup,cpw  d(zx, Sy,
¢ = Pgervr | ( ) 7 (4.2)
c

where d(x, S,,) := inf{d € R" : d = ||z —yl|,,y € 'Ly} and c s the propagation
speed.

In summary, the first inverse problem corresponds to:

Find f € F,q such that: Ji(f) = min Ji(f) , (4.3)

feFad

where F,g = {L? (T2, x (0,T7)): f=0 on (I, x (T —T,,T))} is the admissi-

w

ble space of the boundary data.

4.2 Obstacle inverse problem

Using the solution f of the first inverse problem (4.3), we can now estimate the
unknown parameters of the obstruction O. Recalling that the functional (4.1) is a
quadratic form and therefore convex, it is not unreasonable to assume that f is an
estimation of the normal component of the Cauchy tensor o(u,p)n-n on I',, X
(0,7). Additionally, we also have measurements of the tangential component of
the fluid velocity, denoted as vy, -, in a set I, X (0,7) C T2, x (0, 7). Thus, we
aim to minimize the following functional:

ORN oy 0 @:0). () ) 7|[} ds at

(4.4)
+/ Vs — u(.;0) - 7| dS dt .
L' x(0,T)

where § € © C R? is the set of possible parameters that represent an obstruction,
Qo) = Q\O(0) and u(.; Qo@), p(; Qow) € H' (Qow) x L*(Qo)) are solutions
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4 An optimization process for the inverse problem

to:
u, — div(o(u,p)) =0 in Q\O(0) x (0,7),
div(u) =0 in Q\O(0) x (0,7),
u=g,, on Dyper X (0,7,
U =G, on 'y x (0,7),
u-n=0, (c(u,pjn),, =0 on FS&?Z) x (0,7),
u(.,0) = uy in Q\O(0) .

It is important to note that the use of tangential velocity in functional (4.4)
is necessary due to Theorem 2.3.4. This may seem contradictory to our initial
goal, as the wave equation does not convey information about tangential velocity.
However, as we will show in the following section, reasonable results can still be
obtained without it (see experiment 4 in Table 4.1).

4.3 Numerical results

The optimization task outlined in the preceding section requires solving equations
(1.2)-(1.3). This process is detailed in subsections (3.1)-(3.2). Importantly, for
both the Stokes equation and the acoustic wave propagation equation, the same
numerical time step is employed, specifically At = 1/500. In an effort to reduce
computational cost, we define 2 = [0, 8] x [0, 1], S = [0, 8] x [1, 3], and the terminal
time T = 1. We also set the wave propagation speed as ¢ = v/30. To further align
the simulated flow with that of blood, we assign the fluid viscosity as p = 1/500.

In order to investigate the robustness of the optimization procedure we decide
to perform 8 numerical experiments, with different obstructions geometries and
different observable domains of the wave S,, and of the tangential component of
the velocity at the boundary I',,, see tables 4.1-4.3 for a summary.

For the first 6 numerical experiments we generate synthetic data using obstruc-
tions O defined by the parameters (61, 6s,05) (see equation (3.4) and Figure 3.1)
and for experiments 7-8 we generated the data using a different class of obstruc-
tion, defined by a cubic spline (see figure 4.4). In order to avoid the inverse crime
we add a random error relative to the method order, given by a normal distribution
of variance o = 107 and mean p = 0.

To compute an approximation of the normal component of the Cauchy tensor
on the upper wall of the fluid domain, we minimize the functional described in
equation (4.1). Since the functional J; is convex, we employ the gradient method
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4.3 Numerical results

as the optimization technique.

The results of reconstructing the boundary data using the gradient descent
method are shown in Figure 4.2. It is worth noting that our reconstruction does
not provide a complete representation of the boundary data. This limitation arises
from the time delay of the wave in reaching the measurement site, as explained
earlier.

o a0
5 20
=
[>T ]
Z 20
L 0
1
4 0.8 4
0.6
0.4 2 0.4 2

0.2 Top wall boundal 0.2 Top wall boundal
Time t o © P v Time t o © P v

(a) (b)

Figure 4.2: a) Original wave boundary datum, b) Reconstructed boundary da-
tum.

To determine the geometry of the obstruction, we utilized a Markov Chain
Monte Carlo (MCMC) method to minimize the functional (4.4). This choice was
motivated by several advantages that MCMC offers over other methods, such as
gradient descent. The functional (4.4) has an unknown nature and may exhibit a
non-convex shape, making it suitable for MCMC methods. Additionally, MCMC
methods excel in exploring limited parameter spaces and can be easily parallelized,
leveraging multiple CPU cores efficiently. Furthermore, MCMC methods provide
an uncertainty range for the estimated parameters, which is valuable in prac-
tical applications. Considering these benefits and the lack of prior studies using
MCMC in this context, we deemed it the most suitable method for our obstruction
reconstruction problem. For all numerical experiments, we initialized the MCMC
algorithm with 6, = 3,0, = 0.6,03 = 0.1 as the starting point, as depicted in
Figure 4.3. While gradient descent methods have shown success in articles such as
[8] and [68], we believe that MCMC provides the optimal solution for our specific
problem.

In our MCMC method, we employed the DRAM (Dynamically Adaptive Metropo-
lis) algorithm. This algorithm dynamically adapts the proposal distribution dur-
ing the simulation, allowing for efficient exploration of the parameter space. The
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DRAM method has been demonstrated to converge faster and achieve higher ac-
ceptance rates compared to traditional MCMC methods. This, in turn, leads to
more accurate results and a better estimation of the uncertainty range for the es-
timated parameters. The utilization of the DRAM method in this study enhances
the robustness of the results and provides a more precise depiction of the obstruc-
tion’s geometry. For a deeper understanding of these methods, interested readers
can refer to [34].

The results of the Markov Chain Monte Carlo (MCMC) algorithm are summa-
rized in tables 4.1 to 4.3. The data suggests that the majority of experiments
produce satisfactory outcomes, with the initial parameters remaining within the
mean’s standard deviation. It is noteworthy that including tangential velocity in-
formation reduces the standard deviation of the estimated parameters, as shown
in Experiment 4.

The probability density functions of the parameters 6., 05, 05 for each experiment
are shown in Figures 4.5-4.7. The majority of distributions are Gaussian in shape,
centered around the original parameters, with the exception of 6, (obstacle size).
When the tangential velocity measurement site is above or on the right side of
the obstacle, the standard deviation for 6; (obstacle position) and #3 (obstruction
blockage percentage) decreases, as the obstacle information is transmitted in the
flow direction.

Regarding the obstacle size 0, most distributions are uniform, but the best
results are obtained when the tangential velocity is available, as demonstrated
in experiments 2,5, and 6. This highlights the importance of tangential velocity
information in determining the correct size of the obstacle.

A comparison of the original and reconstructed domains for each of the eight
numerical experiments is shown in Figure 4.8(a-h). The best results are obtained
with the most complete information about the tangential velocity vector, as seen
in Figure 4.8(b). In all cases, acceptable values for the depth and size of the
obstruction are obtained, which are the most critical parameters in determining
the danger level of a stenosis.

Notice also that figure 4.8(g-h) shows that even if the obstruction is outside the
class of obstruction defined by (61, 65, 05), we can still obtain some information with
our low-parameter model. The approximation error in this scenario is calculated
using the L? norm.

It is important to note that the location of the wave measurement domain has
no significant impact on parameter estimation. This is because in each case, the
fluid tensor o(wu, p)n on the upper wall of the fluid domain is recovered, with the
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only variation being the length of the time interval for the tensor estimation. The
details of this estimation can be found in Subsection 4.1.

0 1 2 3 4 5 6 7 8

Figure 4.3: Initial guess shape for the MCMC method

0 1 2 3 4 5 6 7 8

Figure 4.4: Original domain for experiments 7-8

Table 4.1: Experiment 1-4 parameter summary and numerical result.

Experiment 1

Experiment 2

Experiment 3

Experiment 4

Sm [0,3] x {3} [0,8] > {3} [5,8] x {3} [0,8] x {3}

Ly, [0,2] x {1} [0,8] x {1} [6,8] x {1} 0
Original | Mean S.D Mean S.D Mean S.D Mean S.D
0 =4.0 | 3.8929 0.4871 | 3.9652 0.3207 | 3.8983 0.4698 | 3.9191 0.4722
fy =1.0 | 1.0854 0.2653 | 1.0879 0.2567 | 1.0667 0.2834 | 1.0599 0.2731
03 =0.5 | 04788 0.0636 | 0.4841 0.0593 | 0.4961 0.0669 | 0.5009 0.0639
|6 — 67|, 0.1386 0.0959 0.1217 0.1007
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20

Table 4.2: Experiment 5-6 parameter summary and numerical result.

Iy, =[0,8] x {1}

Experiment 5

Experiment 6

Original Mean S.D

Original Mean S.D

01 =25 25692 0.2872
;=10 1.0955 0.2623
03 =0.5 0.4566 0.0667

01 =55 5.3433 0.3564
0y =1.0 1.0433 0.2871
03 =0.5 0.4353 0.0894

16 — 6], = 0.1257

16 — 6], =0.1749

Table 4.3: Experiment 7-8 parameter summary and numerical result.

Experiment 7

Experiment 8

Sm =10,8] x {3}

Sm = 0,8] x {3}

Iy, =10,8] x {1} Ip=10
Parameter Mean S.D Parameter Mean S.D
01 2.7139 0.4047 01 2.9135 0.6575
0 1.3822  0.5430 0 1.5646 0.5698
03 0.3868 0.0799 03 0.3629 0.0886

lf = f(09)l, = 01251

If — £(8%)]| ;2 = 0.2958
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5 Continuity with respect to the
domain

5.1 Introduction

In this chapter, our focus is on exploring the continuity of solutions to the Stokes
problem subject to domain variations. To this end, we consider a sequence of do-
mains {;}%2, C RY, converging diffeomorphically to a domain 2 C R¢. Thus we
shall analyze a sequence of solutions (ug,py) € L*(0,T; V() x LE(0,T; L*(Y,))
corresponding to the Stokes problem given by:

u, — div(o(u,p)) = fi,  Q x (0,7),

div(u) =0 Qp x (0,7,

u-n=>0 Ik x (0,7), (5.1)
2D(u)n];, = hy Ik x (0,7),

w =0 Tp x (0,7),

u(0,2) =0 Q.

From this point onward, the notation n will be used to represent the normal unit
vector of the corresponding domain. The term “converge diffeomorphically” is
defined as follows:

Definition 5.1.1. A sequence of open subsets {2}, in R? is said to converge
diffeomorphically to a set @ C R? if and only if there exists a sequence of diffeo-
morphisms {1}, }32,, with g, 1, ' € WH°(R? RY), such that ¢ (Q) = ), and:

1 —_ — 1 —1 — —
Jim [, = Id[[100 = lim [[¢" = 1d][1,00 = 0,
where the norm || f||1,o is defined by

[ fll1,00 = sup | f(@)|ra + sup [V f(2)|gaxa,
z€R4 zCcRd

and Id denotes the identity map.
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5 Continuity with respect to the domain

For the sake of clarity let us revisit the spaces defined in Chapter 2 :

V(Q) ={ue H'(Q): div(u) =0,ulr,=0,u-n =0 on 50},
Hor,(Q) ={ue H(Q): ulr,=0},

LYQ) = {pe L*(): [ pdr =0},

H(Q) = {u e L*Q) : div(u) = 0},

where V(Q), Hor, () are equipped with the H'(£2) norm, and L2(2) and H(Q)
are equipped with the standard L?(2) norm.
Remark 5.1.2. We wish to recall that the Poincaré inequality still holds when only

a part of the boundary is equal to zero, (refer to [5, Theorem 5.3.4] for more
details). Thus the semi-norm of H(f2) is a norm in V(Q), Hor, ().

In the context of non-stationary scenarios, we adopt the following notation for
simplicity. Given a Banach space X, we represent L%(X) = L*(0,T; X) as the
space of all Bochner measurable functions u : [0,7] — X that possess a finite
corresponding norm:

T 1/a
Jellzm ) = ( / ||u<t>||§zdt>) .

This becomes a Hilbert space if X is a Hilbert space and o« = 2. Similarly, we
define C*(X) = C(0,T; X) as the space of a—continuous functions u : [0,7] — X,
equipped with the corresponding supremum norm. It is noteworthy, as given by
Lemma 11.45 in [24], that for a Banach space Y and a continuous linear operator
A: X — Y, the following holds true:
T T
A /0 u(t)dt = /0 (Au)(t)dt .

For additional simplification in our notation, when given a Banach space X, we
use the following conventions:

e 1z, — xif {z,} € X converges to x € X in the strong topology, i.e ||z, —
xHX — O,

o 1z, = xifx, € X converges to x € X in the weak topology, i.e lim,,_,, (v, xn)xgx =
<ZE, y>X’7X vy € XI7

o, =" xif z, € X’ converges to x € X' in the weak-start topology, i.e
hmn%oo <xn7 y>X’,X = <xvy>X’,X \V/y € X
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5.1 Introduction

Now we present the main result of this Chapter which is encapsulated in the
following theorem:

Theorem 5.1.3. Let (uy, py) € L*(V () x LA(L*(2)) be a sequence the solution
of the Stokes 5.1 problem and define wy = wy o Yy, qx = Pr © Y Suppose following
assumption hold:

2. fu € L*(L*()) such that £y 0y — f € L* (L*(Q)),
3. h, € L? (L2(F§“V)) such that hy oy — h € L? <L2(FN)>.

Then w, converge strongly to uq in L*(V(Q)) solution of:

u, — div(o(u,p)) = f Qx(0,7),
div(u) =0 Qx(0,7),
u-n=0 Iy x (0,7,
2D(u)n), = h Iy x (0,7,
w=0 T'p x (0,7),
u(0,z) =0 Q.

We're also going to establish a convergence of a lesser degree for the pressure,
as discussed in Theorem 5.4.2.

Remark 5.1.4. We emphasize that our primary problem of interest in this work is
the convergence of (uy, pr) € L*(V (Q)) x LE(L*(Q%)) corresponding to the Stokes
problem given by (5.2):

u, — div(o(u,p)) = fir. Q x (0,7),

div(u) =0 Qr x (0,77,

u-n=0 Ik % (0,7T), (5.2)
2D(u)nl,, =0 I x (0,7),

u=g I'p x (0,7),

u(0,7) =0 Q.

However, from the proof of Theorem 2.2.1, we understand that this problem can be
divided into two subproblems: one with mixed boundary conditions, i.e., problem
(5.1), and one with non-homogeneous Dirichlet boundary conditions, i.e.:
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5 Continuity with respect to the domain

uy — div(o(u,p)) = fr, Q% x (0,7,

div(u) =0 Qr x (0,77,

u=20 % % (0,7), (5.3)
u=g I'p x(0,7),

u(0,2) =0 Q.

The latter problem has already been studied in [7] using a different methodology.
In this chapter, we will apply the same methodology as developed in [62].

5.2 Preliminary result

In this section, we will introduce some preliminary results that will be useful in
proving the continuity of the Stokes problem with respect to its domain. These
results will provide us with tools to study the behavior of the solution as the
domain changes, and they will form the basis of our analysis.

5.2.1 Estimates for unsteady Stokes system with mixed
boundary conditions

In this subsection, we provide an estimate for problem (5.1). It is important to
note that we consider the case where the dimension, denoted as d, is set to 2. This
choice is made because in the preceding chapter, we have only presented results
specifically for this dimension. Generalizations to higher dimensions will be the
subject of future work and investigation.

The following theorem establishes the Poincaré inequality for the spaces V()
and Hor,(€2), and can be found in [5]. In simple terms, this theorem confirms
that the well-known Poincaré inequality still holds in the Sobolev space where only
a portion of the trace operator is equal to zero.

Theorem 5.2.1. Let  be open, bounded and Liptchiz domain. Consider I'y a
open subset of O and X = {u € H'(Q)|u =0 on Ty C IN} then exist a constant
C > 0 that depends only on §2 such that:

ull 1) < ClVul| 2.

We are now ready to prove our estimates.
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Theorem 5.2.2. Let Q) be as defined in Theorem (2.2.1). Consider f € L? (LZ(Q))

and h € L? (Lz(FN)), where h-n = 0. Then, there exists a unique solution (u,p)
to the following problem:

uy — div(o(u,p)) = f Qx(0,7),
div(u) =0 Qx(0,7),
u-n=0 'y x (0,7),
2D(u)nl, = h I'y x(0,7),
w=0 Tp x (0,7),
u(0,2) =0 Q.

where w € LAV (Q)NC(H(Q)) and p € L*(LE(Q)). Furthermore we have the
following estimates:

+ [ ull2vie) + IPl2@ < C (I £z + 1Pl 2@awyy)
L2(V(Q)')

d u
dt
where C' > 0 is a constant that depends only on ).

Proof. The existence of the solution deduce from Theorem (2.2.1), since L? (L2(Q)>
and L2 (L*(T'y)) are continuously embedded in L2 (Hy(div, 2)'), L? (Hy(div, 2)')
respectively.

In the process of establishing the estimates, we refer to [61, Chap 3 Lemma 1.2],
which asserts that w can be used as a test function, even when w is an element
of L(V(€2)). This is feasible because the equation (5.1) can be understood as an
operator equation in the form '+ Au = f, with all terms belonging to L(V(£2)').
Moreover, the dual space of L(V(€2)) is equal to L(V'(€2))’, thus, we deduce that:

d
@/Q|U(7f)|2dx+2/Q!Vu(t)l2 dx:2/gf-udx+2 h - uds.

I'n

Therefore integrating from 0 to ¢, and since u(0) = 0 we obtain:

a2 [ [ 1VuP ara=2 [ | |
2 =2 . 2 . . (b4
/Q a(t,)[? da+ /O (Vo) dedt =2 [ [ foudedti2 [7 [ heuds. (5.0

Notice that [, |w(z,t,)|* dz is well define since w € C'(H(Q)), thus setting t, = T
in equation (5.4)we obtain:
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/OT/QWu(t)F drdt <

+

T
/ f uda:dt| (5.5)
0 Q

T
/ h- udsdt‘.
0 T'n

Using the Poincaré inequality , and using fact that the trace operator is continuous,
there a constant C' > 0 such that:

lellzz vy < C (IFllz2ay + 1Rl - (5.6)

Now to bound Lu in L2(V(Q)'). Let v € L*(V(Q2)’) and notice that:

T T T T
/ /—u-vdazdt—l—/ /Vu-Vvd:cdt:/ /f-vda:—i—/ h - vds.
o Jadt o Ja 0o Ja 0 JTy

Using again the Poincaré inequality and the fact that the trace operator is contin-
uous we obtain:

*’Uf ’dedt‘ < ||VU||L2(L2(Q))||V’U||L2(L2(Q)) + Hf||L2(L2(Q))||’U||L2(L2(Q))

+ 1Pl 2 zop vl 2 v
< (||f||L2(L2(Q)) + Hh||L2(L2(FN))) vl z2(v @)

Hence from inequality (5.6) we have:

|| < O (I F sz + Il sz (57)
L2(V(Q
Let H™'(Q) = H(£)', analogously we have that:
|| < C" (£ 22y + 1Bl 2@y
L2(H™'())

From the prove of (2.2.1) we know that:

VDIl 2 —H U~ Au = Fllrg-a) (5-8)

d
< H@’UHLQ(V(Q)') + lull 2@y @)

+ 1l 222 @) -
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Thus from equations (5.7),(5.6) and (5.8) we deduce that:

HVpHLQ(H—l(Q)) <" (HfHL2(L2(Q)) + HhHLQ(L2(FN))> .

From the prove of (2.2.1) and from [9, Proposition 2.10] we know there is a constant
M > 0 such that:

1Pl 2220y m) < MIVDl L2(a-1(0)) -
Since p € L*(L3(€2)) and we obtain:

Ipll 220y < €M (1 Fll 2@y + 1Rl 2@y -

5.2.2 Continuity of H'(2) under Diffeomorphisms

In this section, we present several important theorems and propositions that are
crucial for studying the convergence of solutions with respect to diffeomorphisms.
These results provide valuable insights and tools for analyzing the behavior and
properties of solutions under transformations of the underlying domain. First we
draw attention to two cornerstone mathematical concepts, the chain rule and the
change of variables, both renowned for their significant utility in traditional spaces.

Proposition 5.2.3. [6, Lemma 6.21] Let Qq, Q1 C R? be open,. Suppose 1 : R —
R? is a diffeomorphism in W1°(R RY) such that () = Q. Let 1 < p < +o0
then the following holds:

1. we H™(Sy) if and only if u o) € H™(Qq) for m =0 or m =1,
2. (Vu) oy = (Vo)1) V(uo),
Jo, wdz = [o, f ot |det(Vip)|dz,

4. fo, uldet(Vyp~) | de = [o, f o da.

w0

Continuing our exploration of the chain rule, we now address a proposition concern-
ing its application in a slightly different context - namely, the change of variables
on the boundary of a domain. This proposition can be found in [6, Lemma 6.23],
but the prove is given in [42, Proposion 5.4.3] .
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Proposition 5.2.4. Let Qy, Q0 C RY be a open, bounded and at least of class C1:.
Suppose 1 : R — R is a diffeomorphism in W1 (R, R?) N CH (R, RY) such that
P(Qo) = Q. Let u € L' (0Q4), then uo € L' (09Q), and we have

t
d:/ dtV‘Vl ‘d,
[, wds= [ wovldet (V)| (V) ) n| s
where n is the external normal to 0.

We now introduce a theorem about the transformative behavior of the Sobolev
spaces under a diffeomorphism. Specifically, this theorem determines that the
linear operator zZ(u) = u o 1) establishes an isomorphism between two associated
Sobolev spaces. Furthermore, when the diffeomorphism approximates the identity,
the associated spaces become nearly identical.

Theorem 5.2.5. Let Qg, Q; C R? be open, bounded, and Lipschitz domains. Sup-
pose ¥, ! : RY — R? are diffeomorphism in W1 (R, R?) such that () = .
Then for m =0 or m = 1 the linear operator v : H™(Qy) — H™ (), defined by

(u) =uoy,

is an isomorphism between H™ (1) and H™ (). Moreover, there exist constants
L(1),U(v¥)) > 0 such that for all uw € H™(), we have
L) lull oy < )z c0) < U@)ullmmcan)-

Furthermore if |t — Ig|l1.00 + |71 = Lill1.00 — O then L(v), U(w) — 1.

Proof. We first consider the case where m = 0. It can be observed that 1 is a
linear function and its inverse is given by J‘l(w) = wotp~!. Therefore by the open
mapping theorem we only need to see that 1; is continuous. Now, let’s consider
set J(¢) = |det(V1))| and the following expressions:

163y = [ vl do= [ J@™)da
<T@ o llellEzay (59)

lulfoy = [, Juf do= [ juoul®I(w)dr
< 1) =20 190 0 (5.10)
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Thus the constants are defined as U () = ||J (¢~ )Hl/2 (@ and L(y) = [[J (¢ )”L;/zﬂo)
The finiteness of these constants is guaranteed by the determinant being an alge-
braic function. Moreover, the continuity of the determinant function ensures that
if 1,9t — I in the norm of W', then L(v)),U(¢)) — 1.

For the case where m = 1, we need to bound the semi-norm, HV@Z(U)H%Q(QO),
using the chain rule we have V(u o01)) o ¢~! = (Vi)' Vu. Therefore:

IV = |, V(o) da
(Vo) Vul S da

951

< ||J(¢‘1)||Loo(gl)/Ql ‘(v¢)tvu‘2dx

<@ [ So@) Vel de. (51)

Here, Sy (z) = supy,,,—1 |V (z)ulrn is the operator norm of V¢)(z)". Since every
norm is equivalent in finite dimensions, there exists a constant v > 0 such that
Sp() < y|Vip(2)|gaxra. It follows then that:

sup Sy () < 7/[¢]l1,00,

e

which implies Sy € L*®(€). From inequality (5.11) we have :
Ve ()1Z200) < 1T@ ™z @ 196 (@) | @) [ Vullz2 o, -
An analogous procedure can be used to derive:
ullz2 0,y < () |z @) Sp=1 (2) | o (0 [V () [ 2 -
Lastly, using the fact that the operator norm is a norm, we have:
1Sy = 1] =[Sy = 51| < |Sy—r,| <7V = La|gaxa -
Therefore if ¢,9~! — Id we have that Sy, Sy-1 — 1. O

We now have the following corollary that is immediate from 5.2.5 since the
constants L(1)), U(v) are time independent.

Corollary 5.2.1. Let Qy,Q; C R? be open, bounded, and Lipschitz domains.
Suppose 1,1 : RT — R? are diffeomorphism in WH(RY R?) such that ¥ (Qp) =
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5 Continuity with respect to the domain

Q. Let T > 0 and define X" = L(H™()), X7* = L(H™(1)) Then for m =0
or m =1 the linear operator 1 : Xi* — X7", defined by

Y(ult, x)) = ult,¥(x))

is an isomorphism between X" and X{*. Moreover, there exist constants L(v)), U(¢) >
0 such that for all w € H™(), we have

L) Jullxp < [90w)|lxp < U@)|ullxp.
Furthermore if |¢ — Iill1.00 + |01 = Lall1,00 = O then L(¢), U(¢)) — 1.

Building upon our prior discussions on diffeomorphisms and their influence on
Sobolev spaces, we introduce a theorem that investigates the impact of a sequence
of open sets converging diffeomorphically on a bounded sequence within these
spaces.

Theorem 5.2.6. Consider a sequence of open sets {Qx}32, C RY that converges
diffeomorphically to Q. Let {ug}32, be a bounded sequence in H™(S,) with m =0
orm =1, and define wy = uy o Y. Then, the following hold:

e Wi € Hm(Q),

e wy is a bounded sequence,

o if ||ug|| gm (o) converges, then ||wy|| gm (o) also converges. Specifically, we have
Jim[jwg]| (o) = Hm{Jug]| o).

Proof. We first invoke Proposition 5.2.5 which guarantees that for every wy =
ug © Yy, it is an element of H™(Q2). Moreover, there exist sequences of constants,
Ly (¢y) and Uy (1), each greater than zero, that satisfy:

Lil|urll zme,) < llwellam@) < Ukllugllzm o) (5.12)

Given that [|¢ — Iill1.00 + || = Lill1.00 — 0 and applying Proposition 5.2.5, we
arrive at:
k—oo

k—o0
Since uy, is bounded, it can be inferred from (5.12) that ||w|/gmq) is bounded.
If we assume that ||ug||gmq,) convergence, then applying the limit to Equation
(5.12) and utilizing the result from equation (5.13), we have:

Jim(jwg[| (o) = Hm k]| ay) -
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5.2 Preliminary result

Following the same logic as in our prior theorem, we extend our investigation to
the setting of timed sequences.

Corollary 5.2.2. Consider a sequence of open sets {Q;}22; € R? that converges
diffeomorphically to Q. Let X' = L(H™ (%)) , X = L(H™(R)). Now let {ux}32,
be a bounded sequence in X;' with m = 0 or m = 1, and define w, = uy o Y.
Then, the following hold:

e W € X]:n,
e wjy is a bounded sequence, and

o if |Jug|[xm converges, then [[wg||xm also converges. Specifically, we have
JimJwg|[xp = 1 [fug|xm.

Proposition 5.2.7. Let 9,21 C R"™ open, bounded and Lipschitz sets. Let
V7t € WE(RYRY)) a diffeomorphims such that ¥(Q) = Q and let v €
L(HY(Q), H'2(09)) be the trace operator. Then if u € H' () we have:

Y (u) ot =M (uo ).

Proof. We will prove this proposition by density of D(£) functions in H* ().
Let u € D(), and notice:

Yoy = M (uow)
(uo¥)lag, (5.14)
= YM(uoy),

From equation (5.14), and from the classical trace inequality can deduce:

v ) o9l

= | o w)

< luo gy
< Cllull gy -

H/2(004 H/2(00Q4)

Hence by density the operator v o v : H'(Qy) — H'/2(9Q;) is continuous, and:

Y ()0t =1 (uo ) Vue H'().
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5 Continuity with respect to the domain

Proposition 5.2.8. Let €y, C R™ open, bounded and Lipschitz sets. Let
VY, € Whe(RY R?) a diffeomorphims such that () = Q. Thenu € HE ()
if and only if uo € H} ().

Proof. This direct consequence of the proposition 5.2.7, because we have that
0=7%(u) o) =7"(uo1h), O

5.3 Continuity of the velocity vector field with
respect the domain

This section is dedicated to establishing the continuity of the velocity vector field
with respect to its domain. For simplicity of the statements in the following results,
we will assume that D is a bounded domain and {€;,}3°, C R? is a sequence of
bounded and C'! domains contained in D, such that €, C D for all k, and €,
converges diffeomorphically to a bounded and C*! domain Q@ C D. We will
also consider the family of diffeomorphisms {13 }3°, € W= (R4 R?) N C!(R?, R?)
according to Definition 5.1.1 .

Remark 5.3.1. As we embark on our analysis, it is important to recall a few key
concepts related to bounded sequences in Hilbert spaces. For a bounded sequence
xr in a Hilbert space H, the Banach—Alaoglu theorem assures the existence of a
sub-sequence {ry,} that weakly converges to an element 2* € H with finite norm.
Moreover, if x* is unique, then the entire sequence xp weakly converges to x*,
not just the subsequence. This result can be conveniently derived by considering
subsubsequences of x; the uniqueness of the weak limit ensures x, — x*.

Another important fact is that, given xy — z* and yr — y, (Tr, Ys)ry —
(z,y) g holds. This follows from the Riesz representation theorem and the in-
equality:

’<$k,yk>H,H - <$7?J>H,H‘ B ‘(xk:ayk: - y>H7H‘ + ‘(:L’k - 937?/>H7H‘

< llewllllyn — ylle + |(ox = 2, 9) 5 5]

Since ||zg|| g is bounded. Taking the limit yields:

kh—>r£10 <xk> yk>H7H = <£B, y)H,H
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5.3 Continuity of the velocity vector field with respect the domain

We now introduce a theorem that establishes the existence of a convergent se-
quence within the V(€) space that converges to a function in V(Q2) under dif-
femorphism. This result is fundamental to our analysis, providing a key link
between the spaces associated with the deformed and original domains.

Theorem 5.3.2. Let v € V(Q) then there is sequence z, € V() such that
Ve = 2k O@/Jk — v in V(Q)

Proof. Let wy € H'(),) be defined as wy, = v o1, " and let ¢, € H' () be a
solution of:

% = () O .

Assuming €, to be a Cb! domain, we can utilize the classical regularity theorem
(refer to [9, Lemma 4.6 |), which indicates that g, € H?*(€). Additionally, we
have the subsequent estimate:

VGl () < 1 div(ws) | 220y -

Consequently, by defining z, = Vgr — wy, we confirm that z, € V() because
qr is a solution to equation (5.15). Next, consider the following:

vp—v =2z oYy —v= (V) oy.

As zp o, — v € HY(Q), our only remaining task is to demonstrate that ||Vgy o
Vil o) — 0. Taking into account that Uiyt — Id, by applying Theorem 5.2.5,
we infer that there exists a sequence of constants U, — 1, such that :

| (Var) o Yrll gy < Usll div(ws)]|r2(q,)
= Ul Tr(Vir Vo)l 2o

Given that the trace operator, T, is linearly continuous from (L2(€2))"*? to L2(Q)
and that V¢ 'Vv — Vo in (L2(€2))™?, we can apply the limit to both sides to
obtain:

T [V 0 sy < [IT7(V)] 120 = 0
[
Building upon the previous theorem, our next corollary extends the continuity
of the velocity vector field from the spatial to the temporal domain. Specifically,

it ensures the existence of a convergent sequence in the L?(V (£);)) space under a
diffeomorphism.
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5 Continuity with respect to the domain

Corollary 5.3.1. Let v € L*(V(Q)) then there is sequence zy, € L*(V () such
that V = 2 © ¢k — v mn LQ(V(Q))

Proof. According to Theorem 5.3.2 V,(Q) = {z o ¢y |z € V(Q4), k € N} is dense
in V(Q2). Consequently L*(V(f)) is also dense L*(V (Q)). O

As we further examine the behavior of solutions to the Stokes variational prob-
lem, our subsequent lemma provides insights on the weak convergence of the so-
lutions under a diffeomorphism.

Lemma 5.3.3. Let {u;} € L*(V (%)) be a sequence the solution of the Stokes
variational (5.1) problem and define wy, = uy, o Yy. Suppose following assumption

hold:
1. (Th) =Ty,
2. fi € L2 (L*()) such that f 0y — f € L? (L*(Q))

3. hi € L? (L*(T'X)) such that hy o ¢ — b € L* (L*(T'y)).

Then wy, converge weakly to ug € L*(V(Q)), and Lw;, converge weakly* to Luq €

dt
L>(V(Q)) .
Proof. We first note that since both sequences f, and hj are bounded, from the-
orem 5.2.2 this implies that the sequence ||u || r2(v(q,)) is bounded. Consequently,
according to Lemma 5.2.6, the sequence wy, is bounded in L*(Hjp (2)) . There-
fore by the Banach—Alaoglu theorem any subsequence of w; possesses a further
sub-subsequence that weakly converges to some w* in L*(Hgp (€2)). For simplic-
ity, we will denote this converging sub-subsequence also as wy.
Given that v € V(Q), we can apply Lemma (5.3.2) to obtain z; € V() with
the property that vy = zj 0 ¥y, converges to v in V(). Consequently, according
to Proposition 2.2.4, we find:

d
7/ U - 2k dr = — V’U,k . Vzk dx +/ fk . dew +/ hk . ’deS . (516)
dt Jo, Qs Qs rk

Set fr = f1r oy, and given ¢ € D(0,T), and using theorem 5.2.3, equation 5.16
is can be rewritten as:

T ! T t
_/O /ka-vkj(zpk)qﬁ d = —/0 /vak L MM N (6) ¢ dadt
+/OT/kaka(1/zk)¢dxdt (5.17)
T ~
[0 v o]Vt

s,
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5.3 Continuity of the velocity vector field with respect the domain

In the above equations, m denotes the normal vector in 'y, and M, = Vi, *
J(1) = |det(V)y,)| . Now notice that since 1, — Id in W™ (]Rd,]Rd) we have:

v (V)¢ (t) = ¢/ (t)v in L*(L*(2))
MM Vv (Vi) o(t) = 6(t)Vo  in L*(L*(Q))
v () [V 'n|, 6(t) = é(t)o in LP(L*(T'y)).

Hence, we can deduce that:
T T T
/ /w*~v¢'d:cdt:/ /[Vw*:V'v—f-v]¢dxdt—/ h - vo dsd.
0 Jo 0o Ja 0o Jry
(5.18)

Our next task is to prove that w* € L(V(Q)). For this, let ¢(t)h(x) € D(0,T) -
H{(Q). Let hy = h o1, thereby from Proposition 5.2.8 we know that hy €
H} (). Now consider:

0= /OTgb [/Q div () dx} dt
:/OTgbUQ wk-MthJ(z/))dx} dt . (5.19)

Since since ¢, — Id in W™ (Rd, Rd) we know that M, VhJ(¢)) — Vh in L*(Q).
Taking the limit in 5.19 yields:

)

/ o [ div(w")hdadt Voh € D(0,T),

dt

/ w*Vhdz

Because D(0,T) and H(2) are dense in L?(0,T) and L*(Q2) respectively, we can
conclude that w* € L(V(Q)).
Now we shall see that w* € C(H(f?)), from equation (5.18) we have:

T
d/ w* . vdrdt = —/ Vw* : Vo dxdt +/ [ udxdt +/ h - vdsdt .
dt Jo Q Q 0 Jry

This which implies that 4w* € L?*(V(Q)) is bounded linear operator. Now
noticing we also have that w* € L*(V(Q)) this implies that w* € C(H(R)) see
for instance [61, Lemma 1.2] or [50, Chapter 1]. Now, from corollary 5.2.1, it can

be observed that u;, € C(H (§)), and hence, wy, € C([0,T], H(2)), i.e:
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5 Continuity with respect to the domain

|wi(t1) — wi(t2)|m@©) < Crllur(ty) — wr(te) || mo)) -

Additionally, we have ||[wy(0)| 12 < Cklluk(0)|| = 0,and therefore, w*(0) = 0.
Therefore, by unicity of the stokes problem we have:

w = Uug.

Now from 5.18, for we have that:

lim T/ka v ¢ (t)dxdt = /T/ Vug : Vo — f-v]¢(t) dedt

k—o0 J0

This implies that S, converge weakly* to ug € L*(V(Q)') . O

Theorem 5.3.4. Let {u;} € L*(V () be a sequence the solution of the Stokes
variational 5.1 problem and define wy = uy o Y. Suppose following assumption
hold:

1. 4y (T%) =T,

2. fr € L? (Lz(Qk)) such that f) oty — f € L? (LQ(Q)) ,

3. hi € L* (L*(T%)) such that hy o ¢y — b € L* (L*(T'y)).
Then wy, strongly to ug in L? (V ().

Proof. By utilizing Lemma 5.3.3, it is known that wy converges weakly to ug and
wy, € C(H(Q)). To avoid heavy notation we define X, = L*(V (Q))NC(H (21.)),
let t; € [0,7] and consider the following operators Ej : X; x X — R, E :
X x X — R as:

By (u, w) = [/Qku(ts)-w(ts)derQ/ots 5 Vu(t)-Vw(t)dxdt} ,
Bu, w) - [/Qu(ts)-w(ts)da:+2/0ts/QVu(t)-V'w(t) dmdt} |

On the other hand as in Lemma 5.3.3 and equation (5.4) we have:
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5.3 Continuity of the velocity vector field with respect the domain

ls
khm Ek(’ulk,’ulk) = hm 2 |:/ / fk: ’U,kdI dt +/ h - ’U/de dt:|
Qp

:2{/ /f~u9dxdt+/ h-ugdsdt}
o Jo 0o Jry

ts
= la(t)Fa@ +2 | Va0t 32t
= E('U;Q,UQ). (520)

Now from Theorem 5.2.2, have:

t.
lim By (uy, u) = lim [Huk(ts)Hi%m) - 2/0 Hvuk(tS)H%Q(Qk)dt:l

k—ro00
ls

= l}:rgo E(wg, wy) . (5.21)
Combining equations (5.20) and(5.21) we have:
khm E(wg, wy) = E(ug,uq) . (5.22)
—

We remark that this does not allow us yet to conclude anything, since we do
not know if Hwk(ts)H%Q(Q) convergence to HuQ(ts)H%Q(Q). Thus we will analyses
E(wy — ug, wy, — ugq), in that spirit let notice that we have:

/ka(ts)uQ(ts)dx:/oTA;lt(th ) - wi(t)) dadt

T g
:/ /%ug( it dxdt+/ /uQ o()dwdt

But by Lemma 5.3.3 4 Wi —" C‘ljtug and wy, — w*, therefore:

lim [ wi(ts)ualts)ds = / . / jt (wa(t) - wi(t)) dadt

k—o0 JO
—/ Sl (®) |2yt

= [lua(t s)HLZ(Q) : (5.23)

It can be easily seen that F is a bilinear and symmetric form, therefore equation
(5.22) we have :

klim E(wy — ug, wy, — ug) = klim [E(wg, wy) — 2E(wy, uq) + E(uq, ug)]
—00 —00

= lim 2[E(uq,un) — E(wg, uq)]| . (5.24)

k—o00
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5 Continuity with respect to the domain

From equation (5.23) and since w;, — w™* we have:

lim E(wy, ug) — lim { [ ult,) uaft)ie+2 [ - [ Fult) - Vun(t) v

k—oo k—oo

ts
= la(t)F@ +2 | Va0t 32t

= E(UQ, UQ) . (525)
It follows from equations (5.24) and (5.25) that:

lim E(wk —uqQ, Wi — 'U,Q) =0.
k—o00

This implies that for any ¢, € [0,7] we have:

ts
lim [fwe(t,) = walt)Fo +2 [ IVw(t) = Vaa@)l3xad] =0 (526

Setting t; = T', and by remark 5.1.2 we know that [|[Vua||12(2(q), is an equivalent
norm of [ uq|| 2y (q) therefore:

Wy — Ug in LQ(V(Q))

5.4 Pressure weak continuity with respect to the
domain

In this section, we present the main result that establishes the strong continuity of
the pressure with respect to converging sets under diffeomorphisms. The focus is on
understanding how the pressure field behaves when the underlying set undergoes
convergence through diffeomorphisms. By studying this continuity property, we
gain valuable insights into the behavior and stability of the pressure field in fluid
flow problems under varying geometries.

Remark 5.4.1. Before presenting the continuity result of the pressure, we recall that
the gradient operator is an isomorphism between L?(Q)/R and H*(Q) = H()’
(refer to [61, Proposition 1.2 (ii)] or [9, Proposition 2.10]). Hence, we have the
following inequality:

inf [Ip+ ¢l 2@ = IPllrz@/m < COVDllr-1(@) - (5.27)

72



5.4 Pressure weak continuity with respect to the domain

In particular, if p € L§(Q), we have ||p||r2() = infeer ||p + ¢||r2@). Thus, for
p,q € LE(Q), using inquality (5.27), we obtain:

1P — qllz2) < CE|Vp = Vd|lz—1() -

Theorem 5.4.2. Let {pp} € L*(L3()) be a sequence the pressure solution of
the Stokes problem and define wy = up o Yy, qp = pr © Y. Suppose following
assumption hold:

1. Yp(T%) =Ty,

2. fu € L* (L*()) such that £y 0y — f € L* (L*(Q)),

3. hi € L* (L*(TX)) such that hy oy — h € L? (L*(I'y)).
Then Vg, — *Vpo with in L*(H1(2)) .

Proof. First lets define gz = ¢ — Gr, where @ = |Q|_1 {qr, 1), therefore remark
5.4.1 we only need to prove the convergence of the operators Vg —* Vpq in
L2(H(©).

By theorem 5.2.2, we know p;, is a bounded sequence in L?(L3(€Q)). Conse-
quently, by 5.2.1, g is also a bounded sequence in L*(L%(2)). Therefore by the
banach—alaoglu theorem any subsequence of ¢; possesses a further sub-subsequence
that weakly converges to some ¢* in L*(L?(Q2)). Given that g, — ¢* and J(¢3) — 1
in L?(Q), we can observe the following:

/q*dx: lim / qrJ (Yy)dx
[¢) k—o0 JO
= lim prdx
k—00 JQ

=0.

Now we take ¢(t)h(z) from D(0,T) - Hy(2). Then we define hy as h o ;.
According to Proposition 5.2.8, it’s clear that hy is in H(€). Now, if we take
M;, to be V', we can notice that:

/OT ¢/Qk pr div(hy) dedt = /OT gb/ﬂ @ Tr(MyVh)dxdt .

Given that the trace operator, T'r, is linearly continuous from (L2(Q2))™? to L%(9)

and that M;Vh — Vh in (L2(Q))dXd, we can apply the limit to both sides to
obtain: . .
lim [ ¢ / i div(hy) dodt = / é / ¢* div(h) dxdt . (5.28)
k—o0 Jo Qp 0 Q
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5 Continuity with respect to the domain

Next, let’s apply integration by parts to equation (5.1):
T T
/ & / i div(hy) dedt = / / Gwy - h + OV - Vhedrdt
T
—/ / of . - by dadt
0o Jay
T
:/0 /ch"wk h J(Yr) + dMpNVuy, : MpVhyJ (Y )dzdt

—/OT/quﬁ-hJ(wk)dmdt.
(5.29)

By utilizing equation (5.28) and taking the limit in (5.29), we can deduce:
T T T
/ ¢/ q*div(h)dxdt:—/ /¢’ug-h+¢VuQ:Vhdx—/ qﬁ/f‘hd:cdt
o " Ja 0 Jo 0o Ja
T
- / & / po div(h) dzdt .
0o " Ja

This leads us to infer that Vgz — *Vpgq in the space L?*(H1(Q)).
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6 Global divergence free-RBF
methods for evolutionary Stokes
problems

This chapter presents the development of a Radial Basis Function (RBF) method,
specifically designed for the evolutionary Stokes problem. Drawing from the divergence-
free RBF approximation framework introduced by Wendland [65], our approach
integrates global Inverse Multiquadric (IMQ) RBFs into our spatial discretization
strategy. We apply both Dirichlet and Navier-slip boundary conditions to a non-
convex, particularly a star-shaped, domain. For all numerical exemplifications,
numerical extended precision is utilized.
Additionally, a thorough stability analysis of the relevant Gram matrix is con-
ducted. Our numerical results indicate that all real components of its eigenvalues
are consistently negative. This observation supports the idea that our use of back-
ward differentiation formulas will achieve iterative convergence, exhibiting expo-
nential convergence in space and algebraic convergence in time. This behavior is
substantiated through a suite of numerical examples.
Let  C R? be a bounded and Lipschitz domain, and we define Q = Q x (0, 7)),
Y =00x(0,T). Let L(u,p) = (L1(w,p), ..., La(u,p)) where L;(u,p) = —plAu; +
5%7 and consider the following system:
u+ L(u,p)=f in Q,
divu =0 in @,
B(u,p) =g on X,
u('7 0) = uO() in @,
Here B = (By,...,B,) are given boundary operators. Notice that for Dirichlet

(6.1)

boundary conditions, we have B;(u,p) = u;, while for the Navier-slip boundary
conditions, we have:

Bi(w,p) = u; - n; i=1...d—1,
Biu = (o(u,p)n),.
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6 Global divergence free-RBF methods for evolutionary Stokes problems

6.1 Collocation method and backward
differentiation formula

Before delving into the specifics of our methodology, we introduce a pertinent
theorem that will play a crucial role in our discussions. As we proceed, this
theorem will guide us in laying out the specifics of the Radial Basis Function
(RBF) ansatz and the generalized interpolation collocation method, as described
in [64]:

Theorem 6.1.1. Let’s suppose that ® : Q C RY — R™ " 4s a positive definite,
matriz-valued kernel. Further, consider that \i,..., Ay € N®(Q)* are linearly
independent and fi,...,fy € R are given. Here, Np(Q) represents the native
space of the positive definite matriz-valued kernel ®.

Then, the problem of finding the solution of

min {[|s|lxu(@ : Aj(s) = f£;,1 < j < N}

has a unique solution, which has the representation:
SA = Z a; /\yq)

Here WW®(x —y) is a vector-valued function, which is generated by applying A
with respect to'y to every row of ®. The coefficients o; are determined via the
interpolation conditions \; (sp) = fi,1 < i < N.

Our objective is to create a PDE operator by approximating the temporal deriva-
tive using a finite difference method while employing a divergence-free matrix value
kernel for the spatial operators. To do this, we start by defining the divergence-free
RBF as follows:

Definition 6.1.2. The divergence-free matrix-valued kernel is defined by:
®pi, = —AI + VYV,

where A denotes the Laplace operator, I is the identity matrix, VV? denotes the
Hessian matrix, and v represents a positive definite radial basis function.

The following time scheme takes inspiration from some concepts presented by
Stevens et al. [60]. To elucidate this method, we utilize backward finite difference
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6.1 Collocation method and backward differentiation formula

techniques, which are aptly suited for ordinary differential-algebraic equations

The scheme at any given time step for the system (6.1) is

uf ™+ (A B Li(w™, pte) = (ADB ST + Lisp owui ™ in Q,
divu"* =0 inQ, ie{l,..d}.
on 0f),

Bi (un+s’ pn-i—s) gZH-S
(6.2)

where [, 0}, are known parameters defined by the BDF techniques. Thus, in each

step we solve the following PDE:

Zi(,uln+s anrs) — 7’?4—8 in Q,
divu™t =0 inQ, ie{l,..d} (6.3)
Bi(u™ts pnts) = " on 99).

where L;, [ are defined by:
z( n+s7pn+s)

Li(u"™,p"T) = u" + AL

fnJrs Atﬁs n+s + Zo'ku

To implement a collocation discretization of this equation system utilizing divergence-
free kernels as in [64], we establish the following matrix-valued kernel:

®piy 0 1 CRY — REFD*(dHD) (6.4)

b =
[ U
Subsequently, we introduce N;,; and N, node sets, termed as RBF centers
represented by &;"" and £jb respectively. Here, £jb € 00 and &;" € Q. Further,

we define an array of operators from R — R as follows

{Ei]‘ :Z,-(u,p) g;int 7€ {1,d},j - {17~~-7Nmt} (6 5)

Bij:Bi(U,p)’&.b ’iE{L...d},jE{l,...,Nb}

Hence, utilizing Theorem 6.1.1, we derive the following ansatz

Z

(AnJrs ~n+s AN b _ s;‘_nt)a;zj+s

D) (e ):;
-3

™

(6.6)

&

L:®(x
1
B — i

J
ij

1

J
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6 Global divergence free-RBF methods for evolutionary Stokes problems

Here, Zf@ and BS® denote vector-valued functions mapping from R? to R4,
created by applying the operators Zf and Bf to each row of the kernel ®. This
ansatz approximates our velocity-pressure solution at each time step as a linear
combination of function values at the RBF centers, using the coefficients o and
[, which are to be determined and correspond to the interior and boundary RBF
centers, respectively.

Incorporating the ansatz (6.6) into the following system:

L@, ) | o= (&™) i€ {L,...d}j€{L,... Niw},
Bi(@" ™, )| o= 67 (§5°) ie{l,...d},je{l,...,Ny}.

The above system of equations can be represented in matrix form as follows:

an+s T”Z-ﬁ-s
H+ ( /Bn+s ) = ( gn+s , (67)
where the vectors (a”+5, B”“) belong to R Nint+Mb) ~indicating the stacking of
the unknown coefficients corresponding to each time step. H, is the collocation
matrix, belonging to R Nint+Ne)xd(Nine+No) - that encodes the discretized system.
Its construction is detailed as follows:

HJ’_:

[Hn H12] ’ (6.8)

H21 H22

where Hll c Rle-mgdeim’ ng c RdethNb,Hgl c RdNbXdNint and H22 c RdNbXdNb.

Specifically, the ¢7-th block of each submatrix is given by:

Hyi(i,j) = CiLS® (€7 — €M), Hysli,j) = L BS®(£™ — £°),
Hy (i, j) = BEL:®(£0 — €M),  Huli,j) = B*B®(&" — €°).

6.1.1 Stability analysis for BDF schemes

In the subsequent subsection, we will conduct a stability analysis for the scheme
outlined previously. Our methodology employs a matrix-based method mirroring
the process detailed in [25]. The aim is to devise a condition that enables the
approximation of the Gram matrix’s spectral radius. We designate the set of
interior nodes as (£7)Y7* and the boundary nodes set as (€2)*,. Furthermore,
we introduce the standard canonical projection I; : R — R to access the j-th

coordinate of a vector in R4+
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6.1 Collocation method and backward differentiation formula

With this operator, we define the interpolation matrix A € R Nint+Np)xd(Nine+Ny)

such that:

an+s n+s/ eint n-+s/ eint n-+s/ ¢b n+s/ ¢b T
Al gues = (u o (&), u e (ER ) ute(€h), . unte(Ey) . (6.9)

In essence, the matrix A functions as a linear operator that transforms the
solution coefficients into the corresponding solution values at the prescribed nodes.

A — [An Al?] ’

This is formally given by:

Ao A
where A;; € RINinexdNine A ) € RINimnexdNy A, ¢ RINoxdNint qnd Ay, € RINsX ANy
Specifically, the ij-th block of each submatrix is given by:
A (i 7)) = Ixzfq) int __ gint Aio(i. i) = ]’$B§¢ int __ &b
11(Z7j> i (E S )7 12(27]) e (E E )a
.. 13 in .. T
Ao (1, 7) = I [qu’@b —& t)v Aga(i, j) = I B§q’(€b - fb)~

Setting A = ( fznt >, we define H_ = < Aém ), thus from equations (6.7) and
b

(6.2) we obtain:

ants s—1 a"ts ?n+s
(50 En(5)+ (1)
Bt = Bt gt
Thus, it follows that:

s—1 —nts
" =AH'H_ A" opu" + AH[! ( fn+s ) :
k=0 g

Denoting by u” the exact solution and by 4™ the numerical solution, the error

n

e" = u" —u" satisfies the equation:

s—1
6n+s — KZ O_ken—i-k + En-‘,—sa
k=0

where E, ., denotes the local error in the scheme as depicted in Equation (6.7)
and K represents AH,'H_A~'. In addition, given that E,, is small and thus
can be ignored, we can explore the error analysis employing the following identity:

s—1
et =K> ope"t (6.10)
k=0
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6 Global divergence free-RBF methods for evolutionary Stokes problems

By assuming that K is diagonalizable, i.e., K = D~'AD, we can define 2" := De"
and therefore (6.10) is equivalent to:

s—1
2" =AY ot
k=0

Given that A is a diagonal matrix, it holds for every j = 1,...,d(N, + N;,) that

1 s—1 . .
2t = kX_:O Ajoz . The solution to this is given by 20 = ki—:o Cyrt, where Cj
are complex constants and r; are the roots of the polynomial associated with the

finite difference method.

Ultimately, as |e"| approaches zero if and only if |2"| does so, the stability of the
method is ensured as long as the eigenvalues of K are within the stability region
of:

s—1
T(r,A) =r° =Y Aopr’. (6.11)
k=0
As a consequence of the boundary locus technique [46], some stability regions are
displayed in Figure 6.1.
By employing the boundary locus method, as presented in [46], we can visualize
some stability regions, which are depicted in Fig. 1.

£ iRBF BDF-2 Stability Region TRBF BDF-3 Stability Region

RBF BDF-1 Stability Region

-1.5 -1 -0.5 0 0.5 1 1.5 -1 -0.5 0 0.5 1 15 -1 -0.5 0 0.5 1 15

(a) One level (b) Two levels (c) Three levels

Figure 6.1: Stability regions using backward finite formula.

6.1.2 Numerical experiments

In the following subsection, we examine the precision of the BDF2-based scheme
introduced earlier, taking into account either non-homogeneous Dirichlet or non-
homogeneous Navier-slip boundary conditions on the system as described in (6.1).
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6.1 Collocation method and backward differentiation formula

To generate the divergence-free kernel, consistent with Definition 6.1.2, we employ
the scalar inverse multiquadric (IMQ) function (r) = m_l, setting the
shape parameter ¢ = 1.5. Given the ill-conditioned nature of this kernel, we
leverage the high-precision computation capabilities of the ADVANPIX Matlab
package, working with a precision of 50 digits. The entirety of these computations
are executed in the Matlab and FreeFem-++ programming environments.

We now focus on a nonconvex, star-shaped domain Q C R? with its bound-
ary defined by the parametrized curve in (6.12) (refer to Figure 6.2). The curve
specification is as follows:

C = {(9, p(0)) € B2 : p(0) = 0.8+ sin(66) + sin(30), 0 € [0, 2@}. (6.12)

Figure 6.2: Domain 2 C R?. The boundary is defined by the parametrization
given in (6.12)

We consider the following exact solution of (6.1) for both types of boundary
conditions (Dirichlet or Navier—slip):

u(z,y,t) = —y sin ((x2 + 9?) sin(¢? + 1)) ,
us(x,y,t) = x sin ((a:2 + %) sin(t? + 1)) :
P, ,8) = sin(z — y + 1)

We evaluate the L°°-norm error for velocity and pressure, comparing the exact
solution with the numerical approximation for varying time steps, At. The errors
are represented by €, = Uegact — Wapprox for velocity and Ve, = Vpezact — VPappros
for pressure. Results for both Navier-slip and Dirichlet boundary conditions are
compiled in Table 6.1 and Table 6.2, respectively.

As anticipated, it is observed that the error decreases as the number of nodes
increases, consistent with expectations. Additionally, the velocity converges at
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6 Global divergence free-RBF methods for evolutionary Stokes problems

a higher rate compared to the convergence rate of the pressure gradient, which
aligns with the expected behavior. The obtained results demonstrate exceptional
accuracy for both Dirichlet and Navier-slip boundary conditions, irrespective of
the p value. Furthermore, it is evident that the eigenvalues of the Gram matrix
lie within the stability region of the BDF schemes; otherwise, the solution would
not converge. However, it has been noted from numerical experiments that this
does not hold true for small values of the shape parameter, specifically ¢ < 1072,

N\At

117
290
576

N\At

117
290
576

1.00e-02
[
5.94e-03
1.34e-03
2.08e-03

llewpl|oo
6.32e-01
4.39e-01
5.31e-01

1.00e-02
[ley]loo llevplloo
5.22e-02  2.96e-01
2.06e-03  1.43e-02
2.33e-03  1.76e-02

p=1

5.00e-03
lleylloo llevplloo
6.47e-03  6.44e-01
1.38e-03  3.90e-01
5.72e-04 1.45e-01

/,L =
5.00e-03
HeyHoo HeVpHoo
4.15e-02  2.09e-01
1.49e-03  1.36e-02

5.80e-04  5.45¢-03

1.00e-03
llelloo  Ilevplloo
7.87¢-03  5.52e-01
2.54e-03  5.41e-01
4.62-05  2.10e-02

le — 06

1.00e-03
lleylloo llevplloo
1.88e-02 2.16e-01
9.33e-04  6.22¢-03
2.88e-05  2.39¢-04

5.00e-04
llelloo  Ilevplloo
8.17¢-03  4.86e-01
3.38¢-03  7.23e-01
4.46¢-05  2.06e-02

5.00e-04
lleyll llewplloo
2.32e-02  3.29e-01
8.68e-04 4.40e-03
9.25e-06 1.54e-04

Max Cond

1.55e+-21
1.71e+21
9.35e+22

Max Cond

6.22e+28
8.99e+28
3.34e+29

Table 6.1: Global Hermite collocation-IMQ error for the Stokes system with
Navier—slip boundary conditions. Here, the shape parameter is c=1.5

p=1

N\At

117
290
576

N\At

117
290
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7.04e-03  8.31e-01
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1.77¢-03 1.01e-02
1.90e-03  1.35e-02

5.00e-03
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lleylloo
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5.00e-03
llelloo  Tlevplloo
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1.05¢-03  8.88¢-03
4.77e-04  4.00e-03

1.00e-03
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le — 06
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5.00e-04
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3.94e+19
3.85e+19
7.48e+20

Max Cond

8.11e+19
1.68e+20
1.65e+21

Table 6.2: Global Hermite collocation—-IMQ error for the Stokes system with
Dirichlet boundary conditions. Here, the shape parameter is c=1.5
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7 LHI divergence free—RBF
methods for Stokes problems

In this chapter, we present an alternative method for the evolutionary Stokes sys-
tem, which is a RBF-LHI vectorial technique. This method is a generalization
of the local Hermite interpolation (LHI) scalar method, as described in [60]. Ad-
ditionally, we introduce a vectorial generalization of a recent scalar method that
uses hybrid kernels, which are called the RBF-Hybrid method and are discussed
in [52].

The organization of this section is as follows: In subsection 7.1, we review some
concepts and notation for the scalar LHI method, as described in [39]. Next, in
subsection 7.2, we present the numerical algorithm for the steady Stokes system,
while subsection 7.3 displays numerical examples with different types of boundary
conditions. These examples demonstrate that the RBF-LHI method can handle
up to 23,000 nodes and produce excellent results.

However, the eigenvalues of the matrix for Div-free IMQ kernels can have pos-
itive real eigenvalue components, which makes them unsuitable for evolutionary
problems. To address this issue, we introduce vectorial Div-free hybrid kernels
and formulate the evolutionary Stokes LHI method in subsection 7.4. We describe
an implicit discretization scheme for temporal discretization. Finally, we present
numerical experiments for evolutionary problems in subsection 7.5.

7.1 A reminder of the scalar LHI method

To provide a comprehensive understanding, we’ll take a moment to recap the Local
Hermite Interpolation (LHI) scalar method, as proposed by Stevens et al. [60]. A
similar review is also available in [39]. This scalar method will be the basis for
the generalized vector technique used later in this study to address the Stokes
problem.

In the context of the LHI scalar method, the focus is on approximating the
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7 LHI divergence free-RBF methods for Stokes problems

analytic solution u for a well-posed, steady, linear partial differential problem:

Lu(z) = f(x) in Q,
{ Bu(z) = g(x) on 09, (7.1)

Here, Q C RY represents the spatial domain, f :  — R and ¢ : 9Q — R stand
for the prescribed right-hand sides, and £ and B denote linear partial differential
operators operating in the domain €2 and on the boundary 0f2, respectively. These
operators are locally approximated as follows:

" % k-thsolutioncenter
R 9(Q) A PDEcenter
¢ ® Solutioncenter
A
s * A a® “ W Boundarycenter
® L ° ™ A

Figure 7.1: Centers and local subdomains for the LHI method

We begin by establishing a set of dispersed nodes €, C Q. Subsequently, we
specify three subsets of nodes as illustrated in Figure 7.1:

e (.. A subset of Ny, nodes from €2, known as solution centers.
o Qi A subset of Ny nodes from 0€2 N §2,,, referred to as boundary centers.

o Qpge: A subset of Npge. nodes from 2N €, termed PDE centers.

Consider D*, a disk with a varying radius, centered at the &' node in €2,.. Let’s
account for the set of N® fixed nodes ©Q,, N D*, also illustrated in Figure 7.1. To
carry out the local discretization, we present the following notation:

Q) — {x§k7sc) }jvzskcl = D" N Q,, denoting the local solution centers.

k
891()];) = {xgk’bc) };V:’”l = D" N oQ, representing the local boundary nodes.
k

Q;ZLC = {xg»k’p dec)};y:‘"f“ =D"NQ, indicating the local PDE nodes.

For each disk D*, we define a corresponding local subsystem as follows:

Lu(z;) = f(z;) ;€ Q0
Bu(w;) = g(x;) x; € 00 (7.2)

u(z;) = hy ;€ QY
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7.1 A reminder of the scalar LHI method

where h; are the unknown values, we define the following ansatz using the sym-
metric collocation technique:

(@)= Y Bea—&)+ Y. BB —¢)

genld) el (7.3)
k,pde m :
+ Y ML - )+ Y Binf(e)
ijQ;Z)e J=nF+1..Cp

In the above expression, k is the index for the local linear system, and pJ* corre-
sponds to the components of a multivariate polynomial of degree m in R?, thus
C, = (djnm) This polynomial is an element of the null space of the linear system
given by (7.2) as described in [60].

By substituting the ansatz detailed in (7.3) into (7.2), we obtain a series of local
linear systems, represented by:

AR gk) — k) (7.4)

By defining the Gram matrix A® and the right-hand vector d®), the local linear
system in (7.4) can be formulated in vector notation as follows:

(I)sc,sc Bg(bsc,bc *Cg(bsc,pde Pj,sc

Ak — B®sse BB Pgpe B LD pse B Pjpe £ RV +C)x(N015y)
Lo LB Dgpe L7LPgepge L7Pjpae 7
[P [B°Piad]”  [L7Pipa” 0

h(k,sc)
and  d® = J?(t:d))
0

Here the term J® 4 p correspond to J® (&, —¢&;) where §; € A and &; € B. Similarly,
J P; a represents Jpi(&;) for & € A.

The Gram matrix A® is well-known to be invertible, as discussed in [64]. There-
fore, we can solve for %) by taking the inverse of A®) and multiplying it by d®.
Using (7.4), we can rewrite @) () as follows:

M (z) = H(k)(x)ﬁ(k) — H(k)(x)(A(k))‘ld(’“) — W (x)d(k), (7.5)

In this formulation, H® : R — RN¥*+Cr ig expressed as:

H®(2) = [p(x - £°) ... Bo(ax — ). Bsg(z — &%) ... p]' ()]

T
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7 LHI divergence free-RBF methods for Stokes problems

The vector W¥)(z) = H® (z)(A®)~! represents the weights correlated with
the RBF approximations at the N®*) nodes within the local domain, and this
is typically referred to as the weight vector [64]. When an arbitrary differential
operator J comes into play, we can express it in the following manner:

Ju®(z) = TH(z)(AP)"1d® = 7(W®)(z)d®.

By employing the above interpretation, we denote the result of applying the dif-
ferential operator £ to W®*)(z) as Wék). Consequently, given the system defined
by equation (7.2), we can construct the subsequent system of equations:

FE)y =wP Py a®, k=1,... N,, (7.6)

Indeed, for each index k in the range from 1 to N,., the function f evaluated
at xgk) is equivalent to the inner product of Wl(:k) (xgk)) and the vector d®). Recall
that, as defined in (7.2), we have u, = h(5¢) Hence, in vector notation, equation

(7.6) can be restated as:

k,sc T
Wy ) uk,
Wy (x7) gkbe) .
e o | = flz]) k=1...Ny 77
W}k’pd )(xllc) f(k,pd ) (27) (7.7)
W) 0

The linear system (7.7) can be succinctly denoted as Sus. = b. Here, ug. repre-
sents the unknown values at the solution centers €2,.. The matrix S comprises rows
with zero elements, except for the weights corresponding to each disc D*. There-
fore, each row contains only N{*) non-zero entries. Given that N, is significantly
larger than N*)_ it follows that the matrix S is sparse.

To efficiently construct the matrix S and compute the weights, we can solve the
following equations:

ARWE (2V) = gHP (), k=1,..., N (7.8)

Since the matrix S is sparse, standard solvers and preconditioners can be used
to efficiently solve the linear system Sus. = b. Furthermore, it is worth noting
that by using the method of lines and a suitable numerical time integrator, the
LHI method can be used to solve non-stationary linear PDE problems. For a
comprehensive review of the LHI method, interested readers can refer to [60, 28]
and related references..
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7.2 Steady state problems: Div-free RBF, LHI method

7.2 Steady state problems: Div-free RBF, LHI
method

In this subsection, we describe the vectorial LHI algorithm for solving the station-
ary Stokes problem using divergence-free RBFs. The problem involves finding the
solution u : R — R% and p : R? — R of the following system of equations:

Ei(uap) - fl in Qv
div(u) =0 in €, ied{l,..d}
Bz(u>p) =0 on aQ)

where L;(u,p) = —pAu; + g—i, fi,g; - R = R are known functions and B =
(B, ..., By) are given boundary operators.

Notice that for Dirichlet boundary conditions, we have B;(u,p) = u;, while for
the Navier-slip boundary conditions, we have:

Bi(w,p) = u; - ny i=1...d—1
Bau = (o(u,p)n)y,

where n is the outer normal vector of 0f2, and (-),, denotes the tangential compo-
nent. As discussed in subsection 7.1, for each disk D* with center %, we need to
define a local system:

Li(w, p) ¢ 0= s (53.(’%50)) ie{l,...d},je{1,...,NE},
Bi(“’vp)‘gj(kvb@:gi (Sj(k’bC)) (&S {Ld}a] € {177lec}7 (79>
Li(u, )| 0= fi (&5*) i€ {1,...d},j € {1,... NE}.

Here, I; : R4*) — R is the canonical projection operator that maps a vector to
its j* component.

The exclusion of the div operator from system (7.9) is attributed to the em-
ployment of a matrix-valued kernel, represented by ®. This kernel comprises
a divergence-free positive definite kernel ®p;, and a global C'*° positive definite
scalar radial basis function (RBF) v. The kernel is expressed as:

P — ®p;,, 0 CRE _y RUEHDX(d+D)
0 ¢
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7 LHI divergence free-RBF methods for Stokes problems

with ®p;,, : R? — R? x R defined as: ®p;, = —Al + VV7T1). In this context, A
denotes the Laplace operator, I signifies the identity matrix, and VV7 represents
the Hessian matrix. Although the pressure is not incorporated as an unknown
variable in the local system (7.9), we will describe the method to calculate it.

Now, using the generalized interpolation Theorem 6.1.1 as in section 6.1 the
ansatz for the Stokes equation is given by:

d NE

('ﬁ( A(k 2215(1) SC(k)) ok

i=17j=1

+3 > Bid(z - goe gl (7.10)

3 ) Lie(@ — &)

Here, (a,f3,7) denotes a vector in R¥Net | where N, represents the sum of
N%, Nf., and NJ;... These quantities individually account for the total num-
bers of local solution centers, boundary centers, and PDE centers, respectively.
The terms I*®, BE®, L5® are vector-valued functions from R? to R4+ defined by

the application of the operators If, Bf, Ef to each row of the kernel ® respectively.

Substituting the ansatz (7.10) into the local Stokes system (7.9), we arrive at
the following local system:

oF u(k,sc)
AP Ikl = | gkt | (7.11)
IBk f(k:,pdec)

Where the local Gram matrix denoted here as A belongs to R Vi) xd(Nier) - and
can be described as the following block of matrix:

A A
A* = Agl A]2€2 A§3 J

Af Al Al
NE,NE ). Specifically, the ij-th block

sc) D

where Af;, € R™N; | where N = (N
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7.2 Steady state problems: Div-free RBF, LHI method

of each submatrix is given by:

An(iyf) = IFEB(E®) — g®s)) A6, 5) = [PB5B(E%=9) — gb)),
Aot (i, 5) = BELS®(£00) — B9 A0, (i, ) = BIBE@(£Rbe) — g(hibo)),
A1 (i, ) = LIT;R(ERPI) — ¢85 Agy(i, j) = LTB @£ — gt

Ava(i,j) = I L3P (ER50) — glkpdec))
Ass(i, j) = BELEB (£ Rbe) — glkbe)y,
Asa(i, ) = LFLEB(ghpdec) _ glhopdec))

This in turn let us compute the weights of the differential operator £; by solving
the following systems:

AOWE (230) = L, HO (@), k=1, N, (7.12)

where H*(z) is given by

HO (2) = (I50(lz — €°O))... BiD(||lz — €°)) ... L5B (|| — er*M])))".

(7.13)
Once the weights are known, we can build the sparse global matrix from the
following equations

W (a7 ) d® = F(a™) k=1, Ne, j=1,....4, (7.14)
where
T
d® = (m(xsc(k))a -~-7Ud(xsc(k))791(33bc(k))a --wgd(fcbc(k))’fl(l’pdec(k)), ~-~>fd(3€pdec(k))) :
Defining the unknown values of the vector field as
T
w(z®) = <u1(x§0), (), ...,ud(vacsc)>

and the known values as g(z%¢) € R™Vee | f(zP4¢) € R4Nrde respectively.
The global system induced by (7.14) can be expressed in matrix form as follows:

(wp W wE )| g™ | =I[fEo), (7.15)
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7 LHI divergence free-RBF methods for Stokes problems

where Wg c RdNSCXdNSC’ WLB c RdNSCXdNbC,WI{B c RdNSCXdNPde.
Therefore, in order to compute the velocity field, we must solve the following
linear system

Wiw(z™) = f(2*) = Wig(a™) — W[ f(a"*). (7.16)

To compute the pressure gradient we need to obtain the weights linked to the
partial derivatives of the pressure component of the local Anzats. In other words,
we need to compute the weight of the operators

Oarilwp) 5y o (7.17)

LB(U,p) = 8:[,' Y )

Again, this is performed in solving the following local systems:
AOWE (23°0) = LEH® (25°®), k=1, N,.. (7.18)

Once these weights are obtained and assuming that w(z*¢) have been computed
via (7.16), we just have to do the following matrix multiplication

’U,(IL‘SC)
Wep | g(z™) | = [Vp(z™)]. (7.19)
f(a?®)

Remark 7.2.1. It is important to highlight that in order to avoid singularity of the

sparse system, we need that 2" ¢ QF e ((see [60]).

7.3 Numerical results: stationary problem

Using the LHI Div—free IMQ RBFs technique, we present numerical results con-
cerning to the convergence order for Dirichlet and Navier—slip boundary condition.
Also we verify that the errors, even for small number of support centers and dif-
ferent values of the diffusion parameter p are excellent.

We consider the non—convex domain whose boundary was defined in (6.12) and
the following exact solution :

u(x) = <—7rysm(72r(x2 + %)), 7msin(%(x2 + y2)>, p(x) = sin(x — y).

Here, the non—-dimensional shape parameter is ¢ = 0.1. Tables 7.1 , 7.2 contains the
approximation orders in the L? and L*™ norms of the velocity field and pressure.
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7.3 Numerical results: stationary problem

pw=1
Total nodes Local nodes |leyllr,  [leyllo  llewpllz,  |levplls  local cond Sparse cond
1010 15 3.14e-06  4.96e-06 4.45e-04 2.00e-03 4.74e4+21  5.05e+07
1010 20 1.49e-06 2.21e-06 3.65e-04 1.15e-03 1.24e+25  4.02e408
1010 30 3.63e-09 1.12e-08 1.32e-06 8.83e-06 7.37e+30  1.44e+08
1010 40 4.11e-10  1.22e-09 1.66e-07 8.51e-07 1.55e+35  1.04e+09
2177 15 3.83e-06 5.91e-06 4.52e-04 3.26e-03 8.0le4+23  5.57e+08
2177 20 5.40e-08  9.89e-08 1.11e-05 4.84e-05 2.96e+27  6.53e+08
2177 30 2.08e-10  9.06e-10 9.14e-08 6.22e-07 1.24e4+34  1.14e+09
2177 40 2.97e-12  1.14e-11 1.25e-09 4.14e-09 1.16e4+39  2.23e+09
5924 15 2.36e-06 4.99¢-06 2.8le-04 1.81e-03 3.24e+26  3.49e+10
5924 20 8.23e-09 1.10e-08 1.85e-06 3.04e-05 4.29e4+30  1.45e+10
5924 30 1.08e-12 3.43e-12 7.17e-10 4.19e-09 1.62e+38  1.27e+410
5924 40 5.38e-14  2.52e-13 5.74e-11 3.36e-10 1.16e+44  5.82e+10
15051 15 1.64e-07 3.12e-07 3.06e-05 2.11e-04 9.63e+28  1.76e+11
15051 20 1.83e-09 2.81e-09 7.45e-07 5.29e-06 4.45e+33  4.65e+11
15051 30 3.87e-14 9.73e-14 4.27e-11 5.27e-10 9.63e+41  2.17e+11
15051 40 1.18e-16 6.70e-16 1.41e-13 9.34e-13 3.63e+48  1.64e+11
23461 15 3.31e-07  5.92e-07 3.53e-05 1.67e-04 2.57e+30 1.67e+12
23461 20 3.67e-10  5.58e-10 2.12e-07 2.82e-06 1.02e+35  9.00e+11
23461 30 4.11e-14 6.82e-14 3.15e-11 6.81le-10 5.47e+43  2.0le+12
23461 40 1.45e-17 4.05e-17 1.44e-14 2.33e-13 2.97e+50  1.87e+12
pw=1le—03
Total nodes Local nodes |leyl|r,  |leylle  |levpllz, |l€vplles  local cond Sparse cond
1010 15 4.29e-05 7.65e-05 1.50e-05 1.16e-04 2.89e+19  5.84e+07
1010 20 1.88e-06 3.65¢-06 7.90e-07 5.53e-06 1.85e+23  9.80e+07
1010 30 7.07e-08 1.68e-07 2.41e-08 1.06e-07 3.89e+28  2.85e+08
1010 40 1.37e-09  4.56e-09 5.59e-10 3.52e-09 1.18e+33  1.43e+10
2177 15 6.58e-06 1.50e-05 2.39e-06 1.87e-05 3.32e4+21  1.82e+409
2177 20 1.19e-06 2.04e-06 2.57e-07 1.29e-06 5.13e+25  1.92e+09
2177 30 1.28¢-09  5.39e-09 5.96e-10 6.09¢-09 7.92e+31  1.94e+09
2177 40 9.12e-12  3.16e-11 6.13e-12 3.87e-11 5.37e4+36  2.31e+09
5924 15 1.62e-04 2.96e-04 1.43e-05 7.55e-05 9.33e+23  3.29e+11
5924 20 1.66e-07 3.51e-07 6.17e-08 5.75e-07 1.17e+29  6.66e+10
5924 30 6.13e-12  1.81e-11  5.59e-12  4.52e-11 5.00e+35  5.76e+09
5924 40 2.16e-13  7.80e-13 1.83e-13 2.03e-12 3.30e+41  5.50e+10
15051 15 7.24e-07 1.19e-06 1.08e-07 1.08e-06 2.94e4+26  2.8le+11
15051 20 4.59e-08 6.95¢-08 7.24e-09 1.46e-07 1.09e+32  1.89e+12
15051 30 3.23e-13  6.31e-13 4.48e-13 5.31e-12 5.36e+39  8.10e+10
15051 40 8.62e-15 3.07e-14 2.17e-14 1.94e-13 1.45e+46 8.37e+11
23461 15 4.99e-07 8.47e-07 1.11e-07 1.16e-06 2.86e+27  7.96e+11
23461 20 8.39e-10  1.28e-09 3.62e-10 7.71e-09 1.94e+33  1.80e+12
23461 30 6.43e-14 9.86e-14 9.15e-14 1.22e-12 2.70e+41  2.23e+11
23461 40 2.21e-16  9.69e-16 5.04e-16 7.49e-15 1.40e4+48  9.00e+11

Table 7.1: Div free IMQ LHI Error table for stationary case with Dirichlet bound-
ary condition and shape parameter ¢=1.0
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7 LHI divergence free-RBF methods for Stokes problems

Table 7.2: Div free IMQ LHI Error table for stationary case

92

Total nodes
1010
1010
1010
1010
2177
2177
2177
2177
5924
5924
5924
5924
15051
15051
15051
15051
23461
23461
23461
23461

Total nodes
1010
1010
1010
1010
2177
2177
2177
2177
5924
5924
5924
5924
15051
15051
15051
15051
23461
23461
23461
23461

Local nodes
15
20
30
40
15
20
30
40
15
20
30
40
15
20
30
40
15
20
30
40

Local nodes
15
20
30
40
15
20
30
40
15
20
30
40
15
20
30
40
15
20
30
40

ey,
2.02e-05
3.18e-06
5.26e-08
4.19e-10
4.35e-06
1.63e-07
1.67e-09
4.13e-11
4.93e-07
1.55e-07
8.96e-11
2.37e-11
1.14e-07
2.07e-08
6.89e-11
1.98e-13
4.30e-06
6.57e-10
1.20e-10
6.94e-15

eyl
3.29¢-05
4.36e-06
6.21e-07
2.32e-09
3.66e-05
7.75e-07
5.59e-09
4.17e-10
1.15e-05
2.89e-06
1.56e-10
2.11e-12
3.18e-04
6.38e-08
1.86e-11
2.23e-14
2.13e-05
1.20e-08
1.30e-12
2.25e-15

p=1

leglle llewyllz,
3.88¢-05 1.93e-03
8.24e¢-06  5.00e-04
2.12e-07  9.79e-06
2.44e-09  1.38e-07
9.47¢-06 6.66e-04
5.19e-07  2.02e-05
4.79¢-09  3.12e-07
9.94e-11  7.59e-09
9.11e-07  7.28e-05
3.43e-07  2.20e-05
2.20e-10  1.53e-08
7.26e-11  7.61e-09
1.86e-07 1.73e-05
3.39e-08  2.22e-06
2.32e-10  7.58e-09
6.70e-13  2.05e-11
8.38¢-06 3.06e-04
1.49e-09 1.57e-07
5.91e-10 3.11e-08
2.92e-14  2.12¢-12

pw=1le—03

lelloo el
6.80e-05 6.31e-06
1.82e-05 5.66e-07
1.72e-06 1.48e-07
6.91e-09 5.46e-10
6.08¢-05 4.95¢-06
2.24e-06 7.93e-08
1.63e-08 1.25¢-09
1.53e-09 7.60e-11
4.14e-05  2.53e-06
6.13e-06  1.99¢-07
4.61e-10 3.07e-11
6.49e-12  2.31e-13
4.62e-04  3.10e-05
1.31e-07 8.65e-09
6.80e-11  2.26e-12
5.64e-14  2.93e-15
3.02e-05 1.47e-06
2.20e-08 1.54e-09
3.48¢-12  2.09¢-13
5.92e-15  4.75e-16

[
6.68e-03
2.64e-03
4.59e-05
8.23e-07
2.69e-03
7.65e-05
8.17e-07
3.10e-08
7.66e-04
7.93e-05
1.08e-07
4.73e-08
1.26e-04
2.02e-05
4.71e-08
1.15e-10
3.47e-03
2.00e-06
4.24e-07
1.21e-11

llewlleo
2.51e-05
1.98e-06
7.93e-07
2.30e-09
2.34e-05
4.06e-07
5.67e-09
4.10e-10
3.76e-05
1.04¢e-06
1.60e-10
1.05e-12
4.15e-04
1.03e-07
1.40e-11
2.04e-14
1.19e-05
3.37e-08
2.63e-12
3.00e-15

boundary condition and shape parameter c=1.0

local cond
4.32e+21
9.56e+24
6.36e+30
1.45e+35
7.60e+23
2.69e+-27
1.11e+34
1.31e+39
2.33e+26
4.97e+30
1.71e+38
1.17e+44
8.48e+28
3.86e+33
1.00e+42
2.69e+48
8.51e+29
7.12e+34
4.55e+43
2.73e+50

local cond
5.09e+19
2.25e+23
6.28e+28
1.30e+33
4.33e+21
5.67e+25
7.95e+31
5.71e+36
6.94e+23
1.59¢e+29
9.54e+35
3.57e+41
2.16e+26
1.25e+32
4.32e+39
1.44e+46
2.54e+27
1.79e+33
2.7le+41
1.95e¢+448

Sparse cond
4.57e+07
2.03e+08
1.50e+09
2.30e+09
4.21e+08
2.56e+09
5.76e+09
1.95e+10
4.79e+09
2.36e+11
3.33e+11
3.60e+13
2.78e+11
2.40e+13
2.62e+14
4.42e+14
7.42e+12
5.83e+12
2.69e+15
9.49e+14

Sparse cond
3.27e+08
7.47e4+07
1.37e+09
4.40e+-09
1.86e+09
1.56e+09
1.05e+10
1.08e+11
1.56e+10
3.70e+11
1.16e+12
2.15e+12
4.50e+13
1.63e+12
2.8le+12
1.46e+13
3.02e+13
6.92e+12
4.62e+12
1.62e+13

with Navier—slip



7.4 LHI method and BDF scheme for the non-stacionary Stokes equations

We denote such an errors by €, := Uczact — Waprox a0d €vp := VP i0s — VDp0r-
In all experiments, we have used extended precision via the mpfr++ library in
c¢++ in order to overcome the ill condition Gram matrix.

From Tables 7.1 and 7.2, it can be appreciated that we obtain spectral order
of convergence as the number of local nodes increases or equivalently if the fill
distance decreases. Also the results are excellent both for u = 1 and y = 1073, and
the error consistently decreases as the number of local nodes increases. The main
point to be noted from this tables is that we can use up to 24, 000 total number of
nodes in the computations. This can not be done with global collocation methods
due to the high value of the condition number of the Gram matrix.

7.4 LHI method and BDF scheme for the
non-stacionary Stokes equations

In this subsection we formulate a RBF-LHI vectorial technique for the evolutionary
Stokes problem

w + L(w,p) = f in @
divu =0 in  Q,
Bu=g on X,
u(0) =wu(-)  in Q,
where L(u,p) = —puAu + Vp.
Observe that, for every t € (0,7, (7.20) can be seen as a stationary Stokes

(7.20)

equation

L(u,p)=f in Q,
divu =0 in  Q (7.21)
Bu=g on 09,

where f = f — u,.
This implies that we can use the weight of the stationary system (see equation
(7.12)) to approximate (7.21). Thus, by using (7.14) we have

(wy WP wE) | gta) | =[f(ta")] (7.22)

Now, assuming that 2°¢ = 2%, we get the following ODE system
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7 LHI divergence free-RBF methods for Stokes problems

(I = Wh wi(t2%) = ~W} u(t:a™) — WPg(t:a™) + (I - WHF (@), (7.23)

where the boundary condition have been imposed in the LHI weights.

To solve the above system, we use a BDF2 scheme. Thus, in each time step we
shall solve the system

2At 2At 4 1 2At
(I — WLL + 5 Wi’) Up o = (I — WLL) (3Fn+2 + gun—l—l — 3un> T3 ngn+2'
(7.24)

7.5 Numerical results: evolutionary problem

In this subsection we use the theoretical description of the RBF-LHI method
presented in 7.4, to solve the unsteady Stokes system. We also introduce the
concept of Divergence free hybrid radial basis function, a generalization of the
scalar hybrid RBF (see [52]), which allows us to build a global LHI matrix whose
eigenvalues have negative real parts. We present numerical results for different
benchmark problems. use IM(Q kernels since in this case we obtain that always
some of the eigenvalues have positive real components for all the shape parameters.

We stress that, in some cases and according to extensive numerical experimen-
tation, no matter which parameters ¢, u or h we select, it is not possible to obtain
eigenvalues with negative real parts for the IMQ kernel, thus the discrete system
is unstable.

On the other hand, for hybrid kernels, the eigenvalues can always be obtained to
be negative depending on the parameters we choose, thus providing the stability
condition for ODE’s solvers. We first define the concept of Div—free hybrid kernel.

Definition 7.5.1. Let r = |||, ¢¥1(r) = exp~ and ¢5(r) = r2***. The diver-
gence free hybrid kernel ®p;, : R — R4*! is defined by

®piv() = {—AI + VV } (1 () + 1ipa()).

where A denotes the Laplace operator, I signifies the identity matrix, and VV7¥
represents the Hessian matrix.
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7.5 Numerical results: evolutionary problem

By direct computation we obtain

2 1
2 —C1T5 + 5 C1T1T2
Py (x) =dcie™™ A [ 202

1
C12129 —clx% + 5
—r2 2
s — T 1T
2n—3( /4,2 2n—1 2 152
+ 3 (4n? — 1) | @D 2 )
T1X2 7(271_1) — X9

and the combined velocity—pressure kernel is given by

B(z) ( ®pin() 0 ) | (7.25)

0 e—c2r + Yo r2m+1

Here 5 is corresponding weight relative to the hybrid kernel related to the pressure.

In the following experiments and for stability reasons, we use a weight parameter
v1, a shape parameter ¢; for the velocity and the corresponding values 7,; ¢ for
the pressure. Also we shall use the values n = 3 and m = 1 in equation (7.25), ie.
r7 for the ®p;, vector component and r* for the scalar component.

We note that the condition numbers of the local and global Gram matrices
are considerable lower than for the non hybrid, IMQ RBF. This is in agreement
with a recently, a new approach to reduce the ill-conditioning problem in RBF
approximations by using a hybrid Gaussian-cubic kernel was proposed [52]. The
basic idea behind such a hybridization is to obtain a kernel which utilizes the
merits of two different kernels while compensating for the limitations of each and
keeping the formulation as a standard RBF method.

The numerical results of tables(7.3)—(7.6) were obtained by using divergence-free
hybrid kernels and considering the following analytical solution to (7.20)

T
2

uy(x,y,t) = —7y sin (g(th + y2)> sin (207t )t,

u(z,y,t) = —my sin ( (ta? + y2)> sin(207t),

p(z,y,t) =sin(x —y +1).

The total number of nodes for tables (7.3)—(7.6) is 1010. To better appreciate
the convergence of the method as the fill distance decrease we scale the domain
by factor a ranging from 1 to 1075,

As in section 6.1.2, we compare the velocity error in the L?-norm between the
exact and numerical solutions, i.e., €y = Uezaet — Waproz-
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7 LHI divergence free-RBF methods for Stokes problems

At

Fill
distance
5.00e-02
5.00e-02
5.00e-02
5.00e-03
5.00e-03
5.00e-03
5.00e-04
5.00e-04
5.00e-04
5.00e-05
5.00e-05
5.00e-05

Table 7.3: Error table for Stokes-unsteady, Dirichlet boundary condition with
BDF2 LHI-semidiscret method p = 1, Pressure 7, = 1le — 06, Velocity ¢; = 0.5,

Local
nodes
15
20
30
15
20
30
15
20
30
15
20
30

Velocity
st

2.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01

Max local
cond

4.20e+11
1.62e+12
3.00e+12
1.12e+17
1.96e+17
3.98e+17
1.15e+22
1.99e+-22
4.08e+22
1.15e+27
2.01e+27
4.28e+27

Pressure ¢y = be — 04

At

Fill
distance
5.00e-02
5.00e-02
5.00e-02
5.00e-03
5.00e-03
5.00e-03
5.00e-04
5.00e-04
5.00e-04
5.00e-05
5.00e-05
5.00e-05

Table 7.4: Error table for Stokes-unsteady, Dirichlet boundary condition with
BDF2 LHI-semidiscret method p = le — 03, Pressure 75 = le — 06, Velocity

Local
nodes
15
20
30
15
20
30
15
20
30
15
20
30

Velocity
-
1.00e+4-00
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01

Max local
cond

1.20e+09
1.63e+10
3.26e+10
9.62e+14
1.67e+15
3.22e+15
9.51e+19
1.51e+20
3.41e+20
9.68¢+24
1.54e+25
3.48e+25

2.00e-02

lleyllr.

3.89631e-01
3.27511e-01
3.17346e-01
2.37872e-02
2.37824e-02
2.37821e-02
2.37205e-03
2.37205e-03
2.37205e-03
2.37201e-04
2.37201e-04
2.37201e-04

2.00e-02

HC?/HLz

1.51164e+00
8.20890e-01
6.43212e-01
2.42604e-02
2.38317e-02
2.37950e-02
2.37205e-03
2.37205e-03
2.37205e-03
2.37201e-04
2.37201e-04
2.37201e-04

c1 = 0.5, Pressure ¢y = be — 04
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1.00e-02

lleyllzz

1.37393e-01
1.14382e-01
1.10879e-01
8.84353e-03
8.84254e-03
8.84248e-03
8.81808e-04
8.81808e-04
8.81808e-04
8.81791e-05
8.81791e-05
8.81791e-05

1.00e-02

lleyllz,

9.95465e-01
4.66209e-01
2.95525e-01
8.98489¢-03
8.85552e-03
8.84617e-03
8.81808e-04
8.81808e-04
8.81808e-04
8.81791e-05
8.81791e-05
8.81791e-05

1.00e-03

lleyllr.

2.28270e-02
1.16019e-02
1.03071e-02
2.85082e-04
2.84566e-04
2.84493e-04
2.83446e-05
2.83446e-05
2.83446e-05
2.83440e-06
2.83440e-06
2.83440e-06

1.00e-03

lleyllz,

8.52428e-01
3.80483e-01
2.08385e-01
7.02252e-04
3.26210e-04
3.05968e-04
2.83447e-05
2.83446e-05
2.83446e-05
2.83440e-06
2.83440e-06
2.83440e-06

1.00e-04

lleyllzz

2.26144e-02
1.12192e-02
9.88475e-03
2.36036e-05
1.62663e-05
1.49392e-05
8.96755e-07
8.96564e-07
8.96543e-07
8.96463e-08
8.96463e-08
8.96463e-08

1.00e-04

lleyllz,

8.52643e-01
3.80544¢e-01
2.08408e-01
6.42266e-04
1.60253e-04
1.13596e-04
9.00079e-07
8.97570e-07
8.96529e-07
8.96463¢-08
8.96463e-08
8.96463e-08

1.00e-05

lleyllr.

2.26158e-02
1.12195e-02
9.88514e-03
2.18281e-05
1.35604e-05
1.19358e-05
3.59745e-08
3.08596e-08
3.02459e-08
2.83496e-09
2.83490e-09
2.83490e-09

1.00e-05

lleyll .

8.52750e-01
3.80584e-01
2.08428e-01
6.42253e-04
1.60013e-04
1.13247e-04
8.52535e-08
5.25082e-08
2.98050e-08
2.83489¢-09
2.83487e-09
2.83487e-09




At

Fill
distance
5.00e-02
5.00e-02
5.00e-02
5.00e-03
5.00e-03
5.00e-03
5.00e-04
5.00e-04
5.00e-04
5.00e-05
5.00e-05
5.00e-05

Local
nodes
15
20
30
15
20
30
15
20
30
15
20
30

Velocity
N

2.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01
1.00e-01

Max local
cond

4.20e+11
1.62e+12
3.00e+12
1.12e+17
1.96e+17
3.98e+17
1.15e+22
2.10e+22
4.08e+22
1.15e+27
2.0le+27
4.28e+27

7.5 Numerical results:

2.00e-02

lleyllr.

5.34629¢-01
4.59891e-01
4.83596¢-01
2.38759e-02
2.38063e-02
2.38141e-02
2.37205e-03
2.37205e-03
2.37205e-03
2.37201e-04
2.37201e-04
2.37201e-04

1.00e-02

lleyllz2

2.03483e-01
1.65007e-01
1.75874e-01
8.86207e-03
8.84747e-03
8.84912e-03
8.81808e-04
8.81808e-04
8.81808e-04
8.81791e-05
8.81791e-05
8.81791e-05

1.00e-03

lleyllr.

8.57445¢e-02
3.61239e-02
4.08739e-02
2.92628e-04
2.86525e-04
2.88693e-04
2.83447e-05
2.83446e-05
2.83446e-05
2.83440e-06
2.83440e-06
2.83440e-06

evolutionary problem

1.00e-04

lleyll 22

8.56851e-02
3.60060e-02
4.07419e-02
6.98930e-05
3.70751e-05
5.11912e-05
8.99279e-07
8.97295e-07
8.97518e-07
8.96463e-08
8.96463e-08
8.96463e-08

1.00e-05

lleyllr.

8.56904e-02
3.60083e-02
4.07447e-02
6.93184e-05
3.59725e-05
5.04004e-05
7.63437e-08
4.75745e-08
5.16150e-08
2.83576e-09
2.83511e-09
2.83526e-09

Table 7.5: Error table for Stokes-unsteady, Navier—slip boundary condition with
BDF2 LHI-semidiscret method g = 1, Pressure v, = le — 06, Velocity ¢; =
1.0,Pressure cy = 5e — 06

At

Fill
distance
5.00e-02
5.00e-02
5.00e-02
5.00e-03
5.00e-03
5.00e-03
5.00e-04
5.00e-04
5.00e-04
5.00e-05
5.00e-05
5.00e-05

Local
nodes
15
20
30
15
20
30
15
20
30
15
20
30

Velocity
N
1.00e-01
1.00e-01
1.00e-01
8.00e-01
1.00e-01
1.00e-01
5.12e+01
1.00e-01
1.00e-01
4.10e+4-02
1.00e-01
8.00e-01

Max local
cond

2.30e+11
2.0le+11
3.50e+11
1.58e+14
2.19e+15
4.17e+15
2.70e+17
2.08e+20
3.72e+20
3.33e+21
1.79e+25
5.21e+24

2.00e-02

lleyllz,

1.67563e+00
1.51242e+00
1.45439¢e+00
2.29486e-01
3.66377e-02
5.24203e-02
2.88384e-03
2.37255e-03
2.49592e-03
2.37209e-04
2.37201e-04
2.37201e-04

1.00e-02

lleyllz.

1.10142e+00
9.90276e-01
9.47934e-01
1.18803e-01
1.41194e-02
2.30795e-02
1.01449e-03
8.81927e-04
9.14376e-04
8.81807e-05
8.81791e-05
8.81791e-05

1.00e-03

lleyllz,

9.45213e-01
8.43845e-01
8.06837e-01
1.10860e-01
5.86116e-03
1.97011e-02
8.02069e-05
2.84960e-05
5.79928e-05
2.83544e-06
2.83440e-06
2.83440e-06

1.00e-04

HcyHLz

9.45553e-01
8.44026¢-01
8.06999¢-01
1.11219e-01
5.85250e-03
1.97778e-02
7.48608e-05
3.06396e-06
5.05434e-05
1.17900e-07
8.96478e-08
8.97063e-08

1.00e-05

lleyllz,

9.45679e-01
8.44133e-01
8.07101e-01
1.11242e-01
5.85300e-03
1.97812e-02
7.48610e-05
2.93023e-06
5.05393e-05
7.66347¢-08
2.88258e-09
4.33499e-09

Table 7.6: Error table for Stokes-unsteady, Navier—slip boundary condition with
BDF2 LHI-semidiscret method y = le — 03, Pressure v, = le — 06, Velocity
c1 = 1.0, Pressure ¢y = be — 06
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7 LHI divergence free-RBF methods for Stokes problems

From the tables presented in this subsection, we conclude that the local condition
number for hybrid kernels are several orders of magnitude smaller than the values
of tables presented in subsection (7.3), which corresponds to the condition number
for inverse multi quadrics. We stress however, that the error is greater for hybrids
kernels than for IMQ. The values of the shape parameters were obtained by direct
trial and error computation. Of course, up to now, there is no theory that tells us
how to obtain these values. It is important to note that in order to obtain a good
condition number, we only need to decrease the value v; and decrease the shape
parameter of the pressure for a fixed 7,. Here, v is the parameter of the convex
combination of the hybrid kernel related to the velocity, and 7, the parameter
related to the pressure. This means that the algorithm is relatively stable with
respect to the variation of the parameters.
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8 Application to a control problem
of the LHI-div free

In this chapter, we address the numerical solution for the approximate control-
lability problem in the context of a two-dimensional Stokes system, subject to a
limited number of scalar controls. Both Dirichlet and Navier-slip boundary con-
ditions are incorporated in our analysis. Our numerical implementation builds
upon the previously developed Radial Basis Function - Local Hermite Interpola-
tion (RBF-LHI) technique. For validation and comparison, the outcomes derived
from the RBF-LHI approach are benchmarked against results obtained from the
Finite Element Method (FEM) under similar conditions, i.e., considering both
Dirichlet and Navier-slip boundary conditions

Following the methodology outlined in [37], we implement the Conjugate Gradi-
ent Method (CGM) to solve the dual system as defined in equations (8.2) and (8.7).
We adopt a stopping criterion of € = 1078, Furthermore, the considered domain
Q) is a subset of R? and is shaped as a star, with its boundary being parametrized
by a specific curve:

C = {(e,pw)) € R? | p(6) = 0.8 + sin(66) + sin(30), 0 € [0, 2%)}. (8.1)

y2

N . 2
The set of observations, denoted by w, is defined asw = (z,y) € R? : 553 T 11

The time period under consideration, 7', is set to 1.0. We deploy a uniform mesh

comprising 1010 points, constructed using FreeFem++. The chosen time step size
is At = 5 x 1073, and the diffusion coefficient is set as y = le — 03. Initial
conditions are defined as follows:

™

2 2
(u, u) = (—102773/ cos (7;(I2 + y2)> ,10°7 x cos (2(x2 + y2)> ) :

In terms of the functional defined in equation (8.5), we establish the regular-
ization parameters as 41 = 1.0e — 03 and 35 ' = 0 for controls that include both
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8 Application to a control problem of the LHI-div free

non-zero scalar components (v = (v1,v7)). Alternatively, we use ;' = 0 and
P2 = 1.0e—03 when the controls have only one scalar component (either v = (v1,0)
or v = (0,v7)).

For the numerical experiments, a triangular mesh is employed. This choice is
motivated by two factors. First, it allows a fair comparison between the RBF-
LHI and FEM methods. Second, the CGM requires calculation of integrals over
the domain. While this can be accomplished using scattered nodes, efficiency is
improved by employing a triangulation within the LHI-RBF framework to compute
these integrals with P;-type elements.

8.1 A Control problem formulation

Before proceeding, let’s establish some useful notations. Let €2 denote a connected,
open subset of R? (d = 2 or d = 3) of class C*. Define T' > 0 and let w represent
a small, non-empty, open subset of {2, corresponding to the control domain. Fur-
thermore, we introduce @) :=  x (0,7 and X := 0Q x (0,7). The vector n(z) is
the outward unit normal vector to €2 at the point x € 0€). Furthermore, we define:

H={ucl?(Q*:V-u=0inQ, u-n=0ond}

and
Vi={uc H}(N)*:V-u=0in Q}.

We turn our attention to the continuous approximate control problem for the
Stokes system, applicable to both Dirichlet and Navier-slip boundary conditions,
which is outlined as follows:

Approximate control. Starting with an initial data wg, the goal is to identify
a control function v = v(z,t), acting in the domain w x (0,7") with its support,
supp, v, confined within w x (0, 7"). This control function should result in a solution
to the following problem:

u; — pAu+Vp=vl, in @,
e o 2
u(-,0) = uo(") in
such that for every € > 0 we have:
u(-,T)<e in €, (approximate control to zero) (8.3)
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8.1 A Control problem formulation

In equation (8.2), p > 0 represents the viscosity coefficient and p is the pressure.
Our attention is primarily directed towards two types of boundary conditions on
3., specifically:

u=g or u-n=0, (c(u,p) n),=ag, (8.4)
——
(a) Dirichlet () Navier—slip
In this context, o(u,p) := —pld 4+ 2puDwu defines the stress tensor, with D rep-

resenting the symmetrized gradient of w. The term tg refers to the tangential
component of the respective vector field, which is given by:

Uy =u— (u-n)n.

We now frame the control problem in terms of seeking the optimal or minimum
value of a quadratic convex functional in (L?(Q))?, following the approach delin-
eated in [33]. Specifically, for uy € H, our goal is to determine the control v that
has one vanishing component (the jth component, where j € 1,2) such that it
minimizes the functional J as defined by:

2// o dedt + ||u( )||L2Q)d$+25 // o, 2 de dt,  (8.5)

wx(0,T) wx(0,T)

where u represents the solution of the Stokes system as characterized by equation
(8.2). The coefficients §; and [2 denote arbitrary positive numbers, associated
respectively with the final condition u(-,T") < ¢ and the control function v.

The optimal control function, v, can be identified by computing the Fréchet
derivative of J with respect to v. Verification shows that this leads to the following:

expressions:
oJ e oJ 1 .
%(v) =v; —w; ifi # 7 and %(v) 25 —wj, inwx(0,7T), (8.6)

where w € V is the solution of the adjoint system of (8.2):

—w; —pAw +Vqg=0 in Q,

V-w=0 in  Q,
+BC on X, (8.7)
w(-,T) = —iu( T) in €.

P

In [33], a unique minimal control v, associated with (8.5), is confirmed for every
By > 0, By > 0. Only Dirichlet boundary conditions are examined in this study.
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8 Application to a control problem of the LHI-div free

For extensive research on the control theory of the Stokes system with internal
controls, see [41].

Computational studies, like the one by Fernandez-Cara et al. [30], focus on nu-
merical two-dimensional analyses of heat, Stokes, and Navier-Stokes equations with
Dirichlet boundary conditions. The methodology applied, outlined in [32], uses the
Fursikov-Imanuvilov formulation and a Lagrangian approximation through mixed
finite elements. An alternative approximation scheme is presented in [29] for a
turbulence model using Dirichlet boundary conditions.

However, no known numerical approximation for the Stokes problem employs
Radial Basis Functions (RBFs) under Navier-slip boundary conditions. Subsequent
sections address this and demonstrate its utility for solving the control problem
for the Stokes system.

Table 8.1 shows the number of iterations to achieve the stopping criteria e = 1078

in the CGM.

B.C v =(v1,v2) v=(v,0) v=(009)
Navier—slip 116 68 99
Dirichlet 78 208 304

Table 8.1: Number of iterations for obtaining the convergence criteria of the CGM
for Hybrid-LHI-RBF.

Table 8.2 and Figures 8.1-8.2 show the L?>-norm of the velocity vector field for
the approximate control problems as a function of time. The numerical control

function v has all possible structures, namely, v = 0, v = (v, v2), v = (v, 0) and
v = (0,v9).

8.1.1 Finite element method, FEM, for the control problem

Taking as starting point the classical optimal control problem for the Stokes system
[37], we can solve the optimality system given in (8.2) (8.6) and (8.7) in a similar
way. In our case, the time—space discretization of the coupled system (8.2), (8.7),
lies in a mixed finite element formulation in space using Po—type elements for the
velocity and Pi—type elements for the pressure, meanwhile finite differences are
used for the time discretization (see [38, 35, 4] for a complete review). It has to
be pointed that in order to solve the unsteady Stokes equation with Navier—slip
boundary condition we used a penalization method given in [26].
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Boundary Condition = Dirichlet

8.1 A Control problem formulation

t v=20 v =(v,v2) v=(v,0) v=(0,v9)
0.0E4+00 6.103E4+00 6.103E4+00 6.103E4+00 6.103E+00
1.0E-01 1.561E+00 1.551E4-00 1.551E+00 1.550E4-00
2.0E-01 7.845E-01  7.658E-01  7.651E-01  7.656E-01
3.0E-01 4.221E-01  3.988E-01  3.977E-01  3.988E-01
4.0E-01  2.318E-01  2.064E-01  2.058E-01  2.066E-01
5.0E-01 1.283E-01  1.025E-01  1.032E-01  1.028E-01
6.0E-01  7.114E-02  4.664E-02  4.943E-02  4.694E-02
7.0E-01  3.949E-02 1.797E-02  2.319E-02 1.818E-02
8.0E-01  2.193E-02  5.207E-03  1.167E-02  5.203E-03
9.0E-01 1.218E-02  1.192E-03  5.297E-03  1.118E-03
1.0E4+00 6.761E-03  8.748E-05  1.093E-03  1.271E-04

Boundary Condition = Navier-Slip

t v=20 v =(v,v2) v=(v1,0) v=(0,09)
0.0E400 6.982E+00 6.982E400 6.982E+00 6.982E4-00
1.0E-01  3.495E+00 3.335E+00 3.385E4-00 3.262E4-00
2.0E-01 2.413E400 2.112E+00 2.213E400 2.004E-+00
3.0E-01 1.713E400 1.322E+00 1.473E4+00 1.210E+00
4.0E-01 1.226E400 7.921E-01  9.911E-01  6.993E-01
5.0E-01  8.801E-01  4.454E-01 6.824E-01  3.838E-01
6.0E-01  6.331E-01  2.313E-01  4.845E-01  2.027E-01
7.0E-01 4.559E-01 1.113E-01  3.460E-01 1.078E-01
8.0E-01  3.285E-01  5.040E-02  2.260E-01  5.858E-02
9.0E-01 2.368E-01 1.815E-02  1.146E-01  2.558E-02
1.0E+00 1.708E-01  2.149E-03  5.506E-02  6.359E-03

Table 8.2: Evolution in time of the L?>-norm for the solution of the approximate
control problem with few scalar controls.(LHI-RBF with hybrid kernel) p =
1.0e — 03. For Dirichlet boundary condition y; = 1le — 01,75 = le — 05, and for
Navier-slip v; = le — 03,7, = 1le — 08

Table 8.3 shows the number of iterations to achieve the stopping criteria e = 1078
in the CGM implemented.

Table 8.4 and Figures 8.3-8.4 display the evolution in time of the L?> norm of the
velocity vector field w = (uq, ug), which represents the solution to the approximate
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8 Application to a control problem of the LHI-div free

Control LHI-RBF, Bc=Dirichlet, y=1.0e-03
T T

—Sourceless v=0
—Source v = (vy,v2)
—Source v = (v1,0) 4
—Source v = (0, vs)

Time t

Figure 8.1: L?>norm square solution of the velocity field (as a function of time)
for the approximate control problem with controls v = 0 (black), v = (v1,v2)
(pink), v = (v1,0) (red) and v = (0,v,) with Dirichlet boundary condition.
LHI-RBF hybrid kernel, with parameters v, = le — 01,79 = 1.0e — 5,¢; =
0.5,c0 =5.e — 8

; Control LHI-RBF, Bc=Navier-Slip, u=1.0e-03
10 T T T

*S‘mu'celess v=0
—Source v = (vy,v2)
—Source v = (v1,0)
—Source v = (0, v2)
100F 2
o
5:10 1L
=
1072
10 '3Q 1 \b‘ L L .
Qq/ N Q‘b Q‘b
Time t

Figure 8.2: L?>-norm square solution of the velocity field (as a function of time)
for the approximate control problem with controls v = 0 (black), v = (v1,v2)
(pink), v = (v1,0) (red) and v = (0,v) with Navier-slip boundary condition.
LHI-RBF hybrid kernel, with parameters v; = 1le—03,7, = 1le—08,c; = 1.0,¢c5 =
5.e — 10.

control problem (8.2), and where the control function v has different structure,
namely, v =0, v = (v1,v2), v = (v1,0) and v = (0, vy).

As we can see from Tables 8.2-8.4, the RBF-LHI method or FEM are similar,
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8.1 A Control problem formulation

Control FEM, Bec=Dirichlet, u=1.0e-03
T T

—éourceless v=0
—Source v = (vq,v2)
100 L —Source v = (v1,0) 4
—Source v = (0, vs)
Y
=102k
=
10 4L
L L L L
Q b\ N
Qq/ Q* Qg) QQJ
Time t

Figure 8.3: Evolution in time of the L?>-norm square for the solution of the
approximate control problem with Dirichlet boundary conditions and v = 0
(black), v = (vy,v2) (pink), v = (v1,0) (red) and v = (0,v,) (blue). (FEM)

Control FEM, Be=Navier-Slip, u=1.0e-03

1
10 ‘ —Sourceless v=0
—Source v = (vy,v2)
—Source v = (v1,0)
—Source v = (0, vq)
100
o~
S0t
=
10 21
107 .
Qq/ Q'b‘ Q‘b Qq’
Time t

Figure 8.4: Evolution in time of the L?*-norm square for the solution of the
approximate control problem with Dirichlet boundary conditions and v = 0
(black), v = (v, v2) (pink), v = (v1,0) (red) and v = (0,v9) (blue). (FEM)
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8 Application to a control problem of the LHI-div free

B.C v = (v1,v2) v=(v1,0) v={(0,0v9)
Navier—slip 73 73 65
Dirichlet 56 54 49

Table 8.3: Number of iterations for obtaining the convergence criteria of the CGM
for FEM.

nevertheless, RBF-LHI method has the advantage of being mesh-less and showing
more accuracy by using divergence free kernels. The number of iterations for the
CGM necessary to converge is higher for the RBF-LHI method, however it should
be noted that for RBF-LHI technique we use P;—type elements to compute the
integral expressions in the CGM, while for FEM we use Po—type elements.
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Boundary Condition = Dirichlet

t v=20 v =(v1,v12) v=(v,0) v=1(0,0v9)
0.0E+00 6.103E4+00 6.103E4-00 6.103E+00 6.103E+00
1.0E-01 1.572E4+00 1.561E400 1.560E+00 1.560E+00
2.0E-01  8.014E-01  7.814E-01  7.788E-01  7.799E-01
3.0E-01 4.351E-01 4.101E-01 4.070E-01  4.085E-01
4.0E-01  2409E-01  2.135E-01  2.111E-01  2.121E-01
5.0E-01  1.342E-01 1.065E-01 1.059E-01  1.055E-01
6.0E-01  7.498E-02  4.864E-02  5.097E-02  4.798E-02
7.0E-01  4.192E-02 1.879E-02 2.463E-02 1.854E-02
8.0E-01  2.344E-02  5.397E-03  1.326E-02  5.418E-03
9.0E-01 1.311E-02 1.120E-03  6.087E-03  1.256E-03
1.0E+00 7.333E-03  7.110E-05 1.076E-03  1.371E-04

Boundary Condition = Navier-Slip

t v=0 v = (v,v2) v=(v1,0) v=(0,uv9)
0.0E+00 6.934E4+00 6.934E400 6.934E+00 6.934E+00
1.0E-01  2.496E400 2.359E+00 2.403E+00 2.345E4-00
2.0E-01 1.660E+00 1.409E+00 1.531E400 1.388E+00
3.0E-01 1.173E4+00 8.462E-01 1.048E+00 &8.255E-01
4.0E-01  8.519E-01  4.890E-01  7.634E-01 4.731E-01
5.0E-01  6.277TE-01  2.652E-01  5.884E-01  2.563E-01
6.0E-01  4.663E-01 1.335E-01  4.587E-01  1.319E-01
7.0E-01  3.480E-01 6.361E-02  3.254E-01  6.801E-02
8.0E-01 2.604E-01  3.009E-02  1.747E-01  3.719E-02
9.0E-01  1.952E-01 1.188E-02  5.537E-02  1.668E-02
1.0E+00 1.465E-01 1.060E-03  1.904E-02  2.582E-03

8.1 A Control problem formulation

Table 8.4: Evolution in time of the L? norm for the solution of the approximate

control problem with Dirichlet boundary conditions and few scalar controls,
(FEM) p = 1.0e — 03
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Conclusion: Achievements and
Future Perspectives

In this thesis, we have addressed a simplified geometrical inverse problem related to
the identification of stenosis, an obstruction, in a coronary duct by utilizing mea-
surements of acoustic waves. A key novelty of our work is the introduction of an
exterior approach. The Stokes flow, confined within an interior domain, becomes
turbulent upon encountering the boundary obstruction, resulting in movement of
the elastic boundary of the duct and generation of acoustic waves. The inverse
problem, involving the identification of the location, extent, and height of the ob-
struction (lumen reduction), is formulated and solved by utilizing external wave
measurements taken far enough from the duct, effectively considering them as
measurements in the exterior domain. Notably, previous works in the literature
assume that the obstruction is contained within the domain and that the bound-
ary measurements are not external, meaning they are taken solely on the unique
boundary of the problem.

From a theoretical standpoint, we have addressed and analyzed the problem
both in continuous and numerical settings. The well-posedness of the Stokes flow
with mixed boundary conditions has been proven, which is a notable contribution
as previous works have mainly focused on Dirichlet boundary conditions. Addi-
tionally, we have established unique results for the obstruction when the data is
given by the normal component of the Cauchy stress tensor and the tangential
velocity on a subset of the boundary.

From a numerical perspective, we have successfully solved, with a reasonable
degree of accuracy, the identification of a boundary obstruction immersed in a
Stokes flow using measurements of acoustic waves taken on the external boundary
of the problem. The inverse problem for the fluid obstruction has been addressed
by employing a Monte Carlo Markov Chain (MCMC) method, which involves
solving two direct problems: a direct Stokes problem solved using mesh-free hybrid
radial basis function kernels, and a direct wave system solved using the finite
element method.
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8 Application to a control problem of the LHI-div free

In addition to the aforementioned contributions, this work has also introduced
radial basis function (RBF) methods for approximating the solution of the non-
stacionary Stokes equations. We have presented two types of RBF solvers, global
and local, for the direct Stokes problems, incorporating Dirichlet or Navier-slip
boundary conditions. Stability analysis demonstrates the stability of the method
for backward difference formulas (BDFs) when the shape parameter is properly
selected. Exponential convergence has been numerically demonstrated. Further-
more, by generalizing recently formulated scalar hybrid kernels to a vectorial set-
ting, we have developed divergency-free matrix hybrid radial basis kernels (Div-
Free-Hybrid). These kernels have significantly reduced the condition number of
the local matrices and allowed for the selection of parameters that result in all
negative real components of the eigenvalues, thereby allowing the convergence of
the solution.

In terms of future work, several aspects can be further explored and improved
upon. Firstly, it would be valuable to complete the pressure continuity analysis
about the domain for mixed boundary conditions. This would provide a more
comprehensive understanding of the flow behavior and enhance the accuracy of the
results. Additionally, studying the regularity of the solution with mixed boundary
conditions would contribute to a deeper insight into the mathematical properties
of the problem and potentially lead to refined analytical results.

Furthermore, a focus on enhancing the usability of the RBF codes is essential.
Making the RBF implementation more user-friendly, similar to the accessibility of
software tools like FreeFem-++4-, would greatly benefit researchers and practitioners
in the field. Simplifying the coding process and providing clear documentation
and examples would facilitate the adoption and utilization of RBF methods by a
broader audience.

Addressing these areas of further work will contribute to the advancement and
wider adoption of RBF techniques in the field of fluid dynamics and boundary
obstacle problems, fostering more efficient and accurate analysis and applications
in practical scenarios.
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