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Abstract

Over the last two decades, High Intensity Focused Ultrasound (HIFU) has emerged as a
promising non-invasive medical approach for locally and precisely ablating tissue, offering
versatile applications in tumor treatment, drug delivery, and addressing brain disorders
such as essential tremor. Its advantages include targeted energy delivery with no affect
on skin integrity, low system maintenance costs, minimal impact on normal tissues, and
swift recovery. Despite its’ merits, HIFU remains underutilized, primarily employed in
specific breast cancer and prostate cancer treatments. To expand its range of applicability,
a comprehensive understanding of the interaction between the ultrasound beam and local
tissues at the focal point is essential. This thesis focuses on modeling critical nonlinear
effects in the thermal modulation of local tissues by numerically solving the Khokhlov-
Zabolotskaya-Kuznetsov (KZK) equation—which is an excellent model for the nonlinear
acoustic field arising in HIFU.

Constructing high-order stable discretizations of the KZK equations poses significant
challenges due to the presence of polynomial nonlinear terms and a second derivative of
an integral term within in this equation. Employing a continuous Galerkin approach,
an operator is formulated to approximate the integral term, facilitating the construction
of a modified second derivative operator. This establishes a clear correspondence between
continuous and discrete stability proofs. Additionally, a skew-symmetric splitting technique
is used to discretize the nonlinear advective term. The resulting semi-discrete scheme is
proven to be stable. Numerical experiments using the method of manufactured solutions
demonstrate the high-order accuracy and stability of the proposed numerical method.
Finally, a HIFU verification test case demonstrates the applicability of the proposed scheme
to investigate HIFU.
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Chapter 1

Introduction

In this chapter, we provide a brief overview of high-intensity focused ultrasound (HIFU)
and its application. In this thesis, we utilize the Khokhlov-Zabolotskaya-Kuznetsov (KZK)
equation [4] to simulate the wave propagation characteristics of HIFU, which contains the
effects of diffraction, absorption and nonlinearity. Subsequently, we explore the various
numerical methodologies previously employed in the context of the KZK equation and
then introduce the method and tools we use in the thesis. Finally, we provide an outline
of thesis.

1.1 High-Intensity Focused Ultrasound

HIFU is a non-invasive therapeutic technique, which generates high temperature around
the targeted tissue by using focused ultrasound. Over the last two decades, HIFU has
emerged as a promising non-invasive medical approach for locally and precisely ablating
local tissue with applicability to tumor treatment, drug delivery, and addressing brain
disorders (e.g., essential tremor) [73, 87, 63]. HIFU offers several advantages over other
treatment alternatives [28]. Compared to open surgery for tumor resection, extracorpo-
real HIFU treatments do not require surgical intervention [29]. This means HIFU avoids
complications such as hemorrhaging, allows for outpatient procedures without general anes-
thesia, and significantly reduces recovery time [75, 31]. Additionally, most HIFU systems
are equipped with control software that focuses the treatment to prevent damage to ad-
jacent organs and tissues [31]. Compared to radiation-based treatments, HIFU is a safer
alternative [30]. Despite its’ merits, HIFU remains underutilized, primarily employed in
specific breast cancer and prostate cancer treatments [74, 20]. To expand its range of ap-



plicability, a detailed understanding of the interaction between the ultrasound beam and
local tissue at the focal point is essential.

In this thesis, we develop numerical methods to gain a better understanding of HIFU.
Specifically, we utilize the KZK equation to model the propagation of pressure waves
emanating from HIFU transducers. The KZK equation is a fundamental mathematical
model that describes the propagation of finite amplitude sound waves in thermoviscous
fluids. It is particularly relevant to our study as as it provides a model for nonlinear effects
that occur in HIFU.

1.2 Numerical methods for KZK equation

The KZK equation was first proposed in the early 1970s by R. V. Khokhlov and O. V.
Zabolotskaya, with further contributions by V. P. Kuznetsov [77]. It was developed to
explain the nonlinear behavior of sound beams as they travel through a medium that
exhibits both thermal and viscous properties.

Historically, finite-difference and spectral methods have been popular choices for nu-
merically solving the KZK equation. For example, in a series of papers Bakhvalov et al.
[1, 6, 7, 8, 5] developed both frequency domain spectral methods and time domain FD
methods to solve the KZK equation. Later, in 1993, Lee and Hamilton [55, 56] designed
an operator-splitting time-domain FD method to solve the KZK equation in cylinder co-
ordinates for pulsed, axisymmetric, finite amplitude sound beams having arbitrary spatial
distributions of amplitude and phase at the source. Then Yang et al. [95] and Hajihasani
et al. [15] extended Lee and Hamilton’s framework to Cartesian coordinates.

More recently, in 2017, Chou et al. [17] proposed a local discontinuous Galerkin (DG)
method to solve the KZK equation, which used piecewise polynomials in each element and
enables high-order in space. In this thesis, instead, we use a continuous Galerkin (CG)
approach to solve KZK equation based upon the summation-by-parts (SBP) framework
discussed in the next section.

1.2.1 Summation-by-Parts Operators and Simultaneous Approx-
imation Terms

High-order methods are known to be more efficient than low-order methods as they produce

less error per degree of freedom [54, 86]. However, for nonlinear problems, high-order
methods can suffer from stability issues. The summation-by-parts (SBP) framework has
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emerged as straightforward approach to developing provably-stable schemes for linear and
variable coefficient problems (see the two review papers [35, 85]). The essential feature of
SBP methods is that they mimic integration by parts, which is a key step in many stability
proofs.

The foundational theory of first derivative SBP operators was established by Kreiss
and Scherer [53] in 1974. They aimed to show stability for higher-order FD discretizations
through the energy method. They constructed SBP operators by using centered difference
stencils of order 2p at interior mesh nodes and special non-centered stencils near and at the
mesh boundary. This theory was then extended by Strand [79] who provided existence and
accuracy theorems for FD-SBP operators. More recently, Gassner [10] extended the SBP
notion to collocated tensor-product DG methods on Gauss—Lobatto (GL) nodes, while Del
Rey Ferndndez et al. [24] developed a general theory of one-dimensional SBP operators
on nearly arbitrary nodal distributions. In the last number of years, these notions have
been extended to encompass very general operators on unstructured meshes, for both
discontinuous and continuous approaches, affording much of the flexibility associated with
finite-element methods as well as the development of provably-stable schemes for nonlinear
conservation laws (e.g., see [21, 14, 40]).

While SBP operators mimic integration by parts, they have no mechanism to impose
boundary conditions or couple elements within a mesh. Fortunately, Funaro and Gottlieb
[38, 39] introduced a penalty approach to weakly impose boundary conditions, meaning
the PDE and its boundary conditions are combined at the boundary nodes. These ideas
where later refined by Carpenter et al. [11] resulting in the simultaneous approximation
terms (SATs) approach. The SAT method was subsequently extended and applied to
various boundary and interface conditions in curvilinear coordinates [12, 69, 70] and is the
predominant approach in the SBP community.

1.3 Outline of Thesis

In this thesis, we develop a continuous Galerkin (CG)-SBP-SAT provably-stable discretiza-
tion of the KZK equation, which is a nonlinear wave equation that can be used to model
the absorption and diffraction effect of waves from HIFU.

In Chapter 2, we will review the notion of well-posedness. In this thesis, we use the
SBP-SAT approach to construct provably-stable discretizations who’s stability is proven
in a one-to-one fashion relative to the continuous stability analysis. In this chapter, we
illustrate the type of continuous stability analysis that is employed through three equations,



namely the linear advection equation, the linear diffusion equation, and Burgers’ equation,
which have terms in common with the KZK equation.

In Chapter 3, the definition of SBP operators is introduced. These operators mimic
integration by parts, which is a key step in the stability analysis of all of the PDEs consid-
ered in this thesis. We show how to construct local SBP operators and then explain how
to extend the local operators to global one-dimensional operators using a CG approach.
Moreover, we demonstrate how to use SBP operators to discretize the linear advection
equation, linear diffusion equation, and the Burgers’ equation with SATs to weakly im-
pose boundary conditions. The resultant semi-discrete forms are shown to be stable, and
provide motivation for the discretization of the KZK equations proposed in this thesis.

In the Chapter 4, which represents the main contribution of this thesis, we introduce
the KZK equation and stability analysis. Specifically, the focus is on the dimensionless
form of KZK equation. Next, we extend the one-dimensional global CG operators to three
dimensions using tensor products and prove that the resultant operators are SBP. These
operators are used to discretize the various terms of the KZK equations in a similar manner
to that used for the linear advection equation, the linear diffusion equation, and Burgers’
equation. Of particular importance, we introduce a modified second-derivative term and
demonstrate that it is SBP (this is a key contribution of this thesis). Appropriate SAT
terms are constructed to impose Neumman and Dirichlet boundary conditions and the
resulting semi-discrete form is proven to be stable.

In Chapter 5, the convergence, accuracy, and stability properties of the proposed dis-
cretization are characterized using the method of manufactured solution. Finally, a HIFU
test case inspired from [55] is numerically solved using the proposed discretization, demon-
strating its applicability to investigating HIFU. Finally, conclusions and future work are
discussed in Chapter 6.



Chapter 2

Well Posedness and Stability

In this chapter, we introduce the definition of well posed problems and illustrate how
to prove stability by examining three PDEs, namely the linear advection equation, the
linear advection-diffusion equation, and the invisicid Burgers’ equation. The analysis used
for these three equations are representative of the type of stability analysis that will be
performed in the chapter on the KZK equations.

2.1 Well Posedness

In 1902, Jacques Hadamard [14] introduce the notion of a well posed problem and the three
criteria to determine if a problem is well posed as follows:

Definition 2.1.1. A problem is well-posed if [/]/]
e There exists a solution to the problem.
e The solution to the problem is unique.
e The solution depends continuously on data of the problem.

A closely related concept is stability, we use the following initial-boundary-value prob-
lem to illustrate the definition of stability:

%—Z;{+’D<Z/{) , I'GQ:[xLa‘TR]a t207
Bl =G(1), reT,

u ):N(w;, t=0.

(2.1)



where U is a function of x and time ¢, D is a differential operator, F is a forcing term, B and
T are the boundary operator and initial operator, respectively, where I' is the boundary of
the domain 2. A problem is said to be stable if there exists a bound on the solution in
terms of the data of the problem [13], i.e.,

14]1* < CIGIE + IV + (17117, (2:2)

where C' is a constant independent of data and the subscripts represent potentially differ-
ent norms. Stability is a necessary but insufficient condition for continuous dependence on
the data of the problem. However, for linear problems, stability implies both continuous
dependence on the data and uniqueness [13].

Theorem 2.1.1. For linear problems, stability implies continuous dependence on the data
and uniqueness.

Proof. In order to prove the statement, we need to consider the following perturbed prob-
lem of (2.1) and let V be the solution to the perturbed problem,

%+D(V):f+5fzzf’, r€Q=[ry,zr], t20
BV)=G+6G:=G, wzel, 29

TOV) =N + 6N =N, t=0.

Then, let W :=V — U, assume B and D are linear operators, we subtract (2.1) from (2.3)
to obtain

08—];\)+D(W):5F, LL’GQ:[LUL,IER], t>0
BW)=46G, =zeT, 24)

IW) =N, t=0.

If the problem (2.1) is stable, then the energy estimate (2.2) holds for (2.4), and therefore
we obtain

IWII? < C(110G1[5 + [1ONIF + oFI17), (2:5)

where small perturbation in the data 6G, N, d.F result in small perturbation in W. This
is equivalent to say the solution to the problem (2.1) depends continuously on data of the
problem. Note that 6 = 0 implies that & = V', which means the solution to the problem
(2.1) is unique. O



In this thesis, we will construct semi-discrete schemes that follow the continuous sta-
bility analysis in a one-to-one manner. In the remainder of this chapter, we illustrate the
type of stability analysis that will later be used on the KZK equations by examining the
stability analysis of the following: linear advection equation, linear diffusion equation, and
inviscid Burgers’ equation.

2.2 Continuous Stability Analysis of the Linear Ad-
vection Equation

We start by considering the following linear advection problem:

ou ou
ERrT
Uz, t) = G(t), (2.6)
U(z,0) =Z(x),

0, x€[ry,zr|, t€][0,T], a>0,

where G(t) and Z(z) are the left boundary condition and initial condition, respectively,
and T is the final time. To prove stability, we multiply (2.6) by U and then integrate over

z to obtain o gy o gy
/zL L{Ealav—i—(z/&cL L{%dajzo. (2.7)

Then, using integration by parts for the second term of (2.7), we have

o oU T, ™
— — =0. 2.
/xL Z/{atd3:+2a2/{ 0 (2.8)
Ty,
Then, chain rule is applied to the first term to obtain
1d [™ , 1 R
i d Zall?l =0. 2.
5 xLZ/I x+2au . 0 (2.9)

Eq. (2.9) can be simplified by inserting the boundary condition. Doing so and after
rearranging results in

1d [

qai ), Widn=—alllen 0 - G(0) < G) (2.10)



Denote the Ly norm by |[U]| := 1/f;LR U?%dx, integrating (2.10) in time, and inserting the

initial condition, we obtain
T
UCDIP < NIZOIP +a /Q(t)th- (2.11)
0

Eq. (2.11) shows that the L, norm of the solution is bounded by data of the problem,
which indicates that the problem is stable. Since the problem (2.6) is linear, the solution
to the problem is unique and continuously dependent on the data of the problem according
to Theorem 2.1.1. Note that for periodic boundary conditions the above analysis reduces
to the following stability estimate:

(D) = 12O (2.12)

which means the energy remains constant.

2.3 Continuous Stability Analysis of the Linear Dif-
fusion Equation

Consider the following diffusion equation with a homogeneous Neumuann boundary con-
dition and Dirichlet boundary condition on the left and right boundaries, respectively:

ou o*uU

E—w—o, $€[.CEL,$R], tE[O,T],

ou 2.13
S t) =0, Ulan 1) =0, (2.13)
U(z,0) =Z(x).

To prove stability, we first multiply by ¢ and then integrate in = to obtain

U— —U=—dz = 0. (2.14)

/ R OU o*U
- ot 0x?

L

Then, using integration by parts and applying Leibniz’ rule, we have

TR TR 2
+/ (a_u) dz = 0. (2.15)
o \OT

TL

1d (™ ou
—— Urde —U——
2dt J,, ¢ ox
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Applying the boundary conditions to (2.15) and rearranging, results in

1d [™_ , U
—— dr = — — | dz. 2.1
2dt J,, Ude /:rL (Gx) * (2.16)
Since the RHS of (2.15) is non-positive, we obtain the following ineqality:
d [*®
— Urdr < 0. (2.17)
dt J,,

Finally, integrating (2.17) in time and applying the initial condition results in
(D) < [[Z]*. (2.18)

This demonstrates that the L, norm of the solution is bounded by the data of the problem
and therefore, the problem 2.13 is stable.

2.4 Continuous Stability Analysis of the Inviscid Burg-
ers’ Equation

Consider the inviscid Burgers’ equation:

ou ou

o TU5, =0 w€lo,zm], €[0T,

U(zr,t) =0, U(xg,t) =0, (2.19)
U(I,O) :I(ZL’),

where Z(x) is the initial condition. To prove stability, we multiply (2.19) by U and then

integrate over x to obtain

TR IR

/ Z/{a—udx—f—/ uQa—udx =0. (2.20)
o Ot . ox

Using integration by parts on the second term of (2.20), we obtain

®oU 1
—d iy
/I u@t x+3u

TR
= 0. (2.21)

rL

L

Then, boundary conditions can be applied to the (2.21), resulting in

& oUu
_ 0. 2.99
/IL Uatd:c 0 (2.22)

9



Using chain rule on (2.22), we have

1d [*F

- 2dx = 0. 2.2
thOL{xO (2.23)

Then, integrating (2.23) in time and applying the initial condition gives
[ (T)]I* = [|Z(0)]]*. (2.24)

Therefore, problem (2.19) is stable based on the given boundary and initial conditions.

In the upcoming chapter, we will develop discretizations for the simple PDEs discussed
in this chapter, which enable us to follow the continuous stability analysis in a one-to-one
sense. Semi-discrete stability analysis ensures that the solution to the semi-discrete form
of the PDE remains bounded and does not blow up. Moreover, a consistent and stable
scheme, as proven by the Lax-Richtmyer theorem, ensures convergence [$1] for linear prob-
lems. Therefore, semi-discrete stability analysis plays a crucial role in these discretizations.
The SBP-SAT technique is used to obtain the semi-discrete form of PDEs that are stable
at the semi-discrete level.

10



Chapter 3

Summation-by-Parts methods

In this chapter, we introduce the basic definition and motivation for SBP operators and
how these operators mimic integration by parts at the discrete level. Then, we show how
to construct SBP operators using the CG approach. Finally, we demonstrate how to use
SBP operators and SATs for the weak imposition of boundary conditions, to discretize the
linear advection equation, linear diffusion equation, and Burgers’ equation, and prove that
the resulting semi-discrete forms are stable.

3.1 Basic Definition and Properties of SBP Operators

We first define f; := F(x;) for any function F, where xz; is the i** node in a one
dimensional mesh. With this definition, w := [u1, us, ..., u,]" is a vector (grid function)
containing the function U evaluated at nodes of a one-dimensional mesh having n nodes.
SBP operators are matrix difference operators, that is, matrices that when applied to grid
functions approximate derivatives at the mesh nodes. For example, given a function ¢ and
its associated grid function w on a one-dimensional mesh with n nodes, a matrix difference
operator D, € R™" approximates the derivative in the following sense:

e[(8)(8) ()]

SBP operators are matrix difference operators that satisfy certain properties. Specifically,
they are defined as follows [25]:

Definition 3.1.1. A matriz difference operator D, € R™" approzimating the first deriva-
tive on the nodes x := [z1, . .. ,xn]T 1s a degree p SBP operator if

11



3. Q.+ Q, :=E, = tgth — t;t] = diag[-1,0,---,0,1]

One can show that definition 3.1.1, leads to D, that approximate the first derivative
with a trunction error of order p, i.e.,

D.f = —(x) +e,, (3.2)

where D, f is a vector of the derivative of F evaluated at the nodes & and max(|e,|) =
O(AxP), where Az is some measure of mesh spacing. Moreover, P, is a symmetric positive
definite matrix that approximates the L, inner product, that is

—_— xR
v Pu & / VUdz. (3.3)

L,
Thus, we can show that Q, approximates the following integral:

v'P,D,u = v Quu ~ / Va—udx. (3.4)
e 0T

In general, the norm matrix P, is used to define inner product and norm as follows:

(u,v)p :=u"P,w, (3.5)

l|w, u||3 = u'P,u. (3.6)

In this thesis, we will only consider diagonal norm P,. In this case, the diagonal entries
of P, are strictly positive and define a quadrature rule [25]. By taking advantage of SBP
operators, we can not only discretize the equations, but also mimic integration by parts at
the discrete level, which is what will enable the construction of schemes that have a one-to-
one correspondence between continuous and semi-discrete stability proofs. To demonstrate
that SBP operators mimic integration by parts, first, recall the integration by parts formula
in one-dimension

/z - Vg—z;{dx + / " L{Z—Zd:c — V(U (an) — Ve U (). (3.7)

L L

12



Now we use our SBP operators to discretize the left hand side (LHS) of (3.7) as follows:
v"P,Dyu~ [ Vdr and uP,D,v ~ [ UZdx. Hence, discretizing the LHS of (3.7)
result in e o

v'P,D,u+ u'P,D,v = vTQuu + uTQ,v
= v Quu + ('UTQ;F'U,)T
=vIQ,u + ’UTG;F’U,
= v"(@Q +Q,)u

= v 'E,u

(3.8)

= v, U, — VIU].

which mimics integration by parts term by term.

For the KZK equations we will require the approximation of second derivatives and are
similarly interested in discretizations that mimic integration by parts for such terms. First,
we will construct an approximation of the second derivative constructed by applying the
first derivative twice. Later in the thesis we will present a more general treatment of the
second derivative.

Theorem 3.1.1. Assume that D,, P,, Q,, E, are the constituent matrices of an SBP oper-
ator as per Definition 3.1.1, then the second derivative operator can be constructed as

P,D, +E.D,). (3.9)

Proof. According to the definition 3.1.1, we have that D, = 5;1696 and 6: =E, — Q,,

then
1,—  —=T.—

D,D, =P, Q,D, =P, (E,— Q.)D, =P, (-Q, D, + E,D,). (3.10)

Next, we use the identity E;lﬁx = |, where | is an n x n identity matrix, and the SBP

property D, = 5;1696 transforming (3.10) as
D,D, =P, (-Q,P, P.D, +E,D,) =P, (-D
as desired. O

Next, we demonstrate that the application of the first derivative twice results in a
discrete operator that mimics integration by parts. To show this, recall the integration by

13



parts for the second derivative term is

TR OU RV U ou au

~——d — —dx = — — — . 3.12

[ Gt [ S e =V G e -V ). G2
The LHS of (3.12) can be discretized by using SBP operators as follows:

v"P,D,D,u ~ ffLR Vg%{ and vTﬁgﬁzﬁwu ~ [H VM gy Hence, discretizing the LHS of

ry, Oz Ox
(3.12) gives

v"P,D,D,u +v'D,P,D,u =v"(P,D,D, +D,P.D,)u
—v"(-D,P,D, + E,D, + D,P,D,)u (3.13)
= v E,D,u,

which mimics integration by parts.

In this thesis, we construct SBP operators by first constructing them in a fixed com-
putational coordinate system and then using a linear mapping to construct SBP operators
in physical space. To demonstrate the approach, consider a linear mapping between the
computational domain ¢ € [—1,1] and the physical domain x € [z1, zg]. The linear map-
ping between the computational domain £ € [—1, 1] and the physical domain x € [zy, zg]
is given by

al+b=ux, (3.14)
then we have that
g RZTE | TR EOL (3.15)
2 2
and o 5
—=— 3.16
or xR — 1L, ( )
Then, according to the (3.15) and using chain rule, we have that
— — 2 —
D, = %Dg = — D,
ox TR — TL
(3.17)
p, - Jop, _ Ty
N 65 3 ) 3

Therefore, taking advantage of this approach, instead of computing the SBP operators for
each new domain, we only need to compute the SBP operator in computational space once,
store it and then use it to construct operators for physical coordinates via (3.17). In the
following, we will concentrate on the construction of SBP operators for the computational
domain. Specifically, we will consider SBP operators constructed on Gauss-Lobatto (GL)
nodes that are extended to the full mesh via the CG approach [16, 17].

14



3.2 Continuous Galerkin SBP operators

In this subsection, we will illustrate how to construct CG-SBP operators from local element
operators that are defined in the computational domain. The local SBP operators are
generated by using Lagrange interpolation basis. We first recall the definition of Lagrange
basis as following.

Definition 3.2.1. Suppose we have n distinct nodes &1,&s, ...,&,, then the degree n — 1
Lagrange basis is the set L£1(§), La(&), ..., Ln(€) that satisfy L;(&n) = 0 if 7 # m and
Li(&) =1, where 1 < m,j < n. Fach basis polynomial can be explicitly described by the
product:

so= I = (318)
i

With these interpolating polynomials, we can construct an approximation to a function
that interpolates through a set of nodes in computational coordinates as

UE) = Uy(E) = Z wi £i(€), (3.19)

where we will consider nodes that are distributed as —1 < & < ... < &, < 1. In this thesis,
the GL nodes are used in computational space on each element to construct CG-SBP
operators.

To construct the element-wise SBP operators in computational space, we start by de-
termining the structure of diagonal mass matrix 55, and then construct Bf,Gg,Mg based
on the same idea. The matrix Mg will be used in the discretization of the KZK equations
and will be used to approximate the following type of integral terms:

0 F(x) == /fﬂ F(s)ds. (3.20)

For the purpose of constructing 55, consider the function F (&), then using the polyno-
mial approximation 3.19, we obtain

| Fea~ [ S e =3 Feu, (3:21)
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where w; 1= f_ll L;(£)d¢ and define a set of quadrature weights. Then, the diagonal mass

matrix Pg := diag([wy, ..., w,]), which defines an approximation to the Ly inner product,
since

/ UVAE ~ Z / (E)V(E)L;(€)de = Zu ENV(Ew; = u Pew. (3.22)

Similarly, in order to construct 55, 65 and Mg, consider the following:

O (32)

/ Pie~ 30 S U / £ e (3.24)

i=1 j=1

£ n £
/_ wdg Y U(S) / L) (3.25)

Thus, one dimensional SBP operators on each element, in computational space, can be
construct, based on equation (3.22), (3.23), (3.24) and (3.25), as

_ R
Pelivi) = [ L (3.26)
97
and the (i, j)*" entries of D¢, Q¢ and M are defined as
= dLi(&)
De(i, j) = T (3.27)
— 8£
Qe(i, j) = / —Ld, (3.28)
€L 8f
. &i
Me (i, ) = / L;d¢, (3.29)
92
where §; is the i*® node in the computational domain, and
_ 3] & én T
M¢f ~ [ F(s)ds, F(s)ds,..., ]—'(s)dsl .
97 &L &L
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With this construction, we have that Eg on an element can be constructed from the def-
inition 3.1.1, where tr = [£1(&,), .., Lo(&)]T = [0,...,0, 1T, tr = [£1(&), ..., Lo (E)]T =
[1,0,...,0]T for the GL nodes. Next, we demonstrate that the resulting operators are SBP.
First, consider the following equality:

—~ = 8£ SR 9L,
QLj+QiJT:/‘ ——Lde + Li——d¢. 3.30
Using integration by parts we obtain
J— _T 3
(Qe + Q¢ ) (i) = Lils[R, (3.31)
which indicates that . _
Q¢ + Q; =trtp —trt] = Ee. (3.32)

Moreover, we need to show that De&F = 5;16551“ = k&1 for k=0,1,2,...,p. To prove
these properties, we will make use of the Vandermonde matrix V' defined as

1 (&) (&) - (&)

Voo 1 (51)1 (51)2 (ﬁf)p . (3.33)

(&) (&) - (&)
We also define V as
01 2 .. peb!
S 331
01z L
According to the (3.26) and (3.28), we obtain
8&3

e o¢I

£)'Q = [ ae— (¢ 3.35

(€ e = (€) P (335)

note that the above equality results because the quadrature rule on the GL nodes is degree
2p — 1 [24]. Then, considering (3.35) for ¢,j = 0,1,...,p, we obtain the following:

VIQV = VTP V.. (3.36)

Since the Vandermonde matrix V' is invertible if and only if & are distinct and n =p+ 1
[89, 62], which is the case considered here, we obtain

Q:V = P.V%. (3.37)
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Since the P; is invertible (this is immediate since it is diagonal with positive entries), then
(3.37) can be rewritten as

D¢V =P, QV =V, (3.38)

which indicates that -
De¢" =ke" ', k=0,1,...,p. (3.39)

Therefore, these operators satisfy the definition of an SBP operator.

Next, we will construct global one-dimensional CG operators by combining the local
SBP operators into a global operator. For this purpose, suppose we have N elements
each having n nodes, where elements touch at a common interface; thus, overall there are
[ =nN — (N — 1) nodes. In order to combine the local operators into a global operators
we introduce the mapping matrices R, that map u, to u., i.e. Reu, = u., where u, is U
evaluated at global nodes and w, is U evaluated at local nodes for element e. R, is a matrix
of size n x [ for element e, where e = 1,2,...N. The entries (i,j) of R, are 1 for a node
that is the i node in local coordinates and the j** node in global coordinates, where the
remaining entries of R, are zero. We illustrate the mapping matrix through the following
example:

Example 3.2.1. Suppose there are 5 element, namely Ey, Eo, E3, Ey and Es, with 3 nodes
for each element, indicating that we have the 11 nodes in total and are labeled as in the
diagram below. The common nodes are denoted as ®. Based on how we define R., we have
that Riuy = uq, Rouy = ug, Ryu, = us, Ryu, = uy, Ryu, = us where

11 3 7 5 1 2 9 8 4 6
—O0—8®—0—8—0—® 00— —0—20
El EZ E3 E4 E5
0O 0O0OO0OO0OO0OO OO OOTGO0OT1 0O 0O0OO0OO0OO0OT1TTU0O0OO0OO0
Rr=10 01 00 00O0O0O0UO0O,Re=100001O00O0O00O0 O0f,

000O0OO0OOT1TUO0OTQO0OTUO0OO®O 1 0 00 00 0O0O0TO O

1 0O00O0O0OO0OO 0O 0O 0 000 O0O0OO0O 0 1 00
Rs = 100 00O0O0OO0OOO,Rge=1]000O0O0OO0OO0OT1O0O0O0],

0 00 0O0OO0OO0OT1TTGO0O 0O 00O1O0O0O0 0 0O
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0001O0O0O0O0O0TQO0OF® O
Rs=10 0 0O0OO1 0O0O0O0 0],
00 0O0O0OO0OO0OO0OO0OT1F®o0
U1 Uz Uy Ug Uy
Uy = (US| ,U2= [U5| ,U3= [U2| ,U3 = |US| ,Ug4 = | Ug |,
U7 Uy Ug Uy U10

and Uy, = [ub Uz, Uz, Uy, Us, Ug, U7, Ug, UY, U0, ull]'

We now have all the necessary components to construct the one-dimensional CG-SBP
operators.

Definition 3.2.2. The one dimensional CG SBP operators Exg, ng and Exg, are defined as

N

Pag = RIP.R;, (3.40)
=1
N
=1
N

E,y = > RIER;. (3.42)
=1

Note that we use the SBP operators for the computational domain and the linear mapping
to construct the local physical coordinate operators.

Hence, we can construct a one-dimensional SBP differentiation matrix over the mesh

as Bxg = 5;91 ng. The proof that this operator is polynomialy exact is the same as for the
single element case, namely (3.35) - (3.39).

What remains, is to show that these global matrices also mimic integration by parts,
that is, they are SBP. First note that

N N
Qug + Quy = Y _RFQ.R, +R'Q,R; = > RIE,R; = E,y, (3.43)
i=1 i=1
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then we have
ul Qv + VI Qg = VI ELuy = v (trgth, — trgtiy)uy, (3.44)

where trgy = [1,0,...,0] and tgy = [0,...,0, 1]. The last equality results from the fact that
the nonzero contributions from the E, matrices originating from interior elements cancel out
with the exception of the left contribution from the left element and the right contribution
from the right element. Therefore, the CG operators satisfy the SBP properties. Next,
we need to extend Mg from a per element operator to a global operator. The following

example motivates the construction of Mzg.

Example 3.2.2. Assume there are two elements and three nodes for each element as per
the diagram below.

X1 X2 X3 Xa X5
Q—0—® 00
Eq E,

Note that ng fy needs to return a vector such that the it entry is

(Moo f, )i / " F(s)ds. (3.45)

For the setup above, we approrimate F on each element as

3 3
FO =S (000, FP =S 10w, where £ = 1.
i=1 i=1

Using these expansions we can approximate the integration to, for example, the fourth node

xT

x3 T3 x3

- / AW de + / ALV de + / AL de
1;4 2 2 x;4 2 2 29164 2 2

+/ 2Ll )da:+/ fs )cg>dx+/ 12 L8 dx
T3 T3 x3

s 1 s 1 s 1 2
= fl,c§>dx+/ f2£g>d:c+/ (L) + £P) fada
1

Tl 1

as

o ) @ QR (1) A1) R ) @)
/ }'dxz/ F(z) + Fy (x):/ > Ahc dx—l—/ > L da
1 1 1g=1 T3 =1

+ [ fLPdr+ / fo L dx.
3 3

x-
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Hence, in this case, we have

0 0 0 0 0
I £V dz I £V dx I & da 0 0
Meg = | [0 £ de [ £5)de L8 de 0 0o |

f;ﬂls ﬁgl)dq; f;l?’ Lgl)dm fleg [,gl)dl'—f— fj; £§2)dx fa:4 Eég)dx f;? LgQ)dx

3

T 1 x 1 T 1 T 2 T 2 x 2
[P cVde [P de [P de+ [T 0P de [P LPde [7 L de

(3.46)

and it can be visualized as follows:

— TR — XL,
Mgy =

Ny

where Mg accumulates the targeted function for each element. Recalling Mg € R™" defined
in (3.29), Mg has the following general form:

M; = =>M,, (3.47)

as

(3.48)

Therefore, we can construct the global operator ng based on the local operators by
using the mapping matrices as follows:

N N N
i=1

j=1 k=j+1
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Next, we need to consider how to construct the second derivative SBP operator globally.
The definition of the second derivative operator is introduced as follows [66].

Definition 3.2.3. (Second derivative operator) The operator Do, = 5;;(—Kxg + EyyDuy)
approximating 88—;2 15 a second deriwative SBP operator if Kxg + Kgg >0 and _mg 1S a sym-

metric matriz, where Eﬁg,ﬁmg and ﬁmg are one-dimensional global SBP operators defined
mn 3.2.2.

In this thesis, two options for Kxg are considered. We can choose Kxg = Zf\il R?Bgﬁxﬁx R;

— — T — —
or Ay = Dmngngg. In the next section, we demonstrate how to discretize PDEs using
these operators.

3.3 Simultaneous Approximation Term

In this thesis, we use the SAT technique to enforce the boundary conditions weakly, that
is, our discretization only approximately satisfies the boundary conditions. In this section,
we motivate the SATs that will later be used for the KZK equations by developing SATs
for the linear advection equation, linear diffusion equation, and the Burgers’ equation.

3.3.1 SBP-SAT Discretization of the Linear Advection Equation

We discretize the linear advection equation, in space, using CG-SBP operators and SAT's
as follows:
du -1

n + aDgu = alaE;gltLg (tLgu — tRou) + 02aP trg(tp,u — t u), (3.50)

where the SATs are given as
SATL = CZUlE;gltLg (t}jgu — tﬁgu) 5 SATR = aazﬁ;glth(tlT{gu — t}jgu), (351)

and oq and oy are the parameters for the SATs that will be chosen so that the scheme is
stable. The SATs impose the boundary conditions weakly, where S AT} imposes the left
periodic boundary condition and S ATy imposes the right periodic boundary condition.
To understand how the SATs encode the boundary conditions, note, for example, that
tr,u —thp,u ~ U(ry) —U(rg) = 0. The LHS of (3.50) is the discretization of the linear
advection equation using CG-SBP operators while the RHS of (3.50) are the SATSs, which
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imposed the periodic boundary condition weakly. We now prove stability at the semi-
discrete level in exactly the same way as at the continuous level. The first step is to
multiply by the solution and discretely integrate, this is accomplish by multiplying (3.50)

by u"P,, and since D,, = 5;;619, then we have that

du
w'P,,— T + au' Quuu = orau trg(tp u — tpou) + orau’ trg(tp,u —tp u).  (3.52)
Using the fact that ©TQ,,u = uTG;Fgu, Qg +6;Fg = Euy, and Eyy = tRgth, —trgt],, then
we can rewrite (3.52) as

u'P,,— +— S0 (thth tLgt{g)u:alauTth(t};gu—t{gu)+agauTtLg(t{gu—t£gu).

(3.53)

du
g dt
Combining common terms in (3.53) results in

— du 1 1
’LLTP —+a (- — O'1> u ththu—l—a (—5 — O’Q) u tLgtLgu+Cl(01+O’2)fu,TtLgt£g’u, = 0.

"at 2
(3.54)
Then, choosing oy = % and oy = —%, we find that
— du
Py— =0. 3.55
Next, we integrate in time to have
(D), = (O]l (3.56)

where ||u||z27 is the norm approximating L, norm. Therefore, the semi-discrete scheme
(3.50) is stable.

3.3.2 Fourth-order Runge Kutta

In this section, we introduce the RK4 time marching method used throughout this thesis
to integrate the ODEs that results from discretizaing in space. To introduce the RK4
method, consider the following initial value problem.

ay

o F(t,Y), Y(to) = vo. (3.57)
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Then, we choose a positive time step h, then we can approximate

where

h
Ynt+1 = Yn + 6 (lﬁ +2k‘2+2k3+k4),

tn—l—l =tn + ha

klzf(tnayn)a
h hkq
ko = F (tn+ = el
2 f(n+27yn+ 9 )7
hks

h
k3—f(tn+§>yn+7),

(3.58)

(3.59)

3.3.3 Numerical Experiments for the Linear Advection Equation

In this subsection, we apply our discretization of the linear advection equation (2.6) and
characterize its error properties. Specifically, we consider the following two linear advection
problems with a = 1 [please check this]:

Problem 1:

Problem 2:

Domain: = € [—7m, 7], t>0,
Boundary condition: U(—m,t) = U(m,1),
Initial condition: U(z,0) = cos(3x),

Domain: z € [0,1], >0,
Boundary condition: U(0,t) = cos(3t),
Initial condition: U(z,0) = cos(3x),

(3.60)

(3.61)

where the exact solution for both problems is w., = cos(—3x + 3t). We use CG-SBP
operators to discretize the PDE through SBP-SAT technique based on the discretization
in the section 3.3.1 and then use the fourth order Runge-Kutta scheme for time marching
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Figure 3.1: Convergence test of the linear advection equation discretized using the CG SBP-
SAT method with periodic boundary conditions (Problem 1). The domain is discretized
using multiple elements and Az is computed by dividing the domain length in the x
direction by the number of elements in the x direction. The coarsest mesh contains two
elements while at each refinement level, the number of elements is doubled. The slopes are
computed using the line of best fit through the last three data points.

from 0 to 1, with a time step of 107°. Note that for Problem 2 we only add a SAT to
weakly enforce a boundary condition on the left of the domain as

SAT = —P, ity (t],uy — cos(3t)), (3.62)

which can be proven to result in a stable semi-discrete form in exactly the same way as the
periodic problem previously discussed. Then, we compute the error vector € = Uy, — Uey
where %, is the numerical solution and u., is the vector containing the exact solution
at the mesh nodes. Finally, we compute the approximate Lo error as follows:

N

lells,, = (e"P.e)”. (3.63)

For Problem 1, we see from Figure 3.1, we see that the convergence rate is p for degree
p operators when p is even and ~ p + 1 if p is odd with the exception of p = 1. Similarly,
for Problem 2, we see from Figure 3.2, that the convergence rate is ~ p + 1 if the degree
of the operator is odd, and p if the degree is even.
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Figure 3.2: Convergence test of the linear advection equation using the CG SBP-SAT
method with Dirchlet boundary condition (Problem 2). The domain is discretized using
multiple elements and Az is computed by dividing the domain length in the x direction by
the number of elements in the x direction. The coarsest mesh contains two elements while
at each refinement level, the number of elements is doubled. The slopes are computed
using the line of best fit through the last three data points.
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3.3.4 SBP-SAT Discretization of the Diffusion Equation

The SBP-SAT semi-discrete form of the diffusion equation with a homogenous Neumann
boundary condition on the left and a homogenous Dirchlet boundary condition on the right

1S
du — — — ——1=T
E — Dgxg’u = O'lpl,gltLgtEnggu + Jng;ngthtggu. (364)

where the SATSs are given as

SAT; = alﬁ;;tLgtEgDmu, SATy = azﬁggﬁfgt@tggu, (3.65)

and o and oy are the parameters for the SATs that will be chosen so that the scheme is
stable. Here S AT}, imposes the left homogenous Neumann boundary condition and S ATg
imposes the right homogenous Dirichlet boundary condition weakly. To understand how
the SATs encode the boundary conditions, note, for example, that tggﬁwgu ~ %($L) =0,
and tpu ~ U(rg) = 0. The LHS of (3.64) is the discretization of the linear diffusion
equation using CG-SBP operators while the RHS of (3.64) are the SATs, which imposed
the boundary conditions weakly. Again, the stability analysis of (3.64) follows identically
from that at the continuous level. Thus, first we multiply (3.64) by uTﬁxg to obtain

= du — — — _
’U,TngE — uTPIngxgu = aluTtLgtEnggu + O'Q’U,Tngthtgg’U,. (366)

Next, we use the definition of 52969 given in 3.2.3 to obtain

_d L _ .
TPy — uT(—A,y + EyDug)tt = oyt t gt Dygu + 05u™D, tggthouw.  (3.67)

u ngg —

Recall that E,, = tryth, — tigtl,, then, combining similar terms and rearranging (3.67)
results in

5 du

u PIQE = —u'Agu+ (o1 — D)utr t] Doygu + (1 + ag)uTﬁzgthtggu. (3.68)

Note that since ng is a positive semi-definite matrix, then —uTﬂmgu is a non-positive
term, which can be dropped, then the (3.68) becomes

| _ .
uTPzgd—"t" < (o1 — DuTt1ytF Doy + (1 + 02)u"D, tryth, u. (3.69)
Then, we choose 01 = 1,09 = —1 to obtain
— du
T
P,o— <O0. 3.70

27



Applying chain rule, (3.70) can be rewritten as

1d =
§&uTngu <0. (3.71)
Finally, integrating with respect to time results in

lw(T)]1* < [[uw(0)|[*. (3.72)

Thus, the scheme is stable. Note that we can use either form of Kxg and arrive at the
same result. A similar analysis of the SBP-SAT discretization of the diffusion equation
with Dirchlet boundary conditions weakly imposed on both ends demonstrates that the
resultant semi-discrete form is stable. In the next subsection, numerical experiments are
performed to demonstrate the convergence rates of the proposed schemes.

3.3.5 Numerical Experiments for the Diffusion Equation

To study the convergence properties of the schemes for the diffusion equation (2.13), we
consider the following two problems.

Problem 1:

Domain: x € [O, 3;} , t>0,
9) 3

Boundary conditions: _L{ 0,t) =0, U _7r7t =0, (3.73)
ox 2

Initial condition: U(z,0) = cos(z),

Problem 2:
Domain: x € [O, 3771 , t>0,
3
Boundary conditions: U (0,t) =0, U (g, t) =0, (3.74)

Initial condition: U(z,0) = cos(z),

where the exact solution is wue, = cos(x)e" for both problems. In the numerical tests,
we will consider the two options for constructing the second derivative as well as various
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Figure 3.3: Convergence test of the diffusion equation discretized using the CG SBP-SAT

method and Kxg = B;Fgﬁmgﬁmg with a homogenous Neumann boundary condition and a
homogenous Dirichlet boundary condition on the left and right boundaries, respectively
(Problem 1). The domain is discretized using multiple elements and Az is computed by
dividing the domain length in the x direction by the number of elements in the x direction.
The coarsest mesh contains two elements while at each refinement level, the number of
elements is doubled. The slopes are computed using the line of best fit through the last
three data points.
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Figure 3.4: Convergence test of the diffusion equation discretized using the CG SBP-SAT
method and Kzg = Zfil R?B;FﬁxﬁmRi with a homogenous Neumann boundary condition
and a homogenous Dirichlet boundary condition on the left and right boundaries, respec-
tively (Problem 1). The domain is discretized using multiple elements and Az is computed
by dividing the domain length in the z direction by the number of elements in the z direc-
tion. The coarsest mesh contains two elements while at each refinement level, the number
of elements is doubled. The slopes are computed using the line of best fit through the last
three data points.
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Figure 3.5: Convergence test of the diffusion equation discretized using the CG SBP-SAT
method and Kxg = Ezgﬁxgﬁxg with homogenous Dirichlet boundary condition on both ends
(Problem 2). The domain is discretized using multiple elements and Az is computed by
dividing the domain length in the x direction by the number of elements in the = direction.
The coarsest mesh contains two elements while at each refinement level, the number of
elements is doubled. The slopes are computed using the line of best fit through the last
three data points.

degree SBP operators. The setup of the convergence study is identical to that performed
for the linear advection equation.

For problem (3.74), Figure 3.3 demonstrates that the convergence rate obtained using
ng = B;Fgﬁxg_xg is p+ 1 if p is odd, with the exception of p = 1, and p if p is even. From
the Figure 3.4, we find the convergence rate obtained for Kzg = Zf\;l R?Egﬁxﬁx Riisp+2
if pis odd and p + 1 if p is even.

The results of the numerical experiments for the problem (3.74) are shown in the
Figures 3.5 and 3.6. From the Figure 3.5, the convergence rate resulting from using

Ay = Ezgﬁmg zg 1s p+1if pis odd and p if p is even. From the Figure 3.6, the convergence

rate resulting from using Kzg = Zf\il R?Bgﬁxﬁx R; is p+ 2 if p is odd, with the exception
of p=1, and p+ 1 if p is even.
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Figure 3.6: Convergence test of the diffusion equation discretized using CG SBP-SAT
method and ng = Zf\il R?Bgﬁxﬁgﬁi with homogenous Dirichlet boundary condition on
both ends (Problem 2). The domain is discretized using multiple elements and Az is
computed by dividing the domain length in the = direction by the number of elements in
the x direction. The coarsest mesh contains two elements while at each refinement level,
the number of elements is doubled. The slopes are computed using the line of best fit
through the last three data points. The slopes are computed using the line of best fit
through the last three data points.

32



Based on the Figures 3.3, 3.4, 3.5 and 3.6, we find that Kl,g = Zf\il REBgEIBIRi
performs better on the convergence rate. Therefore, we will use ng = Zi\; R?B:Exﬁx R;
to discretize the KZK equation.

3.3.6 SBP SAT Discretization of the Burgers’ equation

The Burgers’ equation with homogenous Dirichlet boundary conditions on both ends can
be discretized as follows:

du 1— 1 — ——1 —1
o 1+ 3Dwslulut SulDayu = 0Py trgtrglulu + 0oP,, trgtrg[ulu, (3.75)
where [u] := diag (u1, . ..,w), and the SATs are given as
SATL = Ulﬁ;gltLgtEg[U]’U,, SATR = 025;;tht£Q[U]U, (376)

and o; and oy are the parameters for the SATs that will be chosen so that the scheme is
stable. Here SAT} and S ATy imposes the homogenous Dirichlet boundary conditions on
the left and right boundaries, respectively. The LHS of (3.75) is the discretization of the
Burgers’ equation using CG-SBP operators while the RHS of (3.75) are the SATs, which
imposed the homogenous dirchlet boundary conditions weakly. Then, to prove stability,
we multiply (3.75) by uTP,, to obtain

_ 1 o _
u'P,,— + —uTng [u]u + guTng [ulDyyu = aluTtLgtEg [u]u + aguTthtlT{g [u]u. (3.77)
Recollecting that [u] and P,, are diagonal matrices and the transpose of a scalar is itself,

then (3.77) can be rewritten as

— du 1 = 1 =T
uTnga + guTQIg[u]u + guTQIg[u]u = aluTtLgtEg [u]u + O'Q’U,Tthtgg[U]u. (3.78)

Then, rearranging terms and using the SBP property Q,, + G:g = Eug = troth, — trgtl,
(3.78) can be simplified as

— du 1 1
TPng - (01 * g) UTtLgtEg [u]u + (02 a 5) uTthtgg[u]u' (3.79)

1
3

u

Choosing the parameters oy = and o3 = 3 to simplify (3.79) as

— du
™,,— =0. )
u Py i 0 (3.80)
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Integrating in time, we have that
lw(T)I]* = [ (0)|]*. (3.81)

Therefore, the scheme (3.75) for the Burgers’ equation with homogenous Dirichlet bound-
ary conditions is stable. In the next subsection, numerical experiments are performed to
demonstrate the convergence rates of the proposed schemes.

3.3.7 Numerical Experiments of the Burgers’ Equation

To determine the convergence rate of our scheme for the Burgers’ equation, we use a
manufacture solution. Consider the following problem for the Burgers equation, where the
manufacture solution Upsprs = sin(x)e™.

%_Z;{ —I-Ug—z;{ = —sin(z)e”" +sin(x)cos(z)e™, x€[0,7], t>0,
UO.1) =0, Ulm,t) =0, (382)

U(z,0) = sin(z).

The setup for the convergence study is the same as with previous test with the error vector
now is defined as € = wpum — Unrprs. The convergence rates are given in Figure 3.7 and
we find that they are p 4 % if p is odd and p if p is even.

3.4 Chapter Summary

In this chapter, we introduced the definition of SBP operators and explained how to con-
struct CG operators that satisfy this definition. Moreover, we preformed a continuous and
discrete stability analysis of linear advection, linear diffusion, and Burgers’ equation. The
discretizations presented in this chapter provide the basic building blocks for constructing
the discretization of the KZK equations that will be considered in the next chapter.
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Figure 3.7: Convergence test of Burgers’ equation discretized using CG SBP-SAT method
with homogenous Dirchlet boundary conditionon both ends. The domain is discretized
using multiple elements and Az is computed by dividing the domain length in the =
direction by the number of elements in the x direction. The coarsest mesh contains two
elements while at each refinement level, the number of elements is doubled. The slopes are
computed using the line of best fit through the last three data points.
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Chapter 4

CG-SBP-SAT Discretization of the
KZK Equation

This chapter discusses our discretization approach for the KZK equation. As in previous
chapters, the starting point is to examine the continuous stability of the KZK equation. We
use this to motivate the construction of our scheme such that we can mimic this continuous
stability analysis at the semi-discrete level. Of importance to doing so, and a major
contribution of this thesis, is developing special second derivative operators. In order to
discretize the KZK equation, we demonstrate how to extend the global one dimensional CG-
SBP operatos into multiple dimensions using tensor products. Finally, boundary conditions
are imposed using SAT's, motivated from our discretization of the linear advection equation,
linear diffusion equation, and Burgers’ equation.

4.1 Continuous Stability Analysis of the KZK Equa-
tion

The three-dimensional KZK equation for pressure I has the following form [1]:

_+_

dx?  Oy? (4.1)

ru B orU s PU o (PP Y =0
ooz  2pcy Ot 2c3 0t 2 -

In this thesis, we assume U has compact support on the domain. Here ¢ =t — z /¢y is the
retarded time, where t is the time and ¢y is the sound speed. The Cartesian coordinates
are x, y, and z, where the z coordinate represents the direction of wave propagation, see
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Figure 4.1: Geometry and systems of coordinates [15].

Figure 4.1. The coefficient of nonlinearity is defined as § = 1+ %, where % is the nonlinear

parameter of the medium. Furthermore, § = % (%“ + g+ k (é — %)) is the diffusivity

of the sound where p is the ambient density, k is the thermal conductivity, i, ug, ¢, and
¢, are shear viscosity, bulk viscosity, the specific heat at constant volume, and the specific
heat at constant pressure, respectively. Applying the operator 0, ! to (4.1), and using the
compact support of U on the domain, leads to

ou ou* o U 0? 0?
——i3———3—2—c—° =+ u=0. (4.2)
0z  2pcy Ot 2c3 Ot 2 dx?  0y?
We non-dimensionalize (4.2) using the following dimensionless variables [95, 55]:
o=z/d,
X =z/a,
Y =y/b, (4.3)
T = (U(]t/,
P =U/po,

where d is the focal length in the direction of propagation, the quantities a and b are the
size of the source aperture in the z and y direction, respectively. The working frequency
of the source pulse is wy and peak source pressure is py. Then, substituting the variables
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(4.3) into (4.2) results in [95, 17]

oP - _OP PP 1 1 0? 1 0

— —NP— —A—— — -0 ' = —— =0. 4.4
9o NPar ~ A T 1o (G$8X2+GyaY2)P (4.4)
In this thesis, we will exclusively consider hyperrectangles for the spatial domain, i.e.,
Q= (XY, 7) € [Xnin, Xonaz] X [Yonins Ymaz] X [Tmins Tmaz|, Wwhere o is taken as an artificial
temporal variable. Moreover, G, = 4 Gy = Rob? N — %, and A = apd are dimensionless

2d 2d
coefficients, where kg = ‘Z—g is the wave number, the wave shock formation distance is
_ 3 Sw? . . . .
defined as z = 220 and ay = 20 is the thermoviscous absorption coefficient at the

Bwopo 208

working frequency.

4.1.1 Source and Boundary Conditions

The source condition of KZK equation is constructed by setting the time waveforms at
o = 0. In this thesis, we consider the following source condition, which is a parabolic
approximation of the ultrasound beam [55, 95]:

U(z,y,t) = poF (t + 2;;{ + 2Cy0iiy) G(x,y), =2=0. (4.5)
In dimensionless variables, the source condition can be written as follows:
P(X,Y,7) =F (14 GxsX?>+GysY?) G(X,Y), o0=0, (4.6)
where Gxg = Gd;d and Gyg = i—f and G(z,y) is the shading function [55, 95, 17, 15]. Here
we use

1 if |X| <1and |Y] <1,

0 otherwise.

G(X,Y) :{ (4.7)

Next, we need to choose appropriate boundary conditions, where based on experiments
preformed on focused ultrasound [95, 45, 17, 55] two natural candidates for boundary con-
ditions emerge.

Case 1. Assume we have a large enough box, which contains all the ultrasound wave.
This gives us zero pressure at the faces of the domain and thus, the following boundary
conditions:

P (Xmam7 Y7 T, U) - 07 P (szm Y7 T, U) - 07
P (X, Yoz 7,0) =0, P(X,Ynn,7,0) =0, (4.8)
,P(Xa}/aTmax:O-) :0, P<X7Y77—mina0-) =0.
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Case 2. Assume the problem is axisymmetric, therefore, we can consider a smaller equiv-
alent problem constructed by halving the original domain along each axis of symmetry.
Then, we set homogeneous Neumann boundary conditions for the faces belonging to planes
of symmetry of the new domain. For the remaining boundary faces, we use homogeneous
Dirichlet boundary conditions, thus, the full set of boundary conditions is

JoP
a_X(anu }/7 T, 0) - 0,

P(X’ Ymagp, Ty U) = 07 g},]i (X szn; T, U) = O (49)

P(X, Y7 Tmaxyo-) = O, P(X, Y; Tmima) =0

P(Xmaz, Y, 7,0) =0,

Next, we prove that the non-dimensional form of the KZK equation (4.4) with the
either boundary conditions (4.8) or (4.9) is stable.

Theorem 4.1.1. The solution to the KZK equation (4.2) along with boundary conditions
(4.9) or (4.8) and source condition Py := P(X,Y, T, Opmin) satisfies:

1P (@maa)l* < [1Po]?,
and thus, the KZK equation with either of these boundary conditions is stable.

Proof. First, we multiply (4.4) by P, integrate over €2, and then use Leibniz’ rule on the
last term to obtain

/Pa dQ) = A/P dQ) + N/P—dQ /P iaQ +ia—2 O 1PdQ
o 072 G,0X?2 G,0vz) 7 '

(4.10)
Next, we apply integration by parts and Leibniz’ rule to obtain
Xmaa: Ymaz . TTna:c
/ P—dQ = — / / Pp3 dYdX
Xmaz Ymax mZ:maz 5 2
+N/ / 738—7) deX—N/ (68—73) ds?
T
'mzn 'mzn Tmin (411)

Ymaz
l le 9 1 lQ
/aY %

X
1 [P, 0P
Y — — [ =<0 ——=df.
de o aXaT aXd

Xmaz Tmazx B 87)
e / » /m PO

Ymaz Tmazx a’P
1
ral LR

mzn min
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Then, applying the boundary conditions (4.9) to (4.11) results in

. oP\? oP . OP 1 (0P . 0P
L0 =—-N PN go_ L [OPga0P g L [OP500P 16 (412
/P d /Q(ar) d G, ayaf ayd G, axaf axd (4.12)

Dropping the negative semi-definite terms results in

oP __ 0P 1 [oP__ 0P
/73 Q< — G i el W i (4.13)

To proceed, recall the definition of the inverse operator (3.20), via the fundamental theorem
of calculus we have the following identity:

2 @) -1 (i

Then, using this identity on the RHS of (4.13), results in

/ _dQ __/67(7 8Y> (a; 8Y> dQ__/aT(T ax) (a; gf() 2.

(4.15)
Next, applying integration by parts to (4.15) results in
1 a Xmaz Ymaz 2 | Tmaz
- — dXdy
2 ao_ / N /mzn /mzn ( ! ay) Tmin
Xmaz Ymaz 2 Tmawx <416)
dXdy.
2G /mzn /77L1n ( " aX) Tmin
Using the definition of 97!, we can expand (4.16) as follows:
X Y, T
mazx mazx mazx 87)
2d —— —d dXdy
2 do- / P /7’LZ7L /77L7/7L (/7:77L7/7L 7—>
1 Xmaz Ymaz Tmin
/ ( / aﬁm) aXdY
y X'mzn Y'm Tmin (4 17)

Xmaz Ymaz Tmax
L / / / 8—Pd7 dxXdy
QGJ? Xmin Ymin Tmin
1 Xmazx max Tmin a’])
—d dX dY.




Then we can simplify (4.17) and obtain
d /7?2d§2 <0 (4.18)
do Q - '

Integrating (4.18) over o and applying the source condition results in
1P (@ma)l|* < (1Pl (4.19)

Hence, the KZK equation with the boundary conditions (4.9) and source condition (4.6)
is stable. The analysis for boundary conditions (4.8) follow similarly. O

In the next section, we construct appropriate SBP operators and SATs that result in a
semi-discrete form that enables a stability proof that matches the continuous stability proof
presented above in a one-to-one fashion. In this thesis, we will only consider the second
set of boundary conditions (4.9) for the discretization as they require less computational
cost.

4.2 CG-SBP-SAT Discretization of the KZK Equa-
tion

Thus far, we have constructed element-wise SBP operators that are extended to global CG-

SBP operators over a one-dimensional mesh constructed from elements. In this section,

we extend these ideas to Cartesian meshes constructed from tensor-product elements. For
this purpose, we introduce the definition of a tensor product.

Definition 4.2.1. The tensor product of two matriz A € R™*™ and B € RP*Y s

fa;B apB -+ -+ ap,,B]
a91B apB -+ -+ ay,B

AR B= : : : e R™Px™,
(@B @B - oo aumBl

Here, we list some key properties of tensor products. Consider matrices A, B,C, D, E,
and F, we have that
AB)'=A1T®B, (4.20a)
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(A®B)T = AT @ BT, (4.20b)
AB®C)+ (A®B®D)=A®B® (C+D), (4.20c)
(A®B®C)(D®E®F)=AD® BE ® CF, (4.20d)

where the last two properties hold for matrices of appropriate size.

Using tensor product we construct three-dimensional SBP operators for hyperrectangles
(i.e., Q = [Xoins Xinaz] X [Ymins Ymaz] X [Tmin, Tmaz]) that are constructed from our one-
dimensional CG-SBP operators as follows:

DX = 5Xg ®TYQ®TT97 DY = TX9®5Y®L'g7 DT = TXQ@TY-‘]@LQ’
Ax = KXg ®EY9 ® 57-9, Ay = 5Xg ®KY9 ® 57’9’ A= EXQ ®§Y9 ® KTg’
Qx = Qxy®Py,®Pry, Qv :=Pxy@Qyy@Pry, Q= Pxy @ Pyy @ Qy,

EX = EX!] ® ﬁy.q ® 57'9 = R§maq) PYTRXmaac - Rimzn PYTRXmin’
Ey = EXg ® Eyg ® Erg = R}T/

max

ET = EXQ ® ﬁYg ® ETg = RImaz PXyRTmaz - RImzn PXTR

T
PYTRYmaz - RYmm PXTRYmma

Tmin?

PXY = 5Xg®§Yg7 PyT = Eyg@)ﬁq—g, PXT = 5Xg®§7—g;
._ 4T 1 1 ] T 1 1 1 T
RXmin T tLXg ® |Yg ® |7—g’ Rszn T IXg ® tLyg ® ITg’ R'rmin T |Xg ® |Yg ® tLTg7
RXmaa: = trfgxg ® IYg ® |Tg7 RYmaac = IXQ ® tﬁyg ® |7—g7 R'Tmaa: = |Xg ® |Yg ® tETg’

P:= §Xg®§yg®ﬁ7'g) MT = ng ®TYg®ng‘

Next, we demonstrate that the above three dimensional CG operators are SBP opera-
tors. Using the properties of tensor products (4.20a), (4.20d), we have that

DX = 5X'g ®TYg ®i7'g
1_ — —
QXg & IYg & ITg

Px,
1 =1 =1\ = _ _
= (ng ® Py, ® PTg> (Qxy ® Pyy @ Pry) (4.21)
= (ﬁXg X EYg & E7'9)_1 (QXg & 5Yg & E7'g)
=P 'Qy.
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To demonstrate that these operators mimic integration by parts, and therefore are SBP,
first, recall the integration by parts formula for the X derivative in multiple dimensions
for a hyperrectangle
8V Ymaz Tmax X
V—dQ + L{—dQ VL{nXdF VU drdY, (4.22)
aX Y, Jr= min
where nx is the X component of the outward facmg unit normal on the boundary of €2,
i.e., I' := 09Q. Discretizing the LHS of (4.22) using the above operators results in

=Tmin

v'PDyu+ u'PDyv = v Qyu + u'Qyw
= v Qxu + (v Qxu)"
= v Qxu+v'Qyu
=v"(Qx + Qx)u
=o' <(6Xg ® 5Yg ® Efg) + (QXg ® 5Yg ® ETQ)T> u
— — — _T — —
- ’UT <(QXg ® PYg ® Prg) + (QXg ® PYg ® P7-9>) u
=" ((Quy +Quy) @ Pry @ Pry ) u
= ’UT (Exg X Eyg X ETQ) u
= v 'Exu

T T T
=v (RX'ma,;c PYTRX’maz - RXm PYTRXm”L)

(4.23)

where we have used the following properties of tensor products (4.20b) (4.20c). To under-
stand why the RHS of (4.23) approximates the RHS of integration by parts (4.22), and
therefore the operators are SBP, note that, for example, Ry, . w results in a vector of U
evaluated at the surface where X = X,,,, and thus

Ymaz Tmax
TR§m[m PYTRXmazu ~ / / maa: M(Xmam)d'rdy’
T (4.24)

Ymax Tmax
TRT PYT RXmmu ~ / / mm (Xmm) drdY.
=Ymin JT=

Next, we introduce an SBP operator that mimics integration by parts for the term

18 ! < 1 8X2 +a 8Y2> P. For this purpose, recollect the definition of second derivative

SBP operators 3.2.3, by taking advantage of the fact D.M, ~ | (see Figure 4.2), we define
the modified second derivative as

Doy =P~ (-MIDIAy + ExDy), (4.25)
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Figure 4.2: Convergence plot of the D.M,u term. The domain is discretized using multiple
elements and AX is computed by dividing the domain length in the X direction by the
number of elements in the X direction. The coarsest mesh contains two elements while at
each refinement level, the number of elements is doubled. The slopes are computed using
the line of best fit through the last three data points.

thus,

82
X =P ~ Dyx M, P. (4.26)

Next, we show that this operator satisfies integration by parts, which for the term under
consideration, is given as follows:

oP\ [ 0
-1 173 173
/; ax20 / nxdl’ - /Q(ax) (axaf )dQ‘ (4.27)

Hence, discretizing the LHS of (4.27) gives

p"PDaxyM,p = p"ExDxM,p — p"MIDIAxM,p, (4.28)

which mimics integration by parts. In order to see this, note that

ou oy
TE %/ r TA %/—— Q0 4.2
u cxv FZ/{VnXd s u xv o OX aXd s ( 9)
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thus,

0
T ~ -1
P ExDXMpr/FP—a ((1 F)nxdF,

oP 0
T ~ -1

recall DM, ~ |, then we have
0 JaP aP
TMIDTA(M, %/— e “12_ ) dQ.
pMDAMp A | 5o\ ax )\ 9 ax )@

4.2.1 Semi Discrete Form of KZK Equation

We discretize the KZK equation (4.4) with our CG-SBP operators as follows:

d 1 1 ~ 1 =« 1 ~
L A <§DT[P}p + g[p]DrP) — NDq,p — G_yDQYMTp - G_IDQXMTP

= A(siPT'R} | PxyR,,..[plp+sP7'R}  PxyR. .. [p]p)
+N (ssP7'DIRT  PxyR,,,..p+ 5P 'DIRY PxyR,,..p)

1
+—(ssP7'RL}. . Px,RLy, . DyM,p + ssP"'"MIDLRY. ~Py.Ry,..p)

Tmin

— @
<

+G_(S7P_1 Rﬁymin PYT Rszn DXMTp + SSP_IM’T’];D§ R§7,Law PYT RXmazP)?

8

where the SATs are given as

[plp+ N ssP7'DIRY  PxyR,. ..p

SATL =A S1 P_lRfmm PXY RTmin
1 11
1 1
+ G—S5 P_l RL?/mm PXTRI—Ymm DY MTp + G—S7P_1 R)T(mm PY‘I‘ RXmin DX MTp,
) N z J/
11 v
SATR =A S9 P_l R;];maw PXY RTmaz [p]p + N84 P_l D;’F R;’Ermw PXY Rfmazp
v Vi
1 1
+ G_86P_1MID§T/R$maz PXTRYmamp + G—Sgp_lMID}‘( R)T(maz PYTRXWL@?ﬂp’
Y Tz
VIT VI
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and $1,...,sg are SAT parameters that will be specified to obtain stability. The LHS of
(4.32) is a discretization of the KZK equation while the RHS of (4.32) are the SATs used
to weakly impose the boundary conditions. Note that we have discretized the Burgers’
term and the second derivative term for 7 as in Chapter 3. Similarly, the SAT terms are
built based upon the previously presented discretizations, where I, I1, V', and VI impose
homogeneous Dirichlet boundary conditions in the 7 direction (I and I at 7,,;, while V
and VI at 7,4, ). Based on the same idea for constructing the SAT's for the linear diffusion
equation (3.64), 11 imposes a homogeneous Neumann boundary condition on the X — 7
plane at Y,,;,, while term IV impose a homogeneous Neumann boundary conditions on
the Y — 7 plane at Y,,;,. Finally, VII and VIII impose homogeneous Dirichlet boundary
conditions at X4, and Y., respectively. The next theorem proves stability of (4.32).

Theorem 4.2.1. The semi discrete form of the KZK equation (4.32) is stable if s; =

1
5782: 3,83—184 —1,85:1,86:—1787:1,88:—1.

Proof. We first rewrite (4.32) as

d 1
di A <3D [plp + g[p]Drp +51P7'RL  PxyR,..[plp+ $2P7'RL - PyyR,,..[p ]p>

(D27p+53P 'DIRL  PxyR

21

p+ s,P7'DIRY PxyRs..P)

Tmin T Tmax

(DgyMTp—l— S5P 1RL$QPXTRLygDyM7p+S6P 1|\/|TDTRT PXTRYmmp)

»—@Q|

+ = (DoxM;p + s7P7'R%, | Py,Rx

xT

DxM,p + ssP"'"MIDYRY Py Rx,...p).
(4.34)

min
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Multiplying (4.34) by pTP, we obtain

dp
TP_ —
do

1 1
A (9" Qulplp + 5pQlIElp + spTRE, PrrRe, plp + sap R, PR plp )

. /

~
=

+ N (pT (_AT + ETDT)p + S pTDTRT PXYRTmlnp + S4pTD7rI"RTm PXYRTmaaL )

T Tmin
NS

J/

II::

1
+ G—(pT(—MIDIAY + EyDy)M.p
v

N J/

1=
+ s55p" RLy,PxRLy,DyM,p + ssp"MIDYRY Py Ry,.. p)
1
+ G—(pT<—M;FDIAX + ExDx)MTp
+ S7PTR§Mm I:)y7—RXmm DX MTp + SngMTDT R;F(mMPYTRXmaz ) .

-~

(4.35)

To simplify the discussion, we will examine the volume terms and associated SATs in
(4.35) one term at a time. First, consider the Burgers’ term [. Since Q, + Q;F =E, =

RT  PxyRs..—RE PxyR.,.., combining similar terms and using s; = & and s, = —3,
this term reduces as follows:
1
T
$9pTRY  PyyR.
2P TTW xyRe.. [P ]P) X (4.36)
=A <(—§ -+ 81> pTR PXYRTmzn[ ]p —+ <§ —+ 82) pTRfmaz PXYRTm(n[ ]p)
=0.
Next, recall that E- = RT ~PxyR; .. —Rl PxyR. . . then second derivative term in 7
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(term I7) with its SATs reduces as follows:

]I :N(—pTATp + pT (RT PXY RTmaa: - R;me PXY RT’min) DTp

Tmax

+ s3pT DZ‘RZ‘mzn PXY R'Tminp + S4pT DZ\ Rg‘m(m PXY RT"““”p)

=N(—p"A;p+ (1 +s0)p"RY  PxyRy...p+ (—1+53)p"DIRY  PxyR, . p)
—— Np"A,p,

(4.37)

where to obtain the last equality we set s3 =1 and s, = —1.

Next, we consider the modified second derivative term with respective to Y (term III)
and its SAT terms. Since Ey = Rlemmc Px:Ry, . — RL%P xrRLyy, then we combine the same
terms such that

1
HT ==(p"(=M; D7 Ay + (Ry,  PxRy,... = RLy;Px-RLyy)Dy)Mp

+ys5pTRL$g Px-RLyDyM,p + scp"MIDyRy. . Px;Ry,..p)
:Giy(_pTMIDIAYMTp + (=1 + 55)p"RLE Py, RLy,Dy M. p (4.38)
+ (s + 1)pTMIDyT/R};mM Px,Ry,...D)
=— GipTMIDEAyMTp.

y
An identical analysis of the second derivative term for X and its SATs results in
1
IV = — G_pTMIDIAXMTp. (4.39)

The last term we need to deal with is pTP%p , where applying the chain rule results in

d 1d
pd _1d rp 4.40
PP p=5-pPPp (4.40)
Now we combine (4.36), (4.37), (4.38), (4.39), and (4.40) to obtain
1d o Y L oyt Loy TAT
——p Pp=—-Np ' A,p— —p M. D AyM,p— —p M_ D, AxM,p. 4.41
5q.P PP P AP = oop M:DrAvMyp — Zop M D- AxM:p (4.41)

Recall that A, is a positive semi-definite matrix and N is a positive constant, thus,
NpTA,p > 0, and therefore
1d

1 1
——p'Pp < ——p"MIDIAYM,p — —p"MIDTAxM, p. 4.42
2d0_p p —_ Gyp T T Y p pr T T X p ( )
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In this thesis, we only considered the case Ay = Zfil RiTEE(ﬁ +DxR; and Ay = Zfil RiTEST/ﬁyBy R;,
let v := M, p, then (4.42) can be rewritten as follows:

1d o L o Lo

——p Pp<—v D Axv——v DA 4.43

2d0’p b= GIIU rAxv Gyv Y, ( )
Using the definition of D,, Ax, Ay, (4.41) can be expanded as

1 d 1w o\~ ==
52pPp<— =" (I, ®ly, ©D,,) (Ax, © Py, ©P,,) v
’ (4.44)

1 _ _ N _ _
- <|Xg Ry, ® ng> (Pxy ® Ay, @ Py v.
Yy

Note that D,, = 5;91679, thus, using the properties of tensor products (4.44) simplifies to

1d 1 — — — 1 — _ _
S p"Pp < ——v" (Ay, @ Py, ®Q), ) v— " (Px, @Ay, 2Q),)v.  (445)

2do G, Gy
Next, we split the RHS of (4.45) to obtain
1d 1 — — — 1 _ — —
——p'Pp < — vt (Axg®PYg®Q;F>'U_ vt (AXg@PYg®Q3>’U
2do 2G, g 2G, g (4.46)
1 — — —T 1 — — —T :
— 2—Gy’UT (PXQ ® AYg ® QTg> v — E’UT <PXg ® AYg ® QTg) v.
Then, we take transpose of the second and fourth terms of (4.46), which results in
1d 1 — — — 1 _ — —
e pPp<— " (Ax, @ Py, ®Q), ) v — 0" (A, @ Py, ©Qyy) v
2do 2G, g 2G, (4.47)
1 = —~ —T 1 — — — :
_ Q_Gy,UT <PXg ® AYg ® QTQ) v — EUT (PXg ® AYg ® Q’rg) v.
Using the property of tensor product and GTg + G;Fg = ETg on (4.47), gives that
1d . 1 o = |
S P Pp < ~55. Y (Axy ® Py, ® E;p)v — T (Pxy, ® Ay, ® E;p)v. (4.48)
T Yy

Next, we substitute the definition of v back in (4.43) and then substituting the definition
of M, results in
1d

N
P PP < ' <|Xg®|yg®|v|m) (Axy ® Pyy @ Ery) (Ixy ® Ty ® My,) p

1 N =
b (I @y @ W) (P, @ Ay, @ Bry) (g @ Ty © My,
Yy

(4.49)
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Using the property (4.20d) of tensor products, (4.49) can be simplified as

1d
——p'Pp<-—

2 do 26, P <AX9®PY9®M ExoM; )p

(4.50)
e (PXg®Ayg®|v| E,,M. )
Recall that ETQ =t ngtﬁm —tr,, t};g, and then using the property (4.20d) of tensor product
to obtain

1d 4
S ptP
1 — _
2G (AXQ ® PYQ ® MTgtR-rgth—gMTg> 2prT <AX9 ® PYQ ® MTgtLTQtLTgM g) p
1 _ _ . _ _ _ . _
— " (P @ Ay, @Mt th Moy ) p+ o= p" (Pry @ Avy @ Mt t] Moy ) p.
2G, : 2G, .

(4.51)

Next, since 1) Ax, and Ay, are positive semi-definite, 2) Px, and Py, are positive definite,

and 3) MTgtLTgtT M,, = (tT Mm> (tT MTQ) is positive semi-definite, then we can drop
the negative semi-definite term to obtain

1d 1 _ _ _
saP PP og P (AXg@ PW@MW%’EEW'\"W)”
1 o (4.52)
+ f <PXg ® Ayg & M tLTgtTT MTg> P

Since the entries of tT are Os except the first entry and the first row of ng is all 0s, then

tETngg is a zero matrlx which indicates M tr. tETgMTg is a zero matrix as well, then by
the properties of tensor products, we have that

1d o
——p Pp <0. 4.53
s5dgcP TP (4.53)
Then, integrating (4.53) in o and rearranging gives
1P(0maz)|[p < [P0l |, (4.54)

where pg is a vector constructed from evaluating the source condition on the mesh nodes
and ||v||2 := vTPwv. Thus, the discretization is stable.
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4.3 Chapter Summary

In this chapter, we derived a non-dimensional form of the KZK equation that we then
prove is stable under two sets of boundary conditions. Next, we extended our global one-
dimensional CG SBP operators to multiple dimensions using tensor products and demon-
strated that the resulting operators are SBP. Moreover, we developed a modified second
derivative term key in constructing the proposed schemes. Finally, we proved that the
resulting semi-discrete form is stable under the two options for the second derivative in 7
that are considered in this thesis. In the next chapter, we present numerical experiments
to demonstrate the accuracy properties of the proposed scheme as well as some HIFU test
cases.
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Chapter 5

Numerical Results

In this chapter, we characterize the accuracy of the proposed schemes for the KZK equation
as well as numerical verification of the stability properties of the scheme. Finally, we apply
the scheme to a case related to HIFU.

5.1 Accuracy of the CG-SBP-SAT Discretization

In this section, we numerically characterize the accuracy and stability properties of the
proposed scheme. For this purpose, we use the method of manufactured solutions [90],
specifically Pprars = cos(X)cos(Y)sin(7)e™7 is used to determine the convergence rates of
the scheme. Note that o is taken as the artificial temporal variable and we use RK4 to
time march on this variable. We consider the following KZK problem:

op op PP 1 21 e

— - NP— - A— — -9 ' =— — = F(X,Y,

9o or o a” (GanQJFGyaY?)P FXYom0), )
cvne o] x o] x ol

where

F(X,Y,7,0) = —cos(Y) cos(X)sin(t)e ™ — N cos?(Y) cos?(X) sin(r
_cos(X)cos(Y)e™7(Gyeos

(e77)2 cos(T)

+ Acos(Y) cos(X) sin(t)e™”

1G,G,
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is the forcing term due to the manufacture solution. In the convergence study, we pick the
coefficients as
N=01 A=1 G,=G,=5. (5.3)

In order to reduce the computational cost of simulations, we will only consider the boundary
conditions for the axisymmetric problem, i.e., (4.9) mentioned in the previous chapter; thus,
the boundary conditions for the convergence study are

P(X,Y,0,0)=0,  P(X,Y,70)=0.
oP 37
a—X(O,Y,T,O') =0, P(T,Y,T,O'> =0, (5.4)
oP 3T
8—y(X,0,7',0)—0, P(X,7,7,0> = 0.
Based on Pysars, the source condition is
P = cos(X)cos(Y)sin(r), o =0. (5.5)

The convergence rates of numerical solution are given in Figure 5.1 and we find that the
convergence rate is at least p + 1.

At a high level, we can consider our semi-discrete form as the following ODE:
d
2 = RHS(p) + . (5.6)

where our discretization of the spatial terms is generically represented by RH S(p) and
f is the evaluation of the source term F from the method of manufacture solutions. Our
stability proof, Theorem 4.2.1, demonstrates that

p'PRHS(p) <0, (5.7)

which gives us a means of numerically demonstrating stability of the semi-discrete form.
In Figure 5.2, we show that ptPRH S (p) < 0 is satisfied.

5.2 Application of the CG-SBP-SAT Discretization to
HIFU

To demonstrate the application of the proposed scheme to HIFU, we consider a similar
problem to that in [55]. Recall the physical meaning of the independent variables involved
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Figure 5.1: Convergence plot of the KZK equation discretized using CG SBP-SAT method,
with the boundary conditions (5.4) and the initial condition (5.5). The domain is dis-
cretized using multiple elements and AX is computed by dividing the domain length in
the X direction by the number of elements in the X direction. The coarsest mesh contains
two elements while at each refinement level, the number of elements is doubled. The slopes
are computed using the line of best fit through the last three data points.

in the KZK equation, X and Y are the space variables, and o represents the wave propa-
gation direction. Here, the minimum o,,;, and the maximum o,,,, of ¢ is set to be 0 and
1, respectively. More precisely, ,,;, is the original location of the source excitation and
Omaz 18 the final targeted position. The domain of X and Y must be chosen large enough
such that the magnitude of reflected waves, which can deteriorate the accuracy of the nu-
merical results, is sufficiently small [55]. During the numerical computation, the domain of
X and Y is chosen as X € [0,4], Y € [0,4], which satisfies the criterion for the focused
piston source suggested in [55] which is the problem we are solving in this section. It is
crucial to choose a sufficiently large time window to encompass the whole waveform [55].
In the numerical simulation, 7 = [—10m, 247] is chosen as the time window based on the
recommendation in [55]. Recall, the general form of the source condition (4.6) mentioned
in the previous chapter, here we choose G5 = G5 = 5 for the numerical simulation. More
precisely, the source condition is

P=F(r+GuX*+G,Y)G(X,)Y) ato=0 (5.8)
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where
1 0<X<1 and0<Y <1,

. (5.9)
0 otherwise,

Q(X,Y):{

T+Grs X2 +GysY?2
3

) 2
> sin (wo(T 4+ G X + Gy, Y?)), (5.10)

where wy is the frequency of the wave. As in the previous section, we consider the ax-
isymmetric problem and therefore use boundary conditions (4.9). In this thesis, we try to

N
F(T+ G X? + G Y?) =e <

match the numerical results in [55], but could not determine their choice for wy. During
the numerical experiments, we set wy = 1 and instead look to match the general patterns
observed in [55]. We time march in the o direction using RK4 for ¢ = 0 to ¢ = 1, with

a the time step of 107°. The three-dimensional numerical pressure plots are shown in the
Figure 5.3. and demonstrate that the pressure from the ultrasound beam gradually focuses
as o tends to o = 1, as expected.

In addition, Figure 5.4 shows the pressure profile of the ultrasound beams at X = 0,
and Y = 0. Note that the focal point of the HIFU is at (X, Y, 7) = (0,0,0) and we see from
the figure that as o increases the magnitude of the pressure around this point increases
reaching a maximum at ¢ = 1, as expected. Figure 5.5 shows the envelop of the pressure,
which similarly demonstrates the focusing of the pressure at the origin.
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Figure 5.2: Plot of p" RH S(p) versus o for degree p = 1,...,4 discretizations on meshes
with 8, 64, and 512 elements. Graphs on the right are use a logarithmic y-axis.
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Figure 5.3: Ultrasound visualization
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This thesis has focused on the development of a provably stable discretization of the KZK
equations using a CG-SBP-SAT approach. The KZK equations, which model nonlinear
wave phenomena such as absorption and diffraction, are particularly relevant for simulating
the pressure propagation in HIFU applications.

To build up to the main results, the thesis begins by exploring the discretization of
three foundational PDEs: the linear advection equation, the linear diffusion equation, and
Burgers’ equation. Each of these PDEs contains elements that are also present in the
KZK equations. By performing a rigorous stability analysis on these simpler equations,
the groundwork is laid for tackling the more complex KZK equations. These initial steps
serve as a blueprint for the type of stability analysis needed for the KZK equation, guiding
the construction of a stable discretization.

Central to this work is the use of SBP operators coupled with SATS to ensure stability.
Chapter 3 introduces the concept of SBP operators, which are critical as they mimic the
integration by parts principle, a fundamental tool in stability proofs for PDEs. The thesis
demonstrates the construction of SBP operators within a CG framework and extends these
local operators to global one-dimensional operators. These operators are then employed
to discretize the linear advection, linear diffusion, and Burgers’ equations, with SATs used
to weakly enforce boundary conditions. The semi-discrete forms of these equations are
proven to be stable, providing a solid foundation for the subsequent discretization of the
KZK equations.
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In Chapter 4, we present the primary contribution of this thesis: the discretization
and stability analysis of the KZK equation. The analysis focuses on the dimensionless
form of the KZK equation, which is essential for practical applications such as HIFU. The
thesis extends the one-dimensional global CG operators to three dimensions using tensor
products, proving that these extended operators satisfy the SBP property. These operators
are applied to the KZK equation in a manner analogous to the linear PDEs discussed earlier.
A key innovation in this chapter is the introduction of a modified second-derivative term,
which is shown to be SBP. The construction of SATs for imposing Neumann and Dirichlet
boundary conditions is also detailed, and the resulting semi-discrete form of the KZK
equation is rigorously proven to be stable.

Chapter 5 evaluates the convergence, accuracy, and stability of the proposed discretiza-
tion using the method of manufactured solutions. The thesis concludes by applying the
developed scheme to a HIFU test case, inspired by prior research, thereby demonstrating
the practical applicability of the discretization for simulating wave propagation in focused
ultrasound.

6.2 Future work

While this thesis successfully develops a stable semi-discrete scheme for the KZK equation
using the SBP-SAT technique on Cartesian meshes, there remain several avenues for fu-
ture research and extension. One potential direction is to extend the current scheme to
handle unfocused ultrasound. The dimensionless form of the KZK equation for unfocused
ultrasound introduces additional complexities, such as terms involving m(‘}’; 1% [45],
which require careful consideration in the stability analysis. Another interesting extension
would be to adapt the scheme to cylindrical coordinates, which are often used in HIFU
applications. This adaptation would involve similar challenges to those encountered with
unfocused ultrasound, particularly in the handling of additional terms and the construction

of appropriate SBP operators.

Further, the current algorithm could be generalized to accommodate curvilinear coor-
dinates, allowing for the modeling of wave propagation in more complex geometries. This
would be particularly useful for simulating HIFU in anatomically accurate models, where
Cartesian meshes may be insufficient.

Beyond the wave propagation modeling itself, future work could also explore coupling
the current pressure-based model with a thermal model, such as the Bioheat equation.
This would enable the simulation of tissue heating and provide a more comprehensive tool
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for applications like cancer ablation, where understanding the temperature distribution is
as critical as modeling the pressure waves.

By addressing these extensions, the work presented in this thesis could be significantly
broadened, making it applicable to a wider range of ultrasound-based therapeutic and
diagnostic applications.

62



References

1]

Sigurd Ivar Aanonsen, Tor Barkve, Jacqueline Naze Tjo/tta, and Sigve Tjo/tta. Dis-
tortion and harmonic generation in the nearfield of a finite amplitude sound beam.
The Journal of the Acoustical Society of America, 75(3):749-768, 1984.

Vincent Auboiroux, Lorena Petrusca, Magalie Viallon, Arnaud Muller, Sylvain Terraz,
Romain Breguet, Xavier Montet, Christoph D Becker, and Rares Salomir. Respiratory-
gated mrghifu in upper abdomen using an mr-compatible in-bore digital camera.
BioMed research international, 2014(1):421726, 2014.

Vismaya S Bachu, Jayanidhi Kedda, Ian Suk, Jordan J Green, and Betty Tyler. High-
intensity focused ultrasound: a review of mechanisms and clinical applications. Annals
of biomedical engineering, 49(9):1975-1991, 2021.

Nikolai Sergeevich Bakhvalov, TA Zhileikin, and Evgeniia Andreevna Zabolotskaia.
Nonlinear theory of sound beams. (No Title), 1987.

NS Bakhvalov, Ya M Zhileikin, and EA Zabolotskaya. Non-linear propagation of sound
beams with a uniform amplitude distribution. SOVIET PHYSICS ACOUSTICS-
USSR, 26(2):95-100, 1980.

NS Bakhvalov, Ya M Zhileikin, EA Zabolotskaya, and RV Khokhlov. Nonlinear
propagation of a sound beam in a non-dissipative medium. SOVIET PHYSICS
ACOUSTICS-USSR, 22(4):272-274, 1976.

NS Bakhvalov, Ya M Zhileikin, EA Zabolotskaya, and RV Khokhlov. Focused high-
amplitude sound beams. Sov. Phys. Acoust, 24(1):10-15, 1978.

NS Bakhvalov, Ya M Zhileikin, EA Zabolotskaya, and RV Kokhlov. Propaga-
tion of finite-amplitude sound beams in a dissipative medium. SOVIET PHYSICS
ACOUSTICS-USSR, 24(4):271-275, 1978.

63



[9]

[16]

[17]

Federico Bruno, Alessia Catalucci, Francesco Arrigoni, Patrizia Sucapane, Davide
Cerone, Paolo Cerrone, Alessandro Ricci, Carmine Marini, and Carlo Masciocchi. An
experience-based review of hifu in functional interventional neuroradiology: transcra-
nial mrgfus thalamotomy for treatment of tremor. La radiologia medica, 125:877-886,
2020.

Mark H Carpenter, Travis C Fisher, Eric J Nielsen, and Steven H Frankel. Entropy
stable spectral collocation schemes for the navier-stokes equations: Discontinuous
interfaces. SIAM Journal on Scientific Computing, 36(5):B835-B867, 2014.

Mark H Carpenter, David Gottlieb, and Saul Abarbanel. Time-stable boundary condi-
tions for finite-difference schemes solving hyperbolic systems: methodology and appli-

cation to high-order compact schemes. Journal of Computational Physics, 111(2):220—
236, 1994.

Mark H Carpenter, Jan Nordstrom, and David Gottlieb. A stable and conservative

interface treatment of arbitrary spatial accuracy. Journal of Computational Physics,
148(2):341-365, 1999.

Zarko Celicanin, Vincent Auboiroux, Oliver Bieri, Lorena Petrusca, Francesco Santini,
Magalie Viallon, Klaus Schefler, and Rares Salomir. Real-time method for motion-

compensated mr thermometry and mrghifu treatment in abdominal organs. Magnetic
resonance in medicine, 72(4):1087-1095, 2014.

Jesse Chan. On discretely entropy conservative and entropy stable discontinuous
galerkin methods. Journal of Computational Physics, 362:346-374, 2018.

Won Seok Chang, Hyun Ho Jung, Eun Jung Kweon, Eyal Zadicario, Itay Rachmile-
vitch, and Jin Woo Chang. Unilateral magnetic resonance guided focused ultrasound
thalamotomy for essential tremor: practices and clinicoradiological outcomes. Journal
of Neurology, Neurosurgery € Psychiatry, 86(3):257-264, 2015.

Kenneth SH Chok, Tan To Cheung, Regina CL Lo, Ferdinand SK Chu, Simon HY
Tsang, Albert CY Chan, William W Sharr, James YY Fung, Wing Chiu Dai,
See Ching Chan, et al. Pilot study of high-intensity focused ultrasound ablation
as a bridging therapy for hepatocellular carcinoma patients wait-listed for liver trans-
plantation. Liver Transplantation, 20(8):912-921, 2014.

Ching-Shan Chou, Weizhou Sun, Yulong Xing, and He Yang. Local discontinuous
galerkin methods for the khokhlov—zabolotskaya—kuznetzov equation. Journal of Sci-
entific Computing, 73:593-616, 2017.

64



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Fergus V Coakley, Steven S Raman, and Antonio C Westphalen. Genitourinary ap-
plications of mr-guided high-intensity focused ultrasound. Current Radiology Reports,
2:1-9, 2014.

Alberto N Conejo and Alberto N Conejo. Non-dimensionalization of differential equa-
tions. Fundamentals of Dimensional Analysis: Theory and Applications in Metallurgy,
pages 347-378, 2021.

Ernesto R Cordeiro, Xavier Cathelineau, Stefan Thueroff, Michael Marberger, Se-
bastien Crouzet, and Jean JMCH de la Rosette. High-intensity focused ultrasound
(hifu) for definitive treatment of prostate cancer. BJU international, 110(9):1228—
1242, 2012.

Jared Crean, Jason E. Hicken, David C. Del Rey Fernandez, David W. Zingg, and
Mark H. Carpenter. Entropy-stable summation-by-parts discretization of the euler
equations on general curved elements. Journal of Computational Physics, 356:410—
438, 2018.

Myléva Dahan, Marion Cortet, Cyril Lafon, and Frédéric Padilla. Combination of
focused ultrasound, immunotherapy, and chemotherapy: new perspectives in breast
cancer therapy. Journal of Ultrasound in Medicine, 42(3):559-573, 2023.

Alessandro De Maio, Giulia Alfieri, Monica Mattone, Pejman Ghanouni, and Alessan-
dro Napoli. High-intensity focused ultrasound surgery for tumor ablation: A review
of current applications. Radiology: Imaging Cancer, 6(1):230074, 2023.

David C. Del Rey Fernandez, Pieter D. Boom, and David W. Zingg. A generalized
framework for nodal first derivative summation-by-parts operators. Journal of Com-
putational Physics, 266:214-239, 2014.

David C. Del Rey Fernandez, Jason E. Hicken, and David W. Zingg. Review of
summation-by-parts operators with simultaneous approximation terms for the numer-
ical solution of partial differential equations. Computers € Fluids, 95:171-196, 2014.

Lauren J Delaney, Selin Isguven, John R Eisenbrey, Noreen J Hickok, and Flemming
Forsberg. Making waves: how ultrasound-targeted drug delivery is changing pharma-
ceutical approaches. Materials Advances, 3(7):3023-3040, 2022.

Leszek F Demkowicz and Jay Gopalakrishnan. An overview of the discontinuous
petrov galerkin method. Recent Developments in Discontinuous Galerkin Finite El-
ement Methods for Partial Differential Equations: 2012 John H Barrett Memorial
Lectures, pages 149-180, 2014.

65



28]

[29]

[31]

[32]

[36]

[37]

Nguyen Minh Duc and Bilgin Keserci. Emerging clinical applications of high-intensity
focused ultrasound. Diagnostic and Interventional Radiology, 25(5):398, 2019.

Aurélien Dupré, David Pérol, Ellen Blanc, Patrice Peyrat, Valéria Basso, Yao Chen,
Jérémy Vincenot, Anthony Kocot, David Melodelima, and Michel Rivoire. Efficacy
of high-intensity focused ultrasound-assisted hepatic resection (hifu-ar) on blood loss
reduction in patients with liver metastases requiring hepatectomy: study protocol for
a randomized controlled trial. Trials, 18:1-10, 2017.

Emad S Ebbini and Gail Ter Haar. Ultrasound-guided therapeutic focused ultrasound:
current status and future directions. International journal of hyperthermia, 31(2):77—
89, 2015.

[A Shehata Elhelf, H Albahar, U Shah, A Oto, E Cressman, and M Almekkawy. High
intensity focused ultrasound: The fundamentals, clinical applications and research
trends. Diagnostic and interventional imaging, 99(6):349-359, 2018.

W Jeffrey Elias, Diane Huss, Tiffini Voss, Johanna Loomba, Mohamad Khaled, Eyal
Zadicario, Robert C Frysinger, Scott A Sperling, Scott Wylie, Stephen J Monteith,

et al. A pilot study of focused ultrasound thalamotomy for essential tremor. New
England Journal of Medicine, 369(7):640-648, 2013.

W Jeffrey Elias, Nir Lipsman, William G Ondo, Pejman Ghanouni, Young G Kim,
Wonhee Lee, Michael Schwartz, Kullervo Hynynen, Andres M Lozano, Binit B Shah,

et al. A randomized trial of focused ultrasound thalamotomy for essential tremor.
New England Journal of Medicine, 375(8):730-739, 2016.

Alfonso Fasano and Gilinther Deuschl. Therapeutic advances in tremor. Movement
disorders, 30(11):1557-1565, 2015.

David C Del Rey Fernandez, Jason E Hicken, and David W Zingg. Review of
summation-by-parts operators with simultaneous approximation terms for the nu-
merical solution of partial differential equations. Computers € Fluids, 95:171-196,
2014.

Paul S Fishman. Thalamotomy for essential tremor: Fda approval brings brain treat-
ment with fus to the clinic, 2017.

William J Fry, John W Barnard, Frank J Fry, and James F Brennan. Ultrasonically
produced localized selective lesions in the central nervous system. American Journal
of Physical Medicine & Rehabilitation, 34(3):413-423, 1955.

66



[38]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Daniele Funaro. Domain decomposition methods for pseudo spectral approximations:
Part i. second order equations in one dimension. Numerische Mathematik, 52(3):329—
344, 1987.

Daniele Funaro and David Gottlieb. A new method of imposing boundary conditions in
pseudospectral approximations of hyperbolic equations. Mathematics of computation,
51(184):599-613, 1988.

Gregor J. Gassner. A skew-symmetric discontinuous galerkin spectral element dis-
cretization and its relation to sbp-sat finite difference methods. SIAM Journal on
Scientific Computing, 35(3):A1233-A1253, 2013.

Gregor J Gassner. A skew-symmetric discontinuous galerkin spectral element dis-
cretization and its relation to sbp-sat finite difference methods. SIAM Journal on
Scientific Computing, 35(3):A1233-A1253, 2013.

Bertil Gustafsson. The convergence rate for difference approximations to mixed initial
boundary value problems. Mathematics of Computation, 29(130):396-406, 1975.

Bertil Gustafsson. High order difference methods for time dependent PDE, volume 38.
Springer Science & Business Media, 2007.

Jacques Hadamard. Lectures on Cauchy’s problem in linear partial differential equa-
tions. Courier Corporation, 2003.

M Hajihasani, Y Farjami, S Gharibzadeh, and J Tavakkoli. A novel numerical solution
to the diffraction term in the kzk nonlinear wave equation. In 2009 38th Annual
Symposium of the Ultrasonic Industry Association (UIA), pages 1-9. IEEE, 20009.

Jason E Hicken.  Entropy-stable, high-order discretizations using continuous
summation-by-parts operators. In AIAA Awviation 2019 Forum, page 3206, 2019.

Jason E Hicken. Entropy-stable, high-order summation-by-parts discretizations with-
out interface penalties. Journal of Scientific Computing, 82(2):50, 2020.

Joo Ha Hwang and Lawrence A Crum. Current status of clinical high-intensity focused
ultrasound. In 2009 Annual International Conference of the IEFEE Engineering in
Medicine and Biology Society, pages 130-133. IEEE, 2009.

Kullervo Hynynen, Oliver Pomeroy, Darrell N Smith, Peter E Huber, Nathan J Mc-
Dannold, Joachim Kettenbach, Janet Baum, Samuel Singer, and Ferenc A Jolesz. Mr
imaging-guided focused ultrasound surgery of fibroadenomas in the breast: a feasibil-

ity study. Radiology, 219(1):176-185, 2001.

67



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

RO Iling, JE Kennedy, F Wu, GR Ter Haar, AS Protheroe, PJ Friend, FV Gleeson,
DW Cranston, RR Phillips, and MR Middleton. The safety and feasibility of extracor-
poreal high-intensity focused ultrasound (hifu) for the treatment of liver and kidney
tumours in a western population. British journal of cancer, 93(8):890-895, 2005.

Ramji Kamakoti and Carlos Pantano. High-order narrow stencil finite-difference ap-

proximations of second-order derivatives involving variable coefficients. STAM Journal
on Scientific Computing, 31(6):4222-4243, 2010.

JE Kennedy, F Wu, GR Ter Haar, FV Gleeson, RR Phillips, MR Middleton, and
D Cranston. High-intensity focused ultrasound for the treatment of liver tumours.
Ultrasonics, 42(1-9):931-935, 2004.

H-O Kreiss and Godela Scherer. Finite element and finite difference methods for
hyperbolic partial differential equations. In Mathematical aspects of finite elements in
partial differential equations, pages 195-212. Elsevier, 1974.

Heinz-Otto Kreiss and Joseph Oliger. Comparison of accurate methods for the inte-
gration of hyperbolic equations. Tellus, 24(3):199-215, 1972.

Yang-Sub Lee. Numerical solution of the KZK equation for pulsed finite amplitude
sound beams in thermouviscous fluids. The University of Texas at Austin, 1993.

Yang-Sub Lee and Mark F Hamilton. Time-domain modeling of pulsed finite-
amplitude sound beams. The Journal of the Acoustical Society of America, 97(2):906—
917, 1995.

T Leslie, R Ritchie, R Illing, G Ter Haar, R Phillips, M Middleton, BM Bch, F Wu,
and D Cranston. High-intensity focused ultrasound treatment of liver tumours: post-
treatment mri correlates well with intra-operative estimates of treatment volume. The
British journal of radiology, 85(1018):1363-1370, 2012.

DENG-YN LIN, SHI-MING LIN, and YUN-FAN LIAW. Non-surgical treatment of
hepatocellular carcinoma. Journal of gastroenterology and hepatology, 12(9-10):S319—
5328, 1997.

TY Lin, CS Lee, Kai-Mo Chen, and CC Chen. Role of surgery in the treatment of
primary carcinoma of the liver: a 31-year experience. Journal of British Surgery,

74(9):839-842, 1987.

68



[60]

[61]

[62]

[63]

[64]

[68]

[69]

Nir Lipsman, Michael L. Schwartz, Yuexi Huang, Liesly Lee, Tejas Sankar, Martin
Chapman, Kullervo Hynynen, and Andres M Lozano. Mr-guided focused ultrasound
thalamotomy for essential tremor: a proof-of-concept study. The Lancet Neurology,
12(5):462-468, 2013.

John G Lynn, Raymund L Zwemer, Arthur J Chick, and August E Miller. A new
method for the generation and use of focused ultrasound in experimental biology. The
Journal of general physiology, 26(2):179, 1942.

Nathaniel Macon and Abraham Spitzbart. Inverses of vandermonde matrices. The
American Mathematical Monthly, 65(2):95-100, 1958.

Ezekiel Maloney and Joo Ha Hwang. Emerging hifu applications in cancer therapy.
International Journal of Hyperthermia, 31(3):302-309, 2015.

Ken Mattsson. Summation by parts operators for finite difference approximations
of second-derivatives with variable coefficients. Journal of Scientific Computing,
51(3):650-682, 2012.

Ken Mattsson and Jan Nordstrom. Summation by parts operators for finite difference
approximations of second derivatives. Journal of Computational Physics, 199(2):503—
540, 2004.

Ken Mattsson and Jan Nordstrom. Summation by parts operators for finite difference
approximations of second derivatives. Journal of Computational Physics, 199(2):503—
540, 2004.

Alessandro Napoli, Michele Anzidei, Federica Ciolina, Eugenio Marotta, Beatrice Cav-
allo Marincola, Giulia Brachetti, Luisa Di Mare, Gaia Cartocci, Fabrizio Boni, Vin-
cenzo Noce, et al. Mr-guided high-intensity focused ultrasound: current status of
an emerging technology. Cardiovascular and interventional radiology, 36:1190-1203,
2013.

Guochen Ning, Xinran Zhang, Qin Zhang, Zhibiao Wang, and Hongen Liao. Real-time
and multimodality image-guided intelligent hifu therapy for uterine fibroid. Thera-
nostics, 10(10):4676, 2020.

Jan Nordstrom and Mark H Carpenter. Boundary and interface conditions for high-
order finite-difference methods applied to the euler and navier-stokes equations. Jour-
nal of Computational Physics, 148(2):621-645, 1999.

69



[70]

[71]

[75]

Jan Nordstrom and Mark H Carpenter. High-order finite difference methods, multi-
dimensional linear problems, and curvilinear coordinates. Journal of Computational
Physics, 173(1):149-174, 2001.

Rouhollah Ostadhossein and Siamak Hoseinzadeh. The solution of pennes’ bio-heat
equation with a convection term and nonlinear specific heat capacity using adomian
decomposition. Journal of Thermal Analysis and Calorimetry, 147(22):12739-12747,
2022.

William D O’Brien and Floyd Dunn. An early history of high-intensity focused ultra-
sound. Physics Today, 68(10):40-45, 2015.

Meaghan A O’Reilly and Kullervo Hynynen. Ultrasound enhanced drug delivery to the
brain and central nervous system. International Journal of Hyperthermia, 28(4):386—
396, 2012.

MCL Peek, M Ahmed, A Napoli, Bernard ten Haken, S McWilliams, SI Usiskin,
SE Pinder, M Van Hemelrijck, and Michael Douek. Systematic review of high-intensity
focused ultrasound ablation in the treatment of breast cancer. Journal of British
Surgery, 102(8):873-882, 2015.

MCL Peek, M Ahmed, J Scudder, R Baker, SE Pinder, M Douek, and HIFU-F Trial-
ists’ Group. High intensity focused ultrasound in the treatment of breast fibroadeno-
mata: results of the hifu-f trial. International Journal of Hyperthermia, 32(8):881-888,
2016.

Sergey Repin. One Hundred Years of the Galerkin Method. Computational Methods
in Applied Mathematics, 17(3):351-357, 2017.

OV Rudenko. The 40th anniversary of the khokhlov-zabolotskaya equation. Acoustical
Physics, 56:457-466, 2010.

Bjorn Sjogreen and HC Yee. Entropy stable method for the euler equations revisited:
central differencing via entropy splitting and sbp. Journal of Scientific Computing,
81:1359-1385, 2019.

Bo Strand. Summation by parts for finite difference approximations for d/dx. Journal
of Computational Physics, 110(1):47-67, 1994.

Bo Strand. Summation by parts for finite difference approximations for d/dx. Journal
of Computational Physics, 110(1):47-67, 1994.

70



[81]

[82]

[83]

John C Strikwerda. Finite difference schemes and partial differential equations. STAM,
2004.

Dong Hye Suh, Min Kyung Shin, Sang Jun Lee, Ji Ho Rho, Mu Hyoung Lee, Nack In
Kim, and Kye Yong Song. Intense focused ultrasound tightening in asian skin: clinical
and pathologic results. Dermatologic surgery, 37(11):1595-1602, 2011.

Hye Young Sung, Se Hyun Cho, Jin Il Kim, Dae Young Cheung, Joon-Yeol Han,
Jae Kwang Kim, In Sook Woo, Seung Eun Jung, Seong Tai Hahn, and Young Sok
Lee. High intensity focused ultrasound therapy resulted in a complete response in a
patient with advanced gastric cancer with liver metastases: a case report. European
journal of gastroenterology € hepatology, 20(7):707-709, 2008.

Magnus Svard and Jan Nordstrom. On the order of accuracy for difference ap-
proximations of initial-boundary value problems. Journal of Computational Physics,
218(1):333-352, 2006.

Magnus Svard and Jan Nordstrom. Review of summation-by-parts schemes for
initial-boundary-value problems. Journal of Computational Physics, 268:17-38, 2014.

Blair Swartz and Burton Wendroff. The relative efficiency of finite difference and finite
element methods. i: Hyperbolic problems and splines. SIAM Journal on Numerical
Analysis, 11(5):979-993, 1974.

Priyanka Tharkar, Ramya Varanasi, Wu Shun Felix Wong, Craig T Jin, and Wojciech
Chrzanowski. Nano-enhanced drug delivery and therapeutic ultrasound for cancer
treatment and beyond. Frontiers in Bioengineering and Biotechnology, 7:324, 2019.

Mehmet Efe Tiryaki, Fatih Dogangiin, Cem Balda Dayan, Paul Wrede, and Metin
Sitti. MRI-powered Magnetic Miniature Capsule Robot with HIFU-controlled On-
demand Drug Delivery. In 2023 IEEE International Conference on Robotics and
Automation (ICRA), pages 5420-5425, May 2023.

L Richard Turner. Inverse of the vandermonde matrix with applications. Technical
report, 1966.

Subrahmanya P. Veluri, Christopher J. Roy, and Edward A. Luke. Comprehensive
code verification techniques for finite volume cfd codes. Computers ¢ Fluids, 70:59—
72, 2012.

71



[91]

[94]

[95]

[96]

Joost W Wijlemans, Martijn de Greef, Gerald Schubert, Chrit TW Moonen, Mau-
rice AAJ van den Bosch, and Mario Ries. Intrapleural fluid infusion for mr-guided
high-intensity focused ultrasound ablation in the liver dome. Academic Radiology,
21(12):1597-1602, 2014.

Robert Williams Wood and Alfred L Loomis. Xxxviii. the physical and biological
effects of high-frequency sound-waves of great intensity. The London, Edinburgh, and
Dublin philosophical magazine and journal of science, 4(22):417-436, 1927.

Feng Wu, Zhi-Biao Wang, Wen-Zhi Chen, Hui Zhu, Jin Bai, Jian-Zhong Zou, Ke-Quan
Li, Cheng-Bing Jin, Fang-Lin Xie, and Hai-Bing Su. Extracorporeal high intensity
focused ultrasound ablation in the treatment of patients with large hepatocellular
carcinoma. Annals of surgical oncology, 11:1061-1069, 2004.

Feng Wu, Zhi-Biao Wang, Hui Zhu, Wen-Zhi Chen, Jian-Zhong Zou, Jin Bai, Ke-Quan
Li, Cheng-Bing Jin, Fang-Lin Xie, and Hai-Bing Su. Extracorporeal high intensity
focused ultrasound treatment for patients with breast cancer. Breast cancer research
and treatment, 92:51-60, 2005.

Xinmai Yang and Robin O Cleveland. Time domain simulation of nonlinear acoustic
beams generated by rectangular pistons with application to harmonic imaging. The
Journal of the Acoustical Society of America, 117(1):113-123, 2005.

Xiaoxiao Zheng, Jingyao Yang, Yiwei Hou, Yong Fang, Kaiyu Wu, Yanna Song,
Kangding Liu, and Jie Zhu. Current non-invasive strategies for brain drug deliv-
ery: overcoming blood-brain barrier transport. Molecular Biology Reports, 51(1):25,
2024.

Gazi B Zibari, Andrew Riche, Henry C Zizzi, Robert W McMillan, et al. Surgical
and nonsurgical management of primary and metastatic liver tumors. The American
surgeon, 64(3):211, 1998.

72



	Author's Declaration
	Abstract
	Acknowledgements
	List of Figures
	List of Symbols
	List of Abbreviations
	Introduction
	High-Intensity Focused Ultrasound
	Numerical methods for KZK equation
	Summation-by-Parts Operators and Simultaneous Approximation Terms

	Outline of Thesis

	Well Posedness and Stability
	Well Posedness
	Continuous Stability Analysis of the Linear Advection Equation
	Continuous Stability Analysis of the Linear Diffusion Equation
	Continuous Stability Analysis of the Inviscid Burgers' Equation

	Summation-by-Parts methods
	Basic Definition and Properties of SBP Operators
	Continuous Galerkin SBP operators
	Simultaneous Approximation Term
	SBP-SAT Discretization of the Linear Advection Equation
	Fourth-order Runge Kutta
	Numerical Experiments for the Linear Advection Equation
	SBP-SAT Discretization of the Diffusion Equation
	Numerical Experiments for the Diffusion Equation
	SBP SAT Discretization of the Burgers' equation
	Numerical Experiments of the Burgers' Equation

	Chapter Summary

	CG-SBP-SAT Discretization of the KZK Equation
	Continuous Stability Analysis of the KZK Equation
	Source and Boundary Conditions

	CG-SBP-SAT Discretization of the KZK Equation
	Semi Discrete Form of KZK Equation

	Chapter Summary

	Numerical Results
	Accuracy of the CG-SBP-SAT Discretization
	Application of the CG-SBP-SAT Discretization to HIFU

	Conclusion and Future Work
	Conclusion
	Future work

	References

