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Abstract

In this thesis we revisit theoretical background for space-time boundary element methods for the heat
equation and its implementation. We restrict ourselves to solving the one-, and two dimensional Dirich-
let heat equation. A new approach is proposed to approximate the Galerkin matrix entries in a semi-
analytical fashion, requiring a reduced order of quadrature. This method can be applied to non-uniform
meshes, but is restricted to right-triangular meshes.

Using this approach, a system of Galerkin equations is created and solved iteratively with the use of
the Generalised Residual Method (GMRES). Operator preconditioners and preconditioners originating
from domain decomposition methods are summarised and implemented for a two dimensional Dirichlet
problem. In the case of operator preconditioning, a diagonal duality pairing proposed by Stevenson and
van Venetié [23] is used in the implementations. The Restricted Additive Schwarz method is considered
as both a preconditioner and a basic iterative method.

The Calderdn preconditioner, an operator preconditioner, is used to test the efficiency of parallel
preconditioned GMRES implementations, as this preconditioner provides a dense matrix. For different
amount of processes, the parallel GMRES implementations are investigated. Using row-wise decom-
position, parallel GMRES becomes increasingly time-efficient, as the level of refinement increases.
However, the Induced Dimension Reduction method, a different non-symmetric solver, currently out-
performs the parallel GMRES implementation.
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Introduction

Boundary value problems for partial differential equations are omnipresent in mathematically oriented
fields such as physics and a wide range of disciplines in engineering. A classical tool for the analysis
and solution of boundary value problems are the boundary integral equations (BIE). Any method that
provides an approximate numerical solution of these boundary integral equations, is categorised as a
boundary element method (BEM) [2]. In terms of computational cost, these methods are especially
useful when dealing with infinite domain problems or other problems where there is a large volume to
surface ratio.

In general, the numerical solution of the evolution of partial differential equations relies on semi-
discretizations, either in space or in time. In contrast, by treating the temporal dimension as another
spatial dimension, a space-time discretization is obtained. This allows for adaptivity and parallelization
in space and time simultaneously, without additional effort. Given today’s computing capabilities, this
feature is of great advantage, as it paves the way to develop algorithms that can use a large number
of cores more efficiently. For this reason, we pursue space-time BEM in this thesis.

Recent developments in coupling Finite Element Methods (FEM) with BEM, and new space-time
formulations for the wave equations, motivate us to conduct further research in space-time BEM par-
allelization. In contrast to the parallelization of space-time BEM studied by Dohr [3], these new for-
mulations use a modified Hilbert transform, which causes the system-matrices to be also dense in
time. Hence, we can no longer exploit the structure given by the fundamental solution in the choice of
parallel algorithms. Moreover, in the spirit of true space-time BEM, this thesis focuses on space-time
triangulations of the lateral boundary.

The space-time lateral boundary is discretized using triangular elements and the theory regarding
the trial spaces given such a triangulation is examined. This theory is an extension of the already
existing theory on error estimates given a tensor-product discretization [2, 15, 20, 3]. Furthermore,
certain entries of the Galerkin matrix have singular integrands, one needs a strategy to increase the
convergence rate of the quadrature in these cases.

Previous work mainly dealt with tensor-product meshes [15, 2, 3, 16], where Boundary Integral
Operators (BIO) were integrated with a semi-analytical approach; or, more recently, with a general
space-time triangulation [13]. This thesis offers, by restricting to right-triangles, a new semi-analytical
approach for the integration of the BIOs. At the moment, this approach is only proven to be viable for
space-time triangulations with an added constraint: the elements must be right-angled and two of the
edges must be parallel to either the temporal or spatial axis. However, the method is not restricted to
uniform-meshes.

For both the one-, and two dimensional case, the numerical approximation requires the solution of
a linear system. These systems are solved using the iterative Generalised Residual Method (GMRES).
In order to efficiently improve convergence rate of iterative solvers, one needs to use a preconditioner.
Operator preconditioning is a commonly used preconditioning strategy when it comes to BEM, [8, 1, 21,
3, 23]. A new diagonal duality pairing for operator preconditioning has been proposed by Stevenson
and van Venetié [23], which allows us to apply operator preconditioning more efficiently, given a general
triangulation. For such general triangulation, the standard approach of operator preconditioning using
a dual mesh has not yet been validated.



Apart from operator preconditioning, this thesis explores the possibility of using domain decompo-
sition methods as a preconditioner and as a stand-alone iterative method. This will allow us to com-
pare operator preconditioning, which is currently dominating in literature regarding space-time BEM, to
other techniques. Alongside comparisons, introducing domain decomposition methods will also give
us a broad impression of the effectiveness of inherently parallel preconditioners and iterative methods
in a space-time setting. Though not required, this thesis only presents uniform decompositions of the
space-time domain. In summary two forms of preconditioning are revisited: Calderén preconditioning
and Restricted Additive Schwarz (RAS) preconditioning. The latter is also considered as a stand-alone
iterative method.

As another comparison to GMRES, the Induced Dimension Reduction (IDR) method, a non-symmetric
solver, is introduced. The efficiency of parallelization of this method on a basic level is explored.

The structure of this thesis is as follows: In Chapter 2, the theoretical framework regarding space-
time BEM is revisited, mainly based on the one-dimensional Dirichlet heat equation. An implementation,
using the tensor-product ansatz [15, 2, 3, 16] is presented.

A more general revision of the theoretical framework established in the second chapter is intro-
duced in Chapter 3. A new semi-analytical approach is derived, to efficiently approximate the entries of
the Galerkin matrix with lower order quadrature. Implementations of the two dimensional BEM, given
different levels of uniform refinement, are considered.

The implementations presented in Chapter 3 are used to test the effectiveness of preconditioning
and parallelization in Chapter 4. First, theory regarding different preconditioning strategies is sum-
marised. The effect of the preconditioners is compared, using iteration count as a benchmark. Since
the usage of Calderén preconditioning leads to a fully dense matrix, an implementation of this precondi-
tioner is considered for parallelization. Basic parallelization schemes, such as row-wise parallel matrix
vector products and parallel i2-norms are presented, and used to construct a parallel GMRES method.
From a computational-time perspective, the efficiency of parallel GMRES, given different degrees of
parallelism is investigated.

As a comparison to GMRES, the IDR(s) method is also revisited. Using similar parallelization tech-
niques as in the case of GMRES, the method is parallelized and, again tested for time-wise efficiency,
given different degrees of parallelism.



1D problem

2.1. 1D Dirichlet problem

We start by considering the following relatively simple heat equation in one dimensional domain Q =
(0,1) with boundary " = {0, 1}. This is

Ot + Ogpu = 0, (2.1)
with Dirichlet boundary conditions:
ulr =g, (2.2)
and initial condition:
u(z,0) = f(x) = 0. (2.3)

The goal is to solve these equations in a space-time setting up to time T, analogous to the multiple
dimensional case described in Noon’s thesis [15]. The space-time cylinder we are interested in is
denoted as @ := Q x (0,7, and its lateral boundary as ¥ := T" x (0,7). The trace operators are
defined as an extension of the following continuous linear operators

Yov :=vls, YveC(Q),
1o = 0ly = (Vu|g) -n, Yo e CHQ),

to the corresponding Sobolev spaces, which will be defined in the next section. With this, we can
rewrite the Dirichlet problem as: Given g : ¥ — R, find v : @ — R such that

atu + amcu = 07 in Q7
u =0, in Q x {t =0}, (2.4)
You = g, in X.

2.1.1. Formulation as boundary integral equations
In order to write the formulation of (2.4) in terms of boundary integral equations, first the required
function spaces to solve this problem need to be established.
A d-tuple of non-negative integers a = (ay, ..., ay) € N is defined as a multi-index of dimension d.
Its order is given by
la| ==a1 + -+ aq,

and, for a C°°-function f, we define
0%f =0 ...07"f.

This leads to the following definition:
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Definition 2.1 ([14, Defn.6.6, Prop.6.7]). The Sobolev space of functions with k-th weak derivative
and L? integrability is denoted as

H*(Q) := {f € L*(Q) : 9“u € L*(Q) ,Ya such that |a| < k},
with norm
£ Lz = D 10%FllL2ce)-
la|<k
Additionally, we define the Bochner space.

Definition 2.2 ([14, Ch.1]). Let (Q,F,u) be a measure space and let X be a Banach space. For
1 < p < oo, we denote by the Bochner space L?((); X) the space of all equivalence classes of
strongly measurable functions f : Q — X, for which w — || f(w)|| belongs to L?((2).

Remark. L?(Q); X) is a Banach space with respect to the norm

1fllp == Nl = [[f @)l Lo () -
In this thesis we are solely interested in the case p = 2.

Subsequently, the anisotropic Sobolev space on the space time cylinder for all », s > 0 is defined
as [15, 3, 16]:
H™(Q) = L*((0,T); H(Q)) N H((0,T); L*(2)),

where

H*((0,7); L*(Q) »= {u € L*(Q) : Ju

Hs((0,T;L2(Q)) < oo},
with

I — / (s e 0.7,

The norm corresponding to the anisotropic Sobolev space for r, s € (0, 1) is given by

[l Frs = ||u||%2((O,T);H’“(Q)) + ||UH12L15((0,T);L2(Q))~

We can further restrict ourselves to spaces with zero initial condition [15, 3, 16]:
H™(Q) == {u € H**(Q) : u(z,t) =0, t < 0}.

We will look for solutions of (2.4) in the space H'2 (Q). Given second order operator L := 0; + O, let

HY2(Q;L) := {u € H"2(Q) : Lu € L2(Q)}. It is worth noting that the trace operators for this space
are continuous linear mappings [1, Lem.2.4, Prop.2.18]

Yo HY2(Q) — HY# (%),

and, . L
Y HY3(Q; L) —» H 27 1(%),

with Hz1 (%) defined analogously to H™*, and H~ 21 (X) the dual space of Hzi(X). Then, by
Green’s second identity we have:

/ v(x, t —to)Lu(z,t) — u(z,t — to)Lv(z,t) dedt (2.5)
Q
= / You(,t) - niv(w,t —to) dudt — / Tu(w,t) - yov(w,t — to) dadt,

b b

for to € R and u,v € H2'1(Q;L). The fundamental solution, G(z,t), of the d-dimensional heat
equation is given by
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%e—lr|2/4t t>0
G(x,t) :=( (4mt)2 ) (2.6)
0 t<O0
Substituting v with G(x — y,t — s) in (2.5), yields:
@)= [ (66— 0t =950 05) -Gl =yt = s)uly,s) ) dyd (2.7)
u(x,t) = g T —y, S on, Y, S on, T —y, s)u(y, s yds. .

Remark. The left hand-side of (2.7) follows from the fact that (2.1) implies that Lu = 0. And, as a
property of the fundamental solution, we have that L(G(x,t)) = u(xz,t) = u(x,t), where = denotes the
convolution of the functions.

Equation (2.7) is the Representation formula for the heat equation, given that there is no source
function present. Using this representation, we can define the boundary layer potential operators. The
single layer potential operator [2, 15, 3, 16]

Ka(@)at) = [ oG =yt =) duds. (@.6)€ Q. 6 € 1'(Q)
and the double layer potential operator
Kal@)ot) = [ 00.9) - Gla —pnt =) dyds, (0.0) €Q. 6 € L'Q).
By these definitions, we can rewrite (2.7) as

’U,(l',t) = K:l(rylu) - ’C2('You)a (l‘,t) € Q (28)

Now that the boundary layer potential operators are properly defined, we can define the boundary
integral operators.

The single layer potential operator is continuous across the boundary [2]. Hence we can define The
single layer operator

VY =K1y, e H 37i(Z).
Given the domain ©, let us denote the trace taken from inside Q with 4"t i = {0,1}. Similarly let us

2

denote the trace taken from Q¢ := R4\ (), by ¢*. We define a "jump” across the boundary [-]r by [2]
[’WU]F = ’watv - ,ﬁntv’ T € Fv i = 07 1. (29)
Now, let us consider the following lemma:

Lemma 2.1 ([20, Ch.6], [3, Ch.5]). Letv € C(X) and (x,t) € X. The double layer potential Kov satisfies
the following relations

. 1
U2 @,1) = ~ 50 t) + [ 00,55 Gla =yt =) dyds, (a.0) €3,
9 - ony

A6 (o) (@, 1) = 2o, t) + / O, 8) 2 Gl(w —yt — s) dyds, (x,1) € .
2 » (9711/

From Lemma 2.1 we obtain the following jump relation [20]
oKl = 76" Kav () — 75" Kav(z) = v(). (2.10)

For the double layer potential and ¢ € Hz4 (%), there also holds:

, 1 0
V[Z)”tlc2¢($7t) = —§¢($,t> + L (b(yvs)ainyG(x -yt - S) dde, (l‘,t) €. (211)

From this we define the double layer operator

0
K¢ = /Efﬁ(y, S)T%G(fc —y,t—s) dyds.
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The conormal derivative of the double layer potential, defines the hypersingular operator W, i.e.

W¢ = —nkKa¢, (2.12)

which is a a bounded operator from H3i (%) to H-2~1 (3). From (2.8) and (2.11) it follows directly
that

1
You = oK1 (711) — Y0 K2(you) = Vyru — Kyou + ifyou. (2.13)

Next, another useful lemma is introduced:

Lemma 2.2 ([20, Ch.6],[3, Ch.5]). Letw € C(X), and (z,t) € X. The single layer potential satisfies the
relation 5

ong

() (@) = 506.0) + [ D) 5l =yt = 5) dyds,

From Lemma 2.2, we define the adjoint double layer operator K’ as:
1
(K%)(@,6) + 50(@.0) = n(Ki)(@,0), (e,0) € 2, (2.14)
for y € H—2~%(%). The adjoint double layer operator K’ : H=2~3 (%) — H~2~i(%) is a linear

and bounded operator [15, 3].
Using (2.8), (2.12) an (2.14), we have

1
nu = nki(nu) = 1Kz (vou) = Wrou + gyu + K'yiu. (2.15)
Equation (2.13) and (2.15) give us the Calderén Projector C, defined as
i-K Vv You
S — J — 2
FJu = Cyu = < W §+K’> (71u> , (2.16)

with

=._ (70
7. (7)

It is important to note that (2.16) does not hold in general, but only when no source function is
present. With the use of the Caldéron projector, one can directly obtain the boundary integral equa-
tions corresponding to the Dirichlet problem (2.4).

Direct method (Dirichlet): Find g € H‘%=‘%(E) such that either (i) or (ii) holds

(i) Vq= (% +K)g, (firstkind). (2.17)
(i7) (% — K')g=Wyg, (second kind). (2.18)

Then the unique solution u € ﬁl’%(Q) of (2.1) is given by
u=Ki1q — Kag. (2.19)
The layer potentials satisfy the homogeneous equation [2, 3, 16], i.e.

. H™z71(%) i=1
0, amlsz:O, fori e 1,2}, ¢; € 11 .
(00 + 0ua)Ki0 ie{L2}, ¢ {Hm@) .
This implies that we can solve immediately for the Dirichlet problem (2.4) by substituting /C;¢ for u,
which gives

H s
’YOK:igbi =g fOI'i € {172}7 d)i S {H (220)
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With the previously defined boundary integral operators and (2.20) another method for solving the
Dirichlet problem (2.4) follows:

Indirect method (Dirichlet) Find ¢ € H—2~3(X) such that either (i) or (ii) holds

(i) Vg=g, (firstkind). (2.21)
1

(1) (K — §)q =g, (second kind). (2.22)

Then the unique solution v € A2 (Q) of (2.1) is given by

(1) w=Kyq (firstkind) (2.23)
(i) u=Ksoq (second kind) (2.24)

2.1.2. Solution via boundary element method
We consider the boundary integral equation determined by the indirect method of the first kind (2.21).
Hence, we need to take a closer look at the single layer integral operator. The solution to the boundary
integral equation is approximated using the Galerkin approach.

Let X} be a closed subspace of H*%’*%(E) and ¢, € X, the unique solution to the Galerkin
equations

(on,Van)g = (pn,9)o Vb € Xy, (2.25)

where (-, -) denotes the L?(Q) duality pairing. The construction of X}, is done using tensor-product
ansatz. In other words we consider time basis functions x(t¢), space basis functions v, (z), such that
the doubly indexed set {v,(z)x(¢)} forms a basis for X},. In time we consider the basis functions

1 -1 k
ity = A EmDhe<t<khe (2.26)
0, otherwise

where h; := Nlt and V; is the total amount of time steps.
In space, we consider the discretization T',, of the surface boundary I' into quadrilateral elements

T ie.,

r,:= U?Q”OT;.
Remark. In one dimension, the “quadrilateral” elements 7} are just the boundary points.

The linear basis functions v, are defined such that
Va(7) = 6,1 (2), (2.27)

where 4, (z) represents the Dirac delta distribution with support 7, ().
As was the objective, the doubly indexed set {v, (z)xx(t)} forms a basis of X;,. Using this basis,
we can rewrite the Galerkin equations

VaXxn, Van)o = WaXn,9)0, a=1,2;n=1,...,N,. (2.28)
Since ¢, is an element of X, we can approximate ¢, in terms of basis functions

N 2
an(,t) =D aprvs(@)xa(t). (2.29)

k=1 B=1

This will be an equality, by definition of the basis functions, as N; — co. The approximation (2.29)
is substituted into the Galerkin equations (2.28) which gives

N

2
> Waxn: Vpxi)q @sk = Vaxn:9)q, a=12n=1,..., N (2.30)
k=1 8=1
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By definition of the (L?)-inner product, (2.30) can be written out into
nhf,

Zquk//ua 2 )vg(y)Fnk(z — )dydac—/ua( )/ g(x,t)dtdr, (2.31)

k=1p3=1 (n—1)h¢

khs
/ / G(z —y,t — s) dsdt.
(n—1)hs J (k=1)hs

To keep things orderly, (2.31) is written in matrix form as the 2V, x 2N, system

with

Gia ... Gin, 7 Iy
: - : =1 ] (2.32)
Gnei --- 9NN, an, ﬁNt
with
o di,n
n - ’ b - 17 MR | N b
1 <q2,n) " K
Gy e (fp Jeri @i (y) Fok(x = y)dyde - [ [pva (2)va(y) Fop(e — y)dydx> c R2X2
" Jr Jpvelz)v 1(y)ffz,,k($ —y)dyds . [pva(z)va(y) For(x — y)dydx ’
and

Jol Jrni(z fr:lhtl)ht g(z, t)dtdx
n Jpva(x f(n—tl)h, g(x, t)dtdx

By definition of the fundamental solution G, F,, ;.(z) can be expressed as

khy
rLk / / \m| /4= S)]]. det
(n=1)hs J (k—1)hy 47T t— s)

If £ > n, we have that s > ¢ and the integration bounds are disjoint, which implies:

Ve>n: Fpr=0=G,r=0.

The matrix from (2.32) is thus of lower-triangular form.

In order to solve the system of equations (2.32), we need to determine the matrices G, ;. (for k < n)
and the right-handside vector. Let [ = n — k and consider F,, ;:

nhy khy
a:):/ / Gz —y,t —s) dsdt
(n—1)hs J (k=1)hy

1
t
= hf/ G(x —y,hi(or — 05 + 1)) dogdoy  with: o5 := hi —k+ 1,00 = ™ —n+1
t t

o Jo

o+l— 1

= 7h2/ / —y, hioy)doydoy  with: o =0y — 05 +1
o+l

o+l
= h2/ / G(z — y, hyoy)dodoy
ort+l—1

o — l+1 1+1
— h2/ / G(x — y, htoy)dordo; + h / / (x — y, heoy)dordoy
-1

I+1
= hf/ (o1 — 14+ 1)G(x — y, heoy)doy + hf/ (l+1—-0)G(x—y,hoy)doy.
-1 l
If I = 0, the first integral will be zero by definition of fundamental solution.

Next, we define the incomplete gamma functions:
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G(s,x) :2/ ts~ et dt. (2.33)
By substitution, we have for all » > 0
‘1 2 r [ _s r 1 r2
o —re/4t — —5p,U —— _
; \/ie dt 2/ﬁ u 2e “du 2G( 2’4a)' (2.34)

4a

if r =0,
¢ 1
—dt = lim 2 @ =19 —-0=2 .

| rt = lim 2l = 2va 0 = 2va

Similarly, by substitution we have for r > 0:
@ 2 r3 s, 73 3 2
‘/O\/£€4tdt:@/2/fu2e du:43/2@(_274a))
and, for r = 0:
/a Vidt = gc13/2.
0 3
For notational convenience, we denote

(2.35)

G(-1/2,k(z,l+1))| z#0,0>0
filw, 1) = 202 =0,0>0 (2.36)
0 <0

and

3

=G(—3/2,k(z,14+1))] z#0,1>0
falw,1) = 20 g 4 372 2=0,1>0- (2.37)
0 <0

o
3
S

These functions can be combined to give the matrices G, ; for each n, k. Because we are consid-
ering the one dimensional problem, we have

/F / o1 (@) (y) F (@ — y)dyde = 1 ()va(y) Fz — y) 12222
— (@) F( — 1) — 13 ()2 (0) F () 2=
= (@)ra() Flz — 1))
= V1(1>V2(1).7:(0) — V1(0>V2<1)]:<—1) = —.7:(—1)

Since I = {0, 1}, we can rewrite the general form of G, , to:

_ ]:n,k(o) _]:n,k(_l)
gn,k B (_fn,k(l) ]:nk(o) > ’

These matrices can be solved directly since by [ = kK — n we have

]:l(x) = (1 _l)(fl(lal - ]-) - fl(xal - 2)) -‘r-fg(.’b,l - 1) - fg(l',l - 2)+ (238)
(l+ 1)(f1(1‘7l) - fl('ral - 1)) - f2('ral) +f2(£E,l - 1)

+
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Now, (2.32) can be solved for ¢. As the matrix is lower triangular, solving requires relatively little
computational cost. As stated in the indirect method (2.23), by applying the first layer potential operator
to ¢x(z,t), we will obtain the discretization of the solution on the entire domain. We define

k—1)hy t—khy
From (2.34) and (2.39) we obtain

kht (k=1)hy
X2 ;—/( G(z,t—s)ds—/t G(z,0)do. (2.39)

2

T 1 z 1 2?2
) = ‘wﬂ (E(_? w—GoRy) ~ E(=3 74@—%))’ 270
2 t—(k—l)ht—Q\/t—k'ht rz=0

and

up(z,t) = Kign(z,1) quﬁk/ Xk (s /Vﬁ(y)G(x—yyt—S)dde

k=1pB=1
T
—ZZQM/ / x(8)G(x — y,t — s)dsdy (Fubini)
k=1 B=1 0
khy
= ZZCI/M/ Gz —y,t — s)dsdy (2.40)
k=18=1 (k—1)hy
_quﬁk/ fs(f_ y)dy
k=1p8=1

_ me;j(x —1) — quef5(2).

k=1

2.1.3. Numerical results

We proceed to test our implementation with an example for which we know the solution. The Dirichlet
problem (2.4) is assumed to have time dependent boundary conditions, on interval (0,1), more specifi-
cally:

-5t _
g(x,w—{l ) (2.41)

1—e 10t =1
and zero initial condition. For convenience we define Bc(z,t) as

—5t —
Be(z,t) ::/g(x,t) dt = {t—|—5e CE_O.

t+10e7 1% =1

The right hand-side vector can be written in the 1D case and time dependent boundary conditions as

7= (fr vi(x)B ( ,(n+1)hy) — Bc(x,nht)da:> _ (Vl(x)Bc(a:, (n+ 1)hs) — Be(z,nhy) |22 0)
Jp va(x)Be(x, (n + 1)hy) — Be(z, nhy)dzx va(x)Be(x, (n + 1)ht) — Be(z, nhy) |25
Vhe

(z)

(z)

c(0, (n+1 ) + Be(0, nhy) B
(30(1 (n+1)ht) — Be(1,nhy) > n=1,...,Ng.

The numerical results of the previously stated problem were obtained using an implementation in Python
and compared to the solution. In the case of the Dirichlet problem with boundary conditions g(x,t) as
given in (2.41), the exact solution u(z,t) can be found by decomposing the solution into two compo-
nents:

u(z,t) = w(z,t) + v(z,t). (2.42)
We define
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w(,t) = g(0,¢) + 2(g(1,t) — 9(0,1)),

such that w(z, t) satisfies the same boundary conditions as u(x, t). Note that w,, = 0, and by (2.1)
we have

Wy + Vg = Ve = Up = Uplk — Wy, (2.43)
with
v(0,t) = v(1,t) =0, v(0,t) = 0. (2.44)

Hence we have to solve for v(x,t), a homogeneous boundary value problem with zero initial con-
dition and source term. v(z,t) can be done by eigenfunction expansion with associated eigenvalues
A = nm and eigenfunctions ¢, (z) = sin(nmz). We can therefore write

wy(z,t) = Z W, (t) P (),
n=1

,U(xa t) = Z 'an(t)gﬁn(x)

n=1

Using this expression in combination with (2.43) implies

oo

D " (fn + Aoy — 1) b () = 0. (2.45)

n=1

By the linear independency of the eigenfunctions, (2.45) implies

which is a first order linear ordinary differential equation. This can be solved using an integration
factor and yields
t 2
O (t) = / e iy, (7)dr + Oy (1). (2.47)
0
Since the initial condition for v(x,t) equals zero, we have that C;(¢) = 0. Since w; is a known
expression, it can be written as a Fourier sine series with known expression
1
Wy (t) = 2/ wi(x, t)pn () d. (2.48)
0

Now, all the expressions are available and thus we have that the exact solution to 2.4 is given by

u(w,t) = w(z,t) + Y on(t)dn(). (2.49)

Both the exact and the numerical solution will be evaluated at the time interval (0,1). The infinite
sums present in the analytical expression of the solution are truncated at n = 1000. The time-step
difference h; is set to 1—(1)0 and the steps in spatial direction, Ax, are taken to be Wlo as well. The
numerical result is visualised with the use of a two dimensional heat map given in Figure 2.1.
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0.16

0.14

- 0.12

- 0.10

time

- 0.08

- 0.06

0.04

0.02

. 0.00
0.0 0.2 0.4 0.6 0.8 1.0

position
Figure 2.1: Heat map of numerical solution with h;=0.01 and Az=0.01

The numerical procedure described in Section 2.1.2, will leave us with the coefficient matrix w,
constructed with the use of (2.40). With the use of interpolation functions, the solution can be expressed
on the entire space-time domain (0, 1)2. In this case, the solution 4(z,t) is defined as

Ny

N
(e, t) ==Y Y un(i, )xa(t)v;(@). (2.50)

i=1 j=1

Typically, the numerical solution @ will be compared to the exact solution with respect to the L,-norm.
However, since we are considering a uniform mesh, the Euclidean norm can also be used to quantify
the error. This is done as follows: we create a matrix whose entries consist of values of (z, t), chosen
such that every basis function x; and v; in @(x,t) contains a single value in its support. For example,
the coefficient matrix u,, itself satisfies this constraint. Next, we compare the created matrix, or vectors
of which the matrix is composed of, to the exact solution at the same points in time and space. This
will yield a comparison of matrices or vectors, which can be described by the Euclidean norm. Due to
the uniformity of the mesh, the norm will be equivalent to the Ly-norm up to a constant of AzAt.

The error over time is quantified with the use of the relative error

_ lla—ulls
feulz

To get an idea of the relative error on the entire discretized domain and time interval, the Frobenius
norm is used, i.e. given approximation matrix A and actual solution matrix A we have:

1A — Al
[PV P
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[AllF == /Za?_]» a;j € A. (2.51)
0,J

Given the discretisation we obtain a relative error with respect to the Frobenius norm of 1.3E-4. To
see where the error takes most effect, we look at the relative error over time in certain parts of the
domain, namely on z = 0,z = 0.25 and = = 0.5. The results are given in Table 2.1.

with

Table 2.1: Relative and absolute error on time interval (0,1), at different points in the domain with At = Az = 0.01.

| Position | Relative error | Absolute error

|
| x=0.01 | 5.2E-4 | 5.4E-4 |
| x=0.25 | 1.8E-5 | 1.5E-5 |
| x=0.5 | 3.9E-6 | 2.6E-6 |
| x=0.99 | 4.6E-4 | 2.5E-4 |

As expected, the error becomes larger when nearing the boundaries and becomes relatively small
in the centre of the domain. This is a consequence of the Gaussian quadrature used to approximate
up(x,t) as defined in (2.40). Given wuy(x,t), as « approaches the boundary, the regularity of the in-
tegrand in (2.40) reduces. The loss of the regularity yields a larger quadrature error, in the case of
Gaussian quadrature.

Similarly, we can look at the error over the domain at certain points in time. As can be seen in Figure
2.2

t=0.01 t=0.5

—— Numerical solution —— Numerical solution

10-2 4 Approximation of exact solution / 9x1072 Approximation of exact salution
8x1072

.~
<
IS

Temperature
=
b

106 4

5x1072

T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
position (x) position (x)

(a) Temperature at time t=0.01 (b) Temperature at time t=0.5

Figure 2.2: Temperatures at different points in time over the domain. Figure 2.2b seems to be a single line, this is because the
solutions are nearly identical and the lines coincide.

The error hence diminishes when moving away from the initial condition and boundaries. To obtain a
better approximation on the boundaries and initial condition, a smaller step-size in time is required. This
step-size is used in both the construction of the Galerkin equations (2.32) as in the construction of the
numerical solution u;, described in (2.40). Taking a smaller h, improves the accuracy of the quadrature
for the single layer potential in (2.40). In the one-dimensional case we are currently reviewing, there
is no notion of h, in (2.32), only of h;. So, naturally, h; will thus affect the error estimate in (2.32), and
a reduction of h; will yield a reduced error estimate. To validate this, the errors close to the spatial
boundaries are given in Table 2.2, with a time step size of At = 0.001.
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Table 2.2: Relative and absolute error on time interval (0,1), at different points close to the boundary, with A¢ = 0.001 and
Az = 0.01.

| Position | Relative error | Absolute error |
| x=0.01 | 1.2E-5 | 3.9E-5 |
| x=0.99 | 1.1E-5 | 1.9E-5 |

Also, as expected, the error over the domain close to the initial condition will reduce both relatively
(given a single timestep At) and in absolute sense (At = 0.01). This is visualised in Figure 2.3

t=0.001 t=0.01
1072 soluti §
-~ —— Numerical solution ~ —— Numerical solution
, \ Appreximation of exad solution / 1073 4 Approximation of exact solution
107" 1
107]] B \ /
107* 4

@ 10-15 4 2
2 2
o o
S 19-19 2
g 10 ? 1075 4
= =

10723 4 \
107274 1075 4
10-31

10-7 4

0.0 0.2 0.‘4 0.‘6 0:8 1.0 0.0 0.2 0.‘4 0:6 0.8 1.0
position (x) position (x)
(a) Temperature at time t=0.001 (b) Temperature at time t=0.01

Figure 2.3: Temperatures at different points in time over the domain. Note that the solution in Figure (a) is of such a small
order, that the analytical approximation seems to falter due to machine precision. Figure 2.2b seems to be a single line, this is
because the solutions are nearly identical and the lines coincide.



2D problem

Considering a two dimensional bounded Lipschitz domain §2 and boundary I" = 92, the Dirichlet prob-
lem can be formulated as

Ou — Agu = f,
ulr = g, (3.1)
u(+,0) = up.

3.1. Space-time formulation

To switch to a space time setting we define the space time cylinder Q := Q x (0, T'), the lateral boundary
¥ :=T x (0,T), the initial region Qy := Q x {0} and the final region Qp := Q x {T'}. Let L := 0, — A,
and consider the following proposition by van Kan et al. [11], which states

Proposition 3.1 ([11, p.141]). If the linear operator L is of order 2s, then the corresponding weak
solution is of order s.

The operator, L, is first order in time and second order in space. By Proposition 3.1, the weak
solution of the heat equation is therefore in H':2 (Q). B
For the first order (in time) operator L, v € C(Q) and v € C*(Q), the trace operators are defined as

You:= _ lim u(z,t), (3.2)
(z,t)eQ—(z,t)ED

and

yv:= _ lim fig - Y0 (Vv(Z,1)). (3.3)
(Z,t)eQ—(x,t)EX
Where 7i,, is the outward normal vector.
With the side-note that the Dirichlet problem in general can be rewritten into a Dirichlet problem with
zero initial condition, g is taken to be zero. Let us now introduce the following Sobolev spaces:

H"*(£)o; :={u € H"*(X) : ulp = 0},
H™ ()., :={ue H"*(X) : u(-,t) =0,t <0},
H(X).0:={ue H"*(X) 1 u(-,t) =0,t > T},

H™(Q,L) :={ue H*(Q) : Lu € L*(Q)}.

Combination of indices for these Sobolev space will be used throughout this thesis as well, inheriting
the properties of the previously defined spaces. For example:

H"™*(X)o,0 :={ue H"(X) :ulr =0,u(-,t) =0,t > T}

15
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3.1.1. Trace mapping properties
The trace operators can be extended to the anisotropic Sobolev-spaces. This extension of the Dirichlet
trace operator can be proven with the use of the following theorems [12].

Theorem 3.2 (Trace Theorem, ([12, Thm.2.1]). Letu € H(Q)™*(Q) withr > % and s > 0. Then there
exists a bounded linear operator vi*t : H™*(Q) — H*# (%) with

76" | s sy < erllull e (q)s

forallu € H™*(Q). Witha = r — 1 and = s — 5. This bounded linear operator is an extension of
the Dirichlet trace operator vi"'u = ulx, for C(Q).

Proof. For the proof, the reader is referred to the proof by Lions and Magenes ([12], Theorem 2.1).
Corollary 3.3. The interior lateral trace operator
Wt HY2(Q) — H2 A (%),
is linear and bounded satisfying

ant

1’1
o™ vl 3.4 5y S erllvll o o) Vo€ H2(Q),
with cr a constant depending only on s and Q.

Proof. This corollary is a direct consqeuence of Theorem 3.2, with »r =1 and s = %

Theorem 3.4 (Inverse Trace Theorem,[1, Ch.2], [3, Thm.2.4]). The interior lateral trace operator

W HY2(Q) —» HE 3 (X)

has a continuous right inverse operator:
E:H»1(%) —» HY3(Q),
satisfying vi"'Ew = w for all w € H %’i(E) as well as

11
||gw”Hl’%(Q) = CITHwHH%v%(z)’ Yw € H>%(X),

with c¢;r a constant depending only on s and ().

3.1.2. Green’s theorem
Using integration by parts, the weak formulation of the Dirichlet problem can be expressed as the
domain-variational problem

Variational problem: Find u € H;lo’% (Q) (as defined in Section 3.1) such that

o(u,v) = I(v), Vv e Hy3(Q), (3.4)

with
a(u,v) == (O, v)g + (Vau, Vo) g,
and

1(v) :== (f,v)q.

The choice of these Sobolev spaces can be regarded as a result of reverse engineering, since it will
give desired vanishing properties in Green’s second identity (which will be discussed in this section).
In order to arrive at the boundary integral equations and corresponding representation formula, we use
the following lemmas [14, 1, 3]:
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Lemma 3.5 ([14, Prop 4.7]). Suppose X is a normed space and Y is a Banach space, and let X, be a
dense subspace of X. If T,y : Xo — Y is a bounded operator, there exists a unique bounded operator
T : X — Y extending Ty. The norm of this extension satisfies ||T'|| = ||To||-

Lemma 3.6 ([1, Lem.2.22], [3, Lem.3.6]). Let C5°(Q2 x (0, T]) denote the space of functions in C§°(R x
(0, 00) restricted to Q. Then C$° (2 x (0,T)) is dense in the anisotropic Sobolev spaces H}O’E (Q) and
Hg? (Q: L).

__ Analogously, by defining C3°(Q2 x [0,T')) as the space of functions C§°(R x (—oc,T')) restricted to
Q, we arrive a the Corollary 3.7 [3]

Corollary 3.7 ([3, Cor.3.7]). The space C5°(Q x [0,T)) is dense in Hif (Q) and Hif (Q; L*). Where
L* denotes the adjoint of L

These results allow us to extend the classical Green'’s identities to the anisotropic Sobolev spaces.
We obtain

Theorem 3.8 (Green’s first identity, [16, Thm.2.2.1]). For u € H;ld,% (@;L)and v € H
holds

1

)
3

Nl=

(Q) there

a(u,v) = (A", )ag + (Lu,v)g.

Proof. Though this theorem itself is not a new result, a new variation of the proof is added to this
thesis and shown for sake of completeness. Let u € C§°(Q2 x (0,7]) and v € C§°(Q2 x [0,T")). Then the
classical Green'’s first identity holds, i.e.

a(u,v) = (1" u, 7" v)aq + (Lu, v)q-
We will denote this bilinear mapping u, v — «(u,v) as the operator

To: CF (2 x (0,T]) x CF (% [0,T)) — R.

The operator T is bounded in v and v in their respective Sobolev norms. Also, R clearly is a Banach

space. By Lemma 3.6 and Corollary 3.7 it follows that the space
— — 1 1
C5e (22 x (0,T]) x C§°(Q x [0,T)) is a dense subspace of H}O’f (Q; L) x Higﬁ (Q). Hence, according
to Lemma 3.5, there exists a norm-preserving extension of T, to the Sobolev spaces, which yields the
desired result.
O
In a similar fashion we can extend Green’s second identity to the desired Sobolev spaces.

Theorem 3.9 (Green’s second identity, [16, Thm.2.2.1]). Foru € H;lo’%(Q;L) and v € Hib% (Q; L)
there holds

int int int

(Lu,v)q = (u, L*v)q = (3" u, 71" v)e — (11" u, %" v) 5.

Proof. The extension follows again by a density argument analogous to the proof Theorem 3.8.
However, note that the resulting duality pairing is no longer restricted to 9Q but to X. Since 0Q =
Qo U X U Q7, we can rewrite the result of Green’s second identity to

<LU,U>Q - <uaL*U>Q = <u("0)a'}/1v>90 - <71U7U('50)>90
{(You, Mv)s — (714, %0v)s
<u(.7T)7’Y1v>QT - <’717IU('7T)>QT'

By definition of the trace operator ~, this reduces to

+
+

<LU7U>Q - <U,L*’U>Q = <u('70)7v('70)>520 + <’70u7'71v>2 - <71U,70U>2 - <u('7T)7U("T)>QT'

Since we assumed u € H;lo’% (@Q;L)and v € Hi(")%(Q; L*), the initial and final time terms vanish and
the statement is proven.
O
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3.1.3. Representation formula

In Chapter 2, the representation formula has been given in (2.7). A slight generalisation is added in
this section. Given the linear differential operator L, the representation formula follows by applying the
two dimensional fundamental solution, G(z — y,t — s) of L. For notational convenience we abbreviate

G(xz — y,t — s) in the upcoming equations by G. For u € Hl’%(Q; L)and v € H;l,g)% (Q; L*) we obtain
(Lu,G)q — (u, L*G)q = (u(-,0), G)a, + (7" w71 G)x — (3w, 76" G) 5.
By definition of the fundamental solution, we have
(u,L*G)g = /Qu(y, s)0g(x —y,t — ) dQ = u(z,1t).
By (3.1), we have Lu = f, and thus we obtain the general representation formula

u(@,t) = (u(, 0), G)a, + (f. Gl + (", 750" Ghs — (1" u. N G)s. (3.9)

As shown in (3.5), the possibility of a source function and initial condition in (3.1) is now included
into the representation formula.

3.1.4. Boundary integral equations
Given no source functions and a zero initial condition, the boundary integral equations are based on
(2.16) introduced in Chapter 2. For sake of completeness, the Calderon system is generalised to the

case where we have source function f and initial condition u, as stated in (3.1). Let us define the initial
potential operators

Mw@ﬂ:%m/ﬂ%wﬁw@@,ﬁﬂ&
Q

and the Newton potential operators

Nifant) =i [ Gla— .t =) )dds, i =1.2
Q

The by taking traces on (3.5)

w
L K 1% YoU Z\/[ouo N()f
N
'yU—Cvu—( 5+K’> (71u + Myug + Nof) (3.6)

. [0
7 (W>

From (3.6) the construction of the generalised boundary integral equations is straightforward.

e obtain the general form

with

3.2. Space-time BEM

There are several ways to tackle the variational Dirichlet problem (3.4). Since the layer potentials solve
the homogeneous problem Dirichlet problem, we can write:

G(z — y,t)ug(y)dydt + /Q Gz —y,t —s)f(y,s)dyds. (3.7)

By taking the Dirichlet trace over (3.7) we obtain the indirect formulation of the first kind:
Find ¢ € H—2-—3(X) such that

u(z,t) = Kiq +/

Q

Vq =g Moup — N0f7 on Za (38)

which will yield the unique solution u € H}O’% (@) given by
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u(x,t) = K1q + Mouo + Nof.

This corresponds to the variational formula

(Vg,v)x = (g — Mouo — Nof,v)s, Vve H 371(%). (3.9)

3.3. Triangulation
To approximate the solution to the variational formula, triangulation is performed on the space-time

lateral boundary . We follow the cue from [15, 3, 16]. We assume that the spatial boundary T" is
Lipschitz, and can be divided into M closed subsets I';,, such that

M
(Z) I'= U Fma
m=1

(@)  p(Tmy NTy) =0, Vmy # mo, (3.10)
L., 7 1, Vmi # ma.

(¢i) lr,,, -7

where p(-) denotes the Lesbesgue measure. Now, we can divide the lateral boundary ¥ into J
closed subsets ¥; :=T'; x (0,T") with

=% (3.11)

Consider the family of admissible non-curved triangulations 7, of the lateral boundary. Then every
triangulation 7 € 7 can be decomposed into a finite union of boundary elements ¢; € ¥, i.e.

Np
E}LGT@Eh:USZ, N;, < o0.
=1

We define the volume of the elements by

Al Z:/ dS,

its local mesh size by

hoi= AT, (3.12)
and the global mesh size as
h:= max hy, (3.13)
1=1,...,Np

with d the dimensions of the element. Let us consider such an admissible triangulation composed
non-curved triangles, ¥, € T.

Then, we can decompose ¥, in such a way that for all elements ¢,;, there exists exactly one j €
(1,...,J) such that e; C %y, .

As stated by Reinarz [16], in two dimensions, the boundary I" (of a simply connected domain) can
be parameterized by a single periodic function:

k:[0,1] —T. (3.14)

This function can be assumed to be analytic. Before the boundary elements in (x,y,t) can be trans-
formed to a two dimensional reference element, the elements must be mapped to the two dimensional
plane, in this case, [0,1] x (0,7 with the mapping (z,y,t) — (k= (x,y),t). For convenience, we will
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denote x~1(z,y) as z(x,y). Now, the elements can be mapped to the reference element in the (¢, n)-
plane. Piecewise linear basis functions ¢; must satisfy ¢,(¢;,n;) = J;; on the reference triangle with
vertices (0,0), (0,1), (1,0). This yields:

¢71(§a77):1_f_777
¢2(§an) :é-a
¢3(&m) = 1.

Let the coordinates of the vertices of a (triangular) spatially parameterized element ¢; be denoted
by X1, X2, X3 € R2.

Remark. The original elements will have vertices in R3. Consider, the example element with vertices
(z1,y1,t1), (z2,y2,t2) @and (zs, ys, t3). After parameterization we can denote its vertices as (z(x1,y1),t1),
(2(z2,y2),t2) and (z(x3,y3),t3) € R2. For notational convenience, we will denote z(x;,y;) by z;, i € N.

Then the linear transformation from the element to the reference triangle is given by
X4 l—)(0,0), X2'—>(1,0), X3f—>(0,1),
and hence

z=21+ (22 — 21)§ + (23 — 21)7, (3.15)
t=t1+ (t2 —t1)§ + (t3 — t)n. (3.16)

3.4. Trial spaces

For a general domain X, we define the trial spaces of local polynomials. We will denote the trial space
of piecewise constant functions as S?(X), and the trial space of piecewise linear continuous functions
as S} (X). First, the approximation properties for S9(3,) are presented with the use of Steinbach’s and
Dohr’s work [20, 3]. Then, in a similar fashion, the properties of Si(Zh) summarised.

3.4.1. Piecewise constant basis functions

Tensor-product discretization

By viewing the the space-time lateral boundary ¥ as a tensor product of time and space, we are able
to derive the approximation properties of SP(X;) by first treating time and space separately. These
approximation properties can in turn be extended to the desired space S?(%),).

The spatial boundary T, as stated in section 3.3, is assumed to be Lipschitz, piecewise smooth and
(3.10) holds. By letting {T'n, } v, en denote the the family of admissible triangulations on T', we have

N.’I‘/

Ty, = J e, (3.17)
k=1

with e,(f) the elements discretizing I. Similarly, the boundary with respect to the time, I := (0,7 can
be decomposed into line segments by considering the family of admissible decompositions {Ix, } v, en
satisfying

Iv, = |J el (3.18)

given e,(f) the elements discretizing 1. The trial space of piecewise constant functions for the spatial
and temporal triangulations respectively can now formally be defined as

S, (T, = span{o, 13z,

and
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S, (In,) == span{y;*
The piecewise constant functions ¢'-° and ¥'-% are given by

(=)
1, xz€e
I',0 ) k >
x) = Jdork=1,... N,
o (@) {0, otherwise,

and
(t)

1.0 1, te €L
(t) = Jdork=1,... N,

G {0, otherW|se. K
Next, let us define the L2 projection operator and a contraction.

Definition 3.1. Let X be an arbitrary function space defined over (Lipschitz) domain Q. The L? projec-
tion Pu € V of a function u € L*(Q) is defined by

(u—Pu,v)g =0, YvelX.
Remark. Clearly, the L? projection operator is an orthogonal projection.

Consider the L* projections P,u € S) (T'x,)and P,u € S}, (Ix,). Then the following theorem holds
[20]:

Theorem 3.10 ([20, Thm.10.2]). Let Y be either I'y, or Ix,, with respective L? projections P, being
either P, or P;. Letu € H*(Y'), for some s € [0, 1]. Then, there holds the error estimates

lu — Pyull2y <th [l o) (3.19)

and
lu— Pyullzzvy < ch®lulms(y). (3.20)

Proof. For completeness, a part of the proof is added to the thesis. The proof is divided in three
cases: s =0, s € (0,1), s = 1. For the latter two cases, the reader is referred to to Theorem 10.2 by
Steinbach [20]. The case s = 0 follows rather quickly and will now be proven. Since v € L?(Y), we
have P,u € S)(Y). As a consequence of this fact and Definition 3.1 we have

(u — Pyu,v — Pyv)r2(yy = (u — Pyu,v) r2(vy — (u — Pyu, Pyv)r2(yy = (u — Pyu,v) 2 (y). (3.21)

Hence,

[u = Pyul|7aiyy = (u = Pyu,u) vy < llu = Pyyll ool o vy-

Which gives the desired estimate for s = 0.
O
As a consequence of Theorem 3.10, we obtain Corollary 3.11 [20].

Corollary 3.11 ([20, Cor.10.3]). Let Y and P, be defined as in Theorem 3.10. Letu € H*(Y') be given
for some s € [0, 1]. For o € [—1,0), the following error estimates hold

Ny

||U - PZJUH?{”(Y) < Ch_QU Z hi|u|qu(egy))a
k=1

and
Hu — Pyu”Ha(y) < Chsig‘u|Hs(y).
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Proof. For the sake of completeness a summary of the proof by Steinbach is given. Some trivial
parts of the proof are left out while other steps are given more attention. Since H?(Y) is the dual space
of H~? we obtain the dual norm

- P, 2
lu Pulyery, =  sup 4Dt (3.22)

0#£veEH~(Y) HUHH*U(Y)

By combining the fact that v € H=7(Y) c L*(Y), implies P,v € SP(Y'), and (3.21) we obtain

(u — Pyu, v — PyU>L2(y)

lu— Pyullfrayy = sup
O£veH 7 (Y) vl -+ (v
v— P
<|u—Pyuleyy  sup I = Pyllezery (Cauchy-Schwarz).

0AvEH 2 (Y) HU”H*”(Y)

By using the error estimates (3.19) and (3.20) for ||u — P,y| r2(y) and |lv — P,v||12(y) respectively,
the assertion follows.
O
Theorem 3.10 and Corollary 3.11 lead to the final approximation property of the trial space(s) E?Ly (Y)
[20].

Theorem 3.12 ([20, Thm.10.4]). Let o € [-1,0]. Foru € H*(Y') with some s € [0, 1] there holds the
approximation property of S?Ly (Y)

inf ) ||u — Uh”Ho(y) < chs_"|u Hs(Y)- (323)

’U},,ngy (Y

Remark. Foro € [—1,0) and s € (0,1], Theorem 3.12 is not a direct consequence of Theorem 3.10 and
Corollary 3.11. The approximation property still holds and is proven in Steinbach Theorem 10.4 [20].

Let us now consider the space-time tensor product space of piecewise constant basis functions
SpY,, () defined as
Spon, (8) =S, (Tw,) ® Sp, (In,)- (3.24)

The goal is to derive the approximation properties for the L? projection with respect to the tensor
product space S,"°;, (£), which will be denoted as P, ;. To find an expression for this L? projection P, ;,
we make use of a well known proposition about projection operators [14].

Proposition 3.13 ([14, Prop.8.8]). For a projection P on Hilbert space H, the following assertions are
equivalent

(i) P is orthogonal,
(i¢) P is self-adjoint.

Now, we define the following projections for u € L?(X)

Our aim is to obtain error estimates in the anisotropic Sobolev spaces. We will slightly deviate
from the original method introduced by Dohr [3] and will make use of the self-adjointness obtained by
Proposition 3.13, to show how to obtain these estimates. Consider

(PEPPu — Ppyu,v)p2(sy = (PEPPu,v) p2s) + (P, v) p2(sy = (Pru, PPO) p2s) + (Poi, v) p2(s)
=(u—Pg,v)2x) =0 Yve Sg;o,hz(z)'
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By taking v = PXPPu — P, u € ng,ht(E) we obtain

| P2 P u — Pyl p2(s) = 0.

Hence, we define P,, as PZ”PZ, and use the previously obtained approximation results. As a
consequence, for r,s € [0,1] and u € H™*(X) C L*(Z) , we can apply Theorem 3.10 and the triangle
inequality to arrive at

[|u — Pz,tUHH(E) = |lu— PmZPtEUHLQ(E)HL?(E) = [lu— PEU - PE(U - PtEu)”LQ(E)
<= Prullp2gmy + 1P (u — Pl L2s) (3.25)
< lu— PrullLam) + 1P 2o lu — Pl ul L2
< lu— Prulr2(s) + llu = P ul| 2y < e(hy + hi)lulars(s)-

In this derivation the contraction property of the projections is used i.e. |PZ|| < 1. Also, the Slo-
bodeckii norm on the anisotropic Sobolev space is defined as

|- 12

ey = emray T e ey

In a similar fashion, Corollary 3.11 can be extended to S, (£,). Analogous to the proof of Corol-
lary 3.11, if we let u € H™* with r, s € [0, 1], we obtain the following error estimate for o, u € (—1,0]

|lu = Py yullgon(sy < e(hy + i) (hy® + hi ¥)|u

Ho(3)- (3.26)

The approximation properties for on nghw(zh) are henceforth derived and given by (3.25) and
(3.26).

Space-time triangulation
Let S?(X1,) be the space of piecewise constant functions on the triangulation 3, such that

Sh(Zn) = span{e; "}l (3.27)
with
650z, 1) = 1 (2,1) €ey (3.28)
A0 otherwise '

Remark. z can either be a value received after parameterization of the boundary T, or a vector (x,y) €
R2,

We now consider the approximation properties of using space-time boundary elements on ¥;. We
denote the L? projection on SQ(Eh) with Py. To find estimates on this operator, we make use of the
following lemma [3]:

Lemma 3.14 ([3, Lem.2.1]). Forr,s € [0, 1], the continuous embedding
H™X() () ey gT5(8) e gMNs),
holds.
With the use of Theorem 3.10 and Lemma 3.14, the following theorem arises [3]:
Theorem 3.15 ([3, Thm.6.14]). Letw € H™*(X) for some r,s € [0, 1]. Then the error estimates:
v — Poull2s) < lJullrz(s),

||u — POUHLQ(E) § Chmin(r’s) ||UHHT',5(E),

hold.
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Proof: The proof, which is mainly based on the proof Dohr has proposed for discretization using
the tensor product ansatz, is added to this thesis. At the moment of writing this thesis, a proof of
Theorem 3.15 was not available in the consulted literature. The first inequality can be proven following
the same steps as in the proof of Theorem 3.10. For the second inequality, let m := min(r, s). Using
Theorem 3.10 we obtain the inequality

|lu — Poull2(sy < ch™(|ull gm(s)-

As a result of Lemma 3.14,

|ull g 5y < ||ull s (x2), Proving the second assertion.

3.5. Computing the Galerkin Matrix
Now, that the approximation properties are properly defined, we can apply the apply the Galerkin-
Bubnov formulation on (3.9). As we are mainly concerned in the structure of the matrix in the left

hand-side, the initial condition and source function is set to zero. Consider S°(%),) ¢ H— 23 (%,).
The Galerkin-Bubnov variational formula reads: Find ¢;, € S°(%;) such that

(Van,vn)s = (g,vn)s, Yup € S’g(Eh). (3.29)
Since g, € S (2,), we have

N
>,
qn = E ax ;. (2,1).
k=1

Therefore (3.29) can be rewritten as

N
Y a(Ver o ) = (g.d)n, 1=1,...,N. (3.30)
k=1
This system of linear equations can be written into matrix form as
Ve, ot s o (Ve e s\ (@ (9, 61")s
: : C | = : . (3.31)
Vor?,on")s oo (VoR’ ox"s/ \an (9, 65")s

For i,j € [1, N], the elements of the matrix are given by

<V¢?707 ¢]z':’0>2 = / (/ QS?’O(:U? S)G(Z -y tl— S) dyds) ¢?’O("Evt) dzdt.
b b

Which, by definition of the piecewise constant functions gf"o, the inner product can be reduced to

(VHEO, g50)y = / / Gz —y,t — ) dy ds d= dt. (3.32)

The reference triangle will from now on be denoted as K., and is defined as a triangle in R? with
vertices (0,0), (0, 1), (1,0).

Given an element e € %, with vertices (z;,y;,t;) € R?, i = {1,2, 3}, we consider the parameteriza-
tion of the vertices to the two dimensional plane. The vertices after parameterization will be denoted
as (z;,t;) € R?, z; = k (=, 5;), with x the parameterization defined in (3.14). Now, we can define the
Jacobian matrix obtained from the transformation of the element to the reference triangle described by

(3.15),
J = %z %;Z] _ (R~ 21 33— 2 (3 33)
TG ) \t-t t3-t) '

With the use of (3.33), the integral (3.32) can be rewritten into
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/ / G(z—y,t—s)dydsdzdt =
(z,t) i(y,s)

= | det J;|| det J; |/ / 2(&1) — 2(&2), t(m) — t(n2)) dé2 dnz d&1 dn, (3.34)
Kref J Kyey

with
K’ref X Kref =
{[2(€1), t(m), 2(&2), t(n2)]" € RY = 2(&1), t(m), 2(&2), t(n2) > 05 2(&1) + t(m1) < L5 2(&2) + t(n2) < 1}

When the original elements ¢;, e; have coinciding vertices or edges, singularities might occur. There-
fore, we take a closer look at the behaviour of the function G(z —y, t—s) atits limits. We definer := z—y
and 7 := ¢ — s. Note that G(r,7) = 0 if 7 < 0. Thus, for a non-zero fundamental solution, we have

1 c

G(z—y,t=s)=G(r7) = dr|r]er /@D T F(r,7)

with ,
F(r,7) = |r|e" /¢AITD,

and C := ﬁ. We can rewrite this with the definition of an exponential expansion as

[e%e] 1 ’I"2 n ,,,_4 7,6
F(TaT):WZa =) =l +8—+962+(’) =) (3.35)
n=0

From this expansion, the following limits become clearly visible

s ifr #£0,lim, o F(r,7) = co.
s if7#£0,lim,._o F(r,7) = 7.
° ”m(,.,.,.)_,((),o) F(T’, 7‘) =0.

As G(r,T) is some constant divided by F(r, ), we have a singularity at the origin. In the case of a O(1)
problem, i.e. the Taylor expansion of F'(r, ) is of order % this singularity can be suppressed with the
use of gamma functions. At the moment of writing this thesis, this procedure was not reported in the
literature, which is the reason why we proceed to derive the required formulas. As shown in (3.35), the
two dimensional problem is of O(2).

For notational simplicity, consider, the following integral on the unit triangle K.

1 -z
/ G(z,t)dtdx = / / G(z,t)dtdx.
Krey o Jo

Note that the inner integral can be rewritten into

1—z
G(z,t)d —/
0

4(1 x)

2

o e %do = G (o, 4(137:6)) , (3.36)

where G denotes the incomplete Gamma function, defined in Chapter 2. We are left with

e (oa=s)

which can be approximated with the use of quadrature rules. In the case of the integration over the
tensor product of the unit triangles, we make use of the following identity

/G(O, 4(ba+x)) dz = (Z+b+x)G(O,4(ba+x)> — (b+z)e” T + C. (3.37)

We can write the tensor product integral as
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1 1 1—x 1—y
/ / G(z —y,t — s) dydsdzdt = / / / / G(z —y,t — s) dsdtdydz. (3.38)
JKypes J Koy Jo Jo Jo 0

Next, the integral (3.38) is evaluated step by step with the use of gamma functions, starting with the
inner-most integral

1~y 1 1=y 1 (=)
Gz —y,t—s)ds=— e =9 ds. (3.39)
0 4T J t—s

By letting o := Ef(t_j’s); we have

do _(w-y?® _ o
Os  4(s—1)2 (t—s)
So by substitution of ¢ in (3.39), we obtain

1-y 1 Bla,y:t) 1 1 3.40
—y.t—38)ds = — e %do=— t)) — t .
[ et =g [ e o = L (©0.0.0) ~ 080D, @40
with ( 2 ( 2
N S
a(l’,y,t) T 4t 9 6(xay>t) T 4(t+y— 1)

The incomplete Gamma function G(0, z) is well defined for all z € R, with G(0,z) = 0 as x — o
and Rt := {z € R,z > 0}. When taking a closer look at the anti-derivative of the incomplete Gamma
function (3.37), terms of the form zG(0, 2) arise. Terms of this form have the distinctive property that
their right hand-side limit is well defined, more specifically

lim zG (0, 1) =0.
z—0t1 x

Hence, (3.40) is integrable with respect to t, for any domain in R*. Using (3.37) and the fact that
(by definition of a unit triangle) = — 1 > 0, the result of (3.40) can be integrated and evaluated as well.
We obtain

[ 60.at00) - 60,5600 @t =
(52 1) oo 2D -0t - [ o) o]
41?[((35_4” +1- ) (0,( 1x) (1= 2)e $25 4 (y — 2)e 5 + (3.41)

(o) (0d5n) oo - (M5 oo (0525

The expression (3.41) and all prior calculations can be summarised by

1—x 1—y
i [ Glo — y,t — s) dsdt = T (a, ) + To(w,y) + Ta e, y), (3.42)
0
with

_(le—y? (@—y)?\ _ | lew?

Il.< 1 +1-2)G 0,4(1_30) (1 —z)e 40==),

ot (0= y) (e =y

= — 4(y—z) — - “7 _

I :=(y—x)e ( 1 +y $)G<O’4(y—:v) ,

o= ((x;y)Q Ty 1) G (O’ Ej;ﬂij) —(y - l)e%.
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Remark. Since the fundamental solution is zero for s > t, the expression (3.42) holds only on the
domain where t > s. Indirectly, the spatial variables x and y in (3.42) are dependent on t and s.

As stated in the remark, the result (3.42) will not yield a complete description of an arbitrary triangu-
lation of the space-time lateral trace, as we did not yet take in account the behaviour of the fundamental
solution. To see why this matters, we will take a closer look at the integration bounds in (3.42). For
the two given reference triangles, for example the point = 0.8 and y = 0.1 is within the integration
domain of (3.38). However, when looking at (3.42), or more specifically Z,, this would yield a negative
entry in the gamma function, which in turn will result in a complex value. Since the described integrals
should not result in complex values, we need to add constraints to (3.42).

In order to obtain the complete description of (3.38), we reconsider the first two inner integrals:

1—z 1-y l1—z 1-y
/ G(x —y,t — s)dsdt = / / Gz —y,t — 8)Lljo<s<tcoc}dsdt
0 0 0 0

11—y 1—x
= / / Gz —y,t — 8)L{o<s<icoo} dtds.
0 s

Similar to (3.39), with o = 227 we obtain

1—y 1-x 1 1-y poo 1 1 1—y Y
/ G(z —y,t —s) dtds = */ / —e 7 dods = —/ G (0, M) ds.
’ ’ A7 Jo 4((.11:;,)1) g am Jo 41—z —s)

(3.43)
Where we used the fact that ¢ > 0 for a non zero integral, so we take the limit from the right when
calculating the bounds, i.e.
(z —y)?

t—st 4(t — s)

If x = y, both the upper and lower bound of the integral will become zero, and therefore this oc-
curence can be neglected. Using (3.37), we get

= 00, VT # ¥.

1—y 11—z
/ Gz —y,t —s) dtds =
0 s

- (z—y)” (z —y)* C e 1Y
1 - —-1- G0, —— ] — —1 I(1—=z—s .
A {0<s<1-—z<oo} (S+x 1 Ty (s+x—1)e .

Which yields the complete result

11—z 1—y
47r/ Gz —y,t — s)dsdt = T{(z,y) + I (x,y), (3.44)
0 0
with ( 2 ( 2 .
S ey T S R——G
and

To(z,y) = — (x PR ‘4?/)2> G (0, fjl__y;j) bz —1)e S5

With the use of quadrature rules on (3.44), we are able to approximate the final integral

1 1 11? ’

E/o /0 1 + 15 dzdy. (3.45)
When taking a closer look at Z{, ignoring the indicator function, it becomes clear by definition of the

incomplete gamma functions, that
Im(ZY) #0 < z>uy.



3.5. Computing the Galerkin Matrix 28

The relation = > y would imply, however, that one of the lower bounds in (3.43) is strictly negative.

This, in turn, implies that there exists a domain in which o < 0, i.e. E;’E;_yg < 0. This can only occur
when s > ¢, which corresponds to a zero fundamental solution. ZJ will not yield imaginary parts, as

0 < z < 1. Hence, the final solution will look like

1 pl-z 1 -y Lo 1ot
/ / / / G(z —y,t — s) dsdydtdr = —/ / 7} dxdy + 7/ / 7§ dxdy.
0o Jo 0o Jo 4 Jy y ar Jo Jo

To complete the calculations, the required mappings from a parameterized domain in R2, to the unit
triangles need to be included. Let us consider two arbitrary triangles e; and e, with vertices x; = (x;, ¢;)
andy; = (y;,s:), i=1,2,3, respectively. Let us denote the linear transformation to the reference triangle
by &, for e; and &, for e,, i.e.:

P, :e;, > K, fori:1,2.
We define the pullback operator as the inverse of this linear transformation
Q=0 K —e;, fori=1,2.

The Jacobian matrices J; are defined in the same fashion as (3.33) for both elements ¢; and their
respective determinant by A;. The operator ®; maps to two variables, we will make a distinction
between the mapping to spatial coordinates

o) () = Xy Xi={a,y),

and the temporal coordinates
) (e Ty, Tp={t s}

To further simplify notation, we write

@ o (&, m)
i _ e & m)
y L) (&, 772)
§ 5 (€2,712)

The transformed integrals, to calculate the Galerkin matrix, are then given by

11 & pl-g A
A[A] /0 /0 /O /0 G — .8 — &) dipdiy déodéy. (3.46)

Again, the focus lies on the two inner integrals. We write

1= 1-¢&2 R 1-&2 1-¢&1 )
/ / G — 1, — 8) didiy = / / G — .1 — §) didnp.
0 0 0 3

Interestingly, both arguments in the fundamental solution may be depending on the same variable(s).
It might be possible that the inner integrals are not possible to evaluate analytically, and this is indeed
the case as will be shown now. First, we define a special function, the exponential integral :

Definition 3.2 ([16, Defn.4.4.2]). The generalised exponential integral is given by
E,(z) = /; :—Z dt.

In the case n = 1, for positive real x we have
—Ei(—z) = G(0,2),

where G denotes the incomplete gamma function.

An important property of the exponential integral is the following.
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Proposition 3.16 ([16, Lem.7.1.5],[6]). Let E, (x) be the generalised exponential integral defined in
Definition 3.2. The derivative of E, (x) with respect to x is given by

El () = —E,_1(x).

This is an useful property due to the fact Eo(z) := <. Now, let us define o (&1, 71, &2, 12) := -2
We will take a look at the inner most integral
/1 &2

1-¢&2 . 1-¢&
/ G(&—7,t—38) dne = — /
0

Next (3.47) is rewritten as

. 1 1-¢&2 o2
dne = - /0 WEO (o)dnz.
(3.47)

1-&2 o2 1-¢&2 o2
S e =1 [ S g o) = Al ) (< Ea(o)

Wy G- PR
with )
o 1
A ))& % N
(772 ) ( y)g 27
Using integration by parts, (3.47) thus equals
1-&2

1-&2 R 1-¢&2
/O Gli— .0 — &) dipp = — A, VEr(o(m, )| + / Aln, )Er(o) dnp. (348

0

At the moment of writing this thesis, no analytical form of the integral on the right-hand side of (3.48),
has been found in the literature (see for example the list of integrals in [6]). At this moment, the problem
can thus not be solved with the using the proposed semi-analytical approach, when given an arbitrary
triangulation.

3.5.1. Right triangular grid

When looking at a more specific grid, consisting of right-angled triangles with one side parallel to the
spatial direction and one side parallel to the temporal direction, a semi-analytical solution exists for
each element. To be clear, this form of triangulation does not require all the elements to be of the same
size or same shape. Let ¢; and e;, be elements of such a triangulation.

Same elements

We proceed to derive the matrix entries from a space-time triangulation of X. First we will look at the
case when e¢; = ¢;, i.e., i = j. We denote the length of the leg of the element in spatial direction by
X. Similarly, in time the length of the leg is denoted by 7. Mirroring the element along the hypotenuse
will yield the same results when integrating, because the distances between the (same) triangles is
preserved. We can therefore always find a transformation in time to the reference triangle of the form

tt):=a+bt, beRT. (3.49)

The positivity of b is of importance, as the fundamental solution is in general not symmetric in time.
However due to the positivity of b, the integral (3.32) with same elements will be symmetric in time.
Since the fundamental solution is symmetric in spatial direction, we can (if needed) mirror the triangle
along the temporal axis to obtain an integral of the form

Tfyy Tffa:
/ / / / (x —y,t — s) dtdsdydzx. (3.50)

Using previous calculations, (3.50) can be rewritten as:

L[ 1T e [ [T ) s
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with

) (—x2 — 2 +2xy—4T+48+4%.%‘) G (O,M(‘i’_ifiis)) - _(e-w?
I(z,y,s) = 1 = +e *Tmxe4)(T—— —g). (3.52)

S

This expression can be approximated using quadrature rules, like Gauss-Legendre.
Spatially abutting elements
There are several cases in which elements can share a common edge. For each of these cases, the
analytically solved part of the solution differs. As stated before, the fundamental solution symmetric in
space, and therefore each case holds as well for the mirrored case in space.

The visual representation of each case is given in the Figures 3.1-3.4.

N 7

Figure 3.1: Type 1 abutting elements

Figure 3.2: Type 2-a abutting elements, forming a parallelogram

Figure 3.3: Type 2-b abutting elements, forming a triangle

Figure 3.4: Type 2-c abutting elements, forming a triangle
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Type 1:

Elements sharing a common hypotenuse will be regarded as the first type of abutting elements. Let
e; and e, represent the elements denoted by "1” and "2” in Figure 3.1, respectively. Integrating over
the tensor product space e; x e, will in general not yield the same result as integrating over e; x e;.
First, we will look at e; x e5. Again, X denotes the length of the leg in spatial direction and T the length
in temporal direction. As we are dealing with distances between elements, we can perform a volume
preserving mapping to the origin, which will give the same result. This fact will be used throughout the
rest of the derivations. The integral (3.32) can be written as

/ / /_y/T_T (¢ —y,t — s) dtdsdydz. (3.53)

This expression (3.53) can be rewritten, using the same substitution as in (3.36) into

L (z —y)*
Tr/o /O /)T{yG <O4(T,_)TM> dsdydz. (3.54)

The indefinite form of the inner-most integral can be determined with the use of (3.37). By definition of
the fundamental solution, s < T — %x Also, the integral tells us that 7" — y <s<T.AsT-ZL vz <T,
the inner-most integral in (3.54) will vanish when s approaches 7. From the same mequalltles it also
follows that y > z. Combining these facts, we arrive at the final solution for this case:

I Y T
— —/ / 1 (x,y,T — y) dydz. (3.55)
7I 0 T X

Which again can be well approximated with the use of quadrature.

Let Q denote the area composed of e; and e,. For the reverse case, e; x e, we will use the fact
thates x e = Q X Q —e; X ep —ex X e — e1 X ea. The integrals on tensor product spaces between
elements are already derived in this section. All that is left is @ x Q. The integral on this domain has
already been derived in Section 2.1.2, but, for the sake of completeness will again be given:

X X T ;T X X
/ / / / G(x —y,t — s) dtdsdydz = / / Io(z,y,0) dydz, (3.56)
o Jo Jo Js o Jo

(—2% — y? + 20y — AT + 45)G (O (”(“ y)s)) (@—y)?
4

with

fQ(x, Y,8) := +e T (T — s).
Type 2-a:
Another type of abutting elements which can occur, is the type in which the elements share a common
leg perpendicular to the spatial direction. Within the collection of elements of this type, there are two
possible scenarios: elements which form together a parallelogram or elements which will result in
another triangle when combined. The first case is given in Figure 3.2

We denote again e; and e; in a similar fashion as before. This time, we start with the case e; x e;.
Let X; denote the leg in spatial direction for e; and T the shared leg length in temporal direction. The
integral (3.32) is then given by:

X1+X2 X1 T T(l-t—%)—xlzgg
/ / / / G(z —y,t — s) dtdsdydz. (3.57)
0 T—Xlly s
This gives
X1+Xe X1 pT N2
/ / / G |o, (—y) dsdydz. (3.58)
o Jr-iy AT (1 + &) —La—s)
This time, we have that T' — —y <s<Tands<T(l+ ) x z. Given X7 < = < Xa, this implies

again that the mner integral vamshes as sgoestoT. Also the |nequaI|t|es result in the requirement
that y > X Ly — L. The final solution becomes
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X1+Xo2 1 T
I T— .
/ / 1 2 (:c Y, <1¥ ) dydzx, (3.59)

in which fQ(x, y, s) is a generalised version of I(:L', Y, s), given by

> _ (z —y)? .
Ir(x,y,s) .f/G (O7 4(T<1+§%) _;21:_8)) ds.

For notational convenience, the expression I»(z, y, s) is not written out in its entirety.
For the case e; x es, it is a bit more complicated to find an analytical expression of the solution. In
this case (3.32) becomes:

X1 X14Xs T(1+§%)—Xlzy T
/ / / / G(z —y,t — s) dtdsdydz. (3.60)
0 T-<r
The difficulty for solving this integral lies within the lower bound of the inner-most integral In the
previous cases, we were able to change this bound to s since s > 0. In this case, however, T'— x <s

does not hold for all z. Instead, the inner-most integral can be expressed as

T T
/ G(a:—y,t—s)dt:z/ G(x —y,t — s) dt.

folla: maX(follm,s)

When using substitution similar to (3.36), the lower bound will not necessarily become infinitely large.
Instead, we obtain the expression

/X1 /X1+X2 /(;T(1+§((;))(T2yG (0, M) G (0’ 4(max(1£f_)gl);78) — S)) dsdydzx.

The solution is divided up into two parts. First consider the inner integral

/OT(1+§;)—>?29G (07 H) ds.

In this case, there will be no extra constraints on x or y, so the solution will become

X1 pXi+Xo2 A X T
z,y, T(l+ —)— —vy | — Io (x,y,0) dydzx. 3.61
// (y(XZ)X2> Q (2,9,0) dy (3.61)
The other part is a bit more tricky, consider
T(1+%t)-%v N2
/ () G (o, (2 y) ds. (3.62)
0 " 4(max(T — & X%, 8) — )

The solution to this integral will only exist when max(T x1 ,s) > s. Whichis the case if T— Lz >
s. This in turn implies T' — Xllm >T(1+ §;) — —y =y > o+ X By setting X to X, we obtam
the final solution

X1 pX14+Xo ; X1 pX1+Xs i
/ / I'\z,y,T(1+ 7) dydzx —/ / (z,y,0) dydz. (3.63)
Xi+%x 2T Xo

Substracting (3.63) from (3.62) will yield the true final solution.
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Type 2-b:
The last form of (horizontally) abutting panels can once again be divided into two possibilities. The first
possible scenario is given in Figure 3.3.

The integral, over the domain e; x e; reads

Xi1+X2 Xy X Y 1+727Xf
/ / / / G(x —y,t — s) dtdsdydz.

Using similar steps as the previous cases, one can quickly observe that the final solution consist of
I (:z: n le) - jg(l’ y,0). In the case of I} (z,y, X%y) the following inequality should hold:
le <T(1+4 3 — ) =y <Xi(l + 3 - < )- This yields the final solution

X1+Xo X1(1+X—;7XL2 A X14+X2 X1
/ / Ir(z Y 5 dydl“*/ / Ir(z,y,0) dydz. (3.64)
Jo 0

Type 2-c:
The other possible scenario, given a type 2-c abutting panel, is represented in Figure 3.4.
The integral corresponding to abutting elements of this type, given e; x e, can be represented in

integral form as:
X1+Xo X1 T T
/ / / / Gz —y,t — s) dtdsdydz.
This gives

R I i 25) o (s s

(1c y)2

Both gamma functions will vanish at the upper bound T. For the gamma function G ( ) 2L
Xo T

the following inequality must hold: 7' — Xlly < X%x - XlT =y>X; + = - —z This gives the ﬂnal
solution for this type of abutting elements:

X1+Xo T Xi+Xe pXyo T
/ / I3 (x y, T — Xy) dydx —/ / I (%y,T— X@/) dydz, (3.65)
PRI Sp S 0 1

with
- (z —y)*
Is(x,y,s) == /(G 0, .
4(—;21‘ — —)gng — )

Temporally abutting elements

When dealing with temporally abutting elements, basic quadrature rules will result in faster convergence
than the horizontal case. This is a consequence of the fact that the abutting leg in this case needs to be
approached from a single side only (from top to bottom). Which is a continuous process. It is still worth
the effort to come up with semi analytical expressions of the solutions since it reduces the approximation
from a fourth order quadrature to a second order quadrature. We make again a distinction between
two types of elements which can occur. First, consider the case represented by Figure 3.5

Figure 3.5: Type 3-a temporally abutting elements, forming a quadrilateral

s) e))’
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Only e; x ey type of domains are relevant, because otherwise the solution will be zero. Now the
legs parallel to time are denoted as 77 and 75, we also have X; = X, and we obtain the integral

X1 X1 T1+T2
/ / / / G(x —y,t — s) dtdsdydz.
Ty— T2

We need not to worry about s > ¢, WhICh becomes even more clear from the integration bounds.
We thus obtain

/X1 /X1 /T Iy ( ATy +(;2_y)2m - S)> -G <07 M) dsdydz.

The only possible restriction follows from T, — 42y < Ty +To — - = y > Ta— T which is only
present in the lower bound of G ( 4(T+(jfy)£)> and always true. The solution thus becomes:
1 2= -

X1 X X T R T
Ihl ($7y7T2) - Ihl x7yaT2 ] + Ihz x7yaT2 - <Y dyd$7
o Jo X4 X1
with

. B (x —y)2
Ihl(l‘yy,s) = /G (0 4(T1 +T5 — —m - S)) s

and

I, (2,9, 5) ::/G(O,M) ds.

The final form of abutting elements in vertical direction is represented in Figure 3.6

Figure 3.6: Type 3-b temporally abutting elements, forming a triangle

The corresponding integral is in this case

X1 X1 T2 T1+T2**
/ / / / G(x —y,t — s) dtdsdydz.

One can observe the similarities to a type 3-a problem, and use the fact that y < TIT—)ZQ + X1 — %x
holds for all 0 < z,y < X, to quickly obtain the result:

XX . T . T
/ / Ihl(x,y,Tz) _Ihl (xvyv )(Qy> +Ih2 (xvyv )(Qy> dydiC
0 0 1 1

Non co-planar elements generalisation

So far we have analyzed situation in which elements are co-planar. We now would like to turn our
attention to the cases where elements are abutting and have different unit normal vectors. When
dealing with a two dimensional spatial domain, a slightly modified fundamental solution, compared to
(2.6), is given by
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where | - || denotes the Euclidean norm. As stated in (3.11), the space-time lateral boundary ¥,
which is described with coordinates in R3, can be written as the union of closed subsets Y;. As each
of these subsets is considered piecewise smooth, there exists a (continuous) bijective mapping of ¥;
in R? to R2. This suggests there exists an invertible mapping from every element in the space-time
lateral boundary to a given reference element in R2. Hence, every element of ¥;, of which its vertices
are described in R?, can be identified by a reference element in R? with vertices: x4 = (0,0), X2 = (1,0)
and x3 = (1,1). We will denote this reference element by K. Let 7 be an element of X with vertices
1; € R?, i =1,2,3. Then the mapping ® : K — T is given by

eEn)=m1+M (f]) ; (3.66)
with the 3 x 2 matrix M

MZ: (7'2—7'1 7'3—7'2). (367)

When dealing with elements which do not intersect in any way, using quadrature to obtain the matrix
entries will yield relatively fast convergence. However, a new type of abutting elements arise, namely
elements from different X; which share an edge. By way of example, we will first show why these types
of elements still can be expressed semi-analytically. Next, we will generalise the weakly singular matrix
entries given any two elements with the use of reference mapping.

Consider the abutting elements represented in Figure 3.7.

(1,1)

FiLJ

(0,0) (1,0)

Figure 3.7: Example abutting elements from different ;

Consider the matrix entry of the weakly singular matrix, given by the domain e; x e;, as shown in
Figure 3.7, written into integral form:

/Ol/ol/ol_y /:G ((”5) - (;) ,t—s) dtdsdydz.

Using the properties of Gamma functions we get

LI [z —1,—y)"|?
E/o /0/0 G(0’4(x5) )dsdydac.

Since the next task is to integrate over s, the expression inside the norm will not affect the outcome.
We can therefore find an exact analytical term

I?P(z,y,s) ::/G (oW) ds.

The only requirement is given by the inequality, x > 1 — y = y > 1 — . We thus obtain the expression

1 11 11
— [/ / I?P(z,y,1 —vy) dydx — / / I*P(2,y,0) dydm} ~ 0.0367...
ar [Jo Ji-e o Jo

The above example motivates us to find a general semi-analytical expression to (3.32). This gen-
eralisation is based on the following proposition:
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Proposition 3.17. For each triangular element T in ¥; satisfying the following conditions

(i) one edge is perpendicular to spatial boundary T';.
(i) one edge is parallel to the spatial boundary T ;.

the following holds: There exists a mapping ® : K — 7 given by (3.66), such that M is of the form

a O
M = (b 0) , a,beR, max(|a|,|b]) # 0, c € R\{0}.
0 ¢

Proof. We denote the vertices of the element 7 by 7, i = 1,2,3. Each vertex can be written into
vector form (z;,y;,t;)T. Since one edge of 7 is perpendicular to I';, we have:

Sl i17i2 € {15 273} : t’il - tiQ =0and H(xiuyi])T - (Ii27yi2)T” # 0. (368)
Similarly, due to the parallel edge, we have
3! kl, ko € {1, 2, 3} : ||($L’Z‘1,yi1)T — (Ik2,yk2)T|| =0and tkl — tk}z 75 0. (369)

Without loss of generality, we can denote ; and 1, as the elements satisfying (3.68). By uniqueness
of the pair (up to symmetry), 3 cannot satisfy (3.68). Also, =, and T, cannot satisfy (3.68) and (3.69)
simultaneously, which implies that =3 must satisfy (3.69) in combination with either = or . Without
loss of generality, we are now able to assume that 7, and 73 satisfy (3.69). Given this choice of vertices,

the matrix M will become
To — T 0 a 0
M = Y2 — Y1 0 = b 0 .
0 t3 - tz 0 ¢

We have by (3.68) that ||(a,b)T| # 0 = max(|al,|b]) # 0, and by (3.69) that ¢ # 0, proving the
proposition.
O
From now on for each element, we will assume that the reference element mapping is described as
in Proposition 3.17. We denote the Gram matrix corresponding to a certain element,e, by J,(e), with
Jgram defined as the 3 x 2 matrix

J. = (a«b@,n) @(e,m)
g PL3 on :

Remark. By ourassumption on M, the Gram matrix will be equal to M, given the corresponding mapping
function of an element.
Next, we denote:
[Ag,l(e) := 1/ Jg(e)T - Jy(e).

Now, consider the integral (3.32), given elements e;, e and corresponding mappings @4 (£1,7:) and
®,(&2,m2). For notational convenience, we denote:

#(&1) e,
9(&2) Poe
- = 2. 3.70
73("71) ®1|n1 ( )
5(772) (I)2|U2
The integral hence becomes

Lol ol o6 R

Anlenibsle) [ 776 - 5.i -9 dndndgadss. (3.71)
0 0 0 0

Let ~! denote the inverse of £. If dealing with the same elements, by definition of the fundamental
solution, we can rewrite (3.71) into

1 1 &2 I
A, l(e0)|A s, |(e2) / / / / (@ — . — 8) diydiadésde,.
0 Jo Jo t=1(5(n2))
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First changing the variable 7; by u by ¢ := ”Zzt ””) yields a slightly different result as in the previous

cases, as we have to account for n% as well. We therefore get the following expression, in terms of

gamma functions:
A )| A &2 2
125,/ | %(e2) / / / ( )y_l )>d77 déodé;.

This in turn can be expressed as

A A 1 1
[As,l(e0)lA,l(e2) ( [ [ ot 66 - 16t6,6.0 dgldgz), (372)
0 JoO

ot 9%
Am on1 On2

with
£(&1) < 3(n2)
Ig(&1,&2,m2) = {fG( M) dn, otherwise

» 4(i(e

If the elements are not equal, the corresponding integrals can also be generalised to a semi-analytical
form. We define the following function:

0 t>s

. 3.73
/G (0, ”f(f y”) ) ds otherwise (3.73)

Ig,(2,y,t,5) := {

Following a similar procedure as in the case of abutting elements, we obtain the following semi
analytical expression:

/0 [ 16,0000, 1) 5(0) ~ Lo (2. 3(0). i(2).50)) dy (3.74)

Where %, 7,1, § depend on the elements of choice and are set up as in (3.70).

Remark. As can be seen in (3.74), the determinants of the gram matrices corresponding to two given
elements, is not present in the final expression. This is a consequence of the application of the chain
rule, which cancels out these determinants (given our right-triangular grid). Taking the absolute value
corrects the potential sign difference when using the chain rule.

3.6. Numerical results

We consider a Dirichlet problem (3.1) with homogeneous boundary conditions, no source terms and
a non-zero initial condition, on the domain 2 = (0,1)2. More specifically, we will base our numerical
results on the following Dirichlet problem

Ou — Azu =0,
ulr =0, (3.75)
u(-,0) = 1.

The corresponding variational formulation of this problem reads: find ¢ € H*%’*i(E) such that
(Vg,v)s = —(My(1),v)n, Yve H 2 1(%). (3.76)

Let us define 7 = <£1) and 7 = (Zl> . The initial potential operator 1/, can be expressed analyti-
2 2

cally:
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erf 22 —erf 2274 ) (erf 2 —erf 417 L
where erf denotes the Gauss) error function.

Now, we consider two basis meshes, consisting of 32 right triangular elements of equal size. The
first basis mesh corresponds to the Dirichlet problem on the time interval (0,4) in seconds, whilst the
second mesh considers the smaller time interval (0, 0.41). Even though the step-size in temporal
direction differs between the meshes, the spatial is taken to be equal for both meshes. The basis
meshes are given in Figure 3.8.

€ J’Lx
(a) Basis mesh on time (b) Basis mesh on time interval
interval (0,4) (0,0.41)

Figure 3.8: Basis meshes used for Dirichlet problem

From these basis meshes, two levels of refinement are created: one refinement consisting of 128
elements and one consisting of 512 elements.

The Dirichlet problem is solved on these different meshes with the use of the Galerkin-Bubnov
variational formula, with the space of piecewise constants as a test and trial space, similar to (3.29)-
(3.31). The left hand-side of the variational formula is approximated using the procedure described in
Section 3.5. The right hand-side is approximated directly by the use of (Gaussian) quadrature. Solving
the Dirichlet system as described in (3.31), will yield a vector ¢, which does not equal the numerical
approximation of the solution uy(z,y,t). To obtain this approximation we make use of the general
representation formula (3.5) to obtain uy(x, t):

up(Z,t) := K1q(Z,t) + Mo (1 qu/Clq’) (Z,t) + Mo(1)(x,1), (Z,t) € Q, (3.78)

with gbf"o(x,y,t) given in (3.28), N the total amount of elements in the mesh and K, the weakly
singular operator.

3.6.1. Analytical expression of solution
The solution of the Dirichlet problem described by (3.75) can be expressed analytically. With the use
of the "separation of variables” procedure, we obtain the general solution:
u(z,y,t) = (Cy sin(Ax) + Cs cos(Ax)) (D; sin(uy) + Dy cos(uy)) e~ N+, (3.79)
with the coefficients C4, C3, D1, D2 and A, punknown (for now). By applying the boundary conditions
(3.75), we have that C; = Dy = 0. Thus we obtain

u(x,y,t) = C1Dq sin(Ax) Sin(uy)e(A2+“2)t. (3.80)
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Again, looking at the boundary conditions and assuming the solution is non-trivial, we see that
A =nmand p = mm, n,m € N. By the superposition principle, we have

u(@, g, t) = 3> A SIN(A2) SIN(f1y)e~An (3.81)

n=1m=1

with A,,,,, unknown. The initial condition (3.75) and the use of Fourier series theory implies:

oo 00 1 1
1= App Sin(An2) SiN(Lmy) = Apm = 4 /0 /0 sin(\,z) Sin(pmy) dzdy. (3.82)

n=1m=1
The integral in (3.82) can be expressed analytically and hence we have
4(cos( ) — 1)(cos(A, — 1)
nmam2
which yields the solution when combined with (3.81).

Anm =

b

3.6.2. Discrete solution and error analysis
The discrete approximation is compared to the analytical expression of the solution in a similar fashion
to the one dimensional case. The space-time domain is discretized into quadrilaterals and the discrete
approximation u,(Z, t) is evaluated at the centre of each of these quadrilaterals. In a similar fashion,
the exact solution is evaluated at the same points. Since the different meshes are all uniform, the
relative Euclidean norm of the error is equivalent to the L2-norm up to a constant h, (the global mesh
size defined in (3.13)). Due to the equivalence and convenience, the (relative) Euclidean norm is used
in the error analysis.

The (double) infinite summation presentin (3.81) is truncated at N = 100. The visual representation
for both the mesh corresponding to Q = (0,1)2 x (0,4) and the mesh corresponding to Q = (0,1)? x
(0,0.41) and their refinements are given in Figure 3.9 and Figure 3.10 respectively.

Aprroximation at x=05y=05 Aprroximation at x=0.1y=0.1 atx=0.3,y=0.9

Temperature (*C)

oz{ |
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() (b) (c)

Figure 3.9: Approximation of the solution at different positions in the domain (0, 1)2, given the mesh in Figure 3.8 (a). The time
interval (0,4) is evaluated at 100 different equidistant points.
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Figure 3.10: Approximation of the solution at different positions in the domain (0, 1)2, given the mesh in Figure 3.8 (b). The
time interval (0,0.41) is evaluated at 100 different equidistant points.
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In all cases, higher refinement seems to increase the accuracy of the approximation, as expected.
Both models perform better when the distance between the point of evaluation and the closest bound-
aries becomes larger. Analogous to the one dimensional problem, this is a consequence of the Gaus-
sian quadrature error becoming larger as the regularity of the integrand reduces.

Decreasing the temporal step-size seems to improve the overall accuracy of the approximation.
Similar to the one dimensional case, the reduction of the temporal step-size h, improves the accuracy
of the quadrature for the single layer potential in (3.78). Given the approximation properties derived by
[2, p. 20], which are also summarised in (3.25) and (3.26), one can see that a reduction of h; will lead
to a reduction of the error estimate in (3.31). As h; (and h,) are taken to be the same for both (3.31)
and (3.78), the error estimate hence reduces.

The actual errors, given hundred equidistant evaluation points are given in the tables below.

Table 3.1: The relative (absolute) error for different levels of refinement given the mesh in Figure (3.8) (a). The error is taken
as with respect to the Euclidean norm.

| | Relative Error (Absolute Error) |

| Evaluation point | x=0.5,y =0.5 | x=0.1,y =0.1 | x=0.3,y =0.9 |
| 32elements | 0.420 (0.505) | 1.980(0.552) | 1.006 (0.534) |
| 128 elements | 0.266 (0.320) | 1.456 (0.406) | 0.721 (0.383) |
| 512 elements | 0.125(0.150) | 1.074(0.299) | 0.468 (0.249) |

As shown in 3.1, the approximations are relatively inaccurate. When looking at the solutions, this
makes sense as the solution becomes zero in approximately half a second whilst the temporal step-
size of the space time boundary is one second. Since the approximation in each element is given by a
piecewise constant, it will not be possible to properly approximate the solution in that case. As shown
in Table 3.2, the error becomes significantly smaller when decreasing the temporal step-size.

Table 3.2: The relative (absolute) error for different levels of refinement Figure (3.8) (b). The error is taken as with respect to
the Euclidean norm.

| | Relative Error (Absolute Error) |

| Evaluation point | x=0.5,y =0.5 | x=0.1,y =0.1 | x=0.3,y =0.9 |
| 32elements | 0.072(0.224) | 1.122(0.535) | 0.377 (0.392) |
| 128 elements | 0.029 (0.091) | 0.495(0.236) | 0.136 (0.142) |
| 512 elements | 0.011(0.035) | 0.158 (0.075) | 0.067 (0.070) |

Comparing Table 3.1 and Table 3.2, one can observe that the error reduces more promptly when
dealing with larger meshes. This is consistent with the estimate (3.25), as the temporal step-size has

an O(hf) effect on the error, whilst the spatial step-size affect the magnitude of the error by O(h,). For
small mesh sizes, and therefore relatively large k., the error is dominated by k.. For increasing level
of refinement however, the influence of h; becomes more visible. This is especially true at (z,y) =
(0.5,0.5), where the accuracy of the numerical solution is not affected by proximity to the boundaries.



Parallelization

In this chapter, we will consider parallelization techniques to improve the efficiency of solving a system
of linear equations, based on the Galerkin-Bubnov variational formula. First, we consider the weakly
singular matrix (given N elements)

(Vor? or%s .. (Vor'.er)s
Vh = - ’
Vil on")s - (VoR", ox°)s
with V the single layer operator and qbiz’o the basis function given a triangulation X. If the triangulation
consists of right angled triangles with one edge parallel to the time domain and one parallel to the

boundary, we can evaluate the entries of V;, with the expression (3.72). The right hand side vector F
is defined as

(g,07")%
F .= ,
(g9, 0% )s

with g, the spatial boundary condition. This gives the following system of linear equations with
unknown vector q of length N

V,q=F. @.1)

4.1. Weakly singular matrix structure

The structure of the matrix may affect the parallelization algorithms, and therefore is worth looking into.
We consider a right-angled triangulation of the space-time boundary with a rectangular spatial domain.
An example of such a triangulation is given in Figure 4.1.

Figure 4.1: Example of space time triangulation, with faces X and Y

41
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When we do not specifically look into the way the elements are numbered, this structure of the
weakly singular matrix could, for example, look as denoted in Figure 4.2.

Figure 4.2: Example of weakly singular matrix structure (128 elements), where the white spaces denote zero entries

The structure of the weakly singular matrix changes when the numbering changes. We can, for
example number the elements along each "layer” in time, as presented in Figure 4.3.

(a) 3D representation (b) "Folded out” representation

Figure 4.3: Example triangulation with structured numbering by time-layer

This results in the following weakly singular matrix structure:

o 5 10 15 20 5 30

Figure 4.4: Example of weakly singular matrix structure (32 elements) when numbering by time-layer, where the white spaces
denote zero entries

The matrix has a lower triangular block form. We can also choose to number by face instead of
time layer. This results in the following "folded out” representation.
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8 15 24 3
7 16 23
5 13 2 30
6 14 21
4 12 20
3 " 19 28
1 9 18 25
2 10 17

Figure 4.5: "Folded out” representation (32 elements) when numbering by face

This gives the following structure on V,,

Figure 4.6: Example of weakly singular matrix structure (32 elements) when numbering by face, where the white spaces

denote zero entries.

As can be seen in Figure 4.6, the matrix consists of blocks of lower triangular block matrices.

Another way to change the matrix structure, is by changing the way the matrix is assembled, instead
of changing the way the elements are numbered. For example, we could create a sequence k defined

as

k:={N—-1,N-3,...,3,1,02,...,N—2 N}

This time, we define the entries of the matrix as

Vh[i,_]} = <V¢/L‘Z’07 EJO>E

Depending on the way of (structured) numbering the elements, this can give different results, as

shown in Figure 4.7.
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(a) Example matrix structure with (b) Example matrix structure with
numbering by time layer numbering by faces

Figure 4.7: Matrix structures given a different assembly method

These figures are examples of the broad scala of matrix structures which can be obtained by either
changing the numbering of the elements or the way the matrix is assembled.

4.2. Generalised residual method

The system of linear equations arising from the weakly singular matrix and corresponding right-hand
side can either be solved directly or with the use of an iterative method. In this thesis the (iterative)
Krylov subspace method "Generalised residual method” (GMRES) will be used to solve the linear sys-
tem. To properly grasp the possibilities of parallelization, we need to take a closer look at the operations
performed by this algorithm.

As already mentioned, GMRES is a Krylov subspace method, i.e. qs, the approximation of the
solution q in (4.1), at the k-th iteration, is an element of k-dimensional Krylov subspace K*(V;,;r%) [25],
with

K*(Vp; %) := qo + span{r®, V,r’, ... Vi~ 10},

and
I'k =F — thk~

Within this increasingly expanding subspace, we search for an approximate solution of the form

dr = qo + Zg, (4.2)
with z;, € K*(Vy,;r?), such that
[Pl = min  ||[F = V,z[s. (4.3)
ze Kk (Vp;r0)

The GMRES algorithm is based on solving the minimisation problem (4.3) efficiently with the use of
an orthonormal basis of the corresponding Krylov subspace. Various methods for finding the orthonor-
mal basis of the Krylov subspace, such as Arnoldi’'s method and Modified Gram-Schmidt method [25],
are available and will not be discussed in detail in this thesis.

By left-preconditioning, we transform the system of linear equations (4.1) into the following system:

M~'V,q = M"'F, (4.4)

where M, a non-singular square matrix of equal dimensions as V;, represents an arbitrary precondi-
tioner. Given such a preconditioner, the GMRES algorithm for k iterations can be described as follows
[17]:
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Algorithm 1: Left-preconditioned GMRES

Result: q;, approximation of the solution M—'V,q = M—'F
Define initial guess q;
Compute r” = M~!(F — V,,qo), 8 = [’y and vy = % ;
for j=1,...k do
Compute w := M~V v;;
fori=1,...jdo
hi’j = (w,vi);
wi=w — h;;vg;
end
Compute hjy1; = ||lw|2 and vj4q =
end
Define Vk = [1}1, ey Uk], Hk- = {h/j,,j}1<i<j:1<]‘<k;

Compute y; = argmin, || fe; — Hyy|l2, and g = qo + Viyi:
if Satisfied then
| Stop
else
Set qo := qy;
Repeat algorithm;
end

w .
hjt1,5°

Remark. The vector e, is the canonical vector (1,0,...,0)T.

The main operations in Algorithm 1 can be distinguished by 5 different types of operations [17]:

Preconditioner setup.

Matrix vector multiplications.
Vector updates.

Dot products.
Preconditioning operations.

a s Db~

For parallel machines, the potential bottlenecks in the above list are (1) and (5). Matrix vector multi-
plications and dot products are relatively easy to implement on high performance computers. Also, vec-
tor updates will not cause significant difficulties in general on parallel machines [17]. We can henceforth
conclude that the choice of preconditioner can significantly affect the efficiency of the parallelization.

4.3. Calderén preconditioning

The reduction of the condition number of V},, by applying a preconditioner M—1V;,, might resultin desired
convergence properties. It should be noted, however, that a small condition number is by no means
a necessary and sufficient condition for GMRES. Given a diagonalizable matrix A, roughly speaking,
the GMRES algorithm converges quickly if A is not too far from normal in the sense that the condition
number is not too large, and, if properly normalised degree n-polynommials can be found whose size on
the spectrum of A quickly decreases with n ([24], Thm. 35.2). Although not sufficient from a theoretical
perspective, Calderon preconditioning, which is a particular form of operator preconditioning, usually
provides a good preconditioner when used with GMRES.

Operator preconditioning makes use of the following idea. If we are given a continuous bijective
linear operator A : V. — W and an isomorphism B : W — V, on function spaces V and W, then
AB will provide an endomorphism on V. Discretisation of such an endomorphism often gives rise to
well-conditioned matrices [8].

In order to quantify how operator preconditioning affects the condition number, we will make use of
the following theory by Hiptmair [8]. On two reflexive Banach spaces A, B, we consider two continuous
sesquilinear forms a € L(Ax A,C) and b € L(B x B.C), where £(X,Y’) denotes the the set of bounded
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linear operators from space X into Y. Let Ay, := span{¢;}¥ C A and By, := span{y;}Y¥ C B be finite
dimensional subspaces on which the following conditions hold:

a(up, vy,

sup AU V€ 4, (4.5)
0£oneAn  Ivnlla
b(zp, w

sup PlemWnl o e Ve B. (4.6)
0#wpE€By, ||U}h||B

Further we assume there exists a sesquilinear form d € L(A x B, R) satisfying

d 2
sup 1MW)l o b v € AL 4.7)

0#wp €By, ||wh||B

This results in the following Galerkin matrices
*A[Zvj] = a(¢ia¢j)» B[Z,j] = b(wiij)ﬂ D[Zaj] = d(¢i7¢j)a Zaj:LN
The following result is obtained:
Theorem 4.1 ([8, Thm. 2.1]). Assume (4.5) - (4.7) hold and dim A;, = dim By, then

- ol lld]I”
1 T <:||GH|
kK(D7'BD™"A) < 701@%

where k(-) denotes the spectral condition number.

Proof. The proof is added for the sake of completeness. It goes along the lines oft he proof intro-
duced by Hiptmair [8] with some added intermediate steps for elaboration. From now on, we denote
the dual of a Banach space X by X*. Let Jo : A, — A}, Jg : B, — B} and Jp : A, — Bj be
bounded linear operators associated with the sesquilinear forms a, b and d respectively. We can define
an element 7, € A} by the function 7 : A4;, — K, such that for any ¢t € A4, we have 73, : t — a(t, h), for a
given h € A;. This can be done in a similar fashion in the other dual spaces. Note that this implies

[Jall = sup [Jazlla; = sup sup ,[a(vp, )| = |lall. (4.8)
llz]la), =1 lzlla,=11ylla,=1
Taking a closer look at (4.5) will show us that, Yy € Ay, : |ylla; =1 = [ly[la, < i we also have
-1 -1 1
I3 = sup [T ylla, < —.
lyllaz =1 “a

Next, we denote the adjoint operator of Jp by J}. Using similar steps as in the case of J4, and
recalling that J}, := D™, we can conclude
T T Tall < — b TLIE T2 )| < )2 —
/5" JBIp A||_@Ha|||| Il A YDYB pll < |d] c?

Equipping C™ with the same norm as the Banach space A, we obtain the final inequalities

e e 1
Amax(D™'BD™TA)| < [DTIBD™TA| < all[[b] (4.9)
3

1
Amax(D'BD~TA)~Y < || A7 DTB~ID|| < —||d||?, (4.10)
C1C2

where \,0.(X) := {maxz € o(X)}, Apin(X) := {minz € o(X)} and o(X) defines the spectrum
of X. The product of the norms in (4.9) and (4.10) equals the spectral condition number, and hence
the statement is proven.
O
If we use a left preconditioner

c;l:=D7'BD T,
applied by C; 1A, we obtain a preconditioned form of matrix .4 with bounded condition number,
which is the desired result.
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4.3.1. Dirichlet Boundary value problem

Consider the Dirichlet domain variational problem (3.4) which leads to the indirect formulation of the
first kind given by (3.8). As stated by Noon, the single layer integral operator V : H- 23 (%) —
Hz3 (%) and the hypersingular integral operator W : Hz3(X) — H~ 2~ (%) are both elliptic and their
composition WV : H—2~i(X) — H~ 23 (%) defines an operator of order zero [15]. The stability
assumptions (4.5) and (4.6) are therefore satisfied, which in turn implies that we can find a suitable
preconditioner of V;, in (4.1) by using the Galerkin matrix corresponding to the hypersingular operator.
The single layer operator is discretized with respect to either X, := S,?(Eh) or X; = S,?fhf(zh),
which are defined by (3.27) and (3.24) respectively. We can hence write X, := span{¢{}}. For the
hypersingular operator however, we need to use a trial space Y;, := span{y;}Y C H%-i(z). As a
corollary of Theorem 4.1 we have [3]:

Corollary 4.2 ([8, Thm.2.1],[3, Thm.8.2]). Assume the stability condition

UpyVh)2
sup # > CM||UhHH—%r%(2)’
0F£vR €Y}, H’U}L“H%%(Z)

Yup € Xy, (411)

holds. Then there exists a constant c,. such that
w(Dy "W, D, TV, < e,
with

Vh[la]] = <V¢97¢?>27 Wh[lj] = <ij7w’b>27 Dh[zaj] = <¢27wi>27 Z7j =1... 7N'

Proof. The proof is a direct application of Theorem 4.1, with

Nl

a(u,v) = (Vu,wys,  blg,2) = (Wg,z), d(v,2) = (v,2)s, wveH»i(S)andq,zec H > (%)

O

If we can find a boundary element space Y}, such that the stability condition (4.11) is satisfied, then
C;li= D;lwhD,;T can be used as a preconditioner of V,.

Dual mesh approach

One of the challenges of operator preconditioning is finding subspace Y}, such that Theorem 4.1 can be
applied. When X, := 5,"%, (), Steinbach and Dohr [21, 3] have shown that there are several viable
candidates for Y}, satisfying the stability condition (4.11), by using the notion of dual meshes.

Definition 4.1. If the vertex-edge and edge-cell incidence matrices of one mesh (the primal mesh),
agree with the cell-edge and edge-vertex of another mesh (the dual mesh), the meshes are called the
dual of each other [8].

Examples of finding a dual to a mesh are described in the work of Steinbach [21]. The possible
candidates for Y}, are given in the following proposition.

Proposition 4.3 ([3, Ch.8]). Given X}, := ng n, (Xn), the following candidates forY), satisfy the stability
condition (4.11).

- Y;,=Sh (Tw,) ® S°(Iy,)

* ¥,=5} (Tn,) ® S*(Iy,)

Where Ty, is the dual mesh of Ty, and I N, the dual mesh of I,

In the following, we analyse the situation for a general space-time discretization. In other words,
we consider a triangulation ¥;, of ¥ and denote its dual mesh by >;. When dealing with the more
general form X}, := S?(X),), we make use of the embedding property of Sobolev spaces in Lemma 3.14.

In the two dimensional case, we have that S9(3,) and S} () are proper subspaces of Hi (%) and
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Hz (%) respectively. Next, we define the generalised L?-projection operators P : L*(X) — S%(Xj)
and PL: L?(X2) — S'(X,), i.e., they are the solution to the respective variational problem

(Pou, 75 = (u,T)s, V7T € SH(Sh), (4.12)

and
<P§u,7>g ={(u,T)n, VTE Sﬂ(Eh). (4.13)

We will use the following theorem by Dohr [3]:

Theorem 4.4 ([3, Thm.8.3]). Let X; and Y}, be given boundary element spaces satisfying

sup (v, 7
0#£TEX]), ”THZ

>dv|ls, Vv €Yy, (4.14)

where the constant c is independent of h. Moreover let the L? projection operator Ps. defined by either
(4.12) or (4.13) be Hzi-stable, i.e., there exists a constant ¢ > 0, such that

< |l Vue H7i(X). (4.15)

1Peull g1 ) <

HZ%(x)
Then the stability condition (4.11) holds.

Remark. For a globally quasi-uniform mesh, (4.15) holds due to appropriate error estimates and the
use of the inverse inequality [22, Ch.2].

Since (4.12) and (4.13) are a Galerkin-Bubnov and Galerkin-Petrov variational formulations respec-
tively, the formulations are uniquely solvable and their trial and test spaces satisfy (4.14) when dealing
with a locally quasi-uniform mesh ([21], Lemma 3.1). However, if this is not the case, the stability
assumption (4.14) needs to be verified when creating the mesh.

To verify the H%vi—stability of the projections, consider an element 7; of the (locally quasi-uniform)
mesh. Let N, := dim X}, (7)) = dim X},|, . As mentioned before, we can define the test and trial spaces
by their respective bases, i.e., X}, := span{¢;}¥ and Y}, := span{«,}V. For each k-th basis function
we denote its support by wy. Let Nyerier @and Nejements denote the total amount of nodes and elements
of mesh ¥, respectively. Next, we define two index sets as follows [22]:

Ik):={leN:mnwe #0}, k=1,..., Nyertex,
J)={keN:mNwp#0}, 1=1,..., Nejements-

Now, we define the local Gram matrices
Gilj,i] = (s, Yoy, 2rys  GJ =1, Np.

We define the nodal mesh size h as

~ 1
hy = ——— hi, k=1,...,N,
] 2

where |I(k)| denotes the cardinality of I(k), and h; is defined as in (3.12). Consider
Hy = diag(hq),) My,
and
D, := diagG;.
To satisfy the stability, we will assume all elements 7; satisfy the following condition [22, 21, 3]:

3C > 0: (HGH;  xy,2) > C(Dyay, ), Vo, € RV (4.16)

To link this assumption to the required stability, we make use of the following theorem by Steinbach
[21]:
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Theorem 4.5 ([21, Thm.4.2]). Assume (4.16) holds. Then for all s € (0, 1]

H*()> (4.17)

[ Peull ge(s) < csllul
holds.

Proof. The proof is given in Theorem 4.2 in [21].
Assuming (4.16) for the given meshes, hence results in the bound given by (4.17). By Lemma 3.14,
with using 1 := min(3, ;) we have

(| Psul| < eilul| Vu € H>i(%). (4.18)

Hi(x) = H3 % (%)
The inequality (4.18) does not coincide with the stability condition (4.11). Next, we will use the
inverse inequality, given in the following theorem [18].

Theorem 4.6 ([18, Thm.4.4.2]). Consider the surface of a polyhedron I". Assume the triangulation T
on Q, consists of plane panels with straight edges with mesh width h > 0. We have for0 < m <, all
7 €T and all v € P, (the space of polynomials of degree k and support 7):

10 br1ry < CRE 0] g r)- (4.19)
The constant C only depends on h.,.., I, k and the shape regularity of the mesh.
As stated in Section 3.3, we assume a triangulation with straight edges, as required in Theorem 4.6.

So with the use Theorem 4.6 and setting m = §, 1 = 3, we have forall 7 € T

_1
1Bsull, ) < Ch H|Psul

(4.20)

HE(r)'

For notational convenience Ch;i will be denoted as C(h). By using the embedding property
Lemma 3.14 again, with 1 = max(3, 1), we obtain the the bound

”PE“”H%%@) < CQHPZUHH%(E), Yu e Hz1(X). (4.21)
Combining (4.18) with (4.20) and (4.21) implies the inequality (4.15) holds:
|Poull y1.4 ) < 2rCBllull 3 g ) Vu € HEA(S). (4.22)

Since the bound obtained in (4.22) depends on h, we are currently not able to show Y}, is a viable
candidate such that the preconditioner C;! can be used. Hence, at the moment of writing this thesis,
this remains an open problem. Note that, if we were able to proof the missing case, to obtain a Galerkin
matrix for the hypersingular operator IV that leads to a suitable preconditioner in 2D, we can only choose
S5, (3n).

Diagonal duality pairing

In 2018, Stevenson and Venetié proposed another approach to the duality pairing d(-, -) for operator
preconditioning [23]. The appealing part of their proposal is the fact that the discrete form of the duality
pairing operators are diagonal matrices. The way this is achieved will be described in this section. For
the mathematical theory behind this method, however, the reader is referred to the paper by Stevenson
and Venetié [23].

The weakly singular operator is assumed to be discretized by piecewise constants throughout this
section. Recall that our preconditioner system will read as M;IWthvh. We denote the basis of V,,
originating from the space of piecewise constant functions, as =. Similarly, we denote the basis of the
hypersingular matrix W}, consisting of piecewise linear functions, as ®. It is clear that in this case, the
bases are not bi-orthogonal, i.e. the Matrix D;, := (E, ®)5, need not be diagonal. In order to achieve
bi-orthogonality we thus need to find another discrete version of the hypersingular operator with basis
U, which still satisfies the stability condition (4.11), and has diagonal duality pairing Dy, := (2, ¥)5.

Consider the triangulation 33;,, of the lateral space-time boundary 3. Given ¥ := T x (0,7), the
boundaries of ¥ are I x {0} and T" x {T'} and are denoted by 9X. For a triangulation X, let V(3,)
denote the set of vertices of ¥;, and define
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Ngh ={veV(E,):v ¢t}

Now, we can define the valence of each vertex as

dy:=|{T €3 :veETY,

where | - | denotes the cardinality of the set. For the basis of the preconditioner we will make use of
the space of piecewise linear functions which vanish on 9%, i.e.

S3s(Bn) == {1 (V') € SE(D) 1 1, (v) = 0, Yu,v" € V(Zp) \ Ngh}.

Similar as proposed by Stevenson, the construction of the basis ¥ builds on two collections, © and
T, of locally supported functions in H%’i(E) whose cardinalities equal =, one of which is bi-orthogonal
to = and one is inside S}y (X) and satisfies the approximation property.

Definition 4.2 (Approximation property,[10, Ch.3]). Given a Banach space X, if every compact op-
erator is a limit of finite rank operators, X is said to be satisfying the approximation property.

Consider © := {0, : 7 € ¥}, such that 6, > 0, supp 6, C 7 and, for convenience,

<9Ta§7'>2 = |7", 57— €=, VT € Xy,

One possible construction © is with the use of 'bubble functions’, however the emphasis lies not on
the actual construction of ©, but on its existence.

The other collection of locally supported functions Y is defined as T := {v, : 7 € £} C Sis(Zh)
with

-1
Uy = E dy "y,
vENg, NV(Zh)

Finally, we can define ¥ := {¢, : 7 € ¥, } C S} (X)) & span O, with

L <]l - UT7€T>E - <UT7£T'>E ,
¢T =v; + <97—7£7->2 97‘ Z <97-’,§7—’>29T . (423)

It can be verified that (¢,,¢,)s = |7|, V7 € X,. As a candidate duality pairing we will therefore
define

T EXR\T

Dy := (5, ¥)s, (4.24)

with = and ¥ described above. Another interesting property of the duality pairing is given in the
following theorem [23]

Theorem 4.7 ([23, Cor.3.3]). Let T denote the collection of triangulations on ¥. Let D, : S,?(Eh) —
(span W), It holds that Dy, is an invertible operator whose inverse is in L((span ¥)', S (%},)), with

IDnll 259 (). (span wyry < 1,
and

-1
?_ZE;HD}Z | 2((span .w),59(s2,)) < 00

Due to the uniform boundedness implied by Theorem 4.7, the results are thus valid without any
additional assumptions on the mesh grading.

Having established an uniformly bounded duality pairing, all that remains is to find an discrete ver-
sion of the operator W : Hz3(X) — H~2~i(X), denoted as I;,. To obtain a uniform preconditioner,
W, and its inverse needs to be uniformly bounded with respect to the triangulations. The span of the
collection © will be referred to as 13 := span ©. Given the direct sum decomposition S};.(X) @ B, we
consider to projections Ps, P on this domain whose ranges are defined by S} (3;,) and B, respectively.
Next, we define
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B¥®By(w) := B%(Psv)(Psw) + BB(Psv)(Psw),

with BS € L(S}5(3h), (S35 (21))') and BB € L£(B,B’). As a choice of B, the hypersingular op-
erator can be used. Using the same construction proposed by Stevenson, we can make sure B2 is
uniformly bounded (and its inverse as well).

Remark. Two assumptions on the space of bubble functions B are actually required to complete the
construction of BE. These assumptions are stated in (3.24) and (3.25) in the work of Stevenson [23].

Setting

(Wyo)(w) := B¥®By(w), (4.25)

will now give rise to a well-defined uniformly bounded discretized version of WW. In turn, this leads
to the resulting preconditioner:

C, = D;'w,D; T, (4.26)
with D, and W}, defined by (4.24) and (4.25) respectively. More specifically we obtain:

W, :=p'B°p +q'B"q, (4.27)
with

BS .= gD, 7, (4.28)

d-', veNO T
Pur = vo Y < .m V( )7 (429)

0, otherwise.
1 —1
o= o — ay e 4

dr'r o dr1 Z d, (4.30)

vENONV(T) capV(T')

In the above definitions, 5 is a real scalar valued constant, d denotes the dimension of the domain
and s is defined as a scalar depending on the Sobolev space H*® such that W : H* — (H?®)'. Sinceina
space-time setting, we are dealing with anisotropic Sobolev spaces, s is taken to be min(3, 1) = 1. BS
is taken to be the discretisation of the hypersingular operator with respect to piecewise linear functions
in S9s(%).

4.3.2. Construction of the hypersingular matrix

Both the dual mesh approach and the approach proposed by Stevenson, requires the construction of
the hypersingular matrix. Recall from Chapter 2 that the hypersingular operator W : H>i 5 H 371
is defined as

Wo = —mKao.
The bilinear form induced by the hypersingular operator is given by [2]:
(Wu,v)y = /Ev(xj)anx /EﬁnyG(x —y,t —s)uly, s) doydsdtdo,. (4.31)
With the use of integration by parts this can be written into [1]:
(Wu,v)s, = (Veurl u, curl v)y, — <%V(uﬁz),vﬁz>g, Vu,v € H?'1, (4.32)

where

oo, 1) — @) 5 ()

curl v(z,t) := n(x)—
(@)1= n¥(e) 5 -
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in two dimensions and
curl v(z,t) := ” x Vyv(z,t), z,t€ X,

in three dimensions. In these expressions 77> denotes the outward normal vector with respect to the
space-time boundary. Note that the hypersingular integrals can hence be reduced to weakly singular
ones. The curl operators can be defined with the use of piecewise constant basis functions. Therefore,
the Galerkin-Bubnov variational formula corresponding to the bilinear form (Vcurl u, curl v)sx, can be
solved using the methods already described in Chapter 3 as will be shown more explicitly. The other
inner product <%V(uﬁ), vit)y, however, requires some further consideration and can not be solved with
the previous findings.

Let us subdivide (4.32) into two parts, the first part being (Vcurl u, curl v)x, and the second (%V(uﬁ), Vi) s,
For the first part we will define an element matrix, given two elements e; and e,, originating from a trian-
gulation satisfying the right-angled triangulation specified in Section 3.5.1. The vertices of the element
e; are represented by v, vi, v, and corresponding barycentric (linear) basis functions X}, M5, A%, sat-
isfying A’ (v) = 6,1 and X (x) > 0, Vj, Vz € e;. Let E}, be the edge of the element such that v, ¢ Ej.
Let n; denote the outward normal vector at edge Ej. Then, for a general mesh, the barycentric basis
functions are given in (4.33)-(4.35).

w3

Figure 4.8: Example of an element and corresponding notation.

Every element lies in a two dimensional plane in the space-time lateral boundary. Given a rectangu-
lar domain we can assume without loss of generality that the barycentric basis functions are depending
on only two variables: one spatial and one temporal direction. Every vertex can in that case thus be
written as v} := (vi(x),v}(t))", j = 1,2,3. The resulting basis functions are presented in the second
part of (4.33)-(4.35).

i L |E2‘ ivi 2D 1 i "Ui(t)*'vi(t)
A0 1= et = ot 2 e+ (20 700 (4.33)
400 = ~L x = ot 2 o) (50 T80 . (@.34)
% L |EZ‘ i\, .1 2L 1 7 Ui (t) - vi (t)
0 = 8= oy 2 o o) - (0 70 Y (4.35)

The gradient of each of these basis functions can be directly deduced from (4.33)-(4.35) and are
given by:

B 1(@w—wm)

VA = Pl 2k ; s\ g, 4.36
P o™ T e \wi () — () ) e (4.36)
B b 1(%@—%@)

VAL = — i 2L ; 29 1, 4.37
2T 0™ T 2e \vile) - (@) (4.37)

Bil ap 1 (i) - wt)
i |Bs| iar JORE 4.38

VA5 = 3™ T Bl \eb(a) — vi () ) e (4.38)
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Now, as we use S} (X;) as the test and trial space of the Galerkin-Bubnov approximation of the
variational problem, the barycentric basis functions will be elements of the test and trial space. When
dealing with a rectangular domain §2, the outward normal vector in the curl operator will be zero for one
of the variables. In general we can write:

cul Aj = (nF (1 0 0)-VX —n3 (0 1 0)-VX) 1L, = ajle, (4.39)

which equals a piecewise constant function, as normal vectors are scalars in the two dimensional
plane. We therefore obtain the local 3 x 3 element matrix R, ,, for e, ep:

Rn,m [’L,j] = oz?a;” <Vh ]len, ]lem>§;. (440)

The inner product in (4.40) can be approximated by following the procedure described in Section
3.5.
For the second part of (4.32), we make use of the distributional identity [1]:

0 R . 0
<aV(un2), vit®)y = (V(uf), &vmg. (4.41)
Given the previously defined basis functions, we can directly obtain an expression for the derivative
of A\ with respect to time

N
ot

Again, the outward normal vectors for each element are constant within the element, we can there-
fore define the constant

=(0 0 1)VAL

Bi=iiy (0 0 1)VAL

where ﬁ? denotes the outward normal vector in element e;. The local 3 element matrix of the second
part, R2,,,, given elements ¢,,, e,,, now reads

R2umli, j] = 11, - B™(V AT, Le, )5 (4.42)
The inner product in (4.42) is approximated with the use of Gaussian quadrature.

Regularisation

Consider the bilinear form of the hypersingular operator as stated in (4.31). Let f, g be some non-zero
constants with supp f = supp g = ©. We have that f, g € Hz'i (). Inserting these functions into the
bilinear form (4.31) yields

Wfgs= fg/ anl,/ O, Gz — y,t — s) doydsdtdo,.
b)) h

We consider the following theoretical result regarding coercivity of the hypersingular operator [1,
16].

Theorem 4.8 ([1, Thm.4.16], [16, Thm.2.2.8]). The hypersingular operator W : Hz5(X) — H~ 21 (%)
defined in (2.12) is an isomorphism and

e >0, (Wo, @) > clolf )y o Vo € HEH(D).

From Theorem 4.8, we directly see that (W f, f)s > 0, since f # 0 almost everywhere (a.e). This
is expected behaviour as, it is intuitively clear that some examples exist of the heat kernel with respect
to the normal derivative which will not be zero almost a.e. nor additively invertible along the temporal
axis.

If we were, however, to insert these functions into the right hand-side of the integration by parts
formula (4.32), we obtain the following

(veur foour fys — (L), i)y 440

5 (Veurl f,curl f)s — (V(fii®), %fﬁ2>z =0. (4.43)
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So the bilinear form of the hypersingular operator, described by the integration by parts formula
has a one dimensional kernel due to the presence of constant functions in H =7 (X). Regularisation

is thus required. We denote bilinear forms b(u,v) := (Wu,v)s and b(u,v) := (Veurl u,curl v)y —
(V(uii™), Zvii*)s. The "analytical” regularisation is then given by
b(u, V) req = b(u,v) + b(Ly, Ly). (4.44)

In practice however, for the Calderon preconditioner, the following heuristic regularisation suffices

[9]:

b(Uy V)req,, = I;(u, v) + Clu, Ix)s(v, 1)y, (4.45)

with C' € R. The regularising term in the heuristic regularisation can be rewritten as Cr - 7 with
r:= Mnass - 1 and M,,.ss the mass matrix corresponding to a piecewise linear test-, and trial space.

4.4. Domain Decomposition

We now turn our attention to another mathematical tool that will be relevant for the parallelization of
the system of linear equations (4.1) arising from the Dirichlet problem given by (3.1) on domain Q :=
Q x [0,T]. By decomposing this domain into N, sub-domains Q; := Q; x [t;,, t;,], such that

Ng
Jae:i=a,
=1

and ©; is a Lipschitz domain for all : = [1, ... V4], we obtain IV, boundary value sub-problems which
we strive to solve in parallel.

Remark. Note that it is not a necessary condition for the decomposition to be disjoint in its sub-domains,
i.e, to be a partition of the domain ). The necessity of this assumption varies between choice of solver.

Schwarz came up with an iterative method to solve the Dirichlet problem in the union of its sub-
domains, called Schwarz alternating method [17]. In the space time setting, the algorithm is described
with the use of the a simple example decomposition of the two dimensional space-time domain Q :=
(z1,22) % (to, t1). The decomposition is represented in Figure 4.9.

h
M,
Q1NQs
P
I ()
t
X —»

Figure 4.9: Example of a 1D space-time decomposition

As is clear from the Figure, the domain is decomposed in overlapping regions. The alternating
Schwarz algorithm given this decomposition now reads:
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Algorithm 2: Schwarz alternating method
Result: u;, approximation of the solution u, of the Dirichlet problem (3.1)
Define initial guess uy;
while No convergence do
for j=1,2 do
Solve 2% + % = fonQ;, withu = u; ; in T j;
Update u values on I'; ;V, j
end
end

Note that the decomposition Q@ = UM @, induces a decomposition of the lateral boundary ¥ =
UﬁVdZi, with ¥; = 0Q; \T;;, = 1,...,Ng. The algorithm is not stated in discrete form, which is
actually required because the original algorithm was developed for elliptic boundary value problems.
When transferring to space-time boundary element setting, the weakly singular operator, for the heat
equation, is elliptic [15, 3].

4.4.1. Multiplicative Schwarz

Consider the weakly singular matrices VS) and Vf) arising from the Dirichlet problem (3.1), restricted to
31 and X, respectively. Depending on how the space-time domain is decomposed, either an unknown
boundary condition is added, or a unknown initial condition. Figure 4.9 represents a decomposition in
which a unknown initial condition arises. By switching for each sub-problem to the indirect formulation
of the first kind (3.8), and by assuming no forcing is present, we obtain

Vi =g — Mouh, ¢ € H 27 1(%,), (4.46)

which will yield the system of linear equations

Vg, =F —M', i=1,...,N. (4.47)

In (4.47), M is the vector arising from (Mou$, ¢.°°)s;. Note that, if the decompositions follows along
the lines of Figure 4.9, Myu} is known; the influence of the unknown boundary T'; > vanishes on this
domain by choosing the test and trial function such that this is true. Myu3, however, is not known, and
depends on the value u3 = ulr, , . If we were to make an initial guess of ¢ on the entire domain X, which
we denote as ¢°, we immediately obtain a guess on the unknown boundary as well by the identity

U= lClqO.

Let us denote V,, as the weakly singular Galerkin matrix on the lateral boundary ¥.. The Multiplicative
Schwarz procedure in space time setting is now given by Algorithm 3.

Algorithm 3: Schwarz Multiplicative method in space time setting

Result: u;, approximation of the solution q, of the system of linear equations (4.1).
Define initial guess q°;
while No convergence do

) (1y—-1
q“tz =gt + (wh ) 8) (F - Vina*);

0

Remark. This algorithm can be extended to a decomposition of N; multiple sub-domains, where the
vector q will be updated N, times each loop.
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It is clear that the steps in the loop of the algorithm are serial and therefore, the multiplicative
Schwarz method has a low degree of parallelism. For that reason, we move to another algorithm
called the Restricted Additive Schwarz method (RAS).

4.4.2. Restricted Additive Schwarz

To improve parallelism we strive to solve for the different sub-domains simultaneously. The Restricted
Additive Schwarz procedure is an convergence-wise optimised version of the original Additive Schwarz
procedure. The original Schwarz method makes use of the so-called Restriction operators R;, which
restrict a matrix to its sub-domain 3; by

V() = R,V,RT.
We thus have (Vi)~! = (R;V,RI)~1. This results in the following algorithm [17]:

Algorithm 4: Additive Schwarz procedure in space time setting iterations

Result: u;, approximation of the solution q, of the system of linear equations (4.1).
Define initial guess q°;
for Amount of iterations do

for j=1,...N; do

5 = RT(V;)~'Ri(F = V,0");

end

qk+1 _ qk + le\il 5
end

Now, the procedure in the for loop can be performed in parallel. However, this procedure does not
need to converge in general, and is therefore mainly used as a preconditioner [17]. By considering
the approximation of g in each subdomain to be of a different entity, we finally arrive at the Restricted
Additive Schwarz method. Let us denote the non-overlapping part of a sub-domain X;, by ¥, and their
corresponding matrices by V. Next we can define the non overlapping restriction operators R; by

VY — RV,RT.
Now we define the Restricted Additive Schwarz algorithm by [5]:

Algorithm 5: Restricted Additive Schwarz procedure in space time setting iterations
Result: u;, approximation of the solution q, of the system of linear equations (4.1).
Define initial guess q°;
for Amount of iterations do

for i=1,...N do
5 = RT(V)))7'Ri(F = V,a");
end
qk+1 _ qk + Zf\; 5
end

This procedure does converge as an iterative method [5] and is therefore an interesting candidate
to use for parallel implementations.

4.4.3. Schwarz procedures as preconditioners

Apart from being a stand-alone basic iterative method, RAS can also be applied as a preconditioner
for GMRES. Since the preconditioner is not symmetric, it is sub-optimal for CG. Given N; subdomains,
the preconditioner is defined as [4]

Ny )
M':als = Z RZT(\NI;:))_lRZ
=1

The efficiency of the preconditioner depends on the choice of sub-domains. The preconditioner is
tested for a few example domain decompositions in the next section.
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4.5. Preconditioning results

The Dirichlet problem (3.1) is solved using the meshes defined in Section 3.6. Note that these meshes
are uniform and results might differ for quasi-uniform meshes. Two preconditioning techniques for GM-
RES are compared, Calderon preconditioning and Restrictive Additive Schwarz (RAS) preconditioning.
Also, RAS is considered as a Basic lterative Method (BIM). Each iteration of RAS as BIM is highly par-
allelizable and, for that reason, comparisons of iteration counts between (the Krylov subspace method)
GMRES and RAS should be dealt with cautiously.

In the case of the Calderon preconditioner, the approach proposed by Stevenson and van Venetié
[23] is used. In this approach, choice of constant 5 is required, as stated in (4.28). They use 5 = 1.25
as a (near) optimal choice, which consequently will be the choice in this thesis as well.

The hypersingular matrix is obtained following the procedure described in Section 4.3.2. The hy-
persingular matrix is regularised heuristically, which also requires the choice of a scalar C as can be
seen in (4.45). In this case, C is taken to be 0.1. In the numerical experiments, this value provided a
reduction of iteration count, but need not be the optimal choice of C.

In the case of RAS, both as preconditioner and BIM, the domain is decomposed in (near) equal
parts. When using overlap, the overlap between two domains is given as a percentage of area of the
overlapping part compared to the total area of the sub-domains.

The right hand-side of 4.1 is taken at random. The numerical tests are done in Python with a seed
of 10. The initial guess of the solution «° is taken to be the zero vector. The tolerance is set to 1E-5.
The results are presented in Table 4.1.

Table 4.1: Table of iteration count given a preconditioner M—1. M—! = I is equivalent to GMRES without preconditioning. The

meshes are ordered on their level of refinement. The ’s’ behind the refinement level refers to the "scaled” mesh as presented in

Figure 3.8(b). RAS[n,m%] denotes the RAS preconditioner given a domain decomposed in n subdomains and with m% overlap.
No 'm’ implies no overlap.

Meshl\Iteration count HrEEs ey W
| | Cv|RAS[2] | RAS[2,5%] | RAS[2,10%] | RAS[4] | RAS[S]
32 13 1 11 2 2 2 4 12
32s 14 | 12 2 2 2 4 10
128 20 | 18 16 16 16 19 17
128s 19 | 15 10 10 10 13 12
512 38 | 20 18 18 17 20 19
512s 29 | 16 12 12 13 13 14

The results of the RAS method as BIM are given in Table 4.2.

Table 4.2: Iteration count given a RAS[n,m] basic iterative method. RAS[n,m] represents a decomposition in n equal-size
sub-domains with m% overlap. The meshes are ordered on their level of refinement. The ’s’ behind the refinement level refers
to the "scaled” mesh as presented in Figure 3.8(b).

Mesh\lteration count DEEETPED LN
RAS[2] RAS[2,5%] RAS[2,10%] | RAS[4] | RAS[8]
32 2 2 2 4 25
32s 2 2 2 4 12
128 25 22 22 81 92
128s 13 13 13 17 20
512 30 29 28 126 139
512s 18 18 18 22 25

Both Table 4.1 and 4.2 seem to indicate that the contribution of implementing overlap is negligible.
As overlap increases matrix size, it seems to be not an effective method. To get a better insight at
the behaviour of the Calderon preconditioner, we take a look at the spectra of several matrices related
to the preconditioning process. First, we take a look at the absolute values of the eigenvalues of the
matrices, given different levels of refinement. This is visually presented in Figure 4.10.
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Figure 4.10: Absolute values of the eigenvalues of the following matrices: The inverse of the weakly singular matrix (V*-1),
The hypersingular matrix without the zero eigenvalue (W), the regularized hypersingular matrix (Wg) and the matrix-matrix
product of the Calderdn preconditioner and the weakly singular matrix Cv(V'h).

As expected, the clusters with regard to the weakly singular shift and grows with the refinement
level. The behaviour of the spectrum of the hypersingular and preconditioned weakly singular is a bit
more puzzling. Therefore, we take a closer look at the eigenvalues of these matrices as shown in
Figure 4.11.
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(a) Spectrum of Regularised hypersingular (b) Spectrum of preconditioned weakly
matrix singular

Figure 4.11: Spectra of hyper singular and preconditioned weakly singular matrices, given different levels of refinement.

The spectra seem to converge to some point near zero. As this is still unexpected behaviour we
take another closer look at the preconditioned weakly singular.

cuv) v Quv)
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Figure 4.12: Spectra of the preconditioned weakly singular matrices, given different levels of refinement. Note that the axis
differ between graphs.

Figure 4.12 reveals that the clustering of the spectra is as expected. This explains why the iteration
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count is low, in spite of the fact that the eigenvalues of C, (V) shift. In order to assess if we are in a
pre-asymptotic region, we take a look at the spectral condition number of each refinement.
For reference, we present the spectra of the inverse weakly singular matrices as well in Figure 4.13.
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Figure 4.13: Spectra of the inverted weakly singular matrices, given different levels of refinement. Note that the axis differ
between graphs.

Table 4.3: Spectral condition number for each level of refinement, for different operators. V*-1 denotes the inverse of the
weakly singular matrix, W_R the regularised hypersingular matrix and Cv(V) the preconditioned weakly singular.

. Spectral condition number
Operator\Mesh size 32 128 512
VA1 107 335 924
W_R 139.000 | 84.188 | 187.072
Cv(V) 58 224 283

As can be seen in the last row of Table 4.3, the rate of growth of the condition number of precondi-
tioned weakly singular seems to decrease, which suggests asymptotic behaviour.

4.6. Parallel GMRES implementation

After obtaining several preconditioning strategies, the next step is to solve the (preconditioned) sys-
tem of linear equations (4.4) in parallel. The matrix structure and density might change when applying
preconditioning compared to the structures obtained in Section 4.1. In the case of Calderén precondi-
tioning, the matrix becomes fully dense. When applying Restricted Additive Schwarz preconditioning,
the matrix-matrix product structure more or less remains the same compared to the original matrix. Es-
pecially in the case of dense matrices, parallelization can cause significant reduction of computational
time [17]. For that reason, we will use Calderon preconditioning and its structure as a basis of our
parallelization strategy. Message Passing Interface (MPI) software is used as a means to parallelize
the GMRES method. Python is used as a wrapper for MPI using the package "mpidpy”.

4.6.1. Least squares problem

One of the practical implementation issues of Algorithm 1 lies in the fact it does not provide an explicit
approximate solution of q; at each step. As a result the algorithm will not stop when the approximation
d.. satisfies a sufficiently small relative error, with m < k. We will define the relative error as

r, = M (4.48)

[l
There is an elegant way proposed by Saad ([17], Prop. 6.9) to solve this practical issue, which is
related to the way the least squares problem min,, ||fe; — H.y|» is solved. For sake of completeness,
the method proposed by Saad is now presented.
Let us consider the Hessenberg matrix H,, obtained at step m < k of the GMRES method. The
matrix will have the following structure:
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hl,l h1,2 R hl,m
h2,1 h2,2 v h2,m
Hm — 0 hgﬁg . hg’m ) (449)
0 N 0 hm—&-l,m,

We will transform this matrix into upper triangular form by premultiplying the matrix with rotation
matrices of size (m + 1) x (m + 1), R;, defined as [17]:

1
1
Ri = i % )
—8; G
1
1
where R;[i,i] = Ri[i + 1,i + 1] = ¢; and R;[i,i + 1] = —R;[i + 1,7] = s;. Before we give the

expression of ¢; and s;, we define

Qj I:Rjijl...Rl, 1§j§m,

and

G = Qu(fer) = (90,9, g V)T,

Let us denote the element of matrix H/, at row » and column s by hﬁﬂg Now we can define s; and ¢;
as

5 = hiti,i
\/(hz(',iiil))z + hz?+1,i’
and
hi Y
c; = :

\/(h§1z_1))2 + h?—i—l,i

Using these definitions we have that ¢? +s? = 1 and H'™ becomes an upper triangular matrix. Since
Q. is unitary [17], we have

min | de; — Hy|z = min g, — H.y]|2 (4.50)

This leads to the following useful proposition [17]:

Proposition 4.9 ([17, Prop.6.9]). Let H}; be the m x m matrix obtained by removing the last row of
H™. Similarly let g, be the m-dimensional vector obtained by deleting the last element of g,,. Then,
the following holds

(i) The vectory,, which minimises | 3e; — H,,y||2 is given by

Y = (H) "' gm.
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(ii) The residual vector at step m satisfies
M_I(F - thm) = Vm+1(ﬂ(e1) - Flmy = Vm+1 Qﬁ(g(m—kl)ewﬂrl)a

and as a result,
M~ (F = Viq,) 2 = [+

Proof: The proof will follows for a large part the proof given by Saad in proposition 6.9 [17]. Some
parts are deliberately left out as they do not contribute much to this thesis and other parts are elaborated.

To prove (i), we make use of the fact that Q,, is a unitary operator and therefore isometric. We
hence have

|8e1 — Huyll2 = | Qm(Be1 — Hpy) |3 = [|Gm — Hyl|2 (4.51)
=1g" 1% + @, — H2y|3.

This norm (4.51) is minimised if the second term in the last equality vanishes. This is achieved if
H"y = g, =y = (H?)"1g,,, proving the first statement.

m

As for the second statement (ii), we take a closer look at the inner-loop of the GMRES algorithm
(Algorithm 1). It can be quickly seen that we have

J
Mflvhvj — Z hi,jvi =w = Uj+1hj+1,j~ (452)

=1
From (4.52) we can deduce that
j+1 B
M~'Vy; =Y ko = MWV, =V, 0 Hy (4.53)

i=1

with V,,, defined as in Algorithm 1. Since the approximate solution q,, is defined as q,,, = qo + V..,
we have

M~'F-M"'V,q,, =M 'F-M"'V,(qo +V,,y) =r° = V,, . 1H,.y (4.54)
= Bv1 — Vip1Hpmy = Vi (B(er) — F'm)’),

proving the first equality in (ii). The second equality quickly follows from the definition of g,,, and the
fact that Q,,, is unitary:

Vm+1(ﬂ(el) - Flmy) - Vm+1 Qﬁ Qm,(ﬁ(el) - Fle) = vm+1 Q;n(gm - I:Im )

As seen in (4.51), g,, — H™y is minimised with respect to the 2-norm if y annihilates all elements of
gm €xcept for the last term. Hence

Vs 190 (G — HIZY) = Vi1 Q0 (9 ey 1), (4.55)

proving the second equality. As the matrix product of two orthonormal matrices remains orthonormal,
we have

va—H QZL(gm - F'Z?Y)Hz = ||Vm+1Qz;(g(m+1)em+l)”2 = ||9(m+1)em+1|| = |9(m+1)|a

which yields the desired result.
O
The results described in Proposition 4.9 show us that with using this routine, we can come up with
a norm of the residual at each step of the GMRES algorithm and find a minimizer when a satisying
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norm of residual is reached. The routine described in this section is therefore added to the GMRES
algorithm. This results in the following algorithm

Algorithm 6: Left-preconditioned GMRES with stopping criterion

Result: q;, approximation of the solution M—'V,q = M~'F

Define initial guess q;

Compute r” = M~!(F — V,,qo), 8 = [’y and vy = g ;

for k=1,...restart do

for j=1,...,k do

Compute w := M*lvhvj <+ Inner-loop 1;
fori=1,...jdo

hl"j = (w,vi);

wi=w — h; jv;;

end

Compute hjy1; = ||w|2 and vj4q =
end

Define Vk = [1}1, .. .,Uk}, Hk = Hg = {hi,j}lgigj;lgjgk;

for m=1,...,k do

define R,, + Inner-loop 2;
H =R, H Y

end

Define Qm =Ry ... Ry, gm = Qm(ﬁel)

if |9.n€m11] < tol then

(HA)T := (HM)T (eq,...,ex);

g = (9x)7(1,0)7;

i := (H}) " 1gs;

A = do + ViYs;

else

Set Yo := Yrestarts

Repeat algorithm;

end

end

w .
hjvi,5°

By storing the matrices V,,,, H™ and Q,,, the inner loops denoted by 1 and 2, will not be neces-
sary. Instead only a single update of each matrix is required in that case. This speeds up the process
significantly at the cost of needing extra memory. For the parallel implementations described in the
upcoming sections, the matrices are assumed to be stored and overwritten at each step of Algorithm
6. This results in the final algorithm, Algorithm 7.
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Algorithm 7: Left-preconditioned GMRES with stopping criterion with saved matrices

Result: q;, approximation of the solution M—1V,q = M—'F
Define initial guess q;
Compute r = M~'(F — V,,qo), 5 = [’z and v; = % ;
for k=1,...restart do

Compute w := M~V v5,_1;
fori=1,...k do

h@j = (’LU,UZ‘);
w = w — h; jv;;

end
Compute hji1; = |lw|2 and vj41 = Wt

Define Vi, := [v1,..., v, Hi, = HY = {h; j hi<i<ji<j<k;
Define Ry;

if k=1 then

| Q=Ry;
else

\ Q=RiQ;
end
Hi = QxHy;
gm = Qr(Ber);
if |9:n€m+1| < tol then
(HAOT .= (HM)T (ey,...,ex);

gr = (9x)"(1,0)7;

Vi := (H}) " 1gy;

di = do + Vi¥s;
else
Set Jo := Qrestart,
Repeat algorithm;
end
end

4.6.2. Matrix vector multiplications

As stated in Section 4.2, one of the main operations in Algorithm 1, 6 and 7 are the matrix vector
multiplications. At the start of each iteration step a vector w is defined as a matrix vector product.
Also, the calculation of the residual and approximate solution, using rotation matrices, requires solving
both matrix vector-, and matrix matrix multiplications. The latter multiplications will not be solved in
parallel, as the dimensions of these matrices are relatively small, which in turn reduces the efficiency
of parallelization and can even increase computation time.

Since the matrices are assumed to be dense, balanced load distribution among processes is rela-
tively straightforward. Two popular parallel (Dense) matrix vector product procedures are introduced
and tested: Row-wise data decomposition and checkerboard partitioning [7, 17].

Given p processes, a n x n matrix A and n x 1 vector z, in the case of row-wise data decomposition,
A is decomposed in p stripes of dimensions n/p x n. Each process is assigned such a stripe and row-
corresponding vector, of dimension n x 1. An example of such a decomposition with p = 4 is visualised
in Figure 4.14
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Figure 4.14: Example of row-wise decomposition of matrix A and vector x, given four processes.

Given such a decomposition, each process simultaneously calculates the reduced matrix vector
product on its given domain. When the calculations are done, the processes either broadcast their
result among the other processes, or send their result to an assigned root-process. When vertically
concatenated, the gathered information equals the result of the matrix vector product. The algorithm
looks as follows:

Algorithm 8: Parallel matrix vector using row-wise decomposition, given p processes

Result: Solution y fory = Ax
Partition matrix A and x row-wise in stripes A; and x of equal length among each process;
for i=1.p do
| yii= Aix
end
Gathery;

Another approach to load balancing is with use of so-called checkerboard partitioning. Given p
processes, the n xn matrix is this time decomposed into blocks of size n/,/pxn/,/p. The corresponding
vector is partitioned in vectors of size n/,/p x 1. Each process is assigned to the vector with matching
matrix columns to vector rows. For p = 4, an example decomposition is shown in Figure 4.15

1 2 1&3
3 4 284
A X

Figure 4.15: Example of checkerboard decomposition of matrix A and vector x, given four processes.

The checkerboard decomposition requires more communication between processes than in the
case of row-wise partitioning. Every process computes the matrix-vector product on its given domain.
Next, the processes which are on the same row, are added to each other. This requires communication
between processes. As an optional step, the summed vectors can be vertically concatenated to obtain
the original solution. Again, this requires communication between processes. When dealing with two
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processes, the checkerboard decomposition coincided with either the row-wise decomposition or the
column-wise decomposition. In these cases, column-wise decomposition is used, i.e. the matrix is
divided into sections of size n x n/p with corresponding partioned vector of size n/p. The above
partitioning (for n £ 2), leads to the following algorithm:

Algorithm 9: Parallel matrix vector using checkerboard decomposition, given p processes

Result: Solution y fory = Ax
Partition matrix A and x in blocks A; and x; of size n/,/p x n/,/p and n/,/p x 1 respectively;
for i=1:.p do

c;:= A;Xx;;

- 1 .

b= 5] mod vp:

Yiet=C;
end
Gather yy,

Note that, as was also not the case for p = 2, it is assumed that ,/p € N.

4.6.3. Dot products and vector norms

Parallelization of dot products and vector [?-norms is relatively straightforward. Their algorithms are
given below, given p processes.

Algorithm 10: Parallel dot product, given p processes
Result: Solutiony fory = (w,v)
Partition vector w and v in vectors w; and v; of size n/p x 1;
for i=1:.p do
‘ Yii= (wi, v;);
end
y= Zf:1 Yi

Algorithm 11: Parallel /2-norm, given p processes

Result: Norm ||v||2
Partition vector and v in vectors v; of size n/p x 1;

for i=1:p do
| yi= S G
end

lvll2 = V32, vi

When considering algorithm 7, with using row-wise parallel matrix vector products for computing w,
the inner product can be done directly in parallel as well, as the same partitioning can be used. This
way, less communication between processes is required, which in turn implies a lower computation time.
When applying a checkerboard decomposition for the construction of w, computing y; in Algorithm 9,
will suffice. Communication between processed will thus still remain necessary in this case. In the case
of p = 2, a column-wise decomposition is used, in which case y;, equals the final solution vector.

4.6.4. Numerical results

The solvers coded using MPI software with a Python wrapper. The code is run using an Intel®Core ™i7-
7700HQ CPU @ 2.80GHz (4 core). The solution process is timed at the startup of the GMRES proce-
dure, i.e. setup of preconditioners and the initial residual are not taken into account. The right-handside
vector is created by pseudo-random generating an array in Python with seed set to 10. The initial guess
for all solutions is set to zero. Every solution procedure is run 100 times for each different case, and the
100 different run times are gathered. To get a better understanding of the effect of the parallelization,
another mesh refinement, consisting of 2048 elements, is added. Due to the increasing computational
time of the weakly and hyper singular matrices for finer meshes, the order of quadrature for the 2048-
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element mesh is lowered during assembly. The upcoming results for this mesh however, will remain
relevant, as the overall structure of the matrices is preserved, and, use of (Calderon) preconditioning
still decreases the iteration count significantly. The relative error is set to 1E-5. Given this error, the
2048-mesh converges in 42 and 23 iterations given no preconditioning and Calderon preconditioning
respectively.

The obtained run-times can slightly vary when repeating the solution process given the same pa-
rameters. The mean run-time for each case is given in Table 4.4. The parallelization is performed with
the use of row-wise decomposition.

Table 4.4: Mean run time in seconds until convergence of row-wise parallelized GMRES method with stopping criterion
(Algorithm 7). The emphasised run times are the fastest times for a given mesh. The relative error tolerance is set to 1E-5.

Preconditioner No preconditioner Calderon preconditioner
Mesh size/ no. of processes 1 2 4 1 2 4
32 0.0074 | 0.0101 | 0.0118 | 0.0056 | 0.0077 | 0.0095
128 0.0239 | 0.0229 | 0.031 0.015 | 0.015 | 0.0186
512 0.1139 | 0.0818 | 0.0948 | 0.0579 | 0.0415 | 0.0499
2048 0.9596 | 0.7549 | 0.5689 | 0.3266 | 0.2587 | 0.2168

From Table 4.4, we observe an overall better performance when using preconditioning. As the level
of refinement (and the dimensions of the weakly-, and hyper singular matrices) increases, the efficiency
of using multiple processes increases.

To get a better insight in the margin of errors in the obtained run times, for each level of refinement
the preconditioned are visualised using a boxplot.
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Figure 4.16: Boxplot of run times, for different levels of refinement. The orange line represents the median time. The lower
and upper part of the "box” represent the 25th (Q1) and 75th (Q3) percentile respectively . The "whiskers” are obtained,with the
use of interquartile range (Igr), as follows: Q1 — 1.51gr and Q3 + 1.51gr. Any measurement outside this range is
considered an outlier and represented by a circle.
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As can be seen in Figure 4.16, given a mesh of 2048 elements, near all registered run times with four
parallel processes are lower than the run times obtained with less than four processes. This suggests
parallelization becomes an increasingly important tool when the size of the matrices increases.

In Table 4.4, the run time until convergence is denoted, given an predefined error tolerance. In order
to see the effect of each iteration on the run time, we take a look at the parallel version of Algorithm
1, i.e. without stopping criterion. With the use of row wise decomposition, the run time of each mesh
refinement is measured. The mean results are summarised in Table 4.5 - 4.8. The results are only
obtained for Calderon preconditioned problems, as they are more relevant run time-wise than the non-
preconditioned cases.

Table 4.5: Mean run times per iteration count vs total processes for GMRES without stopping criterion. Given a mesh of 32
elements and simulating the same experiment 100 times. The speedup column shows the ratio between times of one process
and four processes

iterations/ no. of processes 1 2 4 Speedup
10 0.0040 | 0.0058 | 0.0072 | 0.56
20 0.0117 | 0.0169 | 0.0231 | 0.51
30 0.0252 | 0.0339 | 0.0510 | 0.49
40 - - - -

Table 4.6: Mean run times per iteration count vs total processes for GMRES without stopping criterion. Given a mesh of 128
elements and simulating the same experiment 100 times. The speedup column shows the ratio between times of one process
and four processes

iterations/ no. of processes 1 2 4 Speedup
10 0.0065 | 0.0069 | 0.0089 | 0.73
20 0.0215 | 0.0209 | 0.0292 | 0.74
30 0.0443 | 0.0440 | 0.0592 | 0.75
40 0.0738 | 0.0730 | 0.1093 | 0.67

Table 4.7: Mean run times per iteration count vs total processes for GMRES without stopping criterion. Given a mesh of 512
elements and simulating the same experiment 100 times.The speedup column shows the ratio between times of one process
and four processes

iterations/ no. of processes 1 2 4 Speedup
10 0.0193 | 0.0144 | 0.0150 | 1.29
20 0.0575 | 0.0415 | 0.0430 | 1.34
30 0.1122 | 0.0796 | 0.0919 | 1.22
40 0.1926 | 0.1331 | 0.1520 | 1.26

Table 4.8: Mean run times per iteration count vs total processes for GMRES without stopping criterion. Given a mesh of 2048
elements and simulating the same experiment 100 times. The speedup column shows the ratio between times of one process
and four processes

iterations/ no. of processes 1 2 4 Speedup
10 0.0856 | 0.0523 | 0.0457 | 1.87
20 0.2327 | 0.1411 | 0.1185 | 1.96
30 0.4440 | 0.2809 | 0.2246 | 1.98
40 0.7312 | 0.4337 | 0.3742 | 1.95

As stated in the description of the aforementioned tables, the denoted run times are the mean of
repeating the same experiment a hundred times. With the use of (Monte-Carlo) bootstrapping (N =
10.000) a 95% confidence interval is created around the mean run times. In Figure 4.17, the iteration
count versus time, given 95% confidence, are visualised.
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Figure 4.17: Run time per iteration count, for various processes and a 95% bootstrapped confidence interval (N = 10.000).
Note that the mesh refinement consisting of 32 elements is not able to perform 40 iterations. Figure (b) seems to contain two
lines, this is because the line of 1 process and 2 processes (nearly) coincides.

Not only does Figure 4.17 properly visualises the effectiveness of parallelization, it also seems to
show non-linear behaviour between computation time and iteration count. This behaviour is typical for
the GMRES method, since as the iteration count increases, the orthogonalisation procedure (Arnoldi
or modified Gram-Schmidt) will become increasingly dominant. In contrast to the (linear) matrix vector
products present in the algorithm, the orthogonalisation procedure behaves quadratic.

In the previous results, matrix vector parallelization was performed with the use of row-wise de-
compositions. Now, we will compare this parallelization procedure with checkerboard partitioning. We
maintain an error tolerance of 1E-5, and consider the mean run times until convergence using checker-
board partitioning in Table 4.9. Given a single process, the two algorithms coincide and for that reason,
columns with one process are purposely left out of the table.

Table 4.9: Mean run time in seconds until convergence of checkerboard/column-wise parallelized GMRES method with

stopping criterion (Algorithm 7). The emphasised run times are faster than the serial algorithm. The relative error tolerance is

set to 1E-5.
Preconditioner No preconditioner | Calderon preconditioner
Mesh size/ no. of processes 2 4 2 4
32 0.0109 | 0.017 0.0083 | 0.0122
128 0.0294 | 0.0433 0.0186 | 0.0262
512 0.1100 | 0.1276 0.0634 | 0.0664
2048 0.8804 | 0.7650 0.3368 | 0.3063

As is clear from Table 4.9, parallelization using this method will only become efficient for large size
meshes. This is also visualised in Figure 4.18. This was expected for the columnwise (2 processes
parallelization, as the work distribution among processes is the same as with row wise decomposition,
whilst the amount of communication between processes increases.
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Figure 4.18: Mean convergence time versus mesh size, using checkerboard parallelization of matrix vector products. The
confidence interval of the mean is calculated with bootstrap method (N = 10.000).

It could be the case that the efficiency of checkerboard parallelisation versus mesh size increases
faster than row wise parallelisation. However, as can be seen in Figure 4.19, for the case of 4 processes,
this is not the case.
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Figure 4.19: Mean convergence time versus mesh size, given different types of parallelization of the matrix vector products
and four processes. The confidence interval of the mean is calculated with bootstrap method (N = 10.000).

4.6.5. IDR(s)

A non-symmetric solver introduced by Sonneveld in 1997 has been reconsidered and generalized re-
cently by Sonneveld and van Gijzen: the Induced Dimension Reduction method (IDR). The algorithm
for the solver, given a choice of s € N, is given in Algorithm 12 [19]. This is a mathematical algo-
rithm and its main purpose is to show in a broad sense with which types of potentially parallelizable
operations we are dealing. The theory behind this algorithm will not be discusses as the main goal of
this section is to provide a comparison between the parallel GMRES method and other non symmetric
solvers.

Increasing s will lead to faster convergence, however also to a higher computational cost per itera-
tion. An optimal choice for s, obtained from literature, is s = 4. As stated by Sonneveld and van Gijzen,
the operation count for the main operations to perform a full cycle of s + 1 IDR(s) steps yields: (s+ 1)
matrix-vector products, s2 + s + 2 inner products and 2s? + %s + g vector updates [19]. All of these
operations can potentially be parallelized.
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Algorithm 12: Mathematical IDR(s) algorithm

Result: q;, approximation of the solution M—'V,q = M—'F
Define initial guess q;
Compute r° = M~'(F — V;,,qo) Let P € RV** Compute w := M~V v, _1;
forn=20,..,s-1do
v=M1V,r*, w= (M) /(vTv);

dq, = wr”™, dr* = —wv ;
="+ dr", Qg1 = O + d4y;
end

dRyy1 = (dr...dr0), dX, 1 = (dX, ...dXo);
while ||r, ||z > TOL do

fork=0,...sdo

solve ¢ from PTdR,,c = PTr,;

v=r, —dR,c
if k. = 0 then
t= M_lvhv;

w = (tTv)/(tTt);

dr, = —dR,c — wt;
dx,, = —dX,,c + wtv;
else

dx,, = —dX,,c+ wv;
dr, = —M—lvhdxn
end

M1 =", + dry;

Xp+1 = Xp + dXy;
n=n-+1;

an = (drn—l cee drn—s);
dX, = (dXp—1...dX,_s);
end

end

Using row-wise partitioning, the matrix-vector products are parallelized. At first hand, also the vec-
tor updates and inner products are parallelized, however, it turns out to be less efficient (computational
time-wise) compared to the parallel algorithm where these operations are done in serial. One possi-
ble explanation is that the increase of communication time dominates the time "won” by decreasing
the computational cost per process. Another closely related reason could of course be sub-optimal
programming.

An open source python implementation of IDR(s) is used as a starting point for parallelization. Given
several meshes, the result of parallelization is represented visually in Figure 4.20

—— 1process —— 1process
014 2 processes 014 2 processes
4 processes 4 processes

2 20 7 2 2 21 on 2 2w on

(a) With mesh size ranging from 32 to 2048 (b) With mesh size ranging from 512 to 2048
elements. elements.

Figure 4.20: Computation time until convergence, with relative error of 1E-5, given different mesh sizes and amount of
processes.

For any mesh size IDR(s) performs better time-wise compared to (parallel) GMRES. The paralleli-
sation seems, however, to be inefficient, and not becoming more efficient as mesh size increases. As
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to why the IDR(s) method seems to perform better time-wise, a possible explanation could be that the
implementation is coded more efficiently compared to the GMRES implementation, for which reaching
code-wise efficiency was not the main goal. Another possibility is that the GMRES requires a higher
amount of floating point operations until convergence. When using stored matrices, only one matrix
vector product per iteration is required (except when convergence is achieved), as can be seen in Al-
gorithm 7. However, the amount of flops per iteration for the orthogonalisation procedure at step m
is of order O(m?). It could thus be the case that GMRES has a higher computational cost in general
until convergence. The inefficiency of the parallelization can be explained again due to sub-optimal
programming and/or dominating communication-time between processes. Further research in these
matters is required and encouraged.



Conclusion and Discussion

In this work, the theoretical background for space-time boundary element methods for the heat equa-
tion and its implementation were revisited. The discussion was restricted to solving the one and two
dimensional Dirichlet heat equation.

Numerical experiments indicated that both the introduced one-, and two dimensional implementa-
tions converged to the exact solution of their respective problems. Regarding the numerical experi-
ments of the two dimensional problem, a more general overview of the Dirichlet problem was consid-
ered, as the initial condition is taken to be non-zero. The reported new semi-analytical approach for
approximating the Galerkin matrix entries, restricted to a triangulation consisting of right-triangular el-
ements, was only considered for the two dimensional case. A similar approach for Dirichlet problems
in different dimensions was not investigated in this thesis. The proposed approach was used for the
Galerkin discretization of the related boundary integral equations, on which the presented precondition-
ing and parallelization techniques are based.

Two types of preconditioning techniques were investigated: Calderén preconditioning and Restricted
Additive Schwarz (RAS) preconditioning. For the two dimensional problem, these preconditioners were
implemented. For the duality pairing of the Calderdn preconditioner, an approach introduced by Steven-
son and van Venetié was presented, and used in the two dimensional implementations.

The influence of the two aforementioned preconditioning techniques on the iteration count was
compared. Additionally, the RAS method was considered as a stand-alone iterative method.

A two dimensional Calderén preconditioned system was used in testing the efficiency of the parallel
GMRES implementations. After revisiting different parallelization schemes, parallel implementations of
the GMRES method were compared to each other and to a different non-symmetric solver, the Induced
Dimension Reduction (IDR) method. Possible parallelization of the IDR method was also explored.

The convergence of the numerical implementations to the exact solutions were described with re-
spect to the Euclidean norm. This is rather unconventional in a (space-time) BEM setting. However,
as the purpose of the numerical experiments regarded validation of the implementation, the Euclidean
norm sufficed.

The proposed semi-analytical approach regarding the approximation of the Galerkin matrix entries,
significantly increases the accuracy of the estimate. Even though only uniform grids are considered
in the numerical experiments, this approach remains valid for non-uniform meshes. A downside to
this method is that the imposed restrictions on the triangulation entail a significant loss of generality.
It is recommended to investigate the potential gain in computational efficiency versus the imposed
restrictions of this approach, against more general approaches, such as proposed by Manson and
Tausch [13].

Both Calderdn preconditioning and RAS preconditioning reduced the iteration count of the GMRES
method until convergence significantly. The spectral condition number of the Calderén preconditioned
weakly singular matrix, compared to its non-preconditioned counterpart, suggests asymptotic conver-
gent behaviour. The RAS preconditioning is observed to be the most efficient preconditioner, when the
domain is decomposed in two uniform domains. However, it should be noted that this type of precon-
ditioning requires computing the inverse of two potentially large matrices, which is a computationally
heavy procedure. The contribution of implementing overlap is negligible.
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As a basic iterative method, RAS converges. The difference in iteration count between precondi-
tioned GMRES and RAS increases as the mesh size increases, in favour of GMRES (lower iteration
count). We believe that, apart from looking at iteration counts, future research should also look at the
computation-time (e.g. until convergence) of the methods and their parallel counterparts.

Parallelizing matrix vector products using the row-wise decomposition algorithm, results into a more
efficient parallel GMRES implementation, compared to using checkerboard decompositions. Note how-
ever that, given 2 processes, checkerboard decomposition actually coincides with a column-wise de-
composition. The implementation of parallel GMRES shows an increasing computational-time related
efficiency regarding degree of parallelism, for higher levels of refinement. However, the implementation
is outperformed by IDR(s) in all cases. This could be due to higher computational cost of GMRES until
convergence, or due to sub-optimal programming of the parallel GMRES implementation. Additionally,
parallelisation of the IDR(s) method does not lead to a speedup, which suggests further research is
required regarding the IDR(s) method.

All time-related measurements are done on a personal computer (4-core). Naturally, an attempt
was made to create a stable environment for running the measurements. However, this way remains
error prone. For qualitatively better results, it is recommended to run similar experiments in a truly
isolated environment.
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