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Abstrakt

Hlavni naplni disertac¢ni prace je aplikace paralelnich metod pro reseni parabolickych parcialnich
diferencidlnich rovnic. Konkrétné, pro feseni tiloh vedouci na rovnici vedeni tepla (difaze). Jednou
z moznosti, jak Tesit dané tlohy, je pouziti koneéné prvkové semi-diskretizaéni metody, kdy se
nejprve diskretizuje prostorova oblast za pomoci metody kone¢nych prvki. Ziskame tak soustavu
obycejnych diferencidlnich rovnic, ktera mutze byt nasledné diskretizovana za pouziti krokové
metody, jako je napriklad Eulerova nebo Crank-Nicolsonova. Na vzniklé ¢asoprostorové semi-
diskretizacni schéma lze aplikovat paralelni metodu zndmou pod nadzvem Parareal (Lions et
al. 2001), kterd poskytuje pomérné jednoduché schéma pro paralelizaci v ¢ase. Pro zvySeni
efektivity paralelniho Teseni, je v ramci disertacni prace navrzena kombinace Parareal metody
s doménovou dekompozici zalozenou na pricipu aproximace Schurova dopliku (Bramble et al.
1986). Doménovéa dekompozice navySuje miru paralelismu v ¢ase o paralelismus v prostoru, kdy
v kazdém cCasovém TFezu je prostorova oblast rozdélena na diléi samostatné podoblasti.

Dalsi moznosti, jak resit parabolické tilohy, je pifimé pouziti konecné prvkové metody na celou
¢asoprostorovou oblast (Steinbach 2015). Timto pristupem nam odpada nutnost pouziti tenzo-
rové struktury, kterd se skryva v pozadi predchoziho pristupu, a mizeme tak pouzit obecnéjsi
nestrukturované konecné prvky. Nicméné, posledni ¢ast diserta¢ni prace pojednava o tzv. Rychlé
Diagonalizacni Metodé (Langer et al. 2021), kterd vyuziva principu tenzorového soucinu, aby
byla oddélena soustava linedrnich rovnic v ¢ase od soustavy rovnic prislusici prostorové oblasti.
Tim je umoznéno fesit nezavislé ilohy v dil¢ich ¢asovych krocich na zakladé vlastnich ¢isel matic
prislusici diskretizaci tlohy v ¢asovém intervalu. Jelikoz vysledné vlastni ¢isla jsou komplexni,
je v ramci této casti navrzena kombinace Rychlé Diagonalizacni Metody s metodou PRESB —
Preconditioning for REal matrices with Square Blocks (Axelsson; Lukas 2019; Axelsson; Neyt-
cheva 2018). PRESB vyuzivd komplexni struktury vzniklych prostorovych tloh pro sestaveni
efektivniho predpominovace.

Hlavni prinosy disertac¢ni prace jsou nasledujici:

1. Detailnéjsi zpracovani teorie existence a jednoznacnosti slabé formulace parabolické tlohy
od autora Eberharda H. E. Zeidlera.

2. Shrnuti metody Parareal, moznosti jeji praktické implementace a provedeni kombinace

Parareal s doménovou dekompozici zalozenou na aproximaci Schurova doplnku.

3. Shrnuti teorie ¢asoprostorovych koneénych prvki a pouziti metody PRESB (spolu s FG-
MRES metodou a multigridem), kterd demonstruje potencial iplné paralelizace ¢asoso-

prostorové tlohy v kombinaci s Rychlou diagonaliza¢ni metodou.
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Abstract

The main aim of this doctoral thesis is to employ parallel methods to solve parabolic partial
differential equations, specifically those leading to transient heat (diffusion) equations. One
method for solving these problems is through the use of the semi-discrete finite element method.
This scheme involves first discretising the spatial domain using the finite element method, which
results in a system of ordinary differential equations. Next, this system is discretised over time
using a time-stepping scheme, such as the Euler or Crank-Nicolson method. The resulting
semi-discrete problem can then be solved in parallel using the Parareal method (Lions et al.
2001), which offers a relatively straightforward approach. The author of this thesis proposes
a novel combination of the Parareal algorithm and a domain decomposition method based on
the Schur complement approximation (Bramble et al. 1986) to increase the parallelism. This
domain decomposition allows for the concurrent solutions of the spatial subproblems within each
time slice.

Another method for solving parabolic partial differential equations is to use the finite el-
ement method directly on the space-time domain (Steinbach 2015). This approach does not
require any underlying tensor structure as in the previous case and allows for the use of general
unstructured finite elements. However, in the final part of the doctoral thesis, the so-called Fast
Diagonalisation Method (Langer et al. 2021) is discussed, which uses the tensor-product tech-
nique to divide the space-time domain into a system of linear equations along the time interval
and the system associated with the spatial domain. This method provides a parallel scheme
along the time interval using the eigenvalues of the linear system in time. As the eigenval-
ues are complex, the author proposes a novel combination of the Fast Diagonalisation Method
with the Preconditioning for REal matrices with Square Blocks (PRESB) method (Axelsson;
Luk&s 2019; Axelsson; Neytcheva 2018). The PRESB method utilises the complex structure of
the obtained spatial systems to construct an efficient preconditioner.

The main contributions of this doctoral thesis are as follows:

1. A more in-depth examination of the Main Theorem of the well-posedness of a weak for-
mulation for a parabolic problem, which Eberhard H. E. Zeidler has established in his

work.

2. An overview of the Parareal method, including a discussion of potential implementation
options and the proposal of a novel combination of the Parareal with the DDM based on

the Schur complement approximation.

3. A summary of the space-time finite element method and the proposal of a novel combi-
nation of the Fast Diagonalisation Method and the PRESB algorithm (along with FGM-
RES method and multigrid), which demonstrates a potential of a full parallelisation of

the space-time problem.

Keywords

parallelism, domain decomposition, space-time FEM, FE semi-discrete method, Parareal, para-

bolic problem, heat equation
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Chapter 1

Introduction

Solving boundary value problems for elliptic partial differential equations in parallel is a well-
established practice today. The most commonly used class of methods are Domain Decom-
position Methods (DDMs). There are two main types of DDMs. The first type decomposes
the spatial domain into overlapping subdomains (Smith et al. 1996), while the second into
the non-overlapping ones (Toselli et al. 2004). Both result in local spatial subproblems that are
solved in parallel. The subproblems are linked to the global problem by a coarse solution having
a much smaller size than the original problem. This thesis utilises the non-overlapping DDM
based on the Schur complement (Bramble et al. 1986). Possible alternatives include the Balanc-
ing Domain Decomposition (Mandel et al. 1996) or the finite element tearing and interconnecting
method (Farhat et al. 1991). These DDMs generally combine direct methods for subdomains and
coarse problems to provide a preconditioner for iterative methods to solve the original system.
The resulting condition number is poly-logarithmic in terms of H/h, where H is the diameter
of the subdomain (a coarse step), and h is a discretisation step. Such methods offer strong
scalability while the computational time and memory consumption are inversely proportional to
the number of used CPUs.

While focusing on the parabolic partial differential equations, the situation is more com-
plicated. As the nature of evolution problems is sequential, meaning each time step depends
on the previous one, it was long believed that it was not possible to break this connection
and develop a parallel algorithm. One possible way to solve parabolic PDEs is to use the semi-
discretisation method, such as the method of lines (Thomée 2006). This technique treats the time
variable differently than the spatial variable. Firstly, it discretises the spatial domain using a fi-
nite element method, resulting in a system of ordinary differential equations. Then, this system
of ODEs is solved using a time-stepping method like the Euler or Crank-Nicolson method.
In 2001, the Parareal algorithm was introduced (Lions et al. 2001), providing a parallel scheme
along the time interval. It is based on the predictor-corrector technique, where a coarse solution
corrects solutions obtained by fine solvers in the subdomains. The convergence of the Parareal
is proven in (M. Gander et al. 2007a,b). If the time interval is bounded, the order of convergence
is super-linear. Otherwise, the convergence is linear. The connection of the Parareal method
to the multiple shooting method and the multigrid method is provided in (M. Gander et al.
2007b). Some engineering applications of the Parareal can be found in (Mercerat et al. 2009;

Schops et al. 2017). Three possible implementation options, along with theoretical speedups,

12



are discussed in (Aubanel 2011).

An alternative to the semi-discrete method is the Discontinuous Galerkin Method (DGM)
(Dolejsi et al. 2015). This approach is based on piecewise discontinuous polynomial approxima-
tions and thus does not require inter-element continuity. This characteristic makes it well-suited
to solving problems with solutions comprising discontinuities and steep gradients, such as com-
pressible flow problems. Another advantage of DGM is its higher-order accuracy on unstruc-
tured meshes and the capability of utilising hanging nodes. However, a significant disadvantage
is the larger number of Degrees of Freedom (DOFs) compared to the semi-discrete method or
the continuous Galerkin Method. Consequently, the resulting system is less sparse than what
is achieved through the standard finite element method, and specific parameters have to be se-
lected to ensure stability. To reduce the increased number of DOFs, one option is to use hybrid
techniques, as described in (Lehrenfeld 2010). Another hybridised space-time method is dis-
cussed in (Neumiiller 2013). These methods divide the space-time domain into non-overlapping
subdomains that can be additionally solved in parallel. The space-time multigrid method is also
proposed and analysed using a two-grid cycle in (Neumiiller 2013). A comparison of DGM to
the hybridised DGM can be found in (Fidkowski 2019; Woopen et al. 2014).

Instead of the discontinuous Galerkin method, a continuous variant can also be used to
solve the parabolic partial differential equations (PDEs). In (Steinbach 2015), the standard
finite element method for solving evolutionary problems, known as the space-time finite element
method (FEM), is described. The idea is based on the increasing computing capacities which
allow for considering an overall solution of a space-time domain. The whole space-time domain
is discretised into finite elements. The space-time FEM assumes that the time variable is like
an additional spatial variable. This approach requires no underlying tensor structure, so it can
handle general finite element meshes and make adaptive refinements simultaneously in space and
time. However, finding an efficient preconditioner for unstructured meshes has been challenging
in recent years.

For a more detailed insight into existing parallel-in-time methods, from the multiple-shooting
method to the direct space-time solvers and their history, see (M. J. Gander 2015). A history
of continuous space-time finite element methods for the parabolic evolution equations is sum-
marised in (Steinbach; Yang 2019), which also contains the development of the a posteriori error

estimates.

1.1 Main objectives

The main objectives of this doctoral thesis are as follows:

1. The first objective is to provide a more in-depth examination of the Main Theorem of
the well-posedness of a weak formulation for a parabolic problem, as Eberhard H. E. Zeidler
has established. In other words, a proof of the well-posedness of the weak formulation is

provided, including clear and detailed steps.

2. The second objective is to deliver an overview of the Parareal method, including a discus-

sion of potential implementation options. Furthermore, a novel combination of the Parareal
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with the DDM based on the Schur complement approximation is proposed. Given combi-

nation allows us to increase the parallelism in time by the parallelism in space.

3. The third and last objective is to summarise the space-time finite element method and
propose a novel combination of the Fast Diagonalisation Method (FDM) with the Precon-
ditioning for REal matrices with Square Blocks (PRESB) method (Axelsson; Neytcheva
2018). Together with the PRESB method, the Flexible Inner-Outer Preconditioned GM-
RES (FGMRES) method with the underlying multigrid algorithm is utilised. The PRESB
method leverages the complex structure of the obtained spatial systems from the FDM to

construct an efficient preconditioner.

1.2 Outline

In Chapter 2, the author recalls some definitions and propositions necessary to prove the well-
posedness of the weak formulation of the parabolic partial differential equation. The Main
Theorem established by Eberhard H. E. Zeidler, which is processed in more detail, can be
found in Chapter 3. In Chapter 4, the semi-discrete method using the finite element method
(FEM) in the spatial domain and the Euler and Crank-Nicolson methods in the time interval is
discussed. Chapter 5 encases the scheme of the Parareal method with an example of a possible
practical implementation. The author also proposes a combination of the Parareal algorithm
with the DDM based on the Schur complement approximation. Finally, the theory of the space-
time FEM is summarised in Chapter 6, where the author describes a combination of the FDM
with the PRESB method.
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Chapter 2

Preliminaries

In this chapter, we recall the spaces used throughout the thesis, including an important propo-
sition with proof. The mentioned proposition is essential in a specific section of the thesis.
Summarised knowledge from (Zeidler 1990a) is being included here to maintain the structure of

the following chapters.

2.1 Lebesgue spaces

Let € be a nonempty bounded open set in R™, n > 1 and let 1 < p < co. By
£7(Q) = {v: © = R: ||v]| ooy < o0},

where

1/p
ooy = ( / \v|pdx)
Q

is the corresponding norm, and v is a measurable function, we note the set of all measurable
functions with the given property. The elements of LP(2) are all the equivalence classes of
measurable functions u: {2 — R where two measurable functions u, v: 2 — R are considered
equivalent if they are equal for almost all (a.e.) x € Q. The space LP(£2) is known as the Lebesgue

space and forms a Banach space. Furthermore, the following holds true:
(i) LP(£2) is separable.
(ii) The space C3°(£2) is dense in LP(€2).
(iii) The Banach space LP((2) is reflexive iff 1 < p < oc.

(iv) The space L?(f2) with the scalar product

(u,v) := /u(x)v(x) dx

Q

is a Hilbert space.
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Assume 1 < p, ¢ < oo, p~' 4+ ¢ 1 =1, then

(LP()" = LI(Q),
where (LP(Q))" is the dual space to LP(£2). In other words, the space (LP(2))” is the space of

all linear continuous functionals U: LP(Q2) — R

Uw):= [uvdx VYve LP(Q),
/

where v € L9(€2). We can identify U with u and use a notation

(u,v) = /uvdx Vu € LY(Q),Yv € LP()
Q

as the duality pairing.

2.2 Sobolev spaces

Let 2 be a nonempty bounded domain in R", n € N, k € NU {0}, and let 1 < p < oo.
The Sobolev space
Wk’,p(Q)

is defined as a completion of the vector space C*°(f2) using the norm

1/p
H’LLHWk,p(Q) = (Z /|Dau‘p dX) y

la|<k
where
o a:= (aj,q,...,0,) € R is a multi-index with o; € NU {0},
o |a| :=a;+az+ -+ a, is a length of the multi-index,
e and

olaly,

D%y :=
: o « «
0x]'0xy* ... 0xn"

is a generalised (weak) derivative.

It holds
WHEP(Q) € WEP(Q) := {u € LP(Q): D € LP(Q) for each multi-index o, |a| < k} .
If © is the domain with the Lipschitz boundary, then
WHEP(Q) = WEP(Q).

Further, by
k7
Wy (),
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we define the Sobolev space as a completion of C§°(€2) in WHP(Q)
Wg’p(Q) = {u € WEP(Q): I(u,) C C°(Q) such that u, — u in Wk’p(Q)} .

The space
Wh2(Q) = Wh2(Q), (2.1)

where 2 is the domain with Lipschitz boundary, with the inner product

(u,v) = Z DYuD®v dx
lor| <k O

forms the separable Hilbert space. Thus, the notations
H*(Q) = WE(Q), HE(Q) = WP (Q)

are used to emphasise that we talk about Hilbert spaces. Additionally, the space Wk’p(Q) is
reflexive iff 1 < p < co.

2.3 Evolution triples

Definition 2.1 Let the following be valid.
(i) V is a real, separable, and reflexive Banach space.
(ii) H is a real, separable Hilbert space.
(iii) The embedding V' C H is continuous and V is dense in H.

Then
é(V g H g V* »

is an evolution triple.

With the use of the evolution triple, we can identify every h € H with a corresponding h € V*,
as stated in (Zeidler 1990a, Proposition 23.13). This allows us to write

(h,v),, = (h,v), YheH,YveV. (2.2)

In particular, we get
(u,v);, = (v,u),, Yu,veEV.

Moreover, it holds that
g

where C' > 0.
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2.4 Bochner spaces

Let X be a Banach space, 0 < T < oo, and 1 < p < oo.

By
™ ([0,T]; X)
with norm .
lellemqors = 2., mas, [ ®)lx, (23)

where m € NU {0}, we denote the space consisting of all continuous functions u: [0,7] — X
that possess continuous derivatives up to the order m on [0,7]. It is worth noting that we use
the notation C([0,T]; X) instead of C°([0,7T7]; X).

The space of all measurable functions w: (0,7") — X satisfying

T 1/p
1wl e 0,1):x) == (/ ) ||% dt) < o0,
0

where [Jul| L7((0,T);X) is the corresponding norm, is denoted by
LP((0,7); X).

The set of all polynomials of degree n, where n € NU {0}, w: [0,7] — X
n .
w(t) =ap+ait + -+ apt" = Zait’
i=0
with coefficients a; € X for all i = 0,1,...,n, we denote as

Pn([0,T); X) := {w: 0, 7] = X: w(t) = Zaiti; a; € X Vi :0,1,...,n}.
=0

The following holds true:

(i) C™([0,T7]; X) with the norm (2.3) is a Banach space over R (over C).

(ii) LP((0,T); X) with the norm [[u| z»((0,r);x) is a Banach space over R (over C) in the case

where one identifies functions that are equal almost everywhere on (0, 7).

(iii) C([0,T]; X) is dense in LP((0,7); X), and the embedding
C([0,T); X) € LP((0,T); X)

is continuous.

(iv) As demonstrated in the proof of Proposition 2.2, the set P, ([0, T]; X) is dense in C'([0, T]; X).
Additionally, P, ([0, T]; X) is also dense in LP((0,7); X).

18



(v) If X is a Hilbert space with the inner product (-,-), then L*((0,7); X) is also a Hilbert
space with the inner product
T
= / (u,v
0

(vi) LP((0,T); X) is separable iff X is separable and 1 < p < occ.

The proposition with proof can be found in (Zeidler 1990a, Proposition 23.2).
Let V be a reflexive and separable Banach space and let 1 < p < oo, p~14+¢~*

*
to (Zeidler 1990a, Proposition 23.7), we can identify a real Banach space (LP((O, T); V)) with

a real Banach space L((0,T);V*), i.e

= 1. According

(£7((0,1): V)" = L9((0,7): V), (2.4)

and we write

T
(u, ) / Lt Yu e LI((0,T); V¥), Yo € IP((0,T); V),
0

1/q
ooy =(/ Jutt ||q*dt) Vu € L9((0,7); V*),

Here, we understand the space (Lp((O, T); V))* as the dual space to LP((0,T); V).

Let “V C H C V*” be an evolution triple, 1 < p, ¢ < 00, 0 < T < oo, and let u €
LP((0,T7);V). Then by (Zeidler 1990a, Proposition 23.20, (b)) there exists the generalised
derivative

u™ e L((0,T); V)

iff there is a function w € L((0,T); V*) such that

T T
/(u(t),U)Hgo(")( ”/ t)ydt Yo eV, Vo e C5((0,T)). (2.5)
0 0

Then u™ = w and

%(u(t)v U)H = <U(n) (t)’U>V YvoeV and ae. t € (O, T>7 (2.6)

where % means the n-th generalised derivative of real functions on (0, 7).

2.5 Polynomials as dense subset

The following proposition is a part of (Zeidler 1990a, Proposition 23.23). This result is essen-
tial in proving the convergence of Galerkin approximations in C'([0,77]; H), where H is a real

separable Hilbert space. In practice, H := L?(12).
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Proposition 2.2 Let “V C H C V*” be an evolution triple, and let 1 <p < oo, p~t4+¢ 1 =1,
0 < T < oo. Then it holds that Pn([0,T);V) is dense in the space WHP((0,T);V,H) =
{v € LP((0,T);V): % € L1((0,T); V*)}, where % is a generalised derivative of v.

The exact definition of the space WP ((0,T);V, H) is in (Zeidler 1990a, Section 23.6).

Proof: The first part of the proof is based on the properties of Berstein polynomials, which are
utilised to prove the Weierstrass theorem. This elaboration provides a detailed explanation of
the proof from (Zeidler 1990a).

(i) Generalised approximation theorem of Weierstrass: Let X be a Banach space. We show
that P, ([0, T); X) is dense in C([0, T}; X).

Consider the Bernstein polynomials

bi(t) = (Z) (1 - 1),

where t € R, k € NU {0}, n € N, k£ < n. Then, the following holds
> b(t) =1 (2.7)
k=0

> bi(t)(nt — k)* =nt(1—t). (2.8)
k=0
The first identity results from the Binomial theorem, which reads
(r+s)" = Z (n) ks Tk vr s eR, neN, (2.9)

k=0 k

sobyr:=t, s:=1-—t,

S be(t) = [+ (1 - 0" =1,
k=0

which proves (2.7).

To obtain the second identity, we have to derive a few terms. Assume (r 4+ s) > 0. By

differentiating (2.9) by r, we obtain

(Z) r0s™ 4 > (Z) krF=lsn=k — p(r 4 s)" L
k=1

——
=0

Since

(Z) krk=ls"k =0 for k =0,

we can write

Z (Z) k=" F = n(r + s)" 71

k=0
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By multiplying the latter by r, we arrive at

n

Z <k> krksnF = nr(r 4 s)" 1.

k=0

(2.10)

Further, we have to differentiate (2.10) by r once again. The right-hand side of the equation

is split into two cases:
(a) n(r+s)°+0forn=1,
®) n(r+s)" t+nn—1Dr(r+s)""2forn>1.

Since
n(n—Dr(r4+s)"2=0forn=1,

we can write
n(r+s)" 1 +n(n—Dr(@r +s5)"2 for n € N,

Thus, we obtain
n
k=0
and we multiply the latter by r
n
k=0
Once more, denote 7 :=t, s := 1 — ¢, then (2.10) and (2.11) yield
n n
ktF(1 —t)"
> (k= S
k=0
n
k=0

Finally, combining (2.7), (2.10), and (2.11),

> bi(t)(nt — k) —ntQZbk —|—2nthk k+Zbk
k=0

Z (Z) k2rhmlgn=hk = n(r+ )"t +n(n—1)r(r+s)" 2

> (k) K2rRstF = nr(r + 8)" "+ n(n — D)r?(r + s)" 2

> Z) K2R (1 —t)nk = En: b(t)k? = nt + n(n — 1)t?
k=0

(2.11)

nt(1 —t).

Let t € [0,1] and u € C([0,1]; X) with the norm |u|c = max ||u(t)|x. Set

0<t<1

By(t) = fﬁ(‘“) bi(t).

n
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With the use of (2.7) and the triangle inequality, we get

lu(t) = Bo(®)lx = |ult Zn:bk iu(z) be(t)
k=0 X
= kz:% {u(t) - u(z)] bi(t) . (2.12)
f;é;Hu@>—u(i)HX¢@§?J=:é; ) —u(2)]_outo
ex o

We divide the given sum into two parts. Let us fix u, n and t. Given € > 0, by continuity
of u L
(36 > 0): ’t—’ <6 =
n

u(t)—u( )H <. (2.13)

We shall denote the related part of the sum, i.e., {k: t— k< 5}, by >;.

The second part, denoted as ) o, contains those elements satisfying

_ 2
‘t—k > 6 é<”t k) > 1.
n on

Together with the triangle inequality

k nt —k\?
u()H §2HuHc-1§2HuHC< ) L (214)
n/|lx on

ut) = ()| < I+
Using (2.7), (2.8), (2.13), and (2.14), from (2.12) we get
kf:o u(t) — u(:{;) HX bi(t) < 21 eby(t) + 22 2||ullc (nt&: k)2bk(t)

1
<eZbk )+ 2l|ullc = 52 - Z nt — k)2 by (t)

k=0
<1
——
td -1 2||ullc
=&+ 2ule 8%n =€ &?n

For chosen sufficiently big ng, it holds

e
Z N0t~ — S

We have proven that Vu € C([0,1]; X), Vt € [0,1]
(Ve > 0)(36 > 0)(Ing € N: Vn > ng): ||u(t) — Bu(t)||x < 2e,
i.e., Pn([0,1]; X) is dense in C([0,1]; X), where X is the Banach space. With the use of

similarity transformation, we can prolong 7' =1 to a general T
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(i)

(iii)

Dense subset of the space C*([0,T]; X), (Zeidler 1990a, Problem 23.3). Let X be a Banach
space. Show that P, ([0, T]; X) is dense in C*([0,T]; X).

We already know that P,([0,77; X) is dense in C([0,T]; X). Thus, for each u €
C*([0,T]; X), there exists a sequence of the polynomials g, : [0,7] — X such that

¢ —u inC asn— oo. (2.15)

As u € CY([0,T]; X), by integrating u’, we arrive at

0) + /tu'(s) ds
0

Set

Then we get p/, = ¢,,. Therefore, using Majorant criterion (Zeidler 1990a, Appendix, (17)),
for each t € [0,T]

/ /() = 4u(s) L ds

0 < Ju(t) = pa(t)lx =

t
/ _Qn
0
T

<" — Qn||c([0,T];X)/1dS
0

=T ||u’ — anC([O’T];X) — 0 asn — oo.

Since the estimate is independent of ¢, we obtain p, — u in C([0,T]; X) as n — oo, and
together with (2.15) we have p, — u in C1([0,T]; X) as n — oo.

Consider X =V, where V is the Banach space from the evolution triple. It can be shown
that C1([0,77; V) is dense in W'P((0,7);V, H). The proof is outlined in (Zeidler 1990a,
Problem 23.10Db).
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Chapter 3

Weak formulation of parabolic problem

Consider the initial-boundary value problem for the heat equation with constant material coef-
ficients 5
U
cHa(x,t) — Agu(x,t) = f(x,t) V(x,t) € Qr,

u(x,t) =0 V(x,t) €T x [0,T], (3.1)
u(x,0) =up(x) VxeQ,

where Q7 = Q x (0,7), T > 0, Q € R", n = 1, 2, 3 is a bounded domain with Lipschitz
boundary, I' = 99, f(x,t) is a given source term, ug(x) is a given initial condition, ¢y > 0 is
a heat capacity and u(x,t) has to be found. The variable x = (z1,...,z,) represents a vector
of spatial variables.

Note that the entire chapter is based on the work of Eberhard H. E. Zeidler, specifically
focusing on the main theorem on first-order linear evolution equations and the Galerkin method.
Therefore, we refer to his work (Zeidler 1990a) for additional information. Furthermore, for

the purposes of this chapter, we consider ¢y = 1 without loss of generality.

3.1 Weak formulation

We assume that a classical solution u(x,t) of the problem (3.1) exists. Therefore, the partial
derivatives of u(x,t) must exist and be continuous at every point within Q7. These requirements
on the smoothness of u(x,t) can be relaxed, leading to a weak formulation of the problem (3.1).
This alternative formulation is represented by an integral equation, which allows us to use a more
comprehensive set of functions and apply numerical methods to solve (3.1). It is worth noting
that along with the relaxation of the requirements on wu(x,t), the requirements on the input
data f(x,t) and up(x) are also weakened. Here, the idea of obtaining the weak formulation, as
presented in (Zeidler 1990a, Section 23.1), along with a few comments, is discussed.

Initially, we shall focus on the spatial domain 2. We multiply the first equation of (3.1) by
a test function v(x) € C5°(f2) and integrate it over the spatial domain €. We obtain the first
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equation of (3.1) in the variational sense

—(x,t) v(x) dx—/Axu(x,t)v(x) dx

@ @ (3.2)
_ /f(x,t) v(x)dx  Yo(x) € C(Q), Vi € (0,T).
Q
Using Green’s theorem, the second term of (3.2) is rewritten to
_ / Axu(x, ) v(x) dx = / Veu(x,t) Vio(x) Yo € C(Q), Vi € (0,T) (3.3)
Q Q
since the functions v(x) vanish on I'. Combining (3.3) and (3.2), we arrive at
ou
E(X’ t) v(x)dx+ / Vxu(x,t) Vxo(x) dx
@ (3.4)

Q
_ /f(x,t)v(x) dx Wu e C°(Q), Vt € (0,T).
Q

By (Zeidler 1990b, Appendix (25)), we can interchange the partial derivative % with the integral
Jq in the first term of (3.4)

8875/ u(x,t) v(x) dx+/qu(x,t) Vyv(x) dx

@ (3.5)

Q
_ /f(x,t)v(x) dx Yu e Co(Q), Vit € (0,T).
Q

Let
V= H}Q), H:=L*Q).

We shall generalise (3.5) for
u(t) e Vvte (0,T),

and Yv € V. For brevity, we use the shorthand notation wu(t) to represent an element of V,
which is defined as the function x — wu(x,t), where x is the spatial variable and t € (0,7) is
fixed. Therefore, if we vary the time ¢ in the interval (0,7), we get the function ¢ — u(t) with
values in the Banach space V. With this at hand, we have to find u(¢) € V such that

gt(u(t),v)H +a(u(t),v) = (f(t),v)g Yv eV, vte (0,T), (3.6)
u(0) =up € H,
where
0 0
a(u(t),v)H = atﬂ/u(x,t)v(x) dx,
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a(u(t),v) = /qu(x,t) Vxv(x) dx, (3.7)

Q
= /f(x,t)v(x) dx. (3.8)
Q

The choice ug € H will be discussed later.

At this point, we have already weakened the requirements on solution u in the spatial domain
Q. The next step is to weaken the requirements on u(x,t) along the time interval (0,7"). Since
we consider that the mapping ¢ +— wu(t) is continuous V¢ € (0,7), the solution u belongs to
LQ((O,T);V) by (Zeidler 1990a, Example 23.3). Note that V is the separable Hilbert space.
Hence, (3.6) shall be further generalised for u € L2((0,T); V).

Hereafter, we shall assume that f € L?(Qr). By (Zeidler 1990a, Example 23.4), if f €
L?*(Qr), then Vt € [0,T] there exists b(t) € V* such that

(b(t), vy ::/f(t)vdx Yo eV
Q

holds for almost every ¢ € (0,T) and ¢ — b(t) belongs to L*((0,T); V*). Moreover, we get

Hb”%Q((QT);V*) S/\f(x,t)|2dxdt.
Qr

Furthermore, we shall understand the time derivative % as a generalised derivative, i.e.,

Jo

Then, using the Variational Lemma (Zeidler 1990a, Proposition 23.10), (3.6) is equivalent to

Q)‘QD

T
Lot = — /(u(t),v)Hgo’(t) dt YoeV,VpeCPO0,T).  (3.9)
0

A T
0/ gy (u(),0) 5 o(0) / ) dt = 0/ @) dt YoeV

and Vo(t) € C°((0,T)). In other words, (3.6) has to be satisfied only for almost every ¢ € (0, 7).
Moreover, since V and H form the evolution triple "V C H C V*', one can define the generalised

derivative u' := 8t v of u by (2.6), i

gt(u(t), v) ;= (u'(t),v),, YveVandae te(0,T), (3.10)

and the solution space

W =W2((0,7);V, H) = {u € L2((0,1);V): u' € L*((0,T); V*) }. (3.11)
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The norm of W is given as

T 1/2 T
Jully = ( [ o dt) E ( [ o)
0 0

The precise definition of the space W is in (Zeidler 1990a, Section 23.6). We shall note that

the space W with the norm || - ||y, which is not a standard norm, forms a real Banach space.

1/2
2. dt) . (3.12)

Hence, we arrive at the variational formulation to find © € W such that

)
5 (). 0) y Fa(ut),v) = (b(t),v),, YoeV andae. t € (0,T), (3.13)

u(0) =up € H.

The space H was introduced according to the inner product in H, to which the generalised
derivative u/(t) was defined. i.e., uy € H follows from (2.2) and (3.10). Furthermore, the proof
of the well-posedness of the weak formulation highlights that the continuous dependency on

the initial condition ug is only defined in relation to the inner product in H.
Remark 3.1 There exists a continuous embedding

W — C([0,T), H). (3.14)
by (Zeidler 1990a, Proposition 23.23, ii).

Theorem 3.2 (Well-posedness of weak formulation) Let the following hold.

(i) “V.C H C V*”is an evolution triple with dimV = oo, 0 < T < oo, where the spaces V

and H are real Hilbert spaces.
(ii) Mapping a :V x V — R is bilinear, bounded
(3C > 0): a(u,v) < C |jully lv]ly , Yu,v eV,

and coercive
(3c>0): ¢ |Jv|l3 < a(v,v), Yo e V.

Moreover, we are given ug € H and b € L2((0,T); V*).

(7ii) {wi,wa,...} is a basis in V, which is also dense in V', and (ung) is a sequence in H with
Uno — Ug tn H  asn — oo,

where

Uno € span{wy, wa, ..., wy} Vn.

Then:

(a) Existence and uniqueness. The weak formulation (3.13) has exactly one solution u.
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(b) Continuous dependence on the data. The map
(ug,b) — u

is linear and continuous from H x L2((0,T); V*) to WY2((0,T); V, H), i.e., there is a con-
stant C' > 0 such that

lully < € (uoll i + 1Bl 2o,y ) (3.15)

for all ug € H and b € L*((0,T); V*).

(c) Convergence of Galerkin method. For all n € N, the Galerkin approximations

{(u;(t),wi)H +a(un(t), wi) = (0(t), wi),, Vi€ (0,T), i=12,....n, (3.16)

Un (0) = uno

have unique solutions
U, € W,

n
where uy,(t) = Y cjn(t) w; is an approzimate solution for fived n with cj,(t) € C1([0,T]),
j=1

n
and upg = Y ajpwj s some approximation of the initial condition ug € H. The sequence
j=1
(up) converges as n — oo to the solution u of (3.13) in the following sense

Up — U N LQ((O,T);V),
t) —ul(t .
s flun(6) = u(®)l =0
Remark 3.3 The equations (3.16) result in a linear system of ordinary differential equations.
As stated in (Zeidler 1986, Corollary 3.8), these equations possess a unique classical solution on
the interval [0, 7] for each n € N.

Corollary 3.4 The original problem (3.13) is equivalent to the following operator problem.
Find v € W such that

W (t) + Au(t) = b(t) in V* for a.e. t € (0,7,
(6)+ Au(t) = o) 0.7) o
U(O) =ug € H.
Here, the operator A: V' — V* defined by
(Au,v),, = a(u,v) Yu,v eV, (3.18)

is a linear, continuous
(3C > 0): (Au,v),, < Cllully|jv]ly  Vu,v eV,

and coercive

(3c > 0): c|vlli < (Av,v), YveV.
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3.2 Proof of well-posedness

The proof consists of the following parts:

1. Equivalence between the weak formulation (3.13) and the operator equation (3.17) is

shown.
2. Using the operator equation (3.17), uniqueness of the solution is proved.
3. To prove the existence of the solution, the subsequent steps are done.

3.1 Boundeness of the Galerkin solutions in LQ((O, T); V) is proved, i.e.,

T T
[l de < K (Hunm)ué + [ b dt) (3.19)
0 0

for all n, where the constant K > 0 is independent of n.

3.2 With the bound (3.19) at hand, the existence of the weak limit
u, =@ in L*((0,T); V) as n — oo. (3.20)

is discussed.
3.3 Integral identity
—(u0,v) 5 (0) — [ (a(t),v),, ¢'(t) dt +
(3.21)

+

St — N T

T
(Ai(t), )y p(8) dt = [ (b(0), )y plt) dt
0

for all v € V and all real functions
¢ € CH[0,T]) with ¢(T) =0

is proved.

3.4 At last, the proof of the existence relies on a convergence of the Galerkin approx-
imations (3.16) to the operator equation (3.17). This convergence is proved using
the integral identity (3.21). In other words, u solve (3.17), thus @ = u.

4. Continuous dependence on the data is shown.
5. Convergence of the Galerkin method in C([0,77; H) is shown.

6. Finally, strong convergence of the Galerkin method in the space L2((07 T); V) is proved.
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3.2.1 Operator equation as equivalent equation

We show that the first equation of (3.13) is equivalent to the operator equation (3.17).
Let u € W and A: V — V* be linear, continuous and coercive defined by (3.18). With this
at hand and using (3.10), we rewrite (3.13) to

(W' (t),v)v + (Au(t),v)y = (b(t),v)y Vv €V and a.e. t € (0,T).
The latter yields
(u'(t) + Au(t) = b(t),v),, =0 Vv eV and ae. t € (0,7),
because duality pairing is bilinear. By the definition of V*, we get
u'(t) + Au(t) —b(t) =0 in V* and a.e. t € (0,T),

and so

u'(t) + Au(t) = b(t) in V* and a.e. t € (0,7).

3.2.2 Uniqueness

We show that the operator (3.17) gives the unique solution.
Let w1 € W solves

u)(t) + Aui(t) = b(t) in V* for a.e. t € (0,T),

ul(O) = Uup,
and ug € W solves

ub(t) + Auz(t) = b(t) in V* for a.e. t € (0,7),
u2(0)

uQ-.
As A is the linear mapping, we get

(uh (8) — uh(t)) + A(ur(t) —uz(t)) =0 in V* for a.e. t € (0,T),
(U1 (0) - ’LLQ(O)) =0.

Let u(t) := u1(t) — ua(t) € W, we obtain

W'(t)+ A(u(t)) =0 inV* for ae. t € (0,7),
u(0) =0,

so we have to show that
uw(t) =0 in V* for a.e. t € (0,7).
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The equation
u'(t) + Au(t) =0

is equal to

u'(t) = —Au(t).

We make duality pairing (-, u(t)),,, u(t) € V, and integrate it over (0,7

T T
/ (W (8),u(t)),, dt = — / (Au(t), u(t)),, dt (3.22)
0 0

By (Zeidler 1990a, Proposition 23.23, (iv)), we get following integration by parts formula

T
[t ®u) dt = 5 (@), (D), = (@(0),u(0)),,):
0

H
’ 1
J @), de = 5 @l
0

Further, we have
Thus, we rewrite (3.22) to

T T
S DI = = [ a(u@,uv) e < —c [ )l ar,
0 0

as a(-,") is coercive

and arrive at

T T
1
0<c [} dt < 5 uTIE +c [ Ju@l} dt <o.
0 0

Finally,

T
JIe@l dt = luleomm =0 = w=w-u=0 S w=u
0

3.2.3 Existence proof via Galerkin method

For the sake of simplicity, let us assume that the function ¢ — (b(t), v)y is continuous on [0, 7]
for all v € V. For a more general scenario, where b € L?((0,T); V*), we refer to (Zeidler 1990a,
Proof of Corollary 23.26).
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3.2.3.1 Boundeness of Galerkin solutions
We prove (3.19).
We shall recall the Galerkin approximations
(u;(t),wi)H + a(un(t),w;) = (b(t),w))y i=1,...,n
Un(O) = Uno,

where

t) = cjnlt) wj,
j=1

(3.23)

and w;j are basis functions in V' Vj =1,...,n. Multiplying (3.23) by ¢;,(t) and summing over i

Z Cin(t) (u;(t), wi)H + Z Cin() a(un(t)v wi) = Z Cin(t) <b(t), wi>v
i=1 i=1 j=1
yields
(u;l(t), un(t))H + a(un(t), un(t)) = <b(t), un(t)>v'
By (Zeidler 1990b, Appendix, (25)), the following formula holds true

aat(un(t)aun(t))]{ = (u%(t)aun(t))]{ + (un(t)au/n(t))]{ =2 (u%(t%un(t))[{

Combining the first term of (3.24) with (3.25), we arrive at

(un(t), Un(t))H + a(un(t), un(t)) = <b(t), un(t»w

om0+ 2a(un(8), (1)) = 2 (B(1), un (1))

O
SIS

Further, we integrate the latter over [0, 7]

T T
/g n ()1 dt+2/ a(tn(t), un(t)) dt = 2/<b(t),un(t)>v dr.
0 0

Since a(-,-) is coercive, we get

T T
lun(T) 77 = Nun(0) 177 + 20/ lun ()1l dt < 2/<b(t)7un(t)>v dt,
0 0

T T
Jun(T) s +2¢ [ Tun @) dt < Jun(O)F +2 [ G(0), wn(t)) .
0 0

For arbitrary © € V it holds that

[6lly-+ [[2lly = (b, 8)y,-
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In our case ¥ = uy,. Therefore, we rewrite (3.26) to

T T
Jun T + 2¢ [ Nun(®IF @t < Jun(OIF +2 [ 1@y~ Tun®ly ot
0 0

Now, we focus on the second term of the right-hand side

T T
2 [ IOy llun (O dt = / 2V b{t) - V2 (8 dt
0
/ IO+ ua(®) at
0

*l/nb O} dt+c/uun I} dt,

(3.27)

(3.28)

where ¢ > 0 is the constant of coercive property of the bilinear form a(-,-). Combining (3.27)

with (3.28), we arrive at

T T
Jun(D) + e [ Tun(@ dt < un )13+ [ 10O
0 0

As Hun(T)H% > 0, we obtain

T T T
[ Nun®IF dt < Jun(DIE + e [ Nun(®IF dt < a1+ [ 1000
0 0 0

T T
[ lunolt e < ( Joan (0)]3 + 1 / 1B dt)
0

gm{c”(un ||H+/||b I dt)
- K (Hun(O)qu + / oI} dt),
0

Finally,

2
[y~ dt.

where K is independent of n. Hence, according to (3.19), the sequence of the Galerkin solutions

(up,) is bounded in Hilbert space L?((0,7); V), since

un(0) = up in H as n — oo.
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3.2.3.2 Weak convergence of Galerkin method in L?((0,7);V)
As the space L?((0,T); V) is reflexive, there exists a weakly convergent subsequence ()
@i, — @ in L*((0,T); V) as n — oo

as stated by Eberlein-Smuljan theorem. With this weak convergence, we shall demonstrate below
that the Galerkin approximations tend towards the operator equation (3.17). Furthermore, as
previously established in subsection 3.2.2, the equation (3.17) has a unique solution. Therefore,
each weakly convergent subsequence converges to the same limit, as stated in (Zeidler 1990a,
Proposition 21.23(i)). Hence, we obtain the existence of u, as can be seen below.

3.2.3.3 Integral identity

In order to prove the existence of the weak solution and to demonstrate that the weak limit
(3.20) converges to solution u, we shall justify (3.21).
Choose ¢ € C1([0,T]), ¢(T) = 0. Multiplying the Galerkin equations (3.23) by chosen ¢

(U;L(t)7 wl)H Sp(t) + a(un<t)7 wz) W(t) = <b(t)7 wi>V @(t)7

and integrating it over [0, 7]

T T T
[t w) g o dt+ [ alunt)w) e at = [Go,0), p@d (@3:20)
0 0 0

Let us focus on the first term of the (3.29). By Fubini’s theorem

T T
[t w) ety de = [ [0t dtw, ax
0 Q0

along with integration by parts

we obtain

T
= (un(0), 1) 9(0) — [ (un(t),wi) (04
0

T T
+ [ alunt), ) oty de = [(bit),wi)y ol0)dt
0 0

for all i =1,2,...,n. Furthermore, by (2.2), we can identify

(un(t)v wi)H = <un(t)v wi>v'
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Hence,

T
= (un(0),01) ; (0) = [ (unt), i)y, /(1) dt +
0

. . (3.30)
+ [ alun®), ) o(t)de = [(ble).wi)y () .
0 0
Along with the weak limit (3.20), we get
T
~ (0, w) r 9(0) = [ ((0) wi)y, (1) dt +
0 (3.31)

We need to justify the weak limit (3.20), which means that the second and the third terms in
the previous equation (3.30) have to be linear continuous functionals on L?((0,T); V).
The convergence of the first term follows from (3.30) as u,(0) — up in H when n — oo.

The continuity of the second term is established by the inequalities

[un(®), wi)y | < @)l iy

and
(3C1 > 0): ||v]ly» < Cy |jv]ly YveV.

Thus, the following inequalities are obtained

T
[0, )
0

lun @)y~ lwilly [#'(£)] dt <

T
<G fwilly [ lun®ly [¢/0)] dt.
0

Finally, by the Holder inequality, we get for the second term of (3.30)

1/2

T 1/2 T
S&WMW(/MMM@&) (/Wﬁﬁdq <
0 0

=kq

T
/<Un(t)awz‘>v (t)dt
0

< Crky (Jwilly Nun (Ol 220,050 -
c
=02
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Analogously, for the third term of (3.30)

T
0/ Yo (t) dt

</‘un , Wi ) ’|gp )| dt <

< Crk [Jwilly Nun ()l 220,00 »
C
=03

where we have used (3.18) while identifying Auy,(t) with wuy,(t).
At last, we have to replace w; in (3.31) by v € V since we need to obtain (3.17). By
the assumption (iii) in Theorem 3.2, it follows from the density of basis {wq,ws,...} in V that

there exists a sequence (v,,) with
v, v inV asn— oo, (3.32)

where each v, is a finite linear combination of certain basis elements w;. Then, the equation
(3.31) holds true if we replace w; with v for n — oo. The limit (3.32) can be applied if all
the terms in (3.31) are linear continuous functionals on V', with respect to w;. This is true for
the terms on the left-hand side, as we can see above. The last one can be shown in a similar
way

T
[0, w00
0

</Hb Olly- lwily o(®) dt <

< Cy HbHLg((O,T);V*) [[willy -

Therefore, (3.30) tends to (3.21) for u, — u in L?((0,T); V) and v, — v in V as n — oo.

3.2.3.4 Galerkin approximations as operator equation

(i) We show that the Galerkin equations (3.16) tend to the first equation of (3.17).

From the integral identity (3.21), we obtain

T T
/ o)t dt+/ (ATi(t), v, (t) dt—/(b(t),v>vgp(t)dt:0
0 0

Yo eV, Vo e C§°((0,T)). By (Zeidler 1990a, Proposition 23.9, (b)) along with the bilin-
earity of duality pairing and the definition of V*, we get

T T
/(ﬂ(t),v>vgo'(t) dt = — /<b(t) — Ai(t).v)e(t)dt Yo €V, Yo € CF((0.7)).
0 0

Then w(t) = @'(t) is a generalised derivative of @(t) on (0,7), i.e., b(t) — Au(t) = @'(t).
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(iii)

From
T
/(T/(t) AT — (), ) (D) dt =0 Yo eV, Yy € CF((0,T)),
0

we arrive at
u'(t) + Au(t) = b(t) in V* for ae. t € (0,7T),

by definition of V*.

Now, we show that v € W.

Since @ € L%((0,7T); V) and

3C > 0): |Av|y. <Colly, WweV, (3.33)
we get,
T T
4l 2oyv = [14GOIF. dt < C* [ @)l dt = C [l omyy) < . (330
0 0

Hence, Au € L%((0,T); V*). Furthermore, b € L*((0,7); V*). Therefore,
i =b— Au e L*((0,T); V*).

At last, we shall show that u(0) = ug.

Consider, once again, the integral identity (3.21), which could be rewritten to

T T
~(u0,0) y9(0) = [ (@(t), 0}y ()t + [ (b00) = AT(D), V)vi(t) de
0 0 =/ (t)

Yo € V, Vo € CY([0,T)), ¢(T) = 0. As ¢(t) is a scalar constant in V, we can write

T

(0. 9(0)0) ; = [ (G0, W)y, + (@O (0)0),, (3.35)
0

Yo € V, Yo € CY([0,T]), ¢(T) = 0. Furthermore, integration by parts formula (Zeidler
1990a, Proposition 23.23, (iv)) yields

T
(@), (1)), ~(0), 9(0)0) = [ (@(e), ¢ (D), + (@ (0 (0)0), ot
0

We subtract the last equation from (3.35)

(@(0), p(0)v) ;, — (uo, p(0)v),, = 0.
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In particular, for ¢(0) = 1, we get
(@(0) —ug,v); =0 VveV.

Since V is dense in H, there exists a sequence (v,,) in V' such that v, — u(0) —ug in H as

n — oco. Therefore,

|(@(0) = o, va) | = 118(0) = woll s =0 = (0) = uo.

The existence proof of the Theorem 3.2 is complete. We have proved that the weak limit

(3.30) is the unique solution to the operator equation (3.17). Thus, @ = u.

3.2.4 Continuous dependence on input data

Denote
X :=L*((0,T); V), X*:= L*((0,T); V*). (3.36)

The latter space is indeed the dual space to X since (2.4) holds. Combining
U, = u inX as n— oo,

the estimate (3.19) and (Zeidler 1990a, Proposition 21.23, (c)), it follows that

1/2
2
v dt)

T
lully < Jim inf unlly < lim inf K72 (\unmwif + [loto)
0 (3.37)

T 1/2
- K2 (uuon%, + [ dt) -
0

Furthermore, using (3.34), we get
2 2 2 2 2
lully = llullx + o[« = lulx + 10— Aullx.
2 2
< ullx + (lbllx- + [[Aullx-)
2 2 2
< Jullx + 21016/~ + 2 | Aull-
2 2
< (14287 Jlully + 2ol -
By (3.37), we arrive at
Jully < (1+2E)K (Juolly + b3 ) +2 1ol

= (1+2CHK [lugll3 + [(1+2CH K + 2] [Ib]%

.. dt) :

T
< [(1+202)K+2] (||uo|ﬁq+/|!b(t)l
0
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SO

T 1/2
Jully < D (quuz + [ Ik dt) - (3.35)
0

3.2.5 Convergence of Galerkin method in C([O,T]; H)

We shall show that

Jmax. lun(t) —u(t)||y — 0 asn— oo. (3.39)

We have u € W, and u,, € W, ¥n. Consequently,
u,u, € C([0,T); H) Vn,
by (3.14). Further, by (Zeidler 1990a, Proposition 23.23, (iii)), for each u € W and € > 0 there
exists a polynomial p € P, ([0, T]; V) such that

1/2

%/* dt) < e.

1/2
+

T T
= plly = ( JARCORIOI dt) ( JACEFIO]
0 0

Set

Vi, = span{wy, wa, ..., wy},

so there holds a relation
V,CV CH.

The set |JV,, is dense in V. Thus the set of all polynomials with coefficients in |J V), is dense in
n n
W. In other words, there exists a sequence of polynomials (p,) in P, ([0, T]; V,,) with

pn—u inW asn— oo. (3.40)
From the embedding (3.14) it follows that
: — < — . .
(30 > 0): s [u(t) = pa(O)s < Cllu=pallyy =0 as = o0 (3.41)

We need to prove that

- : 42
qax [lun(t) —pn(t)llg =0 asn— oo (3.42)

(i) From (3.41) it follows that

_ < — < —
14(0) = POl = jmax [[u(t) = pn(®)llg < Cllu = pnllw — 0, (3.43)

[1(0) = pu(0)| — 0.

Combining the latter with u,(0) — «(0) in H as n — oo, we have
[un(0) = pn(O)ll 7 < [Jun(0) = w(0) ||l + [[u(0) = pu(0)lr = O as n — oo
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(ii) The Galerkin approximations in the operator form with v, = uy(t) — pn(t) yield

~—~ ’ (3.44)

= (u'(t) + A(u(t) = un(t)), un(t) = pa(t))v.

(iii) Consider the notations (3.36), again. By integration by parts (Zeidler 1990a, Proposition
23.23, (iv)), we have

5 Jun®) = pu(e) 1 = 5 lun (0) — pa(0) I3, = O/ (4 ()~ (5), un(5) — pa(s))y ds. (3.45)

Further, using (3.44), we rewrite the right-hand side of the last equation

[ )+ Auls) = () = P(s). un(s) = pa(s)), ds
0

— () = (5.t~ )y

0 =0
= /<u’(s) — L (8), un(s) — pn(s))y, ds — /<A(u(s) — n(8)), u(s) — un(s)), ds
0 0
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Therefore, (3.45) yields

5 lun(®) = P = 5 ln(0) = pa(O)

< (W) = P(s), un(s) = pals))y ds

0
t

+ [ — uns)),uls) = pus))y ds

0
t

< [ 10(5) = ()l un(s) = pals) - ds

vellu(s) = pn(s)llv ds.

+ [ AG(s) = un(s))

Furthermore, by Holder inequality with ¢ = T within integrals, we get

5 lun(®) = pu(®) 3 = 5 lun(0) = pa(O)

< " = pull lun = pallx + 1 Au = Aun| o lu = pallx

The sequences (uy,), (pn) are bounded in X (weak convergence in X ), and (Au,,) is bounded
in V* by (3.33), so

5 lun(®) = P13 = 5 ln 0) = pa(O)

< max {[|lun = pnllx , [|Au = Aun [ x- }

X (Jlu —pnllx + ||“/ _p/n| X*)

< const |[|u — pullyy -

Hence,

[|un (t) _pn(t)H%[ —0 asn— oo,

by (3.40) and (3.43). The limit (3.42) is proved.

Finally,
t) —u(t)|ly = t) —pn(t t) —u(t
qax [lun(t) — u(®)lly = max [un(t) —pa(t) +pa(t) —ul®)lln
=0
< t) —pn(t ) —ut)| g —
_OrgngHun() pn()HH+OI%1%XTHpn() u(t) ||y — 0
as n — oQ.
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3.2.6 Strong convergence of Galerkin method in L2((0,T); V)

Before we prove the strong convergence, we shall prepare some useful relations.

(i) We have u,, — u in X as n — oo holds. This implies
Au,, — Au  in X*,

since A is linear and continuous mapping by (3.34). Therefore,

T
/Aun dt—>/Au u(t)),, dt asmn — oo
0
and
T
/(b() dt—>/ ydt asn — oo.
0

We note that the variable ¢ is omitted in the following text for the sake of simplicity.
The first useful formula is obtained by imitating integration by parts formula (Zeidler
1990a, Proposition 23.9, (iv)) for u,, u

T
/ (b— Aun, 1wy, + (b — Auyug)y At — (un(T), u(T)) 5 + (ua(0), u(0))
0 (3.46)

T
9 / (b — Au,u)y dt — [[u(T)|% + [u(0)]% =0
0

=u'

(ii) The next two relations are derived with the use of integration by parts formula, again.

T
S u(T) — un(T) % = 3 u(0) — un ()] + 0/ (b Au—yu—u),dt (347)
and .
(un(T), u(T)) ;; — (un(0), u(0)) ; = / (), + (b — Au,uy) dt, (3.48)
0

where v’ = b — Au. The Galerkin approximations (3.16) yields

<u;1,un>v + (Auy, un>v = <b,un>v
(3.49)

(b— Auy, — ul,, un>v =0.
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Since a(-,-) is coercive, it follows that
2 _ 2
cllu—unlx = [ cllu(t) —un ()] dt <

(A(u — up),u — up)ydt < (3.50)

< (A=) u—wn)dt 4 3 u(T) — un (DI

IA
Oty Oy O —

Finally, we can show that u, — u in X as n — co. Combining (3.50) with (3.47) yields

T

cllu — unH%( < /(Au,u — u”>v — (Au,u — “”>v dt
0

1
(b= Aup =, u = n)y, At + 2 [[u(0) — un(0)|[ 3

T
= [(b—Au, —u ,u), —(b— Au, —u , u,),, dt
ny Wy n \%
0

=0 by (3.49)

+ 5 10) — un O]

Furthermore, by (3.46) and (3.48), we get
1 T T
cllu = unly < 5 () = wn(O) + [ (b= Awn,u)y,dt = [ (), dt =
0 0

T
1
=5 ||lu(0) — un(0)||12q + /<b — Auy, u>V +(b— Au,un>v dt —
0

- (un(T),u(T))H + (un(O),u(O))H —0

as n — oo. Hence,

lu—un|% =0 = up—uinX.
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Chapter 4

Finite element semi-discrete method

4.1 Finite element scheme

Consider the equation (3.1). We assume that the domain €2 is an interval for the 1d spatial
domain, polygonal for the 2d spatial domain, or a polyhedral for the 3d spatial domain. A semi-
discrete finite element method is employed to solve (3.1). This method divides the spatial domain
into smaller manageable sections known as finite elements. Once complete, a time-stepping
scheme is used to solve the resulting system of ordinary differential equations. Therefore, we

assume that the domain € is divided into finite elements

Tno = {weg CRYL Q= Hwei: woi € Ta, ),

)

where M, is a number of elements w, ; C R? with mesh sizes

hy; = diamw,; = max |z —y||
xvyewz,i
and a maximal mesh size
hy := max hg;.
W:c,i€7’hw

The spatial elements w, ; represent intervals in 1d, triangles in 2d, and tetrahedral elements in
3d. Furthermore, let

Paji = Max diam S;,

k3

where §; is a ball inscribed in element w; ;. We assume that the mesh 7}, is a shape-regular

hoi (4.1)

do > 1)(Vh; > 0):
Qo 2 D)(¥he > 0): max

and quasi-uniform

(37 > 0)(Vhy > 0): min  hy; > Thy. (4.2)

Wz,i € hy

For the sake of brevity, assume a finite element space

Vp, := span {¢1(x), p2(x),...,on(x)} C V, (4.3)
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where ¢;(x) are piece-wise linear nodal FEM basis functions on w, ;. Thus, we have to find
up, € Wi, C W such that

0

CH a(uh(t),vh)H +a(un(t),vn) = (b(t),vp),, Yon, €V CV andae. te(0,7),

(4.4)
up(0) = ug,p-

In general, the initial condition ugj represents some approximation of ug in Vj,. For example,
up,;, could be the L?-projection of ug onto Vj,.
Consider the discrete solution up(x,t), the discrete test function v, (x), and the discrete

initial condition ug j(x) defined by

N N
up(x,t) = Z(u(t))j pi(x), vp(x):= Zvi @i(Xx), ugn(x):= Z(uo)j ©j(x), (4.5)
i=1 i=1

J=1

where (u(t))j € C1((0,1)) for all j. By replacing (4.5) in (4.4), we arrive at the Galerkin

approximations (3.16) in a form

s

l(u(t))j a(pj(x), ¢i(x)) = (b(t), pi(x))v, (46)

(w(0)), = (w0),.

N
e Y_(u'(t)); (i(x),0i(x)y +
j=1

J

Vi=1,...,N. The equations (4.6) represent the system of the ordinary differential equations

{Mu’(t) +Au(t)=b(t) vte(0,T), (4.7)

u(0) = u,

where Vi,5 =1,2,...,N
(M);j :==cH /%(X) pj(x) dx,
Q
()i = [ Txilx) Vi) dx,
Q

(b(t): i= [ £(t:x) () dx.
Q

The problem (4.7) is uniquely solvable since matrices A and M are symmetric positive definite.
Finally, we need to use a time-stepping method to solve the system of ordinary differential
equations (4.7). To make it simple, we divide the time interval of [0, 7] into m equally spaced

subintervals, using a time step of At > 0, i.e.,
m—1

0,T):= | [ta, trsa, (4.8)
k=0
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where t, = k- At, k=0,1,...,m. Further, we approximate the time derivative of u by

M e gk g
T AL u = ) =uU1,...,m,
At (4.10)
u(0) = uy,
and the Crank-Nicolson method
k+1 k
u —u 1 1
M———— 4+ A (u" 4 u) = 2 (P 4+ b*), k=0,1,...
A A (W ut) = 5 (b b)), Pt (4.11)
u(0) = up,
where b* := b(t;). The approximate solution takes the form given by (4.5),
ui(x) = Z(uk)j ©i(x). (4.12)

=1

4.2 Convergence results of semi-discrete method

Convergence results for the specified time-stepping methods have already been proposed in
(Thomée 2006). In this instance, we shall adopt the presentation from (Foltyn et al. 2020)
which shall be essential in studying the behaviour of the proposed schemes in combination with
the Parareal method.

Consider the problem (3.1), where ug € L?(Q) and f € L*(Qr), once more. We shall remind
that according to Theorem 3.2, we possess the continuous dependence on the data (3.15), that

is,
3C > 0): Nlull 2o,y m3 @) + 19l 2oy m-1(00) < € (”u0||L2(Q) + ”fHLQ(QT)) - (413)

Let us suppose that wup(x,t), as defined by (4.5), is the solution to (4.7). Furthermore, let us
assume that u(x,t) is the solution to (3.13), and ugp(x) = 0 on I'. Then, as stated in (Foltyn
et al. 2020, Theorem 2.2), there exists a constant C' > 0, independent of h, such that for r € [1, 2]

and t >0
lun(x,£) = (s, )l 200y < a0 (x) = u0(3) | 20
ds | .
H™(Q) )

t
ou
+0M(mwmmm+/%;x$
0
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and

I Vxun(x,t) — qu(xat)HLZ(Q) < HquQh(x) - VXUO(X)HL2(Q)

) 1/2
ou
—(x,s ds
as( ) H™1(Q) )

Consider the Euler method, where uf (x), k > 0, is the solution to (4.10), (4.12). Let there exists
K > 0 that is independent of h, such that for all r € [1, 2] the following holds:

t
+ Ch S luo (%)l () + NJu(x, )| o) + (/‘
0

[[uo,n (%) = uo(X¥)l 12y < K B [Juo(x) | 17 (02) (4.14)

and
up(x) =0 on I (4.15)

Then by (Foltyn et al. 2020, Theorem 2.3), there exists C' > 0 such that for £ > 0 and r € [1; 2],

it holds that
ds
H™(Q)

In similar way, consider the Crank-Nicolson method, where u',?b(x), k > 0, is the solution to
(4.11), (4.12) and that exists K > 0 such that (4.14) and (4.15) hold true. Then by (Foltyn
et al. 2020, Theorem 2.4), there exists C' > 0 such that for £ > 0 and r € [1, 2] it holds that

2%
, ou
<Ch (|U0(X)||HT(Q) + [ e ds>
0 S H’I‘(Q)
ds.
12(9)

; 3u 2U
+C (At)z/ (Hg§’>(x’ 3) JANS (gSQ(X, S))
0

To verify the estimates, we present numerical examples that are similar to those found in (Foltyn

ty
, ou
Hulﬁ(x) — U(X’tk)HLQ(Q) <Ch (HUO(X)HH?”(Q) + / Has(x, s)
0

2%

+At/

0

0*u
@(X, s) ds .

L2(Q)

(A RRTCA]

+
12(Q)

et al. 2020, Section 4.1). Within this thesis, we also extend the numerical evidence to 2d and

3d spatial problems.

4.3 Numerical experiments

The following numerical experiments were performed in MATLAB (with an Academic license
obtained via VSB-TUO) on an HP-Spectre x360 Convertible 13-apOxxx, using an Intel(R)
Core(TM) i7-8565U processor with a clock speed of 1.80 GHz and 16GB of RAM. Two cases
were examined. In the first scenario, we assumed a zero source term f(x,t) but a non-zero
initial condition ug(x). In contrast, the second scenario featured a non-zero source term f(x,t)

but a zero initial condition ug(x).
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Thus, consider the system of ODEs (4.7) with Q := (0,1)¢ and T := 2.

1. Example 1: Let ¢y := 25, f(x,t) := 0 and

d
up(x) = H sin(m;).
i=1
The exact solution to (3.1) for d =1,2,3 is

<2, d
u(x,t) = e Fen sin(ma;). (4.16)

i=1
We study the errors of the Euler and Crank-Nicolson methods in the L?(2)-norm and
the H'(Q)-seminorm, that is,

[|un(x,T) — u(va)HLZ(Q) and || Vxup(x,T) — Vxu(x, T)||L2(Q) ) (4.17)

where up(x,T) := uj'(x) represents the approximate solution (4.12) of the Euler method
(4.10) and the Crank-Nicolson method (4.11) at the end time 7' := m - At. The exact
solution is denoted as wu(x,t). The spatial step h, is the same for all d and is equal to
the time step At, i.e., h, = At. In Table 4.1, we present the errors of the Euler method in
the L2(Q)-norm and the H!(Q)-seminorm. As noted in (Foltyn et al. 2020, Section 4.1),
we can observe linear convergence of the Euler method for both cases through all spatial
dimensions. In the L?(Q)-norm, we observe some instabilities for coarser steps, but it was
verified by further tests that the eoc tends to be 1 for finer steps. In Table 4.2, we provide
the errors of the Crank-Nicolson scheme in the L?(Q2)-norm and the H!({2)-seminorm.
The Crank-Nicolson method demonstrates quadratic convergence in the L?(€)-norm, and
linear convergence in the H!(f)-seminorm for all d. Given results confirm ones from
(Foltyn et al. 2020, Section 4.1). To achieve quadratic convergence for the Crank-Nicolson
scheme in the H'(Q)-seminorm, we have already suggested in (Foltyn et al. 2020, Section

4.1) to use of a higher-order finite element approximation in the spatial domain.

2. Example 2: Let ¢y := 1, up(x) := 0 and

d
fx,t):=—(1—1t)-e". lH xi(z; — 1)
i=1

+2't-et-{i[ ﬁ arj(:cj—l)]}, (4.18)

i=1 | j=15i#j
where
d d
Z|: H l’j(l‘j—l)] =1 ford=1.
The exact solution to (3.1) for d =1,2,3 is
d
u(x,t) = —t-e " [H xi(x; — 1)] .
i=1

In Table 4.3, we display the errors in the L?(2)-norm and the H!()-seminorm of the Eu-
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Table 4.1: Error of the backward Euler scheme — example 1.

hy = At 1/8 1/16 1/32 1/64 1/128
d=11] 2.22¢—3 | 1.34e—3 | 1.10e—3 | 6.65e—4 | 3.62e—4
eoc 0.73 0.28 0.73 0.88
d=2 1| 2.10e—3 | 1.82e—3 | 1.44e—3 | 8.62e—4 | 4.66e—4
I Nl 220
eoc 0.21 0.34 0.74 0.89
d=3 1| 1.10e—3 | 1.67e—3 | 1.14e—3 | 6.49e—4 | 3.44e—4
eoc -0.60 0.55 0.81 0.92
d=1| 1.14e—1 | 5.76e—2 | 2.89¢e—2 | 1.45e—2 | 7.24e—3
eoc 0.98 1.00 1.00 1.00
d=21] 9.02¢e—2 | 4.65e—2 | 2.37e—2 | 1.20e—2 | 6.01e—3
| (@)
eoc 0.96 0.77 1.19 1.00
d=3 1| 4.0le-2 | 2.21e—2 | 1.17e—2 | 6.01le—3 | 3.05¢—3
eoc 0.86 0.92 0.96 0.98

Table 4.2: Error of the Crank-Nicholson scheme — example 1.

hy = At 1/8 1/16 1/32 1/64 1/128
d=11| 7.60e—3 | 1.91e—3 | 4.79¢e—4 | 1.20e—4 | 3.00e—5
eoc 1.99 2.00 2.00 2.00
d=2 | 891e—3 | 2.30e—3 | 5.78¢—4 | 1.45e—4 | 3.62e—5
|- [lz2(e)
eoc 1.95 1.99 2.00 2.00
d=3 1| 4.68¢—3 | 1.22¢e—3 | 3.10e—4 | 7.76e—5 | 1.94e—5
eoc 1.94 1.98 2.00 2.00
d=11| 1.15e—1 | 5.72¢e—2 | 2.86e—2 | 1.43e—2 | 7.15e¢—3
eoc 1.01 1.00 1.00 1.00
d=2 1 9.18¢—2 | 4.52¢e—2 | 2.25e—2 | 1.12¢—2 | 5.62¢—3
| (o)
eoc 1.02 1.01 1.01 0.99
d=3 1| 419-2 | 1.97e—2 | 9.65e—3 | 4.80e—3 | 2.40e—3
eoc 1.09 1.03 1.01 1.00

ler scheme. It shows quadratic convergence in the L?-norm for all spatial dimensions,
as the Crank-Nicolson method does. This can be attributed to the sufficiently smooth
behaviour of the source term in the spatial domain. In the H'({)-seminorm, the Euler
method behaves similarly to the previous example. The Crank-Nicolson method yields

similar results as before, as seen in Table 4.4.
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Table 4.3: Error of the backward Euler scheme — example 2.

hy = At 1/8 1/16 1/32 1/64 1/128
d=1 1| 823e—4 | 2.10e—4 | 5.47e—5 | 1.47e—5 | 4.24e—6
eoc 1.97 1.94 1.90 1.79
d=21| 3.99¢e—4 | 1.0le—4 | 2.55¢e—5 | 6.43e—6 | 1.63e—6
I Nl 22
eoc 1.98 1.99 1.99 1.98
d=3 | 813e—5 | 2.06e—5 | 5.16e—6 | 1.29¢—6 | 3.27e—7
eoc 1.98 2.00 2.00 1.98
d=11 1.95e—2 | 9.77e—3 | 4.88¢—3 | 2.44e—3 | 1.22¢—3
eoc 1.00 1.00 1.00 1.00
d=2 || 816e—3 | 4.11e—3 | 2.06e—3 | 1.03e—3 | 5.15e—4
| (@)
eoc 0.99 1.00 1.00 1.00
d=3 1| 1.96e—3 | 9.84e—4 | 4.93e—4 | 2.46e—4 | 1.23e—4
eoc 0.99 1.00 1.00 1.00

Table 4.4: Error of the Crank-Nicholson scheme — example 2.

hy = At 1/8 1/16 1/32 1/64 1/128
d=11 7.95e—4 | 1.99e—4 | 4.97e—5 | 1.24e—5 | 3.11e—6
eoc 2.00 2.00 2.00 2.00
d=2 1| 3.97e—3 | 1.0le—4 | 2.53e—5 | 6.33¢—6 | 1.58¢—6
I 1lz2)
eoc 1.97 2.00 2.00 2.00
d=3 1| 812¢e—5 | 2.05e—5 | 5.14e—6 | 1.28¢e—6 | 3.21e—T7
eoc 1.99 2.00 2.00 2.00
d=11 1.95e—2 | 9.77e—3 | 4.88¢e—3 | 2.44e—3 | 1.22¢—3
eoc 1.00 1.00 1.00 1.00
d=2 || 816e—3 | 4.11e—3 | 2.06e—3 | 1.03e—3 | 5.15e—4
| (@)
eoc 1.00 1.00 1.00 1.00
d=3 1| 1.96e—3 | 9.84¢—4 | 4.93e—4 | 2.46e—4 | 1.23e—4
eoc 0.99 1.00 1.00 1.00
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Chapter 5

Application of Parareal to solve partial
differential equations

5.1 Parareal

The Parareal method is a parallel-in-time technique for solving ordinary differential equations
(ODEs) that was first proposed in (Lions et al. 2001) along with a convergence estimate. This
method is based on a predictor-corrector scheme that employs time-stepping techniques such as
Euler, Crank-Nicolson, or Runge-Kutta. The Parareal method divides the given time interval
into n independent subproblems using a coarse time step Atf, which are then solved in parallel
using a finer step dt, 0t < At. The resulting predicted values are corrected by the propagated
error (the difference between the coarse and fine solutions at a given time) over the coarse
problem, as can be seen in Section 5.1.1.

In this section, we recall the Parareal scheme presented in (Lions et al. 2001) to clarify its
definition. Then, we update the scheme to incorporate the use of the Euler and Crank-Nicolson
methods for solving partial differential equations (PDEs). In Section 5.1.3, we further update
the Parareal scheme to reduce communication between processes. Additionally, the concept of
a distributed program, which was introduced in (Aubanel 2011), is discussed. Lastly, we present
an application of the Parareal method combined with a spatial domain decomposition method
for 2d spatial problem + time.

In Section 5.2.1, we present an illustrative numerical experiment of an ordinary differential
equation to demonstrate the application of the Parareal method. In Section 5.2.2, we describe
the application of the Parareal method to the semi-discrete finite element method for solving
PDEs. The efficiency of the distributed Parareal program is evaluated in Section 5.2.3. At
last, in Section 5.2.4, we present a numerical experiment demonstrating the combination of

the Parareal and spatial domain decomposition methods.
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5.1.1 Scheme of Parareal method: ODE

Consider a linear ordinary differential equation

d?éf) = —a-y(t), t €[0;T), (5.1)
y(0) = yo,

where a represents a real constant, yg initial condition, and 7" > 0 time horizon. To solve
the problem (5.1) by the Parareal, we use the implicit Euler scheme for simplicity.
First, we have to define the approximate coarse solutions Yok =y(Ty), k=0,1,2,...,n—1,
n € N, with a step size At > 0, as follows:
YEH vk ta Y=o,
At (5.2)
YOO =90

The resulting solutions Yok represent initial conditions for each time subinterval [T}, Tx11], where
T, = k- At, giving us equally spaced subintervals. As a result, we have defined n independent

subproblems

dy,
dto(t) = —a-Yro(t), t € [Tk, Ths1], (5.3)

yk,O(Tk) = YOka
which can be solved in parallel. These problems are solved with the fine step 6t > 0, dt < At,
that is,

I+1 !
Yeo — Yko

s ta Yo =0 in [Th, Tega],

(5.4)
0 k
Yko = Yy,
where [ = 0,1,2,...,m — 1, m € N, y}w = yro(tr), t1 € [Tk, T+, and y%o = yo(TF).
We assume that m is common for all n subintervals in this case. After the fine solutions are

computed, we define a loop of the method for i = 1,2,...,n, as follows:

1. Compute the jumps (the difference between the fine and the coarse solution at time T} ):

i‘c:yk—l,i—l(Tk)—iﬁlil, k=1,2,...,n—1,
0_g (5.5)
Si — U.

S

2. Propagate these jumps with the coarse step

k+1 k k
KU R S o R S R | -1
At e At’ T (5.6)
g = 0.
3. Update the coarse solution:
er’k:yk}—l,i—l(Tk)_{_qfa k:1a2a"'an_17
(5.7)

Yo=Yy,
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4. Solve the fine problems again

I+1 !
Yei — Yk

5 ta -yt =0in [Ty, Tepa], 1 =0,1,...,m =1, k=0,1,...,n —1,

(5.8)
ylg,i = Yik'

Since we have defined n independent subproblems, the algorithm converges at least for ¢ = n.

Moreover, the first and the second step of the loop could be rewritten into

e;m'(t) +a- 6k7i(t) =0 Vte [TkaTk—f—l]a k=0,1,....,n—1,
eni(Ts) — ex—1:(Tk) = yr—1,-1(Tk) = Y"1, k=1,2,...,n,

—ck
=s;

60,1'(0) = 0,

Vi=1,2,...,n, as it was proposed in (Foltyn et al. 2020), where ¢~ := ek,i(Tx). The propagation
of the error in the form (5.9) explains how to propagate jumps while using the Parareal to solve
PDEs. It is worth noting that the described scheme can also be extended to nonlinear equations
as described (Lions et al. 2001).

5.1.2 Scheme of Parareal method: PDE

Consider the system of ODEs (4.7), which is obtained through the finite element semi-discre-
tisation method. Utilising the Euler method to solve such a problem, the coarse solution (5.2)
and the fine solutions (5.4) and (5.8) are computed by (4.10). As a result, the propagation of
the jumps (5.6) can be defined as

1 1
(N-M+A)~qf+1:-M-(qf+s§), k=0,1,...,n—1,

At (5.10)
qg (0) =0,
Vi =1,...,n, where n is the number of time subintervals. To better understand (5.10), we refer

to (5.9).

Proceeding to the Crank-Nicolson method, the coarse solution (5.2) and the fine solutions
(5.4) and (5.8) are calculated by (4.11). To ensure consistency, the propagation of jumps, as
outlined in (5.6), is resolved by

1 1 k+l_(1 _1) ko gk - —
(At M+2A> aftt = (5 M- A (qi%—si), k=0,1,...,n—1,

q(0) =0,

Vi =1,...,n. Using the Euler method to propagate the error is also feasible, even if the Crank-
Nicolson scheme is employed to solve the coarse and the fine solutions. As previously stated,
we present the error propagation by the Crank-Nicolson method to ensure consistency for sub-

sequent experiments.
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5.1.3 Parareal method as MPI distributed program

We have adopted an idea presented in (Aubanel 2011). The author proposed the following three

implementation options for the Parareal algorithm:

1. Manager/Workers with overlap: Consider equally spaced time subintervals for the fine
solutions in this option. Initially, the Manager (main processor) calculates the coarse
solution and subsequently dispatches the corresponding time slices to the Workers (other
processors) as the initial conditions. The Workers compute their fine solutions and transmit
the result back to the Manager. The Manager returns the updated coarse solution to
the individual Workers and the loop restarts. As the Manager and the Workers have
the same length of time subintervals for the fine solution, a gap exists between the Parareal
loop’s steps. The Workers have to wait until the Manager calculates its fine solution,
collects the other fine solutions from the Workers, and sends the updated coarse solutions
back to the Workers.

2. Manager/Workers with improved overlap: The proposed option is akin to the pre-
ceding one, except that in this scenario, we utilise a shorter time interval for the fine solu-
tion on the Manager, thereby reducing the gap between iterations. The rest of the overall

time interval [0, 7] is divided evenly among the Workers.

3. Distributed program: The last option of the algorithm employs the concept of dis-
tributed programming, wherein the initial processor evaluates the coarse propagator only
once. Subsequently, it transmits the outcome to the next processor. The initial processor
then calculates its fine solution, updates the corresponding coarse solution and forwards
it to the next processor again. Then the initial processor is over. After the next processor
receives the coarse solution from the preceding process, it concurrently evaluates the next
coarse propagator and transfers the resulting coarse solution to the following processor
in a sequential manner. The processor then calculates the fine solution, awaits receipt
of the corrected coarse solution from the preceding processor, then updates its coarse
solution and transmits the result to the next processor. This procedure repeats until
the specified precision is obtained or the n iterations are reached. The distinction between
the distributed algorithm and the previous two options is that it requires less memory at
the expense of slightly reduced efficiency, as stated in (Aubanel 2011). The distributed

algorithm was subject to testing in Section 5.2.3.

As described above, there is minimal communication overhead within the iterations. The al-
gorithms only transmit and receive the corresponding time slice of the coarse solution. To
accomplish this, the Parareal scheme outlined in Section 5.1.1 must be updated. One potential

solution is to reduce steps (5.5), (5.6) and (5.7) into a single step, as represented by equation
U1 =60 + F(UR) - 6(UR) (5.12)

k=01,....n—1,7 = 1,2,...,n, where G is the coarse propagator with time step At, F
the fine propagator with time step dt, and U, ,’C is the coarse solution at the time 7} in the ith
iteration of the Parareal. Here, the term G(U; ™) — G(U}) represents the propagated error (5.9)
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by which the predicted solution F(U}) is corrected. This concept has already been proposed in
(Aubanel 2011; Maday 2008). If steps (5.5), (5.6) and (5.7) are retained in their original form,
the corresponding jumps 32 and propagated jumps q,i have to be also transmitted and received
by the processors in the distributed algorithm, resulting in increased communication overhead.
In contrast, in the Manager/Workers version, the update of the coarse solution is performed on
the Manager side. Thereby, the same level of communication overhead for the algorithm can be
maintained.

The author of (Aubanel 2011) also introduces theoretical speedups for each version of
the Parareal method. The speedup for the distributed algorithm, which was tested here, is

.

= N (5.13)

where 7 is the ratio of the time taken by the coarse propagator G to the time of the fine propagator

F, N is the number of processors (CPUs), and i is the ith iteration of the Parareal loop.

5.1.4 Combining Parareal and spatial DDM to solve PDE

In order to enhance the parallelism of the Parareal method, the spatial domain can be resolved
by utilising a domain decomposition method (DDM). DDMs are well-established techniques for
solving elliptic partial differential equations in parallel. In this particular case, we shall focus
on the non-overlapping variant, based on the Schur complement’s approximation, as described
in (Bramble et al. 1986; Lukas et al. 2015; Toselli et al. 2004).

Consider the parabolic problem (3.1) in 2d. Furthermore, assume that the spatial domain
) is discretised into the non-overlapping right-angled isosceles triangles using piece-wise basis
functions (4.3), resulting in the system of ordinary differential equations (4.7). Additionally,
the time interval [0, 7] is divided into m equidistant subintervals through a time step At > 0,
allowing for the use of, for example, the Euler method (4.10). Therefore, at each iteration of

the Euler scheme (4.10), symmetric positive-definite (SPD) system, denoted as
Au=h, (5.14)

is solved. The SPD system can subsequently be decomposed into /N independent subproblems.
To achieve this, the spatial domain €2 has to be discretised using two discretisation steps: a fine
step hy > 0 resulting in FEM elements (triangles), and a coarse step H, > 0, where h, < H,,
resulting in independent subdomains Q;, ¢ = 1,2,..., N (blue dots in Figure 5.1). The bound-
aries of the subdomains located within the domain € define the so-called skeleton (red crosses
in Figure 5.1), which serves as the interface between adjacent subdomains €2;.

After the discretisation mentioned above, the FEM basis functions (4.3) are regrouped into
N + 1 sets. The N sets, denoted as Z;, where ¢ = 1,2,..., N, are defined by the interior
nodes belonging to each individual subdomain ;, i.e., the sets are formed by indices whose
basis functions have support in ;. The last (N + 1)-th set, denoted as S, includes the nodes
corresponding to the skeleton or, in general, to the Neumann part of the boundary 92. Nodes
associated with the Dirichlet boundary condition are not considered within the decomposition

process.
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0 I >

Figure 5.1: Subdomains and skeleton of used DDM.
The resulting matrix of the system (5.14) is reordered into a form

Az Azs
A= , (5.15)

Asz Ass

where A7z is a block diagonal matrix (each block represents a single inner subdomain), Ags
consists of the skeleton’s indices only and matrices Azs, Asz describe the contributions of inner

subdomains to the skeleton. The Schur complement is represented by the equation

S:=Ass — Ast Agll— Azs. (5.16)
Using notations (5.15), (5.16) and a particular-solution approach, the origin system (5.14) is
solved within three steps:

1' AIZIZuZRl :in7i:1727...,N’
N

2. Suf =bs - X Asz,uy,
=1

3. Az, ull = —Azsull, i=12... N,

The solution is given by u := u + u”. Steps 1 and 3 can be solved concurrently in parallel.
The critical step is the second step, in which the expensive linear system of the Schur complement
S must be evaluated. The idea behind the given DDM, referred to as the vertex-based method,
is to replace the Schur complement S with its approximation S, for which the inversion is less
costly to compute.

Initially, the nodes are regrouped in a similar manner as it was done for the matrix A. By

E;, where ¢ = 1,2,..., Ng and N¢ is the number of all edges in the skeleton, we denote a set
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of interior nodes forming a single edge of the skeleton (red crosses in Figure 5.1). The set of
vertices joining adjacent edges of the skeleton (red cross in a circle in Figure 5.1) is denoted by

V. The original Schur complement S is subsequently rearranged into a form

See  Sey
S:= . (5.17)

Sye  Syy

Furthermore, we introduce a matrix Rg which represents an extension of the basis functions
©(x) covering the adjacent finite elements to the basis functions ¢(x) over the skeleton edges,
as shown in Figure 5.2. Since we are considering triangular or rectangular subdomains €;,
the interpolation of the function values @(x) into the interior nodes of the corresponding edge

is linear.

“(x)

Figure 5.2: Extension of a basis function.

With Rg matrix at hand, the Schur complement (5.17) is decomposed into

Ie O See ng Ie ng
S:= , (5.18)

~Re Iy} \Sye Sw) \O I

where I¢, Iy, are identity matrices and O are zero matrices having appropriate size. In the ap-
proximation of the Schur complement S, the matrix Sgg is replaced by its block-diagonal part
Sgg = diag (Sngl,SSZSQ, .. .,SgN&gNg). Furthermore, the matrices Sgy and Svg are omit-
ted. The matrix Syy represents the contribution of the basis functions @(x) over the skeleton.
In other words, it represents the bilinear form A over the coarse mesh, denoted as Ay, i.e,
Ay = gyv.

Finally, the Schur complement approximation S reads

Ie O Sgg O Ie —Rg

(0023
|

(5.19)
—Rg Iy O Ay O Iy

As all resulting linear systems (5.14) can be solved by, e.g., preconditioned conjugate gradient

method, the inversion of S is needed. The formula is
T

TS 1] o) e o) [T et (me v). e
i=1 0 Iy
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This gives us a modification of the second step of the particular-solution approach, as defined
above, which can take advantage of solving N¢ independent subproblems over individual edges

in parallel. The modification is as follows

2a. Set
ce p
Ccs = =bs —Aszur.
cy
2b. Solve Ng independent local systems Sg, ¢, We, = c¢.

2c¢. Solve the global coarse system Ay wyg = ¢y + Rece.

2d. Set

we + (Re)" wr

WH

Given modification is proposed in (Lukas et al. 2015) along with the resulting condition number

2
k(878 <o (14105 L) 5.21
h

where C > 0 depends only on the shape of €.

5.2 Numerical experiments

We have previously defined the solution of the system of ODEs (4.7) using the Euler and
Crank-Nicolson methods in Section 4.3. An example of solving such a system of ODEs us-
ing the Parareal method is provided in Section 5.2.1. The application of the Parareal method to
solve PDEs is discussed in Section 5.2.2. In Section 5.2.3, the Parareal method as a distributed
algorithm is tested. Finally, in Section 5.2.4, a numerical experiment combining the Parareal

method and the spatial domain decomposition method is presented.

5.2.1 Solving ODE by Parareal

Consider a linear ODE problem

t) = —y(t), t € 0,1],
L) =y, 10 o
y(0) =1
The exact solution of the (5.22) is known, that is,
y(t) :=e . (5.23)

In order to demonstrate the convergence behaviour of the Parareal method, the problems out-
lined in equations (5.4) and (5.8) are solved using the analytic solution, i.e., we solve the problem

(5.3). No fine solutions are used in this example. The coarse time step At is set to %. Table
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5.1 shows the computed values of the jumps (5.5) for each iteration of the algorithm. As can be
observed, the last non-zero value occurs in the fourth iteration, i.e., ¢ = 4. Therefore, the exact
solution is obtained once the problem (5.8) is solved for i = n = 4. This experiment serves as
an example of how the Parareal algorithm converges after n steps, at the very least. Of course,

the algorithm may converge sooner by using certain stopping criteria.

Table 5.1: The jumps of the ith iteration of the loop using the analytic solution.

ol si si ol si
1=1 0 —2.12e—2 —1.70e—2 —1.36e—2 —1.09e—2
1=2 0 0 4.49e—4 7.19e—4 8.63e—4
=3 0 0 0 —9.53e—6 —2.29¢—5
1=4 0 0 0 0 2.02e—7

Table 5.2 displays the computed error values, which are calculated as
el = mkaX |yk—1,i—1(Tk) - yemct(Tk)|,

where yi_1,;—1(T}) is the analytic solution at the time T}, of the (i — 1)th Parareal iteration and
Yewact (Tx) is the exact solution (5.23) at the time Ty. The decimal logarithm of this error is
then plotted in Figure 5.3. The ¢ = 0 column in the table represents the state before the loop
is initiated, that is, after the first analytic solutions (5.3) have been solved. The zero values

in the columns ¢ = 3 and ¢ = 4 indicate that the computational arithmetic precision has been

achieved.
Table 5.2: Error in the maximum norm using the analytic solution.
1=0 i=1 1=2 1=3 1=4
e || 3.09e—2 8.33¢—4 7.42e—6 0 0

The convergence is similar to the previous case while solving (5.4) and (5.8) approximately,
using the backward Euler method with fine step dt. However, it is important to note that the pre-
cision of the Parareal method is determined by the time-stepping method used with the step 6t
over the entire interval [0,7T], i.e., the sequential Euler method. Therefore, an appropriate 0t
has to be selected to achieve sufficient precision.

In this example, the system of equations (5.4) and (5.8) are being solved with a fine step
ot = 2%0. The coarse time step At = i remains the same. The computed jumps are presented
in Table 5.3. As in the previous example, the convergence of the method is demonstrated using

the maximum norm
e" = max [ys1:-1(Tk) = Yseq(Ti)|, (5.24)

where y;_1;-1(T)) is the fine solution at the time T} of the (i — 1)th Parareal iteration and
Yseq(T)) is the sequential solution at the time T}. Table 5.4 presents the resulting error values.

The decimal logarithm of the error values is plotted in Figure 5.4. It can be seen that the al-
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Figure 5.3: Logarithm of the error using the analytic solution (Table 5.2).

gorithm has the same convergence rate as in the case where the fine solutions were computed

using the analytic equation.

Table 5.3: The jumps of the ith iteration of the loop using the approximate solution.

al si s si si
i=1 0 ~212e—2 | —1.70e—2 | —1.36e—2 | —1.09¢—2
i =2 0 0 4.49e—4 | T19e—4 |  8.63e—4
i=3 0 0 0 —9.53¢—6 | —2.29e—5
i— 0 0 0 0 2.02e—7

Table 5.4: Error in the maximum norm using the approximate solution.

1=0 t=1 1=2 1=3 1=4

el 3.09¢—2 8.33¢—4 7.42¢—6 0 0

In the final ODE experiment, we examine the use of processors with between 4 and 64 cores.
Our objective is to determine if the utilisation of a greater number of available cores, through
the increase in the number of independent subintervals, results in a faster convergence rate for
the Parareal algorithm. It is assumed that the coarse step At and the fine step dt are defined
as follows:
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Figure 5.4: Logarithm of the error using the approximate solution (Table 5.4).

In other words, the fine step of the backward Euler method over the interval [0, 1] (in sequential
meaning) remains constant for all cases. The smaller problems are solved within the subintervals
[T%; T*+1], utilising as many cores as possible. The logarithm of the error (5.24) is presented in

Table 5.5. Furthermore, the decimal logarithm of the error values is plotted in Figure 5.5.

Table 5.5: Logarithm of the error using using 4 up to 64 cores.

At || i=0 | i=1 | i=2 i=3 i=4 i=5 i=6
1/4 || 3.09¢—2 | 8.33¢—4 | 7.42¢—6 0 0 0 0
1/8 || 1.91e—2 | 4.15¢—4 | 5.00e—6 | 3.61e—8 | 1.56e—10 | 3.71le—13 | 4.44¢—16
1/16 || 1.05e—2 | 1.38¢—4 | 1.13e—6 | 6.34e—9 | 2.61e—11 | 9.17e—14 | 3.89¢—16
1/32 || 5.50e—3 | 3.95¢—5 | 1.83¢—7 | 6.13e—10 | 1.58¢—12 | 7.38¢—15 | 1.67e—16
1/64 || 2.81e—3 | 1.05¢—5 | 2.59¢—8 | 4.70e—11 | 8.38¢—14 | 1.22¢—15 | 1.67¢—16

As can be observed in Table 5.5, the convergence rate is seen to improve slightly when utilising
a greater number of cores. It is important to note two key points. Firstly, iterations ¢ = 5 and
i = 6 are not necessary for the first row of Table 5.5 and are included only for comparative
purposes. Secondly, it can be observed that the algorithm converges after three iterations for
the case where At := 1/4. However, it should be noted that for At := 1/4, larger problems are

being solved within the independent subdomains compared to the case where At := 1/64.
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Figure 5.5: Logarithm of the error using using 4 up to 64 cores (Table 5.5).

5.2.2 Solving PDE by Parareal

Consider the problem outlined in the first example of Section 4.3, precisely, the heat equation
with a non-zero initial condition and a zero source term. To facilitate comparison with the results
presented in Table 4.1 and Table 4.2, we again assume a coarse time step of At := 1/4. The fine
steps are identical to those used in Section 4.3, specifically, 6t := 1/16, 1/32, 1/64, 1/128.
The spatial step is set to h, := dt. This setup corresponds to columns 3-6 of given tables. Thus,
as the first example, the Euler method is employed as outlined in Section 5.1.2. In this case,
the number of independent subintervals is n = 8 as T = 2 and At := 1/4. We assume that
the spatial dimension is d = 1.

To observe the efficiency of the Parareal algorithm, we use the error defined as

Cheq = lupi ™ (x, T) = un(x, ) 120 (5.25)

where uﬁz’&(x, T') represents the solution of the Parareal method of the ith Parareal iteration

at time T for the given steps At and 0t, and up(x,7T) is the sequential solution at the time 7'
as outlined in Section 4.3. The resulting errors of the backward Euler method are presented in
Table 5.6. With a precision of 1e—10, it can be seen that the Parareal method converges to
the sequential solution at the fourth iteration out of a total of 8.

To ensure that the Parareal algorithm converges to a reasonable solution, we also computed

the error with respect to the exact solution

1 At,6
& paer = up (%, T) — u(x,T)| 120, (5.26)
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where u(x,T') is the exact solution as defined in equation (4.16). The error values can be found
in Table 5.6. For example, looking at the ¢ = 6 column, it can be observed that the error
value is the same as that obtained in the problem mentioned in the first example of Section
4.3. Precisely, by comparing the i = 6 column with the first line of Table 4.1. This suggests
that the Parareal algorithm does not alter the convergence behaviour of the original sequential
method when applied to PDEs.

Table 5.6: The error of the Euler method in Ls(€2)-norm for 1d + time problem.

5t i=1 | i=2 | i=3 | i=4 i=5 i=6

1/16 | 7.92e—5 | 4.48e—7 | 1.52e—9 | 3.10e—12 | 3.55¢—15 | 8.55¢—17

z. 1/32 | 1.09e—4 | 7.21e~7 | 2.86e—9 | 6.82e—12 | 9.10e—15 | 1.41e—16
Frea 1/64 || 1.26e—4 | 8.94e—7 | 3.82¢—9 | 9.77e—12 | 1.40e—14 | 8.60e—17
1/128 || 1.34e—4 | 9.91e—7 | 4.38¢—9 | 1.16e—11 | 1.72e—14 | 2.71e—16

1/16 || 1.26e—3 | 1.34e—3 | 1.34e—3 | 1.34e—3 | 1.34e—3 | 1.3de—3

i 1/32 || 9.92e—4 | 1.10e—3 | 1.10e—3 | 1.10e—3 | 1.10e—3 | 1.10e—3
oot 1/64 || 5.40e—4 | 6.66e—4 | 6.65e—4 | 6.65e—4 | 6.65e—4 | 6.65e—4
1/128 || 2.27e—4 | 3.63e—4 | 3.62e—4 | 3.62e—4 | 3.62e—4 | 3.62e—4

As previously noted in Section 5.2.2, the Crank-Nicolson method can be used as an alterna-
tive to the Euler method within the Parareal algorithm. In Table 5.7, we present the error with
respect to both the exact and sequential solutions. The table shows that the minimum reachable
error of the sequential method is preserved as in the previous case. By examining Table 5.7 and
assuming a precision of 1le—10, it can be seen that the Parareal method with the Crank-Nicolson
scheme converges to the sequential solution in the sixth iteration. This represents an increase
of 2 iterations compared to the Euler method. However, Table 5.7 also shows that in the fourth
iteration, the Crank-Nicolson method has slightly better precision than the Euler scheme in

relation to the exact solution.

Table 5.7: The error of the Crank-Nicolson method in Ly(€2)-norm for 1d + time problem.

5t i=1 | i=2 | i=3 | i=4 | i=5 i=6

1/16 | 4.47e—5 | 5.88¢—6 | 4.46e—7 | 1.99¢—8 | 4.88¢—10 | 5.09¢—12

.| 1/32 | 5.60e—5 | 8.66c—6 | 7.66c—7 | 3.98¢~8 | 1.13¢—9 | 1.37e—11
e 1/64 || 6.16e—5 | 1.02e—5 | 9.71e—7 | 5.40e—8 | 1.65¢—9 | 2.13e—11
1/128 || 6.43¢—5 | 1.11e—5 | 1.09¢—6 | 6.24e—8 | 1.96e—9 | 2.63e—11

1/16 | 1.87¢—3 | 1.92¢—3 | 1.91e—3 | 1.91e—3 | 1.91e—3 | 1.91e—3

| 1/32 | 424e—4 | 4.8Te—4 | 4.78e—4 | 4.79¢—4 | 4.79e—4 | 4.T9e—4
Feract 1/64 || 6.17e—5 | 1.30e—4 | 1.19e—4 | 1.20e—4 | 1.20e—4 | 1.20e—4
1/128 || 3.59¢—5 | 4.07e—5 | 2.89¢—5 | 3.00e—5 | 3.00e—5 | 3.00e—5
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Similar results are obtained while considering a spatial dimension d = 2,3. Additionally, if
we were to consider a non-zero source term, as in the second example in Section 4.3, the results
would remain consistent.

In Figure 5.6, the Parareal method is illustrated for the case in which the Euler method is
used. The figure illustrates how the values of each subdomain are corrected until the end of
the loop. The jumps between subintervals are highlighted by using a suitable constant for better

visibility.

(a) Step 0 (before the loop). (b) Step 4.

(c) Step 8.

Figure 5.6: The Euler method for 1d + time problem.

5.2.3 Parareal as distributed program

In the study presented in (Aubanel 2011), the Parareal algorithm was also implemented as a dis-
tributed program. Here, the program was implemented in Python 3 using the PETSc interface
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petscdpy. The PETSc library offers an efficient method for the assembly of FEM matrices and
the usage of subsequent solvers. In this case, the conjugate gradient solver with an incomplete
LU preconditioner was employed at each step of the Euler method. The parallelisation was
achieved through the use of the MPI package mpidpy. The program was tested on the Karolina
cluster at I'T4Innovations, VSB — Technical University of Ostrava, Ostrava, Czech Republic.

We considered the system of ODEs as defined by (4.7) in 2d, with Q = (0,1)2, T := 1,
up(x) := 0, and the source term as defined by (4.18). The coarse time step was set to At = 1/n,
where n represents the number of cores (MPI processes), and the spatial step was fixed at
hy :=1/256.

1. In the first example, the fine time step was set to dt = 1/256. The sequential solution
was computed in 48.45 seconds, and the error in the L?(Q)-norm (4.17) was 1.8276e—6.
As the stopping criteria for the Parareal algorithm, we defined |G(U{™) — G(U})| < e,
where € := 1le—8. Table 5.8 presents the resulting times in seconds for the iterations ¢ = 1
and ¢ = 2 of the Parareal method (the first and the second row), as well as the time
taken until the last processor receives the initial coarse solution (the third row), and
the overall computational time (the fourth row). Table 5.8 also presents the iteration
when the algorithm converges (the fifth row) and the theoretical speedup 9 (the last row).
The times for ¢ = 1 and ¢« = 2 do not include the time taken to send the initial coarse
solution from the first processor to the last one. As can be seen, the time required to send
the initial coarse solution increases by a factor of 2 with the increasing number of used
CPUs. The theoretical speedup 1 was equal for 8, 16 and 32 CPUs. However, the fastest
solution was obtained when using 8 cores. In other words, the ratio r in equation (5.13)
is minimal for 8 cores. As the number of cores increases, the ratio r in equation (5.13)
tends towards 1. This causes the parallel algorithm to behave in a similar manner to
a sequential one, resulting in a degradation of efficiency. Additionally, the delay caused by

communication between processes must also be taken into account.

Table 5.8: Times in seconds for dt = 1/256 with speedup .

t=1 27.76 | 12.32 | 6.35 | 3.96 | 2.77

1=2 51.64 | 24.61 | 12.69 | 7.93 | 5.70

coarse (s) || 0.65 | 1.37 | 2.28 | 4.52 | 8.84

overall (s) || 52.29 | 38.28 | 33.92 | 38.37 | 40.77

iteration 2 3 5 9 14

Y 0.98 | 1.27 | 142 | 142 | 1.42

The resulting overall times are plotted in Figure 5.7 for improved readability.

2. In the second example, the fine time step was set to ¢t = 1/1024. The sequential solution
was computed in 148.7917 seconds, and the error in the L?(Q)-norm (4.17) was 8.7065¢—7.
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Figure 5.7: Solve time of distributed Parareal for d¢ := 1/256.

The precision remained the same, i.e., € := 1le—8. As in the previous example, Table 5.9
presents the resulting times in seconds for the iterations ¢ = 1 and ¢ = 2 of the Parareal
method (the first and the second row), as well as the time taken until the last processor
receives the initial coarse solution (the third row), and the overall computational time (the
fourth row). Table 5.9 also presents iteration when the algorithm converges (the fifth row)
and the theoretical speedup ¢ (the last row). Again, the times for ¢ = 1 and i = 2 do
not include the time taken to send the initial coarse solution from the first processor to
the last one. Similar to the prior example, this time increases by a factor of 2. In contrast

to the previous case, the most efficient solution was achieved when utilising 16 cores.

Table 5.9: Times in seconds for ¢t = 1/1024 with speedup .

1=1 90.86 | 37.11 | 18.84 | 11.25 | 8.53

1=2 164.33 | 74.18 | 37.61 | 21.99 | 17.31

coarse (s) || 0.58 1.18 1.69 | 4.77 | 9.34

times (s) || 164.92 | 112.39 | 95.63 | 91.08 | 102.63

iteration 2 3 5 8 14
P 0.99 1.31 1.54 1.84 1.97

Again, the resulting overall times are plotted in Figure 5.8 for improved readability.
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Figure 5.8: Solve time of distributed Parareal for ¢ := 1/1024.

5.2.4 Combining Parareal and spatial DDM to solve PDE

In this section, the results previously proposed in (Foltyn et al. 2020) are presented. The 2-
dimensional problem is considered, as defined in the first part of Section 4.3. To examine

the combination, a relative error is studied, given by:

At,o
g, (%, T) = un (3, T) | 20

[[un (%, T)l| £2(0)

(A
Crel =

, (5.27)

where uﬁ?at(x,T) is the solution of the Parareal method of ith iteration at time 7" for given
steps At and dt, and up(x,7T) is the sequential solution at time 7. The spatial and temporal
discretisation steps are fixed, i.e., h = 1/32 and §t = 1/512. The backward Euler method (4.10)
is used as a time-stepping scheme. Before examining the robustness of the DDM coupled with
the Parareal, the relative error (5.27) for different coarse time steps At without using the DDM
is provided.

The resulting errors are shown in Table 5.10. It can be observed that, in order to achieve
a given precision (e.g., 1le—8), the number of iterations decreases (i.e., i = 6, 5, 5) with an in-
creasing parallelism in time (i.e., At = 1/4, 1/8, 1/16) as was demonstrated in the previous
experiments. This implies that the overall complexity of the predictor steps demonstrates op-
timal parallel scalability. However, in practice, the parallel speedup is partially degraded by
the sequential corrector steps, as can be seen in Section 5.2.3.

Concerning the combination of the Parareal algorithm and the Domain Decomposition
Method, it is noted that the spatial subproblems within each iteration of equation (4.10) are
solved using the preconditioned conjugate gradients (PCG) method to a relative precision of
le—8. The DDM preconditioner is being utilised as described in Section 5.1.4. The results

presented in Table 5.11 demonstrate the error after three iterations of the Parareal method.
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Table 5.10: Relative error after three parareal iterations in 2d.

At 1=1 1=2 1=3 1=4 1=25 1=26
1/2 || 2.04e—1 | 1.28¢—2 | 2.62e—4 0 0 0
1/4 || 1.28¢—1 | 6.72¢—3 | 1.93e—4 | 3.33¢—6 | 3.86e—8 | 1.87¢—9
1/8 || 7.08¢—2 | 2.28¢—3 | 4.52e—5 | 6.20e—7 | 8.10e—9 | 1.29¢—9
1/16 || 3.70e—2 | 6.53e—4 | 7.41e—6 | 6.09e—8 | 5.18e—10 | 5.78e—11

It is observed that the convergence is not dependent on the level of spatial parallelism and,
in fact, improves as the level of parallelism in time increases. Additionally, it is worth noting
that the convergence in column ¢ = 3 of Table 5.10 remains unaffected. It is also worth noting

that the maximum number of PCG iterations required were 6, 15, 27, and 21, respectively, for

the DDM coarse steps of H =1/2,1/4, 1/8, and 1/16.

Table 5.11: Relative error after three parareal-DDM iterations in 2d.

A drawback of the combination above is that it wastes memory, as each process is required
to solve the same DDM for each time slice. A possible solution to this issue would be to employ

a combination of the Parareal with a single DDM that is capable of handling multiple right-hand

sides.

At |H=1/2 | H=1/4| H=1/8 | H=1/16
1/2 || 2.62e—4 | 2.62e—4 | 2.62e—4 | 2.62e—4
1/4 || 1.92e—4 | 1.92e—4 | 1.92e—4 | 1.92e—4
1/8 || 4.40e—5 | 4.40e—5 | 4.40e—5 | 4.40e—5
1/16 || 6.95¢—6 | 6.95¢e—6 | 6.95e—6 | 6.95¢—6
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Chapter 6

Space-time finite element method

This chapter is based on the work presented in (Steinbach 2015), where stability and a priori
error analysis for the space-time finite element method (FEM) are proposed. The author of
the given work has derived quasi-optimal error estimates which do not depend on the spatial
dimension but only on the discretisation step. Furthermore, there is a more detailed analysis
of the piecewise linear interpolation error when using right-angled isosceles triangular elements
for the case of a 1d + time. The author also recommends the use of multigrid approaches
such as geometric multilevel techniques or domain decomposition methods to solve space-time
problems but does not focus on their practical implementation in a parallel environment. Due
to the nature of time, there remains a significant amount of work to be done in terms of parallel
implementation of this approach. As stated in the introduction chapter, dealing with time
is challenging as every subsequent subproblem depends on the subproblem from the previous
time slice. Thus, building an efficient preconditioner for the space-time FEM is a big challenge
nowadays. In this chapter, we summarise the space-time FEM theory in the Bochner-Sobolev
space (Steinbach 2015) and in the anisotropic Sobolev space (Langer et al. 2021). For further

details and proofs, please refer to the mentioned references.

6.1 Bochner-Sobolev space, existence and uniqueness

Once more, let us consider the heat equation with constant material coefficients (3.1). In this

case, the initial condition
ug(x) € H} (Q), (6.1)

and the source term
f(x,t) € L2<(0,T); H—l(Q)) . (6.2)

Furthermore, assume the following spaces:

X 1= L2((0,7); Hy () 0 H'((0,7); H()) (6

X = {v e L2((0,7); Hy(2)) 0 H' ((0,7); H~(2)) : v(x,0) = 0 for x € Q} , (6

Y= L2((0,7); H3(Q)) (6.5
T);H (6

v = L2((0,7); H()) .
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In contrast to the weak formulation outlined in Chapter 3, a test function v(x,t) € Y is assumed.
The test function is defined in space and time simultaneously. Thus, the variational formulation
corresponding to (3.1) along with (6.1) and (6.2) is to find u € X, u(x,0) = up(x) for x € Q,
such that

CH/T/atu(x,t)v(x,t) dxdt—f—/T/qu(x,t)va(x,t) dxdt:/T/f(x,t)v(x,t) dxdt (6.7)
0 Q 0 Q 0 Q

for all v(x,t) € Y, v(x,0) = 0 for x € 2, where Oyu := %1; for the sake of simplicity. Additionally,
we treat the initial condition ug as a Dirichlet condition. In doing so, the solution w can be
represented in the form wu(x,t) = u(x,t) + ug(x,t) for (x,t) € Qr, where up(x,t) € X is some
extension of uy € HE (). Hence, we arrive at the variational formulation to find @ € X such
that

a(u,v) = (f,v)g, — altp,v) YveY, (6.8)
where
T T
a(u,v) := cH//atu(x,t)v(x,t) dxdt—l—//vxu(x,t)vxv(x,t) dx dt, (6.9)
0 Q 0 Q
T
(o) oy = / / F(x, 8)o(x, t) dx dt. (6.10)
0 Q

Within the given variational formulation, two different spaces are utilised. The first space
is defined in relation to the solution u, and the second is defined as the space of test functions.
This formulation is known as a Petrov-Galerkin variational formulation. Consequently, the idea
of ellipticity cannot be applied to establish unique solvability in this scenario. Additional tools
have to be provided to ensure the unique solvability of the variational formulation. The first of

them is the quasi-static elliptic Dirichlet boundary value problem

—Axw(x,t) = cg®(x,t) V(x,t) € Qr,

(6.11)
w(x,t) =0 V(x,t) e I' x (0,T),
The variational formulation to (6.11) is to find w(x,t) € Y such that
T T
//wa(x, ) Vxo(x,t)dxdt = CH//<I>(X,t)v(x,t) dx dt (6.12)
0 Q 0 Q

for all v(x,t) € Y, and any given ®(x,t) € Y*. The solution of (6.12) implies that for any given
®(x,t) € Y*, there exists a unique w(x,t) € Y that defines the Newton potential

No:=w, N:Y"—>Y. (6.13)
With these at hand, the norm equivalence
[wlly = [N®[ly = [[®[ly-.
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holds true and results in
B3 = i (@, NB),, Vb e V™.

Furthermore, a stability condition is established by utilising the inclusion X C Y.

Theorem 6.1 (Stability condition) For all u € X there holds the stability condition

1 lullx < a(u,v)
——lu||lx < sup .
2v/2 w0, vey |[Vlly

(6.14)

Finally, a corollary of the existence and uniqueness can be stated, as it is done in (Steinbach
2015), since X C Y.

Corollary 6.2 (Existence and uniqueness) Let 4y € X be some extension of the given
initial datum uy € H}(Q), and assume f € Y*. Since the bilinear form a(-,-) as given in (6.9)
is bounded satisfying

a(u,v) < V2||ullx|lvlly Yue X,VveY,

and satisfies the stability condition (6.14), there exists a unique solution u € X of the variational

formulation (6.8) satisfying

lallx < 2v2|Iflly- + v2liollx] -

6.1.1 Petrov-Galerkin discretisation

Let us consider the finite-dimensional spaces X} C X and Y), C Y. The inclusion X C Y}, is
assumed, as in the continuous case. The discrete variational formulation is to find @y, € X}, such
that

a(ﬂh,vh) = <f, Uh>QT — a(ﬂo,vh) Yo, € Yy, (6.15)

Again, as in the continuous case, we suppose the discrete quasi-static variational formulation to
find wp,(x,t) € Y}, such that

T T

/ / Vwn (%, 1) Vo (x, £) dx df = cpr / / B (x, t)op(x, 1) dx di (6.16)
0 Q 0 Q

for all vj(x,t) € Y}, and we define the approximate Newton potential
Np® :=wp, Np: Y* — Y,CY. (6.17)
Then a discrete stability condition can be established.

Theorem 6.3 (Discrete stability condition) Assume Xj; C X, Y, CVY, and X, C Y.
Then there holds the discrete stability condition

sup @(un; V) Vup, € Xp. (6.18)

1
—||unl|lx, <
vl < s Ty
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The well-known Galerkin orthogonality can be defined by utilising the inclusion Y, C Y and
combining (6.8) with (6.15). That is,

a(ﬂ — up, Uh) =0 Y, €Y. (6.19)
In this point, the quasi-optimal error estimate can be proved.

Theorem 6.4 Let i € X and Uy, € X}, be the unique solutions of the variational formulations

(6.8) and (6.15), respectively. Then there holds the a priori error estimate

@ — anllx, < 5 inf @ — 2nll 5

6.1.2 Finite element spaces and error estimates

We shall consider the discretisation of the space-time domain Q7 := (0,T) x Q C R where
d =1, 2, 3, into shape-regular (4.1) and quasi-uniform (4.2) finite elements. The spatial domain
Q) is assumed to be an interval in 1d, or polygonal in 2d, or polyhedral in 3d, and can be written

as

Toi={witils Qri=Ulws wi € Tk,

where M is a number of elements w; with mesh sizes h; and the maximal mesh size h := max; h;.
Here, we denote both the temporal steps h;; and the spatial steps h,; in a unified way as h; for

simplicity. Let us suppose the space-time finite element space

Si(Qr) = span{e1,.. ., on}, (6.20)

where ¢, are piece-wise linear and continuous nodal FEM basis functions over w;. The elements
w; represent triangles in the case of the 1d + time, tetrahedra in the 2d 4 time, and pentatops
(Neumiiller; Steinbach 2011) elements in the 3d + time domain. Alternatively, for example,
multilinear continuous basis functions over quadrilaterals using 1d + time, and hexahedra using

2d 4+ time, can also be employed. The resulting finite element spaces are defined as follows
Xy = SHQr)NX, Y, :=5-Qr)NY. (6.21)

Finally, by utilising the finite-dimensional spaces (6.21) which satisfy Theorem 6.3, the fol-

lowing a priori error estimate can be established.

Theorem 6.5 (Energy error estimate) Let @ € X and U, € X, = SHQrn) N X
be the unique solutions of the variational formulations (6.8) and (6.15), respectively. Assume

u € H?(Qr). Then there holds the energy error estimate

@ —aplly < chla|g2@p- (6.22)
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Corollary 6.6 Let u € Xanduy, € X, = S}Z(QTJL)OX be the unique solutions of the variational
formulations (6.8) and (6.15), respectively. Assume u € H*(Qr) for some s € [1,2]. Then there

holds the energy error estimate
lu—uplly < ch®™! |a|Hs(QT)' (6.23)

Unfortunately, the estimate (6.22) is not optimal in general, for example, in cases of solutions
with some singular behaviour. The reason can be found in the proof of the given estimate, where
the spatial and temporal derivatives were treated in a unified way. For further information, please
refer to (Steinbach 2015).

6.2 Anisotropic Sobolev Spaces, existence and uniqueness

An alternative to the Bochner-Sobolev formulation is the use of so-called anisotropic Sobolev
spaces, as defined in (Langer et al. 2021). Here, a brief summary of the existing results from
(Langer et al. 2021; Zank 2019) is provided with no further investigation. In Section 6.3, which
follows along with subsequent numerical experiments, the Bochner-Sobolev space is assumed.

The anisotropic Sobolev spaces are formulated as follows

Hylo!*(@Qr) = Hy!? ((0,7); LA©)) n L2 ((0,7); H}()) ,
Hof*(Qr) = H* ((0,7); L(@)) 0 L* (0, T); H3(9))

along with Hilbertian norms

[0l 1,72 ¢rnWOTMQ+wHOTmm)

1920 = 1pgn oiryzocany + P IEeoimmyeony

The definition of the Bochner spaces on the right-hand side is

HY2((0,1); X)) == {v € LAQn): 0]l graoryzzay < %0}

Hé/2 ((Q,T);L2(Q)) = {u c H/? ((O,T);LQ(Q)> : |yv||H3/2((O7T);L2(Q)) < oo},

HY? (0.1 12(9)) = {U & B2 (0.7 29)) ol oy < oo} .

The corresponding norms are defined by

F Gt = o(, 8122
0l g2 0,522 (0)) = HUHLz (@r) +// ]t—§|2 dtd¢,
0 0
T
[o( )17
— 2 (D)
1022 0 020y = ”“”Hl/%(o,ﬂ;m(m)+/fdt’
0
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T

”Lm)
H,U”H}O/Q((O,T);LQ(Q)) = ||U”H1/2 (0,7);L2(Q2
0
The meaning of the subscript "0," (",0") is that the function is 0 for ¢ = 0 (t =T) in the sense
(OT):L2(Q (|| I 12 UT);LQ(Q))). The dual space ( / (QT)> is defined

as completition of L2(Qr) accordlng to the Hilbertian norm

of the norm | - || ,1/2
0,

[{f, v)or
Il gz o,y = sup
(Hy! ¢ (@) v 0, GHI 1/2 HUH 11/2(QT)

At this point, all necessary preparations have been made to establish the variational formulation.
Let us consider the parabolic problem (3.1). For simplicity, the initial condition ug(x) = 0 is

assumed. The variational formulation is to find u € H&’é/ ?(Qr) such that
1,1/2
a(u,v) = (f,v)g, Yve Hy (Qr), (6.24)
where f € (Hé;”lom(QT))* is given and

a(u, U) = <8tU,U>L2(QT) + (vxu? VﬂUU)L2(QT)

is continuous bilinear form for u € Hé;’&/ 2(QT) and v € Hé;’}o/ 2(QT).

Theorem 6.7 (Unique solution) Let the right hand side f € ( Hy 1/2(QT))* be given. Then

the variational formulation (6.24) has a unique solution u € H1 1/Q(QT), satisfying

< *
||u|’H01;’01/2(QT) <C|f] (Hé;’lo/2(QT))

with a constant C' > 0. Furthermore, the solution operator
1,1/2 * 1,1/2
is an isomorphism. In addition, the bilinear form

a(-,-): H&.’é/2(QT) X Hé;710/2(QT) =R, a(u,v) = (O, v) ,(Qr) + (un,va)LQ(QT)

is continuous and fulfils an inf-sup condition and the surjectivity condition.

The theorem with proof can be found in (Zank 2019, Section 3.3). As highlighted in the remark

n (Zank 2019, Section 3.3), it is important to note that the use of different solution space
H1 1/2(QT) and test space H0 0 (QT) is crucial for the bilinear form a(u,v), as there is no
continuous extension of (Jyu, v) 1) for u, v € C§°((0,T)) to

Hy?((0,7)) x Hy/*((0,1)) or  HY2((0,T)) x HY?((0,T)).
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Additionally, the discrete formulation of (6.24) using a conforming solution space S}(Q7) N
Hé;/o?(QT) and conforming test space S}(Qr) N Hé;/’g(QT), where S}(Qr) is defined by (6.20),
leads to an unstable method as stated in (Zank 2019, Section 3.3). To overcome this drawback,
a modified Hilbert transformation Hp introduced in (Zank 2019) can be utilised. The modified
Hilbert transformation H7 is defined as

(Hru)(x,t) g z:: ulkcos<<g + k7r> ;) 0i(x), (x,t) € Qr, (6.25)

where the given u € L?(Qr) is expressed by

) = i i ui,ksin«g + l<:7r> ;) ¢i(x), (x,1) € Qr. (6.26)

i=1 k=0
The functions ¢; € Hg () represent the eigenfunctions, and along with the eigenvalues p; € R,

satisfy
—Axpi = pigi inQ, ¢;=0 ondQ, [Piflp2 =1, i€N.

Using the Hilbert transformation Hp the variational formulation (6.24) is rewritten to find
u € HS;’3/2(QT) such that

a(u, Hrv) = (f, Hrv)gr Yo € Hyy/*(Qr). (6.27)

One can observe that the solution space and the space of the test functions are equal. Addi-
tionally, the discretisation of (6.27) using any conforming finite element space V}, C Hé;’é’/ 2(QT)
gives an unconditionally stable method and leads to the discrete variational formulation to find
up, € Vp such that

a(up, Hron) = (f, Hrvn)g, Yo € Vi. (6.28)

The following theorem can be proved.

Theorem 6.8 (Unique solution of Hilbert transformation) Let V) C Hé;’éf 2(QT) be a con-
forming space-time finite element space, and let f € (H&;}O/Q(QT)Y be a given right-hand side.
Then a unique solution up, € Vy, of the Galerkin variational formulation (6.28) exists. If, in addi-
tion, the right-hand side fulfills f € ( 1/2((0 T); LQ(Q)))* C ( Hy; 1/Q(QT))*, then the stability
estimate

HuhHH&/Q((O,T);LQ <c Hf”( 1/2 ((0,T); L2(Q))>*

s true with a constant ¢ > 0.

The proof is given by (Zank 2019, Theorem 3.4.20).
As it is stated in (Langer et al. 2021, Section 2), the space-time error estimates are derived

when the tensor-product space-time finite element space

Qy(Qr) =V, () @ S}, ((0, 7)), (6.29)
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where p € N is a fixed polynomial degree of the piece-wise polynomial continuous functions, is
considered. For example, if p = 1, then V;' () is either the space S} (Q) N Hg(€2) of piece-
wise linear continuous functions over intervals for 1d spatial domain, triangles for 2d spatial
domain, and tetrahedra for 3d spatial domain, or it is the space Q}lw () N HY(Q) of piece-wise
multilinear continuous functions over intervals for 1d spatial domain, quadrilaterals for 2d spatial
. . . 1,1/2 .
domain, and hexahedra for 3d spatial domain. Then V}, = Q7 (Qr) N Ho;o,/ (Qr) in (6.28), and
the following estimates hold true
1/2
||u — uh”H&/Q((O,T);LQ(Q)) < c hPt / ,
v —unllr2(p) < chPtl,

lu—up|g(gp) < ch?,
where h is the maximal mesh size and ¢ > 0 for a sufficiently smooth solution u € H&’é/ 2 (©) and
a sufficiently regular domain 2. For the error in the space H'(Qr), it is additionally assumed

that the sequence of decompositions of €2 is globally quasi-uniform (4.2).

6.3 Combining Fast Diagonalisation Method and PRESB

The section is based on the Fast diagonalisation method (FDM), as it is described in (Langer
et al. 2021), and the PRESB method presented in (Axelsson; Lukas 2019; Axelsson; Neytcheva
2018). Consider the heat equation (3.1) with the initial condition ug(x) = 0, and the tensor-

product space-time finite element space (6.29) for p = 1. Thus, the space

S;llz(ﬂ) = span{¢,...,¥n,}

is the finite dimensional space of piece-wise linear continuous functions over intervals for 1d

spatial domain, triangles for 2d spatial domain, and tetrahedra for 3d spatial domain, and

S}lzt (Q) = Span{‘)oiv oo aSONt}

is the finite dimensional space of piece-wise linear continuous functions over intervals. Then
the discrete space-time variational formulation (6.15) is obtained leading to the following system
of linear equations

(Ap, ® My, + My, ® Ap,)u=Dhb. (6.30)

The FDM allows us to construct n independent spatial subproblems of the tensor-product
system (6.30). The temporal information is conveyed to the spatial subdomains through the eigen-
values of a matrix pencil (Mp,,Ap,). Thus, it is necessary to solve the generalised eigenvalue

problem
My, z = A Ay, z, (6.31)

where A = a + i € C are complex generalised eigenvalues and z = x + yi € CM are complex

generalised eigenvectors. Specifically, the FDM uses an eigenvalue decomposition given by
AT My, = X Dy Xy, (6.32)
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where each column of X; € CNt*Nt represents the complex generalised eigenvector zj, for the cor-
responding complex eigenvalue \;, k = 1,..., Ny, and D; € CVN*Ne is a diagonal matrix of

the complex eigenvalues A, i.e., Dy = diag{A1,...,An, }. It has to be ensured that
%()\k’) =ar >0, k=1,..., Ny,

to secure the convergence of the FDM. Since the matrix Ay, is not symmetric, the resulting
eigenvalues forms conjugate pairs A\ = a £ [$i. Moreover, due to lack of symmetry of Ay,,
the condition number of X; is not equal to 1 and may be large, i.e., X; is not unitary. Therefore,

it is recommended to provide an additional singular value decomposition
Xy =U 3, V5, (6.33)

where Uy, V; € CNoXNt are unitary matrices and ¥y € CNtXM ig a diagonal matrix. This is done
in order to dampen the numerical instabilities that may occur when computing the inverse of

X;. Furthermore, by defining
Yy = (Ap, X)) = Vi 57 UF AL
we obtain the representations
Ap, =Y 'XY and M, =Y DXL
Then, using the diagonalisation (6.32), the solution u of (6.30) can be rewritten to the form
u=(X;®@Iy,) Iy, @My, + Dy @ Ay ) (Y ®1y,) b (6.34)

as described in (Langer et al. 2021). Here, I, € RNt and Iy, € RNe*Ne are identity matrices.

The FDM algorithm can be summarised as follows:
1. Compute the eigenvalue decomposition (6.32).
2. Compute the singular value decomposition (6.33).

3. Transform the right-hand side
g=(g1,....8n)" = (Vi ®Iy,)b e CN e, (6.35)
4. Solve in parallel for k =1,..., V;
(Mp, + MeAn,) 2k = 8k, (6.36)

where z = (z1,...,2zy,)" € CNeNe,

5. Compute solution u using the following transformation

u=X;®Iy,)z= (U5 V;®1y,)z c CNe, (6.37)

77



Assuming the right-hand side vectors b and z are written in matrix form as B and Z € CN=*Ne,
where each column is associated with a spatial subproblem at time ¢, k =1,..., N, the trans-

formation steps (6.35) and (6.37) can be computed by

G = (Y.B") e,

T
Uy = [(Um Vy) 27] e ehexte,
Then the resulting RHS vector g and the solution vector u are obtained by

g:=(GS,...,G%,)" e CNle,

T
- c c NNy
u = ( 1,80 Nt7s) G(C t JL’

where superscript "¢" represents the kth column of corresponding matrix. As stated in (Langer
et al. 2021, Section 4.4.1), the overall computational cost is O (NP + N,N? + Cc(Nz) - Ny),
where Cc(+) is some cost function, and memory consumption is O (N? + Ny Ny + Cs(N;) - Ny),
where Cg(+) is some storage function. Given bounds are valid when a Cholesky factorisation of
Ap,, along with sparse direct solver described in (Langer et al. 2021, Section 3.2), is used.

Since the system (6.36) is complex, i.e.,

=Xk =z =gk

—_——~
(Mhz + (ak -+ 5]&) Ahz) (uk + Vki> = (bk + Cki) R

it can be rewritten into a two-by-two block matrix form

My, +akAhx */BkAhx u b
: |, (6.38)

BrAn, My, + apAp, v c

which can be preconditioned using the PRESB method. As mentioned above, the resulting
eigenvalues A form conjugate pairs. Thus two cases of the two-by-two block matrix have to be
considered. Let k =1,..., V;.

1. If B < 0, then (6.38) leads to

A BL u b
"1 - , (6.39)
—BL Ay v c
where Ay := My, + axAy, and B,ﬁ = —BrAp,. With this at hand, the resulting matrix

Ag + B, = My, + (o — Br)Ap, which is required within the preconditioning, is symmetric

positive definite.

2. If B > 0, the following trick is done. Assume

Vi=—v (6.40)
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and multiply the second row of (6.38) by —1, then subsequent two-by-two block matrix is

obtained

A, BH u b
"l - : (6.41)
B A v —c

where Bél := PrAp,. As in the previous case, the resulting matrix Ax + By = My, +
(o + Br)Ap, is symmetric positive definite. Since it is assumed (6.40), the backward

substitution have to be provided after the imaginary part of the solution v is computed.

The preconditioner, denoted as C, to the system (6.39) and (6.41) is defined as

Ay +28B, Bl
C = A (6.42)
B A

where j = {I,11}. The preconditioner C can be used in a Krylov subspace type of iteration
method. Given that the resulting system is not symmetric, the Flexible Inner-Outer Precondi-
tioned GMRES method (FGMRES), as described in (Saad 1993), is utilised. A linear matrix

preconditioning equation is defined as follows:
C = . (6.43)

Precisly, the preconditioning equation (6.43) is equal to

A +2B)x+Bly=r,
( "’) g (6.44)
_Bi x+ Ay =s,

j ={I,II}. By adding the first equation of (6.44) to the second one, the equivalent system of

equations is obtained
(Ak —1—28@ X+ Bly=r,

(Ak T Bﬁ) x + (Ak + B;') y=r+s. (6.45)

Using a substitution z := x 4y, the resulting system is in the form
Ak + BJ, B X r
O Ai + Bi z r+s

Thus the preconditioning algorithm can be summarised as follows.
1. Solve (Ak + Bi) Z=r-++s,
2. Solve (Ak + Bi) x=r+ Biz,

3. Compute y = z — x.
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As mentioned above, the matrix (.Ak +Bi), j = {I,11}, which is applied in the first and

the second step, is symmetric positive definite.

6.4 Numerical experiments

In this section, numerical experiments of the space-time FEM in 1d + time and 2d + time are
presented in order to confirm the theoretical estimation (6.23) in the Bochner-Sobolev space.
Furthermore, the iteration numbers of the coupled Fast Diagonalisation Method with the PRESB
method for a case of 3d + time domain are presented to demonstrate the scalability of the pro-

posed combination.

6.4.1 Space-time FEM

The experiments were performed in MATLAB on the HP-Spectre laptop again. The space-time
problems in 1d + time and 2d + time using the space-time FEM were solved. For the case
of 1d + time, the space-time domain were decomposed into right-angled isosceles triangles. In
the case of 2d + time, uniform tetrahedrons were used. Thus the mesh sizes h, and h;, where
h. is the discretisation step in the spatial domain and h; in the time interval, were equal. We

observed three errors. The first one was given by

1/2

T
e1 = Jun(x,t) — u(x,1)l|p2(gm) = (//(uh(x,t) — u(x, )’ dxdt) . (6.46)
0 Q

the second by

1/2

T
ez := || Vx(un(x,t) — u(x,t)) HL2 (@) (// x(un(x,t) — u(x, t))]2 dxdt) . (6.47)
0
and the last one by
€3 := [lun(x,t) — w( )l L2 (0,7, ()
1/2

(6.48)

T
= (//(uh(x,t) —u(x,t)* + [Vx (up(x,t) — u(x, t))}2 dxdt) ,
0 Q

where u(x, t) is the exact solution and uy,(x, t) is the approximate solution obtained by the space-
time FEM.

1. Consider the first example as in 4.3. The resulting errors are presented in Table 6.1. For
both cases, 1d + time and 2d + time, the eoc of the e; was 2 and the eoc of the ey was 1.
As it was proposed by the theory, i.e., by the estimate (6.23), the eoc of the e3 was 1.

2. Consider the second example as in 4.3. The resulting errors are shown in Table 6.2. As
in the previous example, the eoc of the e; was 2, the eoc of the ey was 1, and the eoc of

the e3 was 1.

80



Table 6.1: Errors of the space-time FEM — example 1.

hy = hy 1/8 1/16 1/32 1/64 1/128
d=11] 9.73e—3 | 2.44e—3 | 6.10e—4 | 1.52¢e—4 | 3.81le—5
eoc 2.00 2.00 2.00 2.00
o d=2 || 1.22e—2 | 3.10e—3 | 7.80e—4 | 1.95e—4 | 4.89¢—5
eoc 1.98 1.99 2.00 2.00
d=11| 2.12e—1 | 1.06e—1 | 5.32¢—2 | 2.66e—2 | 1.33e—2
eoc 1.00 1.00 1.00 1.00
“ d=2 || 2.32e—1 | 1.15e—1 | 5.72e—2 | 2.85e—2 | 1.42e—2
eoc 1.01 1.01 1.00 1.00
d=11| 2.12e—1 | 1.06e—1 | 5.32e—2 | 2.66e—2 | 1.33e—2
eoc 1.00 1.00 1.00 1.00
“ d=2 || 2.32e—1 | 1.15e—1 | 5.72e—2 | 2.85e—2 | 1.42e—2
eoc 1.01 1.01 1.00 1.00
Table 6.2: Errors of the space-time FEM — example 2.
he = hy 1/8 1/16 1/32 1/64 | 1/128
d=1 || 1.22e—3 | 3.08e—4 | 7.73e—5 | 1.93e—5 | 4.83e—6
eoc 1.99 2.00 2.00 2.00
“ d=2 || 3.02e—4 | 7.59e—5 | 1.90e—5 | 4.75e—6 | 1.20e—6
eoc 1.99 2.00 2.00 1.98
d=11|| 2.46e—2 | 1.23e—2 | 6.17e—3 | 3.08e—3 | 1.54e—3
eoc 1.00 1.00 1.00 1.00
“ d=2 || 7.14e—3 | 3.58¢—3 | 1.79¢—3 | 8.94e—4 | 4.47e—4
eoc 1.00 1.00 1.00 1.00
d=1 | 246e—2 | 1.23¢—2 | 6.17e—3 | 3.08¢—3 | 1.54e—3
eoc 1.00 1.00 1.00 1.00
“ d=2 || 7.15e—3 | 3.58¢—3 | 1.79e—3 | 8.94e—4 | 4.47e—4
eoc 1.00 1.00 1.00 1.00
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6.4.2 Combination of the FDM and PRESB method

The Fast Diagonalisation Method, in combination with the PRESB technique 6.3, was tested
on the Karolina cluster at the I'T4Innovations, VSB — Technical University of Ostrava, Ostrava,
Czech Republic, and was implemented in C++. The study focused on the heat equation on
a cube (—1,1)3 over the time interval (0,1). In particular, the equation (3.1) in three spatial
dimensions in time was analysed, with an initial condition of up(x) = 0. As a case study,

the spatial subproblems (6.36) were assumed to be in the form
(Mhz + AkAhz) zr =1 (649)

forall k =1,2,..., Ny. The given subproblems, which were further considered in the form (6.39)
if B < 0 and (6.41) if By > 0, were solved using the FGMRES method in which the PRESB
was implemented. Within the PRESB method, the multigrid algorithm with PCG was utilised.
The temporal steps were h; := 1/32, 1/64, 1/128, 1/256. The precision of the FGMRES was set
to 1le—8, and the precision of the PCG to le—2. The precision 1le—2 is sufficient for the purpose
of the preconditioning.

The study focused on the number of iterations of the FGMRES method and the inner
PCG method for different multigrid levels. Initially, the FGMRES for a 0-level multigrid, i.e.,
the FGMRES without the multigrid, was carried out. The number of spatial DOFs was 2395. In
the second experiment, the proposed method using a 1-level multigrid was tested. The number
of refined spatial DOFs was 16433. In the final experiment, a 2-level multigrid was employed.
The number of refined spatial DOFs for the 2-level multigrid was 121265. The results for
the number of iterations for the outer FGMRES method and the inner PCG are presented in
Table 6.3. The lowest number of iterations, i.e., 7 for GMRES and 12 for PCG in the first column
of Table 6.3 for the 0-level multigrid, correspond to the complex number A; with the largest
real part ag. On the contrary, the largest number of iterations, i.e., 12 for FGMRES and 25 for
PCG, correspond to the complex numbers with the lowest real part a. Additionally, it can be
observed that the multigrid refinement did not affect the number of iterations. We note that
each iteration number represents the total iteration number which is needed to solve the spatial
subproblem (6.49) for the corresponding A\g, k = 1,2,..., Ny.

Table 6.3: Iterations of FGMRES and underlying PCG using PRESB preconditioning.

multigrid | spatial DOFs hi =1/32 | hy =1/64 | hy =1/128 | hy = 1/256
FGMRES 7—12 7T—12 7T—12 7T—12
0-level 2395
PCG 12 — 23 13— 23 13 — 23 13— 23
FGMRES 8§—13 8§—13 8§—-13 8§—13
1-level 16433
PCG 15— 25 15— 25 15— 25 15— 25
FGMRES 8—13 8§—13 8§—13 8§—13
2-level 121265
PCG 17— 25 17— 25 17— 25 17— 25
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Chapter 7

Conclusion

In the first part of this doctoral thesis, the well-posedness of the weak formulation of the parabolic
equation via the Galerkin method was proposed, as stated in reference (Zeidler 1990a). The the-
orem was followed by the proof, which was examined in greater detail than provided in the men-
tioned reference. The section on the weak formulation of the parabolic equation shall serve
as a theoretical background for future work to solve more comprehensive parabolic problems.
Another potential topic for future work is to establish a theoretical basis for the well-posedness
of the weak formulation of linear partial differential equations of the second order, commonly
known as the wave equation.

In Section 5, the Parareal algorithm was briefly outlined. It offers a straightforward parallel
scheme for solving space-time problems by utilising the semi-discrete method. Additionally, three
potential implementation options of the Parareal method were described. The distributed version
of the algorithm was tested within the thesis providing promising results. As an alternative to
the distributed program, the version with improved overlap, in which all used CPUs are well-
balanced, could be employed. However, the improved overlap algorithm has a higher memory
demand than the distributed algorithm but offers superior efficiency. At the end of this section,
a combination of the Parareal with the DDM based on the Schur complement approximation was
proposed. This combination allows us to increase the parallelism in time through the parallelism
in the spatial subproblems. The results are also promising, but they require validation through
large-scale testing. A potential drawback of the proposed method is that it wastes memory, as
the same DDM is employed at each time slice. Therefore, an efficient combination of the Parareal
with a single DDM that can handle multiple right-hand sides should be developed in future
research.

In the last section, the space-time FEM theory was briefly summarised. Two cases of varia-
tional formulations were provided: the formulation in the Bochner-Sobolev space and the formu-
lation in the anisotropic Sobolev space. Subsequently, numerical examples utilising conforming
space-time FEM in the Bochner-Sobolev space were presented. The results confirm the the-
oretical estimates outlined in (Steinbach 2015). Furthermore, a combination of the Fast Di-
agonalisation Method with the PRESB method was also proposed. This combination yielded
promising results, as the number of iterations appeared to be stable when refining the problem
using the underlying multigrid method. However, as this combination was tested while assuming

a regular solution, testing with solutions exhibiting some singular behaviour should be consid-
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ered in future research. Furthermore, large-scale tests have to also be performed. Additionally,
future work should investigate the application of various DDM to space-time FEM, such as

the finite element tearing and interconnecting method — FETI (Farhat et al. 1991).
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