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Multiscale methods for evolution problems
Per Ljung

Division of Applied Mathematics and Statistics
Department of Mathematical Sciences
Chalmers University of Technology and University of Gothenburg

Abstract

In this thesis we develop and analyze generalized finite element methods for
time-dependent partial differential equations (PDEs). The focus lies on equa-
tions with rapidly varying coefficients, for which the classical finite element
method is insufficient, as it requires a mesh fine enough to resolve the data.
The framework for the novel methods are based on the localized orthogonal
decomposition (LOD) technique, introduced in [51]. The main idea of this
method is to construct a modified finite element space whose basis functions
contain information about the variations in the coefficients, hence yielding
better approximation properties.

At first, the localized orthogonal decomposition framework is extended to the
strongly damped wave equation, where two different highly varying coeffi-
cients are present (Paper I). The dependency of the solution on the different
coefficients vary with time, which the proposed method accounts for automat-
ically. Then we consider a parabolic equation where the diffusion is rapidly
varying in both time and space (Paper II). Here, the framework is extended
so that the modified finite element space uses space-time basis functions that
contain the information of the diffusion coefficient. Furthermore, we study
wave propagation problems posed on spatial networks (Paper III). Such sys-
tems are characterized by a matrix with large variations inherited from the
underlying network. For this purpose, an LOD based approach adapted to
general matrix systems is considered. Finally, we analyze the framework for
a parabolic stochastic PDE with multiscale characteristics (Paper IV). In all
papers we prove error estimates for the methods, and confirm the theoretical
findings with numerical examples.

Keywords: Strongly damped wave equation, multiscale, localized orthogonal
decomposition, finite element method, parabolic equations, spatial network
models, stochastic partial differential equations.
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1 Introduction

The modeling of partial differential equations (PDEs) is a major topic in both
science and engineering. Applications range from simulating the aerodynamics
of large aircraft to the modeling of atoms on a quantum mechanic level. In this
thesis, we focus on time-dependent partial differential equations. In particular,
we are interested in simulations of strongly heterogeneous materials, such as,
e.g., composite materials. The modeling of such materials result in PDEs with
highly oscillatory coefficients. This type of problems, where the data is varying
rapidly, is referred to as multiscale problems.

One of the most common numerical approaches to solving PDEs is the finite
element method (FEM). However, for multiscale problems, FEM approxima-
tions are only accurate if the mesh is fine enough to resolve the variations in
the data. This quickly becomes challenging in terms of computational cost and
memory. For the purpose of solving multiscale equations, several so-called
multiscale methods have been developed. Some of these methods are inspired
by analytical homogenization theory, such as the heterogeneous multiscale
method (HMM) [16] [1] and the multiscale finite element method [29]. In order
to prove convergence, these methods require strong assumptions on period-
icity and scale separation. In addition, several multiscale methods have been
developed that circumvent these sorts of requirements. Examples of such
methods include generalized (multiscale) finite element methods [7, 16} 18] and
gamblets [56, 57]. In particular, this thesis is mainly based on the framework of
a generalized finite element method (GFEM) known as the localized orthogonal
decomposition (LOD) method, first introduced in [51].

The LOD method is based on the variational multiscale method (VMS) [30, 41),
48, 140]. The main idea of the method is to construct a modified coarse-scale
finite element space enriched by problem-dependent fine-scale correctors. In
turn, it was proven in [51] (and later improved in [28]) that these correctors
satisfy an exponential decay, making it possible to restrict the computations
to local patches, which is one of the advantages of the LOD method. Another



2 Introduction

strength is that the correctors are completely independent and can be computed
in parallel. In [51], convergence of optimal order is proven independent of the
variations in the data, with no assumptions made on neither periodicity nor
scale separation. The LOD method was first introduced for elliptic equations,
but has since then been further developed and analyzed for several types of
problems, including time-dependent PDEs such as parabolic ones in [49] 50, 3]
and wave-type equations in [2,47]. For more results on the LOD method, see,
e.g., 27,126,152, 54, [25]], and for a general and rigorous introduction to the topic,
we refer to [53].

The purpose of this thesis is to extend the LOD framework to evolution prob-
lems. In a broad sense, this is done in two ways. In Papers I-1I, we consider
equations where the time-dependency has to be taken into account in the
construction of the multiscale method, whereas Papers III-IV apply the well-
established stationary LOD method to new types of settings. For all works, we
derive a priori error analysis, and illustrate the results with numerical examples.
In summary, the thesis consists of the following works.

Paper I. We derive an LOD method for the so-called strongly damped wave
equation. This case is unique as the PDE consists of two different multiscale
coefficients, while multiscale methods such as LOD are in general designed to
handle only one coefficient.

Paper II. A parabolic problem where the diffusion varies rapidly in both space
and time is considered. For this, a space-time multiscale method based on the
variational multiscale method and the LOD method is presented and analyzed.

Paper III. We consider wave propagation problems posed on so-called spatial
networks. Such problems are characterized by a symmetric, positive-definite
matrix K, whose data contain high variations inherited from the network
structure. These variations are dealt with by defining an LOD based method
for general matrix systems.

Paper IV. The LOD method is presented and analyzed for a parabolic stochas-
tic partial differential equation. The method shows further promise when
applied together with (multilevel) Monte-Carlo estimation, where an extensive
number of solutions has to be computed.

Outline: In Chapter [2| we present the classical finite element method and
illustrate why it is not sufficient for problems where the data is highly varying.
Chapter[8|introduces the LOD method for elliptic equations, and its extension to
evolution problems. Finally, Chapter [ presents the methods and summarizes
the main results from Papers I-IV.



2 The finite element method

In this chapter we present the finite element method and discuss why it be-
comes computationally expensive to use for problems with highly oscillatory
data. At first, we define the method for elliptic equations, and illustrate both
theoretically and numerically how the high data variations affect the conver-
gence rate. Subsequently, we present the finite element method in the context of
evolution problems, and discuss the characteristics of the continuous solutions
as well as their approximated counterparts.

2.1 Stationary equations

Consider the elliptic equation

-V - (AVu) = f, in D,
(AVu) =, in 2.1.1)
u =0, ondD,
where D C R¢ d = 2,3 is a bounded Lipschitz-domain with polygonal bound-
ary, f € Ly(D) is the source function, and A = A(z) € Loo(D,RE%Y) is the
(highly oscillatory) diffusion coefficient that satisfies
A(z)v-v A(z)v v

0<a_:=essinf inf ————— <esssup sup ——— =:ay <.
r€D veRN{0} V-V zeD oweRd\{o} VU

We begin by introducing the standard Sobolev spaces used in finite element
theory. Let @ = (a1, ... aq) be a multi-index, and define

olely

DY i = ———
L PN T
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where || := a1 + ... + aq. We say that v is the a'th order weak derivative of  if
forall p € C’(l)a‘ (D) it holds

/uDo‘apdx:(—l)lo“/ vpdz,
D D

where C(l)a‘ (D) is the space of |a| times continuously differentiable functions
with compact support in D. If the linear functional D%y is bounded in Ly (D),
we identify it with an element D®v € L?(D) using the same notation. With the
weak derivative defined, we may construct the Sobolev space H*(D) for k > 0
as the space of all functions whose weak derivatives of order smaller than or
equal to k belong to Ls(D), i.e.,

H*(D) := {v € Ly(D): D*v € Ly(D) for || < k},
equipped with inner product and corresponding norm

(v,w)gr == Z / D% vD%w dz,

|a| <Kk

Hwkfvawzzj/Iw

la| <k
We moreover define the corresponding seminorm on H*(D) as
o= 30 [ 02 da
o=k

In particular, we introduce H{ (D) as the classical Sobolev space with norm

lolE oy = 10I1Z, 0y + IVVIL, ()

with functions vanishing on 0D in the sense of traces. In the following, we
abbreviate the Ly(D)-normas || - || := || - [ 2, (D).

We derive the weak formulation corresponding to (2.1.1)), on which we base
our finite element method. By standard procedure we multiply the equation
by a test function v € H} (D) and integrate by parts over the domain D. The
weak formulation becomes: find u € H} (D) such that

a(u,v) = (f,v), (2.1.2)

for all v € (D) where (-,-) is the standard Lo(D)-scalar product and
a(-,-) == (AV-, V-). We wish to define a FEM for the problem by constructing
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a discretized version of the weak formulation . To this end, let {7 }n>0
denote a family of shape regular triangulations that form a partition of the
domain D. For an element T' € 75, we define the corresponding mesh size as
hp := diam(T'), and denote the largest diameter by h := maxpeT;, hr. Next, we
construct the classical finite element space using continuous piecewise linear
polynomials

Sp == {v € C(D) : v|, is a polynomial of partial degree < 1,VT € Ty},

and let V}, := S, N H}. The finite element formulation now follows by consid-
ering a Galerkin ansatz based on the discretized space V},. More precisely: find
up, € V3, such that

a’(uh7 U) = (fa U)7 (213)
holds for all v € Vj,.

From a computational point of view, the system (2.1.3) is regarded as a linear
matrix system. To be precise, denote by N}, the set of interior nodes in 7;, with
cardinality |N},| = Ny, and {;} ", the set of piecewise linear basis functions
that spans V},. Then, we can express u, = vazhl a;p;, insert this into (2.1.3)
and test with basis functions v = ¢;, j = 1,..., Nj. This results in an IV}, x N,
matrix system

Ki=MF¥, (2.1.4)

where Ki; = a(p;j, i), (Mf); = (f,¢;), and @; = ;. In Sectionm we return
to a discussion on general matrix systems of the kind (2.1.4), where K contains
high data variations. This topic is central in the work of Paper IIL

From standard a priori error analysis (see, e.g., [42, Theorem 5.1]), the following
error bound is derived for the finite element approximations in (2.1.3)

lun — ull g1 (py < Chllullg2(p)-

This convergence result is valid for u € H?(D), which is satisfied under the
assumption A € C*(D) for a convex domain D. Assume for the moment that
A is a scalar valued coefficient. The H?2-seminorm can further be bounded as

[ula < Cl|Au]| < CIIAV - (Vu)|| = C||V - (AVu) — VAV
< CIIV - (AVW)| + [ VAl IVu]l < C+ [VA]L) £

where the first inequality follows from elliptic regularity and the last inequality
from ||u| g1 (py < C|| f||, which can be derived from the weak formulation. Note
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here that the error is bounded by the derivative of the diffusion A. Hence, if A
is rapidly varying with frequency 71, then ||[VA||,. = O(¢7!). Consequently,
the error of the FEM approximation has the upper bound

l[un — ul|grpy < Cmin{h + he™", 1} f]].

In practice, this means that the sought convergence rate may not be achieved
unless h < €. As ¢ gets smaller, i.e., the diffusion varies more rapidly, this con-
dition quickly becomes difficult to satisfy in terms of computational complexity
and memory.

To demonstrate this phenomenon, we present a numerical example. We set
the domain to be the unit square, i.e., D = [0,1] x [0, 1], and let the diffusion
coefficient be given by

2 2
A1, 25) = 102 + 100 sin ( 7;””) sin ( 7;”02) (2.1.5)

where ¢ denotes the scale at which the diffusion varies. An example of this
coefficient when ¢ = 27 is seen in Figure We compute a reference
solution, denoted u,e, on a fine mesh with mesh size h = 278, and compute the
error between the reference solution u,.r and finite element approximation uy
for h =271,272 ... 277, The error is measured in the energy norm, defined

by
-l == v/a(--).

This is done for different choices of ¢ = 271,272 ... 27°. The convergence
plots are seen in Figure Here we can see how the error remains on a
constant level until the mesh is able to resolve the variations defined by ¢, at
which point we start to see the linear convergence rate.

2.2 Evolution problems

We continue the discussion on the finite element method by introducing some
common time-dependent equations, and present their main characteristics and
approximation results. At first, we consider parabolic-type equations, which is
the particular focus in Paper II and Paper IV. Subsequently, we introduce the
wave-type equations which are examined in Paper I and Paper III, respectively.
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tH

B

21 22 23 24 25 2[5 27
\/H
(a) Energy error. (b) A(z1,z2).

Figure 2.1: The left image shows the energy error ||ur — ure|| as function of mesh
size for different choices of scale €. The right image is the coefficient used in the case
e=2""%

Parabolic equation

Consider the parabolic equation

W— V- (AVu) = f, inD x (0,7,
u=0, ondD x (0,T], (2.2.1)
u(0) = ug, in D,

where the domain D and the diffusion A are defined as in Section f=ftx)
is a time-dependent source function, uy € L2(D) is the initial value of the
system, and T > 0 is the final time. For now, we still assume A = A(z) to be
independent of time. Later, in Paper II, the system (2.2.)) is considered with
A = A(t, z) rapidly varying in both space and time.

Following the standard procedure applied in the previous section, the vari-
ational formulation corresponding to reads: find u(t,-) € H}(D) with
u(0, -) = ug, such that for all v € H{ (D), it holds

(4, v) + a(u,v) = (f,v). 22.2)

We proceed by stating some important characteristics of the solution to (2.2.2).
At first, we recall Duhamel’s principle (see, e.g., Chapter 1]), stating that the
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solution to (2.2.2) is given by

u(t) = E(t)uo + /0 E(t— 5)f(s) ds,

where E(t) is the solution operator to the homogeneous case, i.e., when f = 0.
The operator E(t) can also be seen as the semigroup generated by the diffusion
operator —V - AV, and is commonly used in a priori analysis for parabolic
equations. In particular, Duhamel’s principle and properties of the solution
operator F(t) are both central in the error analysis presented in Paper IV.

For evolution equations, the total energy of the solution is bounded by the
source and initial data. More precisely, by Duhamel’s principle and the stability
of E(t) in Ly(D)-norm (see, e.g., [42,164]), it follows immediately that

@)l < ol + / 1£(s)]| ds.

We note that in the homogeneous case, the total energy of the system is bounded
by the size of the initial value. In fact, if we let A; be the first eigenvalue of the
diffusion operator —V - AV, one can further show that the solution u satisfies
the exponential decay

Ju()]| < e ugll, t>0, (2.2.3)

in the absence of a source function. This exponential decay is a natural property
for parabolic problems. In both Paper I and Paper 11, the decay property is
exploited in order to improve the computational efficiency of the corresponding
presented numerical methods.

We continue by deriving the finite element method for (2.2.2). In similarity to
the previous section, we replace the solution space H (D) by the finite element
space V},. This yields a spatially discretized version of (2.2.2), referred to as the
semi-discrete Galerkin method. It reads: find uy,(t) € V}, such that

(tip,v) + a(up,v) = (f,v), (2.24)

for all v € V}, with initial value up(0) = ug 5, where ug j, € V3, is some conve-
nient approximation of w, e.g., the Lo(D)-projection onto V},.

In contrast to the stationary equations, evolution problems are moreover de-
fined on the temporal domain [0, T'], for which we require further discretization.
For this purpose, let 0 =: ty < t; < ... < ty := T be a uniform partition with
time step 7 = t,, — t,—1. Here, we have chosen a uniform time step to simplify
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the presentation, but remark that the results are easily extended to the case
of varying time step. Now, let u} = u(¢,,), and denote by 0, the (backwards)
discrete time derivative defined as dyu}! = (u} — u}~')/7. The backward Euler—
Galerkin scheme becomes: find u} € V}, for n = 1,..., N, with initial value

uy = ug,p, such that

(Opuy, v) + a(ul,v) = (f,v), (2.2.5)
holds for all v € V},.

From standard a priori analysis, it is well-known that the scheme con-
verges in Ly (D)-norm with second order in space, and first order in time (see,
e.g., [42] Theorem 10.5]). However, in analogy with Section the constant in
the error bound depends on the scale € on which the diffusion A varies. More
precisely, the error estimate becomes

lupy = uta)|l < C(r + h?/e).

That is, the sought convergence rate (in spatial sense) is not reached unless the
mesh size satisfies h < . In Chapter[3] we discuss how to circumvent this issue
by introducing multiscale approximation techniques.

Remark 2.2.1 (Choice of temporal scheme). In (2.2.5), the temporal scheme
is represented by the backward Euler scheme. This choice is well-suited for
parabolic equations, as it is unconditionally stable, i.e., it attains stable solutions
regardless of the relation between mesh size h and time step 7. Another
possibility is to apply a symmetric scheme to known as the Crank—
Nicolson scheme. Like backward Euler, Crank—Nicolson is an unconditionally
stable time stepping scheme, but attains second order convergence rate in time
due to its symmetry. In Paper I and Paper IV, the temporal discretizations are
based on backward Euler, while Crank-Nicolson is applied in Paper IL

Wave equation

Consider the linear wave equation

i—V-(AVu)=f, inD x(0,7T],
u=0, ondD x (0,71, (2.2.6)
U(O) = Uo, U(O) = Yo, in Da
where D, A, f, ug are defined as in the parabolic equation (2.2.1), and vy is an

additional initial value. Our goal is to derive characteristics of the solution
to (2.2.6), and mention important differences from the previously considered
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parabolic case.

Straight-forwardly, we have the semi-discrete Galerkin formulation to find
up(t) € Vj, such that

(tip, v) + alup,v) = (f,v), (2.2.7)

holds for all v € V},, where the initial values u,(0) = ug; and @(0) = v
are suitable approximations of ug,vo. An important property for the linear
wave equation is its conservation of energy. Indeed, we have the following
well-known result (see, e.g., [42, Lemma 13.1]).

Proposition 2.2.2 (Energy conservation). Let uy, be the solution to (2.2.7) with
f=0. Then

i (6)* + N (I = [lvo,nll* + lluoull*, ¢ > 0. (2.2.8)

The result states that (in the absence of external source) the total energy at time
t remains the same as the initial energy. Note that this strictly differs from
the parabolic case, in which the energy decays exponentially with time in the
absence of source function f. We remark that the energy conservation is of
importance when considering the choice of temporal discretization scheme for
the wave equation. This is mainly due to some schemes, such as the backward
Euler, causes so-called artificial numerical damping, and consequently yields
inaccurate approximations for systems where the energy is conserved. For
more details on the effect of artificial damping, we refer to the work in [10} 11].

For the temporal discretization of the wave equation, we deploy the scheme
used in [42, Chapter 13]. That is, we seek u}, € V}, forn = 2,..., N, with initial
values uf), u}, € Vj, such that

(@Bt v) + a(3(up ™2 +up ), 0) = (7, v), (2.2.9)

for all v € Vj,, where 8, and 9, denote the discrete forward and backward
derivatives, respectively, and uZH/ > = (ul*! + up)/2. For this scheme, an
analogous version of the stability estimate (2.2.8) is derived in [42, Lemma

13.2]. More precisely, when f™ = 0, it holds that

+1/2,,2 1/2,2
1012 + My ™20 = 18eudl? + lluy/ 7, n> 0.

Following the standard a priori analysis for wave equations (see, e.g., [42,
Theorem 13.2]), it holds that the approximation from (2.2.9) converges with
optimal order in space, i.e., linearly in H{ (D)-norm and quadratically in Ly (D).
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Moreover, by the symmetrical scheme made in time, we get second order
convergence in time as well. To be exact, the error satisfies

lup ™ —u(t, +7/2)|| < O(2 + h2/e),
™2 =ty +7/2)]| < C(2 + h/e).

Once again, we have included the effect of ¢, the scale at which the diffusion A
oscillates, to emphasize the drawback of the standard finite element method in
multiscale applications.

Strongly damped wave equation

We conclude the part on evolution problems by introducing the so-called
strongly damped wave equation, which is central in Paper I. Consider the equation

i~ V- (AVi+BVu) = f, inD x (0,T],
u=0, ondD x (0,7, (2.2.10)
u(0) = ug, 4(0) = vy, in D.

Here, D, A, f,ug,vo are defined as for the standard wave equation, and B =
B(z) is another (possibly rapidly oscillating) coefficient independent of time.
For the system (2.2.10), the coefficients A and B represents the damping and
wave propagation of the solution, respectively. Note that the main difference
between the standard wave equation and its strongly damped counterpart
is the damping term —V - AV4. Consequently, the system (2.2.10) is not en-
ergy conserving. Instead, as the authors in [43] show, the solution satisfies a
parabolic decay in similarity to that of (2.2.3).

By standard procedure, the backward Euler FEM for (2.2.10) becomes: find
up € Vj, forn = 2,..., N, with initial values uY, u} € V},, such that

(0:0pufl, v) + a(Opul, v) + b(ul},v) = (f,v), (2.2.11)

holds for all v € V3, where b(-,-) := (BV-,V:). Here, the temporal scheme
corresponds to the backward Euler discretization, which can be seen by substi-
tuting w? = dyu} and writing as a system of first order equations. The
error satisfies the estimate

lult —u(ty)| < C(r + h*/min{ea,ep}).

Here, we have denoted by €4 and ep the scales at which the damping A and
the wave propagation B vary at, respectively. For the strongly damped wave
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equation, we therefore require an approach which takes the oscillations of two
different multiscale coefficients into account. This topic is dealt with in Paper L.

2.3 Stochastic PDEs

We conclude the chapter by demonstrating how the finite element method
can be applied to stochastic partial differential equations (SPDEs). As model
problem, we will consider a parabolic equation similar to (2.2.1), where the
right-hand side data is driven by noise. Due to the randomness, the solution is
generally characterized by its moments, rather than considering one distinct
realization of the equation. First, we introduce the necessary preliminaries and
notation for the stochastic setting. Then, we derive the fully discretized finite
element method for the SPDE. Finally, we discuss Monte-Carlo simulations,
applied to approximate the expectation of (some function of) the solution.

Notation and preliminaries

Prior to introducing the SPDE used as model problem, we require some basic
preliminaries and notations. For further details on each concept, the reader
is referred to the introductory chapter in [15]. Let ©2 be a non-empty set, F a
o-algebra on Q, P : F — [0, 1] a probability measure, and {F; };>¢ a filtration.
The quadruple (Q, F,P, {F. }1>0) is a called a filtered probability space.

Let L(U; V') denote the space of linear bounded operators between two separa-
ble Hilbert spaces U and V, with the short-hand notation L(V') := L(V; V) in
the case U = V. Furthermore, denote by L7, (U) the space of all non-negative,
symmetric, nuclear operators on U. We assume W to be a ()-Wiener process
with covariance operator Q € L (U). For details on covariance operators,
we refer to [15, Chapter 2]. The covariance operator Q € L}, (U) satisfies the
Hilbert-Schmidt theorem (see, e.g., [61, Theorem VI.16]), i.e., there is an or-
thonormal basis {e;}2; of U such that Qe; = \;e;, where \; — 0 asi — oo.
Consequently, the process W can be expressed (see [15 Proposition 4.3]) by its
Karhunen—Loéve expansion

W(t)=> " XiBilt)e, 2.3.1)
=1

where {3;(t)}32, are mutually independent, real-valued Brownian motions.
We are now well-equipped to introduce the model problem.
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Parabolic SPDE

We consider the parabolic SPDE

dX + AXdt =GdW, inD x (0,7], (2.3.2)
X =0, on 9D x (0,7,
X(0) = Xo, in D.

where the solution X is a V-valued random process for some Hilbert space
V. The diffusion operator A := —V - AV and the domain D are defined as
in Section 2.1 and X is the (possibly stochastic) initial value. The noise W
is an U-valued ()-Wiener process defined on the filtered probability space
(Q, F,P,{Fi}1>0), and G € L(U; V) is an operator that maps the noise between
the Hilbert spaces U and V.

Let E be the semigroup from Section[2.2] In line with Duhamel’s principle for
standard parabolic equations, the so-called mild solution to (2.3.2) is given by
(see [15] Chapter 7])

X(t) = E(t)Xo + /Ot E(t — s)GdW (s), (2.3.3)

where the stochastic integral is defined in the sense of It6. In the finite element
analysis of SPDEs (see, e.g., [67]), the error of the mild solution is in focus,
instead of the weak solution. However, in [5§]], it is shown that under certain
assumptions the weak and mild solution are equivalent. We quickly mention
that in Paper IV, where the SPDE is in focus, such assumptions hold.

For the spatial discretization of let V3, be defined as in prior sections. The
semi-discrete Galerkin method states: find X} (¢) € V}, such that

dX;, + Ap Xy, dt = P,GdW, (2.3.4)

with initial value X 2 = P, X,. Here, Ay, : V}, — V}, is the discrete version of the
operator A, defined by the relation

(Apv,w) = a(v,w),

forall v, w € V},, and P}, : Lo(D) — V}, denotes the standard L, (D)-projection
onto V}, i.e., for any function v € V, P,v € V), satisfies

(Prhv,w) = (v,w), (2.3.5)

for every w € Vj,.
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Let the temporal domain [0, T] be discretized as in Section and denote
X} = Xy (). The backward Euler—Galerkin scheme of (2.3.4) is defined as

tn
X - Xp X = / PG dW (s). (2.3.6)

tn—1

Alternatively, define E, j, := (I + 7A;) ™!, and (2.3.6) can be written as

tn
X =E., X'+ / E, 1, PG AW (s). (2.3.7)

tn—1

By further iterating this expression, we yield a discrete version of (2.3.3), i.e.,

n tj .
X =E", PyXo + Z/ EX I PG AW (s).
j=1"ti-1

If sufficient regularity is assumed on the initial value X, and the covariance
operator @, it holds that the finite element approximation X;' from
converges to the exact solution of quadratically in space and linearly in
time. In fact, by following the proof of [38, Theorem 3.14] and adjusting the
calculations to our model problem, it is shown that the strong error satisfies
the bound

1XR — X ()|l Lo (i.(0)) < C(EM? + h/e), (2.3.8)

where 1 € [1,2] depends on the regularity of X, and Q). The norm used for
the strong error is defined as || - ||, (.1, (p)) := (E[|| - [|*])*/2, where E denotes
the standard expectation. In (2.3.8), we once again note that the finite element
method requires a mesh size h < ¢ to compute accurate approximations. In
Paper 1V, we introduce a method for which we derive an a priori result in
similarity to (2.3.8), but independent of the scale e.

Monte-Carlo simulation

In the previous section, we presented the error estimate in a strong sense, i.e.,
measured in mean-square. However, in many cases it is preferable to analyze
the expectation of the solution, or more generally some function of the solution.
For this purpose, let g : Lo(D) — B be a Lipschitz continuous function with
values in a separable Hilbert space 5. In this section, we focus on the error
between E[g(X (¢,,))] and its finite element approximation E[g(X")], referred
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to as the weak error, given by

IE[g(X ()] = Elg(X3)]l5-

To measure this error, we are thus required to compute the expectation of the
finite element approximation. However, since the solution X' depends on
the realization of the noise W, it is not obvious how the expectation behaves
from one single simulation. Instead, an approximation of the expectation
is computed by averaging over a large number of random samples, known
as Monte-Carlo simulation. The expectation E[g(X]!)] is approximated by its
Monte-Carlo estimator F[g(X}')] as

M
Elg(X})] ~ Enlg(X)] = 72 3 g(X7™), 239

where {X,;""}M_, are independent and identically distributed random vari-
ables with the same distribution as X}'.

The total weak error is now given by comparing E[g(X (¢,,))] with the Monte-
Carlo estimator Ej;[g(X}')]. We note that the error can be decomposed as

IE[g(X (tn)] — Ear[g(Xi)]| Lo (:8)
< [E[g(X (tn))] — E[lg(X)II8 + IE[g(XE)] — En[g(Xp)l L, :8)-
That is, one part that depends on the discretization error from the finite element
scheme, and a second part, which is the statistical error from the Monte-Carlo

estimation. For the discretization part, it follows that the weak error is bounded
by the strong error, since

[E[g(X (tn)] = Elg(Xi)]IIE < E[lg(X (tn)) — 9(X7)[1]
< LYE[|| X (t,) — X3 [|]
= LIIX (tn) = X770 (0:10)
< C(1 4 h?/e),

(2.3.10)

where we first used Jensen'’s inequality, followed by the fact that g is Lipschitz
continuous with constant L4, and finally used the strong convergence bound

from (2.3.8)).

Remark 2.3.1. In we used the strong convergence bound with p = 2,
i.e., in the case of sufficient regularity on X, and @, which corresponds to
the optimal rate for piecewise linear polynomials. This choice was done to
simplify the presentation of the weak error estimate. However, it is a well-
established fact that the discretization error for SPDEs generally achieves twice
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the order of weak convergence in comparison to the corresponding order of
strong convergence (see, e.g., [9, 39, 37]). That is, the weak error generally
achieves optimal order convergence in the case of lower regularity as well, i.e.,
when p € [1,2).

The statistical error from the Monte-Carlo estimation depends on the variance
in the solution X}, as well as the number of samples M. Indeed, for the error,
we note that

IElg(X3)] = Emlg(Xi)Z, 0.5
= E[|E[X}] — Ea([X3]II3]

1 < 2
— |3 X @l - s
LM (2.3.11)
= > BB - o(Xp I
m=1

= E{EG] — o (X3

_ Var{g(X}))
o)

where, since E[E[g(X})] — g(X;"™)] = 0 and {X,;"™}M_, are all independent,
the mixed term vanishes in the third equality.

In total, combining the discretization error bounded by (2.3.10) with the statis-
tical error (2.3.11), the weak error satisfies the error estimate

Bl (X ()] = Eulo (X0l o < O + 12/ + o). @312

At this point, we notice that in order to maintain the convergence rate, the num-
ber of Monte-Carlo simulations A needs to be proportional to the mesh size h
as M ~ h~*. However, recall that the scale ¢ adds the additional requirement
that i < ¢ for the convergence rate to be valid. In principle, this does not nec-
essarily put an extra requirement on the number of Monte-Carlo simulations,
but we remark that each simulation X, requires e-dependent computations.
That is, when multiscale features appear in SPDEs, the computational effort
is even more negatively affected than the deterministic setting. In Paper IV, a
multiscale method for SPDEs is used that circumvents the requirement h < ¢,
and consequently improves the computational efficiency significantly.
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Multilevel Monte-Carlo

As previously stated, the Monte-Carlo estimator requires the number of sam-
ples to be to proportional to the mesh size as M ~ h™*, where each sample
is computed on the grid 7,. An alternative approach is to consider the mul-
tilevel Monte-Carlo estimator, which reduces the computational complexity by
allocating a large proportion of the samples to the coarser levels. In this way,
the coarser grids can be used to cheaply compute the majority of the samples,
which reduces the statistical error, while the finer levels are used to improve
the deterministic accuracy.

The idea of the multilevel Monte-Carlo estimator for stochastic differential
equations was first presented in [21]], and is based on writing the expectation as
a telescopic sum over the nested discretization levels. For this purpose, let h;
denote the mesh size corresponding to the discretization 7j,;. Then, we write

J
Elg(X3,)] = Elg(X7,)] + ZE[Q(X;Z) —9(Xg, )l

In this way, we can estimate each term by a Monte-Carlo estimator with differ-
ent sample size depending on the grid level. That is, the multilevel Monte-Carlo
estimator is given by

EJ[g(X’T;J)] = EMO Xho ZEM g(XszIJfl)]
1 Mo J 1 M; (2313)
=35 2 I+ D0 5 D0 9K — g,
m=1 =1 "7 m=1

where M; denotes the number of samples used on the discretization level 7y,
and Eyy, [-] is defined as in (2.3.9).

The advantage of the multilevel approach is that we can choose {M;}7_, such
that the majority of the samples are allocated to the coarser levels, wh1le the
weak convergence rate from the Monte-Carlo estimator is maintained. Indeed,
if we repeat the calculations in [8| Corollary 3.8], it is shown that the multilevel
estimator satisfies

2 2

J
IE[g(X (tn)] — B [9(X7 )| o (0:8) < C(T + hf iZ . )
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We want to choose the number of samples {1/} } —o such that the convergence
rate from (2.3.12) is retrieved. For instance, one choice that works is to set
My = vh7*, where 7 is some proportionality constant, and M; = Myh;j - 2287
for some § > 0. Then, the final sum satisfies

1

—9j —1/232
jS’Y /hJ25_1a

J J 12
2
S L S
where the final inequality bounds the geometric sum by its limit as J — co. We
remark that a large ¢ implies a better constant in the error estimate, but yields
a slower decay in the number of samples {M;}7_,, and vice-versa for a small 4.
In this way, the parameter ¢ controls the trade-off between the constant in the
error estimate and the computational complexity of the method.

While the multilevel Monte-Carlo estimator reduces the overall complexity, it
still holds that the high variations in the diffusion brings the scale ¢ into the
estimate, such that the requirement h; < € must hold for the convergence rate
to be valid. In Paper IV, the multilevel estimator is combined with a multiscale
approach that removes this requirement, which results in an efficient method
that instantly achieves the sought convergence rate.

We have so far considered several different equations of both stationary, evo-
lution and stochastic type, and discussed the main results from their corre-
sponding well-established finite element methods. As repeatedly pointed out,
in neither case, the spatial convergence satisfies optimal rate unless the mesh
size is sufficiently refined. In subsequent chapter, we introduce the multiscale
method known as the localized orthogonal decomposition method, developed
to circumvent the difficulty of varying data.



3 Localized orthogonal decom-
position (LOD)

For the purpose of solving PDEs with rapidly varying data, several multiscale
methods have been developed. In this thesis the focus lies on the localized
orthogonal decomposition (LOD) method, first introduced in [51]. Widely
speaking, the LOD method is based on a decomposition of the solution space
into a coarse and a fine part. The fine part is assumed to be refined enough to
be able to resolve the variations in the data, while the coarse part is used for
the main (cheap) computations. In short, the goal is to enrich the coarse-scale
space by problem-dependent data computed on the fine scale. This yields a
coarse-scale modification of the original problem that efficiently approximate
solutions with accuracy independent of the data variations.

This chapter is divided into two parts. Firstly, we derive and illustrate the
performance of the LOD method in the elliptic setting, and compare it to the
finite element method presented in Section Moreover, we demonstrate
how the LOD technique is applied to general matrix systems. Secondly, we
extend the LOD framework to the time-dependent setting, and discuss its
computational benefits.

3.1 LOD in the elliptic setting

We begin by introducing the method corresponding to the elliptic case, using
the equation defined in as model problem. At first, we derive the method
in its ideal case. However, there are computational difficulties arising in this
method due to the resulting matrix systems not being sparse, but dense. For
this purpose, a localized version that is computationally feasible is presented.
We continue by revisiting the numerical example from Section 2.1} Finally, we

19
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consider general matrix systems of the form (2.1.4) and show how the LOD
method can be applied to efficiently approximate solutions to such equations.

3.1.1 Ideal method

At first, assume the mesh size h to be fixed and sufficiently small, i.e.,, h < ¢,
so that the FE-space V}, can approximate the solution accurately. We define
the space V similarly to V3, but with a larger mesh size H > h. Moreover, let
N denote the set of interior nodes of Ty, and {\; } .en be the set of standard
piecewise linear basis functions such that

Vi = Span({)‘x}zGN)'

Recall that computing a solution in Vj is cheap, but inaccurate as described
in Section 2.1} The goal of LOD is to incorporate the finescale behavior of the
diffusion into Vyz to define a new so-called multiscale space V,,s, which has the
property that dim(V,,s) = dim(Vy), so that the computations are cheap, but
with an error bound independent of ¢.

For the construction of the multiscale space we require an interpolant I :
Vi, — Vi with the projection property Iz o Iy = Iy that forall T € Ty and
any function v € V}, satisfies

Hi' o = Igollpyery + V10l Lyery < CrlIVllLyvery)s (3.1.1)

where N(T) := {T" € Ty : T'NT # 0} and Hy := diam(T'). Furthermore, for a
shape-regular and quasi-uniform partition, the estimate (3.1.1) can be summed
into the global estimate

H o — Il + [ Vgl < G|Vl (312)

where C,, depends on the interpolation constant C; and the shape regularity
parameter defined as

diam(Br)

:= max vy, where vy 1=
TETH,Y ’ ¥ Hr

Here Br denotes the largest ball inside of 7. There are several choices of
interpolants that can be used for the construction. A commonly used example,
used for the numerical examples in Papers I, Il and 1V, is Iy = E o I, where
Ty is the piecewise Lo-projection onto P; (7 ), the space of affine functions on
each triangle T' € Ty, and Ey : Pi(Tg) — Vg is an averaging operator that, to
each free node = € NV, assigns the arithmetic mean of corresponding function
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values on intersecting elements, i.e.,

(B (v))(2) ! S ().

Ccard{T € Ty :x €T} rer e
H: T

For a more detailed discussion regarding possible choices of the interpolant,
see, e.g., [19] or [59].

For any function v € H}, Iyv describes the coarse part of the solution in the
space Vi. The remainder part (1 — Iy )v contains fine-scale features of v that
are not captured by the coarse space. These fine-scale functions configure the
so-called fine-scale space, defined by the kernel of the interpolant, i.e.,

Ve = ker(IH) :{UEVh:[HUZO}.

That is, V; consists of the fine-scale features of the solution which the finite
elment space is unable to capture. Consequently, this leads to the solution
space being decomposed as

Vie=Vu &V,

so that every function v € V}, can be uniquely written as v = vy + vf where
vy € Vg and vi € Vi,

The LOD method is characterized by correcting coarse functions by an appro-
priate projection into V;. Thus, let Q¢ : V;, — V; be the Ritz-projection onto V%,
i.e., Q;v € V; satisfies the relation

a(Qrv, w) = a(v, w),
for all w € V4. Using this Ritz-projection we create our multiscale space as
Vins := Vi — Q¢ V.
Note that for all v, € Vs and ve € V; it holds that
a(Vms, vr) = alvg — Qpvm, vr) = alvy, vr) — a(Qsvm, ve) = 0.

Hence, the Ritz-projection Oy yields an orthogonal splitting with respect to the
bilinear form a(-, -) as

Vh = Vms@‘/f~

Since Vs is the orthogonal complement to V; it holds that dim(V;,s) =
dim(Vy), but unlike Vj it moreover contains fine-scale features of the dif-
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Figure 3.1: The basis correction ¢, (left) and corresponding modified basis function
Az — ¢ (right) for a coarse node x € A positioned at (0.375, 0.500) in the unit square.

fusion due to the Ritz-projection.

For the construction of the multiscale space, we want to compute the projection
for a fixed set of functions. Hence, we use the Ritz-projection to define the basis
corrector ¢, := Qr\, € V; for each coarse node = € N as the solution to the
(global) corrector problem

a(pz,w) = a(Az, w), (3.1.3)

for all w € V;. The basis for V;,s is then given by {\; — ¢, }sen, which can be
viewed as a modified basis that incorporates fine-scale features of the diffusion
coefficient. An example of a computed basis corrector ¢, and its corresponding
modified basis function A, — ¢, is illustrated in Figure

Given the multiscale space, the ideal LOD method reads: find uy,s € Vins such
that

a(Ums, v) = (f,v), (3.1.4)

holds for all v € V,,5. In [51]], the following theorem on an a priori error bound
is derived for the method.

Theorem 3.1.1. Let uy, be the solution to 2.1.3) and up,s the solution to 3.1.4). Then
the error is bounded by

[tms — unll < CHI| ],

where C is independent of the variations in A, but depends on the upper and lower
bound of A.
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Proof. Let e := ums — up, and note that e € V; due to the orthogonal splitting.
Hence it holds that /gze = 0. Moreover, recall the Galerkin orthogonality
a(e, Ums) = 0 for vy € Vips. We get

a(e,e) = —a(un,e) = =(f,e) < | flllell = [Ifllle — Imell < CHIf[|[le]|

where the final inequality follows from the interpolation estimate (3.1.2). The
desired estimate now follows from the equivalence of norms between the
H'-norm and the norm induced by a(-, -). O

The theorem states that the ideal LOD method achieves convergence of opti-
mal order, but unlike the standard FEM, with a constant independent of the
variations in A. Although the method seems promising, it is in its current state
based on the global projection onto the fine-scale space V;. That is, it
is as expensive to solve for one basis corrector as solving the finite element
problem on the fine scale. Moreover, by definition, each basis corrector
¢ has a global support which consequently makes the linear system corre-
sponding to dense. To circumvent these issues, we wish to localize the
computations onto coarse patches in order to obtain a sparse matrix system.
This act of localization is justified by the fact that each basis correction ¢,
decays exponentially fast away from its corresponding node = € N, as proven
in [51].

3.1.2 Localized method

To localize the corrector problem, we begin by defining the patches to which
the support of each basis function is to be restricted. Forw C D, let N(w) :=
{T € Ty : T Nw # 0}, and define a patch N*(w) of size k as

NY(w) := N(w),

N*(w) := N(N¥Y(w)), fork > 2.

Given a coarse grid patch, we may restrict the finescale space V to it by defining
Vi = {v € Vi :supp(v) € N*(w)}.

In particular, we will commonly use w = T € Ty and w = = € N as subdo-
mains. An example of how the patches spread across the grid with increasing
k is illustrated in Figure

We aim to localize the computation and support of the basis corrector ¢, by
utilizing the newly defined coarse patches. For this purpose, define the element
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TH

Figure 3.2: Illustration of patches based on an element T" € T .

-TGTH

restricted Ritz-projection QF such that Qf v € V4 is the solution to the system

a(Qf v,w) = / AVv - Vwde,
T

for all w € V4. Note here that if we sum over all elements 7" € Ty we get

a(Z ofv, w) = Za(Q?v, w) = Z/ AV - Vwdz = a(v, w),
T T T /T
for any function w € V;. That is, the global Ritz-projection is constructed by

the summation
T
Qv = Z Qi v.
TETu

For k € N, we may restrict the projection to a patch by letting Qf; : Vg — V',
be such that Of ;v € Vi, solves

a(Qf v, w) = / AVv - Vwde,
T

for all w € V;%,. By summation this yields the corresponding global version as

T
Ot v = Z Qi 4 v-

TeTu

Finally, we may construct a localized multiscale space as Vins 1, :== Vi — Q¢ 1V,
spanned by {\; — Q¢ Az fzen

We replace the multiscale space Vi, by its localized version Vs , and obtain
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the localized LOD method that reads: find umgs x € Vins 1 such that
a(ums,kn U) - (fa U)y (315)

holds for all v € Vs . For a given element T' € Ty, the dimension of qu;c is
significantly smaller than that of V;. Hence, the problem of finding Oy ;A\, is
computationally cheaper than finding Q¢\,. Moreover, due to the restricted
support of the basis correctors, the resulting linear system is also sparse (where
the sparsity is determined by the size of the corresponding grid patches). An-
other computational benefit is that the corrector problems are all independent
and can be solved in parallel.

In [26], the following theorem is proved for the error bound.

Theorem 3.1.2. Let uy, be the solution to (2.1.3) and wumys i the solution to (3.1.5).
Then there exists £ € (0, 1) such that

sk — unllzr < CCH + kY291 £,

where C' is independent of the variations in A, but depends on the upper and lower
bound of A.

The convergence is thus dependent on the choice of k. To achieve linear
convergence for the method, k should be chosen proportional to log(1/H).

3.1.3 Numerical example

To demonstrate the performance of the LOD method we revisit the example
from Section 2.1} Once again the domain is set to the unit square, and the same
coefficient as defined in is used, where the scale at which the values
vary is set to e = 275, The fine mesh is once again set to h = 27% so that it
resolves the fine variations of the coefficient. We compute the localized solution
Ums k, where k = log,(1/H), for H = 272,...,27% and plot the energy error
[ltems ke — Uret|] Wwhere the reference solution u,.r is obtained using the finite
element method on the fine mesh. For comparison, we also plot the error of
the finite element solution based on the same mesh sizes. The error plot can be
seen in Figure [3.3|and shows how the FEM-error remains on a constant level
throughout all mesh sizes, while the LOD-error instantly decays according to
the established theory.
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Figure 3.3: The energy error [||tms,x — uret|| (blue) for different coarse mesh sizes H.
For comparison, the FEM-error [|ug — uret | (orange) is also plotted. The dashed line is
an O(H)-reference line.

3.1.4 Discrete setting

We conclude the section on stationary problems by illustrating how the LOD
method can be extended to general discrete systems characterized by a sym-
metric, positive definite matrix K. The matrix K can for instance represent,
but is not limited to, a finite difference stencil or the graph Laplacian. This
particular extension of the LOD method was first introduced in [35]], and was
further justified theoretically in [17]. As model problem, we consider a weak
formulation of the system (2.1.4). That is, we seek u € V such that forallv € V
it holds

(Ku,v) = (f,v). (3.1.6)

Here, V is a discrete solution space, e.g., some subset of R” with some Dirichlet
nodes fixed where the solution is equal to zero, f the right-hand side data, and
(+,-) the Euclidean scalar product.

Whenever the matrix K contains high variations in its data, the system becomes
ill-conditioned and only direct solvers are applicable. As this becomes highly
inefficient as the system grows larger, we apply the LOD method to efficiently
find an approximate solution to (3.1.6). In similarity to the continuous LOD
setting, we introduce an interpolation matrix / : V' — V. For now, we mention
that the matrix could, for instance, represent a discrete version of the Clément-
type interpolant. In Section 4.3} the construction and main properties of I are
discussed in more detail.
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With the interpolant I, we are able to capture the coarse behavior of any
function in V. The remaining part is recovered in the fine-scale space W :=
ker(I) C V. In this way, we define the multiscale space V},,s as the functions in
V that are orthogonal to W with respect to the matrix K, i.e.,

Vins = {v €V : (Kv,w) =0, Yw € W}.

Similarly to the continuous LOD setting, the computation of Vs is based on
a corrector-type problem as in that of (3.1.3), but with respect to the scalar
product (K-, -). In [17], the authors show that under the right assumptions, the
correctors can be computed on local patches without losing essential informa-
tion. Thus, by applying a localization procedure similar to that of the standard
LOD method, one yields the localized space Vi, .. We arrive at the method to
find wms k € Vins,k such that

(Ktms i, v) = (f,v), (3.1.7)

holds for all v € Vs . With this method, we are able to efficiently compute
accurate approximations to independent of potential data variations in
K. Indeed, in [17, Theorem 4.8], an a priori error estimate analogous to that
of Theorem [3.1.1]is derived for the method (3.1.7). In Section 4.3, we discuss
the discrete LOD method in detail and demonstrate how it is applicable to
time-dependent settings. This extension to time-dependent matrix equations,
with particular focus on the application to fiber networks, is the central topic
of Paper IIL

3.2 LOD for time-dependent problems

In this section, we discuss the LOD method in the time-dependent setting. In
particular, we seek to highlight the additional computational efficiency that
is gained in contrast to the stationary cases. For this purpose, we revisit the
parabolic equation as model problem. Similarly to the elliptic case, the
LOD method follows by replacing the finite element space V}, by the localized
multiscale space Vi, . This yields the LOD method: find uy, € Vinsx for
n > 1, with initial value u?ns’ % € Vins,k, such that

(étugls,k?’ U) + a(u:lLlS,k}) = (fn> ’U)7 (321)
holds for all v € Vi,s . The LOD method for parabolic equations (and its semi-
linear counterpart) have been studied in detail in [50]. In particular, the authors
derive the following bound for the error between the LOD approximation and



28 Localized orthogonal decomposition (LOD)

the standard finite element approximation computed on the fine scale.

Theorem 3.2.1. Let ul_ ;. € Vins i be the solution to (3.2.1), and u}} € Vj, the solution

ms

to 2.2.5). Then, there exists & € (0, 1) such that the error satisfies
||urrils,k - UZH < C(H + kd/2€k)27

where C'is independent of the variations in the diffusion A, but depends on, e.g., the
contrast in A.

Note that Theorem implicitly yields optimal convergence between the
LOD approximation and the analytical solution, since

s e = bl < s i — wltn) || + [Ju(tn) — ugll;

where the bound on the second term follows by standard finite element theory.

We have illustrated how the multiscale space Vi,s 1, is used to achieve optimal
order convergence independently of the variations in the diffusion, for both
elliptic and parabolic equations. From a computational point of view, we
remark that the computation of Vi, 1 is not cheap, as it involves solving several
corrector problems on the fine scale. However, as previously emphasized,
the corrector problems are all independent, and can therefore be solved in
parallel, reducing the computational effort. Moreover, the LOD method gains
an additional advantage in the time-dependent setting, since it is sufficient
to compute Vi, 1 once, and then re-use it in each time step. This property
is also taken advantage of when applying LOD to the linear wave equation,
which has been thoroughly studied in [2]. In Paper IV, where a stochastic PDE
is considered, the re-usability is of even further interest, as the Monte-Carlo
approximation requires us to solve the equation an extensive number of times,

as pointed out in Section

So far we have seen that, even for time-dependent equations, it suffices to
replace the finite element space by the multiscale space to define an efficient
method that yields convergence of optimal order. However, this is not always
the case. For instance, in the case of time-dependent diffusion A = A(t, z), the
multiscale space changes over time as well, and needs to be reconstructed for
each time step. Such a case, when the changes over time moreover contain
rapid oscillations, is considered in Paper II. We also note the space Vs 1, only
needs to take one coefficient into account in its construction. In the strongly
damped wave equation, defined in (2.2.10), there are two multiscale coefficients
that vary independently from each other. The corresponding LOD method
must therefore take the behavior of both coefficients into account. An extensive
study of this case is done in Paper L.



4 LOD for evolution problems

The LOD method as presented so far is well-established for various types of
equations. In the previous chapter, its effectiveness for basic stationary and
time-dependent equations was demonstrated. This chapter further extends the
LOD approach and applies it to more complicated evolution problems.

As a first example, we consider the strongly damped wave equation that
consists of two different multiscale coefficients. Here, the way the solution
depends on the different coefficients is strongly affected by what phase of the
time interval we consider. Hence the multiscale space must be constructed so
that it is automatically adjusted for this effect over time. In Paper I, a GFEM
that achieves this is derived and analyzed. The second case we consider is a
parabolic equation, where we let the diffusion be time-dependent with rapid
variations in both time and space. The LOD method for parabolic equations
was rigorously analyzed in [50], but is only applicable for high oscillations in
the spatial sense. An extension of the LOD method to the space- and time-
dependent case is developed in Paper II. In [35, [17], the LOD framework
was applied to general matrix systems in the stationary setting. Continuing
their work, Paper III extends the technique to the time-dependent case by
considering a discretized version of the linear wave equation, characterized
by a symmetric, positive-definite matrix K. Finally, Paper IV presents a priori
analysis for the LOD technique for stochastic partial differential equations, for
which the reduced computational complexity is even more advantageous due
to the Monte-Carlo sampling.

29
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4.1 Strongly damped wave equation

Consider the strongly damped wave equation

it —V-(AVi+ BVu)=f, inD x (0,7],
u=0, ondD x (0,T],
u

D @.1.1)

U(O = 9, in D,

where T' > 0 and D is a polygonal (or polyhedral) domain in R¢, d = 2,3.
Here A = A(z) represents the damping coefficient, B = B(z) represents the
wave propagation speed, f = f(¢, z) denotes the source function of the system,
and the solution u is a displacement function. This equation is common in
the modeling of viscoelastic materials, where the strong damping —V - AV4
appears when representing the stress as the sum of an elastic part and a viscous
part [12,22]. Viscoelastic materials have several applications in engineering,
including noise dampening, vibration isolation, and shock absorption (see [34]
for more applications). In multiscale applications, both A and B are rapidly
varying. It is noteworthy that the solution is highly dependent on the damping
A in the transient phase due to the time derivative, and that in the steady state
phase it solely depends on the wave propagation speed B.

Recent years have seen extensive analysis on the strongly damped wave equa-
tion. For instance, well-posedness of the equation is discussed in [13} 33} 36],
asymptotic behavior in [14} 5, [55], solution blowup in [20} 4], and decay esti-
mates in [32]. In particular, the FEM for the strongly damped wave equation
has been analyzed in [44] using the Ritz—Volterra projection, and [43] uses the
classical Ritz-projection in the homogeneous case with Rayleigh damping.

Standard finite elements

We begin by considering the finite element method that corresponds to the
system (4.1.1). For the spatial discretization of the problem, let V}, be defined
asin Section The semi-discrete FEM becomes: find uy,(t) € V}, such that for
allv € V3, it holds

(tip,v) + altp,v) + b(up,v) = (f,v), t>0,

with initial values u,(0) = wup,0 and @, = vp,0, where up0,vn0 € V3 are
appropriate approximations of ug and v respectively. Here, the bilinear forms
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are defined as a(+, ) := (AV-,V-)and b(,-) := (BV-, V.).

For the temporal discretization, let 0 =: ) < ¢t; < ... < ty := T be a partition
with uniform time step 7 := ¢,, — t,—;. By applying a backward Euler scheme,
the fully discrete system reads: find u} € V}, for n > 2 such that

(5?112, v) + a(Opuf,v) + bluf,v) = (f*,v), (4.1.2)

for all v € Vj,. The first initial value is given by u% € V3. The second initial
value v} should be an approximation of u(¢;) and can, e.g., be chosen as
uy, = u) + Tvf). For results on regularity and error estimates, we refer to [43].
However, although convergence of optimal order is proven here, the involved
constants are dependent on the variations in the coefficients A and B, and

hence not applicable in the multiscale case.

Ideal GFEM

For the development of our GFEM for the strongly damped wave equation,
we begin by defining the coarse FE-space Vy and the fine-scale space V; :=
ker(/f) in complete analogy to Section For the standard LOD method
(as used in the elliptic case [51] 28} 26], parabolic case [50} 49]], and for the
wave equation [2,47]), the definition of the Ritz-projection is based on solely
the diffusion coefficient. However, since we have two different multiscale
coefficients to incorporate in this case, we define the Ritz-projection R : Vg —
Vt such that Rgv € V; satisfies

a(Rev, w) + 7b(Rev, w) = a(v, w) + 7b(v, w), (4.1.3)

for all w € V;. Here, the operator Ry takes the role of Oy from Section but
considers both coefficients A and B in the projection. The particular choice of
scalar product, a(-,-) + 7b(-, -), comes from the backward Euler scheme. Using
this projection, we may define the multiscale space Vi, := Vg — R¢Vy such
that

Vi=Vas ®Vt, and a(vms, vt) + 7b(vms, v¢) = 0.

The basis functions for this multiscale space is, similarly to the standard LOD
method, defined by applying the Ritz-projection to the finite element basis
function. That is, R¢A\; € V4 solves the global corrector problem

a(Rf)\xa ’U)) + Tb(Rf)‘w7 ’LU) = a’()‘w7 ’LU) + Tb(Axa U}), (414)

for all w € V. The basis for Vs can now be constructed as {\; — ReA; }oen,
where R; )\, contains fine-scale information on both of the multiscale coeffi-
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cients.

We may now formulate our ideal method. Since the solution space can be
decomposed as V}, = Vius @ V4, the idea is to solve a coarse-scale problem in
Vs, and then add additional fine-scale corrections to account for the time-
dependency of the problem. Note that this differs from the standard LOD
method, where solving a system in Vs suffices. By incorporating the cor-
rection, the solution can adapt so that its dependency on the coefficients A
and B changes over time. In Remark [£.1.1} it is demonstrated how the added
correction changes the solution from being orthogonal with respect to A in the
transient phase to its B-orthogonality in the steady state phase.

The method reads: find uj}; = v™ + w” for n > 2, where v™ € V4 satisfies
T(Ofv™, 2) + a(v™, 2) + (v, 2) = 7(f", 2) + a(uy', 2), (4.1.5)
for all z € V,,,, and w™ € V; satisfies
a(w™, z) + th(w", z) = a(uly', 2), (4.1.6)

for all z € V, with initial data u{ ; = u) € Viys and uj,y = uj, € Vine. The initial
data is chosen in Vs to simplify the implementation of the fine-scale correctors.
This choice does not affect the performance of the proposed method, as shown
in Paper I.

Remark 4.1.1. As earlier mentioned, the behavior of the damping A typically
dominates the solution to in the transient phase, while the solution
depends more heavily on B if it reaches a steady state. Indeed, we note that the
multiscale space Vi, is based on the correction with small time step 7.
That is, the correction in Vs is initially dominated by A. However, in a steady
state, it holds that u ; ~ uj";'. Therefore, we note that by it holds that
forany z € V¢

a(w™, z) + 7h(w™, z) = a(uﬁ)gl, z) &~ a(ujy, 2)
=a(v", z) + a(w", 2)

= —7b(v", 2) + a(w", 2),
due to the orthogonality between Vs and V;. Rearranging the terms, we have
b(o™, 2) + b, ) = blufyy, 2) ~ 0.

That is, in the steady state phase, the solution becomes orthogonal with respect
to B instead of A.
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Localized version

The ideal method as currently stated is defined on the entire fine grid which
is not computationally feasible. For this purpose we construct a localized
multiscale space Vi i, := Vi — Re 1 Vi in complete analogy to the localization
procedure in Section For this localization to be valid it is required that
each basis corrector R; ), satisfies the same exponential decay as Q¢ ), from
Section However, we quickly note that R¢)A; solves the same type of
problem as 9\, but with diffusion A + 7B, and hence satisfies the required
decay property by classical LOD theory.

With the space V},s 1 defined, we are able to localize the computations corre-
sponding to the system by replacing the multiscale space by its localized
counterpart. It remains to localize the computations of the fine-scale system
in (4.1.6), which equivalently can be written as

= 1
a(Oyw™, 2) + b(w™, 2) = —a(v" !, 2).
T

We replace the right-hand side by its localized version v} ' € V;,s 1, and note
thatv) ™' =", en 0271 (Ay — R Ag). Thus, we seek our localized fine-scale
solution as wy =\ wi ,, where wy € V% solves

_ 1
a(Oywy 4, 2) + b(wy 4, 2) = ;a(ag_l()\z — Re pA\s), 2), (4.1.7)

for all z € V{7, so that the computation of this equation is localized to a patch

surrounding the node € V. We introduce the functions & , € V{7, as solution
to the parabolic equation

A0 0r7) +D(EL D) = Al (O — Biada) ), (418)

for all z € Vi and £ = 1,2,..., N with initial value £ , = 0. Here x(¢)
denotes an indicator function that equals 1 when ¢ = 1 and 0 otherwise. In
Figure the function &, for a fixed node 2 € N\ is plotted. It holds that
wp =Yy, ai~tEf s the solution to #1.7), which can be shown by simply
inserting it and canceling terms (see Paper I for the details).

With the localization procedure established, we are set to define the proposed
GFEM. It reads: find ujy, , = v + wy, where vy = Y owen W Ae — Rep)z)
satisfies

T(OFvi, 2) + alvg, 2) + Th(vg, 2) = 7(f",2) + alujpg . 2),  (419)
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for all z € Vigg, and wp = Y o>, ah ¢, where & . € V5
solves (4.1.8). The method can be summarized as follows:

1. Construct the multiscale space Vs, := Vi, — R Vm. This includes
solving a localized version of the (stationary) corrector problem {#.1.4)
for each basis function {\; }zen-

2. Solve for the fine-scale correctors {§£x N_,. For this purpose, the local-
ized (parabolic) problem is solved for each coarse node = € N. For
a fixed node, this corresponds to solving a localized problem on the fine
scale in each time step.

3. Compute the solution by solving (4.1.9). Note that in each time step,
we must construct wp ' = 3 ST a2 174 | and add it to the
right-hand side.

To justify the fact that we localize the fine-scale equation, we furthermore
require that the functions {¢/})Y , satisfy an exponential decay as well. The
following theorem, proven in Paper I, provides this requirement.

Theorem 4.1.2. For any node x € N, let &, € V; be the solution to

(B8, 2) +H(EL,2) = Zaba () — Rea), 2),

forall z € Vi, with initial value €9 = 0. Then there exist constants ¢ > 0 and C > 0
such that for any k > 1

€5 (p\ Nk () < Ce™F [ Al

for sufficiently small time step T.

Error analysis

For the error analysis of this method the solution is first decomposed as ! ; =
Ulba1 T Ulpa,or Where ufg 4 ; has zero initial data and uj, 4 , has zero source data.
The error of each decomposed part is then analyzed separately. We state the
final result here and refer to Paper I where the full analysis is thoroughly
investigated.

Theorem 4.1.3. Let u} and u" , be the solutions to @.1.2) and .1.5)-(@.1.6), respec-
tively. The solutions can be split into uj; = uj | + up o and ujgy = ujoq 1 + Ulpq 2/




4.1. Strongly damped wave equation 35

where the first part has vanishing initial data, and the second part a vanishing right
hand side. The errors are bounded by

> rlh s = toa sl () < CH? (ZT(I]‘W + 119 f71?) + max lfj||2>’
=2 =1 J=L
Zﬂf?”“ﬁz — g ol F oy < CH* (10030 oy + lun |7 oy + llwplF opy)s
j=2

for n > 2, where the constants are independent of variations in A and B, but depend
on the upper and lower bounds of A and B.

Remark 4.1.4. The theorem states optimal order convergence for the ideal
method, stated in (£.1.5)-(4.1.6). In the localized method (4.1.9), an additional
error will appear due to the localization procedure. However, due to the
exponential decay of the basis correctors R; ), (see [53, Theorem 4.1]) and the
fine-scale functions &£ (by Theorem , it holds for k£ ~ log(1/H) that the
difference between the ideal and localized method converges with higher order
than the error in Theorem [4.1.3] For details on the localization error, we refer
to [51].

Reduced basis approach

The proposed method as stated so far is promising, but it requires us to solve
the fine-scale system for each coarse node z € A and for each time step.
This quickly becomes computationally challenging as the final time 7" increases.
We reduce the complexity of the method by applying a so-called reduced basis
method. By doing so, it will suffice to find solutions for M < N time steps,
and use the computed information to approximate the remaining ones in a
significantly cheaper and more efficient way.

As motivation for the reduced basis approach, we first note that the sys-
tem which ;' | satisfies is a parabolic-type problem with zero source. As
discussed in Section the solutions to such a system decay exponentially
from their initial data, until they have completely vanished. To illustrate this
effect, we fix x € A/ and compute {g,;gb} forn =1,2,...,200. The functions are
computed on the unit interval with time step 7 = 0.01 and coefficients

€A €B

Alx) = (2 — sin (2m))_1 and B(x) = (2 — cos (zm))—l’

witheqy =27%and e = 275, where k is chosen so that the support covers the
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Figure 4.1: Illustration of a fine-scale corrector function £, vanishing with increasing
time step n.

whole interval. Figure 4.1 displays the function &}, for the selected time steps
n = 1,25,50, 100, 150, 200.

While Figure |4.1|illustrates the rapid decay well, it is moreover important to
note that the function &, maintains a similar shape through all time steps.
This suggests that it is possible to evaluate the solutions for only a few time
steps, and utilize their information to determine the remaining functions. To
further investigate this idea, we analyze the singular values of the computed
solutions {§£7x}nN:1. The singular values are plotted in Figure(4.2)in the case
N = 100. Here, we observe that the values decrease rapidly, with most of
them falling within the machine precision level. In practice, this means that
it is possible to compute the information for all of {¢} .}/, from just a few
&k~ This property can be exploited to lower the computational complexity by
employing a reduced basis method.

The idea behind reduced basis methods is to use the information from M
number of pre-computed solutions to construct a low-dimensional space V7, ,
in which approximate solutions can be computed efficiently. The approach
applied to compute an approximation of the set {£f ,}_; is as follows.

1. Pick M <« N, and compute {¢} . }1L, by @.1.8).

2. Orthonormalize {¢}! . })L, using, e.g., Gram-Schmidt orthonormalization.

This yields a set of orthonormal vectors {¢}* . }2L , called the reduced basis.
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Figure 4.2: The singular values computed by singular value decomposition of the matrix
composed by {7 . }2;. Note that after the first ~10 singular values, the remaining
ones lie on the machine precision level.

3. Construct the reduced basis space Vyy'}. , := span({¢}' , }7L1)-

4. Compute the approximate solutions {¢;"""}N_, +1 using (4.1.8), with the
full space V;" replaced by the low- rank space V, M k -

Note that computing an approximate solution &, b € Vi . is reduced to

solving an M x M matrix system. That is, while computmg the M first solutions
can be challenging, solving for the N — M remaining functions is significantly
cheaper. Moreover, we remark that the analysis in Paper I does not include the
error from the reduced basis approximations. However, the theory on reduced
basis techniques is well-established, and the reader is referred to [60] for an
introduction to the field.

We conclude the section by providing numerical examples illustrating the
convergence rate of the proposed method, as well as the error introduced by
the reduced basis approach. Before this, we quickly summarize the method
and remark on the computational complexity. At first, the proposed method
constructs Vi, 1 by solving linear systems on the localized fine scale for each
coarse basis function. In turn, we compute {fﬁx}%zl by solving a localized
fine-scale system Ny times for M time steps. This yields the space VB M.k fOr

each node z € N. The remaining approximations {{;’; e — 4+ are found

by solving N — M number of M x M matrix systems. Flnally, the solution,
denoted ’U’IIZS?@/ is computed on the coarse grid with multiscale space Vs .
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Numerical examples

Consider a unit square domain D = [0, 1] x [0,1], and coefficients A and B
with randomly generated values in the interval [10~!, 103] varying on the scale
e = 275 For the system data, the initial values are set to zero and the source
to f = 1. The final time is set to 7' = 1 and the temporal domain is discretized
with 7 = 0.02.

First, we compute the error between the localized method (without the reduced
basis approach) and a reference solution computed on the fine grid. This is
done for coarse mesh sizes H = 27%,i = 1,...,5 with localization parameter
k = log,(1/H). The relative error in H'!(D)-norm is plotted, and displayed in
Figure For comparison, the error for the standard FEM is also included,
as well as the standard LOD method when correcting the basis functions only
using A or B, respectively. Here, we see how neither FEM nor the standard
LOD method suffices, while the proposed method achieves optimal order
convergence instantly.

As a second example, we analyze the error that arise from the reduced basis
approach. We fix the coarse mesh size to H = 275, and plot the error as
functions of the number of pre-computed solutions M used to construct the
reduced basis. This is illustrated in Figure[#.4 Note that approximately A = 10
pre-computed solutions suffices in the case H = 27° for the reduced basis
approach to not perturb the convergence rate of the method.

4.2 Parabolic equation with time-dependent diffu-
sion

The second case we consider for the extension of the LOD framework is the
parabolic equation of the form

W— V- (AVu) = f, inD x (0,T),
w=0, ondD x (0,T], 42.1)
u(0) =0, inD,

where T > 0 and D is a polygonal (or polyhedral) domain in R¢, d = 2,3. In
contrast to the parabolic case dealt with in [50], we have A = A(t, x) with rapid
oscillations in both time and space. We remark that the choice of zero initial
data is made to simplify the presentation of our proposed method, and that
nonzero data can be considered with just a few alterations. The parabolic equa-
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Figure 4.3: The relative H'(D)-error |[up — uivg x \|H1(D>/||u2f | 71 (py between the ref-
erence solution and the approximate solution computed with the proposed GFEM
(excluding the reduced basis approach).

100"
—
—
-
107! e
=
.

1072 Soa

=

-
10—3 LN
-
104 Ta
5 10 15 20
M

Figure 4.4: The relative H'(D)-error |ujyg x — Ullgéil]zHHl(D)/HulIXd’kHHI(D) for the pro-
posed GFEM with and without the reduced basis approach, as function of the number
of pre-computed solutions used for the reduced basis.



40 LOD for evolution problems

tion (4.2.1) appears in several real life applications, where common examples
include heat transfer and modeling of pressure in compressible flow [62} 45| 31].
In particular, the time-dependency in the diffusion is highly relevant when
considering a heat conductor undertaking radioactive decay [68]. Furthermore,
a parabolic problem posed on a time-dependent domain can be mapped to a
problem posed on a fixed domain with time-dependent coefficients.

Weak form and finite elements

We begin by deriving the weak formulation of (4.2.1), and its corresponding
finite element formulation. Let L?(0,T;B) and H*(0,T; B) be the standard
Bochner spaces with norm

T 1/2
ol ez = ( / ||v||%dt) ,

T 1/2
ol ozvm) = ( i+ ||v||%dt) ,

where B is a Banach space with norm || - ||g. Throughout this section, we
abbreviate the Bochner spaces by omitting the interval and the domain and
write, e.g., L2(H{) := L?(0,T; H}(D)). We consider the following weak space-
time formulation: find u € Vi, := L?(Hg) N H*(H ') such that

T T
/ (G, v) + a(t;u,v) dt = / (f,v)ydt (4.2.2)
0 0

forall v € V;. := L?*(H}). Here, we have denoted by (-, -) the dual pairing of
H~Y(D) and H} (D). Moreover, the bilinear form a(t; -, -): H3(D)x H3(D) — R
is defined by

a(t; v, w) ::/ A(t, )Vv - Vwdz
D

for almost all ¢ € (0,7"). From here on, we omit the ¢-dependence and abbrevi-
ate a(-,-) == a(t; ).

We begin by introducing the space-time discretization on the fine scale. Let V},
be defined as in Section [2.1| for the spatial part. For the temporal discretiza-
tion, we introduce the fine time step 7 and set t; = i1, i = 1,..., N; as the
uniform partition with ¢, = 7. Denote by Z, the decomposition of [0, T] into
sub-intervals [¢;_1,t;], i = 1,..., N;. With respect to this discretization, we
introduce two discrete spaces V; and V; as the temporal trial and test space
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respectively, defined by

V. = {ve Hl(O,T) : |, I € Z,, is a polynomial of degree < 1,v(0) = 0},
V, :={v e L*0,T): v|r, I €Z,, is constant}.

Based on the above definitions of spatial and temporal spaces, we introduce
corresponding tensor-product space-time finite element spaces with respect to
the full domain [0, 7] x D. We set

Vh)q— = VT X Vh, Vhﬂ— =V, xV,

as trial and test space, respectively. The finite element formulation of (4.2.2)
now states: find up, » € V4, - such that

T T
/ <uh,‘r7 Uh,T> + CL(U}L’T, Uh,T) dt = / <f7 Uh,T> dt
0 0

for all v, € Vi -. Note that, for the parabolic problem, we base our finite
element problem on a Petrov-Galerkin ansatz, i.e., the trial and test spaces do
not coincide.

Space-time multiscale method

For our space-time multiscale method we will, in similarity to previous LOD
based methods, introduce corresponding coarse spaces. For the spatial dis-
cretization, define Vi and the interpolant /5y = Ep o Il as in Section and
let {¢s }zenr, denote the standard finite element basis functions for V. For
the temporal discretization, let 7 > 0 be a coarse time step, and let T; = iT,
i=0,1,...,N. Denote by Z; the decomposition of the time interval [0, T into
sub-intervals [T;_1,T;],¢ = 1,..., N of uniform size with Ty = T Then, in anal-
ogy with the fine temporal spaces, we define V; and V; as coarse temporal trial
and test spaces based on the decomposition Z,. Moreover, let {¢;}}¥; denote
the piecewise linear basis functions that span Vr, and {x;}Y, the piecewise
constant basis functions that span V-, where x; = 1|1,_, 7). The coarse space-
time spaces are then set as V,LT = VT x Vp as trial space, and Vi 1 := V7 x Vg
as test space.
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Next, use the spatial interpolant to define the remainder spaces

Whr = {wef/m. Igw(T;,-) =0foralli=0,. },

T;
Whr = {wthyf: 7'*1/ Idet:Oforallizl,...,N},
Ti 1

which we will use as our fine trial and test spaces respectively. Note that, by
construction, V, » = V7 @ Wy rand Vy, » = Viy 7 @ Wi, -

Our proposed space-time multiscale method is based on the variational multi-
scale method, first introduced in [30], and aims to extend the LOD framework
to space- and time-dependent coefficients. The main idea is to decompose
the solutlon 1r1to a coarse part in VH 7 and a remainder part in Wh - and then
consider (4.2.2) for test functions in the coarse test space Vy + and the fine test
space W, - separately. In turn, this yields a coarse-scale and a fine-scale equa-
tion respectively. The main purpose of the fine-scale equation is to compute
certain correctors, which we utilize to enrich the coarse-scale equation with
the fine-scale behavior of the diffusion. The proposed method reads: find
Ug,r = U7+ Quur € (14 Q) VU,T such that uy + € Vi 7 solves

T T
/<%(1+Q)UH,T,UH,T>+a((1+Q)uH.T,vH.T)dt=/ (f, v 7) dt,(4.2.3)
0 0

forallvy + € Viy 7 and Quy 7 € VAVhJ solves

T T
/ (& Quy 7, wn r) + a(Quy 7, wp,-) dt = */ (U 7y wh r) + a(uy, 7, wp,7) dt
0 0
4.2.4)

forall wy , € W}, ;. Due to linearity, we may take and further decompose
it into corrector problems with local space-time basis functions AZ := (¢, €
Vi as source, where j € {1,..., N} denotes the temporal node and =z € N
the spatial node that the basis function corresponds to. That is, we define a
corrector QAJ, € Wh’T as the solution to

T T
/ (L QNS wn ) +a(QAL, w,,) dt = — / (A wn2)+a(AD, wn ) i (42.5)
0 0
for all wy, , € W), ., with initial condition QA% (0,-) = 0. Note that, due to
supp(A1) = [Tj_1,Tj+1] x N(z) and the initial condltlon in (4.2.5), the integrals
are immediately reduced from [0, T to [T}_1,T]. Without loss of generality,
we will therefore restrict the presentation to the case j = 1 and abbreviate
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Figure 4.5: Space-time decay of a basis corrector QA in logarithmic scale.

A= AL ¢:= ¢, and ¢ := ¢,. We emphasize that is a corrector problem
which can be compared to that of for the standard LOD, but posed on
the space-time domain. In a similar fashion, the correction QA decays rapidly
outside of the support of A, which is restricted in both space and time. This
property is later exploited to localize the computations in both space and time.
For an illustration of the function QA and its decay, see Figure[4.5|

We wish to solve the system without explicitly computing the fine-scale
spaces Wh,T and W}, .. Hence, we reformulate as a constraint problem
posed in the full discrete space V;, , and with test functions in V, ;. That is, let
NS Vh,T be the solution of

T N T; T
/0 <w,v>+a(7,/1,v)dt+;/Ti_lO\i,IHv)dt:—/O (A, v) + a(A,v) dt

v (4.2.6)

> (Ia(Ty), ) =0,

=1
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forallv € Vi -, ptj € Vi, j =1,...,N, where (\,...,An) € Vug x ... x Vg
are the associated Lagrange multipliers. Note that, by construction, (4.2.5)

and (4.2.6) are equivalent, i.e., QA = 1.

Error of the ideal method

The method presented in (4.2.3)-(4.2.4) is referred to as our ideal method. For
the corresponding error estimate, we introduce the norms for the trial and test
space respectively as

T

ol = / 195t 2y + 160ty e+ [0(T) 22,
T

loll3,, = / V0t )220 i,

where 7 := 32177 (771 [ (s, ) ds) x; is the mean with respect to the fine
temporal discretization. These norms are essential for the analysis of certain
space-time Petrov—Galerkin discretizations as in [65] on which our approach
relies. The error for the proposed ideal method is then quantified by following
theorem, which is proven in Paper II.

Theorem 4.2.1 (Error of the ideal method). Assume that the right-hand side fulfills
f € LA(L*) N HY(H™1Y). Then the error between the solutions uy, » and @y 1 satisfies

lan 7 = unrllv. <CH+T) 1 fll2@2)nm -1

Localization in time and space

Theorem [4.2.1] states that our novel method converges with optimal order.
However, similarly to earlier LOD based methods, the formulation as currently
stated is ideal, but impractical. The method is based on auxiliary corrector
problems defined on the entire fine space-time grid, which is not computation-
ally feasible, as earlier discussed. To circumvent this issue, one observes that a
corrector function 1) decays exponentially fast away from the support of the
underlying basis function A. Without a great impact on the approximation
property, it is therefore possible to restrict the fine-scale computations to local
spatial patches as for the standard LOD, and to a limited number of coarse time
steps, yielding a localized method in both space and time. For the temporal
localization, we begin by demonstrating how the basis corrector ¢ is computed
by a sequential approach. This turns into an efficient scheme whose computa-
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tions easily can be restricted in time. We emphasize that the basis correctors
are independent, which makes parallelization possible in both space and time.

To define the sequential approach, we begin by dividing the integral in {.2.6)
into local integrals over [T;_1,Tj], j = 1,..., N and define for given j the local
version of V}, ; by

V,{T = {v|[Tj71’TﬂXD v eVt

Further, we denote with ¢; € V,f’T, &;(Tj-1) = 0 the solution of

Ty T .
/ (&, v) +a(&j,v) + (N, Igv) dt = —/ (A, v) + a(A,v) (4.2.7)
T T,
—{(7&-1(Tj-1),v)

+ a(F—&-1(Tj-1),v) dt,
(Iu&;(T5), w) =0,

forallv € Vi -, u € Vi, where A\; € Vi is the associated Lagrange multiplier.
For j = 1, we explicitly set £, (Tp) = 0 such that the third and the fourth term
on the right-hand side of vanish. Note that the functions {¢;}}_, are
constructed in a way such that

N
v=> (&+ T‘%jfjfl(ijl))]l[ijTJ]'
j=1

We emphasize that the basis function A only has support on the first two coarse
intervals. That is, for j > 2 the first two terms in (and also in (£.2.6))
disappear and, consequently, ¥ will begin to decay due to the parabolic nature
of the problem.

Due to the decay property of v, there will be an ¢ € N such that for j > ,
the sequential functions &; will be of negligible size compared to the error of
the ideal method. Hence, it suffices to restrict the computations to {¢; }gzl.
That is, we define our temporally localized corrector function by v, = ¥ 19 1),
where we refer to ¢ as the temporal localization parameter. We remark that simply
restricting the computations will make 1), discontinuous, and thus it will no
longer be a function in Vj, .. However, this can easily be circumvented by

choosing
Toy1—t

Yo=Y Lom,) + ~F—&(T0) Uiz, 10p)

It remains to apply the spatial localization procedure, which follows in similar-
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Figure 4.6: The (relative) localization errors for a basis function A.

ity to Section[3.1] In total, this yields space-time localized basis functions, which
we denote by Qj, ¢. The details of its specific construction is left to Paper II

We conclude the discussion by numerically illustrating the space-time decay
of a basis function A, which justifies the localization procedure. In Figure
the decay of a basis corrector in both space and time is depicted. Moreover,
Figure 4.6|displays the error between an ideal basis function and its localized
counterpart (in space and time, respectively) as a function of each respective
localization parameter.

Final method

By applying the localization, we yield an efficient space-time multiscale
method for which the convergence rate from Theorem remains valid.
The proposed localized method reads: find Uy 7 ke = U 7 ke + ket ke €
1+ Qk,g)VHVT such that

T T
/ <%(1+Qk,€)uH‘T,k',£y vy, 1)+ a((14 Q,o)Un, 7 k0, Vi 7) At = / (fyvg7)dt
0 0

for all vy 7 € Vi 7. For this method, an a posteriori error has been derived with
the same order of convergence as for the a priori error of the ideal method. We
leave the details of the analysis to Paper II, and conclude with a numerical
example illustrating the convergence of the error.

For the example, the diffusion A consists of randomly generated values in the
interval [0.01, 0.1] which are piecewise constant, varying with scales e, = ¢, =
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Figure 4.7: Relative error with respect to different space-time grid sizes H = 7.

275 in space and time. The fine mesh is defined by the parameters h = 7 = 277
such that the variations in the coefficient are resolved. For the remaining
problem data, we set the source to f = 1 and the final time to 7' = 1.25.
Localization in space is set to k = log,(1/H), and in time we use ¢ = 4 for
all computations. The relative error is evaluated for the coarse parameters
H=T=27"%i=2,...,6.In Figure@ the convergence rate for the problem
is illustrated. It is seen how the proposed method satisfies linear convergence
with respect to H = T, which confirms the theoretical findings.

4.3 Wave equation on spatial networks

In this part, we model the propagation of elastic waves in fiber-based materials.
Due to its intricate model, computations on the exact fiber network can be
difficult. A so-called spatial network model simplifies the fiber network structure,
thus lowering computational complexity and facilitating modeling challenges.
More specifically, the network model approximates the three dimensional fiber
cylinders by a web-like network, defined by nodes, edges, and edge weights,
which together represent a discretized 1-D structure in R%. See Figurefor an
illustrative example. This approach yields a discrete system, characterized by a
symmetric, positive-definite matrix K whose data may inherit high variations
from the network model. In [24], it was shown that model we analyze produce
representable results in comparison to real-life paper simulations.
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As model problem, we consider the discrete linear wave equation

MD?u+ Ku= MF,
u(70) =9,
Dtu(~,0) = h,,

with corresponding weak form to find v € V such that
(MDFu,v) + (Ku,v) = (M f,v), (4.3.1)

for all v € V, where K is related to a weighted graph Laplacian, M is a
diagonal mass matrix, f the right-hand side data and (-, -) the Euclidean scalar
product. The discrete solution space V' is defined in detail below. The goal is
to efficiently compute an accurate coarse-scale approximation of the solution
to (4.3.1). However, due to the network structure, the matrix K may inherit
high variations in its data, which in turn affect the solution on the coarse scale.
Moreover, unlike the the continuous PDE setting, the network does not have a
natural coarse scale. To overcome these computational difficulties, we present
a similar LOD approach to the one introduced for stationary equations in
Section[3.1] We start by presenting the spatial network model and outlining
the operators crucial to the approach.

Network definition and operators

The spatial network considered is represented by the connected graph G =
(N, E). Here, V' C R? is a finite set of nodes, and

& :={{z,y} : = and y are connected by an edge},

is an edge set consisting of unordered pairs of edges. In the following, if
{z,y} € &, we refer to x and y as adjacent nodes, and denote this by = ~ y.
The network is embedded into a spatial domain D C R?. For simplicity,
we consider a hypercube domain, i.e.,, D = [0,1]%, and remark that more
complicated domains can be considered with just a few alterations. Moreover,
let I' € 0D denote the (non-empty) set of nodes on the boundary to which a
Dirichlet-type boundary condition is applied.

Let V be the space of real-valued functions defined on the node set A, and let
V be the corresponding space with imposed homogeneous boundary condition.
That is,

Vi={veV:v(z)=0,zel}
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For any subset w € D, the set of nodes contained in w is defined by N (w) :=
N Nw. We further define the scalar product on V over the subset w as

(U, ) = Z u(x)v(x),

€N (w)
with (-, ) == (-, ).

We are now set to define the operators used in the model problem (4.3.1). Given
anode z € N, define the diagonal linear operator M, : V — V by

(Myv,v) Z|x—y|v

7/"’1

For any subdomain w, we define M., := }_, cy(,) Ms, and we frequently
abbreviate M := Mp. Note that (M,,1,1) can be interpreted as the mass of
the network contained in w. The operator M further defines a norm, namely
"U|M = (Mo, v)"/2.

Let L, : V — V be the reciprocal edge-length weighted graph Laplacian
defined by

1§ (@) o)’

(Lyv,v) : 5 ;;, P
and similarly define L, := ) N(w)’ with L := Lp. Note that this scaling
corresponds to a 1D FEM stiffness matrix. The operator L is symmetric and
positive semi-definite, and therefore defines a semi-norm |[v|, := (Lv,v)'/2
Moreover, for the model problem (4.3.1), we use the symmetric and positive
semi-definite linear operator K : V' — V. The operator K is assumed to be
bounded and coercive with respect to the weighted graph Laplacian L. That is,
it holds that

a(Lv,v) < (Kv,v) < B(Lv,v), (4.3.2)

where 0 < a < 8 < oo. At last, K is assumed to be local, in the sense
that K = en Kz, where each K, cV o Vs symmetric and positive
semi-definite, with support on nodes ad]acent to z. Note that since I is non-
empty, and G is connected, it holds that L (and consequently K) is invertible.
Furthermore, the operator K induces the norm |v| . := (Kv,v)"/?. An example
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of an operator K that fulfills above assumptions is K = Zl en K, where

(K, 0) Z —v(y)” 433
oy L) o) 433)

yNZIJ
and vy,;, € (0,00) is a material parameter for the edge connecting = and y,
e.g., heat conductivity. For this operator, the relation holds with o :=
min, yen Yoy and B := max, yen Vzy. For more examples of operators K that
satisfy the assumptions above, we refer to the work in [17, 23], as well as
Paper III

Network assumptions

Before defining the LOD extension, we require certain assumptions on the
network. For this purpose, we begin by introducing boxes Br(z) C D of length
2R, centered at x = (z1,...,zq). These boxes will later be of importantance for
the coarse-scale discretization of our method as well. To construct the boxes,
we first let

BR(IC) = [1'1 7R,.T1 +R) X oo X [l’de,l'd+R),
and further define
Br(z) := Br(z) U (Bg(x) UdD). (4.3.4)

Note that, by construction, Br(x) does not contain its upper boundary in either
dimension, unless it is a part of the global boundary 0D. We are now prepared
to state necessary properties for the network.

Assumptions 4.3.1 (Network properties). Let Ry be a homogeneity parameter on

the coarse-length scale. Then, the network satisfies following assumptions.

1. (Homogeneity). There is a uniformity parameter o and a density parameter p
such that

dMM,BR(m) s op

p<(2R)”
holds, for all R > Ro and all x € D.

2. (Connectivity). For all R > Ry, and all x € D, there is a connected subgraph
G = {N, &} that contains

(a) all edges with at least one endpoint in Bg(x), and
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(b) no edges with at least one endpoint not in Br g, ().

3. (Locality). It holds that

max |z —y| < R
{-t,y})égl vl 0

i.e., all edge lengths are smaller than Ry.

4. (Boundary density). For any boundary node y € T, there exists « € I such that
|l‘ — y| < Ro.

All together, the assumptions ensure that the considered network follows some
basic guidelines. For instance, under the assumption of homogeneity, the
density of a small part of the network (on the Ry-scale) must be comparable to
the density of the network across the entire domain D. Furthermore, the locality
assumption prevents edges from connecting over distances greater than Ry
within the network. At last, the connectivity property implies that the network,
on the Ry-scale, is sufficiently connected. The connectivity assumption can also
be used to derive certain inequalities valid on the network, such as analogous
counterparts of Friedrichs and Poincaré inequalities. These inequalities are
useful in the derivation of stability of interpolation onto the network, which is
crucial for the LOD method. For more discussion on the assumptions, and in
particular the connectivity, we refer to [17, Section 3].

Coarse-scale definition

The foundation of the LOD method is based on the decomposition of the solu-
tion space into a coarse-scale and a fine-scale part, respectively. In the standard
PDE setting (see Section 3.T), the coarse and fine scales appear naturally from
nested finite element spaces. For the spatial network setting, the definition
of a coarse scale is less straight-forward. In [17, 23], the authors tackle this
challenge by proposing an artificial coarse scale with minimal constraints on
its relationship to the network.

Following the approach of [17, 23], we introduce a coarse finite element mesh
of square shaped elements. More precisely, we begin by considering the boxes
Bpg(x), defined in [.3.4). Then, we define Ty as the family of partitions of D
into hypercubes of length H =277, j € N, i.e,,

T = {Bup(z) 2= (x1,...,7q) € Dand H 'z; +1/2 €N, i =1,....d}.

Next, we introduce a first-order finite element space on the mesh 7. Let Q  be
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the space of continuous functions on D which, restricted to I' € Ty, are linear
combinations of the polynomials z = (z1,...,24) — 2* for the multi-index
a=(a,...,aq), with ; € {0,1}. For instance, in the case d = 2, the space QH
corresponds to the space of bilinear functions on 7z . Furthermore, we define

Qu ={q€Qu:q|. =0}

as the associated finite element space fulfilling the Dirichlet boundary condition.
Furthermore, we wish to restrict these spaces to nodes in D. Therefore, define

Vi as the space of functions in Q g restricted to NV, and similarly for V.

We conclude the part on the spatial discretization by defining a basis for the
above constructed spaces. Denote by {;}, the nodes in Ty, and let {\;}7,
be the standard Lagrange finite element basis functions that span Q. Further-
more, by {);}7*, we denote the restrictions of {};}7, to the network nodes,
such that Vi = span({\;}/,). Without loss of generality, we assume the Ce
48

Qs to be spanned by the mo < m first basis functions, {\;}!" . In Figure 4.8} a
summary of the discretization process from initial network to final mesh 7z is
illustrated.

Network interpolant

With the coarse finite element space Vj defined over the spatial network, we
are now set to introduce the interpolant required for the decomposition of
spaces. We define the following discrete interpolant inspired by the Scott-
Zhang interpolant, initially presented in [63].

Definition 4.3.2. Given a basis function \;, let T; denote the (unique) corresponding
element containing y;, and define ¢; € Vi by the relation (M1;%5, Ni) = 0i5. The
interpolant Iy : V — Vi is then defined as

mo

Igv = Z(MTJ V5, 0)p;.

j=1

For this interpolant, one can show an interpolation estimate similar to (3.1.2).
Indeed, in [17], it is shown that if Assumptions are fulfilled, then Iy
satisfies the estimate

H71|U - IHU|M + |IH”|L < CML’

for any functionv € V.



4.3. Wave equation on spatial networks 53

K T T

(a) Initial network. (b) Network embedded into D.

L
.
3
n
]

€ Bg(z12)

n
n
LR |
M »
Lo
Bl
« o O
. mS
-'!':‘;
RS
“ o
.
-

LT R \ € Br(rn2) < |

[
.'
L4
-
n
e
.o
.-
.
’
-~

€ Bg(r11)

(c) Boxes introduced. (d) Final mesh.

Figure 4.8: Depiction of the discretization workflow from the initial network structure
to a coarse- and fine-scale. In (a), the initial network is displayed. The network is then
embedded into the spatial domain D, here set to a unit square. This is illustrated in (b),
where the red nodes represent the node set A/ of the graph. In (c), the boxes Br(x)
are introduced. Here, it is moreover shown how boundary nodes belong to a specific
element. The final mesh 7y with coarse grid nodes {y; };~, (blue) is shown in (d), with
the fine scale nodes (red) included.
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Figure 4.9: A modified basis function Q\; and its decay illustrated in logarithmic scale.

The LOD method on spatial networks

We are now set to construct an LOD based approach applicable to spatial
network models. The interpolant I captures the coarse-scale behavior of
functions, while the fine-scale features are recovered in the space V; := ker(Iy).
On this space, we can define a corrector problem in similarity to the standard
LOD method, but replacing the bilinear form af(-, -) with the scalar-product
(K-,-). That is, we define Q : V' — V4 such that

(KQu,w) = (Kv,w), (4.3.5)

holds for all v € V;. The multiscale space is then constructed by subtracting the
corrected space QVy from Vy, i.e., Vins := Vg — QVp. The solution space has
thus been decomposed as V' = V;,,s @ V4, where the elements of V},s and V; are
orthogonal with respect to (K-, -). In similarity to the standard LOD method,
the space V™* can be used to compute coarse-scale approximations to (4.3.1)
that remain accurate. However, creating V;,s necessitates solving the global
corrector system for each basis function \;, i = 1,.. ., mg, which quickly
becomes computationally demanding for large systems. Fortunately, in [17],
it was proven that a corrected basis function, just like for the standard LOD,
satisfies an exponential decay away from its corresponding support. For an
illustration of a modified basis function, and its decay, see Figure Due to
the decay, the localization procedure from Section[2.T|can be repeated to define
the localized counterpart to Vi, denoted Vi, 1, where £ is the localization
parameter determining the size of the grid patches (recall Figure[3.2).

Before stating the final method, the wave equation further requires a
discretization of the temporal domain, which follows in a more traditional
fashion. In similarity to Section we consider the uniform partition 0 =:
to < t1 < ...<ty:=Tof[0,T] with time step 7 = t,, — t,—1. We deploy
the scheme used for the standard wave equation in (2.2.9). In total, the fully
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discretized LOD based method becomes: find Uns i € Vins i forn=2,...,N
such that
(Matétuﬁls,kv U) + (K%(un+1/2 + un_l/2)v U) = (fnv U)a (436)

ms,k ms,k

for all v € Vi i with initial values uﬂls’ ks u}ns’ i € Vins k-

Theoretical results

For the method (.3.6), it holds that the energy is conserved through all time
steps. Indeed, if f = 0, then
|atu:rlls,k|?\/[ + u7111r1::;€/2 i{ = |8tu?ﬂ5,k|?\/l + |U'Iln/jk i(’

holds for all n > 0, which can be shown by following the proof of [42,
Lemma 13.2] with Vs 1 as the test function space. In Paper IIl, an a priori
error analysis is presented for the scheme (4.3.6), where convergence of optimal
order is shown. The analysis borrows elements from the LOD theory for the
continuous wave equation (see [2]), the discrete LOD theory for stationary
matrix systems (see [17]), and standard finite elements results for hyperbolic
equations (see, e.g., [42]). One part is also dedicated to stability analysis of
operators in the norms based on the matrices M and K.

We state the main result for the proposed method [.3.6), and refer to Paper III
for the details on the full analysis. In the theorem statement, we use the
operator R}, which denotes the Ritz-projection with respect to (K-, -) onto
V™S, ie., forany v € V it holds that (K R}*v, w) = (Kv,w) forallw € V™. We
moreover state a requirement of so-called well-prepared data. This assumption
deals with the high order derivatives on the initial values which appear in a
priori analysis of wave equations. See, e.g., [2] or Paper III for further discussion
on well-prepared data.

Theorem 4.3.3. Let the localization parameter be chosen such that k ~ log(1/H),
and assume the initial values, ugls’ s urlns’ v Satisfy

|00 s — RESulto)],, + [ubl?, — RESu(ty)e)| . < C(H +72).

ms,k ms,k
Moreover, the data is assumed to be well-prepared and compatible of order 3. Then, the

error between the multiscale approximation and the reference solution satisfies

(Ot — Detultngr )|y + [tme il 2 = ultnsry2)| o < C(H +72),

ms,k

where the constant C is independent of the complex features inherited by the network.



56 LOD for evolution problems

1.0 1.0 1.0 1.0 0.14
0. OD 0. 0. —0.22
0 1.0 0 1.0 0 1.0 0 1.0

Figure 4.10: The reference solution u” of plotted at time steps t = 0,2/3,4/3, 2.

Numerical example

We conclude the section on wave propagation on spatial networks by a numer-
ical example. For the model problem, we use the matrix K defined in (4.3.3),
and consider the scalar valued problem

MD?u+ Ku= M (sin(27t) - 1), t € [0, 2]
u=0, x € 9D, (4.3.7)
u(0) = 0, D:u(0) =0,

where 1 € V. We measure the error by comparing with a reference solution v
computed on the full network discretization. For both the reference solution
and the LOD approximation, the temporal domain is discretized with a time
step 7 = 2-107%. The LOD approximation u]} , is computed with coarse
mesh sizes H™, i = 2,...,5 with localization parameter k = log,(1/H). In
Figure [4.10} the reference solution is displayed at four different points on time,
and Figure shows the optimal order convergence in both A/-norm and
K-norm.

Remark 4.3.4. The numerical example is set in a scalar-valued setting. In
practice, it is more interesting to consider the modeling of elastic waves, which
corresponds to the vector-valued case. However, as thoroughly done in [17, 23],
and remarked in Paper 11, it is possible to extend the theory to the vector-
valued setting. In Paper III, a final numerical example is provided where an
elastic wave equation is considered, for which it is numerically verified that
the optimal order convergence is achieved for such cases as well.

4.4 Parabolic SPDE with additive noise

The final part of this thesis considers the LOD framework applied to stochastic
partial differential equations. As model problem, we use the parabolic SPDE
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Figure 4.11: Convergence of the LOD approximation uy, ; in M-norm and K-norm.

with additive noise

dX +AX dt = GdW, inD x (0,T),
X =0, on 9D x (0,7, (4.4.1)
X(0)=Xo,  inD.

where X is a V-valued random process for some separable Hilbert space V,
D is a polygonal (or polyhedral) domain in R¢, d = 2,3, A :== —V - AV is an
operator with (rapidly oscillating) diffusion A = A(z), and X is the (possibly
stochastic) initial value. The noise W is an U-valued Q-Wiener process defined
on the filtered probability space (2, F,P, {F;}+>0), and G € L(U; V) maps the
noise between the separable Hilbert spaces U and V.

Simulation of SPDE:s is of importance to a wide range of real-life applications.
This includes models in physics, chemistry, biology and mathematical finance
(see, e.g., [46] for more applications). In particular, the system with
multiscale effects appears, for instance, when modeling heat flow in an inho-
mogeneous (e.g., composite) material with uncertainties in measurements of
the source term. The theory on parabolic SPDEs is by now well-established.
For results on existence and uniqueness, regularity, asymptotic behavior, and
further properties of the solution, we refer to [15} 38]].
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Notes on the FEM approach

From a computational perspective, strong convergence has been derived for the
finite element method in [66} [67] (with extension to the semi-linear case in [38]]).
However, as remarked in Section the mesh size must be small enough to
resolve the oscillations in the diffusion in order to achieve the derived order
of convergence. To avoid this requirement, we apply the LOD framework
to and derive a priori optimal order convergence rate independent of the
variations in A. For the details of the method and the corresponding analysis,
we refer to the work in Paper IV.

From Section we recall the backward Euler—Galerkin scheme (2.3.6)), for
which the solution can be expressed by

n tj .
Xp =B}y PuXo+ ) / E Y PLG AW (s). (44.2)
j=1"ti-1

In [38]], the author derives an a priori error bound for the strong error of the
form (2.3.8). However, the analysis makes use of elliptic regularity estimates,
both in terms of estimating || X|| z2(p), as well as implicitly by properties of
the heat semigroup E(t) generated by the Laplacian. In our case, where A =
—V - AV and A contains rapid variations, such estimates are prohibited in the
analysis since the constant depends on the variations in A.

The LOD method

We consider the LOD method corresponding to (4.4.1). For this purpose, let
Vs, be the localized multiscale space constructed in complete analogy with
Section The goal is to express a similar backward Euler-Galerkin scheme
as (2.3.6), but posed on Vy,s i For this purpose, let P : Vj, — Vi i be the
Lo (D)-projection onto Vi 1, i-e., for any v € V},, it holds that

(Pv,w) = (v,w),

for all w € V3, and define the composed operator Py = P o P, where
P, is the standard L,(D)-projection onto Vj, defined in (2.3.5). It holds that
such a projection is well-defined, since one can expand the functions in the
basis {\; — Q¢ ks }zen that spans Vi, which in turn yields a symmetric
positive-definite matrix system. On Vs 1, we moreover define the localized
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diffusion operator A} : Ving i — Vins i by the relation
(A7Pv,w) = a(v,w),

for all v,w € Viusk. The proposed method states: find X[\, ; € Vins for
n =1,..., N with initial value P Xo, such that

tn
Xitor — Xpoh +TARSX 4 = PG AW (s). (4.4.3)

tn—1

In similarity to how the solution to the standard backward Euler—Galerkin
scheme can be written on the form (4.4.2), we have that (4.4.3) satisfies

n — ms 1S ms 1S

ms,k = ErknPrnXo + E / mhn—j1 PenG AW (s),  (4.4.4)
. t-71
j=1 J

where we have defined E™ = ((I + 7APs)~1)".

T,k,n

Error analysis

The goal of Paper IV is to derive an a priori error bound for the strong error,
in similarity to (2.3.8), but independent of the scale ¢ at which the diffusion
oscillates. The analysis is mainly based on a combination of the LOD theory
for deterministic parabolic problems (see [50]), with modified results from
finite element theory for SPDEs. The modifications include, in particular, error
bounds between the operators E7';, and E"; | independent of the scale ¢. In
total, we find the following theorem for the strong error between the mild
reference solution X' from computed on the fine scale and the LOD
approximation X _ . For the specific details of the analysis, we refer to the
work in Paper IV.

Theorem 4.4.1. Let X' be the finite element reference solution of (.4.1), given by
the formula .4.2), and let X}, be the LOD approximation from (4.4.4). Then, for
w € [1,2], the error satisfies

1 X5 — Xis kllLo(ino(py) < CHY,
where the constant is independent of the variations in the diffusion A.
The convergence order p in the theorem statement is a parameter that depends

on the regularity of the initial value and the covariance operator ). We em-
phasize that under sufficient regularity, it holds that the solution converges
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strongly with optimal order, and refer to the analysis in Paper IV for the details.

Monte-Carlo estimation

As remarked in Section it is often interesting to analyze the expectation
of the solution to (4.4.1), or more generally the expectation of some Lipschitz
function g : Lo(D) — B. We seek to approximate the quantity E[g(X (¢,,))] by
combining the LOD method with the Monte-Carlo approach from Section [2.3]
That is, the full LOD Monte-Carlo estimator is given by

1 M

)] ;:M

m=1

g( X)),

ms,k

E[g( r”rlls,k)]%EM[g( :rlls,k

where {Xgﬂ}f‘le are independent and identically distributed random sam-
ples with the same distribution as X} ;. By repeating the arguments from
Section 2.3} and applying the strong convergence rate from Theorem the

full weak error satisfies

Bl (X ()] = Bl (Xes s uzacon < O (7 + 2+ —=). (445)

where the constant is independent of the variations in the diffusion A.

We quickly note the computational benefits that the LOD method brings to the
table. The key difference between this estimate and the estimate for
the finite element approach, is the absence of the e-dependence in the spatial
term. That is, we achieve convergence immediately without the requirement to
resolve e. For the Monte-Carlo estimation, this is implies that each simulation
X™™ is computed on a coarse grid of mesh size H, in contrast to the finite

ms,k
element case (see Section|2.3), where the simulations require a mesh size i < ¢.

Multilevel Monte-Carlo

The LOD Monte-Carlo estimator manages to achieve quadratic convergence
rate for the weak error, independent of e. However, this follows under the
assumption that the number of samples is proportional to the coarse mesh size
as M ~ H~*, which in turn is computationally demanding. In order to reduce
the complexity, we combine the LOD method with the multilevel Monte-Carlo
method, presented in Section For this purpose, let X', . denote the LOD

ms,k,j
approximation from the multiscale space Vs 1, based on the discretization 7, .
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By replacing the standard finite element solution by the LOD approximation
in (2.3.13), we have the LOD multilevel Monte-Carlo estimator

J
E [g(Xnl ) o= Eag[g(X00 )+ B [9(X 0l ) — 9(X i i)
j=1

We combine the arguments from Section 2.3} with the convergence results for
the LOD approximation. This yields the error estimate

J 2
1 H:
IE[g(X (tn))] — B [9(X 0 ko) Losmy < C (7 + HF + +Y ).
PFRE SIS X 5
That is, the similar estimate as for the finite element holds, but independent

of the scale ¢. If we furthermore choose the sample sizes as M = vH;* and
M; = MyH;} - 22°7 for some proportionality constant vy and & > 0, we get

IELg(X (t)] = B [g(Xie k) 220:8) < C (7 + H7), (4.4.6)

where the constant depends on, e.g., the contrast in the diffusion A and the
parameters y and ¢, but is independent of the variations in A.

Numerical examples

We conclude the section on SPDEs with two numerical examples. At first,
we illustrate the strong convergence stated in Theorem The second
example shows the weak convergence, where the expectation of the LOD
approximation is computed using a standard Monte-Carlo estimator and a
multilevel Monte-Carlo estimator, respectively. Furthermore, an illustration of
the computational time required for the different methods is included, which
highlights the efficiency of the LOD method in the context of SPDEs.

As model problem for the numerical examples, we consider the system {.4.1)
with an additional source term f added in the right-hand side, i.e.,

AX(t) + AX () dt = f(t) dt + G AW (t). (4.4.7)

By adding extra source data to the system, the amplitude of the solution will
not vanish as rapidly. Consequently, we can include higher contrast in the
diffusion, which in turn yields a more interesting solution.

Remark 4.4.2. Throughout this section, we have considered the equation {.4.7)
with f = 0. However, by linearity, one can decompose the solution as X =
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X1 + X5, where X satisfies (4.4.7) with f = 0, and X is the solution with zero
noise, i.e., the deterministic case where W = 0. Therefore, the error can be split
as

”X}TIL - Xlrllls,Z”lzz(Q;Lz) < ||X}TLL,1 - Xr?ls,[,1||L2(Q;L2) + HXITvL,2 - Xlrllls,ZQHLz(Q;Lﬂ’

where the analysis for the second term follows immediately from the determin-
istic analysis, made in [50].

For the examples, we use the unit square domain D = [0,1] x [0,1]. The
diffusion is generated as a piecewise constant function whose values vary in
the interval [0.01, 10] at the scale e = 275. The fine discretization is performed
with fine mesh width A = 278, such that it resolves the variations in the
diffusion. The temporal domain is discretized with time step 7 = 0.01, as initial
data we set Xo(z,y) = sin(mx) sin(ry) and the source is chosen as f = 5.

For the noise, recall the Karhunen-Loéve expansion of W from (2.3.1). In
numerical simulations, this expansion is truncated up to a parameter « (set to
k ~ h~1in our examples). That is, we use the noise approximation

W"’(:c,y,t) = Z Z \V4 )\m,nﬁm,n(t)em,n(xvy)7

m=1n=1

where {8, (t) } m » are mutually independent, real-valued Brownian motions,
and e, , are the eigenvalues to the covariance operator () with corresponding
eigenvalues {\,,}. The operator @Q in the numerical examples is defined
through the choice of e,, ,, and A, ,, where A, ,, determines the amplitude of
the noise, and consequently the variance of the solution. The eigenfunctions
are set to ey, , = sin(nmz)sin(mny), and we let A, , = O(m*0! + n20h)~1,
where O determines the amplitude of the noise, and consequently the variance
and smoothness of the solution.

The strong error between the reference solution X}' and the LOD approxi-
mation X7, is computed for coarse grid sizes H = 27%,i = 1,...,6, with
localization parameter k& = log,(1/H) and noise parameter © = 1. The error is
compared in Ly (€; Ly(D))-norm at the final time 7' = 0.5. In Figure .12} the
reference solution and the corresponding noise at the final time is shown. Since
the norm is a random variable, we estimate it by a Monte-Carlo estimator with
100 samples, i.e., || - | 1, (@:z.(D)) = E1oolll - ||]. We also include the FEM approx-
imation for coarse grid sizes as comparison, as well as an O(H?)-reference line
indicating the convergence rate from Theorem The convergence is dis-
played in Figure where it is seen how the LOD approximation converges
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Figure 4.12: The reference solution X N'and the truncated noise W" (z, y, tn), plotted at
final time ty = 0.5.

with second order, while the FEM error remains constant for all grid sizes.

For the weak error, we analyze the convergence of the expectation of the solu-
tion, i.e., the error between E[X}'] and its corresponding LOD approximation.
In order to compare the performance between the standard Monte-Carlo and
the multilevel Monte-Carlo estimators, we fix H = H; for the standard Monte-
Carlo estimation and denote by X[, ; the LOD approximation on the coarse
grid with mesh size H ;. We decrease the noise amplitude parameter to © = 52
such that the variance is reduced. This is done to lower the requirement on the
number of samples necessary for the Monte-Carlo estimation. Moreover, note
that the expectation of the solution to satisfies a deterministic equation
(since the noise has zero mean). Consequently, the reference solution E[ X}’
can be computed without any Monte-Carlo estimation.

It was previously shown that the weak error consists of a deterministic part
and a statistical part, respectively. As an example, the estimator En/[XY, , ;]
is computed for H; = 2=+ 7 =0,...,5, with M = 10000 samples on each
mesh size, and the total error is plotted as a function of M. The resultis depicted
in Figure [4.14, where horizontal lines are included that indicate the size of the
deterministic error for each coarse mesh size. In the figure, we see that after
10000 samples the statistical error has vanished for H; = 27%,...,27%, while
it still remains for H; = 275,27%. As earlier pointed out, the deterministic
and statistical errors are balanced by choosing the samples of the Monte-Carlo
estimator proportional to the mesh size as M; ~ H;*.

Next, we compute an estimation of E[X,Y, , ;] using standard Monte-Carlo
estimation (LOD-MC) and multilevel Monte-Carlo estimation (LOD-MLMC),
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Eio[|| Xp — an\lfskm

Figure 4.13: The strong error at final time ¢tx = 0.5 between the multiscale approxi-
mation Xn]\fs, . and the reference solution X7’ computed on the fine grid. The norm is
estimated as || - || ., (2;2.(D)) = E100[]| - ||], i-e., by a Monte-Carlo estimator with A/ = 100
samples.

respectively. For all estimators, we set v+ = 0.01 as a scaling parameter for
the number of samples. The standard Monte-Carlo estimator £y, [ X[, ;. ;] is

evaluated with M; = yH;* number of samples. This is done for coarse mesh

sizes Hy = 2=J+1) J =0,...,4. For the multilevel Monte-Carlo estimator
EYIXI, . I weset My =~vH;* and let M; = MoH}-2% for j = 1,...,J, with
§ = 1. The estimator is evaluated for mesh sizes H; = 2= Y J =0,....5.

In Figure the convergence of the weak error for both estimators is il-
lustrated. For comparison, the Monte-Carlo estimation of the finite element
solution based on the coarse grid (FEM-MC) is included, i.e., Ea, [ X7} | with
Mj;=~H 54. We note that both the standard and multilevel Monte-Carlo esti-
mators of the LOD solution converge with quadratic rate, as predicted in
and (#.4.6). In contrast, we see that the finite element solution evaluated on the
coarse mesh does not reach the region of convergence, since the mesh is unable
to resolve the variations in the diffusion.

We conclude with a note on the computational complexity of computing
E[X ], /] using the LOD-MC and LOD-MLMC estimators, respectively. We
compare these methods with the Monte-Carlo estimation of a finite element
solution computed on the fine grid with mesh size h. Note that, although the
LOD-MC and FEM-MC methods require the same number of samples, i.e.,
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Figure 4.14: The error for the Monte-Carlo estimator of the LOD approximation, as
function of the number of samples M. The horizontal lines indicate the discretization
error for each coarse mesh size H, respectively.
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Figure 4.15: The weak error as function of the coarse mesh size H ;. For LOD-MC and
FEM-MC, the number of samples are chosen as M; = vH ;4 with v = 0.01. In the
multilevel estimation, the samples are set to Mo = vH;* and M; = MoH} - 2% for
j=1,...,J withs = 1.
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Figure 4.16: The running time for the different methods of estimating the quantity
E[X N 7). The samples for the FEM-MC and LOD-MC estimators are chosen as
My = ~yH;*, and for the LOD-MLMC estimator the samples are set to Mo = yH;* and
M; = Mng - 229 with parameters y = 0.0l and 6 = 1.

M ~ H;*, the LOD-MC computes the samples on a coarse grid of mesh size
H ;, while the FEM-MC samples are evaluated on a fine mesh. An additional
advantage is gained by applying the LOD-MLMC estimator, since the number
of samples on the finest coarse grid is always limited to M; ~ 22°/, indepen-
dent of the total number of samples. To emphasize the computational gain, we
compare the total time required for the weak error simulations in each case. The
times are logged for the coarse mesh sizes H; = 271,...,27% where the num-
ber of samples for the standard Monte-Carlo estimation is M; = vH ;4 with
v = 0.01 and in the multilevel case we set My = vH;* and M; = MoH} - 2287,
j=1,...,J,with 6 = 1. The total computational time as a function of the
coarse mesh size H; is plotted for each method, and illustrated in Figure m
We note that the computational time for FEM-MC is magnitudes larger than
each LOD-based method. The contrast between LOD-MC and LOD-MLMC
is small for coarse mesh sizes, but as H; decreases the LOD-MLMC method
shows significant advantage.



5 Summary of papers

Paper I. In Paper I we propose and analyze the GFEM in ({#.1.5)-(4.1.6), based
on the LOD method, for strongly damped wave equations with rapidly varying
data. The method is designed to handle independent variations in both the
damping coefficient and wave propagation speed respectively. It does so by
correcting for the damping in the transient phase, where it is as most effective,
and automatically transitions into correcting for the wave propagation speed
in the steady state phase, where the damping has vanished. Convergence of
optimal order is proven for the ideal method, as well as the exponential decay
of the basis corrector functions to justify the localization. Numerical examples
are presented that confirm the theoretical findings.

Paper II. In Paper Il we present the GFEM (@.2.3)-(4.2.4) extending the LOD
framework to parabolic equations where the diffusion is highly oscillating in
both time and space. The method computes a coarse-scale representation of
the differential operator that contains information on the space-time variations
in the diffusion. Once the coarse-scale representation is constructed, it can
furthermore be reused to solve the system for multiple right-hand sides. Con-
vergence of optimal order is proven for the ideal method. We illustrate the
space-time decay of the basis correctors, which is necessary for the localized
scheme. Numerical examples that illustrate the error convergence and the
performance of the localized method are presented.

Paper III. In Paper III, the LOD method extended to spatial network models
is applied to a discrete version of the linear wave equation, characterized by a
symmetric positive-definite matrix K with high data variations. The method
produces coarse-scale approximations by introducing an artificial grid and
enrich it by K-dependent information computed on the high dimensional
network model. The spatial discretization is combined with an energy con-
serving temporal scheme to compose the proposed method. A priori optimal
order convergence is derived under the assumption of well-prepared initial
data. The theoretical findings are confirmed by numerical examples for both

67
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scalar-valued and elastic wave propagation.

Paper IV. In Paper IV, the LOD method is applied to a multiscale-type
parabolic stochastic partial differential equation with additive noise. Opti-
mal order convergence is derived for the strong error, which depends on the
regularity of the data. Convergence of the weak error is analyzed by means
of (multilevel) Monte-Carlo estimation. The theoretical results are verified by
numerical examples and the computational efficiency of the LOD method is
highlighted.
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