Numerical Homogenization:
Multi-resolution and
Super-localization Approaches

Dissertation

zur Erlangung des akademischen Grades

Dr. rer. nat.

eingereicht an der

Mathematisch-Naturwissenschaftlich-Technischen
Fakultat

der Universitiat Augsburg

von

Moritz Hauck

Augsburg, April 2023

. * X 5

Universitit o *
Augsburg * %

- . * 5k
University




Erstgutachter: Prof. Dr. Daniel Peterseim
Zweitgutachter: Prof. Dr. Martin Kronbichler
Drittgutachter: Prof. Dr. Patrick Henning

Tag der miindlichen Priifung: 16. Juni 2023



Abstract

Multi-scale problems arise in many scientific and engineering applications, where
the effective behavior of a system is determined by the interaction of effects at
multiple scales. To accurately simulate such problems without globally resolving
all microscopic features, numerical homogenization techniques have been devel-
oped. One such technique is the Localized Orthogonal Decomposition (LOD).
It provides reliable approximations at coarse discretization levels using problem-
adapted basis functions obtained by solving local sub-scale correction problems.
This allows the treatment of problems with heterogeneous coefficients without
structural assumptions such as periodicity or scale separation.

This thesis presents recent achievements in the field of LOD-based numerical
homogenization. As a starting point, we introduce a variant of the LOD and
provide a rigorous error analysis. This LOD variant is then extended to the
multi-resolution setting using the Helmholtz problem as a model problem. The
multi-resolution approach allows to improve the accuracy of an existing LOD
approximation by adding more discretization levels. All discretization levels are
decoupled, resulting in a block-diagonal coarse system matrix. We provide a
wavenumber-explicit error analysis that shows convergence under mild assump-
tions. The fast numerical solution of the block-diagonal coarse system matrix
with a standard iterative solver is demonstrated.

We further present a novel LOD-based numerical homogenization method
named Super-Localized Orthogonal Decomposition (SLOD). The method iden-
tifies basis functions that are significantly more local than those of the LOD,
resulting in reduced computational cost for the basis computation and improved
sparsity of the coarse system matrix. We provide a rigorous error analysis in
which the stability of the basis is quantified a posteriori. However, for chal-
lenging problems, basis stability issues may arise degrading the approximation
quality of the SLOD. To overcome these issues, we combine the SLOD with a
partition of unity approach. The resulting method is conceptually simple and
easy to implement. Higher order versions of this method, which achieve higher
order convergence rates using only the regularity of the source term, are derived.

Finally, a local reduced basis (RB) technique is introduced to address the chal-
lenges of parameter-dependent multi-scale problems. This method integrates a
RB approach into the SLOD framework, enabling an efficient generation of re-
liable coarse-scale models of the problem. Due to the unique localization prop-
erties of the SLOD, the RB snapshot computation can be performed on partic-
ularly small patches, reducing the offline and online complexity of the method.
All theoretical results of this thesis are supported by numerical experiments.
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1 Introduction

1.1 Motivation

The interplay of effects at different scales plays an important role in many
scientific and engineering applications. One example is the fluid flow in porous
media, such as groundwater flow through heterogeneous geological subsurface
formations composed of sediment and rock. Here, a reliable model must account
for effects on multiple length scales, ranging from the micrometer scale to the
meter scale [Hel97]. Another prominent example is the use of short fibers to
reinforce materials such as concrete or polymers. In this application, the fiber
microstructure increases the tensile strength of the resulting composite material,
see for example [FL96; BS07; Lau+21|. A particularly surprising example comes
from optics. As shown in [PE03; EP04], materials with certain microstructures
can cause interactions of effects on different length scales, resulting for example
in negative effective refractive indices. Such materials, known as metamaterials,
have extraordinary properties that do not exist in nature. They can be used to
construct perfectly flat lenses [Pen00] and invisibility cloaks [PSS06].

In the above mentioned applications, a complex interplay of effects on multi-
ple scales determines the effective flow or material properties. Mathematically,
one describes the underlying physical processes as solutions to partial differen-
tial equations (PDEs) with coefficients varying on multiple scales. Because of
the nature of the coefficients, such PDEs are typically referred to as multi-scale
PDESs or multi-scale problems. The direct numerical solution of such problems
by means of classical finite element methods (FEMs) is very challenging due
to the presence of microstructures that need to be resolved, resulting in a very
large, possibly intractable number of degrees of freedom. In addition, the coeffi-
cients often have a high contrast, which makes the numerical solution even more
difficult. Since in practice, one is mainly interested in the effective behavior of
the PDE solution, one may try to average the coefficients at a macroscopic scale.
However, the naive averaging of the coefficients generally produces a macroscopic
problem with significantly different effective properties than the original prob-
lem, see, e.g., [MP20, Ch. 2|]. Under strong assumptions on the coefficients (i.e.,
periodicity and scale separation), sophisticated analytical averaging techniques,
known under the term homogenization, can be used to construct macroscopic
coefficients, see, e.g., [Tar09|. However, such approaches fail whenever one leaves
the idealized periodic regime. We note that the groundwater flow example has
non-periodic coefficients due to the heterogeneous subsurface geology, while the
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coefficients for a reinforced material and a metamaterial may be non-periodic
due to material imperfections.

In the general setting with minimal structural assumptions on the coefficients,
so-called numerical homogenization methods provide an alternative to analytical
homogenization. Given a coarse mesh, the idea is to construct problem-adapted
coarse approximation spaces whose basis functions are obtained by solving local
PDEs. Because of the microscopic information encoded in the approximation
space, numerical homogenization methods are able to provide reliable approxi-
mations even on coarse meshes that do not resolve the coefficients. Note that
for numerical homogenization methods, the coarse scale is not predetermined
by the problem. Instead, it is a design choice made by the user, depending
on the available computational resources and the desired accuracy. Numeri-
cal homogenization methods typically have a moderate computational overhead
compared to classical FEMs, e.g., a slightly larger support of the basis functions
or a moderately increased number of basis functions per mesh entity.

Surprisingly, numerical homogenization methods also prove to be effective be-
yond homogenization problems. An inconspicuous application is the stabiliza-
tion of numerical schemes for time-harmonic wave propagation problems, such
as the Helmholtz problem. To obtain a reliable approximation, classical FEMs
require the mesh size to be much smaller than the minimal requirement needed
to resolve the oscillatory nature of the solution. This is known as the pollution
effect [BS97|. Numerical homogenization methods, however, are able to sup-
press the pollution effect at a moderate wavenumber-dependent computational
overhead, see for example [Pet17]. An overview of the origin and development
of numerical homogenization methods is given in the next section.

1.2 Literature review

Analytical techniques such as G- and H-convergence [Spa68; MT78| provide a
fairly general framework for the homogenization of elliptic operators. Given a se-
quence of elliptic differential operators indexed by a fine-scale parameter ¢ tend-
ing to zero, they establish the existence of an elliptic limit problem along with
weak and strong convergence results. This limit problem, called homogenized
PDE, describes the effective behavior of the solution. Furthermore, the concept
of T'-convergence [DGT75| can be used for the homogenization of e-dependent
energy functionals, e.g., in nonlinear elasticity, see [BD98|. Note that the above
analytical homogenization techniques are generally non-constructive unless the
coefficient of the elliptic problem allows a separation of scales into a slow vari-
able and a fast e-periodic variable. Under this assumption, popular analytical
tools, such as the energy method [MT78|, two-scale convergence [Ngu89; All92],
and periodic unfolding [CDGO02| can be used to derive implicit characterizations
of the homogenized coefficient. Note that such a clear separation of scales is
not satisfied in many applications, such as groundwater flow. Furthermore, one
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may not be interested in the limit problem a priori, but rather in the problem
for a fixed value of ¢.

Besides these analytical techniques, there are various numerical approaches
to homogenization. In the following, we give an overview of these numerical
homogenization approaches using a classification inspired by [AHP21].

Homogenization-based approaches

Popular numerical homogenization approaches based on the above-mentioned
analytical homogenization results include the Multiscale Finite Element Method
(MSsFEM) [HW97], the Two-Scale Finite Element Method [MS02|, and the Het-
erogeneous Multiscale Method (HMM) [EE03]. The idea of the MsFEM is to
solve local versions of the considered PDEs on all elements of a given coarse
mesh. The solutions of these local PDEs are then used as basis functions of the
method. Choosing the boundary conditions of the local PDEs is delicate, since
a mismatch between the coarse mesh and the periodic microstructure can lead
to large errors, so-called resonance errors. An oversampling approach, where
the local PDEs are solved on domains that are a few e-layers larger than the
original elements, can be used to reduce these resonance errors. For advances
in the homogenization-based error analysis of the MsFEM and further devel-
opments, see for example [HWC99; HWZ04; Glo12| and [LBLL13; LBLL14;
HOS14; CL18; Leg+22|.

The Two-Scale Finite Element Method is inspired by the concept of two-
scale convergence. More specifically, for the construction of its coarse basis
functions, the method mimics the choice of test functions in the theory of two-
scale convergence. Note that, by definition, the method is limited to periodic
microstructures. Later, in [HS05; Hoa08; HS11|, the method was extended to
the concept of multi-scale convergence [AB96].

The idea of the HMM is to compute a macroscopic FEM approximation of the
homogenized PDE. This requires approximations of the homogenized coefficients
at the quadrature points, which are computed by solving local PDEs on small
cells around the quadrature points. This method is particularly efficient since
these cells are typically much smaller than the coarse elements. Similar to the
MsFEM, resonance errors can be reduced by oversampling. For results on the
error analysis of the HMM, see for example [Abd05; Ohl05]. A review of the
HMM can be found in [Abd+12]. We emphasize that the analysis of the above
methods is based on (constructive) homogenization techniques and therefore
strong structural assumptions on the coefficients of the considered problem are
necessary.

Variational approaches

These strong structural assumptions are overcome by another class of numerical
homogenization methods that can be derived from the Variational Multiscale



1 Introduction

Method (VMM) [Hug+98|. This class includes methods such as the popular Lo-
calized Orthogonal Decomposition (LOD) [MP14; HP13|. The construction of
the VMM is based on a decomposition of the solution space into a coarse finite
element (FE) space and a fine-scale space. In order to obtain an accurate ap-
proximation in the underresolved regime, it incorporates the fine-scale Green’s
function of the residual into the discrete bilinear form. Note that the VMM can
be viewed as a generalization of the local Green’s function approach [Hug95],
which avoids the original limitation that microscopic features must be strongly
localized to coarse elements. In [HS07], it was discovered that projection op-
erators from FE theory are particularly useful for constructing decompositions
of the solution space. More specifically, it was suggested to choose the coarse
space and the fine-scale space as the image and kernel of a projection operator.
The empirical observation that the fine-scale Green’s operator applied to FE
shape functions decays exponentially fast justifies its localized computation on
patches of the coarse mesh. This results in a practical variant of the VMM that
requires only local fine-scale computations. A posteriori error control strategies
for this method were developed in [Mal05; LMO05; Malll]. The first rigorous
proof of the exponential decay properties of the fine-scale Greens operator was
presented in [MP14], which led to the introduction of the LOD. Note that in
the context of the LOD, the fine-scale Green’s operator is usually referred to
as corrector, since it is used to correct coarse FE shape functions. The LOD
uses a problem-adapted approximation space defined as the span of corrected
coarse FE shape functions. Under minimal structural assumptions on the co-
efficients, the LOD achieves optimal orders of convergence, provided that the
support of the basis functions (the patch size) is increased logarithmically with
the desired accuracy. More precisely, given a coarse mesh of mesh size H, an
accuracy of O(H) is achieved when using basis functions with supports of di-
ameter O(H log(%)). This results in a moderate (logarithmic) computational
overhead compared to the coarse-scale FEM. The original construction of the
LOD was later refined in [HP13; HM14]|. The LOD can be interpreted as an
additive Schwarz method, allowing an alternative proof of its exponential lo-
calization properties, see [KY16; KPY18|. Higher order variants of the LOD
were first introduced in [Mai21| and later refined in [DHM22|. For a complete
overview of LOD-based numerical homogenization, see [MP20; AHP21|.

Although the LOD provided the first constructive exponential localization
result, the general question of localization was already theoretically studied
in [GGS12|, where so-called Adaptive Local Bases (ALB) were introduced. Un-
der minimal structural assumptions, the ALB achieve an accuracy of O(H)
using O((log #)***) local basis functions per mesh entity. Note that this is only
a theoretical result, since the computation of the local basis functions requires
the solution to global problems. This problem is later addressed in [Weyl17],
where a practical variant of the ALB is introduced.

Another related approach with many conceptual similarities to the LOD are
the so-called Rough Polyharmonic Splines (RPS) introduced in [OZB14|. The
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basis functions of this method, which are determined by constrained energy
minimization problems, can be viewed as generalized problem-adapted splines.
Note that the decay properties of the basis functions and the resulting compu-
tational overhead are similar to the LOD. The extension of the game-theoretic
interpretation of the RPS in [Owh15] to hierarchical information games led to
the multi-resolution numerical homogenization approaches [Owh17; OS19], also
known as gamblets. This also gave rise to the multi-resolution method [FP20]
in the context of the LOD.

Spectral approaches

Another class of methods are spectral numerical homogenization methods, known
as Multiscale Spectral Generalized Finite Element Methods (MS-GFEMSs). This
class of methods goes back to [BL11] and has been further developed in [BHL14;
Bab+20; MSD22; MS22; SS22; MAS23|. In the spirit of generalized finite ele-
ment methods [MB96; BM97|, the domain is divided into a collection of over-
lapping subdomains using a partition of unity (PU). The idea of the MS-GFEM
is then to decompose the solution to be approximated locally (on each subdo-
main) into a local particular function solving a local version of the considered
PDE and an operator-harmonic part. Optimal approximation spaces for the
approximation of the operator-harmonic part can be constructed by solving lo-
cal spectral problems. This is done using the concept of Kolmogorov n-widths
[Pin85| for a compact restriction operator defined on an oversampling domain.
For strategies that allow the efficient practical computation of the optimal ap-
proximation spaces, we refer for example to [BS18]. By multiplication with a
PU, the local approximation spaces are made conformal. The resulting set of
local basis functions can then be used in a standard Galerkin approach. The
MS-GFEM achieves a sub-exponential rate of convergence in the number of lo-
cal basis functions per subdomain. More precisely, to achieve an accuracy of
O(H), one needs O((log #)%*!) local basis functions, where d denotes the spa-
tial dimension. Note that for the MS-GFEM, convergence is established in the
number of local basis functions and not in the diameter of the subdomains.

We also mention the Generalized Multiscale Finite Element Method (GMs-
FEM) introduced in [EGH13|, which combines features of the MsFEM and the
MS-GFEM. The idea of the GMsFEM is to select a few relevant basis functions
from a typically large local snapshot space by solving local spectral problems.
For further developments related to the GMsSFEM, see for example [Cal+16;
CEL18; CEL19].

Numerical homogenization for stabilization purposes

The numerical solution of problems such as convection-dominated flow problems
or time-harmonic wave propagation problems is particularly challenging since
the mesh size must satisfy very restrictive assumptions in order to obtain a re-
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liable approximation. For convection-dominated flow problems, classical FEMs
exhibit spurious oscillations unless the mesh size resolves the thin boundary
layers of the solution, see [Mel02]. For time-harmonic wave propagation prob-
lems, accurate approximations with classical FEMs even require a mesh size
much smaller than that one needed to resolve the oscillations of the solution. If
such strong mesh size requirements are not met, the numerical approximation
exhibits accumulating phase errors due to numerical dispersion, see [IB95]. Pop-
ular techniques for dealing with the above problems include hp-FEMs [Mel02;
MS10; MS11; MPS13|, the Streamline Upwind Petrov—Galerkin method [BH82;
HMAS86; Hug87| for convection-dominated flow problems and Trefftz methods
[Moill; HMP14; HMP16] for time-harmonic wave-propagation problems.

The relevance of numerical homogenization in this context was recognized
for example in [Bre497], where the equivalence of the local Green’s function
approach (the origin of the VMM) to the residual-free bubble stabilization of
FEMs introduced in [BR94| was shown. At that time, residual-free bubbles were
a popular tool for stabilizing the numerical solution of convection-dominated
flow problems, see [FNS98; Bre+99|. A particularly powerful framework in this
context is the VMM, which has given rise to a number of LOD-based stabi-
lization approaches for convection-dominated flow problems [LPS18] and time-
harmonic wave propagation problems [GP15; Pet16; BG22|. For the latter class
of Helmholtz-type problems, the LOD achieves an accuracy of O(H), provided
that a minimum resolution condition is satisfied and that the diameter of the
supports of the basis functions is increased like O(H log(;)), where s denotes
the wavenumber. Note that also the MS-GFEM can be used to stabilize the nu-
merical solution of Helmholtz problems, see [MAS23|. For an accuracy of O(H),
it requires that the number of local basis functions per subdomain is increased

like O((log £)*).

Numerical homogenization for parametric problems

Parameter dependence adds another layer of complexity to multi-scale prob-
lems. Classical model order reduction techniques such as the reduced basis
(RB) method, which typically rely on direct numerical simulations, require the
repeated computation of global snapshots. For multi-scale problems where even
one global solve is considered challenging, the repeated solution of global prob-
lems is intractable. Approaches capable of dealing with parameter-dependent
multi-scale problems perform a localization of the snapshot computation to sub-
domains. Such a localization is typically achieved by either domain decomposi-
tion techniques or numerical homogenization methods.

Approaches based on domain decomposition construct local reduced spaces
on subdomains and couple these local reduced spaces across interfaces in either
a conforming or non-conforming manner. A prominent example is the Reduced
Basis Element Method, which was first introduced in [MRO02| and further devel-
oped in [KOH11; APQ16; HKP12; IQR12|. Tt uses a non-overlapping domain
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decomposition and glues the reduced spaces together using Lagrange multipliers
in a Mortar-like fashion, cf. [BMP93|. Further related methods are the Local-
ized Reduced Basis Multiscale method [Alb+12; OS15| and the Arbitrary Local
Modifications method [Buh+17].

Approaches that use numerical homogenization to localize the snapshot com-
putation employ RB techniques within a numerical homogenization method to
accelerate the typically costly basis computation. For numerical homogeniza-
tion methods such as the MsFEM, the HMM, and the LOD, this led to the
development of the RB-MsFEM [HZZ15|, the RB-HMM [AB12; AB13|, and
the RB-LOD [AH15; KR21], respectively. Clearly, the properties of the above
methods depend strongly on the properties of the underlying numerical homog-
enization method. While the RB-MsFEM and the RB-HMM are restricted to
settings with (spatial) periodicity and scale separation, the RB-LOD is able to
handle more general settings. For a review of localized model reduction tech-
niques for parameter-dependent PDEs, see [Buh+21].

1.3 Outline and contributions

The goal of this thesis is to present recent achievements in the field of LOD-
based numerical homogenization. As a starting point, Chapter 2 introduces
prototypical approximation spaces obtained by applying the solution operator of
the considered PDE to classical FE spaces such as piecewise constants. We prove
that the corresponding Galerkin method provides accurate approximations of
optimal order without having to resolve the underlying coefficients. However,
since in general global problems must be solved to compute the basis functions of
the prototypical method, such approaches are not feasible without modification.

One approach to localize the basis computation and thereby obtain a practical
method is the LOD, which is introduced in Chapter 3 in the general setting of
inf-sup stable problems. We present a variant of the LOD that uses a novel
construction based on a tailor-made quasi-interpolation operator. This allows
approximations without numerical pollution, at the cost of slightly increasing
the support of the basis functions. We present a rigorous analysis showing the
exponential localization properties of the LOD.

The LOD is then extended to the multi-resolution setting in Chapter 4 using
the Helmholtz problem as a model problem. Given an LOD approximation on
a coarse mesh, the presented Multi-resolution Localized Orthogonal Decompo-
sition (MRLOD) allows to add additional discretization levels to improve the
accuracy of the approximation. All discretization levels are decoupled, resulting
in a block-diagonal coarse system matrix. We present a rigorous wavenumber-
explicit error analysis that shows optimal order convergence of the MRLOD
without any pre-asymptotic effects under mild assumptions on the discretiza-
tion. Special emphasis is placed on the fast solution of the block-diagonal coarse
system matrix. We prove that all but the first small block can be solved with a
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standard iterative solver within a fixed number of iterations.

A very recent localization approach is the Super-Localized Orthogonal De-
composition (SLOD), which is introduced in Chapter 5 for inf-sup stable prob-
lems. The idea of the SLOD is to identify (normalized) local FE source terms
that yield responses under the local solution operator of the PDE with minimal
conormal derivatives. These responses are then used as the problem-adapted
basis functions of the method. The SLOD has significantly improved localiza-
tion properties compared to the LOD, resulting in smaller patch problems and
a sparser coarse system matrix. More precisely, numerical experiments show
that the SLOD achieves an accuracy of O(H) if the diameter of the supports
of the basis functions is increased like O(H (log %)*~1/4). We put special em-
phasis on the theoretical and practical study of the decay of the localization
error. We also provide an error analysis of the SLOD in which the basis sta-
bility is quantified a posteriori. For Helmholtz problems, the SLOD improves
the oversampling condition of the LOD needed for optimal order convergence
to O(H (log £)d=1/d),

For challenging problems, such as problems with high-contrast channeled co-
efficients, the SLOD may suffer from basis stability issues, which degrade its ap-
proximation quality. Therefore, in Chapter 6, we introduce the Super-Localized
Generalized Finite Element Method (SL-GFEM) for an elliptic model problem.
The SL-GFEM combines the SLOD with a PU approach to overcome these ba-
sis stability issues. The SL-GFEM computes local spectral problems in a space
spanned by a few deterministic snapshots. Therefore, random sampling strate-
gies as for the MS-GFEM can be avoided. From an application point of view, the
SL-GFEM is conceptually simple and easy to implement. We prove a posteriori
and a priori error estimates for the SL-GFEM showing that its approximation
quality is at least as good as that of the SLOD and at the same time not worse
than that of the LOD. Special emphasis is placed on the study of higher order
versions of the SL-GFEM, which achieve higher order convergence rates using
only the regularity of the source term.

Finally, Chapter 7 introduces the Reduced Basis Super-Localized Orthogo-
nal Decomposition (RB-SLOD) for reaction—convection—diffusion problems with
parameter-dependent multi-scale coefficients. The RB-SLOD is a local RB tech-
nique resulting from the integration of a RB approach into the SLOD frame-
work. Given a parameter, the RB-SLOD quickly generates coarse-scale models
of the considered problem that accurately capture the effective behavior of the
problem. Note that the unique localization properties of the SLOD allow one
to perform the RB snapshot computation on particularly small patches, which
is crucial to the low offline and online complexity of the RB-SLOD. A ma-
jor strength of the RB-SLOD is that it is affected only by parameters in the
PDE operator and not by parametric, possibly non-affine, source terms. In
contrast, classical RB approaches require the use of the empirical interpolation
method [Bar+04|, which increases the overall computational cost.

Parts of this thesis have already been published in scientific journals. The
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work on the MRLOD has been published in Multiscale Modeling € Simula-
tion |[HP22a| and the original work on the SLOD has been published in Math-
ematics of Computation |[HP22b|. Furthermore, an article on the SLOD for
Helmholtz problems and the articles introducing the SL-GFEM and the RB-
SLOD have been submitted to scientific journals and are available as preprints,
see [FHP21; Fre+22a; BHP22|. The presentation of the results in this thesis fol-
lows in part the presentation in the respective journal or preprint articles. Note
that some parts have been rephrased or expanded, and that the notation may
differ for consistency. We emphasize that the research articles [HM22; DHM22],
written by the author of this thesis, are not directly included in the thesis. The
latter has been accepted for publication in STAM Journal on Numerical Analysis.

The numerical experiments presented in this thesis were performed either in
Matlab, based on code developed at the Chair for Computational Mathematics
at the University of Augsburg, or in Python, using an adaptation of the gridlod
software from [HK17].

Notation. Throughout this work, we denote by C' > 0 a constant, which is
independent of discretization parameters such as the mesh size and the over-
sampling parameter, but which may depend on the spatial dimension d and the
domain D. We emphasize that C' may change from estimate to estimate. In
order to simplify the notation, we abbreviate a < Cb and a > Cb by a < b and
a 2 b, respectively. Further, provided that a < b and a 2 b, we write a ~ b.






2 Problem-adapted approximation

As mentioned in the introduction, classical FEMs based on universal polynomial
approximation spaces can perform arbitrarily poorly for multi-scale PDEs. In
fact, to obtain a reliable approximation, it is a minimal requirement for FEMs
that the underlying mesh resolves the coefficients of the considered PDE. Ad-
ditionally, the convergence of FEMs can be arbitrarily slow due to the possibly
low regularity of the solution. In order to obtain reliable approximations on
meshes that do not necessarily resolve the coefficients, problem-specific infor-
mation can be added to the approximation space. This idea was first proposed
for one-dimensional problems in [BOS83|.

In this chapter, we construct such problem-adapted approximation spaces by
applying the solution operator of the PDE to coarse classical FE spaces. This
is a common strategy used explicitly or implicitly in many works, see for exam-
ple [0Z11; GGS12; MP14; OZB14; Owh17|. We further prove that the Galerkin
method based on such problem-adapted spaces gives optimal convergence orders
on arbitrarily coarse meshes without any pre-asymptotic effects. This is done in
the general setting of inf-sup stable problems, which includes all PDEs consid-
ered in the remainder of this thesis (e.g., the Helmholtz problem in Chapters 4
and 5 and the reaction—convection—diffusion problem in Chapter 7).

However, this construction cannot be used in practice without modification,
since it generally requires the solution to global problems for the computation
of the basis functions. To derive a practical numerical homogenization method,
one needs to localize the basis computation. Several localization techniques are
presented in the following chapters (see Chapters 3 to 6).

2.1 Abstract model problem

We consider a linear second order PDE in weak form with possibly highly het-
erogeneous coefficients. It is posed on a bounded Lipschitz domain D C R?
(d = 1,2,3), which is either an interval (d = 1), a polygonal domain (d = 2),
or a polyhedral domain (d = 3). Without loss of generality, we assume that D
is scaled such that its diameter is of order one. We define the space L*(D) as
the space of possibly complex-valued square integrable functions on D and de-
note by (-, -);2 and || - || ;2 the L*inner product and the L?-norm, respectively.
Given a subdomain S C D, we write || - || 25 and (-, -) j2(g for their restriction
to S. Furthermore, we denote by H*(D), k € Ny, the Sobolev space consisting
of functions in L?(D), which have square integrable weak derivatives of order
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up to k. We denote by || - ||+ and | - |+ the H*-norm and the H*-seminorm
on D, respectively. Note that for k = 0, it holds that H°(D) = L?(D) and that
| “|lzo = |- |go = || - ||2. For a precise introduction to Lebesgue and Sobolev

spaces, see for example [Alt16, Ch. 3|.

The solution space of the considered second order PDE is a closed subspace
V C HY(D), which takes into account a possible Dirichlet boundary condition
on a relatively closed boundary segment of OD of positive surface measure. As
subspace of H'(D), one can equip V with the inner product

('7 ')V = ('7 ')L2 + (vv V')L27 (2'1)

where V is the weak gradient, and denote its induced norm by || -|,,. The
restriction of V to the subdomain S C D is denoted by V(S) = V|g. This
space can be equipped with the inner product (-, -)V( ) which is the restriction
of (2.1) to S and its induced norm || - [|,;5). Furthermore, we denote by V* the
anti-dual space of V consisting of all continuous anti-linear functionals on ¥V and
write || - ||y for the operator norm on V*.

The weak formulation of the considered PDE is based on a continuous sesquilin-
ear form a: V x V — C, which is typically a sum of integrals of its arguments,
the derivatives of its arguments, and coefficient functions. For such sesquilinear
forms, the continuity also holds in a local sense, i.e., there exists C, > 0 such
that

la(v, w)| < CGHUHV(SlﬂSg)||w||v(,5‘1052) (2.2)

holds for all v,w € V with supp(v) C Sy, supp(w) C Sy. This is an important
ingredient for the localization proof of the LOD in Chapter 3 and will therefore
be assumed in the following. Given a source term F' € V*, the weak formulation
seeks a solution v € V such that it holds

a(u,v) = F(v) (2.3)

for all v € V.
The unique existence of a solution u € V can be guaranteed by the Banach—
Necas—Babuska theorem [Bab71|. It requires the inf-sup conditions
ja(v, w)]

inf sup = inf sup M > g, (2.4)
vevwey [[Vvl[wlly wev vev [lvllvllwlly

where the inf-sup constant a. > 0 typically depends on the type of the problem
at hand, the bounds of the coefficients, and the geometry of the domain. Note
that the values of the inf-sup constants in (2.4) are the same as long as they do
not vanish, cf. [Dem06]. The inf-sup stability (2.4) implies the stability of the
problem (2.3), i.e.,

lully < ag 1 F|

e (2.5)

12
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2.2 Classical finite element method

This section introduces the FEM, which is one of the most common and widely
used discretization techniques for PDEs. Furthermore, we demonstrate the fail-
ure of the FEM to provide accurate approximations in the context of highly
oscillatory coefficients, which motivates numerical homogenization techniques.

The construction of the FEM is based on a sequence of meshes {7y }y=o,
where each mesh is a finite subdivision of D (the closure of D) into closed convex
elements K, and H is a mesh size parameter to be defined subsequently. For
simplicity, we restrict ourselves to Cartesian meshes, which implicitly restricts
the possible geometries of the considered domain D. We assume that all meshes
are geometrically conformal in the sense of [EG04, Def. 1.55], which means that
each face of an element is either a subset of the boundary 0D or it coincides
with the face of another element. Let us further assume that all elements are
shape regular [EG04, Def. 1.107], i.e., there exists Cy; > 0 such that

H
max —=~ < Cig
KeTu pi

holds for all meshes in the sequence, where Hy = diam(K) (the diameter of
the smallest ball that contains K) and px denotes the diameter of the largest
ball that is contained in K. Moreover, we assume that the sequence of meshes
is quasi-uniform [EGO04, Def. 1.140], i.e., there exists Cy, > 0 such that

H = max Hg < Cy, min Hg
KeTy KeTy

holds for all considered meshes. The set of all (interior and boundary) nodes of
the mesh Tz is denoted by Ny.

In this thesis, we will frequently use the Q'-FEM, which is a particular FEM
based on the following approximation space:

Viem — {v € V: v|k is a polynomial of coordinate degree <1, K € TH}.
It seeks an approximation uf™ € V™ such that it holds

a(uls™ v) = F(v) (2.6)
for all v € V™. The unique existence of a solution uy € V™ is guaran-
teed by an inf-sup condition similar to (2.4) with the difference that, in the
finite-dimensional setting, it is sufficient to require only one of the two inf-sup
conditions in (2.4), cf. [EG04, Prop. 2.21|. More precisely, we assume that there
exists agem > 0 such that

a(v, w) .

inf  sup > Qlfern-

veVfem weVfem [vlly llwlly,
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2 Problem-adapted approximation

Note that in the remainder of this thesis we will just write FEM for the Q'-FEM.

To derive an error estimate of the FEM, one typically uses Céa’s lemma
(see, e.g., [EG04, Lem. 2.28|), which states the quasi-optimality of the FE ap-
proximation. This means that one can estimate the approximation error of the
FEM against the approximation error for any vy € Viem i

C
fem a .
U—U 1+ min u—"v . 28
|| ||V ( o ) s }f]em || HHV ( )

The latter term can be estimated by choosing vy as quasi-interpolation of the so-
lution u, see, e.g., [EG04, Thm. 3.16 & Rem. 3.17|. To quantify the convergence
of the FEM with respect to the mesh size H, we need additional regularity of the
solution u. For non-negative s, we denote by H*(D) the Sobolev—Slobodeckij
spaces [Roul3, Ch. 1.2.3], which are generalizations of the usual Sobolev spaces
to non-integer s. We denote by |- |gs the Sobolev—Slobodeckij-seminorm on D.
Provided that u € H'™ (D) for some r € [0, 1], the quasi-interpolation operator
from [EG17, Thm. 6.4] can be used to show that

Ca
Hu — ufemHv N (1 + )Hrfu\H1+r. (29)

fem
In particular, this estimate shows optimal first order convergence provided that
u € H?(D). However, the estimate also indicates, that the approximation
quality of the FEM may be poor for large seminorms or low regularity of w.
To demonstrate the failure of the FEM, we use the example in [MP20, Ch. 2],
where for a highly oscillatory coefficient A., the one-dimensional diffusion prob-
lem —(A.u.)" = f on the interval D = (0, 1) with homogeneous Dirichlet bound-
ary conditions is considered. The coefficient A. is smooth but highly oscillatory,
where 0 < € < 1 denotes the length scale of the oscillations. It is defined by

1
2 + cos (2”) '

Ad(z) = (2.10)

The weak formulation of the problem seeks u. € V := H}(D) such that

ae (e, v) == /o Aulv'dz —/ fvdx = F(v) (2.11)

holds for all v € V. Using that 3 < A.(z) < 1 for all z € D, we obtain that a is
continuous and that a(v,v) 2 H’UHV holds for all v € V with constants indepen-
dent of €. The latter condition is known as coercivity (see also Section 6.1) and
ensures that the inf-sup conditions (2.4) and (2.7) hold independently of €. For
the particular choice of the source term f = 1, the solution u. can be calculated
explicitly, cf. [MP20, Ch. 2|. Using the explicit form of the solution, one easily
verifies that u. € H?(D) with |u.|g2 ~ ¢~!. Inserting this into estimate (2.9), we
obtain that the FEM yields reliable and first order convergent approximations

14
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10° F T T

|

rel. V-norm error

Figure 2.1: Error of the FE approximation of (2.11) with f = 1 as a function
of H for several values of ¢.

provided that the resolution condition H < € is satisfied. In the pre-asymptotic
regime, where the oscillations of the coefficient are not resolved by the mesh,
i.e., H 2 ¢, the error is generally large. This can also be observed in Figure 2.1.

We emphasize that it is a general observation that FEMs based on univer-
sal polynomial approximation spaces give unsatisfactory approximations if the
coefficients are not resolved by the mesh, cf. [PS12]. In such cases, neither
the macroscopic behavior of the solution nor its microscopic features are well
approximated. Note that the previous one-dimensional example had a large
seminorm of the solution. In practice, also the regularity of the solution is typi-
cally low, i.e., r is close to zero. This creates additional difficulties for the FEM
as seen in the estimate (2.9). In fact, it is shown in [BOO0O] that classical FEMs
can perform arbitrarily poorly for PDEs with rough coefficients.

2.3 Prototypical problem-adapted approximation

To obtain reliable approximations even when the coefficients are not resolved
or the regularity of the solution is low, problem-specific information can be in-
corporated into the approximation space. In this section, we introduce such
problem-adapted approximation spaces and prove that the respective Galerkin
method achieves optimal convergence orders under minimal structural assump-
tions. The construction we use is inspired by that in [OS19; AHP21]. It is based
on a set of pairwise linearly independent anti-linear functionals

{¢;: jeJ}CV, (2.12)
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where J is a suitable index set. These functionals, typically called quantities of
interest (QOIs), select the information to be extracted from the solution u. To
obtain an accurate approximation of the solution on the mesh 7Tx, one typically
uses QOIs defined with respect to 7y. Note that there is much flexibility in
choosing the QOIs, see for example [AHP21, Ex. 3.1]. Throughout this thesis,
we will only use the (complex conjugate) element averages with respect to Ty
as QOIs, which are for all K € Ty defined as

1 _
gr(v) = W/de:r (2.13)

for all v € V, where |K| denotes the volume of K and = denotes the complex
conjugation. Note that the complex conjugation ensures that the qx are anti-
linear, i.e., it holds that gx € V*, cf. (2.12).

For the definition of the problem-adapted approximation spaces, we define the
solution operator and its adjoint version by £: V* — V, F'+— vand L*: V* — V,
F +— w, respectively, where u and w are for all v € V defined as

a(u,v) = F(v), a(v,w) = F(v). (2.14)

The well-posedness of the operators £ and £* is an immediate consequence of
the inf-sup stability (2.4). The problem-adapted trial and test spaces are then
defined as follows:

Uy = span{Lqx : K € Ty}, Vi =span{L*qx : K € Ty} (2.15)

Note that for hermitian problems the operators £ and £* coincide, and therefore
also Uy and Vjj coincide. We emphasize that such problem-adapted spaces are
not feasible in practice without modification. This is due to the typically slow
(algebraic) decay of the Green’s function corresponding to the problem (2.3),
which implies that also the canonical basis functions {Lqx : K € Ty} and
{L*q;: K € Ty} of Uy and V}; decay slowly, cf. [Eval0, Ch. 2|. Therefore,
global problems need to be solved to compute the canonical basis functions,
which is considered intractable in practice. Figure 2.2 illustrates the canonical
basis functions in one dimension.
The prototypical problem-adapted approximation seeks u%, € U such that

a(uyy,v) = F(v) (2.16)

holds for all v € V}j. To ensure the existence of a unique solution u%, € Ug, we
do not require the inf-sup stability of a on U}, x V}7, since in many applications,
such as Helmholtz problems, this condition may be difficult to prove. Instead,
we require an inf-sup condition of a on the subspace W C V defined by

W = m ker g, (2.17)

KeTy
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Figure 2.2: Canonical prototypical basis functions for problem (2.11) with
g=275

where ker denotes the kernel of a linear operator. The space W is a closed
subspace of V, since it is an intersection of kernels of continuous functionals.
It can be interpreted as the space of functions that are not resolved by the
prototypical method (2.16). Therefore, the space W is typically referred to as
the fine-scale space. Note that the space W will play an essential role in the
construction of the LOD in Chapters 3 and 4. We assume that a is inf-sup
stable on W x W, i.e., there exists oy > 0 such that

|a(v, w)] |a(v, w)]

inf sup = inf sup > ay. (2.18)

vEW weW ”v||v||w||v wEW veW HUHv”wHV

The following lemma shows that this condition ensures the inf-sup stability of a
on U x Vi and hence the well-posedness of (2.16).

Lemma 2.3.1 (Inf-sup stability of the problem-adapted approximation). If the
inf-sup conditions (2.4) and (2.18) are satisfied, it holds that the sesquilinear
form a is inf-sup stable on Uy x Vi, i.e.,
inf sup la(v, w) > (2.19)
veUy weVh HUHV”wHV
with o, == Cracar > 0.

Proof. The proof of this lemma can be obtained by combining results from
[AHP21, Sec. 3.2 & 3.3). 0

The special choice of the problem-adapted approximation spaces ensures that
the prototypical approximation exactly satisfies the QOIs. This is shown in the
following lemma.

Lemma 2.3.2 (Exactness of QOIs). The prototypical approzimation u3; defined
in (2.16) has the same QOIs as the solution u of (2.3), i.e., it holds that

qr (u) = qx (ufy) (2.20)
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2 Problem-adapted approximation

for all K € Tg.

Proof. For all K € Ty, we obtain using the Galerkin orthogonality and the
definition of the adjoint solution operator £* in (2.14) that

0=a(u—uyy, Lqk) = qx(u — ufy). O

Next, we prove the optimal order convergence of the prototypical approxi-
mation (2.16) under minimal structural assumptions. For this, we note that
the choice of the problem-adapted approximation spaces in (2.15) allows to
transform the approximation problem of the solution u in the space V into an
approximation problem of the source term F' in the space V*. In the latter
approximation problem, the source F'is approximated by a linear combination
of the QOIs defined in (2.13). In order to quantify the convergence of the proto-
typical method, we need to assume additional regularity of the source term, e.g.,
L2-regularity, which means that there exists a function f € L?(D) such that

F=(f,") (2.21)

To define an approximation of f, we introduce the space of Ty-piecewise
constants as

P°(Tw) =span{lx : K € Ty} (2.22)

with 1 denoting the characteristic function of the element K. The correspond-
ing L?-orthogonal projection 1% : L?(D) — P°(Ty) can then be expressed ex-
plicitly in terms of the QOlIs as

M= Y qx()1k. (2.23)

KeTy

From its definition, it immediately follows that I1% is locally stable with respect
to the L?-norm, i.e., for all K € Ty, it holds that

“H(I)'JUHLQ(K) < ||U||L2(K) (2.24)

for all v € L?*(D). Furthermore, recalling the assumption that all elements K
are convex, we obtain by Poincaré’s inequality [PW60; Beb03| that

lv = T3 0ll o gy < 7 H VOl (2.25)

holds for all K € Ty and v € HY(T).

Using the above results, we are able to prove the desired optimal order con-
vergence result for the prototypical approximation. This result requires only
the regularity of the source term and, in contrast to the FEM, no additional
regularity assumptions on the solution are necessary.
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Lemma 2.3.3 (Convergence of the prototypical approximation). For any f €
H*(D), k € {0,1}, the prototypical approximation (2.16) satisfies that

lu = ully < op 'a T R HEE f

Proof. By Lemma 2.3.2, we obtain that u — u%, € W. Thus, using the inf-sup
stability (2.18), there exists w € W with [Jw||,, = 1 such that

atllu —ujylly < lalu — vy, w)| = |(f, w = THw) | < 77 HI|f| -

Here, we used that a(ui;, w) = 0, I%w = 0, and (2.25) for w. In the case k = 1,
we additionally use that

(f w—Thw). = (f =My f, w = Myw) .,

which holds due to the definition of 11%. Applying (2.25) again then gives the
result. O

Note that using interpolation techniques, one can extend this result to source
terms f € H*(D), s € [0,1], i.e., one can show convergence of order 1+ s for the
prototypical approximation. The corresponding estimate is similar to the one in
Lemma 2.3.3, but it includes an additional constant resulting from the interpola-
tion. We emphasize that choosing the QOIs as in [AHP21, Ex. 3.1b] yields proto-
typical approximations with higher orders of convergence, see [Mai21; DHM22].

2.4 Overview of localization strategies

To obtain a practically feasible numerical method, one needs to localize the
computation of the basis functions of the prototypical trial and test spaces U}
and V5. In this section, we introduce the general concept of localization and
give an overview of the localization strategies presented in this thesis.

Concept of localization

When performing a localization, one usually first identifies rapidly decaying
basis functions of Uj; and Vjj, where we assign each basis function to a mesh
entity (elements in our case). Despite their fast decay, these basis functions
are usually globally supported. However, the fast decay allows one to construct
accurate local approximations of the basis functions by localizing their compu-
tation to patches. For this, one typically chooses patches of m € N layers of
coarse elements around the respective elements. The error resulting from this
approximation, the so-called localization error, is determined by the choice of
the basis functions of the trial and test spaces and the oversampling parame-
ter m. We define the localized trial and test spaces as the span of the respective
localized basis functions. Finally, a practical method can be defined as the
Galerkin approximation with respect to these localized trial and test spaces.
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Figure 2.3: Prototypical basis functions of the LOD for problem (2.11) with
=275

VARNSY

Figure 2.4: Prototypical MRLOD basis functions for problem (2.11) with
¢ =276 The colors indicate the different discrete scales the basis
functions are associated to.

Ideas of the presented localization approaches

Four different localization strategies are considered in this thesis, namely the
LOD, the MRLOD, the SLOD, and the SL-GFEM. Their ideas have already
been briefly sketched in Chapter 1. In the following, we recall the main ideas
and illustrate their choice of basis functions in one dimension.

The LOD is a popular localization technique, which constructs its trial and
test spaces based on problem-adapted decompositions of the solution space into
a coarse approximation space and an infinite-dimensional remainder space. By
adding fine-scale corrections to classical FE shape functions, the LOD constructs
exponentially decaying prototypical basis functions of the coarse approximation
space. These functions are shown in Figure 2.3 in one dimension. The prototyp-
ical basis functions are then localized to patches in order to obtain a practical
method. The LOD is discussed in detail in Chapter 3.

In the spirit of gamblets [Owh17], the LOD is extended to the multi-resolution
setting in Chapter 4. For this, we employ a discrete hierarchy of scales induced
by a Haar basis. The resulting MRLOD has the desirable property that its
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Figure 2.5: SLOD basis functions for problem (2.11) with e = 275.

discrete scales are decoupled. More precisely, the resulting linear system is
block-diagonal with blocks that are easily invertible. For an illustration of the
prototypical basis functions of the MRLOD, see Figure 2.4. To obtain a practical
method, the prototypical basis functions are localized using LOD techniques at
each discretization level.

Another localization approach is the SLOD introduced in Chapter 5. For
all patches of elements in the coarse mesh, the SLOD solves a local minimiza-
tion problem. More precisely, it minimizes the conormal derivative among the
responses to local piecewise constant functions under the local solution oper-
ator. The resulting local responses are then used as the basis function of the
SLOD. Compared to the exponential decay of the localization error for the LOD,
we observe a super-exponential decay for the SLOD. In one dimension, super-
exponential means that the basis is truly local, i.e., the localization error is zero.
Figure 2.5 shows the local SLOD basis functions in one dimension. Note that
the stability of the basis of the SLOD can only be guaranteed a posteriori. To
overcome this, the SLOD is combined with a partition of unity in Chapter 6,
resulting in the SL-GFEM.
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3 Localized Orthogonal
Decomposition

This chapter gives a brief introduction to the Localized Orthogonal Decompo-
sition (LOD), which was originally introduced in [MP14; HP13| for an ellip-
tic model problem. Given a coarse mesh, the idea of the LOD is to decom-
pose the solution space of the considered problem into an infinite-dimensional
fine-scale space consisting of functions not resolved by the coarse mesh and
a finite-dimensional complement space. If this decomposition is chosen in a
problem-adapted way, the finite-dimensional complement space contains fine-
scale information of the problem at hand and allows an accurate approximation
of the solution to the problem. To obtain a practical method, the LOD approx-
imates the complement space by a localized version, whose basis functions can
be computed by solving sub-scale correction problems on patches of the coarse
mesh. The LOD approximation is then obtained by performing a Galerkin ap-
proach using the localized complement space as approximation space. We note
that for non-hermitian problems, the LOD uses two different decompositions of
the solution space, resulting in different trial and test spaces. While the classi-
cal FEM yields reliable approximations only if the mesh resolves all fine-scale
features of the considered problem (see for example Figure 2.1), the LOD yields
reliable approximations for arbitrarily coarse meshes. More precisely, provided
that the diameter of the patches for the local sub-scale correction problems is
increased logarithmically with the desired accuracy, the LOD is able to achieve
optimal orders of convergence independent of the smoothness of the coefficients.

In the following, we use the LOD to localize the problem-adapted approxima-
tion spaces introduced in Chapter 2 and to obtain a practically feasible variant
of the prototypical method defined in (2.16). For this, we again consider the
general setting of inf-sup stable problems, which includes all PDEs considered in
the remainder of this thesis. We emphasize that the presentation of this chapter
is inspired by [Mai20; AHP21|. In contrast to these works, however, we include a
tailor-made quasi-interpolation operator in the definition of the method, which
cures numerical pollution effects as observed for example in [Mai21]. This ap-
proach goes back to [HP22a]. Note that most of the proofs presented are based
on rather standard LOD theory and are adaptations of for example those in
[MP20; AHP21]| to the present setting.
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3 Localized Orthogonal Decomposition

3.1 Correctors

The LOD uses correctors to incorporate fine-scale information of the considered
problem into its coarse approximation space. Recalling the definition of the
fine-scale space W in (2.17), we define the correctors C,C*: V — W such that

a(Cv,w) = a(v,w), a(w,C*v) = a(w,v) (3.1)

holds for all v € V and w € W. Due to the inf-sup stability of a on W x W,
cf. (2.18), the correctors C and C* are well-defined and continuous, i.e., it holds
for all v € V that

ICvlly < ar'Callvlly,  lIC*vlly, < af 'Callvlly,. (3:2)

The following lemma characterizes the images and kernels of C and C*. We
denote by im and ker the image and kernel of a linear operator, respectively.

Lemma 3.1.1 (Properties of C and C*). The operators C and C* are projection
operators with

im(C) = im(C*) = W, ker(C) = Up, ker(C*) = V.
Furthermore, it holds for the complementary projection operators that
im(id —C) = U}, im(id —C*) =V}, ker(id —C) = ker(id —C*) = W,
where id denotes the identity operator.

Proof. Note that the codimension of W C V (the dimension of any complement
space of W in V) is equal to the number of elements in Tz. The proof of this
result can be found in [AHP21, Thm. 3.5|. The identity im(C) = W holds by
definition since C is a projection onto W. To prove that ker(C) = Ug, we first
show the inclusion “2”. Since any v € Uj; can be written as v = Yy crLqx
for some coefficients (c¢x) ke, We obtain for all w € W that

a(Cv,w) = a(v,w) = Z cxqr(w) =0,

KeTy

where we used definitions (2.17) and (3.1). This directly implies that v € ker(C)
and thus, since v € U}, was arbitrary, that ker(C) D Ug. Since C is a projection,
we have that V = im(C) @ ker(C) (see, e.g., [Alt16, Thm. 9.13]). Using this
and the fact that the codimension of W is equal to the number of elements
in Ty, it follows that ker(C) = Ug. The result for the complementary projection
(id—C) follows using standard identities for the kernel and image of projections,
cf. [Alt16, Thm. 9.13]. The proof for C* is analogous. O

The following corollary states problem-adapted decompositions of V.
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3.2 Coarse-scale bases

Corollary 3.1.2 (Decomposition of V). The solution space can be decomposed

as follows:
V=UseW=VieW. (3.3)

These decompositions are “a-orthogonal” (recall that a is in general not an inner
product) in the sense that

aUS W) =0,  a(W,V3) =0, (3.4)

Proof. The proof of this corollary uses exactly the same arguments as the proof
of Lemma 3.1.1 and is therefore omitted. O

3.2 Coarse-scale bases

In this section, we construct basis functions of the problem-adapted trial and
test spaces U and Vjj by applying the operators (id—C) and (id—C*) to coarse
V-conforming functions. In Section 3.3 it is then proved that basis functions
constructed in this way decay exponentially fast, which justifies their localization
in Section 3.4.

As coarse V-conforming functions we use non-negative bubble functions. The
bubble function corresponding to the element K € Ty is chosen such that it
holds by € H}(K) and 11%by = 1) as well as

lorcll 20y < 7 H (Vx| p2rey S N2l ey (3.5)

where the hidden constant depends only on the shape regularity of 7. There are
many reasonable choices of bubble functions. For example one can choose by
as the appropriately scaled product of the FE hat functions associated with
nodes contained in K. We define the operator By : L*(D) — V, which maps
an L2-function to its V-conforming bubble companion with the same element
averages by

BH(U) = Z qK(@)bK, (36)

KeTy

where the gk are the QOIs defined in (2.13). It is a direct consequence that the
kernels of By and 119 coincide, i.e., ker By = ker I1%. Using estimate (3.5), one
can prove the local stability of By, i.e., there exists Cp,, > 0 such that

1Bl g2y + HIBavllysey < Copllvll 220y (3.7)

holds for all K € Ty and v € L?(D), where the constant C,, depends only on
the shape regularity of 7y. Note that in (3.7) we give a bound on the local V-
norm of Byv (instead of the local H'-seminorm), which will simplify the analysis
in the following sections.

We define the space of bubble functions by

Uy = span{bx : K € Ty}. (3.8)
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3 Localized Orthogonal Decomposition

Figure 3.1: Prototypical LOD basis functions for several coarse meshes for the
problem considered in Section 3.6.

The following lemma provides alternative characterizations of the problem-
adapted trial and test spaces U}, and V.

Lemma 3.2.1 (Characterizations of U and V}5). The spaces U, and V§ can
alternatively be characterized as

Uy = (id = C)Uy, Vi =(id —C")Uy. (3.9)
In particular, it holds that
{(id—C)bx : K € Ty}, {(id—C"bg : K € Ty} (3.10)

are bases of the spaces U and Vj3, respectively.

Proof. Using (id — By)V C W, which implies that (id —C)(id — Bg)V = 0, we
obtain the first identity in (3.9) as follows:

U =(1d—-C)V =(id—C)(id — By)V + (id — C)ByV = (id — C)Up.

The second identity in (3.9) can be proved analogously and (3.10) is an imme-
diate consequence of (3.9). O

For a depiction of the basis functions (3.10), see Figure 3.1. These basis
functions are typically called prototypical LOD basis functions due to their
generally global support.

3.3 Decay and localization

In this section, we prove the exponential decay of the prototypical LOD basis
functions, which justifies their localization in Section 3.4. To this end, we in-
troduce patches with respect to the coarse mesh Ty. We define the first order
element patch N(S) = N;(S) of a union of elements S C D as follows:

Ni(S) = J{AK € Tu: KNS #0}.
For any m > 2, the m-th order patch N,,(S) of S is then recursively given as
N, (S) == Ni(N,—1(9)). (3.11)
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3.3 Decay and localization

3.3.1 Splitting into element correctors

To construct localized correctors, we use the concept of element correctors,
cf. [HP13]. Note that the use of element correctors allows for improved stability
properties of the resulting LOD method. To define the element correctors, we
decompose the sesquilinear form a into the element sesquilinear forms

ag:V xV —C (3.12)

for any K € Ty. Recalling that a is typically a sum of integrals of its arguments,
the derivatives of its arguments, and coefficient functions, we can define the
form ax by appropriately restricting the integrals to the element K. It then

holds that
a(v,w) = Z ax (v, w) (3.13)
KeTu

for all v,w € V. We require that for all K € Ty the sesquilinear forms ax are
locally continuous in the sense that

|ax (v, w)] < Callvllyyllwlly (3.14)

holds for all v,w € V. In practice, the constant C, is usually the same as the
constant in (2.2). Therefore, for simplicity, we will not introduce a new constant.
For any K € Ty, we define the element correctors Cr,Cj: V — W such that

a(Cxv,w) = ax(v,w), a(w,Crv) = agx(w,v) (3.15)

is satisfied for all v € V and w € W. Note that the inf-sup stability of a on
W x W, cf. (2.18), and the local continuity (3.14) ensure the well-posedness
of the operators Cx and Cj. Furthermore, by (3.13) the sum of the element
correctors Cx and Cj is equal to the correctors C and C*, respectively, i.e.,

C=>Y Ck, C=)> Cn (3.16)

KeTy KeTy

3.3.2 Exponential decay of element corrections

To prove the exponential decay of the element corrections, we require that the
sesquilinear form a is inf-sup stable on local subspaces of W, defined for any
K € Ty and m € N as

Wriem ={w € W: supp(w) C D\N,,(K)}, (3.17)
i.e., we assume that there exists ag > 0 such that
inf  sup lalv, w)} = inf  sup lalv, w)} > g (3.18)
vEWS, . wEWS, [vllyllwlly, weWs . veWs. [vlly lwlly,

holds for all K € Tz and m € N.
Under this assumption, the following lemma shows that the element correc-
tions decay exponentially fast away from their associated elements.
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3 Localized Orthogonal Decomposition

Lemma 3.3.1 (Exponential decay of element corrections). There exists Cq > 0
depending only on Cy, and aq and the shape reqularity of Ty, such that

ICk v\ (i) < exp(=Cam)||Crolly,
holds for all K € Ty, v €V, and m € N. An analogous result holds for Cj,.

Proof. To simplify the notation, we abbreviate ¢ := Cxv and denote by N the
set of all (interior and boundary) nodes of Ty. We define 1 as the FE cut-off
function with 7(z) = 0 for all z € Ny N N,,_1(K) and 7n(z) = 1 for all other
nodes, i.e.,

n=0 in N1 (K),
n=1 in D\N,,(K),
0<n<l i R =Ny (K\Nyys(K).

Its gradient satisfies that || V|| pep) < C,H ™! with C,, > 0 depending only on
the shape regularity of 7.

By the local inf-sup stability (3.22), there exists w € Wy, ; with |Jw]],, = 1
such that

adllellyon,, iy = all(Gd = Bu)ellyip,. k)
< aql/(id = Bu)nelly
< la((id — Bu)np, w)|
= la((id — By)p,w) — a((id — By)(1 —n)p,w)|,  (3.19)

where we used that By = 0 and (id — By )ne € Wy, ;. For the first term on

the right-hand side of (3.19), we use that By = 0 and supp(w) C D\N,,—1(K),
as well as (3.14) and (3.15), to obtain that

a((id — Bg)p,w) = a(p,w) = ag(v,w) = 0.
For the second term in (3.19), we note that
supp((id — Bp) (1 — 1)) Nsupp(w) C Ny (K) N D\N, 1 (K) = R.
Using this, (2.2), the properties of 1, as well as (2.25) and (3.7), we obtain that

la((id — Bp)(1 = n)g,w)| < Cal[(id — Br)(1 = n)¢lly g
<2C,(1+77H(Cy + Coa))llellyry:

where we recall that ||wl|,, = 1 and that D is scaled to unit size. Defining

C = (2C,(1+771(Cy + Cg,y)) /o),
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3.3 Decay and localization

we obtain, using the previous estimates, that

2 2 2 2
lelV . ) < Cllelvw = Cllellvmn, o — Cllelvmn. i)

After some algebraic manipulations, we get that

C
||90||V(D\Nm(K)) < 110 ||S0||V(D\Nm_1(K))~

Iterating the last inequality yields that

lelhvomac < (o) el = exp(=Camliel,

where Cy = %log % > 0. An analogous result for Cj. can be proved using the
same arguments. O

3.3.3 Localized corrections

The exponential decay of the element corrections shown in the previous lemma
motivates their localization to patches in the coarse mesh. We introduce for all
K € Ty and m € N local subspaces of W as

Wim ={w €W : supp(w) C N,,(K)} (3.20)
and define the localized element correctors Cg . km: YV = Wkm such that
a(Cr mv, w) = ax (v, w), a(w,Cx ,v) = ag(w,v) (3.21)

is satisfied for all v € V and w € Wg,,. The localized element correctors are
well-defined and continuous provided that a is inf-sup stable on Wy ., X Wk

i.e., there exists ag, > 0 such that
) _ e lalw)

inf sup =
UHVHwHV wEWK,‘"L UGWK,‘"L

UEWK,‘"L weWK,'m

> oy (3.22)
viplwly, =

holds for all K € Ty and m € N. Under this condition, the following lemma
shows that the localized element correctors (3.21) exponentially approximate
their global counterparts (3.15) in the operator norm.

Lemma 3.3.2 (Localization error of element corrections). For all K € Ty,
veV, andm €N, it holds that

1(Cre — CK,m)U”v S eXP(_Odm)HCKU“V?

where Cq 1is the constant from Lemma 3.3.1 and the hidden constant depends
only on Cy, ag,, and the shape regularity of Ty. An analogous result holds for
the difference Cy — C¢ -
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3 Localized Orthogonal Decomposition

Proof. Note that ¢,, = Cxmv € Wk, can be interpreted as the Galerkin
approximation to ¢ = Cxv € W in the subspace Wk, C W. Hence, Céa’s
lemma (see, e.g., [EG04, Lem. 2.28|) yields for all w € Wy, that

Ca
o = @mlly < |1+ —)lle —wll,.
Ofp

To estimate the right-hand side, we choose w = (id — By )(1 — n)¢ € Wk.m,
where 7 is the FE cut-off function from the proof of Lemma 3.3.1. Recall that n
is defined by n(z) = 0 for all z € Ny N N,,,_1(K) and n(z) = 1 for all other
nodes and that ||[V7||p~p) < C,H'. Using that ¢ € W, which implies that
¢ = (id — By)y, we get by (2.25) and (3.7) and Lemma 3.3.1 that

lo = emlly < (1+ £2)llo = wlly,
= (1 + 5_;) [(id — BH>77<P||V(D\NW,1(K))
<2(1+ f—;;)(l +a (G + Cou)llellviow,, )
S2(1+ £2)(1+ 771Gy + Cgy)) exp(—Cam)lelly,

which is the assertion. Using the same arguments, an analogous result can be
concluded for Cj; — Ck .. O

Without localization, the correctors C and C* are equal to the sum of the
element correctors Cx and Cj;, respectively, cf. (3.16). Therefore, we also define
the localized correctors C,,, and C}, as the sum of the localized element correctors
Crxm and C ,, i.e.,

Cr= Y Ckm,  Chi= > Cicpm (3.23)
KeTy KeTy

The following lemma shows that these localized correctors approximate the cor-
rectors (3.1) exponentially well in the operator norm.

Lemma 3.3.3 (Localization error). For allv € V and m € N, it holds that
1€ = Ca)vlly, < m™2 exp(=Cam)[vlly,

where Cy is the constant from Lemma 3.5.1 and the hidden constant depends
only on C,, o, and og, as well as the quasi-uniformity and shape regularity
of Tu. An analogous result holds for the difference C* —C;,.

Proof. Abbreviating z = (C —C,,)v and zx = (Cx —Ck m)v for all K € Ty, the
inf-sup stability (2.18) implies the existence of w € W with [Jw||,, = 1 such that

arl|2lly < la(z,w)] < Y la(zk, w)].
KeTy

30



3.4 Practical multi-scale method

For the moment, we fix an element K € Ty and define the FE cut-off function n
in a similar way as in the proof of Lemma 3.3.1 by setting n(z) = 0 for all
z € Ny NN, (K) and n(z) = 1 for all other nodes.

Using that supp((id — By)nw) C D\N,,(K) and supp(Cg »v) C N,,(K), as
well as (id — By)(nw) € W and (3.14) and (3.15), we obtain that

a(zk, (id — By)(nw)) = a(Cxv, (id — By)(nw)) = ax (v, (id — By)(nw)) = 0.
This, and the identity w = (id — By)w for all w € W, yields that
a(zx, w) = a(z, w — (id = Bu)(nw)) = a(zk, (id = Bu)((1 — n)w)).
Using that supp((id — Bu)((1 — n)w)) C Npp1(K) as well as (2.2), (2.25),
and (3.7), we obtain that

|a(zxc, (1d = By) (L = mw))| < 2Ca(1+77H(Cy + Cr))lzxllylwlly,, 0

To show the continuity of Cx, we use the inf-sup stability (2.18), which implies
the existence of ¢ € W with ||¢g||,, = 1 such that

afl|Crully < la(Crv, g)] = lax (v, @) < Callvlly ),

where we used (3.14) and (3.15). Combining the above estimates and using
Lemma 3.3.2 as well as the discrete Cauchy—Schwarz inequality, we obtain after
summing over all elements that

atllzlly < Y ez, w)l < Ca Y Merlyllwly,, )

KeTy KeTy

< Caexp(—=Cam) Y Cxvllyllwlly,,, )
KeTy

< Clag ' exp(—Cam) Z ol lwllvm,, . )
KeTy
< Caag 'm® exp(=Cam) |lv]ly,,
where in the last step we used that
2 2
Z ||w||v(Nm+1(K)) S deva =m".
KeTy

This proves the assertion. Using the same arguments, an analogous result can
be derived for the difference C* —C;,. O

3.4 Practical multi-scale method

In this section, we introduce the LOD based on the considerations in the pre-
vious sections. The LOD uses localized versions of the prototypical basis func-
tions (3.10) as its basis functions. These functions can be computed by solving
local problems only, which makes the LOD feasible for practical computations.
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3 Localized Orthogonal Decomposition

To define the localized basis functions of the LOD, we use a custom quasi-
interpolation operator, which has the same kernel as I1%. This operator cures
numerical pollution effects at the cost of slightly increasing the support of the
LOD basis functions, see [HP22a; DHM22|. The construction of Py is based
on another quasi-interpolation operator defined by Zy = £y o 1%, where £y
denotes an averaging operator that maps piecewise constants to the space of
continuous piecewise linear functions. For nodes z that are not on the Dirichlet
boundary, it is defined as

1
(Env)(2) = #H{KeTyg: z€e K} K@;ZGKMK(Z)’

while for nodes on the Dirichlet boundary we set (€gv)(z) == 0. The opera-
tor £ is well known from the theory of domain decomposition methods, see,
e.g., [Osw93; Bre94|. Using the bubble operator By, we can locally manipu-
late the operator Zy so that its kernel coincides with the kernel of I1%. More
precisely, we define Py for any v € L?(D) as

Prv =Tyv + By(v —Zyv). (3.24)

Since the operator Zy is quasi-local in the sense that it extends the support of
a function by only one layer of elements, the same property also holds for Py.
Furthermore, the operator Py is a projection (i.e., P% = Py ) and satisfies that

1Pavllvi) < Crallvllvne) (3.25)

for all K € Ty and v € V, where Cp,, > 0 depends only on the quasi-uniformity
and shape regularity of Ty, see [AHP21, Sec. 3.4].

Given an oversampling parameter m € N, we define the localized problem-
adapted trial and test spaces of the LOD as

U, = (G4 - C)Pulls,  Vigh = (G4 C)Pulls,  (326)

where, compared to (3.9), we have used the localized correctors and the addi-
tional operator Py. The corresponding LOD basis functions are

{(id — C))Pubx : K € T}, {(id = C)Pubr : K € Tir}.  (3.27)

These basis functions are supported on (m + 1)-th order patches and can be
computed by solving local problems on m-th order patches. For an illustration
of the LOD basis functions, see Figure 3.2.

The LOD method then performs a Galerkin approach using the localized trial
and test spaces defined in (3.26), i.e., it seeks ulgl, € Uy, such that

a(ugsy,v) = (f,0)r2 (3.28)

holds for all v € V473,
The well-posedness of the LOD approximation is guaranteed by the following
lemma provided that m is chosen sufficiently large.
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3.4 Practical multi-scale method

Figure 3.2: LOD basis functions for several coarse meshes and the oversampling
parameter m = 1 for the problem considered in Section 3.6.

Theorem 3.4.1 (Inf-sup stability of the LOD). Assume that the oversampling
parameter m satisfies that

aam®? exp(—Cqm) < 1, (3.29)

where Cy is the constant from Lemma 3.53.1 and the hidden constant depends

only on C,, a5, and ag, as well as the quasi-uniformity and shape regularity

of Trr. Then, the sesquilinear form a is inf-sup stable on U3 x Vied = ie.

there exists cnoq > 0 such that

inf  sup latv, w)} > Qod (3.30)
vevigd wevied [0llyllwlly

holds with aeq &~ o, where o, is the constant from Lemma 2.3.1.

Proof. Given an arbitrary v, € U, we define v = (id — C)Pyvy,. Note that
it holds v € U}, due to Lemma 3.1.1. Using the inf-sup stability (2.19), we
obtain that there exists w € Vjj such that

|a(v, w)| = aullvll,[lwlly-

We define w,, = (id — C},)Pyw and note that v,, = (id — C,,)Pguv,, since the
function v, € Ug%, is uniquely determined by its QOIs defined in (2.13). The
above identity for v,, implies that v — v,,, = (C,, — C)Pgv,, € W, which gives
that a(v — v,,,w) = 0 by (3.4) since w € V. Using this, we obtain that

(U, W) = (U, W) + AV, Wy, — W) = a(v, W) 4+ a(Vyn, Wy, — W).

The second term on the right-hand side can be bounded using Lemma 3.3.3
and (3.25) as follows:

a0 0 — )] < Callvmlly = wlly = Callvall, 1C* — CL)Pawll,

< m? exp(=Cam) vy llwll -
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3 Localized Orthogonal Decomposition

Next, we estimate the V-norms of v and w against the V-norms of their localized
counterparts and vice versa. Since C is a projection (which is neither the zero
projection nor the identity), it has the same operator norm as its complementary
projection id — C, cf. [Szy06|. Using this and (3.2) and (3.25), we obtain that

lvlly, = ll(id = CO)Prvally < of 'Cal Prvmlly < o5 ' Callvmlly.

Furthermore, using similar arguments as above, Lemma 3.3.3 and the identity
Pryv = Pyv,,, which holds since v — v,,, € W, we get that

[omlly = [[(id = Crn) Prvmlly, < [|(1d = C)Prvmlly, + [[(Co — C)Prvmll,
< (of'Cy + md/? exp(—Cqm)) ]|y,

In total, we have that [[v||, S [[vml,, and ||vp|ly, S |lv]ly,, where the constants of
order one are hidden in the tilde notation. Using similar arguments, the same
estimates can be proved for w and w,,. Combining the above estimates, we
obtain that

(v, win )| = Ja(v, w)| = [a(vm, W, — w)]
Z aul[vllyllwlly, = m®? exp(=Cam)|[vm |y [lw]l,
2 (a0 = m*? exp(=Cam))[[om]ly [l wnll,
2 OélodHUm“VmeHV'
In the last estimate, we have absorbed the second term into the first term, using

that m is sufficiently large, cf. (3.29). Note that the inf-sup constant aj.q has
the same scaling as a,, i.e., apq ~ Qa. O

The next theorem proves that the LOD provides optimal order approxima-
tions under minimal structural assumptions if the oversampling parameter is
increased logarithmically with the mesh size.

Theorem 3.4.2 (Convergence of the LOD). For any f € H*(D), k € {0,1},
the LOD approzimation (3.28) satisfies that

lu—ulgS,ll, S H W f e +m®? exp(=Cam)|| f]] 2

Moreover, if m Z log(4), we get that

lu = wiglly, < H ] e

Note that Cq is the constant from Lemma 3.3.1 and that the above hidden con-
stants depend only on Cy, oy, o, and o, as well as the quasi-uniformity and
shape reqularity of Ty.
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3.5 Fine-scale discretization

Proof. Using the triangle inequality, we obtain that

lod lod

lu = wimlly, < llu = wylly + llufy = wig, (3.31)

-

The first term can be estimated using Lemma 2.3.3. For the second term, we
apply Strang’s lemma (see, e.g., [EG04, Lem. 2.25]) using that ujd, € UgS,
can be interpreted as a non-conforming and non-consistent approximation to

uy € Uy We obtain that

s = uill,,

. _ a(ulyy, wy) — (f, w
< (14 Coagd) inf gy — vl + o) sup (L tm) = U )

Y
vm €U, wmeVEd [wimll,

where the first term can be estimated choosing v, = (id — C,,)Pgu?;. Using
that u%; = (id — C)Pguj; and (2.19) and (3.25) and Lemma 3.3.3, we get that

?{_ mlly = —Lm)FH ?{ Y~ d/zeXP(_Cdm)HU?{HV
[utr — vmlly = [(C = Co) Pruglly, S m

< agtm®? exp(=Cam) | f 2.
For the second term, algebraic manipulations yield for all w € V}j that

a(u%awm) - (fa wm)L2 = (f’ w — wm)L2 - a(u%{?w - wm)'

We choose w = (id — C*)Pyw,, and note that it holds w,, = (id — C},)Prwm,
since the function w,, € V}jjfn is uniquely determined by its QOIs. Using (2.2),
(2.19), and (3.25) and Lemma 3.3.3, we obtain that

la(uy, wm) = (f s W) 2] S MY exp(=Cam) (1 + Coy") llwmlly | Il 2-

Combining the above estimates yields the assertion. O]

At first glance, this proof may seem unnecessarily complicated, since Céa’s
lemma (see, e.g., [EG04, Lem. 2.28|) could have been used directly. However, for
the Helmholtz problem, for example, this would lead to an inf-sup constant in
front of the optimal order term in the estimate of Theorem 3.4.2, which depends
on the wavenumber in an undesirable way.

3.5 Fine-scale discretization

The computation of the LOD basis functions (3.27) requires the computation
of localized element corrections defined in (3.21). However, this step would
require the solution of (local) infinite-dimensional problems. In this section, we
perform a fine-scale discretization of these corrector problems, which results in
a practically computable method.
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3 Localized Orthogonal Decomposition

For the fine-scale discretization, we consider a fine mesh 7, which resolves
all fine-scale features of the problem. For multi-scale problems, its mesh size h
is typically much smaller than the coarse mesh size, i.e., h < H. We assume
that 7, is obtained by refining the coarse mesh Tz. In the following, we denote
by Vem C V the Q'-FE space with respect to Ty, cf. Section 2.2. We emphasize
that there is great flexibility in the choice of the FE space, e.g., one could also
consider higher order or adaptive FEs, cf. [Pet16; Eng+19].

A fully discrete version of the LOD is obtained by replacing the space V in
its derivation by the finite-dimensional space V™. As a consequence, the com-
putation of the element correctors (3.21) only requires computations involving
the finite-dimensional spaces Wy m N V. Denoting by Cpp, C,,: Vi —
W N Viem the fully discrete counterparts of C,, and CZ,, we define the fully
discrete trial and test spaces of the LOD by

UgSn = (id = Cop)PulUn,  Vigo, = (id=C;,,)PuUn. (3.32)

7m7h

Here, Uy and PyUg must be subspaces of Vhfem, which however is not a restric-

tion, since the bubble function bx corresponding to the element K € Ty can be
chosen as an element of H}(K)NV/®™. This is possible if 7 is obtained from Tz
by at least one uniform (global) refinement.

The fully discrete LOD seeks ugS,, , € UgS, ), such that

(W v) = (f 5 V)2 (3.33)

holds for all v € VjPs . If discrete versions of the inf-sup conditions (2.4),
(2.18), (3.18), and (3.22) are satisfied, the results from Lemmas 3.3.1 to 3.3.3
and Theorems 3.4.1 and 3.4.2 carry over to the fully discrete setting, which
ensures the well-posedness of (3.32) and (3.33). The proofs of these results
are similar to the continuous setting, with the minor difference that products of
functions in V;™ are generally not in V™ but in a higher order FE space. This
technical issue can be solved using a fine-scale interpolation, see, e.g., [MP20,
Sec. 4.4|. For an efficient implementation of the LOD, see [Eng+19].
Henceforth, we denote by u!*™ € V™ the fine-scale FE solution, which satis-

fies that
a(up™,v) = (f, v) 2 (3.34)

for all v € V™. Note that the fine-scale FE solution is needed only for the-
oretical purposes, and its computation is not required for the LOD. Applying
Theorem 3.4.2 in the fully discrete setting shows that the fully discrete LOD
approximation converges to u!®™. Thus, the fully discrete LOD provides an ac-
curate approximation of the solution u only if the error of the fine-scale FE

approximation is small. This can be seen in the following theorem.

Theorem 3.5.1 (Convergence of the fully discrete LOD). Assume that the
solution u to (2.3) is H'*"-reqular for some r € (0,1] and let m 2 log(%). Then,
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3.6 Numerical experiments

for any f € H¥(D), k € {0,1}, the fully discrete LOD approzimation (3.33)
satisfies that
lu = ufmnlly, S B uler + H5E| e (3.35)

The hidden constant has the same dependencies as in Theorem 3.4.2 and also
depends on the inf-sup constant of a on Ve x Vfem,

Proof. The triangle inequality yields that
lu = wgn lly, < = uy™ly + uy™ = wi,ull,

Since by assumption u € H'™" (D), we obtain using estimate (2.9) that

fem||v R | u] gier.

|lu —u
For the second term, we use Theorem 3.4.2 in the fully discrete setting, where we
absorb the localization error into the optimal order term using that m = log(4 ).
We obtain that
g™ = i nlly, S HE Fll e

Combining the above estimates yields the assertion. O

3.6 Numerical experiments

This section numerically investigates the LOD using an elliptic model problem
posed on the domain D = (0,1)% For this, we consider uniform Cartesian
meshes of D, where the mesh size denotes the side length of the elements instead
of their diameter. We impose homogeneous Dirichlet boundary conditions, i.e.,
V = H}(D). The weak formulation then seeks u € V such that

a(u,v) = /DAVu -Vodr = /va dz = F(v) (3.36)

holds for all v € V. The diffusion coefficient used in the following numerical
experiments is depicted in Figure 3.3. It is piecewise constant with respect to
the mesh 75-7 with element values chosen as realizations of independent random
variables uniformly distributed in the interval [0.01, 1]. The source term f will
be specified in the respective numerical experiments.

The natural norm for this problem is the energy norm defined by

I lla = A2V - 2, (3.37)

which is equivalent to the V-norm. This can be proved using Friedrichs’ inequal-
ity (recall that D is scaled to unit size) and the uniform bounds of A. It holds
that A is coercive and continuous on V with respect to the energy norm with
constants one. Thus, by the Lax-Milgram theorem (see, e.g., [Alt16, Thm. 6.2]),
problem (3.36) is well-posed. Since the coercivity also holds for all subspaces of
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Figure 3.3: Piecewise constant coefficient A used in the numerical experiments.
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Figure 3.4: Prototypical LOD basis function (left) and corresponding localized
basis function for m = 2 (right) for the coarse mesh 75-s.

V), all corrector problems and discrete approximations of them are well-posed,
see Section 6.1 for more details.

For the discretization, we consider a coarse uniform Cartesian mesh 7y of
the domain D and the fine Cartesian mesh 75-9 obtained by uniform refinement
of 7. The fine mesh is used for the fine-scale discretization of the LOD as
described in Section 3.5. Note that henceforth, all errors are computed with
respect to the FE reference solution on the same fine mesh 75-9, which means
that the fine-scale discretization error is not visible. Furthermore, all errors are
relative errors with respect to the energy norm (3.37).

Ezxponential decay and localization

Figure 3.4 illustration one prototypical basis function of the LOD and its lo-
calized counterpart. Taking into account the logarithmic color scaling, one
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Figure 3.5: Error of the LOD as a function of H for several oversampling param-
eters m. The dotted line indicates the expected rate of convergence.

clearly observes the exponential decay of the prototypical LOD basis function,
as predicted theoretically in Lemma 3.3.1. Furthermore, one observes that for
the oversampling parameter m = 2 the considered localized basis function is
supported on a third order patch, demonstrating the increased support of the
localized basis functions due to the operator Py, cf. (3.27).

Optimal order convergence

For the numerical investigation of the convergence properties of the LOD, we
consider the smooth source term defined as

f(z1,20) = (w1 + cos(3may)) - w3

Provided that the oversampling parameter m is chosen sufficiently large, Fig-
ure 3.5 shows second order convergence for the LOD. Since f € H'(D), this is
consistent with the theoretical prediction in Theorem 3.4.2. Furthermore, one
observes the effect of the quasi-interpolation operator Py in the definition of
LOD, since the numerical pollution effect observed, e.g., in [Mai21] is eliminated.

Ezxponential localization

To investigate the localization properties of the LOD, we consider the source
term f = 1. For this particular choice, the optimal order term in Theorem 3.4.2
vanishes since f € P°(Ty), i.e., only the localization error is present. Figure 3.6
shows the exponential decay of the localization error of the LOD, which is con-
sistent with the exponential localization properties of the LOD, see Lemma 3.3.1
and Theorem 3.4.2.
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Figure 3.6: Error of the LOD as a function of m for several coarse meshes. The
dotted line indicates the expected exponential decay.
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4 Multi-resolution Localized
Orthogonal Decomposition for
Helmholtz problems

The previous chapter introduced the LOD for the reliable coarse-scale approx-
imation of PDEs under minimal structural assumptions. In this chapter, we
derive a multi-resolution variant of the LOD referred to as Multi-resolution Lo-
calized Orthogonal Decomposition (MRLOD). Given a LOD approximation on
a coarse mesh, it allows one to flexibly add additional discretization levels to
improve the accuracy of the approximation. The construction of the MRLOD is
inspired by the framework of operator-adapted wavelets [OS19], which in turn
is motivated by a game-theoretic interpretation of numerical homogenization,
see [Owh15; Owh17|. We emphasize that up to now the latter approaches have
mostly been applied for the numerical homogenization of elliptic problems.
The MRLOD is applicable to a large class of possibly complex-valued, non-
hermitian, and indefinite problems. In the following, however, we restrict our-
selves to Helmholtz problems for demonstration purposes. The numerical so-
lution of Helmholtz problems is challenging, especially for large wavenumbers.
This is due to the typically strict requirements on the mesh size of the under-
lying mesh, which go far beyond the minimal requirements needed to resolve
the oscillatory nature of the solution. This effect is known as pollution [BS97].
Similar to other multi-scale methods [GP15; Pet16; Pet17; MAS23|, the MR-
LOD has stabilizing properties for high-frequency Helmholtz problems. More
precisely, the MRLOD is able to suppress the pollution effect, provided that
the oversampling parameter is increased logarithmically with the wavenumber
and that the coarsest discretization level satisfies a minimal resolution condi-
tion. Note that the suppression of the pollution effect is not a unique feature
of multi-scale methods. For example, also Trefftz methods [Moill; HMP14;
HMP16] and hp-FEMs [MS10; MS11; MPS13| are able to cure the pollution
effect under mild additional assumptions on the discretization parameters.
The MRLOD identifies hierarchical bases of the prototypical problem-adapted
trial and test spaces that block-diagonalize the discrete Helmholtz operator.
These basis functions are then localized using LOD techniques. To compute the
localized basis functions, one solves local (coercive) sub-scale corrector prob-
lems with a relatively small effective wavenumber. Such problems can be solved
efficiently using standard preconditioners, cf. [GZ19]. A special feature of the
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4 Multi-resolution LOD for Helmholtz problems

MRLOD is that it condenses all undesirable properties of the discrete linear
system (indefinite, deteriorating condition for increasing k) to its first (compa-
rably small) block, while all other blocks are coercive and can be solved within
a few iterations of a standard iterative solver. In the following, the MRLOD is
introduced for Helmholtz problems in homogeneous media. However, the theo-
retical results also carry over to the case of heterogeneous media provided that
the underlying problem is well-posed and certain stability assumptions are sat-
isfied, see Section 4.7 for numerical experiments. For a theoretical investigation
of heterogeneous Helmholtz problems, see [ST18; GPS19; GS19].

The content and presentation of the following chapter is primarily based on
the journal article

[HP22a] M. Hauck and D. Peterseim. “Multi-resolution localized orthogo-
nal decomposition for Helmholtz problems”. In: Multiscale Model.
Simul. 20.2 (2022), pp. 657684

4.1 Model Helmholtz problem

The Helmholtz problem models the propagation of time-harmonic acoustic waves
in homogeneous media. We consider a bounded polytopal Lipschitz domain
D C R?% which we assume to be scaled to unit size. Given a wavenumber
K € (Ko, 00) with kg > 0, the Helmholtz problem on D reads

—Au—ru=f in D
with boundary conditions of Neumann, Robin, and Dirichlet type

Vu-v=>0 on I'y,
Vu-v—iku=0 on I's,

u=>0 on I's,

where ¢ denotes the imaginary unit and v is the outer unit normal vector. Note
that the second boundary condition is typically referred to as impedance bound-
ary condition. We assume that the boundary 0D can be decomposed into the
closed boundary segments I'y,I'5, and I's, i.e., 0D =T'; UI's UT'3 such that the
intersection of the interior of the components is pairwise disjoint. We allow I'y
and I's to be empty, but assume a positive surface measure for I';. Note that
other types of boundary conditions such as perfectly matched layers could also
be considered, cf. [Ber94; Ber+07|.
As solution space of the Helmholtz problem, we use

V:={ve H(D,C): v|p, =0},

where we write H'(D,C) to emphasize that we consider complex-valued func-
tions. Contrary to (2.1), we endow V with the Helmholtz-specific k-dependent
norm, defined as

-1 = IV - 1Ze + w20 e (4.1)
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4.1 Model Helmholtz problem

The weak formulation of the Helmholtz problem is based on the sesquilinear
form a: V x V — C, which is for all v,w € V defined as

a(v,w) = (Vv, Vw) ., — (v, w). —ik(v, W) par,)- (4.2)

Using the multiplicative trace inequality (see, e.g., [BS08, Thm. 1.6.6]), one can
show that the sesquilinear form a is continuous with respect to (4.1) with a
r-independent continuity constant C,, cf. (2.2).

The weak formulation of the Helmholtz problem seeks u € V such that

a(u,v) = (f, v)p (4.3)

holds for all v € V. We note that the well-posedness of this weak formulation
depends on the geometry of D and the choice of boundary conditions. For
example, the presence of Robin boundary conditions ensures the well-posedness
of (4.3). However, the stability constant may depend on the wavenumber, i.e.,
for all f € L*(D), the corresponding solution u € V satisfies that

[ully < Cal)II £l 2 (4.4)

with a k-dependent constant Cy > 0. In the following, we assume that Cy
depends polynomially on &, i.e., there exists n € Ny such that

Cs (k) S K™ (4.5)

This assumption is important for the stability and error analysis of the MR-
LOD. We emphasize that (4.5) does not hold in general, since, e.g., for trapping
domains counterexamples with an exponential-in-x growth of Cg can be con-
structed, cf. [Bet+11]. Nevertheless, (4.5) can be proved under certain geometric
assumptions. In [Mel95], it is proved with n = 0 for bounded star-shaped do-
mains with smooth boundary or bounded convex domains. Among the known
admissible setups is also the case of Lipschitz domains with pure impedance
boundary conditions, i.e., I'y = 9D, see [EM12|. Another possible example are
truncated exterior Dirichlet problems with a star-shaped polytopal scatterer,
cf. [Het07]. Such problems arise when approximating the Sommerfeld radiation
condition by truncating the unbounded exterior domain and applying impedance
boundary conditions on the artificial boundary.

A direct consequence of (4.4) is the inf-sup stability of the sesquilinear form a
of the Helmholtz problem, i.e.,

inf sup Ra(v, w) = inf sup Ra(v, w)

>« (4.6)
vevwey [Vllvllwlly,  wevvey [0l lwll, =

with . = (204 (k)k)™" > 0, see [Mel95]|, where R denotes the real part of a
complex number. Note that (4.6) in particular implies (2.4), since it holds that
la(v,w)| > Ra(v,w) for all v,w € V.
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4 Multi-resolution LOD for Helmholtz problems

4.2 Multi-resolution decomposition

In this section, we perform a multi-resolution decomposition of the trial and
test spaces of the LOD for the Helmholtz problem. First, we introduce a pro-
totypical multi-resolution decomposition, which block-diagonalizes the discrete
operator and thereby decouples the discretization scales. The basis functions
of the prototypical multi-resolution trial and test spaces are generally globally
supported and therefore not directly suitable for practical computations. In
Section 4.3, we prove that they decay exponentially fast, which justifies their
localization in Section 4.4.

4.2.1 Haar basis

The construction of the multi-resolution decomposition is based on a Haar basis
defined with respect to a hierarchy of nested meshes. Given L € N, we consider
the hierarchy {7;},—1 1 obtained by uniformly refining the quasi-uniform and
shape regular coarse mesh 7y, cf. Section 2.2. We denote by H, the mesh size
of T;. Furthermore, we denote by I19: L?(D) — P°(T;) the L*-orthogonal pro-
jection onto Tp-piecewise constants, which satisfies (2.25) with the mesh size Hy.

The following definition of the Haar basis is similar to [FP20|. Starting with
the L2-normalized characteristic functions of the elements of 77, given by

H = {|K|" V1, K €T}, (4.7)

we successively add L2-orthogonal functions on finer meshes. For this, we define
the descendants of the element K € T; by des(K) == {T € Tys1: T C K} and
denote by {¢x;: j =1,...,#des(K) — 1} a set of L*-orthonormal functions
in P°(Tg41 N des(K)) whose integrals equal zero. The latter condition ensures
the L2-orthogonality to piecewise constant functions on coarser levels. For ¢ =

1,...,L — 1, we consider the following sets of functions:
Moy = (J{oks:j=1,...,#des(K) - 1}. (4.8)
KeTq

The Haar basis is then obtained as
H=H,U---UH. (4.9)

By construction, H is an orthonormal basis of P°(77). Note that similar con-
structions can be performed for unstructured quadrilateral /hexahedral or sim-
plicial meshes. For tensor-product meshes also higher order Haar basis functions
can be constructed, cf. [Alp93].

Since the Haar basis functions are non-conforming with respect to V, we
need to construct V-conforming companions. In the one-level setting, this was
done by the operators By and Py defined in (3.6) and (3.24). Their multi-
level analogues, denoted by B, and P,, can be defined at each level of the
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4.2 Multi-resolution decomposition

hierarchy exactly as in the one-level case. Also the estimates (3.7) and (3.25)
can be transferred to the multi-level setting. More precisely, for all levels, the
operator By satisfies for all K € T; and v € L?(D) that

1Bevll p2sc) + Hl VBl 2y < C, 10l 1256y - (4.10)
Furthermore, for all levels, the operator P, satisfies that

HPEUHV(K) < OP@HU”V(N(K)) (4.11)

for all K € T, and v € V, where we recall that the V-norm is now x-dependent,
cf. (4.1). The constants Cp, and Cp, have the same dependencies as their coun-
terparts Cp,, and Cp,, in the one-level setting.

4.2.2 Level correctors

The construction of the multi-resolution decomposition employs correctors at
each level of the mesh hierarchy. At the level ¢, these correctors are projections
onto the closed subspace W, C V consisting of functions that cannot be resolved

by the mesh 7y, i.e.,
W, = ker I1). (4.12)

This space is the multi-resolution analogue to W defined in (2.17). Using the
nesting of the meshes in the hierarchy, we obtain that

Wi D---DWp. (4.13)
Following (3.1), we define for all levels the correctors Cy, C;: V — W) such that
a(Cov,w) = ag(v,w), a(w,Cjv) = ag(w,v) (4.14)

holds for all v € V and w € W,.
For the well-posedness of the corrector problems (4.14), we assume that 7;
satisfies the following resolution condition:

7

The following lemma proves that a is coercive on W; x W;.

Hik < (4.15)

Lemma 4.2.1 (Coercivity of a on Wy x W)). Under the resolution condi-
tion (4.15), it holds that a is coercive on Wy x Wy, i.e., it holds that

1
Ra(w,w) > §||wHV (4.16)

for allw € Wy. Furthermore, the norms ||- ||y and ||V -||12 are equivalent on W,
independently of k.
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4 Multi-resolution LOD for Helmholtz problems

Proof. Using (2.25) and (4.15), we obtain for all w € W, that
: 2
Ra(w, w) > ||Vw|j. — kw2 = [[Vw]j. - 2] (id = T)w],

1
2 — 2 2
> [Vwllz, — 7% (Hik)* || Vuwllz. > IVl

The equivalence of the norms ||V .||, and || - ||, on W; can be proved in a
similar way. For all w € W, we obtain that

2 2 2 . 2 3 2
IVwlze < llwlfy = Vel + £ll1d - M)w] . < SVl

Combining both estimates yields the assertion. O

From the coercivity of a on W, x W, the following corollary deduces the
well-posedness of the corrector problems (4.14) for all levels.

Corollary 4.2.2 (Inf-sup stability of the corrector problems). If the resolution
condition (4.15) is satisfied, it holds for all levels ¢ that the sesquilinear form a
is inf-sup stable on Wy x Wy, i.e., the condition (2.18) holds for W, with the
inf-sup constant .
af = 3
Furthermore, the inf-sup conditions (3.18) and (3.22) for local subspaces of W,
hold with the inf-sup constants
1

Qg = O = g
Proof. Using (4.13) and the coercivity of a on Wy x Wy, the coercivity of a on
W, x W, follows for all levels £. Since coercivity implies inf-sup stability with
the inf-sup constant equal to the coercivity constant, we obtain the inf-sup
stability of the real part of a. Using that |a(v,w)| > Ra(v,w) for all v,w € V,
the first assertion follows. The second assertion, which is the inf-sup stability
on certain local subspaces of W,, follows similarly.

[]

4.2.3 Multi-resolution spaces

We construct the prototypical basis functions of the multi-resolution trial and
test spaces by adding corrections to conforming versions of the Haar basis func-
tions. At each level, we define the following two sets of basis functions:

B, :={(id=C)Bp: ¢ € He}, B, ={(1d—C))Bup: ¢ € Ho}. (4.17)

The prototypical multi-resolution trial and test spaces at level ¢ are then defined
as the span of the above bases, i.e.,

U = span(By), V™ = span(By).
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4.2 Multi-resolution decomposition

Figure 4.1: Real part of the prototypical MRLOD basis functions for the
Helmholtz problem on the unit square with impedance boundary
conditions and k = 4.

For a depiction of selected basis functions, see Figure 4.1. We define the trial and
test spaces of the prototypical MRLOD as the sum of the above multi-resolution
spaces, i.e.,

Ul’l’ll‘ — U{nr@'..@Uznr, er — ‘/imr@”'@v[r/nr' (418)

The multi-resolution spaces U™ and V;™ and the kernels W, satisfy certain
“a-orthogonality” relations (recall that a is not an inner product). Using the
nesting of the kernels (4.13) and the definition (4.17), we obtain that for all
levels k and ¢ with k < £ it holds that

a(U™ W) =0,  a(W, V™) =0. (4.19)

These relations can be used to establish a connection to the prototypical problem-
adapted approximation (2.16) on the mesh 77, as shown in the following lemma.

Lemma 4.2.3 (Equivalence to prototypical approximation). We denote by U
and V}* the prototypical problem-adapted trial and test spaces with respect to the
mesh Tr, defined analogously to (2.15). Then, the following identities hold:

Ur=U™, VE=Vm (4.20)

Proof. We apply (4.19) for £ = L, which shows that the spaces U™ and V™"
satisfy a(U™,Wr) = 0 and a(Wy, V™) = 0. Using Lemma 3.1.1 and Corol-
lary 3.1.2, we obtain the inclusions U™ C U} and V™ C V}*. Since the spaces
have the same dimension, the assertion follows. O

4.2.4 Decoupling of scales

The above “a-orthogonality” relations also imply that the discrete Helmholtz
operator is block-diagonal with respect to the prototypical multi-resolution test
and trial spaces defined in (4.18). This is proved in the following lemma.
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4 Multi-resolution LOD for Helmholtz problems

Figure 4.2: Block-diagonal discrete Helmholtz operator with respect to the trial
and test spaces U™ and V™. The magnitude of the matrix entries
is indicated by a logarithmic color map.

Lemma 4.2.4 (“a-orthogonality” of levels). For all levels k and ¢ with k # ¢,
it holds that
(V" V™) = 0.

Proof. For levels k and ¢ with k& > ¢, we first show that U™ C W,. Using that
all u, € UM can be written as u, = (id — Cg)Bi ¢y, for some ¢, € span(Hy) and
definition (4.14), we obtain that

Hg(id — Ck)Bk¢k = H?H%(id — Ck)8k¢k = H2¢k =0.

Together with (4.19), this implies the assertion. If k < ¢, one can similarly show
that V;™ C W, which again gives the assertion. O]

As a consequence, computing the Galerkin approximation with respect to the
trial and test spaces U™ and V™ boils down to solving sub-scale problems at
each level of the hierarchy and adding up the sub-scale solutions. The sub-scale
problem at level ¢ seeks uj™ € U™ such that

a(uy™,v) = (f,v)r2 (4.21)
holds for all v € V™. The prototypical MRLOD approximation is then obtained
by adding up these sub-scale solutions, i.e.,

u™ =t 4 upt e UM (4.22)

For a visualization of the block-diagonal discrete Helmholtz operator, see Fig-
ure 4.2.
The following lemma proves the well-posedness of the sub-scale problems.

Lemma 4.2.5 (Inf-sup stability of the sub-scale problems). Let the resolution
condition (4.15) be satisfied. Then, for all levels, the sesquilinear form a is
inf-sup stable on U™ x V™, i.e., there exists a,p > 0 such that

Ra (v, w)

inf s
cvm wevis [0l lwlly

VEUPT weVyT

= Oy,
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4.3 Decay and localization

where

_f (Calm)r)™ £=1,

Proof. For ¢ = 1, the result can be proved using Lemma 2.3.1, which states that
the inf-sup constant is given by C; 'a.ay. Transferred to the Helmholtz setting,
this means that o, ; &~ (Cs(x)k) ™!, where we used (4.6) and Corollary 4.2.2.

For ¢ > 1, we note that any v, € U™ can be written as v, = (id — Cy) B¢y for
some ¢, € span(H,). Defining w, == (id — C})By¢, and using (4.19), we obtain
that

a(ve, we) = a((id — Cp)Begy, (C; — Co) Bede) + alve, ve) = alve, v).

Since ¢ > 1, it holds that v, € U™ C W, which can be concluded in a similar
way as in the proof of Lemma 4.2.4. This allows us to apply Lemma 4.2.1, which
yields that

1
Ra (v, wy) = Ra(vg, vg) > §||W|’12;‘

It also holds that w, € V,™* C W, which can be shown in a similar way as
for vy. Using this, Lemma 4.2.1 and (4.19), we obtain that

1
gHUJeHmQ) < Ra(we, we) = Ra((Co — C;)Bede, (id — C7) Bedy) + Ra(v, we)

= Ra(vg, wy) < CaHWHvaEHV'

Combining the previous estimates yields the inf-sup stability with the inf-sup
constant ¢ ~ 1 for £ > 1. []

We obtain the following convergence result for the prototypical MRLOD ap-
proximation.

Corollary 4.2.6 (Convergence of the prototypical MRLOD). For any f €
H*(D), k € {0, 1}, the prototypical MRLOD approzimation (4.22) satisfies that

lw =™y, < 377 RHLE | f L

Proof. Since by Lemma 4.2.3, the prototypical MRLOD is equivalent to the
prototypical problem-adapted approximation (2.16), we can apply Lemma 2.3.3.
The desired estimate then follows by Corollary 4.2.2. [

4.3 Decay and localization

In this section, we show that the prototypical multi-resolution basis functions
decay exponentially fast, which justifies their localization in Section 4.4.
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4 Multi-resolution LOD for Helmholtz problems

For this, we apply LOD techniques at each discretization level. Note that
the resolution condition (4.15) guarantees that all inf-sup conditions required
by the LOD are satisfied, cf. Corollary 4.2.2. To apply the LOD in the multi-
resolution setting, we first extend the definition of patches in (3.11). For all
levels, we denote by N, (/) the m-th order patch of the element K € 7, with
respect to the mesh 7,. Furthermore, we adapt the definition of the element
correctors in (3.15) to the multi-resolution setting. For all levels, we define for
any K € 7T, the element correctors Cx ¢, Cj;,: V — W so that

a(Ck v, w) = ag(v,w), a(w,C}}’gv) = ag(w,v) (4.24)

holds for all v € V and w € W,. For the Helmholtz problem, the restricted
sesquilinear form ag is given by

ag (v, w) = (Vu, VM)L%K) — (v, w)L2(K) —iK(v, w)L2(8Km8D)'

The following corollary states the exponential decay of the element corrections
at all levels.

Corollary 4.3.1 (Exponential decay of element corrections). If the resolution
condition (4.15) is satisfied, there exists Cq > 0 depending only on the shape
reqularity of T1, such that for all levels ¢ it holds that

”CKIUHV(D\NZM(K)) < exp(—=Cam)||Ckvll,,

for all K € Ty, v €V, and m € N. An analogous result holds for Cj; .

Proof. For each level, this result can be proved similarly to Lemma 3.3.1 with
the only difference that the V-norm is now k-dependent, cf. (4.1). To deal
with this s-dependence, one can use that for functions in W; the norms || - ||,,
and |V - ||,» are equivalent, cf. Lemma 4.2.1. The resulting constants have the
same dependencies as in Lemma 3.3.1. The constant Cy depends only on agq and
the shape regularity of 7,. By Corollary 4.2.2, it holds that g = % Since the
mesh hierarchy is constructed by uniform refinement, the shape regularity of 7,
is the same as for 7;. Thus, Cq depends only on the shape regularity of 77. [

Next, for all levels, we perform a localization of the element correctors Cr
and Cj , to m-th order patches in the mesh 7. For this purpose, we define local
subspaces of W, for all K € T, and m € N as follows:

Wi om = {w € Wy supp(w) C Ny, (K)}. (4.25)

For all levels, we then define for any K € 7, the localized element correctors
Ck.tm, C;},z,mi V — Wk .m such that

a(Crpmv, w) = ag (v, w), a(w,Crpmv) = ax(w,v) (4.26)
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4.4 Practical multi-resolution method

holds for all v € V and w € Wk ,,. Finally, the localized correctors at level ¢
are obtained as the sum of the localized element correctors at level /, i.e.,

. * . *
Com = E Cr.t.m; Com = E Cr t.m-

KeTy KeTy

The following corollary shows that the localized correctors are exponentially
good approximations of their global counterparts.

Corollary 4.3.2 (Localization error). If the resolution condition (4.15) is sat-
1sfied, it holds for all levels ¢ that

1(Ce — Com)vlly, S m¥? exp(—Cam)||v]|,,

forallv €V andm € N. The constant Cq is from Corollary 4.5.1 and the hidden
constant depends only on the quasi-uniformity and shape reqularity of Ti. An
analogous result holds for the difference C; —Cj,,.

Proof. For each level, this result can be proved similarly to Lemma 3.3.3 with
the only difference that the V-norm is now x-dependent, cf. (4.1). Similar to the
proof of Corollary 4.3.1, one can deal with this k-dependence, by using that for
functions in W, the norms || - ||, and ||V - ||,. are equivalent, cf. Lemma 4.2.1.
All resulting constants have the same dependencies as in Lemma 3.3.3. The
hidden constant depends only on «f, oy, and the quasi-uniformity and shape
regularity of 7,. By Corollary 4.2.2, it holds that oy = ap = % The quasi-
uniformity and shape regularity constants of 7, are the same as for the mesh 7;.

O

4.4 Practical multi-resolution method

In this section, we introduce the MRLOD based on the considerations in the
previous sections. To solve the sub-scale problems (4.21) in practice, the MR-
LOD uses localized versions of the prototypical multi-resolution basis functions
defined in (4.17). These localized basis functions are for all levels defined as

B = {(id = Com)Ped : ¢ € He}, B;,, = {(id—C;,. )P : ¢ € He}.
(4.27)
For all levels, the trial and test spaces of the MRLOD are then obtained as the
span of the localized basis functions defined above, i.e.,

Ui = span(By,,), Vi = span(BZm). (4.28)

For a depiction of selected MRLOD basis functions, see Figure 4.3. Practical
aspects regarding the computation of the basis functions (4.27) are discussed in
Section 4.6.
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4 Multi-resolution LOD for Helmholtz problems

Figure 4.3: Real part of the MRLOD basis functions for the oversampling pa-
rameter m = 1 for the Helmholtz problem on the unit square with
impedance boundary conditions and k = 4.

A

Figure 4.4: Localized discrete Helmholtz operator for m = 1, where we set the
neglected off-diagonal blocks to zero. The magnitude of the matrix
entries is indicated by a logarithmic color map.

Note that the discrete Helmholtz operator is no longer block-diagonal after
localization. However, the entries of the off-diagonal blocks decay exponentially
as the oversampling parameter m is increased. Thus, for a sufficiently large m,
one can neglect the off-diagonal blocks without a notable loss of accuracy. As
a consequence, the MRLOD first seeks, for all levels, the sub-scale solutions
uy’y, € Uy, which satisty that

a(Up s v) = (f, )2 (4.29)
for all v € V3l. The MRLOD approximation is then obtained as the sum of
these sub-scale solutions, i.e.,

Uy = Uy, UL (4.30)

m

For a visualization of the localized block-diagonal discrete Helmholtz operator,
see Figure 4.4.
If the oversampling parameter m is chosen large enough, the MRLOD is

52



4.4 Practical multi-resolution method

sufficiently close to its prototypical counterpart so that the stability result from
Lemma 4.2.5 also holds for the MRLOD. This is shown by the following theorem.

Theorem 4.4.1 (Inf-sup stability of the localized sub-scale problems). Let (4.5)
and (4.15) be satisfied, as well as the oversampling condition

log(k) ¢=1,
m3{1g<) 0> 1. (4.31)

mr

Then, for all levels £, the sesquilinear form a is inf-sup stable on Ujy, X Vi,

i.e., there exists Qe > 0 such that
Ra(v, w)

inf
S wevie ol Tl

mr mr
”EUe,m we\/&m

Z Oy

with ooy e R Qiap, Where iy 45 the constant from Lemma 4.2.5. Note that the
hidden constants depend only on the quasi-uniformity and shape reqularity of Ty.

Proof. At each level ¢, the inf-sup stability of a on U5, X V{75 can be proved

in exactly the same way as in the proof of Theorem 3.4.1. To derive the condi-

tion (4.31), we obtain, following the lines of this proof, for any v,,, € U7}, the
existence of wy,, € Vgn;,ﬁ such that
Ra(Vem, Wem) 2 (ae — m*? exp(—=Cam)) [vem |yl weml,, (4.32)

where o, ¢ is defined in (4.23). The hidden constant depends only on o, oy,
and the quasi-uniformity and shape regularity of 7;. By Corollary 4.2.2; it holds

that ar = ag, = . Using the assumption (4.5), one obtains that exactly the
condition (4.31) is required to absorb the second term into the first. O

Similarly, for sufficiently large oversampling parameters, also the optimal or-
der convergence of the prototypical MRLOD, cf. Corollary 4.2.6, carries over to
the localized setting. This is shown by the following theorem.

Theorem 4.4.2 (Convergence of the MRLOD). If assumptions (4.5) and (4.15)
hold, then for any f € H*(D), k € {0,1}, the MRLOD approzimation (4.30)
satisfies that

lu =i lly S HE | flae + (5772 4 Lym®? exp(=Cam) || || 2. (4.33)

Moreover, if we treat L as a constant and if the oversampling condition

log(+) £ =1,
m > g(ﬁb) (4.34)
log(H—L) E > 1,

18 satisfied, we get the estimate
[l =l < HE | f [ (4.35)

Note that Cq is the constant from Corollary 4.3.1 and that the above hidden
constants depend only on the quasi-uniformity and shape reqularity of Ty.
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4 Multi-resolution LOD for Helmholtz problems

Proof. To prove the error estimate (4.33), we first add and subtract the proto-
typical MRLOD approximation u™" defined in (4.22) and decompose u™" and un"
into their level contributions, cf. (4.22) and (4.30). Using the triangle inequality,
we obtain that

L

= lly < flu = u™ y + ™ = wlly < flu—a™y + Y e =il
(=1

The first term on the right-hand side can be estimated with Corollary 4.2.6.
For the second term, we proceed for each summand exactly as in the proof of
Theorem 3.4.2. More precisely, we use that uyy, € U™ can be viewed as a
non-conforming and non-consistent approximation to uy" € Uy, This allows
one to apply Strang’s lemma (see, e.g., [EG04, Lem. 2.25]), which yields the

following estimate for the /-th summand:
g — ully, S g m™? exp(=Cam)l| | 2,

where we use that k € (kg, 00) for some fixed ko > 0, cf. Section 4.1. The hidden
constant depends only on oy, ay,, and the quasi-uniformity and shape regularity
of 7;. By Corollary 4.2.2, it holds that oy = oy, = % Using the polynomial-in-x
stability assumption (4.5) and the dependence of the constants a,, and ;¢
on k as stated in Lemma 4.2.5 and Theorem 4.4.1, one obtains that 04;%041;%74
scales like O(k?"2) for £ = 1 and like O(1) for ¢ > 1. Combining the above
estimates gives the error bound (4.33).

Provided that the oversampling condition (4.34) is satisfied, the estimate (4.35)
is a direct consequence of (4.33), if we treat L as a constant. [

4.5 Fast solvers

In this section, we study the efficient numerical solution of the localized sub-
scale problems (4.29). We show that the sub-scale problems corresponding to
levels ¢ > 1 can be solved by the Generalized Minimal Residual (GMRES)
method, cf. [Saa03|, up to a given tolerance within a few iterations. The rather
low-dimensional first sub-scale problem can be solved with a direct solver.
Subsequently, we denote the number of Haar basis functions at level ¢ by
Ny = #H,. Furthermore, we denote the prototypical basis functions at level ¢
for j =1,..., Ny by by; and by ;, cf. (4.17). Similarly, we denote their localized
counterparts for j = 1,..., Ny by by, ; and by, i, cf. (4.27). The sub-scale
problems (4.29) can then be rewritten as the linear system of equations

Ay mXem = fom, (4.36)

where

Agm = (a<b€vmvk’bzm»]'))j,kzl,‘..,Ng’ fom = ((f’ bz,m,j)LQ)j—L...,Ng'
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4.5 Fast solvers

The convergence properties of the GMRES method are determined by the
field of values of the considered matrix. For an invertible matrix A € CM*V we
define the field of values by

A)={(Ag€) : £eCY, ¢ =1},

where (-,-) denotes the Euclidean inner product on CV and |- | denotes its
induced norm. Let us consider a right-hand side f € CV and denote by x*) the
k-th GMRES iterate (without restart) applied to Ax = f. Then, the residuals
r®) .= Ax(®) — f converge to zero with

. k/2
) (1 | minger(a) |§|2> /
@~ A2 ’

(4.37)

where || - || denotes the spectral norm of a matrix, cf. [LT20].
Using this convergence result, the following theorem proves the uniform con-
vergence of the GMRES method applied to the sub-scale problems (4.29).

Theorem 4.5.1 (Uniform convergence of the GMRES). We consider the sub-
scale problems (4.29) for ¢ > 1. If (4.15) and m 2 1 (the hidden constant
depends only on the quasi-uniformity and shape reqularity of T;) is satisfied, the
linear system (4.36) can be solved with the GMRES method up to a given relative
tolerance within a fized number of iterations depending only on the tolerance.

Proof. Let the level ¢ > 1 be fixed. First, we consider the prototypical setting,
i.e., we prove upper and lower bounds for the field of values of the matrix

A, = (a(bz,k,bz,j)) k=1

Denoting by ¢, ; the Haar basis functions at the level ¢ (i.e., the elements of H,),
we obtain for any ¢ € C¢ the upper bound

Ny N,
| (A, 8) | = a(Z@bm, Zgjsz) ' =
=1 i

Ny Ny
a(ny‘bm Z@m) ’

Ny 2
S Do &bes| = |[(ia—co) <Z§JBZ¢M>
=1 v
Ny 2 Ny 2
SIS &Bey| = Budes|| + V(Z@Bm,j)
j=1 % L2 Jj=1 L2
N 2
(Hg/i)Q—i‘l ‘
S — ;@-cbz,j e H2|€|2

where we used (2.2), (4.10), (4.15), and (4.19) and the continuity of id — Cy,
which holds due to Corollary 4.2.2 and the fact that C, and id — C, have the
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4 Multi-resolution LOD for Helmholtz problems

same operator norms, cf. [Szy06]. Using similar arguments, as well as (2.25)
and Lemma 4.2.1, we obtain the lower bound

Ny N,
| (A, 8) | = a(ijb&j, Zgjsz> ‘ =
J=1 j=1
N; 2
v ( Zgjb&j>
1 ]N:ll ?
- F} jzlfjbz,j

1| &
= > &,
l j=1

The next step is to transfer the field of values bound for the prototypical
approximation to the localized setting. Using (4.19), we obtain that

Ny N,
(Ag,mf, 5) =a < Z gjbfym,jﬂ Z éjbzm,j>
j=1 j=1
Ny N, Ny N;
=a < > &ibes ) 5;'%‘) +a ( > &ibemg = bey), > fjb?,m,j) :
j=1 j=1 j=1 j=1

For the first term, we apply the field of values bounds for the prototypical
approximation. In the following, we show that the second term is exponentially
small. Using (2.2), (4.10), (4.11), and (4.15) and Corollary 4.3.2, we obtain that

N, N,
a ( D &(boms = beg), ) fijm,j> ’
j=1 j=1
N, Ny
(Com — Co) (Z 5;’7)453@,;') (ia—C; ) (Z ﬁjPZBﬁb&j)
' Y j=1
(Z @Bmej)

N, N
a(Zﬁjbe,j, Zfﬂ%;’) ‘
(id —117_,) (Zfﬂbh)
Zgjnobh

2

Vv

NH2

L2

L2

1
Z 2
Z

L 2

2

1 2
= e

L2

1%

< m¥? exp(—Cym)

Ny 2
< m*? exp(—Cam) ( Beges| + V<Z§j84¢z,j> )
12 7=1 12
((H. /{) 4 1) ’
< it exp(~Com) D S
14 j:l 12
m%? exp(—Cym
< M ODCCam) g
l
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4.6 Implementation aspects

In the estimate above, we also used the continuity of id — Cj,,, which can be
proved using Corollary 4.3.2 and the continuity of id —C;. Note that the conti-
nuity of id —C; can be shown similarly as described above using Corollary 4.2.2
and the fact that C; and id — C; have the same operator norms, cf. [Szy06].

Combining the previous estimates, we obtain that

minger(a, ) [§1* o 1 —m?? exp(=Cqm)
maX&G]'—(Az,m) ‘£|2 N 1 + md/2 eXp( )

[€1°.

Using the oversampling condition m = 1, we further get that

1 minger(a,,,) |67 mingera,,,) €
4maX£e]—' A €12 T | Avml?

0<C< <1,

where we applied the inequality

max < [JA7]| €2 max ,
mx 6] < AP <2 max |

see [HJ90, Ch. 1]. The constant C' depends only on the quasi-uniformity and
shape regularity of 7; and, in particular, is independent of k. Applying the
GMRES convergence result (4.37), yields the assertion. ]

4.6 Implementation aspects

In this section we discuss aspects related to the practical implementation of
the MRLOD. First, we note that all the element corrector problems (4.26) are
independent of each other and thus can be solved in parallel. Furthermore,
since the coefficient x of the Helmholtz problem is constant in space (and thus
in particular periodic with respect to 77), only the solution to O(m?) corrector
problems is required at each level. The solution to the other problems can
be obtained by translation, cf. [GP15|. Moreover, using the properties of the
Helmholtz sesquilinear form, one can show that Cy., v = Ck. ¢,V holds for all
v € V, cf. [Petl6]. Note that such an identity is well known for the solution
operator of Helmholtz problems, see, e.g., [MS11, Lem. 3.1|. Using this identity,
we can show that for any ¢ € H, it holds that

(id — CZ,m)Pe¢ = (id — Cpm)Pe,

where we used that Pyp = Pro. A direct consequence of this identity is that
only one of the two sets of basis functions in (4.27) needs to be computed, and
the other one can be obtained by complex conjugation.

Another important aspect is the fine-scale discretization of the MRLOD,
which can be done similarly as described in Section 3.5. For this, we replace the
space V in the derivation of the MRLOD by its fine-scale FE counterpart Vfem
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4 Multi-resolution LOD for Helmholtz problems

defined with respect to the fine mesh 7, obtained by refining 7. For a reliable
MRLOD approximation, the fine-scale FEM solution must be an accurate ap-
proximation of the continuous solution, cf. Theorem 3.5.1. For the Q'-FEM,
a classical assumption that guarantees stability and convergence is that x2h is
sufficiently small, see [Mel95]. This assumption is much stronger than the re-
quirement needed to resolve the oscillations of the solution, which is known as
the pollution effect. Note that for the Helmholtz problem it may be particularly
useful to use hp-FEMs for the fine-scale discretization, as these methods are able
to achieve stability and convergence under more moderate assumptions on the
discretization parameters, cf. [MS10; MS11; MPS13]. However, this is not done
here, since the focus lies on the construction of the MRLOD and the efficient
solution of the coarse system matrix rather than the fine-scale discretization.

In Lemma 4.2.1 it was shown that all corrector problems are coercive. How-
ever, this has no real practical benefit, since the explicit construction of the
spaces W, and their local counterparts Wy 4, is difficult. It is more practi-
cable to use a saddle-point formulation of the corrector problems with O(m?)
constraints enforcing that the solution is in Wk, see, e.g., [Eng+19| and
[MP20, Ch. 7|. Due to the small number of constraints, one typically computes
the Schur complement of the saddle point problem explicitly by solving O(m?)
local Helmholtz problems on each patch. Since the patches have at most a di-
ameter of the order O(mH,), the effective wavenumber of the patch problems
is at most O(m) by (4.15). For such Helmholtz problems there are effective
preconditioners, see for example the review article [GZ19].

4.7 Numerical experiments

This section numerically studies the MRLOD for Helmholtz problems. We con-
sider uniform Cartesian meshes of the domain D, where the mesh size denotes
the side length of the elements instead of their diameter. Note that for sim-
plicity, we use the same oversampling parameter on all levels. The fine-scale
discretization of the MRLOD is performed similarly as described in Sections 3.5
and 4.6. It is based on a fine Cartesian mesh 7, obtained by uniform refinement
of the finest mesh in the hierarchy 7;. Henceforth, unless otherwise stated, all
errors are relative errors with respect to the x-dependent norm (4.1) computed
with the fine-scale FE solution as the reference solution.

Optimal order convergence

First, we numerically study the convergence properties of the MRLOD in de-
pendence of the wavenumber k. We consider the domain D = (0,1)* with
homogeneous impedance boundary conditions, i.e. I'y = dD. For consistency
reasons, we use the same source term as in Section 3.6, namely:

f(z1,29) = (w1 + cos(3mry)) - 5.
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Figure 4.5: Error of the MRLOD as a function of Hy, for several oversampling
parameters m and wavenumbers x. The dotted line indicates the
expected rate of convergence.

For k =27, 1 =0,...,3, we consider the hierarchy of meshes obtained by uni-
formly refining the uniform Cartesian mesh 77 with H; = 27'x~!. We note
that the k-dependent choice of the mesh size H; satisfies the resolution condi-
tion (4.15). For the fine-scale discretization we use the Cartesian mesh T5-o.
Figure 4.5 shows the convergence of the MRLOD as successively finer mesh
levels are added to the hierarchy. The finest considered mesh has the mesh
size H;, = 277, If the oversampling parameter m is chosen sufficiently large,
one observes convergence of second order. Recalling that f € H'(D), this is
consistent with the theoretical prediction in Theorem 4.4.2. For small m and
comparably large , one observes that the error of the MRLOD remains of order
one as finer mesh levels are added to the hierarchy. The reason for this effect
is that m may not satisfy the condition (4.31). Therefore, convergence cannot
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4 Multi-resolution LOD for Helmholtz problems

Table 4.1: Properties of the sub-scale problems (4.36) and GMRES iterations
needed for reaching a relative residual of 107°.

K [t J2 [3 |4 [5 |
| He (277 |27 277 |27 [27° |
| #H, 240 | 720 | 2880 | 11520 46080

| condy(Agp) [ 198 |23 |17 |16 |16 |
| iterations | 176 |21 |17 |16 |15 |

be expected.

Uniform number of GMRES iterations

Next, we numerically investigate the number of GMRES iterations needed to
solve the sub-scale problems (4.29) up to a given tolerance. We consider the

domain D = (0,1)?\S with the scatterer S = [2,2]%. At the boundary of S,
we impose homogeneous Dirichlet boundary conditions, i.e., I's = 05. Further-
more, at the remaining boundary dD\0S, we impose homogeneous impedance
boundary conditions, i.e., I'y = dD\0S. For this numerical experiment, we

choose k = 2° and consider the source term

4 1 : _
fla) = 10* x exp (1—'1‘502> if | —xo| <, (4.38)
0 else,

where r = % and zy = (%, %) The hierarchy of meshes used is specified in

Table 4.1. We choose the oversampling parameter m = 2 and use the Cartesian
mesh 7T,-12 for the fine-scale discretization. To avoid excessive memory con-
sumption, we restart the GMRES method every 50 iterations. The GMRES
method terminates if a relative residual of 107% is reached.

Table 4.1 shows the number of GMRES iterations needed to solve the sub-
scale problems (4.36) up to the prescribed accuracy. The uniform boundedness
of the number of iterations for £ > 1 is in line with the theoretical prediction
in Theorem 4.5.1. The high number of iterations for ¢ = 1 shows that the
GMRES method performs poorly when applied to the first level. Note that
the poor performance of the GMRES for the first sub-scale problem is strongly
related to the unfavorable scaling of the corresponding inf-sup constant in &,
see Theorem 4.4.1. Therefore, it is recommended to solve this relatively small
linear system with a direct solver. The spectral condition numbers of the sub-
scale problems (4.36), which are typically a good indicator of the convergence
behavior of iterative solvers, support the above observations.
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Figure 4.6: Error of the MRLOD as a function of Hy for several oversampling
parameters m. The dotted line indicates the expected rate of con-
vergence.

High-frequency Helmholtz problem

In the next numerical experiment, we again consider the domain D = (0,1)?, but
this time with the relatively large wavenumber x = 25. We impose homogeneous
impedance boundary conditions on the whole boundary, i.e., I'y = 0D. As
source term, we use the one defined in (4.38) with r = £ and zy = (3, 3)”. The
hierarchy of meshes used in this experiment is obtained by uniform refinement
of the uniform Cartesian mesh 7; with H; = 27, The finest considered mesh
in the hierarchy has the mesh size H; = 278. For the fine-scale discretization,
we employ the Cartesian mesh 75-10.

Provided that the oversampling parameter m is chosen sufficiently large, Fig-
ure 4.6 shows second order convergence for the MRLOD as finer levels are added
to the hierarchy of meshes. This is again consistent with the theoretical predic-
tions in Theorem 4.4.2.

Heterogeneous media

This numerical example shall illustrate that the MRLOD is also applicable to
heterogeneous Helmholtz problems of the form

—V - (AVu) — K*u = f,

where A is a coefficient with uniform upper and lower bounds that describes the
properties of the medium at hand. We consider the domain D = (0,1)? with
homogeneous impedance boundary conditions, i.e., I'y := dD. For the definition
of the coefficient A, we define for j € Z? and € = 277 the following inclusions:

=i+ (1))
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4 Multi-resolution LOD for Helmholtz problems

16
14
12

10

Figure 4.7: Heterogeneous coefficient A used in the numerical experiment.

For all inclusions contained in D, the coefficient A then takes constant values
that are obtained as realizations of independent and uniformly distributed ran-
dom variables in the interval [1,16]. Elsewhere, the coefficient A is set to 1.
For a visualization of A, see Figure 4.7. We remark that, since Algp = 1, the
coefficient is compatible with the impedance boundary conditions introduced in
Section 4.1. In the heterogeneous setting, one typically uses the norm

2
1% = 1AV -l + &%) - 172 (4.39)

instead of the one defined in (4.1). This norm is henceforth used for the error
computation. We choose k = 2! and use the source term defined in (4.38) with

r=1and zy = (%, %)T Note that the above choice of A results in a lower

effectsigve wavenumber of the problem inside the inclusions. We use a hierarchy
of meshes obtained by uniform refinement of the uniform Cartesian mesh 7;
with H, = 27*. The finest considered mesh in the hierarchy is the Cartesian
mesh with the mesh size H;, = 277. For the fine-scale discretization we use the
Cartesian mesh T5-o.

Quantitatively, the convergence behavior in Figure 4.8 is similar to that in the
previous numerical experiments, i.e., one observes second order convergence pro-
vided that the oversampling parameter is chosen sufficiently large. This demon-
strates the applicability of the MRLOD to heterogeneous Helmholtz problems.

Note that we have not addressed the well-posedness and the polynomial-in-x
stability of the considered heterogeneous Helmholtz problem, cf. (4.5) and (4.6).
These properties are necessary for the theoretical results of the MRLOD to
hold also in the heterogeneous setting. We refer to [ST18; GPS19; GS19] for a

theoretical investigation of heterogeneous Helmholtz problems.
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4.7 Numerical experiments
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Figure 4.8: Error of the MRLOD as a function of Hy for several oversampling
parameters m. The dotted line indicates the expected rate of con-
vergence.
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5 Super-Localized Orthogonal
Decomposition

In Chapter 3, we have introduced the LOD, which constructs its problem-
adapted basis functions by solving local sub-scale correction problems. Equiva-
lently, the LOD basis functions can be obtained as solutions to local constraint
energy minimization problems, where the constraints impose a Kronecker delta
condition on the QOIs of the basis functions, cf. [OS19; Mai21|. The constraints
on the QOIs cause the LOD basis functions to decay exponentially fast.

In this chapter, we will introduce a novel localization approach, which we
refer to as Super-Localized Orthogonal Decomposition (SLOD). The idea of
the SLOD is to drop the constraints on the QOIs of the basis functions and
to enforce their decay in a more direct way. Given an element and its m-th
order patch, the SLOD identifies a local FE source term whose response decays
rapidly under the local solution operator. The decay is enforced by minimizing
the conormal derivative of the response at the patch boundary. The SLOD
performs this procedure for all elements and uses the resulting local responses
as its basis functions. In practice, one observes that the localization error of the
SLOD decays super-exponentially as the oversampling parameter m is increased,
i.e., it behaves like exp(—Cm®(@=1) where C' > 0 is a constant and d denotes
the spatial dimension. In one dimension, the localization error is zero, and thus
the SLOD provides a truly local basis, see Figure 2.5. The super-exponential
localization properties of the SLOD represent a significant improvement over
other state-of-the-art localization techniques, such as the LOD with exponential
localization properties, cf. Theorem 3.4.2. However, a rigorous proof of the
super-exponential localization property is still open, and we can only provide
a justification using a conjecture related to spectral geometry. Nevertheless,
using LOD techniques, one can prove that the novel localization approach yields
at least exponentially decaying localization errors. The main advantages of
the novel localization strategy are its lower computational cost for the basis
computation due to the considerably smaller supports of the basis functions
and a sparser coarse system matrix.

For the LOD, the Kronecker delta property of the basis functions with respect
to the QOIs ensures the stability of the basis. For the SLOD, however, we drop
these constraints for better localization properties. As a consequence, we are no
longer able to ensure the stability of the basis a priori. This issue is resolved in
Chapter 6, where we combine the SLOD with a partition of unity approach and
thereby enforce the basis stability. In the following, we introduce the SLOD in
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5 Super-Localized Orthogonal Decomposition

the general setting from Chapter 2.
The content and presentation of the following chapter is primarily based on
the journal and preprint articles

[HP22b] M. Hauck and D. Peterseim. “Super-localization of elliptic multi-
scale problems”. In: Math. Comp. 92.341 (2022), pp. 981-1003

[FHP21] P. Freese, M. Hauck, and D. Peterseim. “Super-localized orthog-
onal decomposition for high-frequency Helmholtz problems”. In:
arXiv preprint 2112.11368 (2021)

5.1 Localized spaces and operators

Before we present the novel localization approach of the SLOD, we introduce
some notation and preliminaries. As usual, localization is based on the concept
of patches. In the following, we fix the element K € Ty and abbreviate its m-th
order patch by S = N,,(K). We denote the space of Ty-piecewise constants
restricted to S by P°(S). Furthermore, we denote by I1}; ¢: L*(S) — P°(S) the
L?(S)-orthogonal projection onto PY(S). Recalling that V(S) :== V|g, we define
the sesquilinear form ag: V(S) x V(S) — C by restricting the integrals in the
definition of a to S. Similar to (3.14), we require that ag is continuous, i.e., it
holds that

|as (v, w)| < Cal|vllyg lwllys) (5.1)
for all v,w € V(S). Since the constant C, is typically the same as the constant
in (2.2), we will not introduce a new constant for simplicity. The novel localiza-
tion approach uses local versions of the solution operators £ and £*. We define
the local solution space by

Vg = {U € V(S) : U|35\3D = 0} (52)

whose boundary conditions are chosen such that an extension by zero yields a
conforming subspace of V. The local solution operator and its adjoint counter-
part are then defined by £§: Vi — Vg, Fs — ug and L§: Vi — Vs, Fs — wg,
respectively, where ug and wg satisfy for all v € Vg that

as(ug,v) = Fs(v), as(v,ws) = Fs(v). (5.3)

To ensure that the operators Lg and L% are well-defined and continuous, we
assume that ag is inf-sup stable on Vg x Vg, i.e., there exists oy, > 0 such that

inf sup Jas(v, w)} = inf sup las(v, w)l > ay. (5.4)
vEVs weVg HUHVHU)”V weVgs vEVs HUHVHw”V

While for coercive problems this condition follows immediately since Vg C V,
it must be proved separately for indefinite problems. The following remark
discusses the validity of the condition (5.4) for Helmholtz problems.
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5.2 Localization approach

Remark 5.1.1 (Local inf-sup stability for the Helmholtz problem). For the
Helmholtz problem introduced in Section 4.1, the inf-sup stability (5.4) can be
shown under the resolution condition kHm < 1, which is a slightly stronger
condition than (4.15). The proof requires Friedrichs’ inequality for functions
in Vg, i.e., for all v € Vs it holds that

||U||L2(s) < CF diam(S)HVU”H(S),

cf. [FHP21, Rem. 4.1|. Using this inequality and the above resolution condition,
we obtain for all v € Vg that

2 2 2 2
Ra(v,v) = ||VUHL2(5) - ff?”””m(s) 2 (1= Cg"ﬁszmQ)HVUHL?(S) 2 HVU”L?(S)

Recalling the definition of the x-dependent Helmholtz norm in (4.1), one can
show that the norms [ - [|,,5) and [V - |25 are equivalent on Vg, i.e., for all
v € Vg it holds that

2 2 2 2
HUHV(S) S+ C}%K2H2m2)“V7}HL2(5) S ”VU||L2(S) < HUHV(S)'

Combining the previous estimates shows the coercivity of a on Vg x Vg, which
implies the inf-sup condition (5.4).

5.2 Localization approach

For the derivation of the SLOD basis functions, we make the assumption that
the patch S does not coincide with the whole domain D. Henceforth, we only
present the derivation of the basis functions of the trial space, noting that the
basis functions of the test space can be derived analogously. For the basis
function of the trial space, which corresponds to the element K, we make the
ansatz

p =Ly, (5.5)

where g € P°(S) is a L?(S)-normalized source term to be determined subse-
quently. Here, ¢ is implicitly extended by zero and embedded in V* such that
it is compatible with the solution operator £: V* — V. We note that instead
of a piecewise constant source term, one could equivalently consider a linear
combination of {gr : T'C S}, which are the QOIs defined in (2.13).

A local approximation v € Vg of the generally global function ¢ can be
obtained by using the local solution operator instead of the global one, i.e.,

Y = Lsg. (5.6)

Note that the local function % is in general a poor approximation of the global
function ¢. However, by an appropriate choice of g, one can obtain highly
accurate approximations in the V-norm. Following classical textbooks (see,
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5 Super-Localized Orthogonal Decomposition

e.g., [LM72|), we define the local trace operator restricted to the boundary
segment 3 = 9S\0D by

trg: V(S) = X = im(trg) € HY3(D). (5.7)

Furthermore, we denote by tr;: X — V(S) the operator-harmonic extension,
which defines a continuous right-inverse of try. Given w € X, it satisfies the
boundary condition try trgl w = w and is (adjoint) operator-harmonic in the
sense that

as(v, trat w) =0 (5.8)

holds for all v € Vs. The well-posedness of try;! follows by (5.1) and (5.4).
Given the trace and extension operators, we can conclude from (5.6) and (5.8)
that it holds

a(,v) = as(Y,v) = as(P,v — trg' trs v) = (g,v — tr5" trs V)29

for all v € V, using that (v — trg' trs; v)|s € Vg for any v € V. We emphasize
that we do not distinguish between functions in Vg and their V-conforming
extensions by zero. The previous identity, (5.5), and supp(g) C S yield for
any v € V) the crucial observation

a((p - wﬂ)) - (97 U)LQ(S) - a(%”) - (gatril try U)L2(S)7 (59)

which rephrases the smallness of the localization error as the (almost) L?(S)-
orthogonality of g to the space

Y = trgt X C V(S). (5.10)

The space Y is the space of (adjoint) operator-harmonic functions on S, which
satisfy the global boundary conditions of the considered problem at 95 N dD.
We emphasize that (5.9) coincides with the (negative) conormal derivative of 1),
which is an element of X* where X* denotes the anti-dual space of X. This
means that the smallness of the localization error is also equivalent to a small
X*-norm of the conormal derivative of ¢ at the patch boundary segment 3.

For an optimal choice of g, we perform a singular value decompsition (SVD)
of the operator H%,,S|y. Since this operator has finite rank less or equal to
R = dim P°(9), its SVD is given by

R

H(}{,s’YU = Z%(%Wg)\)(S) k (5.11)
k=1

with the singular values oy > --- > op > 0, the L?(S)-orthonormal left singular
vectors q; ..., qg, and the V(S)-orthonormal right singular vectors wy ..., wg.
The left singular vector gg corresponding to the smallest singular value og
satisfies

qr € arg min sup (9, 0)12(3)]- (5.12)
QEPO(S)Z ||g||L2(S):1 veY: ”U”V(S):l
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5.2 Localization approach

Figure 5.1: SLOD basis function and corresponding local source term for the
oversampling parameter m = 1 for the problem (2.11).

In this sense, the choice g := gg is optimal and we define

ox =og(H,m) =0 = sup (95 ) p2s)- (5.13)
vEY: ||oflyg)=1

The value of o is used in the remainder as a measure of the orthogonality
between ¢ and Y. It coincides with the X*-norm of the conormal derivative
of ¥ up to a constant, which may depend on the geometry of the patch.

In one dimension, the trace space X is at most two-dimensional, which implies
that the space Y is also at most two-dimensional. Therefore, already for m = 1,
one can choose a local source term g € P°(S), which is L?*(S)-orthogonal to Y,
i.e., we obtain a truly local basis function. This basis function and its local
source term are shown in Figure 5.1. Truly local means that ¢ coincides with
its localized version 1. Note that for the Poisson problem, the constructed basis
coincides with the quadratic B-splines [PT95, Ch. 2.

The one-dimensional case also demonstrates the possible non-uniqueness of
the smallest singular value of the operator H%7S|y, which implies the non-
uniqueness of solutions to the problem (5.12). For m > 2, a simple counting
argument shows that there are multiple optimal choices of g. In higher dimen-
sions, the problem manifests itself rather in clusters of small singular values,
which may appear for large m and certain patch configurations near the bound-
ary. For a practical solution to this problem, see Section 5.5.

Above, we presented the derivation of the basis functions of the trial space.
The basis function of the test space can be constructed similarly by replacing
the operators £ and Lg in (5.5) and (5.6) by their adjoint counterparts L£*
and L, respectively. Furthermore, instead of the extension (5.8), one has to
consider the extension defined by swapping arguments in (5.8). The resulting
source term, global basis function, and localized counterpart are denoted by ¢*,
©*, and ¢*, respectively. We denote by o} the counterpart of (5.13), which
measures the orthogonality of the source term ¢* on the space Y*. Here, the
space Y* denotes the counterpart of (5.10), which is defined as the image of the
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5 Super-Localized Orthogonal Decomposition

Figure 5.2: SLOD basis functions and the corresponding local source terms for
the oversampling parameter m = 1 for the problem (3.36).

extension with swapped arguments. For a visualization of selected SLOD basis
functions in two dimensions, see Figure 5.2.

5.3 Practical multi-scale method

In this section, we use the novel localization strategy presented in the previous
section to transform the prototypical method (2.16) into a practically feasible
method. In the following, the element K € Ty is not fixed but variable and
therefore has to be included in the notation. For the trial space, we denote
the local source term, the global basis function, and its localized counterpart
associated with the element K by gk m, ©rm, and ¥x,,. Similarly, we write
9¥.m> Prcms> and Yy for the test space.

We define the trial and test spaces of the SLOD as the span of the respective
localized basis functions, i.e.,

Uﬁ}?ﬁi = span{vx ., : K € Ty}, fol,?g = span{w},m : K €Ty}t

The SLOD then seeks the Galerkin approximation with respect to the above
trial and test spaces, i.e., it seeks 3Py, € Ug%, such that

a(uifm:v) = (f, 0)p2 (5.14)

holds for all v € V51,
Alternatively, using the fact that the SLOD basis functions are localized re-

sponses of the local source terms, we can define a collocation-type SLOD ap-

proximation, which we also denote by u%‘?ﬁl, as

wire = > Cx Vkm, (5.15)

KeTy

where the (cx)xer, are the coefficients of the expansion of 1% f in terms of the
local source terms gg . Thus, the collocation variant requires only the basis
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5.3 Practical multi-scale method

functions and local source terms of the trial space of the SLOD. Note that this
variant is related to collocation in the sense that it enforces the PDE to hold on
average (up to localization errors) in each element of 7. Similar to the Galerkin
method, this variant only requires the solution of a linear system of equations
at the coarse scale. The collocation version, however, has the advantage that
the assembly of the system matrix requires only the coarse functions gg ,, and
no inner products between the ¥y ,, and ¢k ,, need to be computed.

A minimal requirement for the stability and convergence of both SLOD vari-
ants is that the two sets of local source terms

{gm: K €Tu},  {gim: K €Tu} (5.16)

are Riesz bases of PY(Ty), i.e., they span the space of piecewise constants in
a stable way. Numerically, this can by ensured a posteriori as outlined in Sec-
tion 5.5. For the subsequent stability and error analysis, we assume that there
exists a constant C; > 0 depending polynomially on H~! and m such that

CHH,m) Z lex|? < H Z CKgK,mH;S Cy(H,m) Z [ (5.17)

KeTy KeTy KeTy

holds for all (¢x)ker;,. Similarly, we assume that the estimate holds for g,
replaced by gk .-

The subsequent stability and error analysis of the SLOD is explicit in the
quantity o defined by

o=o0(H,m)= [ax max {ok, o} }, (5.18)
where o and o measure the orthogonality of the source terms g and gk,
on the spaces Y and Y*, respectively, cf. (5.13). The quantity o decays rapidly
as the oversampling parameter m is increased, see Section 5.4 for a study of the
decay of o.

The following theorem proves the inf-sup stability of the sesquilinear form a
on Ug%h x V%, if m is chosen large enough. This implies the well-posedness
of the Galerkin variant of the SLOD. The proof that the collocation variant of
the SLOD is well-posed is very similar and will be omitted.

Theorem 5.3.1 (Inf-sup stability of the SLOD). Assume that the basis stability
assumption (5.17) holds and that m is chosen sufficiently large so that

e(H,m) = H *m¥*CY?*(H,m)o(H,m) < 1, (5.19)

where the hidden constant depends only on C,, o, ag, and oy and the quasi-
uniformity and shape reqularity of Ty. Then, the sesquilinear form a is inf-sup

stable on Usied x VElod i e., there exists agoa > 0 such that

ja(v, w)]

inf  sup > Qiglod (5.20)

veUod weVgod [olly[lwlly,

With ageq & (a, where o, is the constant from Lemma 2.3.1.
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5 Super-Localized Orthogonal Decomposition

Proof. We consider the following mapping between the prototypical problem-
adapted trial space Uf; defined in (2.15) and the SLOD trial space Up%:

. a slod . .
U = Uy vi= E CKPKm — E CKVK.m = U,

KeTy KeTy

For proving the continuity of ¢, we first apply the triangle inequality, which
yields that

[omlly < llolly + [lv = vmlly-

To estimate the second term, we derive a local preliminary result. We fix the
patch S = N,,(K) and denote ¥ = 90S\0D. Using (5.13), we obtain for any
w € V(S) that

(gKm , tr5 trs W) 2yl < ok (H,m)|| trg ! trs; W|lys)- (5.21)

The V(.S)-norm on the right-hand side can be estimated using the decomposition
trg! trs w = w + wy, where wy € Vs satisfies that ag(wp,2) = —ag(w, z) for
all z € Vg. To estimate wy, we use the continuity of ag, cf. (5.1), and the
inf-sup condition (5.4). This ensures that there exists z € Vs with [|z[|, =1
such that

plliwollygs) < las(wo, )| = las(w,2)] < Cullwllysy  (5:22)

Combining the estimates yields the desired local preliminary result
[(9Km , trs trs W) 2 < ox(H,m)(1+ a;lCa)Hva(S). (5.23)

The inf-sup stability of the continuous problem (2.4) yields the existence of
w € V with |Jw||,, = 1 such that

acllv = vmlly < la(v = vm, w)| < o (H,m)(1+ 03 Ca) > lexllwlly,, i,
KeTy

where we used (5.9) and the local preliminary result (5.23).
Furthermore, we observe that by (3.7), we get for all p € P°(Ty) that

B
Ipll 22 = Su]pM < Cp,H™' supw

< Cp,H 'p
U o A L A

ye. (5.24)

Another observation, which will be used in the following, is that due to the finite
overlap of the patches and ||w||,, = 1, it holds that

2 2
Z ||w||v(Nm(K)) S md”va =m?. (5.25)
KeTy
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5.3 Practical multi-scale method

Using the discrete Cauchy—Schwarz inequality, the Riesz basis assumption (5.17)
as well as (2.2), (5.24), and (5.25), we obtain that

acllv = vnlly S L+ oy ' Com*Po(H,m) | > |ex]?
KeTy
< (1+ ;' Com*2CY2(H,m)o (H,m) | 3 excgron|
KeTy

<(1+ aglca)CaOBHH_lmd/QCrl/z(Ha m)o(H, m)|[v|,.

L2

Using the assumption (5.19), we can then conclude the continuity of ¢, i.e.,
|vmlly < |lvlly- The continuity of ¢, ie., |[v[ly, S |lomlly, can be proved
similarly. Note that the same estimates can also be shown for

* . a slod . * * .
U Vg — VH’m, w = E CKPm E cKme = Wy,
KeTy KeTy

and its inverse.
Next, we prove the inf-sup condition (5.20) using the inf-sup stability of the

prototypical method (2.19). We consider a fixed but arbitrary v, € Uﬁ}?ﬁ,‘b and
define v := v, € U%. We then set w,, = *w € Vglﬁs, where w € Vj is

chosen such that
la(v,w)| > aallv]ly[lwl]y,

cf. (2.19). Elementary algebraic manipulations and the reverse triangle inequal-
ity yield that

|a(Vm, )| = |a(v, w)| = |a(vn = v, w)| = |a(vm, W = w)].

Next, we estimate the terms on the right-hand side separately. For the first
term, it follows from the continuity of + and ¢* that

|a(v,w)| = aallv]lyllwlly, Z callvmllyllwnll,-
For the second term, one obtains using (5.19) that
|a(vm — v, w)| < Collvm = vllyllwlly, S e(H,m)|[vm]ly lwml],-

The third term can be estimated in the same way. Using condition (5.19), we
can absorb the second and third terms into the first term. This gives the desired
inf-sup stability of the SLOD with ageq ~ . O

The following theorem gives an error estimate for the Galerkin variant of the
SLOD. Note that an analogous result can be proved for the collocation variant
of the SLOD using very similar arguments.
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5 Super-Localized Orthogonal Decomposition

Theorem 5.3.2 (Convergence of the SLOD). For any f € H*(D), k € {0,1},
the SLOD approximation (5.14) satisfies that

H |+ e(H,m)| £ 2

with ¢ defined in (5.19). The hidden constant depends only on Cy, ., o, and oy,
and the quasi-uniformity and shape reqularity of Ty .

lu =il <

~Y

Proof. In this proof, we use the notation introduced in the proof of Theo-
rem 5.3.1. We begin estimating the approximation error of the SLOD with
the triangle inequality as follows:

lu = wifmlly, < llu—ujlly + lluly — uigmll,
The first term can be estimated using Lemma 2.3.3. For the second term, we ap-
slod Uslod

ply Strang’s lemma (see, e.g., [EG04, Lem. 2.25]) using that u3’s, € Uy, can be
interpreted as non-conforming and non-consistent approximation to uj € Uj,.
This yields that
lod ~1 .
||u?{_u§{?m||y S (1+Caaslod)v inf ||U?J_UmHV

slod
m UH,m,

a(ufy, Wm) = (f, Wi
ol sap 1900 = ()
wn €Vl [[wimll,
The first term can be estimated by choosing v,, = wuj,. Using the same ar-
guments as in the proof of Theorem 5.3.1 and the inf-sup stability (2.19), we
obtain that
lugy — wiylly < e(H,m)|ujylly < ag'e(H,m)| f]] .
For the second term, we perform algebraic manipulations, which yields for all
w € Vj7 that
a(u?{’wm) - (f? wm)L2 = (f7 w — wm)L2 - a(u?{’w - wm)'
Choosing w = (¢+*)"'w,,, we obtain using again the arguments from the proof
of Theorem 5.3.1 and the inf-sup stability (2.19) that
la(ugr, wi) = (f , wa) ol S (Hm)|| fll pallwnlly + Coo e (H,m) || f1] 2| winlly

Combining the estimates finishes the proof. ]

5.4 Decay of localization error

In this section we study the decay of o defined in (5.18), which determines the
localization error of the SLOD. It appears in the assumptions and estimates in
Theorems 5.3.1 and 5.3.2 and is therefore essential for the stability and con-
vergence of the SLOD. We first give a justification for the super-exponential
decay of o for diffusion-type PDEs based on a connection to spectral geometry.
Furthermore, we present a pessimistic exponential decay result for o, which can
be rigorously proved using LOD arguments.
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5.4.1 Super-exponential decay

In the following justification of the super-exponential decay, we restrict our-
selves to diffusion-type PDEs. Note that we will only mention the main results
and refer to [HP22b, Sec. 7| for more details. The presented justification is
based on a connection between the decay of o and the decay of Steklov eigen-
functions. Denoting ¥ := 0S\0D, the local Steklov eigenvalue problem on the
patch S := N,,(K) seeks eigenpairs (¢, ) € V(S) x R such that

a5(¢7 U) = )‘(¢7 U)L2(E) (526)

holds for all v € V(S), where ¢ denotes the Steklov eigenfunction and A the
corresponding eigenvalue. All eigenvalues of (5.26) are non-negative and it holds
that the Steklov eigenfunctions {¢y : k € Ng} form a basis of the space Y defined
in (5.10), cf. [Auc05]. We assume that the eigenfunctions are ordered so that the
corresponding eigenvalues are non-increasing. For large indices, the oscillatory
nature and the operator-harmonicity, cf. (5.26), lead to a strong decay of the
eigenfunctions in the interior of the patch. For some special cases this has been
made rigorous, see for example [HLO1; PST15; GT16]. These works, however,
require smoothness (or in some cases even analyticity) of the domain and the
coefficient. In [HLO1] a conjecture on the decay of Steklov eigenfunctions in the
interior of a domain was formulated. Using a relaxed version of this conjecture
for the decay of the element averages of the Steklov eigenfunctions, one can
show that o defined in (5.18) decays super-exponentially as m is increased, i.e.,

o(H,m) < Cs(H, m)exp ( — C’md%l) (5.27)

with Cy > 0 depending at most polynomially on H~! and m and C' > 0 inde-
pendent of H and m, cf. [HP22b, Thm. 7.3]. We remark that, in one dimension,
the fraction d%‘ll in (5.27) can be interpreted as infinity, which is consistent with
the existence of a local basis in one dimension, see Section 5.2.

For a numerical investigation of the super-exponential decay in two dimen-
sions, we refer to Figure 5.3. It can be observed that the distance between the
dashed horizontal lines becomes larger as m is increased, especially between
the oversampling parameters 3 and 4, which indicates a presumably super-
exponential decay of o. For a more detailed numerical study of the super-

exponential decay, we refer to the numerical experiments in Section 5.6.

Remark 5.4.1 (Oversampling condition). This remark specifies the choice of
the oversampling parameter m needed to ensure the stability and optimal order
convergence of the SLOD, cf. Theorems 5.3.1 and 5.3.2. Assuming the Riesz sta-
bility of the local source terms (5.17) and the validity of the super-exponential
decay result (5.27), we obtain the oversampling condition m 2 (log £)@=1/4,
which is a significant improvement compared to the oversampling condition
m 2 log(%) for the LOD, cf. Theorem 3.4.2. For Helmholtz problems, stability
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Figure 5.3: Singular values of the operators I1% g|y for the patches S = N,,(K)
for several values of m and fixed K € Ty for problem (3.36). The
dashed horizontal lines indicate the smallest singular value, which
determines the value of o defined in (5.18).

and optimal order convergence of the SLOD can be ensured under the oversam-
pling condition m 2 (log £)@~1/4 while the corresponding condition for the
LOD is m 2 log(7;), cf. Theorem 4.4.2.

5.4.2 Pessimistic exponential decay

Next, we prove a pessimistic exponential decay result, which is based on LOD
techniques. More precisely, we construct local basis functions and corresponding
local source terms satisfying (5.17) for which o decays exponentially in the over-
sampling parameter. As basis functions of the trial and test space corresponding
to the element K € Ty, we choose

wK,m = (ld - Cm)bK, ¢§(,m = (ld — C;)b[(, (528)

where C,, and C;, denote the localized correction operators defined in (3.23) and
bx € H}(K) is the bubble function associated with the element K, cf. (3.5).
This choice is similar to that of the LOD basis functions (3.27), but without
the additional quasi-interpolation operator Py. We assume that the inf-sup
condition (3.22) holds in order for (5.28) to be well-defined.

The following lemma shows that the basis functions (5.28) have local piecewise
constant source terms gr ,m and g ,,, which decay exponentially fast. To prove
the decay, we apply LOD theory locally, treating the patch S := N,,(K) as the
whole domain. This requires a local version of the inf-sup condition (3.18). In
the following, the corresponding inf-sup constant is denoted by aqp,.
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5.4 Decay of localization error

Lemma 5.4.2 (Properties of the LOD source terms). The LOD basis functions
Vicm and Y., defined in (5.28) have the local source terms gi m, gicm € P°(S),
i.e.,

77Z)K,m = »CSgK,ma ¢;{,m = £ggk,m (529)

Moreover, denoting S = N,,(K), the source terms decay exponentially fast, i.e.,
it holds for alll € N that
HgK,mHLz(s\NZ(K)) SH™ eXp(_Cdll)HgK,m“Lz(s)a (5.30)

where Cqy > 0 depends only on C,, aqgp, and the shape reqularity of Ty and the
hidden constant depends only on C,, oy, g, and the shape regularity of Ty.
An analogous result holds for gi -

Proof. We fix the patch S = N,,(K) and, if not explicitly required, drop
the indices K and m. We denote the local space of fine-scale functions by
Ws = Wk.mls C Vs, where Wy ,, is defined in (3.20). Furthermore, we define
the local correction operators Cg, C5: Vs — Wg such that

as(Csv,w) = ag(v,w), as(w,Csv) = ag(w,v) (5.31)

holds for all v € Vg and w € Wg. These operators are well-posed due to the
inf-sup condition (3.22). Using that bx € Hj(K), we can rewrite the basis
functions (5.28) as follows:

Y = (id — Cs)bk, Y* = (id — C§)bk. (5.32)

For proving the identity (5.29), we use a saddle point characterization of the
of the LOD basis functions ¢ and ¢* (see, e.g., [Mai2l, Eq. (4.5)]), i.e., the pair
(1, \) € Vg x P°(S), with X denoting a Lagrange multiplier, solves

( ;}lfs Jg,s) (@i}) _ (1(;) , (5.33)

where Ag: Vs — V§, v+ ag(v,-) and Jus: Vs — P°(S),u — T} gu. Tts
adjoint Jj; g: P°(S) — V§ is defined such that

(Ti1,sD; V)vexvs = (P, V)29

holds for all p € P°(S) and v € Vg. To prove that the Schur complement
Su,s: PU(S) = PUS), p = (Tu,sLsTf s)p is invertible, we note that

(St5 D)5y = (LsThsp: Tirs®vervs = (Lo Thrsp AsLET i stvevs
= as(Ls T 50, L5T 1 59)

holds for all p,q € P°(S), where A%: Vs — V& v +— ag(-,v) denotes the
adjoint operator of Ag. Using (5.4) and the inf-sup stability of ag on Wg x W,
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5 Super-Localized Orthogonal Decomposition

cf. (3.22), one can apply Lemma 2.3.1 in the local setting. This yields the inf-
sup stability of ag on LgJ}; sP°(S) % LTf; ¢P°(S) with the inf-sup constant
Qap = O 'apap, > 0. Thus, for all p € L?(S), there exists ¢ € L?(.S) such that

[(Sm,sp, Q)Lz(s)| = las(LsTfsp: LsTf,s9)| = O‘ap”LSJE’SPHV(S)“LEJ;LSQHV(S)
> @y Co 2 | T s e | T 54l

Vi Vi

where we used the continuity of ag, cf. (5.1).
Denoting by By s the restriction of By defined in (3.6) to functions in L*(S),
we further obtain that

(jlj,spv BH,SU)Lz(S) (j;I,Spa BH,SU)L2(S)

| T5 spllvy > sup > CgzlH sup
TS = eve IBasvllygs) B e vl
= Cyp H|pll 12(s)-

Combining the previous estimates proves the inf-sup stability of Sgg. The
continuity of Sy s can be proved as follows:

(Susps @) 205)| = las(LsTr.sp, L5T5r50)| < Cacy | Ti,s0 v | T 54l
< Caoy? 1Pl 2y llall 2 s (5.34)

Vs Vs

From the inf-sup stability and the continuity of Sg ¢, we can conclude that S;Lls
exists and that it is continuous satisfying that

ISa5pl s, < O CECE, H 2l (5:39
for all p € P°(S). Using the identity
Asiﬁ = \71}53;}}311{7

which can be derived from (5.33), we obtain the assertion (5.29) with the local
source term g = gg ., = 1},1le-

To prove the decay result (5.30), we establish a connection of the operator S;LIS
to the operators Cg and Cg. We obtain that

(Sulsp, Do) = (AsLsTp1 sSuisps (id — C5)Bu,sq)vzxvs
= ag((id — Cs)Bu,sp, (id — C5)Br,sq)

holds for all p,q € P°(S), where we used that ¢ and (id — C%)By sq have the
same element averages and the identity (id — Cs)Bpu,sp = L5 T}, 5513,1511
Defining g = glg\n,(x), We obtain that

2 _ . : . . .
1911725\, r0)) = (Sirs 1 » 9) 25 = as((id = Cs)bx, (1d — C5) B s9),

78



5.4 Decay of localization error

which allows one to use LOD theory for proving the decay of g. Since the
remainder of this proof is based on fairly standard LOD cut-off arguments, we
only sketch the main ideas. Let us introduce the FE cut-off function n, which
is uniquely defined as follows: we set 1 to one for all nodes contained in the
|1/2]-th order patch of K and to zero for all other nodes. We obtain that

as((id — Cs)bk, (id — C5)Bu,s9)
= as(n(id — Cs)bk,n(id — C5)Bu,sg) + as(n(id — Cs)br, 7(id — C5)Bu,s9)
+ as(7(id — Cs)bx,n(id — C5)Bu,sg) + as(i(id — Cs)bx, 7(id — C5)Bu,s7),

where 77 .= 1 — 7. By slightly adapting the proof of Lemma 3.3.1, one can show
the following global decay result: for any v € V), it holds that

1(2d = C)olly i\, (suppyyy < exP(=Cam)|(id = C)oll,, (5.36)

for all m € N, see for example [Mai20, Rem. 3.3.2|]. An analogous result holds
for id—C*. Treating the patch S as the entire domain, this result can be applied
to the operators id—Cg and id—C¥%. Using (2.2), (2.25), (3.7), (5.1), and (5.36),
the first of the four terms above can be estimated as follows:

|as(n(id — Cs)br,n(id — C3)Bu,s9)| < H " exp(=Cal) |1k [l 1216 1911 125
with the decay rate Cq; > 0 depending only on C,, aqp, and the shape regularity
of Ty, cf. Lemma 3.3.1. Furthermore, using (5.34), we obtain that

||1K||L2(s) = ||SH,SQ||L2(5) < Caa;2llgllL2(s)-
Note that all other terms can be estimated using similar arguments. Combining
all estimates yields that
Hg“LQ(S\NZ(K)) SH eXP(_Cdll)HgHB(S),

which is the desired exponential decay result for g, cf. (5.30). For ¢* and ¢*,
the results (5.29) and (5.30) can be shown similarly. O

Using the results from the previous lemma, the following theorem shows that
the local LOD source terms (5.29) are Riesz stable in the sense of (5.17) and
that the quantity o defined in (5.18) decays at least exponentially.

Theorem 5.4.3 (Stability and exponential decay of the LOD basis). Provided
that m 1is chosen such that
m 2 log(3), (537

the local LOD source terms satisfy that

2
H S el S| Y e im0 S HYY Jexf? (5.38)

KeTy KeTy HgK’m||L2 L2 KeTy
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5 Super-Localized Orthogonal Decomposition

for all (cx)kery;- An analogous result holds for the source terms gj; ,,. Further-
more, considering normalized versions of gxm and gy ,,, the quantity o defined
in (5.13) can be estimated as follows:

o(H,m) < H ' exp(—Cqm) (5.39)

with Cqp from Lemma 5.4.2. Note that the hidden constants may depend on C,,
Qc, af, ap, and og, as well as the shape reqularity of Ty.

Proof. We start with the proof of (5.39). For this, we fix an element K € Ty
and abbreviate S := N,,(K). In the following, we drop the indices K and m,
in case they are not explicitly needed. Denoting ¥ = 9S\0D and using that
trg trsv = v for all v € Y and Y C V(S), we obtain that

1 _
ox(H,m) < sup (g, trg' trs, V) 2()> (5.40)
||g||L2(S) veV(S): [[0]lysy=1

where we account for possibly non-normalized ¢ by dividing by its norm. Let
us locally on S define the FE cut-off function n by setting its nodal values to
one for all nodes at ¥ and to zero for all other nodes. By the definition of 7, it
holds that trg v = trs no for all v € V(S), which implies that

(9, 15" tr20) 125y = (9, 10) 125y — as (¥, 70). (5.41)
For estimating the first term, we employ Lemma 5.4.2, which yields that

(g, WU)LQ(S)‘ < HQHL?(S\Nm,l(K))”UHLQ(S) S HileXp(_Cdlm)HgHL2(S)HU”V(S)'

To estimate the second term on the right-hand side of (5.41), we apply the
decay result (5.36) locally on the patch S and use the inf-sup stability (5.4).
We obtain that

as(¥,mv)| < CaH@ZJ”v(S\Nm_l(K))Hm}Hv(s)
S CoH ™' exp(—=Cam) kuv(S) HUHV(S)
< Caang_l eXp(_Cdlm)Hg||L2(S)||U||V(S)'
The same result can be shown for ¥* and ¢g*. Taking the maximum over all
elements yields the assertion (5.39).
For proving the Riesz property (5.38), we first note that the prototypical (non-

localized) LOD basis functions and their corresponding global source terms can
be obtained for all K € Ty as

vr = LI9K, gr = Sp' 1k,

where the operators Sy = JyLJ};, L, and Jy are the global counterparts of
the operators used in the proof of Lemma 5.4.2. Adapting (5.34) and (5.35) to
the global setting yields for all p € P°(Ty) that

ISrpllz2 < Cao®[Ipl L2, (5.42)
IS5 pll 2 < 0y CoCh, H?[Ipl .- (5.43)
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5.4 Decay of localization error

Second, we estimate the difference between gx and gx ,,, where gx ., denotes
the local source term of the localized LOD basis function vk ,,. For this, we use
the following decay result: for all K € Ty and m € N, it holds that

lox = brmlly S exp(=Cam)[[Yrmlly

which can be proved using that (Cx — Cxm)v = (Cx — Cx,m)(id — Crm)v for
all v € V and by applying Lemma 3.3.2. Using this decay result and the local
supports of gk ., and ¥k ,,, we obtain that

||9K - 9K,m||iz = (QK —9Km BH(QK - gK,m))L2
= a(x, Bu(9x — gxm)) — as(Vxm. Buls(9x — 9rm))
= a(orx — Vim, Ba(9x — 9xm))
< CoC, H ok — Vrmllyllgx — grmll 12
S aEICaCBHH_l eXp(_Cdm>HgK,mHL2||9K - gK,mHL?J

where we used that (3.7), (5.1), and (5.4) and the abbreviation S = N,,,(K). It
directly follows that

lgrc = greamll e S H ™" exp(=Cam) | grmll 2. (5.44)

Third, using the continuity estimates for S;* and Sy in (5.42) and (5.43), one
can show the desired Riesz property for the normalized global source terms gg-.
We obtain the following upper bound:

> ey Si' 2.

KeTy HQKHLz KTy HgKHL?

5 H™? Z ‘CKP’

L2 KeTy

where we used that

Mkl = ISmgx 2 S Ngxll e

The lower bound in (5.38) can be obtained similarly.
Finally, we can estimate the difference between the normalized global source
terms gx and the normalized local source terms gg ,, as follows:

H JK,m

lgrllz  Ngrmlle Il

9 (lgxmll 2 — gkl 2) + 192 (95 — grm)
95| p2llgrcm | 2

< H ™ exp(—Cam),

L2

where we used (5.44). We finally obtain that

> e - e s oG, [
=t x|l 2 ||9K,m||L2 KeTu
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5 Super-Localized Orthogonal Decomposition

Using the oversampling condition m 2 log(%), cf. (5.37), the second inequality
in (5.38) can be obtained by combining the previous estimates. Note that the
first inequality in (5.38) can be proved using very similar arguments. Altogether,
we obtain the Riesz stability of the source terms gx.,,. An analogous Riesz
stability estimate can be derived for the source terms gy .. O

Remark 5.4.4 (Pessimistic oversampling condition). The oversampling condi-
tion from Remark 5.4.1 is based on the super-exponential decay result (5.27),
which can be observed numerically (see Section 5.6), but has not yet been rig-
orously proved. Instead of (5.27), we can also use the rigorous exponential de-
cay result (5.39) to derive the pessimistic oversampling condition m 2> log(%).
For the Helmholtz problem, one obtains the pessimistic oversampling condition
m 2, log(4;). Both conditions are the same as for the LOD, cf. Theorems 3.4.2
and 4.4.2. The numerical experiments in Section 5.6 show that these conditions
are pessimistic and that the conditions from Remark 5.4.1 seems to be more
accurate. We emphasize that regardless of the oversampling, the Riesz stabil-
ity (5.17) is still an assumption. For a method with the same super-exponential
localization properties as the SLOD, but without stability assumptions on the
basis, see Chapter 6.

5.5 Practical implementation

In this section we discuss aspects regarding the practical implementation of the
SLOD. A practical implementation of the SLOD requires, on the one hand,
that the source terms gx , and gj ,, can be computed with minimal communi-
cation between the patches. On the other hand, the sets {gx ., : K € Ty} and
{9%.m : I € Tr} need to be Riesz stable bases of P(7Ty) in the sense of (5.17).
In the following, we will first demonstrate that the choice of the basis functions
in (5.12) can violate the Riesz stability (5.17) and then present an algorithm to
overcome such stability issues.

For illustration purposes, we consider an elliptic model problem as in (3.36).
It is posed on the domain D = (0,1)2, which is equipped with the uniform
Cartesian mesh Tg. For the oversampling parameter m = 2, the patches corre-
sponding to the elements with positions® (1, 1), (1,2), and (2, 1) are contained in
the patch corresponding to the element with position (2,2). This nesting is prob-
lematic since, for example, the basis function corresponding to the element (2, 2)
almost coincides with the basis functions corresponding to the element (1,1),
see Figure 5.4. To solve this problem, we consider only the (largest) patch of
the element (2,2). On this patch, we compute four basis functions correspond-
ing to the source terms associated with the four smallest singular values on the

!The position is a vector in {1, ..., H~1}2, where the first and second components determine
the location in the z- and y-directions, respectively. The numbering is such that (1,1) is
the bottom left element.

82



5.5 Practical implementation

Figure 5.4: Instable choice of the SLOD basis functions corresponding to ele-
ments (1,1) (left) and (2,2) (right) for problem (3.36).

0.5

-0.5

Figure 5.5: Stable choice of the SLOD basis functions corresponding to the
source terms for the four smallest singular values (singular values
increase from left to right) on the patch of element (2,2).

patch. For a visualization of these four basis functions, see Figure 5.5. The
elements (1, 1), (1,2), and (2, 1) are no longer considered. By construction, this
strategy yields four linearly independent basis functions. The span of these four
functions contains the basis functions one would intuitively expect for the four
elements.

The previously described procedure can be easily generalized. The first step
is to identify groups of patches for which the basis functions are computed
simultaneously. This can be done as follows: All patches N,,(K) for which the
element K has a distance of at least m element layers to 0D can be considered
separately. Patches for which K has a distance of exactly m — 1 element layers
to 0D are considered to be representatives of a corresponding group of patches.
All remaining patches N,,(K) (K has a distance of less than m — 1 layers to 0D)
are then uniquely assigned to these groups such that the patch is contained in the
representative patch of the group. We can then apply the localization approach
from Section 5.2 to the representative patches, selecting on each patch as many
basis functions as patches are contained in the respective group of patches.

For the fine-scale discretization of the SLOD, we use a fine mesh 7, obtained
by uniform refinement of the coarse mesh Ty and replace all infinite-dimensional
spaces by their finite-dimensional fine-scale FE counterparts. This can be done
in a similar way as for the LOD in Section 3.5. Following this procedure, we
obtain a discrete approximation of the space Y of locally operator-harmonic
functions on the patch S, by applying the discrete operator-harmonic extension
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5 Super-Localized Orthogonal Decomposition

operator (with respect to S) to fine-scale boundary hat functions supported
on 0S\0D. In practice, this is quite computationally expensive, and one rather
uses a sampling approach similar to [BS18; Che+20|. More precisely, we sample
fine-scale Dirichlet boundary data with nodal values independently and uni-
formly distributed in the interval [—1,1]. Numerical experiments suggest that
it is sufficient to choose the number of samples proportional to the number of
coarse elements in the patch (we use a factor of five in the numerical experi-
ments). Note that the space Y can alternatively be approximated by harmonic
polynomials [BL11] or Steklov-type eigenfunctions [MSD22].

For the numerical realization of the SVD in (5.11), we note that suitable
weighting matrices are required to guarantee that the right (resp. left) singular
vectors are V(S)-orthogonal (resp. L?(S)-orthogonal). The computation of these
weighting matrices requires the inversion and square root of a matrix whose
size is proportional to the number of coarse elements in the considered patch,
cf. [HP22b, App. B|. In practice, the effect of the weighting matrices on the
choice of the SLOD basis functions is hardly noticeable. Therefore, for the
numerical experiments in Section 5.6, the weighting matrices are omitted in the
implementation of the SLOD.

5.6 Numerical experiments

This section numerically studies the SLOD for elliptic model problems and
Helmholtz-type problems. We consider uniform Cartesian meshes of the do-
main D, where the mesh size denotes the side length of the elements instead of
their diameter. The SLOD is implemented as described in Section 5.5, taking
into account the remarks on the stable basis selection and the fine-scale dis-
cretization. We emphasize that, similar to Section 3.5 for the LOD, we expect
the theoretical results of the SLOD to remain valid in the fully discrete setting.

Elliptic model problem

We first study the SLOD for an elliptic model problem. In the following, all
errors are relative errors with respect to the energy norm defined in (3.37). The
errors are computed using the fine-scale FE solution as the reference solution.

Optimal order convergence

To numerically study the optimal order convergence properties of the SLOD,
we consider the elliptic model problem from Section 3.6. It is posed on the
domain D = (0,1)? and uses homogeneous Dirichlet boundary conditions. The
coefficient is piecewise constant with respect to the mesh 7,-7, where the element
values are realizations of independent uniformly distributed random variables
in the interval [0.01,1], see Figure 3.3. For the fine-scale discretization we use
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Figure 5.6: Errors of the SLOD and LOD as functions of H for several oversam-
pling parameters m. The dotted line indicates the expected rate of
convergence.

the mesh 75-9. We consider the smooth source term defined by
f(z1,29) = (11 + cos(3may)) - 73, (5.45)

which, for the sake of consistency, is the same as for the numerical study of the
LOD and MRLOD in Sections 3.6 and 4.7.

Provided that the oversampling parameter m is chosen sufficiently large, Fig-
ure 5.6 shows second order convergence for the SLOD. Note that in Figure 5.6
the yellow and orange lines are difficult to see because they are partially behind
the purple line. Since f € H'(D), the second order convergence is consistent
with the theoretical prediction in Theorem 5.3.2. It can be observed that the
SLOD requires much smaller oversampling parameters than the LOD to achieve
the same accuracy. However, for the parameters m = 1,2, it is clearly visible
that the SLOD suffers from numerical pollution. To obtain optimal order con-
vergence, the oversampling parameter needs to be coupled to the mesh size as
described in Remark 5.4.1. For the LOD, numerical pollution can be avoided
by using basis functions with slightly enlarged supports, cf. Chapter 3. More
precisely, we use LOD basis functions with a support of m + 1 element layers
around the respective elements. Note that the second order convergence may be
difficult to see for the LOD, because only pairs of H and m are considered for
which no patch coincides with the entire domain. This means that the conver-
gence curves corresponding to large values of m may not start at the coarsest
mesh, but at an intermediate one.
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Figure 5.7: Errors of the SLOD and LOD as functions of H for several oversam-
pling parameters m. The dotted line indicates the expected rate of
convergence.

Super-exponential localization

Next, we want to numerically verify the super-exponential decay rates of the
localization error as stated in (5.27). Since the decay rate depends on the spatial
dimension of the PDE, we will consider elliptic problems posed on D = (0, 1)¢
for d € {2,3}. For the two-dimensional problem, we consider the coefficient from
the previous numerical experiment, while for the three-dimensional problem, we
consider the periodic coefficient

3
1 99 .
Az, 29, 23) = 100 + 200 ( H sin(2%72;) + 1).
i=1

Both coefficients have the same upper and lower bounds of 0.01 and 1. We
use homogeneous Dirichlet boundary conditions and consider the source term
f = 1 for which the optimal error term in Theorem 5.3.2 is zero and only the
localization error is present. For the fine-scale discretization, we again use the
mesh 7;-9. Exploiting the periodicity of the coefficient for the three-dimensional
problem allows one to consider only O(m?) patch problems, while the basis
functions and local source terms corresponding to the remaining patches can
be obtained by translation. This drastically reduces the computational cost of
the SLOD. Furthermore, to avoid the costly assembly of the SLOD stiffness
matrix, we use the collocation variant of the SLOD defined in (5.15) for the
three-dimensional problem.

Figure 5.7 shows the expected super-exponential decay rates of the localiza-
tion errors of the SLOD, cf. (5.27). Note that for the two-dimensional exper-
iment, we have also included the localization errors of the LOD, which decay
exponentially in m, cf. Theorem 3.4.2. It is clearly visible that the localization
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Figure 5.8: Errors of the SLOD and LOD as functions of H for several oversam-
pling parameters m and x = 2°,25. The dotted line indicates the
expected rate of convergence.

errors of the SLOD are of a different magnitude compared to those of the LOD.
Very large values of m are required for the LOD to match the localization errors
of the SLOD. Note that for the three-dimensional problem, the fine-scale FE
solution uses 23%? ~ 130M degrees of freedom to resolve the coefficient. Using
numerical homogenization, we are able to reduce this number significantly (e.g.,
to 234 ~ 4K for H = 27%) and still get a reliable approximation.

Helmholtz problem

Second, we numerically study the SLOD for Helmholtz problems. For a brief
introduction to Helmholtz problems and some theoretical background, we refer
to Section 4.1. The natural norm for Helmholtz problems is the wavenumber-
dependent norm defined in (4.1). Subsequently, all errors are relative errors with
respect to this norm. We compute the errors using the fine-scale FE solution as
the reference solution.

Optimal order convergence

To numerically investigate the optimal order convergence of the SLOD for the
Helmholtz problem, we consider the domain D = (0,1)* and impose homo-
geneous impedance boundary conditions (i.e., I'y = 9dD). We use the source
term given in (5.45) and use the mesh 7T5-10 for the fine-scale discretization.
Figure 5.8 shows convergence of second order for the SLOD provided that the
oversampling parameter is chosen sufficiently large. One observes that already
for the oversampling parameter m = 2, the SLOD yields better approximations
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Figure 5.9: Errors of the SLOD and LOD as functions of H for several oversam-
pling parameters m and x = 2° and 2°. The dotted line indicates
the expected rate of decay.

than the LOD for m = 5, which underlines the high potential of the SLOD.

Super-exponential localization

To numerically verify the localization properties of the SLOD for the Helmholtz
problem, we use the same setting as in the previous numerical experiment, but
with the source term f = 1. Recall that for this source term, only the local-
ization error in Theorem 5.3.2 is present. Figure 5.9 shows the expected super-
exponential decay of the localization error of the SLOD also for the Helmholtz
problem. The localization errors of the SLOD are several orders of magnitude
smaller than those of the LOD.

High-contrast heterogeneous media

Next, we apply the SLOD to a Helmholtz problem in heterogeneous media,
namely —V - (A.Vu) — k?u = f on the domain D = (0,1)? with homogeneous
impedance boundary conditions (i.e., 'y = dD). For a given 0 < ¢ < 1, the
coefficient A, is defined such that it takes the value &2 inside some periodically
aligned inclusions of size £/2 and the value 1 elsewhere, see Figure 5.10 for a
depiction of the coefficient. For ¢ = 27* and xk = 9, a particular interaction
between the wavenumber and the periodic structure of the inclusions leads to
a negative effective wavenumber in homogenization theory, which triggers an
exponential decay of the modulus of the Helmholtz solution in the bulk domain.
This physically interesting effect is caused by so-called Mie resonances in the
inclusions, cf. [PV20]. As source term, we use the one defined in (4.38) with
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5.6 Numerical experiments
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Figure 5.10: Heterogeneous coefficient A,-1 (left) and real part of the corre-
sponding SLOD solution (right) for k=9, m=2 and H =25

z0=(%,3)" and r = &.

We consider the parameters H = 276 and m = 2. For a visualization of
the corresponding SLOD solution, see Figure 5.10. Note that the color map is
truncated to [—2.5,2.5] for illustration purposes. With respect to the weighted
norm defined in (4.39), the SLOD approximation achieves a relative error of
3.3 x 1073, To achieve a similar accuracy, the LOD needs an oversampling

parameter of at least m = 4.

Perfectly matched layer boundary condition

A perfectly matched layer (PML) is an artificial absorbing layer that can be used
to truncate wave propagation problems on the full space to bounded computa-
tional domains. Compared to impedance boundary conditions, which often serve
the same purpose, PMLs are able to avoid spurious reflections at the artificial
boundary of the computational domain, cf. [Ber94; GLS21|. In this numerical
experiment, we aim to demonstrate that the SLOD can be easily combined with
PMLs. For this, we consider the domain D = (0, 1)? and the source term defined
in (4.38) with 2o = (3,3)” and r = 5. For the implementation of the PML,
we adapt |[Ber+07] to the present setting. We use the mesh 7y with H = 277
and divide the domain D into a physical domain D := (4H,1 — 4H)? and the
absorbing layer Dy := D\ Dg. For this configuration, the absorbing layer has a

width of 4H. The (unbounded) absorbing function in z-direction is given by

p(x):{ (L +4) i 0<a<4H,

(= —15) f 1-4H <z <l

In y-direction, the absorbing function is chosen analogously. As usual for PMLs,
we impose homogeneous Dirichlet boundary conditions on 9D. We refer to
[Ber+07, Sec. 3| for the weak formulation of the Helmholtz problem with PML
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Figure 5.11: Real part of the PML-SLOD solution (left) and absolute value of
the difference between the PML- SLOD solutlon and the reference
solution (right) for x = 25, m = 2, and H = 277. Both plots only
show the physical domain Dg.
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boundary conditions. The PML-SLOD solution is then obtained by applying the
SLOD to this problem and by restricting the resulting solution to the physical
domain Dg. Using the mesh T5-10 for the fine-scale discretization, we obtain,
e.g., for k = 26 and m = 2, a relative error of 6.5 x 1073 with respect to the
restricted V-norm. For a visualization of the PML-SLOD solution and its error,
see Figure 5.11. Note that for the plot of the solution, we truncated the color
map to [—0.45,0.45].
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6 Super-Localized Generalized
Finite Element Method

The SLOD introduced in the previous chapter is an enhancement of the LOD
with better localization properties. However, the main disadvantage of the
SLOD is that the stability of its basis cannot be guaranteed a priori. For ex-
ample, for high-contrast channeled coefficients or convection-dominated regimes,
these basis stability issues may degrade the approximation quality of the method.
For a numerical demonstration of this effect, see Section 6.5. This chapter in-
troduces the Super-Localized Generalized Finite Element Method (SL-GFEM),
which, in order to overcome these basis stability issues, combines the SLOD
with a partition of unity (PU) approach, cf. [MB96; BM97|. More precisely,
locally on nodal patches, we apply the respective local solution operator to clas-
sical FE source terms. Multiplying these spaces with the corresponding PU
functions yields local ansatz spaces with a low effective dimension. By solv-
ing local spectral problems, we compute corresponding low-dimensional optimal
approximation spaces. The global problem-adapted approximation space of the
SL-GFEM is then obtained by gluing together these low-dimensional approxi-
mation spaces with a PU.

Compared to the MS-GFEM [BL11; EGH13; MSD22|, the SL-GFEM has the
major advantage that its local spectral problems are posed in a space spanned
by a few deterministic snapshots. Thus, random sampling strategies can be
avoided. Moreover, the local spectral problems are easily solvable, due to their
typically low dimension. From an application point of view, the SL-GFEM is
conceptually simple and straightforward to implement. Furthermore, by ad-
justing the polynomial degree of the FE source terms, one can easily construct
higher order versions of the method. Similar to the higher order LOD [Mai21;
DHMZ22|, one obtains higher order convergence rates by exploiting only the reg-
ularity of the source term.

In this chapter, we prove that the SL-GFEM possesses the advantageous
localization and convergence properties of the SLOD, which can be quantified a
posteriori. Building on the well-understood theoretical foundation of the LOD,
we additionally perform a pessimistic a priori error analysis proving that the
SL-GFEM at least recovers the convergence and localization properties of the
LOD. For the higher order versions of the method, we observe that increasing
the polynomial degree alone significantly improves the localization properties.
The implementation of the SL-GFEM is done using the Python-library gridlod
[HK17] and supports the computation on large parallel clusters. We stress that
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6 Super-Localized Generalized Finite Element Method

although the SL-GFEM is introduced for elliptic problems only, an extension to
non-symmetric and indefinite problems such as the Helmholtz problem seems
possible.

The content and presentation of the following chapter is primarily based on
the preprint article

[Fre+22a] P. Freese, M. Hauck, T. Keil, and D. Peterseim. “A super-
localized generalized finite element method”. In: arXww preprint
2211.09461 (2022)

6.1 Elliptic model problem

On the bounded polytopal Lipschitz domain D C R¢, which is assumed to be
scaled to unit size, we consider the following linear diffusion-type PDE with
homogeneous Dirichlet boundary conditions:

—div(AVu) = f in D,

1
u=0>0 on 0D. (6.1)

The matrix-valued diffusion coefficient A € L>(D,R%*4) is assumed to be sym-
metric and positive definite almost everywhere. This means that there exist
constants «, f with 0 < a < 8 < oo such that

aé]? < (A(z)€) - € < BIEI? (6.2)

holds for almost all z € D and all £ € R? with | - | denoting the Euclidean norm
of R%. The weak formulation of (6.1) uses the solution space V := H}(D) and
the bilinear form a: V x V — R, which is defined as

a(v, w) == /D (AVv) - Vo da.

Friedrichs’ inequality (see, e.g., [Alt16, Thm. 6.7]), the symmetry of a, and
condition (6.2) ensure that the bilinear form « is an inner product on V. Its
induced norm is the energy norm defined by || - || == +/a(-,-). We denote
by || - [|,.5 the restriction of the energy norm to the subdomain S C D. Applying
Friedrichs’ inequality and using (6.2), we obtain the equivalence of the energy
norm to the H'-norm.

Given a source term f € L?(D), the weak formulation of (6.1) seeks u € V
such that

a(u,v) = (f,v)re (6.3)
holds for all v € V. The well-posedness of (6.3) follows from the fact that a is

coercive and continuous with constants one with respect to the energy norm,
i.e., it holds that

2
a(v,v) = [[vllg,  a(v,w) < lvfl,[[wl],
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6.2 Derivation of multi-scale method

for all v, w € V. This directly follows form the definition of the energy norm and
the Cauchy—Schwarz inequality. Note that the coercivity in fact holds with an
equality. Applying the Lax—Milgram theorem (see, e.g., [Alt16, Thm. 6.2]) then
yields the well-posedness of the problem (6.3). We emphasize that the coercivity
of the bilinear form a on V also implies the coercivity of a for all subspaces
of V. In particular, this means that all corrector problems and conforming
discretizations of the problem (6.3) are well-posed.

6.2 Derivation of multi-scale method

The SL-GFEM can be classified as PU method, cf. [MB96; BM97|, since its
global approximation space is obtained by gluing together local approximation
spaces by means of a PU. For the construction of the local approximation spaces,
we first introduce discontinuous FE spaces and conforming companion spaces.

6.2.1 Higher order discontinuous finite element spaces

The local approximation spaces of the SL-GFEM are obtained by applying the
local solution operator to discontinuous FE spaces. Denoting by p € Ng a fixed
but arbitrary polynomial degree, we define the space of piecewise polynomials
of degree at most p with respect to Ty as

P(Tw) = {v € L*(D) : v|k is a polynomial of coordinate degree < p, K € Ty }.
Furthermore, we denote the restriction of P(7g) to a union of elements S by
P(S) = {vls: veP(Tu)}

For any K € Ty, one can characterize the space P(K) in terms of a suitable
orthonormal basis {0k ;: j =1,...,J}, where J := dimP(K). An example for
such an orthonormal basis are L?-normalized shifted tensor-product Legendre
polynomials. A local orthonormal basis of P(7Ty) is given by

Henceforth, let us denote by I : L?(D) — P(Tg) the L*-orthogonal projection,
which is for any v € L*(D) and K € Ty locally defined such that

(HH’U,U])LQ(K) = (’U,U})L2(K) (64)

holds for all w € P(K). By definition, the L?-projection is locally L?-stable.
Furthermore, there exists C,, > 0 only depending on the polynomial degree p
and the shape regularity of 7z such that, for all K € Ty and v € H*(K) with
k < p+1, it holds that

H” - HHUHL?(K) < Caka’U|Hk(K)7 (6-5)
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6 Super-Localized Generalized Finite Element Method

where |- |x () denotes the H"(K)-seminorm, cf. [DPE11, Lem. 1.58]. We define
the broken Sobolev space H*(Ty) for k € Ny by

H*(Ty) == {v e L*D): vlx € H"(K), K € Ty }.

This space can be equipped with the seminorm

Hk(TH Z | ’Hk

KeThy

Note that for k = 0, it holds that H°(Ty) = L*(D) and | - |go = || - || z2-

Since P(Ty) is non-conforming with respect to V, we define, similarly to Sec-
tion 3.2, local conforming companions of the functions in P(7y). Given a basis
function Ok ; of P(Ty), we consider an associated bubble function by ; € H} (K)
such that IIybk ; = 6k ;, which satisfies an estimate similar to (3.5) (the con-
stant is now also p-dependent). An existence result for such bubble functions
can be found in [Mai21, Cor. 3.6]. Note that an explicit characterization of the
bubble functions is not required, since they are used for theoretical purposes
only. Similar to (3.6), we can then define the following bubble operator:

By: LI*(D) =V, v Y /UHK]dbeJ (6.6)

KGTH

-----

Note that the operator By is constructed such that its kernel coincides with
the kernel of g, i.e., ker By = kerIly. Furthermore, for all v € L?(K) and
K € Ty, it holds that

1Brvll 2y + HIVBa| L256) < O [0l 2210): (6.7)

where the constant Cp,, > 0 depends only on the shape regularity of 75 and
the polynomial degree p, cf. [Mai2l, Cor. 3.6]. This estimate is the higher order
analogue to (3.7).

6.2.2 Partition of unity

We denote by A, the continuous 7Tg-piecewise bilinear hat function associated
with the node z € Ny, i.e., it holds that A,(y) = d,. for all y € Ny, where ¢
denotes the Kronecker symbol. Here, we denoted by Ny the set of all (interior
and boundary) nodes of Ty. The SL-GFEM uses the hat functions

{AZ: ZENH}

as PU functions. The hat functions satisfy the PU property >\, A, =1 and
have an L*™-norm of one. Their gradients satisfy for all 2 € Ny that

VAL < ChHT, (6.8)
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6.2 Derivation of multi-scale method

where the constant C'y > 0 only depends on the shape regularity of 7. Denoting
S, = supp A, the shape regularity of Ty also implies that the maximal number
of overlapping supports {S, : z € Ny} is uniformly bounded. More precisely,
the number

Co = max #{zeNy: KCS.} (6.9)

is bounded uniformly as the coarse mesh is refined.

6.2.3 Local approximation spaces

Denoting by S := N,,(S.) the m-th order patch of S., cf. (3.11), the local
approximation space corresponding to node z € Ny is defined by restricting

Vi, = span{ﬁggm q: q€ P(S;”)} C Hy(S™) (6.10)

to S., where Lg» denotes the local solution operator on S7*, cf. (5.3). Due
to the oversampling, the restricted space has a low effective dimension. This
holds also true after multiplication with the hat function A, when gluing the
local approximation spaces together. Therefore, we investigate the optimal ap-
proximation of A,Vy,, . by n-dimensional subspaces Q(n) C Hg(S,). Given the
subspace @(n), the worst-case best approximation error is defined as

. ||sz_w”a,sz
sup inf ——F—F
0 Vit weQn)  |[V]lygm

The minimal worst-case best approximation error is known as Kolmogorov n-
width, cf. [Pin85], and is defined as

[Az0 —wll, s,

d?(H,m) =  inf sup  inf (6.11)

Q(n)CHL(S:) v € Vig . WEQ(R) Hvllaﬁ?

In fact, there exists a corresponding optimal local approximation space of di-
mension n, which we compute explicitly in the following. For this, we solve the
low-dimensional eigenvalue problem, which seeks eigenpairs (v, A) € Vg, X R
such that it holds

as, (Av, A,w) = Xagm (v, w) (6.12)

for all w € Vi, .. This eigenvalue problem has N = dim Vy,, ., eigenfunctions
denoted by {v; : i = 1,..., N}, where we assume an ordering such that the
corresponding eigenvalues satisfy Ay > Ay > -+ > Ay > 0. Defining

Vit m, = span{v; : i = 1,...,n},

the optimal local approximation space of dimension n is given by AV, .
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6 Super-Localized Generalized Finite Element Method

6.2.4 Global approximation space

The global approximation space of the SL-GFEM is obtained by gluing together
the above local approximation spaces using the PU, i.e.,

gfem | n
VHm n § : AZvH,m,z‘
ZENH

For measuring the overall error when approximating A,Vy,, . by spaces of di-
mension n, we introduce the quantity d" defined by

d"(H,m) == max d?(H,m). (6.13)

ZENH

The SL-GFEM approximation us™ € V& ig then defined such that

H,m,n Hm,n

AU, 0) = (f 5 0) 2 (6.14)

holds for all v € ngem The following two sections are devoted to the theoretical
investigation of the SL GFEM. In Section 6.3 we present an a posteriori error
analysis based on SLOD techniques, while in Section 6.4, we present a priori
error bounds using LOD arguments.

6.3 A posteriori error analysis

The subsequent a posteriori error analysis of the SL-GFEM is based on a connec-
tion to a higher order variant of the SLOD, which we will derive in the following.
We emphasize that this higher order variant serves theoretical purposes only and
therefore is not implemented in practice. The higher order SLOD is conceptu-
ally very similar to the SLOD from Chapter 5 with the main difference that
J = dim P(K) basis functions are constructed per mesh element instead of one
for the SLOD.

For the derivation of these basis functions, we fix an element K € Ty and
denote its m-th order patch by S := N,,(K). For the sake of readability, we
drop all fixed indices. For the indices j = 1,...,.J, we construct the prototypical
(global) basis functions associated to the element K by the ansatz ¢; = Lyg;
and denote their localized counterparts by 1; = Lgg;. Here, L (resp. Lg)
denotes the global (resp. local) solution operator, cf. (2.14) and (5.3). The source
terms g; € P(S) are henceforth determined such that the localization error is
minimal. Denoting ¥ = 9S\0D, we recall the definitions of the operators
trg: V(S) — X C HY2(X) and trg': X — V(S) in (5.7) and (5.8), where
V(S) = V|s. Transferring identity (5.9) to the higher order setting, we obtain
that the smallness of the localization error is equivalent to the (almost) L?*(.S)-
orthogonality of g; to the space Y = trg' X C V(S). Similar to (5.11), we
perform a SVD of the operator Iy |y, where I1y s denotes the restriction of 11y

96



6.3 A posteriori error analysis

to the local subspace P(S). The local source terms g; are then obtained as
the left singular vectors corresponding to the J smallest singular values. More
precisely with the notation from (5.11) and R = dim P(S), we choose the source
terms g; for j =1,...,J as

9j = qR—J+j- (6.15)
We emphasize that, by the definition of the SVD, the source terms g; are L*-
normalized. For all j =1,...,.J, we obtain that
sup (gj, U>L2(5') < OR—J+1,

vEY : [Jvlly(sy=1

cf. (5.13). Similar to (5.18), the localization error of the higher order SLOD is
determined by the quantity o defined as

o(H,m) = max ox(H,m), ox(H,m) = o0r_ji1. (6.16)
KeTy
Note that the dependence of o on the (fixed) polynomial degree p is not made
explicit here.

Numerically, one observes that o decays rapidly as the oversampling param-
eter m or the polynomial degree p are increased. For a study of the decay of o
in m, see Sections 5.4 and 5.6. There, for p = 0, numerical experiments have
been performed that suggest a super-exponential decay of ¢ in m. Pessimistic
exponential decay results for the case p = 0 were proved in Theorem 5.4.3. Note
that also for p > 0, numerical experiments indicate a super-exponential decay
of o as m is increased. Conversely, for fixed m, a rapid decay of ¢ in p can be
observed numerically, cf. Figure 6.1.

Since in the remainder the element K € 7Ty is not fixed but variable, it
needs to be included in the notation. Let us denote the source term, the global
basis function, and its localized counterpart corresponding to the element K
by 9K.m.js Prm,j, and Yg ., ;, respectively. For the error analysis of the SL-
GFEM we use the collocation variant of the higher order SLOD, cf. (5.15). Its
approximation is defined as

uitll?gm = Z CKJ‘ ¢K,m,ju (617)

KeTy

where the (ck ;) keTy, j=1.....s are the coeflicients of the expansion of Il f in terms
of the local source terms

{9xm;: K€Tu,j=1,...,J} (6.18)

We emphasize that, in order to obtain a reasonable approximation, the local
source terms and the corresponding basis functions need to be chosen in a stable
way. Similar to (5.17), we assume that the local source terms (6.18) form a Riesz
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Figure 6.1: Singular values of the operator Il g|y for a fixed patch S with m =1
and several values of p for problem (3.36). The dashed horizontal
lines indicate the singular values og_ 1, which determine the value
of o defined in (6.16).

basis of P(Ty), i.e., there exists C.(H, m) > 0 depending polynomially on H~*
and m such that

Cr_l(Ham) Z C%(,jg

E CK jIK m,j

< Cu(H,m) Y ¢ (6.19)

2
L2 KeThy
j= J

holds for all (CK,j)KETHJ:l 77777 J-

The following theorem provides an a posteriori error bound for the SL-GFEM
based on the higher order SLOD. This bound includes the local optimal approx-
imation error d" defined in (6.13), which can be bounded using Theorem 6.3.2.

Theorem 6.3.1 (A posteriori error bound for the SL-GFEM). For any
f € H*(Ty), s € Ng, the SL-GFEM approzimation (6.14) satisfies for k =
min{s,p+ 1} that

fi
lv = whmall,

S H" iy +m™ Y2 (H, m) (o(H,m) + Hd"(H,m)) || f]] 2,

where the hidden constant only depends on «, B, p, and the quasi-uniformity
and shape reqularity of Tg.

Proof. Applying Céa’s lemma (see, e.g., [EG04, Lem. 2.28]) yields that

fi
||u - u%’;{?nnzl,n

o S lu =l (6.20)
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6.3 A posteriori error analysis

for any v € Vﬁffn We denote by uSIOd the solution of the higher order colloca-

tion variant of the SLOD for the oversamphng parameter [ := |m/2], i.e

uirl = ekt (6.21)

KeTy
G=T,d

where the (ck ;) kery, j=1.....s are the coeflicients of the expansion of Il f in terms

of the local source terms {gx,;;: K € Ty,j=1,...,J}, cf. (6.17). Adding and

subtracting u%"ld in (6.20) and employing the triangle inequality yields that

lw = ufmnll, < llu—wgpll, + st = oll,- (6.22)

The first term is the error of the collocation variant of the higher order SLOD.
Using the approximation property (6.5) of the L2-projection, it is not difficult
to derive a higher order version of Theorem 5.3.2, i.e.,

Hu_uslod” < H1+k|f|Hk Ta) +Cl/2(H l)ld/2 (H l)HfHLz

which gives the desired bound for the first term in (6.22).
For the second term in (6.22), we choose v € Vﬁff;nn as the sum of functions
vy € Vi, to be specified later, i.e.,

v=Y Aol
ZGNH
Using the PU property of the hat functions »___,, A, =1, we obtain that

gt = ol2 = || 3 At = )| < Co 3 UMl D2

2N zeNH

where Cy) is defined in (6.9) and denotes the maximal number of overlapping
supports S,. For each z € ANpy, locally on S,, we replace uSIOd with uilloﬁz
defined by

slod .__ 1/aom
Ugi, = § ck VK € Hy (S7),
KcS!
G=1,..00

where the coefficients cg,; are defined in (6.21). As approximation to u$yf, in

the space Vi .., cf (6.10), we use

E ck,jVk1; € VEm,z

KcS!
G=1,00d

where 772)}(,1,]' = Lsngkyj € Viame.. Note that the difference between ¢y ;
and 9 ; is the local domain, where the local solution operator is applied to
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6 Super-Localized Generalized Finite Element Method

the common local source term gg, ;. Due to the rapid decay of 1k ;;, the
function ¥ ; is a good approximation to vk ;. We choose v} € Vp;,  as the
not necessarily unique element minimizing [|A,v, — A 07 ||, gm-
Abbreviating
1 slod 2

— — n
ez — uH,l,Z_UZ7 62 - UZ_UZ

and performing the local replacement mentioned above, we obtain that

2
1A= (ui = oD, g, < 2(1IAze;

z

2 2
as. T 1Ae200s.). (6.23)

where we added and subtracted v, and employed the triangle inequality. Using
the product rule and (6.8), we get for the first term on the right-hand side
of (6.23) that

2 _ 2 2
HAzeiHa,Sz < 25(012\['[ 2”eiHL2(SZ) + Hveiﬂy(sz))- (6.24)

Noting that by el € Hj(S™), we can apply Friedrichs’ inequality on S™ with
diam(S7") < mH to estimate the first term in (6.24). We obtain that

2 2 2
||€i||L2(sZ) < ||€i’||L2(S;") S mQHQHVeiHL%S;")' (6.25)
For the second term in (6.24), we use the trivial estimate
2 2
”VeiHL?(SZ) < HV@i”L?(S;n)’

which implies that in order to bound (6.24), it is sufficient to estimate the term
IVelll 2 (gmy- Denoting 2 := 0Si\ID, where S}, := Ny(K), we obtain, similar to
the proof of Theorem 5.3.1, for all v € V(S%) the following continuity estimate

| trg" try, Ullyesyy < (14 0715)”“”)/(55()-
Using this estimate, one can show that
(9x1g 015 trs ) pagqr ) < (L+ a7 B)a(H, Dllezllyst,)- (6.26)

By (5.9) and (6.26), the discrete Cauchy—Schwarz inequality, the finite overlap
of the patches S, and Friedrichs’ inequality, we obtain that

) .
aHVeiHLz(Sgn) < Z crja(Vr i — Vi, er)

KcS
j=1,...J
<(1+a'p)o(H,I) Z |CK,j|||€i||V(S}<)
KcS!
j=1,d

SA+a ' B)a(H NI ST IVl s

KcS!
j=1,...J
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6.3 A posteriori error analysis

Combining the previous estimate with (6.24) and (6.25) yields a bound for the
first term in (6.23).

To estimate the second term in (6.23), we use the definition of the Kolmogorov
n-width in (6.11), Friedrichs’ inequality on the patch S7* with diam(SZ*) < mH,
the discrete Cauchy—Schwarz inequality, and that the source terms g, ; are L*-
normalized. We obtain that

||Aze§||a,szSd"<H,m>||vz||a,s;n=d"<H,m>H£s;n S exsnis

KcS
j=1,..,J

a,STm

< d"(H,m)a "V *mH

E CK 9K 15

KcS!
G=1,.0J

< d"(H,m)a Y 2mH 192 ]2

L2(S)

The desired a posteriori error estimate of the SL-GFEM can then be concluded
by combining all previous estimates and utilizing that

Z Z C%(,j < m! Z C%(,j S Gi(H, m)dein?,

2eNyH KCSi 'KETH
G=1,..,J j=1,...,J

where we used (6.19), the fact that the (ck j)kery,, j=1..s are the coefficients
of the expansion of Il f in terms of the local source terms, cf. (6.17), and the
L?-stability of IIy. Finally, for the sake of readability, we replace | = |m/2]
with m. Using (5.27), this may introduce additional constants that change the
decay rate of o by a constant factor. O

Subsequently, we derive a bound for the local approximation error d" that
appears in the error bound from Theorem 6.3.1. To do this, we locally use
the higher order SLOD to construct basis functions of the spaces Vi, . defined
in (6.10). For a fixed node z € Ny, we treat the patch ST as the whole domain
and locally apply the higher order SLOD. For [ = 1,...,m — 1, this results in
the basis functions

{PKij=Lsmgrr;j: K S, j=1,...,J} (6.27)

with the source terms gr;; € P(S%), where Sk = St N S™ and I denotes the
local oversampling parameter. Here, we denote S% = N;(K) and use a tilde
to emphasize that the basis functions and source terms are, in general, not the
same as their counterparts in the global setting. The corresponding localized
basis functions are given by

{kij = Lg grcry: K TSI j=1,...,J}, (6.28)
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6 Super-Localized Generalized Finite Element Method

which are also in general different to their counterparts in the global setting.

Similarly as before, we need to measure for all K C S7* the orthogonality of
the source terms {gx;; : j=1,...,J} on the corresponding space of operator-
harmonic functions, cf. (6.16). Denotlng % == 95L\OST, this space of operator-
harmonic functions is in the local setting given by

trs,! trs (Ho(S2)lg )- (6.29)

Furthermore, similar to (5.11) and (6 16), we denote the singular values of Il
restricted to (6.29) by 61 > &9 > -+ > 6 > 0 and define

g(H,m,l) = ;2/%}; }{Hgg; 02K, Gok = OR—J4+1-
Note that the quantity & is strongly related to its counterpart o from (6.16).
For fixed H and m, one observes a rapid decay of & as the local oversampling
parameter [ is increased (the parameter [ in the local setting plays the role of m
in the global setting), cf. Figures 5.3 and 6.1.
In order to ensure the stability of the local basis, we need to require a local
variant of (6.19), i.e., we assume that for all patches S7* the set

{gKJJ'I KCSZL,]:L,J}

is a Riesz basis of P(S7"), i.e., there is é’r(H, m, 1) > 0 depending polynomially
on H~',m, and [ such that for all z € Ny it holds that

Y(H,m,I) Z cKJ < Z CK,]gK,l,J

Kcsm (S;”) Kcsm
G=1,.J =10 j=1,..,J

for all (CK,j)KcS;n,sz...,J-

The following theorem gives a bound of the local approximation error d” that
appears in the error bound of Theorem 6.3.1 using the local higher order SLOD
construction introduced above.

Theorem 6.3.2 (Bound on d"). The Kolmogorov n-width defined in (6.13) can
be estimated forl=1,...,m —1 as

d"(H,m) <mIY?H*CY*(H,m,1)é(H,m,l),
where n ~ 1%. The hidden constant only depends on o, B, p, and the quasi-
uniformity and shape reqularity of Tg.

Proof. For the proof, we fix the node z € Ny and the oversampling parameter m.
As an approximation space Q(n) of dimension n ~ ¢, we choose

Q(n) = span{Azz/;KJ,j KcSL,j=1,...,J}
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6.3 A posteriori error analysis

with the basis functions defined in (6.28). To approximate v, € Vi .., we
choose the element w, € Q(n) as

w, = A, Z CK YK 1Ljs
KcCSl
J=1,0rd
where the cg ; are the coefficients of the expansion of v, in terms of the basis
functions @k ; defined in (6.27). Note that by (6.30), the coefficients ck ; are
uniquely determined. We can estimate the spectral approximation error (6.11)
using the definitions of v, and w, as follows:

Az, — wZ”a,Sz

d?(H,m) = inf sup inf
Q(n)CHY(S2) vz € Vig,m,» w=€Q(n) v, Ha,s;n
Av, —w
< sup A:v: — 0ellas, (6.31)
UZGVH,m,z ||,UZH(LS?L
Denoting
e, = Z i (Pray — Yiuy) € Hy(ST)
KcsSt
j=1,nd

and using the product rule, the triangle inequality, and (6.8), we obtain for the
numerator in (6.31) that

B MIAL: — w5, < IV (A ooy < (CaH M eal ooy + Vel Laqsm)-

Applying Friedrichs’ inequality on the patch S7* with diam(S") < mH, we can
bound the first term against the second term, i.e.,

HeZHLQ(S;”) S mHHVeZHLQ(SQ’L)'

Note that the estimate (6.26) can be transferred to the local setting with &
instead of o. Using the finite overlap of the patches S, the discrete Cauchy—
Schwarz inequality, and Friedrichs’ inequality on S7*, we obtain that

A Ve:lfam < D exja(@ru; — Vi, e:)

KcS!
G=1,.d
<o ' Ba(Hm ) Y enllellm,
Kcst
=1

SA+a BN PeH m ) | Y & Vel sm.

KcS!
j=1,..J
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6 Super-Localized Generalized Finite Element Method

Adding the remaining coefficients cx ; from the expansion of v, in terms of
the ¢, ; and employing the local Riesz stability (6.30) yields that

E kKL

2

CY(H,m,) Z cfgj <

Kcsm Kcsm L2(S1)
j=1,....J j=1,....J
2
2 —2 ~
< Cp,H > ekl
Kcsm H=1(S)
j=1,...J
2 —2 2
S OBHBH ||vz |a,S;"7

where we used that by (6.6) and (6.7), it holds for all ¢ € P(S7") that

(Q7 U)L2 Sm _ (q, BHU)LQ sm
lall p2(gmy = sup B < Cp,H™'  sup (52)

ve HE(Sm) HUHL2(S;n) ve HE(Sm) HVBHUHL'Z(S;n)
< Cpy H Y qlli-1(smm)-

Combining the above estimates gives the assertion. O

Remark 6.3.3 (Choice of parameters). This remark specifies how to choose
the oversampling parameter m and the dimension of the local optimal approx-
imation spaces n in order to preserve the optimal order convergence in The-
orem 6.3.1. For m, the super-exponential decay (5.27) implies the condition
m 2 (log %)(d_l)/ 4. Using Theorem 6.3.2 and that & has similar decay proper-
ties as o, we obtain for n the condition n 2 (log %)d_l. Note that these choices
require the validity of (5.27), (6.19), and (6.30). For a (pessimistic) choice of
parameters that holds without additional assumptions, see Remark 6.4.4 below.

6.4 (Pessimistic) a priori error analysis

This section presents an a priori error analysis of the SL-GFEM based on a
higher order variant of the LOD that we derive below. Note that the exponential
localization properties of the LOD do not match the practically observed super-
exponential localization properties of the SLOD, cf. (5.27). Nevertheless, the
LOD construction has the decisive advantage that the stability of the basis is
guaranteed by construction and that its exponential localization properties can
be rigorously proved. This allows an a priori analysis without assumptions on
the stability of the basis and without conjectures on the decay of singular values,
cf. (5.27), (6.19), and (6.30).

The construction of the higher order LOD is similar to that of the LOD in
Chapter 3 with the main difference that a different fine-scale space W is used.
More precisely, instead of (2.17), we define W as the kernel of the higher order
L2-orthogonal projection (6.4), i.e.,

W = ker 1. (6.32)
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6.4 (Pessimistic) a priori error analysis

The constructions of the corrector C, the element correctors Cr, the localized
element correctors Cg ,,, and the localized corrector C,,, cf. (3.1), (3.15), (3.21),
and (3.23), can be performed analogously for the higher order fine-scale space
defined above. The basis functions of the higher order LOD are obtained by
adding localized corrections to the bubble functions from Section 6.2.1, i.e.,

Vl"d =span{(id — C,)br;: K €Ty, j=1,...,J}.

The approximation ulﬁdm € VlOd of the higher order LOD is then defined such
that it holds
(U, v) = (f, 0) 2. (6.33)
for all v € V10d
The followmg theorem gives an a priori error estimate for the SL-GFEM based
on the higher order LOD. Numerical experiments in Section 6.5 suggest that the

derived bound is pessimistic. However, compared to Theorem 6.3.1, it does not
rely on additional assumptions or conjectures.

Theorem 6.4.1 (A priori error bound for the SL-GFEM). For any f € H*(Tn),
s € Ny, the SL-GFEM approzimation (6.14) satisfies for k := min{s,p+ 1} that

lu = uimall, S H Fliany +m®2H 7 (m®2 exp(=Cam) + d* (H,m)) |||

Hmmn

where the decay rate Cq > 0 depends only on «, 3, p, and the shape reqularity
of Ta. The hidden constant has the same dependencies as Cq and additionally
depends on the quasi-uniformity of Ty.

Proof. We apply Céa’s lemma, which gives for any v € V& that

Hm,n
fem
[ = urpnll, < llu—2ll,. (6.34)
For the oversampling parameter [ :== |m/2|, we define the approximation
ull(;fil = (id - Cl)BHU,

which is not the higher order LOD solution (6.33) but has the same approx-
imation properties. This is an observation used in many proofs showing the

convergence of the LOD method, see, e.g., [Mai2l, Thm. 4.4]. Adding and

subtracting ulﬁ‘} in (6.34) and using the triangle inequality yields that

= ugmll, < llu— i, + luiz —oll,. (6.35)

The approximation properties of ulOd mentioned above yield for the first term
in (6.35) that

I — ulod” S HYF| flaniry + 172 H exp(—Cal) || £ 12
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6 Super-Localized Generalized Finite Element Method

with the decay rate Cq > 0. Note that Cq is not equal to, but has the same
dependencies as the decay rate in Lemma 3.3.1, and additionally depends on
the polynomial degree p.

To estimate the second term in (6.35), we choose v € Vﬁff;iln as the sum of
functions v € Vy7,, . to be specified later, i.e.,

v = Z A7
ZGNH
Using the PU property of the hat functions ), ~yy Az = 1, we then obtain that

2 2 2
g = wll2 = || D0 AsClgt = on)|| < Ca D IAa(ulgt — oI
2eNy “ 2eNyH

where C, defined in (6.9) denotes the maximal number of overlapping sup-

ports S,. For any z € Ny, we can replace ulf‘_}dl locally on S, with

“i‘(ﬁ,z = (id — Cl)(BHu]SzZ).

Hence, we define v7 € V},, _ as the (not necessarily unique) element minimizing
- n
the expression [|A,v, — A7 |, gm, Where

v, = (id — éz,m)(BHU‘Sg)

is an approximation to uj} .. Denoting W, ,, == {v € W : supp(v) C S"}, we

define the corrector C;m: YV — W, used above such that

asm (C.mv, w) = agm (v, w) (6.36)

holds for all w € W, ,,. Note that it holds v, € Vy,, ., which is a non-trivial
observation that can be concluded from Lemma 3.1.1.

Abbreviating

1. _lod 2 . n
ez -— uH,l,Z - UZ7 ez - UZ - UZ’

we obtain after performing the local replacement mentioned above that

o a2 2 2
1A (uia = o), o < 2(Aselll, s, + I1A€2], 5.)- (6.37)

Similar to (6.24), in order to bound the first term in (6.37), it suffices to bound
le2ll 2.y and [[Vel]l s,y It holds that

61, = (Cl - éz,m)<BHU|Slz) € Wz,ma

which in particular implies that el has vanishing element averages. Therefore,
we obtain by Poincaré’s inequality, cf. (2.25), that

2 2
|’€i\|L2(sz) S H2||V€i”L2(sz)-
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6.4 (Pessimistic) a priori error analysis

Hence, it is sufficient to estimate ||Ve?|| 12(s.) to obtain a bound for the first term
in (6.37). Given a function that is supported on S. (e.g., Byulst) the correction

operator C; coincides with the localization of (fz,m to [-th order patches. Thus,
we can apply a higher order version of the localization error estimate from
Lemma 3.3.3, here in the oversampling parameter . Using (6.7), it follows that

2 . 2
IVezllzegs,) < IV(C = Comn) Bruls)l s g
< O, H 21 exp(—=Cal)?[[ull 7251

< 1 exp(=Cal)*|IV (Brrulst) I

L2(S7")

For the second term in (6.37), we obtain by the definition of the Kolmogorov
n-width, the stability of id — C.,, (recall that by [Szy06|, the operators C.,,
and id — C, ,, have the same operator norms), and (6.7) that

1Aze2ll,.s. < d"(H,m)||v:l, 50 < BY2d"(H,m) [V (Bruls,)|
< Cp,H'pd"(H, m)||ul| 2 gst)-

L2(S1)

We note that by Friedrichs’ inequality (recall that D is scaled to unit size), it
holds that
lull 2 S VUl S @7 -

~

Combining the previous estimates, using the finite overlap of the patches S! and
replacing [ = |m/2] with m, which introduces additional constants and changes
the exponential decay rate Cq by a constant factor, the assertion follows. m

Remark 6.4.2 (Numerical pollution). In the error estimate of Theorem 6.4.1,
there is a factor of H~! in front of the localization and local approximation
error. In the proof, this factor is caused by the use of the operator By and
the corresponding estimate (6.7). Indeed, numerical experiments confirm the
presence of numerical pollution, see Section 6.5. For the LOD, we were able
to avoid such pollution by using a quasi-interpolation operator, cf. Chapter 3.
Note that such techniques are not directly applicable to the SL-GFEM, due
to difficulties arising from the combination of the PU approach and the quasi-
locality of the operator. Nevertheless, using a more sophisticated construction
of the local approximation spaces (6.10), it may be possible to eliminate the
pollution also for the SL-GFEM.

The following theorem gives an a priori bound of d" that is fully explicit in H
and m. This is the analogue of Theorem 6.3.2, which does not rely on any
additional assumptions or conjectures. Numerical experiments suggest that this
estimate is pessimistic.

Theorem 6.4.3 (Bound of d"). The Kolmogorov n-width defined in (6.13) can
be estimated forl=1,..., m—1 as

d"(H,m) < ml%? exp(—Cyl),
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6 Super-Localized Generalized Finite Element Method

where n ~ [%. The constant Cy is the same as in Theorem 6.4.1 and the hidden
constant depends only on «, 3, p, and the quasi-uniformity and shape reqularity

Of TH .

Proof. We consider a fixed node z € N and oversampling parameter m. Using
Lemma 3.1.1, it can be shown that for any v € Vi, . it holds that

v = (id — Cz,m)BHUa

where C,,, denotes the correction operator defined in (6.36). Furthermore, we
define the localized correction operator C; = xcsm Cr with respect to the

patch ST". Here, denoting Wfq ={veW: supp(v) C Sk NS™}, the element
correctors Cr ;. Hg(S™) — Wy, are defined such that

asm (éK,an w) = ar (v, w)

holds for all w € We.

As an approximation space Q(n) of dimension n = [4

, we choose
Q(n) = span{A.(id — C)bg,;: K C S, j=1,...,J}
and as approximation w, € Q(n) of the function v, € Vi, ., we employ

w, = Az(id — él)(BHvZ]Sé).

Using the approximation space Q(n) and the above defined choice of w,, we can
bound the Kolmogorov n-width as follows:

[ALv, — wzua,sz

d*(H.m) = inf sup inf
S(H,m) Q) CHY(S:) vz € Vigm o w=€QM)  [[Uz][ gm
S sup ’szz - wz”a,Sz
vz € VH,m,z ||UZ ||a,S;"

Abbreviating o
€z = (Cl - Cz,m)BHvza

we can estimate the numerator using (6.8) and
A.(id — C)(Bavs|s) = A.(id — C) By,
since
571/2”/\2712 - wZHa,SZ < HVAZ@ZHL2(SZ) < (CAHAHGZHL?(SZ) + Hvez”w(sz))-

It holds that e, € W, ,,, which implies that e! has vanishing element averages.
Thus, by Poincaré’s inequality, cf. (2.25), we get that

Hesz(sz) S Hﬂvez“p(sz)-
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6.5 Numerical experiments

Applying a localization error estimate similar to Lemma 3.3.3 to show that C,
approximates C, ,,, exponentially well and using (6.7) as well as Friedrichs’ in-
equality on the patch S7* with diam(S7") < mH, we get that

A = well, 5, < BY2(Ch+ DIIVes]l aom)
< BY2(Ch + DI exp(=Cal) [V Brv|l 12 sm
< Cp,m1*?a 2812 (Cy + 1) exp(—Cal)|v:|l, gm-

After combining the previous estimates, the assertion follows. O

Remark 6.4.4 (Pessimistic choice of parameters). This remark specifies how
to choose the oversampling parameter m and the dimension of the local optimal
approximating spaces n in order to guarantee optimal order convergence in
Theorem 6.4.1. For m, we obtain the oversampling condition m 2 log(%), which
is the same as for the LOD, cf. Theorem 3.4.2. Furthermore, by Theorem 6.4.3
we get for the dimension of the local approximation spaces that n 2 (log %)d.
We emphasize that these choices of m and n guarantee, without any assumptions
or conjectures, optimal order convergence of the SL-GFEM. However, numerical
experiments suggest that these conditions are pessimistic. The choices from

Remark 6.3.3 seem to be more accurate in practice.

6.5 Numerical experiments

This section is devoted to the numerical study of the SL-GFEM. Similar to the
LOD in Section 3.5 and the SLOD in Section 5.5, we need to perform a fine-scale
discretization of the SL-GFEM in order to obtain a practical implementation.
Denoting by 7, a fine mesh obtained by uniform refinement of 7y, we replace
the infinite-dimensional space V in the definition of the SL-GFEM by its finite-
dimensional fine-scale FE counterpart with respect to 7. Similar to Section 3.5
for the LOD, we expect that the theoretical results of the SL-GFEM remain
valid in the fully discrete setting. The SL-GFEM is implemented in the Python
library gridlod [HK17|. The source code can be found at [Fre+22b|. Note that,
similar to the LOD and SLOD, all patch problems can be solved independently.
The implementation takes advantage of this by solving all local patch problems
in parallel. Note that the provided implementation supports computation on
large parallel clusters.

In all numerical experiments we consider the domain D = (0,1)? equipped
with uniform Cartesian meshes 7Ty, where the mesh size denotes the side length
of the elements instead of their diameter. For the fine-scale discretization, we
use the uniform Cartesian mesh 75-10, which resolves all fine-scale features of
the considered coefficients. In the following, all errors are relative errors with
respect to the energy norm. The fine-scale FE solution is used as the reference
solution for the error computation.
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Figure 6.2: Errors of the SL-GFEM and SLOD for multiple choices of n and m
as functions of H. The dotted line indicates the expected rate of
convergence.

Optimal order convergence

To numerically verify the optimal order convergence properties of the SL-GFEM,
we consider an elliptic model problem posed on the domain D = (0,1)? with
homogeneous Dirichlet boundary conditions. The considered coefficient A is
piecewise constant with respect to the mesh 75-s and has element values, which
are realizations of independent uniformly distributed random variables in the
interval [1, 100], see Figure 3.3 for a depiction of a similar coefficient. Similar to
the previous chapters, we use the smooth source term defined by

f(z1,29) = (w1 + cos(3mmy)) - 5. (6.38)

In Figure 6.2, we observe second order convergence of the SL-GFEM provided
that the dimension of the local approximation space n and the oversampling pa-
rameter m are chosen sufficiently large. Recalling that f € H'(D), this is in line
with the theoretical predictions in Theorems 6.3.1 and 6.4.1. Note that, similar
to the SLOD, also the SL-GFEM shows numerical pollution for fixed values of m
and n. The presence of pollution has already been predicted by Theorem 6.4.1,
see also Remark 6.4.2. To obtain optimal order approximations, the parame-
ters m and n need to be increased with the mesh size H, see Remarks 6.3.3
and 6.4.4. Notably, the errors of the SL-GFEM are smaller by nearly one order
of magnitude compared to the errors of the SLOD. Since this effect only ap-
pears for non-trivial coefficients A, it is most likely related to the contrast of the
coefficient. More numerical experiments investigating the contrast dependence
can be found in the remainder of this section.
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Figure 6.3: Error of the SL-GFEM for multiple choices of n as a function of m
for the fixed coarse mesh 75-5. As reference, also the respective
errors of the SLOD are shown.

Super-exponential localization

In this numerical experiment, we investigate the localization properties of the
SL-GFEM. For this, we use the same setting as in the previous numerical exper-
iment, but this time with the source term f = 1. As a result of this choice, the
optimal order term in Theorems 6.3.1 and 6.4.1 vanishes and only the localiza-
tion error and the approximation error d" are present. Figure 6.3 shows a rapid
decay of the localization error in m and n, which is in line with Theorems 6.3.1
and 6.4.1. Note that the parameter m determines the theoretically achievable
error, while n determines the actual error within the range of achievable er-
rors. For the SLOD, the super-exponential decay of the localization error can
be observed, cf. (5.27). It can be observed that the SL-GFEM is able to achieve
localization errors similar in magnitude to that of the SLOD, provided that n
is chosen sufficiently large.

High-contrast channeled coefficients

One of the major challenges for multi-scale methods is their sensitivity to
high-contrast channeled coefficients. To study the contrast dependence of the
SL-GFEM, we consider for a given v > 0 the coefficient A, which is constructed
by adding four channels of conductivity v to the coefficient used in the previ-
ous numerical experiments. For an illustration of the coefficient, we refer to
Figure 6.4. In this numerical experiment we again study the localization of the
SL-GFEM and therefore consider the same setup as in the previous localization
experiment. Figure 6.5 shows that the SL-GFEM is largely unaffected by large
values of 7. In contrast, for the SLOD, the best practical realization known until
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Figure 6.4: Coefficients Ajps (left) and A7 (right) with a maximum contrast of
10* and 107, respectively. Some of the channels touch the boundary,
while others stop before.

now (cf. Section 5.5) yields a basis with deteriorating stability as « is increased.
This corresponds to growing constants in (5.17) or (6.19) and (6.30) and explains
the worse performance of the SLOD for v = 107 compared to v = 10*. Notably,
compared to Section 6.5, the SL-GFEM does not require a higher dimension
of the local approximation spaces n in order to retain a good approximation
quality, suggesting that the choice of n is not affected by the contrast.

Higher order polynomials

One key benefit of the proposed method is its flexibility with regard to the
choice of polynomial degree, i.e., the construction of higher order methods is
straightforward. While the previous numerical experiments have investigated
the performance of the SL-GFEM for the polynomial degree p = 0, this experi-
ment also considers higher polynomial degrees. We use the setup from the first
numerical experiment with the non-polynomial source term (6.38). Figure 6.6
shows that, for n and m sufficiently large, the SL-GFEM of degree p converges
with an order of p+2. Recalling that f is sufficiently smooth, this is in line with
the theoretical predictions in Theorems 6.3.1 and 6.4.1. Note that the choice
of n needs to be adapted to p. More precisely, we observe that n needs to be
increased linearly with p. Also an adaptive choice of n based on the size of the
eigenvalues of problem (6.12) seems possible.
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6.5 Numerical experiments
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7 Reduced Basis Super-Localized
Orthogonal Decomposition for
reaction—convection—diffusion
problems

Given a parameter-dependent PDE, reduced basis (RB) methods are a remark-
able tool for computing approximations for arbitrary parameter values at low
computational cost, see, e.g., the textbooks [QMN15; HRS16]. As approxi-
mation space, RB methods use a typically low-dimensional space spanned by
global snapshots of the problem under consideration. For any parameter value,
the approximation is then obtained by performing a Galerkin approach in this
snapshot space. The online complexity of RB methods typically depends mainly
on the dimension of the snapshot space.

However, for parameter-dependent multiscale PDEs, RB methods based on
global snapshot computations can easily become intractable. To overcome such
limitations, this chapter introduces the Reduced Basis Super-Localized Orthog-
onal Decomposition (RB-SLOD), using the reaction—convection—diffusion prob-
lem with parameter-dependent multi-scale coefficients as a model problem. For
any given parameter value, the RB-SLOD allows one to quickly generate coarse-
scale models of the considered problem. These coarse-scale models accurately
capture the effective behavior of the problem and thus provide reliable approxi-
mations even in underresolved regimes. Due to their typically small dimension,
the coarse-scale models can be solved at low computational cost.

The RB-SLOD is a combination of the SLOD from Chapter 5 with the RB
method. More specifically, we use the RB to accelerate the typically expensive
(local) SLOD basis computation, while we use the SLOD to efficiently compress
the PDE operator into a coarse-scale model. Note that the unique localization
properties of the SLOD allow one to perform the snapshot computation of the
RB on particularly small patches, which is key to the low offline and online
complexity of the algorithm. A major strength of the RB-SLOD is that it is
affected only by the parameters appearing in the PDE operator and not by
parametric, possibly non-affine, source terms. For such source terms, classical
RB approaches require appropriate interpolation methods such as the empirical
interpolation method [Bar+-04|, which adds to the overall computational cost.

The ability of the RB-SLOD to tackle challenging parametric multi-scale
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7 Reduced Basis SLOD for reaction—convection—diffusion problems

PDEs is due to its local snapshot computation. We emphasize that a lo-
cal snapshot computation can also be achieved by domain decomposition ap-
proaches or other multi-scale methods. Approaches based on domain decompo-
sition include the Reduced Basis Element method [MR02; KOH11; APQ16;
HKP12; IQR12|, the Localized Reduced Basis Multiscale method [Alb+12;
OS15], and the Arbitrary Local Modifications method [Buh+17]. Other ap-
proaches that use multi-scale methods to localize the snapshot computation
include the RB-MsFEM [HZZ15|, the RB-HMM [AB12; AB13|, and the RB-
LOD [AH15; KR21|. For an overview of localized model reduction techniques
for parametric PDEs, see [Buh+21].

The content and presentation of the following chapter is primarily based on
the preprint article

[BHP22| F. Bonizzoni, M. Hauck, and D. Peterseim. “A reduced basis
super-localized orthogonal decomposition for reaction—convection—
diffusion problems”. In: arXiv preprint 2211.15221 (2022)

7.1 Parametric reaction—convection—diffusion
problem

Let D C R% be a bounded polytopal Lipschitz domain, which is assumed to be
scaled to unit size. Furthermore, let M C RP, p € N be a compact parameter set
with parameters denoted by p. We consider a parametric reaction—convection—
diffusion problem posed on D with parameters from M, i.e.,

—div(A,Vu,) + ¢, - Vu, +ru, = f, (7.1)

where 7, ¢,, and A, denote the reaction, convection, and diffusion coefficients,
respectively and f € L?(D) is a parameter-independent source term. We as-
sume that r, € L*(D) and ¢, € L*(D,R?%) with L*-norms bounded uni-
formly in the parameter ;. Furthermore, we assume that the diffusion coeffi-
cient A, € L>(D,R%?) is symmetric and uniformly positive definite, i.e., there
exist parameter-independent constants A, A with 0 < A < A < oo such that

MEP <€+ (Au(x)€) < Al (7.2)

holds for almost all z € D and all 4 € M and ¢ € R, where | - | denotes the
Euclidean norm of RY.

For the well-posedness of the problem (7.1), we need to impose suitable bound-
ary conditions. We consider a decomposition of the boundary 0D into the closed
boundary segments I'1, 'y, and I's, i.e., 9D = 'y UI'yUI's, where the intersection
of the interior of the components is pairwise disjoint. Given this decomposition,
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7.1 Parametric reaction—convection—diffusion problem

we impose the mixed boundary conditions

(A, Vu,) - v=0 on I'y,
(A, Vu,) v+d,u=0 on I'y, (7.3)

u, =0 on I's,

where v denotes the outer unit normal vector and d,, € L>(I'y) is a non-negative
function with L*°-norm uniformly bounded in pu.
As solution space of the above reaction—convection—diffusion problem, we use

V:={ve H (D) : v|p, = 0}.

We equip V with the standard H'-inner product and the corresponding induced
norm, denoted by (-, -),, and || - ||,,, respectively, cf. (2.1). For fixed parameter
values © € M, the weak formulation of (7.1) with the boundary conditions (7.3)
seeks u, € V such that

au(umv) = (fa U)LQ (74)
holds for all v € V, where the bilinear form a,: V x V — R is given by

au(u,v) = (A, Vu, Vv) 2+ (cu - Vu, v) s + (ruw, v) 2 + (du; ) 2,

Under standard assumptions on the coeflicients d,,r,, and ¢, (see, e.g., the
textbook [KA03, Ch. 3.2|), one can prove the uniform coercivity and continuity
of the bilinear form a,, i.e., there exist parameter-independent constants «, 3
with 0 < @ < 8 < oo such that

au(v,0) 2 allolly,  au(v,w) < Bllvllyllwll, (7.5)

holds for all v,w € V. If these conditions hold, the well-posedness of (7.4) for
any parameter value follows directly using the Lax—Milgram theorem (see, e.g.,
[Alt16, Thm. 6.2]).

As usual in the RB context, we assume that the bilinear form a, can be
affinely decomposed into () € N terms as follows:

a(u,v) = Z 0q(11)bg(u, v) (7.6)

q=1

with parameter-independent continuous bilinear forms b,: V xV — R and mea-
surable functions §,: M — R. Note that theoretically there are no restrictions
on the number of summands @ in (7.6). However, for RB methods, there are
typically practical limitations on () and smoothness requirements with respect
to u, see, e.g., [QMN15, Ch. 5]. In fact, for large @ or lack of smoothness, the
offline phase of RB methods (including the RB-SLOD) becomes increasingly
expensive due to the large amount of precomputation required. In such cases,
RB approaches may not be worthwhile.
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Note that if an affine decomposition of a,, is not available, one can use the em-
pirical interpolation method [Bar+04] to compute affine approximations of the
PDE coefficients d,,, r,,, c,,, and A,. The RB-SLOD can then be applied to these
approximated coefficients. Note that the number of terms in such approximate
affine decompositions depends on the smoothness of the coefficient with respect
to u, i.e., for a given accuracy, smoother coefficients can be approximated by
sums of fewer terms.

Let us recall some notation that we will use frequently in the remainder of
this chapter. In the following, we denote by V' the dual space of V (recall that
we only consider real functions). For a fixed parameter p € M, we further
denote by £,: V' — V the solution operator associated with the problem (7.4),
cf. (2.14). Furthermore, for subsets S C D we denote by ag,(-,-), bsq(:,-),
(s ysy» and || - [l the restrictions of a,(-,-), by(+,-), (-, -)y, and || - ||, to S,
cf. Section 2.1. Recalling the definition of the local solution space Vg in (5.2),
we define for any parameter value the local solution operator Lg,: Vi — Vg
analogously to (5.3). Here, Vi denotes the dual space of Vg.

7.2 Reinterpretation of prototypical
approximation

This section motivates the definition of the prototypical operator-adapted ap-
proximation spaces in Chapter 2 by a RB approach in the source term. We fix
the parameter u € M and consider the source term fy € H*(D), s € [0,1] de-
pending on another parameter 9. Besides its H*-regularity, the source term fy
can be a general parameter-dependent function, which depends on ¢ in a non-
smooth and non-affine way. For non-affine source terms, one typically computes
an approximate affine decomposition using appropriate interpolation techniques,
e.g., the empirical interpolation method, cf. [Bar+04]. Note that sophisticated
interpolation methods such as the empirical interpolation method may be inef-
fective here due to the lack of smoothness. The L?-orthogonal projection onto
Tr-piecewise constants denoted by 11%: L*(D) — P°(Ty), cf. (2.23), has opti-
mal approximation properties for general H®-regular functions. Therefore, we
use the following approximate affine decomposition:

MG fo = Y (% fo)lx 1k

KeTy

The general parameter dependence of fy motivates to choose the RB space
as L, P°(Ty), which is exactly the prototypical operator-adapted trial space
from Chapter 2, cf. (2.15). This space is not adapted to the parameter depen-
dence of fy and therefore suited for approximating all H®-regular source terms.
Since one can only expect an algebraic decay of the approximation error in the
number of basis functions, cf. Lemma 2.3.3, the dimension of the above RB space
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is typically large. Moreover, its canonical basis functions {£,1x : K € Ty} are
non-local and decay very slowly, cf. Figure 2.2. Therefore, such approaches are
infeasible in practice without modification.

In the following, we will again concentrate on parameter-dependent PDE
operators and omit the parameter dependence in the source term. The next
section presents a variant of the SLOD that can be used to localize the basis
computation, thereby deriving a practical method.

7.3 Super-Localized Orthogonal Decomposition
revisited

For a fixed parameter value u € M, this section introduces a variant of the
SLOD that will prove particularly useful in the RB context. This variant will
be used in Section 7.4 as the basis for deriving the RB-SLOD.

First, we introduce some preliminaries regarding the explicit computation of
norms associated with traces and conormal derivatives. For this, we fix the
element K € Ty and abbreviate its m-th order patch by S :=N,,(K). We as-
sume that the patch S does not coincide with the whole domain D. Denoting
Y = 0S5\0D, we recall the definition of the trace operator try and its image X
from (5.7). As a subspace of H'/?(¥), we can endow X with the norm

Jwllx = nt{||v]lyg : veV(S), trsv=w}. (7.7)

Note that, by the definition of the X-norm, the operator try is continuous
independent of the patch geometry, i.e., it holds that

[trsollx < lvllye) (7.8)

for all v € V(S). The X-norm of a function w € X can be computed explicitly
by generalizing the textbook result from [BF91, Ch. I11.1, Eq. (1.5)]. One can
prove the identity |luylly sy = [lw|[x, where u, € V(S) is the weak solution to
the following boundary value problem:

—Aty +uy, =0 in S,
Uy =W 0N X,
Vi, -v=0 ondSN(Ihyuly),
Uy =0 ondSNIs.

The proof of this result is rather standard and can be found in [BHP22, Lem. 3.1].
A direct consequence of this result is that the right-inverse of try defined by
trg': X — V(S), trg'w = u,, is continuous with

e wlly sy = lwllx (7.9)
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7 Reduced Basis SLOD for reaction—convection—diffusion problems

for all w € X. Furthermore, this representation of the X-norm allows one
to explicitly compute the X’-norm of a functional ¢ € X’. Generalizing the
textbook result [BF91, Ch. II1.1, Eq. (1.8)], we obtain that

[ugllyisy = llallx, (7.10)
where u, € V(5) is the weak solution to the following boundary value problem:
—Au,+u, =0 inS,
Vu, - v=¢q on,
Vu,-v=0 ondSnN([1uly),
u, =0 ondSNTs;.

(7.11)

The proof of this result again uses rather standard arguments and can be found
in [BHP22, Lem. 3.2].

In the remainder of this section, we use the tools introduced above to derive
the proposed variant of the SLOD. Since we consider a fixed element K € Ty, we
drop all fixed indices if they are not explicitly needed. Similar to Section 5.2, the
global SLOD basis function ¢ associated with the fixed element K is given by the
ansatz ¢ = L,,g, where g € P°(S) is an L?-normalized local source term to be
determined, cf. (5.5). The corresponding localized basis function ¢ is obtained
by replacing the global solution operator by the local one, i.e., ¥ == Lg,g € Vs,
cf. (5.6).

The conormal derivative of ¢ at the boundary segment ¥ is a functional in X',
which is defined for all w € X by

(A VY - v,w)xix = ag,, (¥, trs'w) — (g, trglw)LQ(S), (7.12)

where (-, ) x/»x denotes the duality pairing. Note that the conormal derivative
is independent of the choice of the extension operator trgl. There is a close
relation between the conormal derivative of ¢ and the size of the localization
error. More precisely, it holds that

a#(w - ¥, U) =as,, <w7 U) - (gvv)LQ(S) = <Auvw v, try U‘S>X'><X (713>

for all v € V. For the sake of notation, we introduce the operator R, which
maps ¢ to the function u, solving (7.11) for ¢ = A, V¢ - v € X’ (recall that

1/1 = £57ug c V5>, i.e.,
R: PYS) = V(9), g+ u,. (7.14)
We choose the local source term ¢ as the solution to the minimization problem

Rpl}
g € argmin —H HV(S)

5 , (7.15)
pePO(S) HpHL2(S)

which, by (7.10) and (7.13), guarantees a small localization error. Regarding
the possible non-uniqueness of the choice (7.15), we refer to Section 5.2, where
this was discussed for the SLOD.
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Remark 7.3.1 (Comparison to the SLOD from Chapter 5). In this remark we
use the notation from Section 5.2, i.e., trg1 denotes the local operator-harmonic
extension defined in (5.8). Then, the choice (7.15) for g can be rewritten as the
solution to the following minimization problem:

' -1
arg min sup (g, trg w) 12|
gePO(S): llgllp2(sy=1 weX: |lwllx=1

This alternative characterization allows one to see the subtle difference to the
choice (5.12) of the SLOD from Chapter 5. While there the supremum was
taken over local operator-harmonic functions, here the supremum is taken over
traces. Although one can identify traces with operator-harmonic functions and
vice versa, the difference lies in the norms being considered, which are equivalent
but not the same.

Note that solving the problem (7.15) is equivalent to computing the eigen-
vector corresponding to the smallest eigenvalue of the generalized eigenvalue

problem
Cx = ADx. (7.16)

Denoting by J the number of coarse elements in S, the matrices C, D € R/*/
are defined by

Ci = (Rlg; , RlKi)V(Sy D;; = (1g; , 1K¢)L2(S)7

where {K; : j=1,...J} is some numbering of the coarse elements in S.
Similar to (5.18), we measure the localization error when replacing ¢ with its
local counterpart 1 using the local error indicator

Ok = 0k u(H,m) = ”RQHV(S)‘

It coincides with the X’-norm of the conormal derivative of . Taking the
maximum over all elements, we get the following error indicator for the overall
localization error of the method:

o, =0,(H,m) = IaX Ok - (7.17)
We emphasize that the decay results in Section 5.4 also apply to ¢,. This means
that we practically observe a super-exponential decay of o, in m and that we
can prove an exponential decay in m, cf. (5.27) and (5.39). In the following, we
denote the local source term, the global basis function, and its localized counter-
part associated with the element K by g m. s K mp, and ¥k .. The proposed
SLOD variant uses the collocation ansatz of (5.15), i.e., denoting by (¢x)xeTy,
the coefficients of the expansion of II% f in terms of the basis functions g m .,
we define its approximation as

usfllc,)?n,u = Z CK wK,m,,u- (718)

KeTy
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7 Reduced Basis SLOD for reaction—convection—diffusion problems

Since no inner products between basis functions need to be computed, the as-
sembly of the coarse system is very cheap. This makes the collocation approach
well suited for RB applications.

7.4 Reduced Basis Super-Localized Orthogonal
Decomposition

This section introduces the RB-SLOD, which combines the SLOD variant pre-
sented in the previous section with a RB approach. For any parameter value, the
RB-SLOD is able to quickly generate accurate coarse scale models of the para-
metric multi-scale PDE under consideration. The RB-SLOD algorithm consists
of an offline phase and an online phase. The offline phase is run only once and
performs precomputations that are used in the online phase to quickly compute
the RB-SLOD approximations.

7.4.1 Offline phase

We now return to the local perspective and consider the element K € Ty with
its patch S := N,,(K). Given a parameter u € M, most of the computational
time for computing the SLOD basis function ¢ and its associated local source
term ¢ is spent on computing the set

{xr,: T CS},
where for all elements T' C S, we define
XT,u = ﬁg#lT. (719)

We derive a RB approach to obtain approximations of 7, that can be evaluated
quickly. From now on we also fix the element 7" C S and omit the corresponding
subscript for better readability.

Initialization

In RB approaches, one usually first selects a training set of parameters, denoted
by M" C M, of prescribed size M € N. Possible options for selecting its
elements are random sampling approaches or structured grids. We also initialize
the sets of RB parameters M™ and functions W', which will be used later
to store iteratively selected important parameter and function pairs. For a
pseudocode implementation, see Algorithm 1.

Error estimation

Suppose we have already chosen the following sets of RB parameters and cor-
responding RB functions:

Mrb:{ulw--hulz}? Wrb:{x,uu"'ax;u}-
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Algorithm 1 Offline — Initialization with starting parameters.

1: MY« {uq, ..., up} with selected parameters from M
2: M™ {ul}
3: W™ = {Xp } with x,,, = L, 17

Given a new parameter y € M\ M™  we then need to
1. compute an approximation Xzb to x, = Lg,1r in the span of W and
2. efficiently estimate the corresponding approximation error.

An approximation of y, is obtained by computing the Galerkin projection onto
the span of W™, i.e., we seek x> = S Xy, € span W™ such that

aS#(XLba ’LU) = aS,u(X,ua w) = (1T> w)LQ(S) (720)

holds for all w € span W™. By choosing the elements of W™ as test functions
in (7.20), we get a small linear system with the unknowns (¢;)f;. Note that x,,
itself is not needed to compute the approximation.

To estimate the error made when approximating x, by Xﬂ“, we use the Riesz
representation 7, € Vg of the residual functional, which satisfies

(7o w)v(s) = aS,u(XLb7 w) —(1r, w)L2(S) (7.21)
for all w € Vg. We then define the a posteriori error estimator
Ay = ||Tu||v(s)a (7.22)
which is proved to be reliable and efficient in the following lemma.

Lemma 7.4.1 (Reliability and efficiency of the estimator). For any parameter
p € MI\M™ the RB error can be bounded from below and above by A, i.e.,
it holds that

-1 rb -1
B AN S ||XM - Xu Hv(s) S «a AM'

Proof. We define e == x,, — XLb- Using (7.5) and (7.21) together with Vg C V,
we obtain that

2 r
HTMHV(S) = aS,u(Xub>Tu) —(1r, Tu)m(s) = —asu(e, ) < BHGHV(S)HTMHV(Sy

which, after dividing by ||TM||V(S)7 implies the first inequality. Similarly, we get
for the second inequality that

2 T
allellys) < aspule,e) = (Ar, €) 2 — asu(Xys€) < ITullys el O
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Using the affine decomposition (7.6) and recalling that XLb = Zle CIXyu, the
a posteriori error estimator can be computed efficiently as

L

Q
q=1

=1

where the s,; € Vg are defined such that
(31171 ) w)v(s) = bS,q(XT,uw w) (7.24)
holds for all w € Vg, and p € Vg is defined such that it holds

(p7 w)V(S) = (]—Ta w)L2(S) (725)

for all w € Vg.
Denoting for any ¢ the sets that store the functions {s,; : { =1,...,L} by S,
we can initialize the Riesz representations as shown in Algorithm 2.

Algorithm 2 Offline — Initialization of Riesz representations.
1: forg=1,...,Q do
2: Sy < {841} with s, solving (7.24)
3: end for
4: compute p by (7.25)

Greedy search

The greedy search algorithm iterates through the parameters u € M"\ M™
and, for each u, estimates the error made when approximating x, by Xzb us-
ing the error estimator A, from (7.22). It selects the parameter ;o for which
the estimator is largest and adds it to the set M™. We also compute the cor-
responding function y, by (7.19) and add it to the set W™. For numerical
stability reasons, we perform an orthogonalization with respect to (-, -)V( g) Us-
ing a Gram—Schmidt-type algorithm. Note that due to the typically small size
of W' numerical stability issues of the Gram-Schmidt algorithm are not no-
ticeable in practice. Given a tolerance tol > 0, this procedure is then repeated
until the training error satisfies the relative stopping criterion

max,c pir A

trerr(L) = £ < tol (7.26)

HpHV(S)

with p defined in (7.25). Note that it is justified to use p instead of y,, since

12llesy = 1Trllvy = Ixullys),
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Algorithm 3 Offline — Greedy search.

max Ay

. tr
1: while 22~
||PHV(S)

L+ #M™
// compute error estimators
for y € M™\M™ do
compute Xzb by (7.20)
compute 7, by (7.23)
Ap = [I7ullys) by (7.22)
end for
// select element with largest estimator

pr+1 < argmax A,
MeM(‘,r\Mrb

11: M MPUpp
12: compute x,,, ., by (7.19)
132 WP WP U{xu..}

> tol do

>—~
@

14: // update Riesz representations

15: forg=1,...,Q do

16: Sq — Sq U {Sq,LJrl} with Sq,L+1 by (724)
17: end for

18: end while

which means that both quantities have the same scaling in H. Note that the
hidden constants only depend on o and 3. Algorithm 3 shows an implementation
of the greedy search in pseudocode.

Note that the computation of XLb in Line 5 of Algorithm 3 can be accelerated
using the affine decomposition (7.6). After selecting an element p, 1, adding it
to M™, and computing Xuzs.» One can precompute the inner products

<1T7 X!LL+1)L2(S)7 bS,q<Xm’XuL+1)

forallg=1,...,Q and [ = 1,..., L. Such precomputations are essential since
the training set M is typically large and the small linear system (7.20) in
Line 5 must therefore be solved many times. By precomputation, we are able
to reduce the complexity of Line 5 to polynomial complexity in J, where J is
the number of coarse elements in S.

In practice, provided that the bilinear form a, depends smoothly on the pa-
rameter p, one typically observes a (sub-)exponential decay of the training er-
ror (7.26), i.e., there exist v > 0 and a constant C' > 0, such that

trerr(L) < exp(—CL") (7.27)

holds for all L € N. For a numerical demonstration of the decay, see Sec-
tion 7.6. The theoretical derivation of such explicit decay rates is difficult, see,
e.g., [Buf+12; AH15; OR16] for some theoretical results.
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Note that the above computations need to be repeated for all ' C N,,(K)
and all K € Ty, which can be done in parallel. Hence, the final output of the
offline phase is a collection of sets of RB functions W*™.

7.4.2 Online phase

Given an arbitrary parameter value 1 € M, the online phase quickly computes
approximate SLOD basis functions and corresponding approximate local source
terms using the computations performed in the offline phase. The RB-SLOD
approximation is then obtained by solving a sparse coarse linear system.

Basis computation

Next, we use the RB techniques introduced above to construct a rapidly com-
putable approximation of the SLOD basis function ¢ corresponding to the ele-
ment K. This approximation, denoted by ¥, is given by

Y= erxd, (7.28)

TCS

where we denote by ngfﬂ the RB approximation of xr,, cf. (7.20). To determine
the coefficients (c¢7)rcs above, we will use an approach similar to (7.15). Note,
however, that due to the RB approximation, 1™ in general does not have an
L?-regular source term with respect to the local PDE operator. Since the L2-
regularity is necessary to define a conormal derivative in the sense of (7.12), a
straightforward application of the approach of Section 7.3 is not possible.

We denote by ¢™ an analogue to the non-existent local source term. It can
be defined as

9" = Z crlr, (7.29)

where the coefficients are the same as in (7.28). Recalling the definition of the
extension operator trg,': V(S) — X in (5.7), we can define an analogue to the
conormal derivative of ™ for all w € X as follows:

<A,N¢fb CUW) Xk x = ag,u(z/fb, tr;w) — (grb,trglw)Lz(S). (7.30)

This functional is an element of X’ which, unlike (7.12), depends on the choice
of the extension operator, i.e., for two different extension operators, the respec-
tive functionals in general do not coincide. However, we will prove that the
X’-norm of their difference is bounded by the tolerance of the greedy search
algorithm (7.26); see the proof of Theorem 7.5.1. Hence, the functionals corre-
sponding to different extension operators (almost) coincide for small tolerances.

We introduce the operator R™, which maps g™ to u, € V(S) solving (7.11)
for g= A, VY™ v e X ie,

R™: PYUS) — V(S).
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7.4 Reduced Basis Super-Localized Orthogonal Decomposition

Similar to (7.15), we then choose the local source term ¢*™ as the solution to the
minimization problem

rb,, |2
g € argmin M, (7.31)
pePO(S) ||p||L2(S)
where we again refer to Section 5.2 regarding possible non-uniqueness issues.
Note that the above problem is again equivalent to a low-dimensional eigen-
value problem similar to (7.16). The low-dimensional matrices in the eigenvalue
problem can be quickly assembled using a suitable approximation of the X’
norm. Such approximations are discussed in Section 7.4.3. We refer to Fig-
ure 7.5 for a illustration of g™ and ™ for different parameter choices.
The above basis computation needs to be repeated for all K € Ty. For an
implementation of the basis computation in pseudocode, see Algorithm 4. The

Algorithm 4 Online — RB-SLOD basis computation.
1: B, G+ {}
2: for K € Ty do
// compute RB approximations
for T'C N,,,(K) do
compute xi?, by (7.20)
end for
// compute and save basis functions
compute gKm# by (7.31)
G« gu {gKm )
10: obtain Q/JKmu by (7.28) with coefficients from (7.29)
11: B« BU{VR,, .}
12: end for

algorithm collects the RB-SLOD basis functions and the corresponding local
source terms in the sets B and G. This information will be used during the
coarse solve for the computation of the RB-SLOD approximation.

Coarse solve

In the following, me u € B and gKm u € G denote the RB approximations of
the basis function and local source term corresponding to the element K € Ty,
cf. (7.28) and (7.31). For the RB-SLOD approximation we use the collocation

ansatz of (5.15), i.e., denoting by (cx) KeTy the coefficients of the expansion
of ITY% f in terms of the local source terms gKmM, we define
uHm u Z CKme Lt (732)
KeTy

In Algorithm 5 we denote by G € R#7#>*#7u the matrix whose columns are
the element values of the Ty-piecewise constant functions in G. Furthermore, f
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7 Reduced Basis SLOD for reaction—convection—diffusion problems

denotes the load vector with the element values of 1% f as entries. Note that
due to the collocation ansatz, no inner products between basis functions need
to be computed in Algorithm 5.

Algorithm 5 Online — Coarse solve.
1: assemble G from G
2: compute f
3: solve ¢ = G\f
4

. compute uﬁm# by (7.32) with the coefficients (c¢;)i—1._ 27,

It is noteworthy that the source term f first appears in Algorithm 5, i.e., the
offline phase and the basis computation are completely independent of f. This
feature makes the RB-SLOD method suitable for applications where the solution
for different source terms is of interest. In particular, parameter-dependent and
possibly non-affine source terms do not pose any further difficulties. In the
implementation, the source term parameters only affect the coarse solve, and
the actual RB approach is independent of these parameters, see also Section 7.2
and the numerical example in Section 7.6.

7.4.3 Practical implementation

For the practical implementation, we note that the RB-SLOD inherits the basis
stability issues of the SLOD. Consequently, the practical implementation of the
SLOD presented in Section 5.5, which solves these stability issues, can also be
used for the RB-SLOD.

Furthermore, to discretize the infinite-dimensional patch problems (7.19),
(7.21), (7.24), and (7.25), we need to perform a fine-scale discretization. Simi-
larly to Section 3.5, we consider the fine mesh 7, obtained by uniform refinement
of Ty and replace the infinite-dimensional space V in the definition of the RB-
SLOD by its finite-dimensional fine-scale FE counterpart with respect to 7j,.
Consequently, the above patch problems are posed in local finite-dimensional
subspaces of the global fine-scale FE space.

Practical basis computation

We denote by ¥ the fully discrete RB-SLOD basis function associated with
the element K € Ty. It is a linear combination of the fully discrete RB ap-
proximations {x7, , : T C S}, cf. (7.28). The local source term g;> € P°(S) is
defined analogously to (7.29). Exploiting the fact that the conormal derivative
of ¢ exists in the L?(0S) sense, one can derive alternative choices to (7.31)
with reduced computational cost.

For example, instead of minimizing the X’-norm of (7.30), one may minimize
the L?(X)-norm of the conormal derivative (A4,V; - v)|s. Here, one may also
omit the diffusion tensor, i.e., we minimize the normal derivative (Vi - v)|y
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7.4 Reduced Basis Super-Localized Orthogonal Decomposition

instead of the conormal derivative (4, VrP-v)|s. This is justified since, by (7.2),
a small norm of the normal derivative implies a small norm of the conormal
derivative. In the practical implementation, we choose gi® as the solution to the
minimization problem

b 12
IRy Pl

g;> € argmin , (7.33)

2
pePo(s)  |[Pllze(s)

where RiP: P°(S) — L%(X) denotes the operator mapping ¢i> to the normal
derivative (Vi - v)|y of the fully discrete RB-SLOD basis function. Such
an approach has for example been used in [BFP22| for convection-dominated
diffusion problems.

In practice, one solves (7.33) by considering the equivalent generalized eigen-
value problem Cx = ADx given in (7.16), where R is replaced by RIP. Note that
the assembly of the matrix C can be drastically accelerated by precomputing
the following four-dimensional array in the offline phase:

<VXT]'7M7L v, VXTiaMl ) V)L2(§;)’

where [ =1,...,L;;n=1,...,L;,and 4,7 = 1,...,J. Here, L; and L; denote
the cardinality of the parameter sets M™ corresponding to the elements T}
and 7; and J denotes the number of coarse elements in S. Note that the
matrix D is parameter-independent and thus only needs to be assembled once.

Complexity

Due to the precomputations in the offline phase, no (local or global) fine-scale
solves are needed in the online phase. More precisely, the only fine-scale opera-
tions in the online phase are (i) the addition of (local) fine-scale functions in the
computation of the RB-SLOD basis (see Algorithm 4, Line 5 and 10) and (ii)
the addition of the RB-SLOD basis functions using the coefficients computed
by solving a coarse linear system (see Algorithm 5, Line 4).

Note that if one is only interested in the coarse QOIs of the solution, fine-
scale operations can be completely avoided in the online phase. For this, one
additionally computes the element averages of the fine-scale functions in Algo-
rithm 3, Line 12 in the offline phase. This information can then be used in
the online phase to compute the element averages of the SLOD basis functions
without fine-scale operations. By adding up the element averages of the SLOD
basis functions using the same coefficients as in Algorithm 5, Line 4, one obtains
a Ty piecewise constant approximation to the solution without performing any
fine-scale operations in the online phase.
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7 Reduced Basis SLOD for reaction—convection—diffusion problems

7.5 Error analysis

This section presents an a posteriori error analysis of the RB-SLOD. Similar
to the SLOD in (5.17), we have to assume also for the RB-SLOD that the set
{98 m, : K €Ty} is a Riesz stable basis of P°(Ty). This assumption guar-
antees the well-posedness and stability of the method. In practice, the Riesz
stability can be ensured a posteriori as described in Section 5.5. For the follow-
ing error analysis we assume that there exists €, > 0 depending polynomially
on H~! and m such that

C’;l(H,m) Z 3 < H Z chKm# < Cu(H,m) Z 3 (7.34)

KeTy KeTy KeTy

holds for all (cx)ker;-

The following theorem gives an a posteriori error estimate for the RB-SLOD.
It differs from the one for the SLOD in Theorem 5.3.2 since it additionally
takes into account the RB error and therefore includes a term depending on the
tolerance of the greedy search algorithm.

Theorem 7.5.1 (Convergence of the RB-SLOD). For any f € H*(D), k €
{0,1}, the RB-SLOD approximation (7.32) satisfies that

e = g ullyy, S (HEfla + Oy (H, m)ym (0, (H, m) + tol m®?)|| ]| ),

where the hidden constant depends on «, 3, and the quasi-uniformity and shape
reqularity of Tg.

Proof. Let € M"Y be arbitrary but fixed. We first add and subtract the
function @, = L£,I1% f € Vu,, and apply the triangle inequality to obtain that
Huﬂ uHmuH < ||u,u uMHV+ HuHmu ﬂ’#”v'

For the first term, one can show using the definition of 4, (7.5), and (2.25) that

(U — Uy, v) sup (f =105 f, v = TI50) 1o

[l veV [olly
<7T*1H|!f I3 £l -

allu, — uu“v < sup

For the second term, we define

P ._ rb
SDKvm#L T £,Ungm 2

and denote by (ck) KeTH the coefficients of the expansion of 1% f in terms of
the source terms gKm - Using these coefficients, 4, can be expanded as

Uy = E :CK‘PKWW'

KcS
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Abbreviating e = u}?,, , — 1, using (7.5) and the definition of the collocation

solution (7.32), we obtain that
O‘H‘eui < au(e,e) = Z CKau(w?,m,u — @K €)- (7.35)
KeTy

Next, we consider one fixed summand corresponding to an element K € Ty
and abbreviate S = N,,(K). We omit the fixed indices K,m, and u of the

functions @, and P32 ., and denote the trace and extension operators with

respect to ¥ = 9S\0D by try and try!, respectively, cf. (7.8) and (7.9). Defining
Y = Ls,g"™ and using (7.30) and e — tr5;' trg e € Vg yields that
au(lprb —p.e) = au<¢rb7 e) — (g, e)L2(S)
= aS’u(wrb, try'trae) — (g, trgltrge)m(s) + aSM(wrb — 1), e — try'trse)
= (A, VU™ v trse) xix + as, (VP — D, e — trg'trse). (7.36)

For the bound of the first term in (7.36), we denote by g € P°(S) the L*
normalized SLOD source term from (7.15). We define

U= gl U= Lsug
TCS

with x7?, defined in (7.20). Using (7.10), the definition of the conormal deriva-
tive (7.13), the definitions of ¢"> and o, in (5.18) and (7.31), respectively, as
well as (7.5) and the continuity of try' in (7.9), we obtain that

1A V™ vl = [IR™g ) < IR™g s

= sup |a, (™, trg'w) — (g, trilw)L2(5)|
weX 1 [Jw|[x=1

<NANVY-v|x +  sup |, (@ — o, trglw))|

weX : |w||x=1
< ou(H,m) + B9 = ¢l (7.37)

Using that the norm of p in (7.26) can be bounded as

12llvesy = Nzllvy < 12ll 22 s),

we obtain for the second term in (7.37) that

107 = Gllys) < D lalrlld, = xrullys < a0l Y glrlltr] o)
TCS TCS (7'38)

< a Mol m¥/2.

Here, we used that the number of elements in S is bounded by m?, Lemma 7.4.1,
the stopping criterion (7.26), the discrete Cauchy—Schwarz inequality, and the
normalization condition |[g[[ 25y = 1.
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7 Reduced Basis SLOD for reaction—convection—diffusion problems

For the second term in (7.36), we obtain using the continuity of try; and try'
in (7.8) and (7.9) that

aS,u(wrb — e — trs' trse) < Bl — @HV(S)HB — try! try e”v(s)
< 2811 = Pl lellvgs)-

Here, the first norm on the right-hand side can be estimated similarly to (7.38) by
™ — @2”1;(5) < a”'tolm?

using that ||grb||L2(S) =1

Finally, using the above estimates, we are able to return to estimate (7.35).
Summing over all elements K € Ty, using (2.24) and (7.34), and the finite
overlap of the patches N,,(K), we obtain that

&”6“]2/ < Z CKaM<w;?7m7u - @K,m,uye)
KeTy

< md/Q(gu([—[, m) + tolﬁa_lmd/2) Z % llelly
KeTy

< G2 (H,m)m®? (0, (H, m) + tol Ba™'m2)|| f|] 12 e]] -
The assertion follows immediately. O]

Remark 7.5.2 (Choice of parameters). This remark specifies how to choose
the oversampling parameter m and the number L of elements in M™ to pre-
serve the optimal orders of convergence in Theorem 7.5.1. For the choice
of m, the super-exponential decay result (5.27) implies the oversampling con-
dition m 2> (log )!*~1/¢ Furthermore, for the choice of L, we recall that
the training error of the greedy search algorithm, defined in (7.26), decays
(sub-)exponentially in L, cf. (7.27). This yields the condition L = (log %)1/”,
where v denotes the exponent of L in the sub-exponential decay.

7.6 Numerical experiments

This section numerically investigates the RB-SLOD for a parametric elliptic
model problem and a parametric reaction—convection—diffusion problem. We
consider uniform Cartesian meshes of the domain D = (0, 1)?, where the mesh
size denotes the side length of the elements instead of their diameter. The
RB-SLOD is implemented as described in Section 7.4.3 taking into account the
remarks on the practical basis computation and the fine-scale discretization. We
emphasize that, similar to Section 3.5 for the LOD, we expect the theoretical
results of the RB-SLOD to remain valid in the fully discrete setting.

132



7.6 Numerical experiments

1071
1073 % :

1075

—>—H=2"% m=1
—>—H=2"m=2

training error

—B—H=2"m=3
——H=2"m=1
10—7 H-——H=2"1"m=2
——H=2"%m=3
H=27m=1
H=2"5m=2
H=25%m=3

-9 I !
10 0 10 20 30

Figure 7.1: Training error as a function of the size L of M™ for different patch
configurations.

Parametric elliptic model problem

The first numerical experiment is taken from [AH15, Sec. 4.1]. It considers a
parametric diffusion problem with homogeneous Dirichlet boundary conditions.
Its anisotropic multi-scale diffusion tensor exhibits oscillations on various scales
with the smallest being 27 (see the reference for the exact definition of the
coefficient). The bilinear form of the problem admits an affine decomposition
as in (7.6) with @) = 4 terms, where the parameter space is M = [0,5]. As
training set M", we use 100 equidistantly distributed points. For the fine-scale
discretization we consider the uniform Cartesian mesh 75-s. In the following,
all errors are relative errors with respect to the energy norm defined in (3.37),
which are computed using the fine-scale FE solution as the reference solution.

Decay of training error

To demonstrate the decay of the training error (7.26) in the greedy search al-
gorithm, we consider representative patches N,,(K) in the coarse mesh Ty for
different mesh sizes H and oversampling parameters m. Figure 7.1 shows the
sub-exponential decay of the training error for several patch configurations as
the number L of elements in M™ is increased, which is consistent with the
prediction (7.27). Note that the discretization parameters H and m have only
a small effect on the size of the training error. Given the discretization param-
eters H and m and a tolerance tol, one can use Figure 7.1 to estimate the size
of the sets M™ needed to achieve the given tolerance.
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Figure 7.2: Errors of the RB-SLOD and SLOD as functions of H for several over-
sampling parameters m and tolerances tol for the elliptic problem.
The dotted line indicates the expected rate of convergence.

Optimal order convergence

To numerically verify the optimal order convergence properties of the RB-SLOD,
we consider the above parametric elliptic model problem with the source term

f(z1,29) = (w1 + cos(3may)) - 73, (7.39)

which, for consistency, is the same as in the convergence experiments in the pre-
vious chapters. We compute the RB-SLOD solution for the parameter p &~ 2.129,
which is not contained in the training set M™. Provided that the oversampling
parameter m is chosen sufficiently large, Figure 7.2 shows second order conver-
gence of the RB-SLOD. Recalling that f € H'(D), this is consistent with the
theoretical prediction in Theorem 7.5.1. Furthermore, one observes the expected
behavior that the RB-SLOD error curve approaches the SLOD error curve as
tol is decreased. Note that in this numerical experiment we use slightly larger
oversampling parameters than in the numerical experiments for the SLOD in
Section 5.6. This is consistent with the general observation that the colloca-
tion variant of the SLOD (used for the construction of the RB-SLOD) requires
slightly larger oversampling parameters to achieve the same accuracy as the
Galerkin variant of the SLOD.

Super-exponential localization

In this numerical experiment we consider the same problem as in the previous
numerical experiment, but with the source term f = 1. Note that for such source
terms, only the localization error and the RB error are present in Theorem 7.5.1,
and the optimal order term vanishes. We emphasize that the basis functions of
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Figure 7.3: Errors of the RB-SLOD and SLOD as functions of m for several
tolerances tol for H = 273 (left) and H = 27* (right) for the elliptic
problem.

the RB-SLOD are independent of the actual source term f. Thus, we can use
the same basis functions as in the previous numerical experiment and only need
to repeat the cheap coarse solve in Algorithm 5, Line 3. In Figure 7.3 one can
observe the super-exponential decay of the localization error, provided that tol
is chosen sufficiently small, cf. Section 5.4. In the left plot of Figure 7.3, the
error curve of the SLOD is reached for the tolerance tol = 1075, whereas in the
right plot of Figure 7.3, an even smaller tolerance would have been necessary.
In general, one can observe that the error curve of the RB-SLOD approaches
the error curve of the SLOD as tol is decreased. Note that in the left plot in
Figure 7.3 only oversampling parameters m less than or equal to 3 are consid-
ered. This is due to the assumption in the construction of the RB-SLOD that
no patch coincides with the entire domain.

Note that a direct comparison of the RB-SLOD with the RB-LOD from [AH15|
is difficult. For the only source term f = 1 considered in [AH15|, the RB-SLOD
is unbeatable, since only the localization error and the RB error are present. In
contrast, the RB-LOD also has a spatial approximation error due to a differ-
ent construction of the approximation space. Therefore, it seems reasonable to
compare the size of the errors of the RB-SLOD for the non-polynomial source
term (7.39) with the one of the RB-LOD for the constant source term. It can
be observed that for the same magnitude of errors, the RB-SLOD requires con-
siderably smaller oversampling parameters than the RB-SLOD. For example,
given H = 2%, both methods achieve a relative error of the order of 1072 with
m = 2 for the RB-SLOD (2.04 x 102) and m = 4 for the RB-LOD (2.83 x 1072,
cf. [AH15, Thl. 1]). This allows a sparser coarse system of equations and a more
localized computation of the basis functions.
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7 Reduced Basis SLOD for reaction—convection—diffusion problems

Parametric mass transfer with non-affine source

Next, we consider a parametric reaction—convection—diffusion problem taken
from [QMN15, Ch. 8.4]. The parameters in the problem determine the magni-
tude of the diffusion, the direction of the convection, and the shape of the non-
affine Gaussian source term. The corresponding five-dimensional parameter vec-
tor ;1 € R® has the components p; € [0.01,0.1], pa € [0,27), p3, 4, € [0.25,0.75],
and ps € [0.1,0.25]. The strong formulation of the problem under considera-
tion is

—mAu —b, - Vu+u= f, in D = (0,1)?,
mVu-v=>0 on 0D
with
by = (cos(pa), sin(p2))"
and

fu(x17x2) = exp ( i (1'1 — ﬂ3)2 _z(xQ _ PJ4)2>.
Hs

This problem is challenging for several reasons. First, the nature of the
problem is strongly dependent on the magnitude of the diffusion p4, i.e., the
proposed RB method must be able to handle both the diffusion-dominated
and the convection-dominated regime simultaneously. Second, the parameter
space is relatively high-dimensional, which typically makes RB methods quite
expensive. Third, the chosen source term does not admit an affine decom-
position, which prevents the straightforward application of standard RB ap-
proaches and typically requires additional tools, such as the empirical interpo-
lation method [Bar+04], at additional computational cost.

For such numerical examples the RB-SLOD has the decisive advantage that
it has a built-in RB approach in the source term, cf. Section 7.2. More specifi-
cally, the source term parameters are only important for the coarse solve in Al-
gorithm 5 and can be ignored in the actual RB approach in Section 7.4.1. In
addition, since the considered coefficients are constant in space (and therefore
in particular periodic with respect to Tz), only O(m?) patches need to be con-
sidered for the computations. The remaining patches can be handled by trans-
lation, which drastically reduces the computational cost. Furthermore, in the
implementation we use a training set M of 400 points on a Cartesian grid of
the two-dimensional parameter set M = [0.01, 0.1] x [0.27], where we ignore the
parameters coming from the source term. For the fine-scale discretization of the
patch problems we use the grid 75-s.

Decay of training error

In this numerical experiment, we investigate the training error (7.26) for the
above reaction—convection—diffusion problem. In Figure 7.4 we observe a fast
decay of the training error as the number L of elements in M™ is increased.
However, compared to Figure 7.1, the magnitude of the training errors is sig-
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Figure 7.4: Training error as a function of the size L of M*™ for different patch
configurations.

nificantly larger due to the more complicated nature of the underlying problem.
Note that for this numerical example, the magnitude of the error depends on
the choice of H and m in the sense that for patches with a large diameter, also
the training error is large.

Numerical results and illustration of basis functions

Consider the coarse mesh with mesh size H = 27* and oversampling parameter
m = 2. For this choice of discretization parameters, the largest patches occupy
at most 10% of the total domain volume and the maximum number of elements
in the sets M™ is 34. In Figure 7.5 we plot a RB-SLOD basis function @Z’?(O,m and
the corresponding source term g}?’m for three different parameter values of u
and po. Note that the basis functions are independent of the parameters s, ji4,
and ps of the source term f,.

Figure 7.6 shows the RB-SLOD solutions and the absolute value of the differ-
ence between the RB-SLOD solutions and the fine-scale FE reference solutions
for the same parameter pairs as in Figure 7.5. The remaining parameters fs, fi4,
and ps are randomly chosen. Note that all plots in the same row have the same
color scale. From left to right, the relative V-norm errors are 5.62 x 1072,
4.53 x 1072, and 6.29 x 10~2. For this numerical experiment, a direct compar-
ison to [QMN15, Ch. 8.4] is again difficult. There, the parameters p; and ps
are fixed, which simplifies the resulting problem. In particular, the nature of
the problem no longer depends on the choice of the parameters (the magni-
tude of the diffusion i is fixed). We emphasize that the RB-SLOD is able to
avoid the additional difficulties with non-affine source terms f that classical RB
approaches have, cf. [Bar+04].
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Figure 7.5: RB-SLOD basis functions (top) and the corresponding local source
terms (bottom) for three different parameter pairs.
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1~ 0.048, s &~ 5.118, 1 ~ 0.090, po ~ 5.391, 1 ~ 0.027, o ~ 2.046,
s A~ 0.512, g &~ 0.703, 3 ~ 0.293, g ~ 0.286, 3 ~ 0.608, 14 ~ 0.703,
115 ~ 0.140 115 ~ 0.130 115 ~ 0.136
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Figure 7.6: RB-SLOD solutions (top) and the absolute value of the errors (bot-
tom) for three different parameter choices.
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8 Conclusion and Outlook

8.1 Conclusion

In this thesis, we have presented recent advances in the field of LOD-based nu-
merical homogenization. As a starting point, we first introduced the LOD in a
general setting and showed that the LOD is able to achieve optimal approxima-
tion orders without having to globally resolve the underlying coefficients. The
LOD approach was then extended to the multi-resolution setting by the MR-
LOD, where we uses the Helmholtz problem as a model problem. The MRLOD
allows one to improve the accuracy of an existing LOD approximation by adding
additional discretization levels. We have presented a rigorous wavenumber-
explicit stability and error analysis of the method showing its pollution-free op-
timal order convergence properties under mild assumptions on the discretization
parameters, see Theorems 4.4.1 and 4.4.2. The resulting coarse system matrix
of the MRLOD is block-diagonal, and all but the first small block can be solved
with a standard iterative solver within a few iterations, see Theorem 4.5.1.

Moreover, we have introduced the SLOD, a novel LOD-based numerical ho-
mogenization method that identifies basis functions which are significantly more
local than those of the LOD. As a result, the computational cost of the basis
computation is lower and the coarse system matrix is sparser. These properties
are a consequence of the practically observed super-exponential decay of the
localization error, see Section 5.4. While a proof of the super-exponential decay
of the localization error is still open, we have proved that the localization error
decays at least exponentially using LOD arguments, see Theorem 5.4.3. In a
general setting, we have also performed a rigorous stability and error analy-
sis of the SLOD, where the stability of the basis is quantified a posteriori, see
Theorems 5.3.1 and 5.3.2.

For high-contrast channeled coefficients, for example, the SLOD may suffer
from basis stability issues, resulting in a degradation of its approximation qual-
ity, see Section 6.5. To overcome this problem, we combined the SLOD with
a partition of unity approach, resulting in the SL-GFEM. From an application
point of view, the SL-GFEM is conceptually simple and easy to implement.
We have provided a rigorous a posteriori and a priori error analysis of the SL-
GFEM showing that its approximation quality is at least as good as that of
the SLOD, see Theorem 6.3.1, and at the same time not worse than that of the
LOD, see Theorem 6.4.1. Furthermore, we have derived higher order versions
of the SL-GFEM that achieve higher order convergence rates using only the
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regularity of the source term. Finally, we introduced the RB-SLOD, which is a
local RB technique for parameter-dependent multi-scale problems. This method
integrates an RB approach into the SLOD framework, allowing for the efficient
generation of accurate coarse-scale models of the problem. An a posteriori error
analysis of the RB-SLOD, in the spirit of that of the SLOD, is presented in
Theorem 7.5.1. Due to the unique localization properties of the SLOD, the RB
snapshot computation can be performed on particularly small patches, resulting
in a relatively low offline and online complexity of the method.

8.2 Outlook

The work presented in this thesis provides many opportunities for future re-
search. One important open point is the proof of the super-localization prop-
erty of the SLOD, see Section 5.4. This may be done using techniques related
to spectral geometry, which however usually require strong assumptions on the
regularity of the coefficients and the boundary, cf. [HLO1; PST15; GT16|.

Another possible follow-up is the combination of the SLOD with a multi-
resolution approach similar to the MRLOD. However, in order to obtain a de-
coupling of scales, additional constraints must be placed on the basis functions,
which could potentially affect their localization properties.

A further future project is the extension of the SL-GFEM to Helmholtz prob-
lems. Based on previous experience with the LOD and the SLOD for Helmholtz
problems, no major challenges are expected. Moreover, the SL-GFEM could
be combined with a multi-resolution approach to improve the accuracy of the
approximation while keeping the size of the subdomains fixed.

Given the effectiveness of the SLOD in treating Helmholtz problems, it may be
worthwhile to explore its applicability to other time-harmonic wave propagation
problems, such as elastic wave propagation and Maxwell-type problems.
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