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Introduction

Reconstructing multivariate functions from discrete samples is a fundamental
task with numerous applications in signal processing, machine learning, and
approximation theory. Popular approaches include for example support vector
machines, neural networks, and decision trees. However, these methods face
difficulties due to the computational and interpretational challenges caused by
the curse of dimensionality.

In this thesis, we focus on the problem of reconstructing a multivariate function
f: Q — C from discrete d-dimensional samples X = {x1,...,zp;} CQ C R4,
The samples are distributed according to the sampling density p: Q@ — Ry.
Beyond accurate recovery of f, we aim to enhance interpretability by under-
standing how individual variables and their interactions influence the target
function. Our approach thus seeks not only to approximate f efficiently but also
to offer insights into the relationships between input variables. This aspect is
essential for applications requiring model interpretability.

To achieve these goals, we develop several efficient hybrid approaches that com-
bine the ANOVA decomposition, wavelet techniques, and random Fourier feature
(RFF) models. The multi-resolution capabilities of wavelets and the scalability of
RFFs, paired with the interpretability provided by the ANOVA decomposition,
enable a robust framework for high-dimensional function approximation. This
approach addresses both, computational efficiency and transparency.

The ANOVA decomposition (Analysis of variance), initially introduced by Hoeff-
ding [Hoe48] and studied in many contexts and applications, e.g. [ES81, Wah90,
CMO097, JO03, LO06, NW08, Hol11], is a fundamental technique used to break
down high-dimensional functions into a hierarchical sum of lower-dimensional



CHAPTER 1. INTRODUCTION

components by

d d
f@)=fo+ > filza)+ Y fijl@oaz)+...+ fal@, ... 2a).
=1

= i.j=1

Originally introduced to capture the contributions of individual variables and
their interactions, the decomposition provides a clear framework for analyzing
high-dimensional functions. Each term in the ANOVA decomposition repre-
sents the effect of individual variables or their combinations on the function f,
making it a powerful tool for understanding and managing the curse of dimen-
sionality in machine learning and statistical applications. Truncating the ANOVA
decomposition of f to

Tof(@) =Y ful@w), UCP(d),

uelU

reduces the complexity of the recovery task, enabling us to tackle higher di-
mensions without a prohibitive increase in computational cost. In practical
applications with high-dimensional functions, often only the ANOVA terms of
low order up to ¢ play a role in order to describe the function well, see [CM097,
KSWW09, DPW10, WH11, PS21b].

However, the classical ANOVA decomposition assumes independent input
variables, i.e. product-type sampling densities u, which occur rarely in real-world
data, where dependencies among input variables are common. The generalized
ANOVA decomposition, proposed by Hooker [Hoo07], extends the classical
framework to address dependencies in input variables, offering a more flexible
and practical solution.

Methodology

To address the research questions of approximating a high-dimensional function
f from samples X with cardinality |X'| = M, we proceed as follows. Our approach
involves selecting an appropriate function system (e;) ;V:p which arises after re-
indexing an index-set Z of cardinality |Z| = N. During this thesis, we especially
study the following three cases from different perspectives and compare them.

= In Section 2.3 we introduce a periodic wavelet system e; (z) = ¥ (), by

re-indexing a hyperbolic index-set Z, see (2.45), for the approximation of a
function on the d-dimensional torus T¢.

= To transform the good approximation results from the torus to other do-
mains, we introduce in Section 2.4 the transformation R. With this, we
transform the periodic wavelet functions with the hyperbolic index-set Z
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ase; = zp;?e,; o R to other domains 2 and study under which assumptions
the approximation error rates from the torus remain true.

= Random Fourier features ¢;(z) = ¢!(“’s*®), where the features w; € R? for
7 =1,..., N are drawn at random from the distribution p, are introduced
in Section 2.5.

To analyze the approximation error, we study the projection operator

N
PNf = Zajej

j=1

onto the linear space spanned by the function system (ej)j-vzl, where a; are
wavelet coefficients for the wavelet case or connected to the Fourier transform
of f in the RFF setting. Knowledge about the decay of the coefficients |a;| in the
underlying function space is the foundation for the introduction of the corre-
sponding index-set Z.

Given a sampling set X', we construct the recovery operator Sy by the least
squares fit

N
X g
Syf= Za?&ej,
j=1

to the given data (f(x))zecx. We derive the coefficients af by minimizing the
error )+ | f(z) — S¥ f(x)|* by using a least squares algorithm.

We provide approximation error bounds for the following function spaces.

mix (Td)’
see (2.15) for the definition, and Besov spaces B (T), see (2.26), we de-
rive characterizations based on the decay of wavelet coefficients |( f, % )|-
These results motivate the introduction of the hyperbolic index set Z, ulti-
mately leading to error estimates for the operator Sy, as stated in Corol-

lary 5.6.

= For periodic Sobolev spaces of dominating mixed smoothness H?

= We introduce in (4.51) transformed function spaces H ;. (€2, 1), which
allow to transform the given samples on the domain 2 € {T¢,R¢, [0, 1]¢}
with respect to p to the torus with respect to the uniform density and retain
the good approximation errors for the periodic case. For the nonperiodic
case on the cube [0, 1]¢ we additionally apply Fourier extension.

= In the random Fourier feature setting, features w are drawn from a density
p. Then the function spaces F(p), see (4.57), impose conditions on the
decay of the Fourier transform of the function f and are necessary for error

11



CHAPTER 1. INTRODUCTION

estimates of random Fourier feature algorithms. These conditions depend
on the choice of the feature distribution p. Unlike the spaces H ;. (€, 1),
here the decay conditions on the Fourier transform can be directly related
to smoothness properties of the function f.

Approximation error decomposition

The total approximation error is divided into three components: the ANOVA
truncation error (ATE), the projection onto a subspace error (PSE), and the
regression from samples error (RSE) by

If = SN < I =Tof|+ 1 Tof — Pufl+|Pxf—Sufll. (1)

ATE PSE RSE

From the Chapters 3 to 5 in this thesis, every chapter is dedicated to one term
in the error splitting. Each chapter studies the three cases of periodic wavelet
approximation, transformed approximation, and random Fourier features sep-
arately in this order. In the following we summarize the main results in every
chapter.

Chapter 3: The ANOVA decomposition and the curse of dimensionality. This
chapter addresses the ANOVA decomposition and the error arising from truncat-
ing the ANOVA decomposition. Therefore, the ANOVA truncation error (ATE)
occurs from the assumption that the function f is of low effective dimension.
We truncate the full ANOVA index set P([d]) to a smaller index set U with terms
of order up to ¢, depending on the structure of the function f. We give bounds
for the ATE for functions f in spaces with smoothness s in Theorem 3.26 on the
torus and in Theorem 3.28 on R¢,

Hf 7-U fHLZ(Td) <27 2atl)s Hf”Hg (Td) »

mix

Hf—TU fHLz(Td <2 A Hf||132 (T4) ”fHBS 1(Td)

1F = T F 2 o S () Il 11, _qeyses) < L.
Here, the index set U, := {u C [d] | |u| < ¢} collects all indices w of order up to
q. The error decays in every case exponentially in g.

The approximation by functions of low effective dimension are also known in
the literature. The advantage in finance and physics was shown in [CMO97].
In [Owel9] the effective dimension for quadrature in weighted pre-Sobolev
spaces with dominating mixed partial derivatives is considered. Furthermore,
the low effective dimension explains that Quasi-Monte-Carlo integration often
succeeds in high dimensions despite the curse of dimensionality. Functions
of low effective dimension also appear in the context of sparse grid methods,

12



which aim to approximate high-dimensional integrals, see [BG04]. The disserta-
tion [Sch22] exploits the decomposition of the frequency domain into ANOVA
terms for bounded orthonormal systems.

By choosing a good index set U, adapted to the function f, as described in Sec-
tion 3.6 we can achieve a small truncation error. We suggest different approaches
for finding the index set U iteratively, see Algorithms 3.30, 3.31, and 3.33.

Chapter 4: Characterizations in function spaces. In Chapter 4 we explore and
discuss characterizations of functions in certain function spaces. These charac-
terizations provide good choices for the projection Py onto finite dimensional
spaces. The projection onto a subspace error (PSE) is determined by the choice
of basis functions or ansatz functions e; and the underlying function space. We
start with the approximation of periodic functions by wavelet functions. For the
wavelet approximation on T¢ we work in a rather general context with a mini-
mal set of assumptions, namely in the context of (semi-)orthogonal compactly
supported wavelets being a Riesz basis on a fixed level and having m vanishing
moments. This allows for considering two main examples: semi-orthogonal
Chui-Wang wavelets as well as periodic orthogonal Daubechies wavelets.

For periodic functions and Chui-Wang wavelets we give a self-contained and
rather elementary proof for the characterization of Sobolev and Besov-Nikolskij
spaces H3, (T%) and Bj . (T) in terms of wavelet coefficients. Corollary 4.11
summarizes our findings that the wavelet coefficients of functions with mixed

smoothness decay like
1/2
Hf”]—]rsnix('ﬂ*d) ~ Z 22|J|15 Z | f wpcr* and

j>—-1 keZ;

||f||BS o (Td) ™~ Sup 2|J|15 Z | f7 per* ’
Jj>

kEZ;

where 17" are the dual wavelets. We provide new upper bounds for the first
time w1th less assumptions on the wavelet function than [DKT98, GOS99, SU09],
for example. We even state all bounds with explicit constants for the Chui-Wang
wavelets for the first time.

The wavelet coefficient decay motivates the finite dimensional hyperbolic cross
type index set Z and the projection Py into finite dimensional spaces involving
theses index sets.

As a first result we state in Corollary 4.16 that for s < m the Lo(T¢)-error is

13



CHAPTER 1. INTRODUCTION

bounded by

(10g N)(S+1/2)(d_1)
If— PNfHLQ(Td) < Ne ||fHH§nx(W) . (1.2)

From this bound we infer that the operator Py yields the asymptotic optimal
error among all operators with rank V, see [DTU18, Thm. 4.3.10]. Such problems
belong to the field hyperbolic wavelet approximation and have already been
investigated by several authors in the literature, e.g. [DKT98, GOS99, GK00, SU09,
Boh18]. But the results in the literature require much more complex conditions
on the wavelet function or their derivatives. For more details about the literature
we refer to Section 4.1.1. We go even further, we truncate the ANOVA decom-
position using only the terms up to order ¢q. Then, we are able to reduce the
logarithmic factor in the error estimate to (log N)(5+1/2(4=1) and at the same
time reduce the number of needed wavelet functions N from O(2"n?"1) to
0O(2"n971), see Lemma 4.15.

Our approach is based on the periodic Sobolev and Besov spaces with dominating
mixed smoothness, which have proven highly effective in tackling multivariate
approximation challenges, as demonstrated in previous works [Yse10, DTU18,
Tem93].

In many real-world machine learning applications, samples may be distributed
according to an unknown density p on an arbitrary domain €. In Section 4.2
we extend the methods from the periodic setting to nonperiodic domains by
transforming samples from a given domain € to the torus T via a carefully
chosen transformation R. This choice gives us the useful connection

dy

and allows to leverage the efficient hyperbolic wavelet regression techniques de-
veloped for T? while accommodating nonperiodic boundaries through extension
techniques. Our procedure coincides with transforming the function f to the
function f o R™!, which is a function on the torus. A classic result in approxima-
tion theory is that the error decay profits from smoothness of the function. We will
introduce weighted function spaces of mixed Sobolev smoothness H. (€2, )
in Definition 4.27 and even for nonperiodic functions in Definition 4.32, which
ensure that the transformed function keeps smoothness s, i.e.

o R_1||H§lix(11‘) = ||fHH;ﬂx(Q,#) : (1.3)

These function spaces impose decay conditions on the derivatives of f. With
these function spaces the same approximation rates as in (1.2) are possible, e.g.

14



on R in Corollary 4.30 or on the cube in Theorem 4.35 with an additional factor
determined by the extension parameter 7.

In Section 4.3, we study a similar projection operator Py for random Fourier
features on R%. The class of models called random Fourier feature (RFF) models,
originating from [RR07], are closely related to kernel methods, see [LHCS22] for
a survey about random Fourier feature algorithms. The random feature model

Pyf(x) =) al e

weT

is basically the best approximation, once the features w € 7 are drawn from
a density p. In Lemma 4.39 we generalize the error estimates for this function
in the literature to the ANOVA setting. We develop the g-sparse features even
further by adapting the features to an ANOVA set U. Furthermore, our estimates
improve known results for g-sparse random features,

1
ITof = Pnfllp, e,y < ﬁ‘”ﬂ”]—‘(p)a

where [[-[| =, is defined in (4.60) and is smaller the better the ANOVA index set
U is adapted to the function f, see also Remark 4.38 for details.

Additionally, we show connections of the approximation with random Fourier
features to spaces of almost periodic functions, to the NFFT, and Sobolev spaces.
In the latter case, we show in Lemma 4.41 under which conditions on the param-
eters r and s the function spaces F(p), defined in (4.57), are related to Sobolev
spaces, i.e.

F(pt;) where pf; ~ H (1+az2)~*, is related to H" ; (R%).
i€[d]

Chapter 5: Function approximation from samples. The projection of a func-
tion onto the finite dimensional space is a priori not known, if only samples of the
function f are given. For that reason Chapter 5 considers the regression from
samples error (RSE), which appears in the setting of function approximation

from given samples X'. For the periodic case, we study the condition number of
the corresponding wavelet matrix A = ( P (x )

P & J’k( ) xEX,(j,k)ET
We provide the fast Algorithm 5.9, which recovers an individual function f from
unstructured samples (scattered data), where the error is measured in L, and
L. Assuming that the sample points in X are drawn i.i.d. and uniformly dis-

tributed at random with logarithmic oversampling | X'| 2 |Z| log |Z|, we show in

, see Section 5.1.1.
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CHAPTER 1. INTRODUCTION

Corollary 5.6 for 1/2 < s < mand r > 1 that for fixed || || g; _(T%) <1,

(log ‘X‘)(qfl)(s+l/2)+s
X[

P(I70/ = ¥/ llzyra) S )=1-20x7"

For details to the constant see Corollary 5.6. The proofis based on the well-known
elementary Bernstein inequality for the deviation of a sum of random variables,
see Theorem 2.9. Working with the ANOVA setting, we reduce the exponent of
the logarithmic term from the dimension d to g, the effective dimension of the
function f. In the sense of [NW12, Chapters 22,23] our recovery operator is a
Monte-Carlo method referring to the randomized setting, since the samples in
X are drawn individually for each function f. In contrast to that, in the worst-
case setting in Section 5.1.3 the samples are supposed to work simultaneously
for the whole class of functions like in [KUV21, Section 9].

It turns out that the error of the least squares approximation asymptotically
coincides with the behavior of the projection operator Py on the wavelet space
with index set Z. Such operators as well as the approximation error are also
considered in [CCM ™15, CDD13, CM17, KUV21]. However, our results generalize
to semi-orthogonal wavelet functions and we state a concentration inequality for
the approximation error instead of bounding only the expectation of the error.
The wavelet functions allow us to handle various smoothness levels and to make
probabilistic error estimates for individual functions using randomized samples,
extending previous results from the literature [Boh17, BG17, Boh18].

The weighted function spaces H3 . (£, i), transforming the smoothness from
the torus to the domain () like (1.3), ensure also for the approximation operator

S the same approximation error decay rates as in the periodic setting. Namely,
for fixed Ik @ <1

(log ‘X|)(q—1)(s+1/2)+s
|x]°

P <HTUf — (SO (foR™) o Ry, 0 S ) >1-20x,
see Corollary 5.11. In Section 5.2.1 we discuss the arising numerical issues when
transforming the operator S¥ from the torus to the d-dimensional cube with
the extension method. However, also in this case we are able to transform the
approximation rate from the torus in Corollary 5.12.

The drawback of all methods using a (semi-)orthogonal tensor product basis
is that this can only be applied if the input variables are independent. The
advantage of random Fourier features is that they can be used to model the
generalized ANOVA decomposition for possibly dependent input variables.

For that reason, we introduce in Section 5.3 a novel methodology that incorpo-
rates the ANOVA decomposition into random Fourier feature models, providing

16



an innovative way to manage high-dimensional tasks while enhancing model
interpretability. We force the hierarchical orthogonality conditions, which de-
scribe the generalized ANOVA decomposition by using a regularization for the
random Fourier features. With this ANOVA-boosting step we are able to identify
the importance of variables, especially in the case where some variables are
merely correlated with others but do not independently influence the output.

In Theorem 5.19 we show that in the random feature setting the RSE decays with
the rate

1Pxf = SRl = OM ™+ N fll £,

where the function space norm in F(p) heavily depends on the chosen distri-
bution of the random Fourier features, since it involves the decay of the Fourier
transform of the function f in comparison to the decay of p. Furthermore, the
error bound is improved if the index-set U is adapted to the function f, see
Remark 4.38. For that reason we propose the ANOVA-boosting as first approxi-
mation step.

Chapter 6: Numerical results and applications. Finally, in Chapter 6 we apply
the algorithms derived in this thesis to examples from synthetic and real-world
data. All algorithms and the numerical examples are implemented in Julia and
can be found athttps://github.com/Laural110/ANOVA_RFF. The numerical
examples underpin our findings in the three main settings:

= For the periodic hyperbolic wavelet approximation our numerical results
in Section 6.1.1 match the proposed error decay rates in the theory.

= The proposed error decay rate for the transformed approximation is also
shown numerically in Section 6.1.1. Especially the dependence of the
approximation rate from the sampling density is evident for example in
Figure 6.2.

= With the random Fourier feature models we are able to detect the ANOVA
index set U also in the setting of dependent input variables as the experi-
ments in Section 6.1.2 show.

= The algorithms derived in this thesis are applied to real-world datasets in
Section 6.2. Furthermore, the advantages of the first ANOVA-boosting step
are highlighted.

= The successful cooperation with the department of engineering lead to a
publication about the prediction of ground reaction forces from plantar
pressures on a treadmill. There, Algorithm 5.13 was used to perform a
high-dimensional approximation task on time-series data.
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rithms derived in this thesis.

[PW25] D. Potts and L. Weidensager
ANOVA-boosting for Random Fourier Features.
Applied and Computational Harmonic Analysis, 79, 101789, 2025.
— Contents of Sections 3.4, 3.6, 4.3, 5.3, and 6 are contained in this paper.
The paper is all about random Fourier features and the usage of the (gener-
alized) ANOVA decomposition to adapt the draw of the random Fourier
features.

Other journal articles of the author, which were not considered in this thesis:

= R. Hielscher, L. Lippert
Locally isometric Embeddings of Quotients of the Rotation Group Mod-
ulo Finite Symmetrie
Journal of Multivariate Analysis, 185, 104764, 2021.

= R. Hielscher, L. Lippert
Approximating the Derivative of Manifold-valued Functions
Journal of Approximation Theory, 285, 105832, 2023.
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= L. Kopnarski, L. Lippert, C. Voelcker-Rehage, D. Potts and J. Rudisch
Predicting Object Weights from Givers Kinematics in Handover Actions
Hybrid Societies - Humans Interacting with Embodied Technologies, Vol. 1.
Springer, 2023.

= L. Kopnarski, L. Lippert, J. Rudisch and C. Voelcker-Rehage
Predicting object properties based on movement kinematics
Brain Informatics, 10, Article Number 29, 2023.

20



Acknowledgments

First and foremost, I would like to thank my supervisor Prof. Dr. Daniel Potts for
being the best mentor I could have imagined. His guidance during my PhD stud-
ies, his motivation, and his encouragement to explore fascinating mathematical
topics were invaluable in helping me complete my thesis. I deeply appreciate
the countless discussions about mathematics, through which he introduced
me to the magic of Fourier analysis. I am also thankful for the opportunities he
provided to attend numerous conferences and present at seminars during my
PhD journey.

I gratefully acknowledge Prof. Dr. Christian Rieger and Prof. Dr. Rachel Ward for
their willingness to serve as reviewers for this thesis. Special thanks to them for
reading my doctoral thesis so thoroughly and writing such detailed and positive
reviews. Furthermore, thanks to Prof. Dr. Rachel Ward for giving me the oppor-
tunity to undertake a two-month research stay at the Oden Institute during my
PhD studies.

I would like to thank Prof. Dr. Ralf Hielscher for introducing me to the world of
research and academic writing by supervising both my bachelor’s and master’s
theses. His support played a crucial role in helping me transition into doctoral
studies.

I would like to thank Prof. Dr. Tino Ullrich for inspiring me to explore wavelet
functions, for so many good ideas, for the many fruitful discussions on tools to
prove and improve inequalities and all the hours spent at the blackboard.

I am thankful to the entire team E01 within the collaborative research center
Hybrid Societies. 1 truly enjoyed our regular group meetings, where we discussed
mathematics and its applications. Collaborating with the teams A01 and A03 fur-
ther enriched my experience by highlighting both the challenges and successes
of applying mathematics to real-world data sets.

Iwould like to thank all my co-authors: Prof. Dr. Ralf Hielscher, Lena Kopnarski,
Dr. Dominik Krumm, Prof. Dr. Stephan Odenwald, Prof. Dr. Daniel Potts,
Dr. Julian Rudisch, Prof. Dr. Tino Ullrich, and Claudia Voelcker-Rehage for their
valuable contributions.

A warm thank you goes to my colleagues on our floor for fostering a supportive
and pleasant working atmosphere. Your willingness to address all the small
questions and the regular coffee breaks filled with discussions about mathematics
and beyond made my time here truly enjoyable.

Finally, I would like to thank Nick for his unwavering support, for enduring my

21



CHAPTER 1. INTRODUCTION

moments of frustration when things didn't go as I planned, and for making an
effort to understand what I've been working on.

22



Toolbox for function
approximation

In this chapter we introduce the main tools, which we will use in this thesis
for high-dimensional function approximation. After first fixing notation used
in this thesis, we give in Section 2.1 a brief introduction to machine learning
including the beginning of machine learning models. In Section 2.2 we intro-
duce all function spaces considered in this thesis. These are Sobolev spaces of
dominating mixed smoothness and Besov spaces on different domains. For the
approximation of periodic functions, we introduce in Section 2.3 periodized
wavelet functions. Of particular importance for this thesis are the Chui-Wang
wavelets. One idea to generalize the approximation results from the torus to
other domains 2 is through a transformation, which we introduce in Section 2.4.
In Section 2.5 we introduce the concept of random Fourier features, which gen-
eralizes the approximation with trigonometrical polynomials on T¢ to R by
drawing real frequencies from R¢ instead Z<. Finally, in Section 2.6 we recall
known inequalities, which we will use in this thesis.

Notation and Definitions

Henceforth, we write bold symbols for vectors and matrices as = (z;)¢_, € C?
and A = (ai,j);jj:l € C?9, Foranindexsetu C [d] = {1,...,d} we introduce
the notation

T = (Ti)icu- (2.1)
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CHAPTER 2. TOOLBOX FOR FUNCTION APPROXIMATION

We introduce the p-norm of a vector z € C? by

1/p
d | .
(Ei:1 || ) if1 <p < oo, (2.2)

Jll, = |
max;e(q | 2] if p = oo.

Whenever the index p is omitted, the usual Euclidean norm ||-||,, is meant. Our
aim is to approximate a function f: Q — C, where Q € {T¢ R%[0,1]?}. Ina
first step we have a look at the periodic case = T<¢. We will distinguish the two
cases of a tensor product or no tensor product. We introduce the classical L,,
spaces by

Lo(Q ) = {2 = C [ [, < ), (2.3)

1/p
1,000 = [ 1f@Put)az) (2.)

where 1 2 — R, is a density We omit the second argument y in the norm
L, (82, w), if p is the uniform density.

During this thesis we will also use a discretized /5-norm,

1/2
1 lley2) = (Z f($)2> (2.5)

xeX

together with the discrete scalar product

(f,9)x =" f@)g(®). (2.6)

xreX

Some densities with variance y > 0 and mean fz = (7;)_, 7t = [, (i) da,
which we will use frequently in this thesis are the following:

= on the domain T¢%:

py () = lpa(x), (Uniform distribution) 2.7)

= on the domain [0, 1]¢:

() = 119 174 (), (Uniform distribution) (2.8)
pB.a(T) = 'g] 1112(232) x?fl(l — ) (Beta distribution, o > 0) (2.9)
7
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2.1. THE SETTING OF MACHINE LEARNING

* on the domain R?:

1 _;(wrquz)Q . sl
ug(x) = H e 275 ) ~>0, (Gaussian distribution) (2.10)

V2my
1€[d)
1
pe(x) = H — (Cauchy distribution) (2.11)
i€ld] my (1 + (%) )
1 i~y
pe(x) = H o e_‘ S , (Laplace distribution) (2.12)
i€[d] v
1
piw) =cu, | 7= (d>2,5>3) (2.13)
i€[d] (1 +wi /PY )
Cps = (F(S)>d (Tensor-product density) (2.14)
Mo ﬁF(S _ %) . p y .

Later on, we will tudy distributions on the frequency domain, which will be
denoted by p, with the same indices as the density y on 2.

2.1 The setting of machine learning

Machine learning is a branch of artificial intelligence focused on developing and
analyzing statistical algorithms that can learn from data, generalize to unseen
data, and perform tasks without explicit instructions. Notably, generative artifi-
cial neural networks have revolutionized several fields in the past few decades;
see [ATY"19] for an overview of recent progress in machine learning.

The earliest machine learning model was introduced in the 1950s when Arthur
Samuel invented a program that calculated the winning chances in checkers
for each side [Sam59]. In the 1960s and 1970s, the focus was primarily on sym-
bolic artificial intelligence and expert systems, where knowledge was explicitly
encoded by human experts. These systems were rule-based and relied heavily
on logical reasoning. However, they struggled to handle uncertainty and lacked
the ability to learn from data. By the 1980s, interest in neural networks, inspired
by the brain’s structure and function, resurged. Pioneering work by researchers
like Geoffrey Hinton, Yann LeCun, and Yoshua Bengio laid the groundwork for
modern deep learning techniques. However, neural networks faced challenges
due to limited computational power and data availability.

Later, theoretical advancements in statistical learning theory, particularly sup-
port vector machines and kernel methods, gained prominence by contributing
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CHAPTER 2. TOOLBOX FOR FUNCTION APPROXIMATION

to the understanding of the theoretical underpinnings of machine learning al-
gorithms. The explosion of data availability, coupled with advancements in
computational power and algorithms in the late 2000s, led to the rise of deep
learning. Deep neural networks, especially convolutional neural networks and
recurrent neural networks, achieved remarkable success in various domains,
including computer vision [CZLN21], natural language processing [YHPC17],
speech recognition [MMB™23], and medical imaging [LL19]. However, the limi-
tations of relying solely on deep learning are becoming more apparent. There is a
growing recognition that while neural networks are exceptional at pattern recog-
nition, they lack explicit reasoning. Consequently, challenges such as data depen-
dency, lack of interpretability, and overfitting have emerged [Lip18, ZBH"21].

Modern machine learning has two primary objectives: one is to classify data
based on developed models, and the other is to make predictions for future
outcomes based on these models. Machine learning is usually divided into
two main types. In the supervised learning approach, the goal is to learn a
mapping from inputs x to outputs f(x), given a labeled set of input-output
pairs (z;, fi)?il. Here, M is the number of training samples. In the simplest
setting, each training input «; is a d-dimensional vector of numbers. These are
called features, attributes, or input variables. In general, however, «; could be a
complex structured object, such as an image, a sentence, an email message, a
time series, a molecular shape, a graph, etc.

The second main type of machine learning is the descriptive or unsupervised
learning approach. Here, we are only given inputs (;)%, and the goal is to find
patterns in the data. This thesis focuses exclusively on supervised learning.

Approximation theory focuses on finding simpler functions or models that
closely mimic more complex, often unknown, functions. It provides tools and
methods for representing, analyzing, and estimating these approximations, allow-
ing us to understand how well we can capture the behavior of complex systems
with simpler mathematical expressions or models. In the context of machine
learning, approximation theory provides insights into the error bounds and con-
vergence properties of learning algorithms. Understanding the approximation
error allows researchers to assess the performance of machine learning models
and evaluate their reliability in practice. Convergence analysis, based on approxi-
mation theory principles, helps to understand how learning algorithms converge
to optimal solutions as more data becomes available or as the model complexity
changes.
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2.2. FUNCTION SPACES

2.2 Function spaces

Function spaces play a crucial role in mathematical analysis, providing a frame-
work for studying the properties of functions and their behavior. In the context
of function approximation, Sobolev spaces and Besov spaces serve as natural
function classes for analyzing the convergence and approximation properties of
numerical methods. These spaces allow us to quantify how well a given approxi-
mation method captures the behavior of a target function, taking into account
its smoothness. In this section, we introduce well-known function spaces on the
torus T¢ and on the real coordinate d-space R?.

Sobolev spaces generalize the concept of differentiability. They are designed
to capture the smoothness of functions by measuring their weak derivatives.
Weak derivatives are defined in a distributional sense, allowing functions with
discontinuities or singularities to be included in the space. We introduce the
Sobolev spaces with dominating mixed derivatives H? . (T¢) in the usual way:

mix

Definition 2.1 (Sobolev spaces with dominating mixed derivatives). Lets > 0,
then we define the Sobolev spaces with dominating mixed smoothness by

(T = {11 T4 5 C | fll gz, gy < 0} (2.15)

where the norm is defined by

d
2 s
15 ooy = D lew(HP T+ ki), (2.16)
kezd i=1
and
ex(f) :/ f(x) e 2 k) qgp, (2.17)
Td
are the Fourier coefficients. A

Here, s represents the order of differentiability. We will consider the case where
s > %, since in this case we have that H3,;, (T?) < C(T%), which is necessary
that the function is continuous. The Sobolev norm is for s € N equivalent to the
following norm, see also [KSU14],

Hf“Hme(Td) = Z ||Dkf||L2(11‘d) ) (2.18)
0<||kll o <s

gk1+--tkg
k1 kq
Oxy -0z,

cients of the function f € Ly(T¢), there is the unique representation in terms of

with the partial derivatives D* f = . Having defined the Fourier coeffi-
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the Fourier sum, '
flx) =" an(f)emika). (2.19)

kezgd

In this thesis, we will use a further equivalent norm to the Sobolev norm, which is
based on a decomposition of f in dyadic blocks. We introduce the dyadic blocks

Z]271 < 27} ifj>1
Jj::{{ke [P < K <2} i 21, (220)

{0} if j = 0.
Forj = (jk)z:l , € N¢ we define
Jj=Jj x.ox Jj,.

Using these dyadic blocks, we decompose the Fourier series of the function
f € La(T%) into

> er(fle*miee)if § e N,
fl@)=">" fi(@)with f;(z) = { k7 (2.21)

jezd 0 otherwise.
This immediately gives for f € H?, (T%),
||fH%r;;ix(1rd) = Z 22Hj‘|ls\|fj||%2(1rd)- (2.22)
JENE

For the sake of completeness, we additionally introduce the classical Sobolev
spaces, which demand less differentiability of the function f, for more details
see also [KSU14].

Definition 2.2 (Classical Sobolev spaces). Lets > 0. Then we define the classical
Sobolev spaces by

H*(T?) = {f LT C | 1l gge ey < oo} , (2.23)
where the norm is defined by

2
ey = > ID*fllpype forseN.
0<|kll, <s

This norm is generalized to fractional smoothness by

2 2\s
1 Wecray = D lew( DI+ (1K), (2:24)
kezd
where in the case of integer smoothness both norms are equivalent. A
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Besov spaces, on the other hand, are function spaces that measure the smooth-
ness and decay properties of functions using localized information. A more
general function class than the spaces in Definition 2.1 are the Besov spaces
(sometimes also called Besov-Nikolskij spaces) of mixed smoothness, which can
be defined via mixed moduli of smoothness. But we will use a Fourier analytic
characterization, for more detail see [DTU18, Chapter 3].

Definition 2.3 (Besov spaces). For1 < p < co and % < s we define the Besov-
Nikolskij spaces of mixed smoothness by

B; (1) = {f € (1) | I/l 3, za) < 0} (2.25)
where the norm is defined by

sup 210 £ 1 (pa) if g = oo,
y d

171135 (zay = § 9N | e (2.26)
(ZjeNg |2HJH1S||fj||Lp(W)| ) otherwise ,

using the decomposition (2.21) of f. A

A typical Besov space is characterized by three parameters. Here, s represents
the smoothness of functions, p controls the integrability, and the index g governs
the decay properties. Besov spaces serve to generalize Sobolev spaces and are
effective at measuring regularity properties of functions.

By utilizing Sobolev and Besov spaces in the context of function approximation,
we will develop efficient numerical algorithms, understand the convergence
behavior of approximation methods and quantify the accuracy of the obtained
approximations. These function spaces provide a rigorous mathematical foun-
dation for analyzing and designing effective approximation techniques that can
capture the intricate details and regularity of functions in a wide range of appli-
cations. Similar to the periodic case we introduce the Sobolev spaces on R<.

Definition 2.4 (Sobolev spaces with dominating mixed derivatives on R%). Let
s > 0, then we define the Sobolev spaces with dominating mixed derivatives
by

HioRY) = { RS C |l ey < 0} (227)
where the norm is defined by

d

s = [ 1F@P T+ oy,

i=1

2
11

mix
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and the Fourier transform
flw) = flx)e M@ dz  forw € RY, (2.28)
Rd

similar to the periodic case. A
If f € Ly(R?) with f € Ly (R?), the Fourier inversion formula

f(x) = ﬁ g flw) e ® dw (2.29)

holds true for almost all z € R%. For f ¢ Ly(R?) the Fourier transform can be
generalized to tempered distributions, which are linear continuous functionals
on the Schwartz space S(R?). The Schwartz space consists of smooth functions,
such that all derivatives exist on R? and go to zero as = — oo faster than any
reciprocal power of . If a distribution arises from a slowly increasing function f
in the sense that

Tre) = [ f@)pl@) e, e SE (2.30)

we speak about a regular distribution. The Fourier transform T ofa tempered
distribution T' € &’ (R9) is defined by

(T, ) == (T, @) forall p € S(RY). (2.31)

Furthermore, for every function f € L;(R?), we obtain (T}, ) = (T}, ). The
simplest tempered distribution, which cannot be described just by integrating the
product of some function with functions from S(R¢), is the Dirac distribution
0, defined by

(6, ) = ©(0) forall p € S(RY), (2.32)

see also [PPST23, Section 4.3] for more information about tempered distribu-
tions.

2.3 Wavelets

Wavelets are a versatile tool with rich mathematical content and great potential
for various applications. A square integrable function f in a Hilbert space can be
represented as a wavelet series with respect to a complete, (semi-)orthonormal
set of basis functions. This wavelet basis consists of functions called wavelets,
which form a complete orthonormal system. Each wavelet in the basis is localized
in both space and frequency. Unlike traditional Fourier analysis, which uses
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—m=1
m=2
Jl—m=3
—m=4

-2 -1 0 1 2

Figure 2.1 : Cardinal B-splines of order m = 1,2, 3, 4.

sinusoidal basis functions that are global in nature, wavelet analysis allows for a
localized representation of functions, capturing both transient and oscillatory
behavior. The wavelet basis provides a multi-resolution analysis, enabling the
representation of functions at different levels of detail, and allowing for the
extraction of both fine-scale and coarse-scale information.

In this section, we recall well-known facts of the theory of wavelets and construct
periodic wavelet functions from wavelets on R, as also used in [LPU23]. In this
thesis, we focus on Chui-Wang wavelets, which are compactly supported, piece-
wise polynomials that provide easy access to function values. The approximation
theory using wavelet basis functions applies similarly to other wavelet types.

Definition 2.5 (Cardinal B-spline). For m € N we define the cardinal B-spline
B,,: R — R of order m recursively by

1
1, -1 1 o3

Bi)=1{ " “25"S2 and Bo(x) = / B (y)dy, (2.33)
0, otherwise, a1

which is a piecewise polynomial function. A

For small orders m of the cardinal B-Spline see Figure 2.1. The function B, (z) is
a piecewise polynomial function of order m — 1. Furthermore, the support of

B, (x)is (=%, ) and they are normalized by ffm B, (z)dx = 1.
2

We introduce the well-known wavelet spaces. Define the function spaces V; by
V; = span{(27 - —k) | k € Z}, where the function ¢ is some scaling function.
For example one can use here the m-th order cardinal B-spline B,,,(x) as scaling
function ¢. Consequently, we have

CVoR) cVH(R) c VI(R) c Va(R) C -+ -
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1+ A m=
m =2
_m:3

U |

Figure 2.2 : Chui-Wang wavelets of orderm =1, 2, 3.

From the nested sequence of spline subspaces V;, we build the orthogonal com-
plementary subspaces W;, namely

Vit1(R) = V;(R) & W;(R), j € No.
These subspaces are mutually orthogonal. Hence, we write
Ly(R) = Vo(R) @ Wo(R) ®@ W1 (R) & - -- (2.34)

We are interested in a wavelet function i) € W, that generates the subspaces
W; in the sense that
W; = span{v; i | k € Z},

where ‘ A

bp(@) =222z — k), jeENo ke (2.35)
Thus, we use a normalization such that [|¢); k|, , ) = 1.
Example 2.6 (Chui-Wang wavelets). An example for the scaling function is the

cardinal B-spline, ¢ = B,,, of order m. The corresponding wavelet functions are
the Chui-Wang wavelets [Chu92], which are given by

=> @uBm(2r —n—12), (2.36)

neZ

where
n m

dn = 2m 1 < )Ban+1—k m)

see Figure 2.2 for Chul-Wang wavelets of order m = 1,2,3. For m = 1 the
Chui-Wang wavelets coincide with the well-known Haar wavelets. A
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In order to approximate periodic functions, we use 1-periodized versions of these
wavelets,

Pr@) =D hin(z+0), (2.37)

LEL

where we first have to dilate and then periodize. To get a periodic decomposition
of the form (2.34), we have to periodize the scaling function ¢ € V}, by

P ( Zapx—l—f =1,
LET

see [Dau92, Section 9.3], which is the constant function. To simplify notation,
we denote the scaling function (- — k) by 11 x and > ; =: @P°".

We approximate a function f € Lo(T) by some function in V;. If the wavelets do
not induce an orthonormal basis, but a Riesz basis for every index j, we have to
consider the dual basis ¢, which has the property

(Vi ks Vie) = i Ok,

The usage of wavelets allow us a decomposition of a nonperiodic f € Ly(R) in
terms of ¢); 1, using (2.34) by

F=Y 000 00k + )Y (W) ik

keZ i>0kez

If {¢; x ()}« is an orthonormal basis for 1V}, the dual wavelet and the wavelet
coincide, i.e. ¢;,x = 1} ;.. The periodized version of (2.34) is

Ly(T) = Vo(T) & Wo(T) @ Wi(T) & --- . (2.38)
Hence, we decompose every function f € Ly(T) as

27 -1
f <f, Per pero +Z Z per* ?j:a (2'39)

>0 k=0

since the periodization of ¢); ;. reduces the parameter k to the range {0, ... 27 — 1}
and the periodization of ¢_; makes the parameter k in the first term obsolete.
The periodization inherits indeed the orthogonality in (2.38), i.e.

0 if j # 5/,
(W55 W) = S (Wi Yjar) if j = j/and 2’ > suppv, (2.40)
> ver(Wik—2i0, ) 1§ =j and 27 < suppp.

We require the following properties of the wavelets.

33



CHAPTER 2. TOOLBOX FOR FUNCTION APPROXIMATION

m |1 2 3 4 5
Ym | 1 0.14814815  0.03792593  0.01005993 0.00267766
dm | 1 0.33333333 0.13386795 0.05938886  0.02785522

m

Table 2.1 : Riesz constants for the Chui-Wang wavelets from [PT94].

Definition 2.7 (Wavelet properties). We define the following properties of a
wavelet ) : R — R.

» The wavelet ¢)(x) has compact support, i.e.,

supp ¢ = [0, 5]. (2.41)

= The periodized wavelets form a Riesz basis for every index j with
2

2791 291 291
Yo Y dinl® < || D di Py <O > ldjl. (2.42)
k=0 k=0 Lo(T) k=0
= The wavelet has vanishing moments of order m, i.e.
/OO Y(x)ePdz =0, B=0,...,m—1. (2.43)
—oo
We will denote these by wavelets of order m. A

For example, the Chui-Wang wavelets of order m in Example 2.6 fulfill all three
properties. These wavelets have compact support with supp ¢ = [0,2m — 1],
they have vanishing moments of order m and the periodic Chui-Wang wavelets
represent a Riesz basis for every index j, [PT94, Theorem 3.5.] with the constants
from there, see Table 2.1. Also the Daubechies wavelets, see [Dau92], fulfill these
properties with Riesz constants v,,, = d,, = 1.

To generalize the one-dimensional wavelets to higher dimensions, we use the
following tensor product approach. To this end we define the multi-dimensional
wavelets

d
bin(@) = [[vin (@), == (21,...,24),
i=1

where j = (j;){_; € Z%and k = (k;){_; € Z% are multi-indices. Analogously,
we define the 1-periodized versions
d

Pa(@) = [T ep (@), (2.44)

i=1
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—%k=0

k=1

1 I—k=2

(2.35) — k=3
0 AL AN

— k=0
k=1
5 1L 11—z
0 -~ — k=
(244)
_ 0
0.5 0 » \
0.505 . | | | | |
1 2 —0.4-02 0 0.2 04
2% (@) b ()
with

i=@2 2) k=03 2
Figure 2.3 : The procedure from the wavelet function () to multivari-

ate periodic wavelets 1% (z): The example of Chui-Wang wavelets of
order m = 2.

where j, j; € {—1,0,2,...} and k € Z; are multi-indices with

Ij Z:X

i=1

1,...20 =1} ifj; >
{{O) ) } 1 .7 — 0? (2'45)

{0} ifj; = —1.

The whole procedure of dilatation, translation, periodization, and tensorization
is summarized in Figure 2.3. In an analogous way we define the multi-variate
dual wavelets and their periodization. With this wavelet construction the space
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Ly(T?) is decomposed into

Ly(T?) = @D W;(T%), with J := {j € 2 | j; > —1foralli € [d]}, (2.46)
JjeTJ

where the spaces W;(T%) = ;e W;,(T) and V;(T%) = x,¢(qV;, (T) are the
tensorized versions of the one-dimensional spaces and for the constant functions

we use the notation W_ := Vp(T4). This allows to decompose every function
f € Ly(T?) as

F@) =" ) (F P urs (@), (2.47)

JET keZ;

To approximate a function f by a finite number of wavelet coefficients and
wavelet functions, we have to truncate the decomposition (2.47) accordingly.
Hyperbolic cross index sets have proven to be very useful for approximating func-
tions with smoothness s, [DTU18]. We will study in Section 4.1.2 the projection
operator P, which truncates the wavelet decomposition (2.47) to a hyperbolic
cross index set by

Pof =Y Y (L)l (2.48)

JEITn kEL;

in order to approximate a function f € Lo(T¢). To this end, we define the index
sets

Jni={3 €Z§>-1,|jh <n} with|jl =Y ji (2:49)
,5:=20
The operator P, is the projection of a function in L, (T%) onto the space

V(1) = 5 w;(T). (2.50)

JEIn

In Figure 2.4 every small square corresponds to one multi-index k. The opera-
tor P; chooses those wavelet functions, for which the corresponding square is
colored, i.e. all k in the index set Z; where |j|; < 3.

2.4 Transformations for tensor products

Approximation theory on the torus is well-understood compared to other do-
mains. For example, the whole theory about Fourier series is about periodic func-
tions, where we do not have to worry about the boundary conditions. There are
several approximation operators for the torus available with fast algorithms using
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J2 J2

(=

]
—

-10 g1 -10 1 2

J1

Figure 2.4 : [llustration of the number of indices k where |j|; < 3 for
d = 2 (left) and d = 3 (right).

Fourier analysis, wavelet analysis or other methods. The main idea of [PW24]
is to combine a periodization strategy with approximation methods on the d-
dimensional torus T<¢. Therefore, we use a tensor product transformation to
transform these results also on other tensor product domains, especially [0, 1]%
or R?,

Assuming i.i.d. uniformly samples on T¢, error estimates using different basis
functions on T are possible. We study the wavelet system in this thesis, which is
based on [LPU23]. An analysis for the Fourier system can be found in [PS21a],
but also the application of other algorithms is conceivable.

In practical applications, we have to take the dataset as it is and have no uniformly
distributed samples available. Hence, assuming now random samples on €2 with
respect to the density y, the idea is to transform the samples to the torus T¢, see
Figure 2.5. The procedure in this section is applicable for tensor product densities
w. In this section we will define the transformation R, which was introduced
in [PW24].

The basis of our transformation is the cumulative distribution function

F:Q—10,1], %F(aj) = pu(x). (2.51)

Subsequently, we identify [0, 1] with the torus by the bijective mappingz — z— 1.

Similarly to the cumulative distribution function, we define the transformation

37



CHAPTER 2. TOOLBOX FOR FUNCTION APPROXIMATION

Ve oxe € 'x& X
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Figure 2.5 : Transformation of the samples in the two-dimensional case.

R: Q— [—3, 3] by

/ p(t)dt — 1 ifQ =T,
7;/2
R(z) = / p(t)dt — 1 ifQ =R, (2.52)

n+(1—-n) /x p(t)ydt— 1 ifQ=10,1],
0

where 0 < 7 < 1is the extension parameter. This transformation R provides the
possibility to transfer the function f to a function f o R~!, which has its domain
on the torus. Since we require that the density y is positive, the cumulative
distribution function is strictly monotonically increasing and has a well-defined
inverse function R 1.

In the case of a nonperiodic function on the domain Q2 = [0, 1], we have to use
an extension with parameter 7, because otherwise the transformed function
is not even continuous. Our transformation R transforms the function f from
[0,1] to [-1/2 + 1, 1/2], which means we extend the function on the boundary
[—1/2, —1/2 4 1] to receive a periodic function f: T — C with

3 _ —1
oo = TR

The one-dimensional setting is generalized to higher dimensions only for tensor

product densities (3.2) and tensor product domains = x¢_,Q; with Q; €
{T, R, [0,1]} fori € [d]. We build up a d-dimensional transformation R: 2 — T¢
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from one-dimensional transformations (2.52) by

R(x) = (R1(z1),...,Ra(zq))

From time to time we use the notation Ry, (z+) = (Ri(7;));c,,,» which is similar
to the notation for vectors with index u. The inverse transformation is given by

R_l(w) = (Rl_l(l‘l), ey R;l(xd))

1 .

] d —_— ifQ; € {T,R},

with 1R ) = 05 ¢ G {0 = [0.1] (2.54)
J (1—n) pa (R () ' e

with

The relation that we will use can be seen in this illustration:

R

samples: reEX ————ye)y
R-!
R

domain: QO ——— T

R-!
x AR’I orf
C

By the observation that the Jacobi matrix

a -1 Hz‘(R'}l(yi)) ifQi < {TLR}’
RE@ =0y 07 o o
(1-n) pi(R; (1)) Pl

(DR (Y))iy = T

is a diagonal matrix because of the product structure (2.53) of our transforma-
tion R, follows that

LAIZ, oy = / (@) Pu(e) de
= [ 1R @) PuR- @) det (DR (@) | de
= [ @) e - (1_17])J|f0R‘1IIZ<w>7 (255)

where d = |{i € [d] | ©; = [0,1]}| is the dimension of the nonperiodic variables
of f. The norm equality (2.55) ensures that the transformation R preserves the
Ly-norm of the function f, up to some factor for the nonperiodic setting.
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Figure 2.6 : The transformation of the one-dimensional periodic Chui-
Wang wavelets of order mm = 2 (and dilatation index j = 2) to the real
axis, exemplary with the transformation R from the Cauchy distribution
e, defined in (2.11).

One advantage of our transformation approach is that it preserves orthogonality,
i.e.if we have a (semi-) orthogonal basis e; on T¢, then we directly receive a
(semi-) orthogonal system on (2 with respect to p, i.e.,

{ej o R e o R) 1) = 95,40 (€55 €50) Lo(ve)-
An example of the transformed basis functions is plotted in Figure 2.6.

Our transformation approach only works for tensor product density p.. For the
transformation of dependent input variables, there exists for example the Rosen-
blatt transform, [Ros52], which entails the mapping of original random variables
onto uniform variables. With known joint cumulative distributions functions or
conditional cumulative distribution functions of the actual random variables, the
transformation of the actual random variables to uniform variables is possible.
But practically, such distributions are not available hence the Rosenblatt trans-
formation is considered limiting in practice. Further disadvantages are that the
transformation depends on the order of the input variables and interpretability
gets lost.

2.5 Random Fourier features
Kernel methods are instance-based learners. Instead of learning a fixed set of

parameters representing input features, they retain the memory of each training
example (x;, f(x;)) and assign a corresponding weight to it. When making
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2.5. RANDOM FOURIER FEATURES

predictions for test data, that are not part of the training set, these methods use
a similarity function x, known as a kernel, to compare the unlabeled input @ e
with each training input x € &.

In other words, let , ' € X be two samples and ¢: X — H be a nonlinear
feature map, transforming each element in X into a reproducing kernel Hilbert
space (RKHS) H. Then, the kernel function x : R? xR — Ras (p(x), o(x')) 5 =
k(x, ") computes the inner product between ¢(x) and ¢(z’). In practice, the
kernel function  is directly given to obtain the inner product {¢(x), p(z’)) %
instead of finding the explicit expression of ¢, which is known as the kernel trick.
Every f € H is then represented by

fl@) =Y ar(@—a). (2.56)

x'eX

Kernel methods benefit from this approach and are effective for learning non-
linear structures. However, they often struggle with scalability in large-scale
problems due to high space and time complexities. Kernel-based approaches
have been extensively used in data-based applications, including image classifi-
cation and high-dimensional function approximation since they often perform
well in practice. The random feature model is a popular technique for approxi-
mating the kernel using a randomized basis that can avoid the cost of full kernel
methods. Random Fourier features were proposed by [RR07] and further ana-
lyzed by several others, [Bac17, LTOS21]. See also [LHCS22] for an overview of
random feature algorithms in the literature.

The theoretical foundation of random Fourier features builds on Bochner’s the-
orem [Boc55], which states that any bounded, continuous, and shift-invariant
kernel is the Fourier transform of a bounded positive measure. If a shift-invariant
kernel « is properly scaled with x(0) = 1, Bochner's theorem guarantees that its
Fourier transform p(w) is indeed a probability distribution. This implies that

k(x —x') = / e r=2) () dw = Ewnp (e““”m)e_““”ml)) , (2.57)
Rd

see also [PPST23, Chapter 4.4].

The pioneering work [RR07] introduced the idea of random feature maps. The
basic idea is using (2.57) to approximate a shift-invariant kernel function by
mapping the input data into a lower-dimensional feature space using random
projections. This allows kernel methods to be applied in linear time relative to
the number of data points. In particular, the random Fourier feature model uses
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standard Monte Carlo sampling scheme for the approximation
{w,x —i{w,z’ 1 * i({wy,z—x’
/<;(:1:far:’):IE“,NF,(e< @) L gmiw, >)%NA(CC)A(:B/> :NZe< ko )

with the explicit feature mapping
A(m) _ (ei(wl,w)’ L. 7ei(w;\/,ac)) c (Cl><N7

where {w), }1'_, are sampled from p(w) independently of the training set X'. The
uniform convergence of Fourier features was shown in [RR07] for distributions p
with finite second moment.

The original kernel matrix K = (k(z — @')) ,c v 4¢ 1 18 then approximated by
~Llaar oA (ei<wk,m>> c ClXIxN
N ’ z€X k=1,...N ’
which is a low rank approximation of the kernel in the case N < |X|. For a
large amount of samples |X'| the approximation is computationally significantly

cheaper in terms of computation and complexity. Inserting this approximation
(2.58) into (2.56) yields

N
f(z) = Z ag k(T — ') ~ Z C‘L:/_' Zei<wk,m—m’>
k=1

' eX z'eX
N 1

=3 eilwre) (N 3 agreitone >> (2.59)
k=1 x’'eEX

I
M=

. 1 . /
ak-e1<wk.,m> = f#(a:), with ay, ::N Ze:xam/eﬂwk,m )

>
Il
—

For a connection to the nonequispaced fast Fourier transform see Section 4.3.3.

In Section 4.3 we will go through the approximation

[ (x) = ! ﬁ: flwr) ellwr.@) (2.60)
(2m)® &= Np(wi) ’

which is basically the Monte-Carlo approximation of the inverse Fourier trans-
form (2.29). The function f* fulfills

By (1"(@) = g [ f(@)e®) do = (o).
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| (@) ()
Gaussian | ~ eIzl ~ e~ lwll3
. d
Laplace | ~e~l=l ~ T 5
d 1 ol
Cauchy | ~[[_; e e

Table 2.2 : Most important kernels and corresponding distributions p.
According to (2.57), the kernel is the Fourier transform of the distribution
p, see also [RRO7].

We want to motivate the definition of the function f* here further by

1<‘;;C7 x) f($/> e—i(w,m’) dz’
Rd

1(wk,w7m') dz’

b

1N
NZI

= [ 1@ —a)da’ = f(a),

where 6(x — ') is the Dirac delta distribution.

The function f* depends on the Fourier transform f . This function f* is similar to
the projection Py f for periodic functions in the wavelet setting. As suggested by
the error splitting (1.1) we will give bounds for the error || f — f*|| in Section 4.3.

Most random feature based algorithms focus on the Gaussian kernel. Important
kernels and corresponding densities p are summarized in Table 2.2. Recently,
there were improvements by using Quasi-Monte-Carlo methods for approximat-
ing the integral (2.57), [ASYM16, MKBO18, HSH24].

From the neural network point of view, this is a two-layer network with a ran-
domized but fixed single hidden layer. Given an unknown function f: R¢ — C,
the random Fourier feature model takes the form

N
= Z aje1<wj 1m> ,
=1
where € R? is the input data, (w j)g\le are the random weights, and a =
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(a;)}2, € CVis the final weight layer. As suggested by the error splitting (1.1) we
will give bounds for the error || f* — f#|| in Section 5.3.

Existing algorithms differ in how they select features w; and weights a;. In
most cases, the features w; are independent and identically distributed random
variables generated by the (user defined) probability density function p(w). Then,
for the random Fourier feature model, the output layer a is trained (training data-
dependent or independent), while the hidden layer (the weights w ;) are fixed.
In [HN24] it is proposed to optimize the distribution of the drawn random Fourier
features w.

In this thesis we will develop and analyze different algorithms for selecting the
weights w; and the coefficients a; using the data vector f = (f (wz))fvil The
random feature regression problem thus becomes

. 2
Jnin [|f — Aall, +R(a),

with some penalty function R: C¥ — R. For example, choosing the ridge
penalty function with R(a) = A HaHg leads to the random feature ridge regres-
sion which was studied for example in [RR08, RR17, LTOS21, MMM22].

It has been observed that the global minimizer of the risk in the random fea-
ture ridge regression problem is attained in the very over-parametrized regime
[MM19, MMMZ22]. However, since a large number of parameters N can pose lim-
itations in many scientific applications, an alternative approach involves using
sparsity-promoting penalties or algorithms to derive sparse or low-complexity
models within this over-parameterized setting.

Sparse random feature models like in [HSS*23, XSSW22, SST23] build on the
random feature models by introducing sparsity in the random frequencies. Spar-
sity is achieved by zeroing out a significant portion of the weights, which reduces
computational costs and can lead to more interpretable models. Sparse random
feature models are particularly useful in scenarios where the input data is sparse,
as the sparse random projections align well with the sparsity in the data, leading
to efficient computations. In this thesis, we take up the idea of sparse random
Fourier features and even go a step further by using the random Fourier features
for sensitivity analysis and adapting them to the ANOVA decomposition of the
function f. One of the key challenges in sparse random feature models is find-
ing the right balance between sparsity and approximation accuracy. Too much
sparsity can lead to a loss in model performance, while too little can negate the
computational benefits.
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2.6 Inequalities from probability theory

In this subsection we collect some basic tools from probability theory, which we
will apply later to our concrete settings. Concentration inequalities describe the
deviation between the mean and the expected value. One basic result about the
spectral norm of sums of complex rank-1-matrices from [Tro12, Theorem 1.1] is
the following.

Theorem 2.8 (Matrix Chernoff). Consider a finite sequence A; € CN*N of inde-
pendent, random, self-adjoint, positive definite matrices, where the eigenvalues
satisfy Amax(A;) < R almost surely. Define

A = Amin (Z ]E(AZ-)> and X = Amax (Z E(Ai)> ,

3

675 AR

. o MR
P (Amx (Z A,») > (1+ 5))\> <N <(1+5)1+5) .

We will use this theorem in Theorem 5.3 to prepare error estimates for the recovery
of individual functions.

then

Another basic inequality which we will use to estimate the individual function
error in Section 5.1.2 is the Bernstein inequality, see [SC08, Theorem 6.12].

Theorem 2.9 (Bernstein). LetP be a probability measureonT?¢, B > 0 ando > 0
be real numbers, and M > 1 be an integer. Furthermore, let¢y, ... 6y : T — R
be independent random variables satisfyingE&; = 0, |||, < B, andE &7 < o?
foralli =1,..., M. Then we have

M
1 2021 2Bt
P=S"¢>4 27 <o, .
<M;€_ M +3M>—e T>0

For the worst-case error estimation in Section 5.1.3 we use the following result
from [MU21, Proposition 3.8].

Proposition 2.10. Lety,,: =1,..., M bei.i.d. random sequences from (5. Let
further M > 3,7 > 0,and R > 0, such that||y;|, < R foralli =1,... M almost
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surelyandE(y,y;) = L fori =1,..., M. Then
| M
P(|— y— L

where F := max {W%RQK{ ||L||2} and r — Y5

3
ZF> <2iM7,
2

2

McDiarmid’s inequality is a concentration inequality that bounds the difference
between the sampled value and the expected value of a function when assessed
on independent random variables. This inequality is applicable to functions
satisfying a bounded differences condition, meaning that altering one argument
while keeping all others fixed won't drastically alter the function’s value.

Theorem 2.11 (Mc Diarmids inequality, [McD89]). Let a functionv: X; X X3 X
.-+ x Xn — R satisfy the bounded differences property, i.e. for allk € [N], and
allz, € Xy,...,xNy € XN,

/
sup |v(Z1,. .., The1, Thy Thp1y .-, TN) — V(T1,y ooy Tho1, Thoy Tht1y- - - EN)| < A
) €EX},
Consider independent random variables X1, X, ..., Xy where X}, € X}, for all

k. Then, for anye > 0,

262
P(’U(Xl,Xg,...,XN) —]E[’U(Xl,XQ,...,XN” > 6) < e< Eg:lAk>.
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The ANOVA decomposition
and the curse of
dimensionality

The term curse of dimensionality includes a range of issues that arise when
working with data in high-dimensional spaces, problems that are not present
in lower-dimensional scenarios. These dimension-related challenges occur in
various fields like numerical analysis, sampling, combinatorics, machine learn-
ing, data mining, and databases. The overarching issue in these problems is that
as the number of dimensions increases, the space volume expands so rapidly
that the available data becomes increasingly sparse. To obtain reliable results,
one often needs an exponentially growing amount of data as the dimensionality
increases. The expression curse of dimensionality was coined by Bellman [Bel57]
when considering problems in dynamic programming.

The curse of dimensionality causes problems in the machine learning setting:

= Data sparsity: With each additional dimension we introduce to our dataset,
the volume of the data space grows exponentially, resulting in the data
becoming more sparse.

» Increased computation: More dimensions mean more computational
resources and time to process the data.

= Overfitting: Using too many dimensions, models can become too complex
and fitting to the noise rather than the underlying pattern. This reduces
the model’s ability to generalize to new data.
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= Visualization challenges: High-dimensional data is hard to visualize, mak-
ing exploratory data analysis more difficult.

Concerning the task of function approximation, the number of ANOVA terms,
see (3.1), of a function is equal to 2¢ and therefore grows exponentially in the
dimension d. This reflects the curse of dimensionality and poses a problem for
the approximation of a high-dimensional function f.

In this chapter, we present possibilities for introducing weak, but reasonable
assumptions to the function f to deal with the curse of dimensionality. First, we
introduce in Section 3.1 the classical ANOVA decomposition for independent
input variables as well as the generalized ANOVA decomposition for dependent
input variables and give properties for constructing the ANOVA terms f,, for
the two different cases. Furthermore, we define in Definition 3.12 the Sobol
indices S, (f), which form the basis for sensitivity analysis. In Section 3.2 we
study the case of periodic functions and calculate the Sobol indices S, (f*) of
a linear combination of periodic wavelet functions f# = Y k@G EYs g In
addition we give the connection (3.35) between the classical ANOVA index u and
the wavelet indices j and k. In Section 3.3 we show that the transformation R
from Section 2.4 preserves the ANOVA structure of the indices, because of the
tensor product structure. For functions defined on R¢, we study in Section 3.4
the ANOVA decomposition in connection with random Fourier features. Once
again, we distinguish independent and dependent input variables. In the first
case we state in Lemma 3.18 a connection between the ANOVA terms f,, and
the frequency domain Tf, which is a generalization of the decomposition of
Fourier series from Remark 5.10. For dependent input variables we propose in
Definition 3.22 to adapt random Fourier features to the ANOVA setting.

To mitigate the curse of dimensionality, we show in Section 3.5 error estimates
between the original function f and a truncation 7y, (f), which cuts off all ANOVA
terms of order bigger than g for functions having certain smoothness. We state the
results in Theorem 3.26 for the periodic case and in Theorem 3.28 for function
on R<, Finally, in Section 3.6 we discuss different possibilities for finding an
appropriate ANOVA index set U, which captures the important ANOVA terms of
the function f by iteratively increasing or decreasing the maximal superposition
dimension.

3.1 The ANOVA decomposition

The classical analysis of variance (ANOVA) decomposition has been studied in
many contexts and applications, e.g. [ES81, JO03, Wah90] and appears in the
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literature as far back as Hoeffding [Hoe48]. Often this model is also called high-
dimensional model representation, see also [RA99] for an overview. The ANOVA
decomposition represents a frequently used model in the analysis of dimension
interactions of multivariate, high-dimensional functions. This decomposition
decomposes a d-variate function in 2¢ ANOVA terms where each term belongs
to a subset u C [d] of coordinate indices. Each single term only depends on
the variables in the corresponding subset and the number of these variables
is the order of the ANOVA term. The ANOVA decomposition is a valuable tool
for understanding the structure and behavior of functions and enables to focus
on the most significant factors when constructing approximation models. It
has extensively been used for the analysis of quasi-Monte Carlo methods for
integration, see e.g. [CM097, LO02, LO06, Sob01, GH10] and references therein.
Applications to sparse grids can be found in [BG04, Gri06, Heg03, Hol11].

In general, the ANOVA decomposition (Analysis of variance) is given by

d d
f@)=fo+ Y fay(@)+ Y Fagp @)+ + fla(@)
i=1 itj=1

= ) ful@a) (3.1)

ueP([d])

It is common to refer to the terms f,, where |u| = ¢ collectively as the order-¢
terms. In general, there are many possibilities for a decomposition (3.1). Indeed,
an arbitrary choice of f,, for all |u| < d can be accommodated by taking fig
to be f minus all the other terms. But with some additional conditions the
decomposition is unique. Typically, one demands orthogonality of the involved
terms with respect to some densitiy . In this thesis, this density p will always
be the density of the samples X. In this chapter, we study the domain ) = R¢,
which includes also the following cases considered in this thesis:
= In the periodic setting Q = T?, we choose
supppu C [—1,4]%

Especially, for uniformly distributed samples on T¢, which is studied in
detail in Sections 3.2, 4.1, and 5.1, we choose

1 ifee[-1 1)
(z) = e
0 otherwise.

The ANOVA decomposition with respect to this density is considered in
Remark 3.6. The same setting with respect to the wavelet decomposition is
given in Section 3.2.
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= For non periodic functions on the cube = [0, 1]¢, we choose the density
pwith supp p C [0, 1]¢. We will study this case in more detail in Section
4.2.2.

* For the approximation of functions on = R¢ with suppu C R%, we
will use a transformation from the torus in Section 4.2 or random Fourier
features in Section 3.4.

= Adiscrete measure on sampling points x € X is considered in Remark 3.21.
An ANOVA decomposition with respect to this measure is only possible
with further requirements to the sampling points &, i.e. they have to have
a grid structure.

We focus on the classical and the generalized ANOVA decomposition and give
the main well-known characteristics in the following, fully described in [PW24]
for the classical ANOVA decomposition of periodic functions and in [PW25] for
dependent input variables on R<.

Mostly, in the literature the ANOVA decomposition is defined only for indepen-
dent input variables, which means that the density y is a tensor product

p(x) = H i (). (3:2)

1€[d]

However, the classical ANOVA decomposition can be generalized to non tensor
product densities, see for example [LR12, Rah14, Hoo07]. In any case, we define
the marginal probability density functions by

puw) = [ @) dae, 653)

where @ # u C [d]. If the density 4 is a tensor product, all marginal probability
density functions are also tensor products,

P (X)) = H pi(23).

€U

By demanding orthogonality, the ANOVA decomposition is unique. For that
reason define for f € Ly(RY, i) the scalar product

= [ fula@)fol@uta) do (.4

= /R‘uwl Ju(®w) fo(To) futw (Tuiw) dTuUy-
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For dependent input variables, the uniqueness of the ANOVA decomposition (3.1)
is only possible under mild conditions on p. For degenerate distributions, for
example a bivariate distribution having x1 = x5, the function f(z1,x2) can be
exactly represented by either f1(z1) = f(z1,22) or fa(x2) = f(x1,x2), which
definitely has no meaningful unique decomposition. The regularity condition
that we require is grid closure, see also [Hoo07].

Definition 3.1 (grid-closed). AsetQ C R? is grid-closed if for any = € 2 and
u C [d] there exists y # x € (, such that y,, = x,. A measure x is said to be
grid-closed if supp p is grid-closed. A

Grid-closure is a weak condition implied by most common regularity conditions.
In particular, any open set is grid closed. Following [Hoo07, Theorem 2], every
grid-closed density i results in the unique decomposition described by the
following.

Definition 3.2 (ANOVA decomposition). Let f € Ly(R9, 1), then the ANOVA
decomposition is the unique decomposition (3.1), which fulfills

= for tensor-product density y, the integral conditions
/ fu(®w)pi(x;)de; =0 foralli € wandforall @ # w C [d] (3.5)
R

forall @,,; € RI“I~1.

= for grid-closed density y the integral conditions

/ Su(@w)p () dz; =0 foralli € wandforall@ # uw C [d] (3.6)
R

forall z,,; € RI“I~1.

The marginal probability density functions i, are defined in (3.3). The first case
is referred to as classical ANOVA decomposition. A

For independent input variables on [0, 1]¢ see for example [CM097, LO06, Hol11].
The following lemma is given in [Hoo07, Lemma 1].

Lemma 3.3. The integral conditions from the Definition 3.2 are fulfilled for
f € La(Re, p) if

= for tensor-product density . the orthogonality condition

(fu, fo)py =0 forallv #u C [d]. (3.7)

is fulfilled.
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= for grid-closed density . the hierarchical orthogonality condition
(fu, fo)py =0 forallv C u C [d]. (3.8)

is fulfilled.

The inverse of this lemma is not true: For a mean zero function the choice fiq = f
and all other terms equal to O fulfill all orthogonality conditions, but in general
not the integral condition (3.6).

The classical ANOVA decomposition for a tensor product density x is used more
often in the literature. Indeed, if the density p is a tensor product, the hierarchical
orthogonality conditions (3.8) are equivalent to (3.7): If (3.8) is fulfilled, for u # v
there exists an index i € [d] withi € wand ¢ ¢ v. Then,

(fu, fo)p = /Rd_l Jo (@) pric (x4c) (/R fu(mu)ui(xi)dxi> dx;e =0, (3.9)

since @ C u.

The classical ANOVA terms are calculated iteratively, an alternative coupled
system of equations for the general case was introduced in [Rah14].

Theorem 3.4. Let f bein Lo(R?, 11), then

fo = / S@)n(@)da. (3.10)

For a subset & # u C [d] the ANOVA terms,
= jfu is tensor product density, defined recursively by
fu(mu) = / f(w),u'u”(xu”)dxu” - Z fv(wv)v (3-11)
R =l vCu
fulfill the orthogonality condition (3.7).
= jfu is a grid-closed density, defined by the coupled system of equations

ful@) = [ J@pe(w) dau = 3 olen)

vCu

- E /I | fv (xv)ﬂvﬂua (wvﬁuc) dwvﬂu“ (312)
RlvNuc
1

F#vC[d
vNu#£Dd,vZu

fulfill the orthogonality condition (3.8).
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Proof. The main idea is to show the integral conditions (3.6). The first part is
a generalization of [LPU23, Lemma 2.5.]. The proof is by induction on |u|. For
u = {i}, condition (3.5) follows easily from (3.11). Now suppose that

[ fowalniydrs =0
R

fori € v whenever 1 < |v| < r < d. Choose u with |u| = r 4+ 1 and picki € wu.
To complete the induction, we calculate

/fu(xu)ui(zz)dxl
R
= /R /Rdfw (@) phage (Tape ) dType — %fv(%) i () da;
= /R/Rd*‘"‘ (@) prage i (Xgyevi) dye da; — é/ﬂgfv(m”)ﬂj(%)dxi
= fu\z(wu\z) + Z f,,(scv) — va(wv) = 0.
= e

For the generalized ANOVA decomposition we refer to [Rah14, Theorem 4.4.]. [J

Note, that the ANOVA terms f,, are not in Lo (R/%!), but f,, € La(R!®, 11,,).

In [LPU23] we studied the case 2 = T and uniform s = 1. 1 1, which can be

1.
[—3,3]
easily extended to a general tensor product domain €2 and tensor product density
1. Hooker [Hoo07] proposed finding component functions f,, by minimizing a

mean-squared error subject to the hierarchical orthogonality (3.8).

The following theorem states the classical ANOVA decomposition for tensor
product densities with respect to an orthonormal system. This connection was
used in [PS21a] with the Fourier basis, in [PS22] with polynomials and will be
used in Section 3.2 for Chui-Wang wavelets.

Theorem 3.5. Let j(x) = [],c, 1i(:) be a tensor product with u; = yui; for all
i,j € [d] and (ex(x)),c,, be an one-dimensional orthonormal basis with respect
to iy where eq(w) is a constant. Let furthermore the function f € Ly(R?, 11) be

described by
fl@)=">" ax [] ex ().

kezd i€[d]
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If furthermore,

/ er(x) dz = o k,
R

then the classical ANOVA decomposition of f is

fu(xe) = Z ar(f)er, (€y), whereT,, = {k € Z% | suppk = u}. (3.13)
keT,

Proof. We show that for the in (3.13) defined terms f,, the integral conditions
(3.5) are fulfilled, which are equivalent to (3.8). For i € u we calculate

/R Fu@a) () s = / S a(ew (@) [T () da

keZ, jEu

= 3 ) IT (e i, @) [ entefoyds 0. O

k€EZ,, jEu\i

The most important aspect in the previous theorem is the connection
keZ,<suppk=u (3.14)

between the index k and the ANOVA index u. This decomposition is illustrated
in Figure 3.1. Note, that the main drawback is that this theory is only applicable
for independent input variables, i.e. tensor product densities.

Remark 3.6 (The trigonometric polynomials and the ANOVA decomposition).
The work [PS21a] is based on a simple connection between the Fourier coeffi-
cients ¢ (f), defined in (2.17), of a function f on T? and the ANOVA index u
from (3.11). Therefore, the orthonormal basis e (z) = e2™(¥) with respect
to the uniform density on T is used. According to Theorem 3.5 the function
f € Ly(T?) with

f@) =" alf)em®),

keZd

is decomposed by

ful@) = cx(f)e*™*®) where T, = {k € Z* | suppk = u}.  (3.15)
keZ,

This leads to a decomposition of the frequency domain, which is an example of
(3.14) and is illustrated in Figure 3.1. A
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suppk = {1,2} suppk ={1,3} suppk={2,3} suppk=1{1,2,3}

Figure 3.1 : Illustration of the decomposition of the three-dimensional
frequency domain Z? in (3.14) into the lower dimensional parts with
respect to the ANOVA terms u € P([d]).

In [PS22] the decomposition with respect to polynomial basis is studied. We will
transfer this analysis to the wavelet decomposition in Section 3.2, to transformed
functions in Section 3.3 and additionally we will use the generalized ANOVA
decomposition to study even dependent input variables in Section 3.4. For non
tensor product densities it is not that easy to find an orthonormal basis, such that
there is a connection like (3.14). For the generalized ANOVA decomposition we
have to find for every index set u an orthonormal basis ey, (2,) in Lo (R/®, 1y,),
which fulfills

/ e (@) fia(@) dzs = 0 foralli € u, (3.16)
R

in order to receive the connection (3.13). Since it is not possible for a general
density p to find such an orthonormal basis, we will develop in Section (5.3) algo-
rithms to derive the generalized ANOVA decomposition without an orthonormal
system eg. However, in the following we give a rather theoretical example for an
orthonormal basis on an arbitrary density.

Example 3.7. Let the density i be a weighted convex combination of character-
istic functions on cubes,

(a—1)1

33 :ad Z sz[a, +

where y is the characteristic function. Let the nonnegative weights w; fulfill
S w; = land [£, 21 = {z € [0,1]9 | £ < & < “1} are small cubes
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dividing the cube [0, 1]¢ into equal parts. Then the marginal distribution func-
tions yi,, are also piecewise constant on the small cubes. For every index set u an
orthonormal basis eg,, (x.,) is given by the union of the orthonormal basis for
the uniform density on the cube, scaled to the grid X[i, it and united for all
smaller cubes with index 2 with 0 < 7 < a — 1. For example, one can use wavelet
functions ¢ (x) defined in (2.44) with j,, > 0 and j° = 0 like described in
Section 3.2. A

Before showing explicit examples for the ANOVA decomposition, we show in
the following new lemma how the generalized ANOVA decomposition can be
derived analytically at least in some special case for two dimensions. Up to now,
there is no explicit formula known for computing the generalized ANOVA terms
in arbitrary dimension d, due to the dependencies of the variables and resulting
dependencies of the ANOVA terms. In the following we state an alternative way to
the coupled system in Theorem 3.4, which shows that even in the simplest case
of a two-dimensional function f it is not possible to calculate the generalized
ANOVA decomposition easily.

Lemma 3.8. In the two-dimensional case, i.e. d = 2, the generalized ANOVA
decomposition for grid-closed density 1. can be determined as follows. Denote
by d;. 1, the Kronecker delta and the integral operators Ty, T>: L1(R) — L1 (R) by

Tk (1) ::/Rkl(il) <5z1,i1u1(g§l)—/R“(“:"l’x?)“(x““) dx2> diy,

p2(z2)

Toka(z2) ::/sz(@) (5”“’52“2(@)./]1@ pln, T2)p(n, 72) dzl) i,

pa(z1)

which only depend on the density (1. The marginal distribution functions p.,, are
defined in (3.3). Denote furthermore the functions

hi(z1) iz/Rf(w)Mz(xz)dl”z

ho(es) = / f(@)pn (@) dzy
(z)

1‘1 // 331,1‘2 —|—hl(l‘l))u(il,xQ)dflpZ(xz) d.ng
f(@)p(x) das,
R
g2(2) = /R/R(—f(xl,fz) + ha(22)) M($1752)df2uﬁiii) dz
+ Rf(fv)u(w)d:vy
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Ifthe operators T and'Ts are invertible, the generalized ANOVA decomposition
is given by

fo = f((L‘),u(:E)d:B,
1(z1) /f z)po(22) dze — fo — T7 H(g1(31))

2(x2) /f @) po(w2) dzs — fo — Ty ' (g2(2))
f1,2( )—f( )—f1($1)—f2($2)—f@~

Proof. In any case the constant f can be calculated by (3.10). In the two-
dimensional case the coupled system (3.12) reads

=th1(z1) =k1(z1)
fi(z1) = / f(@)p2(z2) dze — fo */f1,2(3’3)ﬂ2($2)d952a (3.17)
R R
=tha(w2) =tka(22)
fa(z2) = | f(x)pi(21) dor —fo — /Rfl,z(w)#l(l"l) dz, (3.18)
fig(®) = f(x) = fo — fi(x1) — fo(z2)
h

= f(x) + fo — hi(z1) — ha(z2) + k1(z1) + k2(22). (3.19)

The functions h; and hs can be determined analytically from the function f
and the density p. The functions k; and k; are the missing ingredients for the
generalized ANOVA decomposition. For our case d = 2, we have p(x) = p1 2(),
so we use the integral condition (3.6) for u = {1, 2}, and obtain for all z; € R,

0—/f12 x)da;
- / (F(@) + for — ha(a1) — ha(ws) + Ey(21) + ka(z2)) () day

= /]R (f(@) = hi(z1) + ki(21)) p(x) dzr + (fo + ka(22) — ha(z2)) p2(22).
(3.20)

Reordering terms and exploring the analogues equality gives the coupled system

Vas € R ‘/Rkl(fﬂl)ﬂl(w) dz, + kQ(.’EQ)/JQ((EQ)
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= /R (—=f(@) + h1(21)) p(@) do1 + (= fo + ha(22)) p2(z2)

Vo, €R: /R o () () davs + K (1) pan (1)

/IR (=f(x) + ha(x2)) p(x) Az + (= fo + hi(21)) pa(21).

Rearranging the first equality to k2(x2) at supp u2 and inserting in the second
equality leads to

/R( F(F1,22) + b (@) i, w9) dF1 — fo + h(as)

k(@) (21, 22) A2y

-
-~
%)
—
8
N
N
e

Vxl cR :/R/R(—f(i‘l, .’Iig) + hl(jfl)) /A(.f?l,.%‘g) dil uz((Z) dl‘g

- ()
p2(x2)

= Rf(a;)u(a:) dzg + ha(w1)p (w1).

dzo + k1 (x1)pr (1)

Rearranging terms containing the desired function k; on one side and all other
terms on the other side gives

// f(Z1, 20 —&-hl(xl))u(sﬁl,xg)dxl
— hi(z1)pa(21)

_ _/Rkl(gzl)/R“(jl’zzzggl’”) dag Ay + iy (21) (1)

:/Rkl(ggl) (51,1@1“1(551)_/R“(il’“)“(xl’“) dx2> &) = Tiki (z1),

po(z2)

d2+/f dl‘g

where T is the integral operator, which maps the function k1 (%) to a function
depending on z;. By inverting this operator, we receive a solution function k1,
which then has to be substituted in the formula (3.17) for f;. The calculation of
f2 follows analogously. O

If the density p as well as the function f have tensor product structure, say f(x) =
[Ti(q hi(xi), also the ANOVA terms fy,(x.,) are constructed from products of
the one-dimensional functions h; and constants. In the generalized case, this
does not have to be the case, as the following example demonstrates.
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Example 3.9. We consider the ANOVA decomposition of the function
flwr,22) = 2fa; (3.21)
for the different densities y:

= the two-dimensional examples of the Gaussian sampling density pg from
(2.10),

= the uniform distribution on [0, 1]2 from (2.8),
= the sum of three tensor product densities,
1
um(x) = = ('UB 1 (221, 222) + Fy 1(2z1 —1,222) + Fy 1 (221,222 — 1)) ,
5 3 :

3 2
(3.22)
which is supported on the L-shaped domain

{e0,1]* |z < Foras < 13,
and the Beta distribution p gL which was defined in (2.9).
’2

Figure 3.2 shows random samples from this density and the corresponding
marginal distributions,

1
THy 1(2z7 — 1).

2
= — 2
pa (1) “Bé( v1)+ 3 1

3
Note, that 11g and y1, are tensor product densities and pm requires the general-
ization of the ANOVA decomposition.

With respect to the tensor product densities, the ANOVA decomposition can be
easily calculated using equation (3.11). For the decomposition with respect to
the density pg we use Lemma 3.10. The ANOVA decompositions are shown in
Figure 3.3.

Consider augmenting f with an extra term f = 10 max{0, z; —1}? max{0, 22—
112, which is supported on the set A := {x € [0,1]* | 21 > 1,25 > 1}, where
the density g is zero. That means, that the decomposition with respect to yg
can not distinguish between f and f + fg, while the ANOVA decomposition
with respect to py is clearly influenced by f7 and this discrepancy can be made
arbitrarily large depending on f. A

In Example 6.1 we will later apply different algorithms to samples drawn from
1g and show the usefulness of the generalized ANVOVA decomposition.

In the following new lemma we calculate the generalized ANOVA decomposition
in some special case.
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Figure 3.2 : Left: 100 random samples from distribution pm. Right:
marginal distributions p; = p9 of the distribution ym.

Lemma 3.10. Letd = 2, the density i« be a sum of three tensor products like jig,
which has the form

ngl)(:cl)nél)(xg) if 0<z; < %,O <x9 < %,

1 779)(331)779(502) if 0<a<g5<e<l,

x)=—
H@) 3 7]§2)(x1)77£1)(x2) if 1<z <1,0< 3 <4,
0 otherwise ,

where the functions ngj ) fori, j € {1,2} are normalized by 1 in the L, -norm.

Then, the generalized ANOVA decomposition with respect to this density is given
by the explicit relations

o= | S@nte)d

file) = [ @) des — /o
fa(xe) = /o f(@)pi(z1)dzy — fo,
1
fi2(x) = f(x) — /0 f(x)pa(xe) drs — /01 flx)p(z1) dzr + fo,

which simplify the coupled system of equations (3.12).

This result can be generalized to more complicated densities, but for the simplic-
ity of the notation we restrict ourselves to the mentioned case.
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1
0.4
0.2
g 0 0
—0.2
—04
-1
-1 0 1
T
f(x1,22) = x7a}
1
I pm
fo 0.024
T T
f1 0.1} .
0|
0 05 1
T T
0.2} g
fa o1l |
0 ]
0 05 1
1 — 1 T 1 T
T2y 0f 8 05 : 0.5 1
-1 — 0 | 0 |
-1 0 1 0 05 1 0 05 1

Figure 3.3 : The ANOVA decomposition of the function (3.21) with re-
spect to the standard Gaussian distribution g (variance v = 1, mean
7 = 0), the uniform distribution 14, on [0,1]?, and the density um
from (3.22). All plots of two-dimensional functions have the same color-
bar (cut at £0.5).
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Proof. The marginal distribution functions are, using (3.3),

1
) = 301 (@) + g (@),

L@
37 (
Theorem 3.4 provides the following coupled equations,

fo= [ f@h(@)da.

pa(x2) = 25" (@) + 20 (2).

[0,1]
1
filr) = [ f(@)pa(re) dvs — fo — / J12(x)p2(z2) dag,
0 R

1
= dzy — fo — dzq,
falw2) /0 @) () das — f /R Fra(@) i (21) day
fiel®)=f—fi—fo—fo

== | F@haa) dr - / F(@)pun (1) das + fo

1 1
+/ f1,2(w)u2($2)d932+/ fr2(x)p (1) dey. (3.23)
0 0

Due to the condition (3.6), for all z; € [0, 1] we have that

0= Ja2)d
/Rfl,Q(x),Uf(xl ICQ) )]
=2 () 0P /f ) (22)
3 1 1) 1.2(x)ny " (22) dao
20 @) [, o@m? e ars
2

Forsome( < z; < 3 wnhn(Q) (1) # 0, thisleads to f01/2 f172(a:)77£1)(sc2) dze =0
and it follows that also [, ) Fro(@)nt?
we calculate the following,

/f12 )z (1) darg = /f12 < (1)( 2) + %né)( )) das

2 (2 1!
=2 |7 hal@n @) dna 3 [, frate)n (o) doy
0 2

(z2) dxs = 0. For the integrals in (3.23)
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Inserting this into (3.23) yields the desired result. O

Remark 3.11 (Other known methods). In addition to the classical ANOVA de-
composition there is the anchored ANOVA decomposition, [DG14, KNP*17,
KSWW09, GKNW18] for independent input variables, which we will not specif-
ically address in this thesis. This coincides with choosing the Dirac measure,
wu(x) = §(x — ¢). The point ¢, which is often arbitrarily selected, is called the
anchor point.

Besides the ANOVA decomposition, there are other global model-agnostic meth-
ods, which have disadvantages concerning our overall aim of approximating
a function from given samples X'. The following summary of these methods
originates from [Mol22].

» Partial dependence plots (PDP) show the marginal effect, one or two fea-
tures have on the predicted outcome of a machine learning model, [Fri00].
The partial dependence function is defined as

Furor(@u) = Eope f (@, Tu) = / F(@) e () de,

RIuwel

where the features x,,- are here treated as random variables. The partial
functions f,, ppp are estimated by calculating averages in the training data.
But requirement of the PDP is that the features in u are not correlated with
the features in u°.

= Accumulated Local Effect (ALE) plots [AZ20] also provide a functional
decomposition, meaning that adding all ALE plots yields the prediction
function. ALE plots average the changes in the prediction and accumulate
them over a grid,

Loy
SuaE(Ty) = / Ee,. [8]‘(:%,:18“) | ©y = 24| dz, — const.
o 0%,

u,0

The change is defined as the partial derivative, and for the actual compu-
tation, replaced by the differences in the predictions over an interval. It
appears an additional integral over z: One accumulates the local partial
derivatives over the range of features in set u, which gives the effect of
the feature on the prediction. For the actual computation, the z’s are re-
placed by a grid of intervals over which one computes the changes in the
prediction. Instead of directly averaging the predictions, the ALE method
calculates the prediction differences conditionally on features » and inte-
grates the derivative over features u to estimate the effect. The derivative
(orinterval difference) isolates the effect of the feature of interest and blocks
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the effect of correlated features. The subtraction of a constant centers the
ALE plot so that the average effect over the data is zero.

ALE differs from the generalized ANOVA decomposition, as the compo-
nents are not orthogonal, but the authors call it pseudo-orthogonal. This
means, that the ALE effect with respect to the index set u of the ALE effect
fovaLe is zero for u # v and equals fy, arg if v = u. A

Sensitivity Analysis

When decomposing a function into ANOVA terms it is of interest to identify the
ANOVA terms that are most relevant and influential in capturing the behavior of
the function. These terms represent the variables that have a substantial impact
on the variation of the function and play a significant role in its approximation.
By focusing on the dominant ANOVA terms and omitting or simplifying the
less significant ones, we can achieve a more efficient and effective function
approximation. This allows us to capture the essential characteristics of the
function while minimizing the computational and modeling complexity. In order
to get a notion of the importance of single terms compared to the entire function,
we define the variance with respect to . of a function by
p(w)de = [ (@) () do - f2.

2 .
)=
(3.24)

The idea of the ANOVA decomposition is to analyze, which combinations of the
input variables x; play a role for the approximation of f, i.e. which ANOVA terms
are necessary to approximate the function f and which terms can be omitted.
The variances of the ANOVA terms indicate their importance, i.e. if an ANOVA-
term has high variance, this term contributes much to the variance of f. For
subsets u C [d] with u # @ the Sobol indices, first introduced in [SS95], for the
classical ANOVA decomposition are defined as

2

f(@) - / J@)n(@) dz

_ o%(fu)
o*(})

The orthogonality of the ANOVA terms (3.7) implies that the variance of f €
Ly (R9, ) is decomposed as

Su(f) : e [0,1]. (3.25)

() = 3 o (fa)
uCld]
uAI
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and therefore
> Sulf) =1. (3.26)
uCld)
uAS
The global sensitivity index S,, () represents the proportion of variance of f(x)
explained by the interaction between the variables indexed by u. The knowledge
of the indices is very helpful for understanding the influence of the inputs, the
computation of these relies on the computation of the integrals of equation (3.11).

But, as we will see later in Section 3.2, the coefficients can be approximated
effectively using a (semi-)orthonormal basis.

There exist many methods for calculating the Sobol indices S,, from (3.25) of
a function of independent variables, see [CM097, Hol11, LO06] and references
therein. In contrast, only a few methods, such as those presented in [CGP12,
Hoo07, KTA12, LR12, Rah14] are available for models with dependent or cor-
related input. In all literature, the Sobol indices (3.25) are generalized to the
following.

Definition 3.12 (Sobol indices). The Sobol indices for an ANOVA term f,, mea-
suring the contribution of «,, into the model, denoted by S, var, Su,cor and Sy,
are given by

— o*(fu)
Su,var(f) = 02(f) ;
1 1
S’u,,cor(f) = 0_2(f) g[d]<fU) fv>;t = 0'2(f) z;;vc[d]<fu7fv>uv

Qe
e
Q

N
e

IN
Q

Su(f) = Su,var(f) + Su,cor(f)-

The first two indices Sy, var and Sy, cor Fepresent the normalized versions of the
variance contributions and covariance contributions from f,, to o%(f). The
third index, S,,, referred to as the total global sensitivity index is the sum of
variance and covariance contributions. A

When the random variables are independent, the covariance contributions to
the total sensitivity index Sy, cor vanish for allu C [d], leaving only one sensitivity
index (3.25) for the classical ANOVA decomposition. The sum of the total Sobol
indices is, analogue to (3.26), equal to 1, but the indices S, cor( f) can be negative.

Assuming independent input variables

Many algorithms using the classical ANOVA decomposition benefit from the
tensor product structure of the density p. In the following, we study the error
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between the generalized ANOVA decomposition and the classical ANOVA decom-
position if one assumes that the sampling density p is a tensor product of the one-
dimensional marginal distribution functions from (3.3), i.e. fi = [ ;¢4 1 ()
This ensures that supp & D supp .

Let us show with the following negative example that the error between the
ANOVA terms f; with respect to 1 and g; with respect to the tensor-product

density fi, i.e. |02(f1) — 0%(g1)|, can be arbitrary large, if the density x and the
function f are sufficiently bad.

Example 3.13. Let f € Lo(R? u) N Lo(R?) and f = 37, p (4 fu De the gener-
alized ANOVA decomposition with respect to the arbitrary density x. Let further-
more f = ). g, be the classical ANOVA decomposition of f with respect to the
tensor product density fi(x) = [ ;g pi(@i)-

Choose the function f as follows,

Je =0, (3.27)
fia(x) € La(R? py 2) fulfilling (3.6), (3.28)
Ji(zr) = *C/ f12(x)p2(z2)dze  for C' > 0. (3.29)

R

Then, the error between the components of order 1, f; and ¢; is

102 (f1) — o (g1)] = /R (F(@r) — g2 (21)) ps (1) s

~ [ ([ @)~ pa(@) pataa) oa - fz)Q
([ r@mstea) e 02 ) Yoo o

D g+ 290 [ @ (ol de
R2

[ ((/ (@)~ fra(@ ez aaa) ([ f(w)ug(m)dxzf) (1)

:92z+/R (Afl,z(w)ﬂz(xz)dx2>2m(xl)dxl

=2 [ ([ @hatan)dna) - ([ At azs ) ma(en) aos

we insert f(x) = fi1(x1) + f2(z2) + f1,2(x),

(3.6

= gngr/R (Afl,Q(m)HQ(mQ)dxz)Qm(xl)dxl
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- 2/]R (/}R fi(z1) +f1,2(m)ﬂ2(ﬂ72)d$2) ' (/}R fl,z(fc)m(m)dm) pa (w1) doa
02 g2 */R (/Rf1,2(w)uz(fv2)dm)gm(ﬂ?l)dxl
+20’/R(/Rfl,z(m)uz(mz)dxg)zul(m)dml

sz +e0-) [ ([ ha@iate) dxz)mendxl. (3:30)

This expression can be arbitrarily large: In (3.30) the last term becomes large for
large C, such that the relative error

|<72(f1) - 02(91)|
a*(f1)

> (20 - 1).

Note that this case cannot occur for tensor product density. A

Due to the lack of an iterative formula for calculating the generalized ANOVA
decomposition like (3.11) in the tensor product case, it is not possible to give
general estimates for |0%(f,) — 02(g4)|. The following lemma gives estimates
about the error between the Sobol indices of the generalized ANOVA decomposi-
tion and assuming independence of the variables, at least for the constant term.
This is a new result, appearing first in this thesis.

Lemma 3.14. Let f € Ly(R?, 1) N La(R?) and f = Y-, cpa fu be the gen-
eralized ANOVA decomposition with respect to the arbitrary density y. Let fur-
thermore, f =, g. be the classical ANOVA decomposition of f with respect
to the tensor product density ji(x) = [] () wi(x;), where u; are the marginal
distribution functions from (3.3). Then,

i€

|f® 7g®| S ||f||L2(Rd)HM*/]”LZ(R({)’ or
2 1/2
fio ()
fo = g0l < falls g ([t g}
ue’pz([d]) 2( 7Hz€u 2 ) S Hie“ /JJZ (1‘1)

In the first case f has to be in Ly(R?) and in the second case the density j, and
the ANOVA terms must satisty that the occurring terms are finite.
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Proof. We expand f on R%\ supp y by zero. Then, by Cauchy-Schwarz inequality,

|fo — 90| = f dw—/ fa) T paa:) dae
i€[d]
2 12

(/supw|f (w)|2dx)1/2 / ~ I wita) | d=

i€[d]

IN

= ||fHL2(Rd) e — ﬂ“Lz(Rd) )

which is zero if p itself is a tensor-product. If, for example, the higher dimensional
ANOVA terms of f are zero, we have that f ¢ Lo(R?), but in this case we show
the second bound in the lemma by

Ifz—gQIZ‘Adf(w) ydo— [ @) [] o) do

i€[d]

= Z fu wu)ﬂu(wu) da,, — f’u(mu) Hﬂi(xi) dx,,

wep () TR Rlul icu
< Z Ju(Tw) (,Ufu To) H,UL Ly > day,
ueP((d) VR icu
1/
< > ( / fu<wu>|2Hm<xi>dwu>
ueP () \/R™ icu
2 12
1
—— | pu(Tw) wi(z; dax,,
/]RW\ Eﬂi(xi) ( E ’ >
2 /2
f (T)
D L e R
ue%(:[d]) * iew 42 SUPP fiu Hieu pi(2s)
This finishes the proof. O

For summarizing this section, we give in Table 3.1 an overview on the differ-
ences between classical and generalized ANOVA decomposition and how we will
consider them in rest of this thesis.
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Classical ANOVA Generalized ANOVA
Conditions to sampling density p
independent input variables dependent input variables
tensor product p grid closed p, Def. 3.1
Orthogonality conditions
<fu7fv>u20 Vv;éu, (3-7) <f'u,>f'v>u:0 Vv C u, (3-8)
Possible function system e,
ONB W.L.t. (-, -) overdetermined system:
— wavelets, Section 2.3 — RFE Section 2.5

— transformed basis, Section 2.4
< trigonometric polynomials, [PS21a]

Decomposition in frequency domain
explicit relation between k and © connection u > w
— wavelets: Thm. 3.15 — RFF: Section 3.4
— trigonometric polynomials: Rem. 3.6

Sesitivity analysis/ Sobol indices

Su(f)Z (3.25) Su,var(f)r Su,cor(f)r Su(f)
Def. 3.12

approximated by:

< wavelets: S,, (f7), (3.34) < RFF: S.X (f), (5.30) to (5.32)

< RFF: SX (f7), (5.25)

Table 3.1 : Summary of the differences between the classical and the
generalized ANOVA decomposition and where which setting is studied
in this thesis. Note, that the wavelets have two indices j, k instead of one

index k.
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3.2 ANOVA decomposition for Chui-Wang wavelets
on T¢

The curse of dimensionality in the wavelet setting is present if we use 2" wavelet
coefficients for every dimension separately, i.e. in total N = O(2"¢) parame-
ters, which possesses the assumption that f € H*(T9). The slightly stronger
assumption f € H? . (T%) already reduces the rank of the projection operator
P, f,definedin (2.48),to N = O(2"nd_1 ), by allowing to use a hyperbolic index
set, see Lemma 4.15.

In this section, we calculate the Sobol indices S,, (f#) defined in (3.25) for func-
tions, which are linear combinations of the periodic wavelet functions, i.e. are
of the form f# = 7.} a; 19} and aiming to approximate f by f#. Know-
ing these indices S,, (f#), we reduce the number of parameters by omitting the
ANOVA terms which do not play a role in describing the variance of a function
f € Ly(T).

Using the basis functions ¢}, the coefficient vector a = (a; k) je 7 kez;, is the
crucial information, which describes the approximant f#. We follow [LPU23],
where the following theorem was shown.

Theorem 3.15. Let ;. = 1 be the uniform density on T¢ and f# € Lo(T%) bea
function in the periodic wavelet space written as

)= Y ajrlh(e). (3.31)

i>—1keT;

Furthermore, let f# be decomposed in ANOVA terms fif, see (3.11). These terms

are
EACHED DD DRCERAT W
Ju20kelyj,
where we define the notion for up-sampling1: RI*l — R?, given by

(1t du)i = {‘7 i u, (3.32)

—1 otherwise.

Define the matrices

d
L= (kw)es, wez, = Qe ((ow ez, ) (3.33)

i=1
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where
d

d

o= Tl o) = I [ o5houtss, e
i=1 i=17T

and the circulant matricescircy € C™*" aredefined by (circ ¥)i j = Yi—j+1 mod r

and @ denotes the Kronecker product of matrices. Then the Sobol indices S, (f7)

from (3.25) of the ANOVA terms for @ # w C [d] are given by

o*(f#) _ Liu>0945,L1i. i,

Sulg) = 75" = - , (3.34)

g (f) ijfl aj Ljaj

where we denote the vectors a; = (aj,k)kel-j .

Proof. We use (3.11) to determine the ANOVA terms. Furthermore, the vanishing

moments of the wavelet function ¢ means in the perioidzed case that

/1r Per(2) da = 8,y forall k € I;.

We proceed by induction on |u/, starting with

e[ Y Y sei@an o

i>—1keT;

The induction step is as follows,

)= [ 3 S s des - 3 £ @)
Tl 570 ket vCu
= 2 > wmadie @) = D > gkt (@)
Ju2—1k€Ly;, Ju20k€ELy;,

= Z Z “Tjwwﬁr,ku(‘”u)'

Ju>0KELrs,

For determining the variances of these terms, we use the fact that (¢, ,¢7" ) =

0, if j1 # jo, see (2.40). Hence,
2

2= [ tteadn = [ | Y Y e @) | de

Tlul LT e
[Fuli<n

2

- Z /]I‘\ul Z a“wkw?jku(mu) Az,

Gu>0 kCIyj,
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“ Y Y Y avesttian [ @00 ) de

Ju20k€ly;, LTy, o
T
= > afj; Ly,a,.
Ju20
This finishes the proof. O
This theorem tells us that in the description of a function f# € Ly(T¢) in terms

of wavelets like in (3.31), there is a connection between the ANOVA-terms ff
and the indices 7,

(aj x5 < fF) & G, €N e = —1. (3.35)

Note, there are only a few different matrix entries in the matrices L;. Hence,
these few entries only have to be precomputed and with (3.34) the Sobol indices
Su(f#) can be computed in a fast way.

This motivates to split the index set 7, see (2.49), into

Tnw ={3 €24 § > —1,jye = —1,]7, 1 <n} (3.36)
jn,U = U Jn,u~ (337)
uelU

and generalize the projection operator P, f, defined in (2.48), to

Povf= Y Y (fU5Rvhs. (338)

J€Tn,u kEL;
The corresponding function spaces V,,(T%), defined in (2.50), are decomposed
by
Voo (T == W;(T%). (3.39)

JE€EIn,U

We illustrate this connection in Figure 3.4.

3.3 ANOVA decomposition and transformations

In (3.11) we defined the ANOVA terms f,, (., ) for functions with domain R<. But
we point out again, that this includes also the case Q € {T<,[0,1]¢, R%}, see also
the listing at the beginning of Section 3.1.

In Section 3.2 we showed the relation (3.35) between the ANOVA index u and
the wavelet index set j € J,,. The transformation from [PW24], introduced in
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J3,{1,2,3}

Figure 3.4 : Illustration of the ANOVA indices of the projection operator
Psf ind = 3 dimensions: Every cuboid belongs to one index j. The size
represents the number of translation indices k € Z;, which gives this
dyadic structure. All indices in /5 are decomposed into indices belonging
to the ANOVA terms with index w C [3].

Section 2.4, transforms a function f from the torus to a tensor product domain
Q with tensor product density p.

The transformation R from (2.52) preserves the ANOVA structure of the function.
We will give details in the following. Denote for 2; € {T, R} forall i € [d],

Ru(wu) - (Rl(‘rl))zEu .

The ANOVA decomposition of a periodic functions on the torus is calculated
in Theorem 3.15. Transforming this decomposition back to €2, we receive the
ANOVA decomposition (3.11). This is shown by the following Lemma from [PW24,
Lemma 3.1.].

Lemma 3.16. Let(); € {T,R} foralli € [d]. The ANOVA terms defined in (3.11)
are the same as the transformed terms of the periodic function f o R™': T¢ — C
with the transformation defined in (2.52),

(fo R_l)u(Ru(mu)) = fu(Tw).

Proof. We defined the ANOVA terms on (2 as well as the terms on T¢ recursively,
see (3.11). Hence, we show the assertion by induction over the order |u| with the
help of the substitution R(x) = y,

(R s = [ FR7 )y = | f@n(e)de = /o
(fOR_l)u(Ru(wu)) = (fOR_l)u(yu)
= [ SR @) v = 3 (7o R u(w)

vCu
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= | F@) e (@) dye — Y (o Ry (Ru(wo))

Qe

vCu
= (@) e (@ue) de = Y fo(@) = ful(@a).
Qe o=
This gives the assertion. O
The nonperiodic case on the cube
For the nonperiodic case where = [0, 1]%, the multivariate version of the

transform R from (2.52) is
T
(o) = (Rl = (1 0= 0) [ wa—1)
0 iEu

The domain of the transformed function f o R~! is denoted by
Td = [7% + 1, %}d

With the corresponding density

—1_ ifg, € TY,
no(@) = G=nt D% = 0 (3.40)
0 otherwise.

The ANOVA decomposition is also in this case transformed from [0, 1]¢ to T,
The following corollary follows with the same arguments as Lemma 3.16.

Corollary 3.17. LetQ) = [0,1]% and u: [0,1]% — R be the sampling density.
The ANOVA terms defined in (3.11) are the same as the transformed terms of the
periodic function f o R~! with respect to the density u, given in (3.40), i.e.
(FoR™uRu(zu) = ful®w)
——

onTE wrt. pn on[0,1]% wrt.

Once an index set U is fixed and one approximates f by 7; f, the transformation
with respect to U collects all transformations R,, for all w € U. Then, the exten-
sion parameter 7 is chosen depending on the maximal superposition dimension
¢ = maxqycy |ul.

Our procedure uses a transformation R from [0, 1] to T, which transforms the
original function f to T% and extends the function on T\ T¢ with the aim to
use approximation methods for periodic functions. In contrast to that, for some
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distributions p on the cube there are orthogonal systems with respect to this
density ;¢ known, which can also be used for the ANOVA decomposition, for
example the following.

= The half-period cosine basis

ex(x) = cos(m (k,x)) = H cos(wkiz;), ke Z?
1€[d)

for the uniform distribution on the cube [0, 1]? was considered in [PS22].

= The tensorized Chebyshev polynomials of first kind,

ex(x) = H cos(k; arccos(z;)), k€ Z?
i€[d]

form an orthonormal basis with respect to the density u(x) = [ [ ;¢4 \/%

on [—1, 1]%, see for example [KUV21, Section 10.3] or [CD22]. This basis
corresponds to our setting by transforming the half-period cosine basis
from [0, 1]¢ to [—1, 1]¢ using the cumulative distribution function of the
Chebyshev density.

= The tensorized Legendre polynomials form an orthonormal system for
the uniform density on [—1, 1]¢.

In these cases one could also use the connection between the index k and the
ANOVA index u, k € Z,, & suppk = u to receive the ANOVA decomposi-
tion (3.11) with respect to the orthonormal basis, see also Theorem 3.5 and
Remark 3.6.

3.4 ANOVA decomposition for random Fourier fea-
tures on R?

In this section, we study the connection between the ANOVA decomposition of
the function f with domain R¢ and the Fourier transform of the function. This
was first considered in [PW25]. Later on, this connection is used to draw random
Fourier features accordingly.

We will use in this section the Fourier transform of the density 1. For more details
about the generalization of the Fourier transform of measures see [PPST23, Sec.
4.4].
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Independent input variables

If the input variables z; are independent, the sampling density p is a tensor
product and for f € Lo(R%, 1), the Fourier transform can be easily related to
the ANOVA terms f,, recursively defined in (3.11). Based on the discrete relation
of the Fourier index k and the ANOVA index u, k € Z,, < supp k = u, see Re-
mark 3.6, we introduce the following notation, which we will use for a continuous
analogue,

E(z,w, p,u) = H (eiwimi - ﬂz(fwz)) H fui(—wi). (3.41)

1€U icuc

Lemma 3.18. Let the sampling distribution p € L,(R?) have a product struc-
ture(3.2). Then, the ANOVA decomposition(3.11) for a slowly increasing function
f € L2(R4, ) N Lo(RY) is given by

fu(®w) = @ /Rd f(W)E(z,w, 1, uw) dw. (3.42)

Proof. The Fourier transform of the tensor product density iz can be decomposed
in
= 1T Astwo.
1€[d]

Note, that € L1 (R?) implies that u; € L1 (R), such that the one-dimensional
Fourier transforms fi; exist. We prove (3.42) inductively over |u/|. First, we observe
that

fo = / f@u@)de = [ oo [ fe)e ) dw @)z

A . 1 _
(QW / f(w) /R @) dede = /]R F@)i(-w) de
27r / f E(r,w,p, ) dw,

where E(x,w, p1, @) = ;¢4 fti(—w;) does not depend on x. The induction
step follows using the recursive definition (3.11),

ful@) = [ g [ F@) e don@ue) de = 3 fulw)

d—|u| (27T) ocu

— (27‘(‘)d e f(W)ei<wu:mu> Ad l ‘ei<wuckuc>ﬂ(qu)dwuc dw
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27sz E(x,w, p,v)dw

vCu

/f Jel o e (~wue) dw
27T

Gt 2 LI T = i) T - e

vCu zEv 1EVC

1 YR
= (27T)d R f(w)uuc(—wuc)

elfwnu) Z H (e — fii(—w;)) H fii(—w;) | dw

vCu i€v i€u\v
— o | @) TL e = ut-w) T] fs(-wi) o
(27T)d R4 iEu ieu’

1 ~

— @n) /Rdf(w)E(:c,w i, ) dw
This shows (3.42). O

By the functions E(0, w, u1, u) appearing in the previous lemma to describe
the ANOVA terms f,,, we decompose the frequency domain R? concerning the
different ANOVA indices u C [d]. These functions fulfill

if suppw = u,

1
li E0,kw, p, =
kggo' (0, hw, . w)] {O otherwise .

Example 3.19. Consider the standard Gaussian distribution 1 = pug, (2.10),
lwl?

where [ig(w) = e~ 2 . We plot the two-dimensional example of the terms
|E(0,w, i, w)| in Figure 3.5. The decomposition is the analogue of the discrete
decomposition of the Fourier series into ANOVA terms, see [PS21a, Fig.1]. A

Remark 3.20 (Relation to periodic functions on T9). The ANOVA decomposition
in terms of the Fourier transform f investigated in Lemma 3.18 is a generalization

of the periodic case in (3.15). To confirm this, let y; = 1[ 11 be the density
202
belonging to the uniform density on the torus. For the Fourier transform of this

density we calculate

(3.43)

() = 2sin(%) {Oifwi € 21 - (Z\0),

(093 1ifw,~ = 0
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1 1
/‘
o. Y 5 0.5
- 0 = 0
5 0 55 5 0 55

u = {1} u = {2} u=1{1,2}

Figure 3.5 : 2-dimensional decomposition of the frequency domain into
ANOVA terms for the Gaussian distribution pg. Plotted are the functions
|E(0,w, ug,u)| foru C {1,2}.

It is possible to extend the definition (2.28) of the Fourier transform to include
periodic functions by viewing them as tempered distributions. This makes it
possible to see a connection between the Fourier series and the Fourier transform
for periodic functions that have a convergent Fourier series. If f is a periodic
function with period 1, that has convergent Fourier series, then, due to the
definition of the Fourier transform (2.28) and the Fourier coefficients (2.17),

fw) =Y () (w—k),

keZ4

where § is the Dirac delta distribution, defined in (2.32). Applying Lemma 3.18
to this setting, we have

1
fu(wu) = (27_(_) f( ) (w7w7,u7u) dw
27T ——d Z cr(f)3 (w — 21k) E(z, w, 1, w)
kezd
) kezd KeZ,

where the index setis Z,, = {k € Z? | supp k = u}. The last equality follows
from (3.43) and the definition of the term E in (3.41). This connection was shown
in [PS21a] and was starting point for efficient algorithms. A

Remark 3.21 (The discrete sampling measure). Let us consider for a sampling
set ¥ C R?with |X| = M the discrete measure

pale) = 22 3 6y (@)

yeXx
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This measure is no tensor product and is not even grid-closed, see Definition 3.1,
which is required for a unique generalized ANOVA decomposition. To simplify
notation we denote set of :-th components by

X={z; | x e X}

Assume that the sampling points X fulfill that no components appear more than
once, i.e.

|| =
Then, we define the tensorized density
1
Ha(@) = 1 I > ou(@). (3.44)
i€[d] yi €X;

This tensorized density ;i is a tensor product density y and is grid-closed in
contrast to a general density y:x. For the Fourier transform of the density p+ we

calculate )

fize, (i) = 37 Y e

Yi EXi

Applying Lemma 3.18 to this setting, we receive the decomposition of the fre-
quency domain,

1 ~
fu(mu) - (2T)d /]Rd f(w)E(m,w,u,u) dw
iwix; 1 iw;y; 1 iw;y;
27T / f e!WiTi _M Z e iYi H M Z e iYi dw.
zeu Y, €EX; €U’ Yi €EX;

This ANOVA decomposition coincides with the decomposition (3.11), if we ap-
proximate the integrals by sums over the samples in X;. But note that this approx-
imation of the ANOVA decomposition with respect to i by a decomposition with
respect to a discrete measure is not possible with 1y . One has to use a tensorized
discrete density 1., or at least a discrete density which is grid closed. A

Dependent input variables

Let f € La(R%) N Ly(RY, 11) have the generalized ANOVA decomposition f(x) =
> wev fu(xw) with fo, given in (3.12).The functions f,, depend only on the vari-
ables x,,, i.e. for all ¢ € S(RY),

<Tf790> = (Ty,¢) = Z(fu (Tw), Z fu (Tu)p(x) do

uelU uelU
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RS

Qa) Q{ L3} Q{z 3}

Q1,2,3}

Figure 3.6 : Decomposition of the frequency domain R? into the lower
dimensional parts. The lower dimensional subsets (,, are not part of the
higher-dimensional Q),, for v C wu.

= Z fu (Lo /Rd o(w)dwdz

uelU

=3 [ fulaa) / p(w) / e i@ wu) 4, o H@w) du da,
wcl RIwl R4 RIu€l

= Z/ fu(wu)/ O(Wa, 0)e H@www) d,, da,,
uwelU Rlvl R4

= Z <fu(wu)7 ¢u> where @u(wu) = Qp(wua 0) € S(R|U|)
uelU

= Z <Tfu’ 90’Ul>'

uelU

fu(wu)/ @(w)é(wuc)e_i<m“’w“>dwd:cu
]Rd

Since ¢ € S(R?), the functions ¢(w,,, 0) € S(RI*!) are also in a Schwarz space of
lower dimension and the notation ¢(w,,, 0) means that we insert in the function
© zeros for all w; with i ¢ wu. The previous calculations also decompose the
frequency domain R? into parts which belong to the different ANOVA terms, in
the sense that for the ANOVA term u the corresponding frequencies w have to
fulfill w,,. = 0. For that reason let us define the frequency decomposition fulfill
wye = 0. For that reason, let us define the frequency decomposition

Qu = {w €R? | wye = 0,w; # 0fori € u}. (3.45)
An illustration for the three-dimensional case can be found in Figure 3.6.

The algorithms in the literature [HSS*23, SST23, XSSW22] are restricted to index
sets U = {u C [d] | |u| = q} of random Fourier features of order gq. Concerning
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the interpretability of the results this is a disadvantage, since it can happen that
nonimportant input variables gain significance: For example, if we draw features
of order ¢ = 2 and the true function f(x) = f1(z1) is of order one, the detected
important variable interactions would be {{1,4},7 = 2, ..., d}, since no random
Fourier features supported only on {1} are available. In [PW25] the random
feature setting was for the first time generalized to ANOVA terms with different
order.

Definition 3.22 (ANOVA truncated random Fourier features). LetU C P([d]) be
a set of ANOVA indices and the chosen functions p,, : RI*| — R be some prob-
ability distributions. A collection of N = ) ., n., weight vectors wy, ..., wy
is called a set of ANOVA-truncated random Fourier features, if it is generated

as follows: For each index v € U draw n,, realizations z1, ..., z,,, from p,, and
construct |u|-sparse features wy, by setting supp(wy) = w and (wg), = zg. All
random Fourier features are collected in the indexsetZ = {wy,...,wy}, and

define the notationZ,, = {w € 7 | w € Q. }, where Q,, is defined in (3.45). A

The decomposition of wavelet functions in Theorem 3.15 into ANOVA terms
mainly benefits from the semi-orthogonality of the wavelet functions z/;fekr on
the domain T¢, such that there is the one-to-one connection (3.36) between
the index j and the ANOVA term w. In contrast, the functions e ®) are not

orthogonal on R?. But nevertheless a trained random feature model

@) =Sufl@) = > afelwr), (3.46)

uwel wel,

where the random Fourier features are drawn with Definition 3.22, comprises all
ANOVA terms of the downward closure,

U :={v C[d]|3u € Usuchthatv C u}, (3.47)

of the function f,

@) =Suf =Y ful®@a).

uelU

Remark 3.23 (Orthonormal system for dependent input variables). In [LR12]
the authors propose a method to determine the unique ANOVA terms f,, based

on utilizing an extended basis. We will explain this idea here. Let (e](f_) (xl))
° k;,cZ
be an orthonormal basis with respect to the marginal distribution functions p;

fulfilling [, e, (zi)pi(z;) = 0 for k; # 0. With respect to an arbitrary density
a connection between the index k and the ANOVA index  like in (3.15) is not
possible. But in [LR12] the authors propose extending the basis for the function
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u={1} w={2} wuwu={3}

u={1,2} u={1,3} u=1{2,3} u=1{1,2,3}

Figure 3.7 : Illustration of the idea of basis extension (3.48). The decom-
position of the three-dimensional frequency domain Z? into the lower
dimensional parts with respect to the ANOVA terms u € P([3]).

fu from

€k, (Ta) H e, (z;) withk, € {k € Z*! | suppk = u}

icu
to

ek, (Tw) H e with k,, € Zlul, (3.48)

icu
which is illustrated in Figure 3.7. Then we use for the ANOVA terms f,, the ansatz

fo =

fu(®u) = Z aer, (x
keZlv!

Compare this with Figure 3.1, where the orthonormal basis allows a disjoint
splitting of the frequency domain Z? into the ANOVA terms. The basis functions
of the lower order component functions are always a subset of those for the higher
order ones, and the hierarchical orthogonality (3.8) can be readily achieved. For
example, for the lower order terms one has to demand

0= / filxi)pi(z:) dz; = Z /ekl(wz)ul(;rl) dz; = a(()) fori € [d],
R

k,EZ

0://fi,j(ivi,wj)eei(wi)ﬂi,j(%ﬂﬂj)dﬂfidwj
= [ 305 i entmen (o)en s i) dada

k; EZk €L
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= > > e / ex, (wi)es, (:) ( / (xnm,j(m,xj)dwj) da; fori # j € [d],
R R

ki€Z k; €L

and then f; ; is also orthogonal to every linear combination of e;;, and conse-
quently, f;. In comparison to the idea in (3.16), where one has to find an orthonor-
mal system with respect to the non-tensor product density y, here one has to
adapt the coefficients agc") of the extended basis to the hierarchical orthogonality
conditions (3.8). Similar to (3.16) it is numerically not feasible to construct the
approximation directly calculating all occurring integrals. Instead, one has to
discretize the integrals at given samples X, as we will do in Section 5.3. A

3.5 Truncating the ANOVA decomposition

Based on the concept of global sensitivity indices, defined in (3.25) we introduce
the notions of effective dimensions as proposed for example in [CM097, Holl1].

Definition 3.24 (Effective dimension (superposition)). For0 < e < 1 the effec-
tive dimension of f, in the superposition sense, is the smallest integer ¢ < d,
such that

Z % (fu) > ed(f). A

[ul<q

This means, we can describe a function with low effective dimension in the
superposition sense very well by only using a low dimensional approximant. For
that reason, we introduce the set U,, where we use all ANOVA terms up to the
superposition dimension g, i.e.

Uy = {ue [d| ul < g}. (3.49)

In this thesis we will denote the maximal superposition dimension of the index
set U by g with
q = max |u|, (3.50)
uclU
where the order |u| is the number of elements in the set w.

It is often the case that not all ANOVA terms contribute significantly to the ap-
proximation of the function f. Some ANOVA terms may have negligible effects on
the behavior of the function or may introduce unnecessary complexity without
improving the accuracy of the approximation. For that reason, we introduce the
following.
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Definition 3.25 (Effective dimension (truncation)). For 0 < € < 1 the function
f € La(Q, u) is of low effective dimension in the truncation sense, if there
exists an ANOVA index set U C U, such that

> 0% (fu) = (). A

uelU

The concept of effective dimensions motivates the idea of considering only a part
of the ANOVA decomposition of a function which may yield some interesting
benefits. It turned out that in many real-world problems the superposition
dimension is low, see [CM097, DPW10, KSWW09, WH11, PS21b].

In this breath we introduce function spaces corresponding to the previous two
definitions,

Lou(2 1) =—{f€L2 @Qu) | S 02 (fu) = co (f)}. (3.51)

uelU

For that reason, we truncate the ANOVA decomposition, motivated by Defi-
nitions 3.24 and 3.25. We create sparsity by removing certain terms f,,. For
functions in these subspaces of H; ;. (€2, 1) N L2 7 (€2, 1) we want to benefit from
the structure of f. The main idea is as follows: For an ANOVA index set U, we
approximate f by a function

Tof =Y ful@w). (3.52)

uelU

If the function f is of low effective dimension in the truncation sense, we have

1f = Tofl 7 = D o2 (fu) < A=) 1170 -

ug¢U

The number of needed parameters to describe a high-dimensional function of low
effective dimension is drastically smaller than one would need for approximating
all ANOVA terms. The main reason for this is the fact that f,, has dimension |u|.
This behavior is illustrated in Figure 3.8.

In this thesis we provide the details for approximation with wavelets and hyper-
bolic cross index sets in Chapter 4. For the method of ANOVA truncation with
trigonometrical polynomials and the full index set, see [PS21a, Sch22].

For a general function f € Ly (€2, ) nothing is known about the truncation error.
But, demanding at least some smoothness to the function, immediately leads to
the following estimates for the periodic case 2 = T? and the uniform density

= Hy.
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3.5. TRUNCATING THE ANOVA DECOMPOSITION

A
f@= got ()N + (@ R+ () fulwr ) +

full index set:
N = 1+ d-O(n)+ 0Od?) - -0n?) + O(d®)-0(n?) +

hyperbolic cross index set:
N = 1+ d-0(n)+ 0O(d?)-Onnn)+ O(d®)-O(n?In*n)t+

Figure 3.8 : Illustration of the dimensionality of the ANOVA terms of a
function f.

Theorem 3.26. Let f € Lo(T?), then for the approximation (3.52) with maximal
superposition dimension q, see (3.49), we obtain

1 = Tou Flamay < 2720 f s, ray (3.53)
2 2(g+1)s d+
2 q
If - TUquLQ(Td) < 1223< _ ) ||f||Bs _(Td) > (3.54)
If - TUquiQ(Td) <2 Aathe Hf”Bs 0o (T4) ”f”Bs L (Td) - (3.55)

Proof. The ANOVA decomposition from (3.11) can be written in terms of Fourier
coefficients, stated in (3.15). There, we defined the index sets

Tu = {k € Z¢ | supp k = u}.

Using Parsevals theorem means that

1fullZyway = Y lew(£)I?

ke,
The desired error is then bounded by
d 1+\1<:|
2

If = To s = Do D lew(DF =D D lewlf |2H
SRTENE

|u|>q k€L, |u|>q kELy, =1

(g+1)s
< (s oo (14 1K) ™ ) 113y < 2700 U1 -

This shows (3.53).
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For the case of f € B (T?), we use the definition in (2.26) via the decomposi-
tion of f in terms of dyadic blocks of the Fourier series. Then,

22|j|15
2 2 2
If— TUqf||L2(Td) = Z Z ||fj||L2(1rd) = Z Z ||fj||L2(1rd) 22l4ls

lu|>q  jengd lul>q  jeng
supp j=u supp j=u

< <sup IIfJIIL2 (T4) 22|Jlls> Z Z 9—2ljls

lul>g jeng
supp j=u

2 —92is . . . .
= 1flps vy D 272" {3 € NG | [suppj| > g, 151 = i}
i=q+1

e} d .
—2is Z+Q_1
VD SEd (DOl (A

i=q+1 Q=q+1

e o [((i+d i+q
= 1l5s _rey D 2 <Q+JQ+J)

i=q+1

_ 2 - —2(i4q+1)s i+d+qg+1 . i+2¢+1
= s 2
”f”BZ,oo(Td); (< 1+q+2 t+q+2

[ee]

2 - s —2is d+g+l
= 155 vy 2720707 3272 < d—1

i=0

2 _ s 1 d+gq
< Wss orn 272 5 (42 1)

which finishes the proof of the second inequality.
The last estimate follows from

2 ) olilvs
1 = To, A aery = D2 22 Wil 557

|u|>q jeng
supp j=u

‘(W“%w¢”>2 S illagee 27t

3<No lul>q  jend
supp] u

=ls ey 272 30 3 Millgaen 27

lul>q  jeng
supp j=u

= 272t Hf“Bs 0o (T4) ”fHB 1(Td) - O
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3.5. TRUNCATING THE ANOVA DECOMPOSITION

The previous theorem shows, that for functions in the spaces H?; (T), for fixed
dimension d and smoothness s, the truncation error decays like ~ 2~ (a+1s Due
to the definition of the spaces B3 (T?) with the supremum, the possible small

decay of || f;| 1, (4, leads to the additional binomial factor. But, in the smaller

function space Bj ; (T) the truncation error (3.55) decays also like ~ 2~ (4+1)s,
independent of the dimension d.

Similar estimates to (3.53) for more general settings of Sobolev type spaces in
terms of the Fourier decomposition on T¢ can be found in [PS21a, Theorem 4.6.].
In [Sch22, Corollary 2.32] the author delivers error estimates for the truncation
error || f — Tu, f|| La (R4, fOI tensor product density 4 for functions f in func-
tion spaces with product and order-dependent weights, which builds on the
transformation of periodic functions. However, the estimates there are related
to the smoothness of the transformed function on the torus. Since the transfor-
mation can destroy the smoothness, in (3.57) in Theorem 3.28 we give a bound
on the truncation error relative to the norm || f|| . (ray Which was first shown

in [PW25]. Therefore, we first need the following Lemma.

Lemma 3.27. Let f € Ly(R%) N Ly(R?, 1) with f € Ly (R?), then the variances
of the ANOVA terms [, defined in (3.42), are bounded by

1 .
7 () < g il ey [ 1F@)PIE(0. 000 ) s,

where the term F is defined in (3.41).

Proof. Lemma 3.18 describes the ANOVA terms of the function f. In order to

calculate the variance of the ANOVA terms we have

2

o?(fu) = /‘ ‘ pou (o) de
R u

5 ) F(@) B(@, w, 1, u) dw

/ (z,w, p,w)E(e,v, u,w) dw dvp, (€, ) de

7 Lo

///Rm\ f(—v)E(@, w, p, w) (@, —v, 1, w) pias(T0,) Aoy dw dv
7 Lo LA

I] 4

T Gii(=ws + i) = fis(—wi)sis(v:)

iEw

i(—wi) i (v;) dw dw.
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According to [Ste04, Chapter 1], the generalization of the Cauchy-Schwarz in-
equality for double integrals yields for a symmetric kernel function K,

/Rd/Rd K(w,v)dwdv /Rd/Rd
: (/d lg(w)[* | K (w, )| dwdv)l/2 (/Rd/ )2 1K (w, )| dwdu)1/2
(/ lg(w)l” / Iva|dvdw) /2</Rd| / wv|dwdv)1/2.

We choose in the previous lines

K(w,v) = [] (ii(=wi + 01) = fia(=wi)gia(vi) [T fa(=wi)sia(v:)

'u)‘ dw dv

i1€u icuc
and with
T Gt 00) = s iatwn)) T saC-sos(wn) | do
R4 1Ew 1€u’
= [T lallpy T 10 = i)l T Ia(=wi)
1€[d) i€u €U’
= HMHLl(Rd) |E(07W7Mau)‘
follows the assertion. O

Theorem 3.28. Let the densities j1; be either symmetric and have positive Fourier
transform or fulfill for fixed s > % the mild condition

1 — fii(—w; Ui (—wi
1 el + i)l 656
(1 Jes[2)®
foralli € [d] and allw; € R. Define the constant

1 [ (—
Cp,s = MAaX max Miz(;d)
ic[d] weR (14 |w|?)®

Then, the truncation error is bounded by

cd
w-nmmwms@§|wmwmmmlm. (3.57)

Furthermore, if the Fourier transforms ji; are differentiable, we have

-0
Cpu s = INax max w@_l (3.58)
i€[d] weR 25w (1 + w?)’
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3.5. TRUNCATING THE ANOVA DECOMPOSITION

Proof. For this proof we introduce the notation

Aw,dyq) = | J[TAO+1wi)™ D 1EO,w,pu)| ] . (3.59)

i€(d] lu|>q
First, note that |||, ) < l[willp, @) = 1and =1 < fi;(—w;) < 1. We start
with applying Lemma 3.27,

1f = To, fll e = D 0 (fu)

|ul>q

||,“HL1 Rd R N
< Tan it S [ i@ T = sl TT -] o
lul>q icu icuc
1Al ., (me) o 1 (L4 |wif?)s
- o L TG
: Z H|1—/ii(—wi)| H |fii (—w;)| dw
|lu|>qic€u icuc

1L, e
< W() 11725, ey max, Afw,dy ). (3.60)

Let us have a closer look at the involved term A(w, d, q). Let v be the support of
the w, which attains the maximum. Since i;(—w;) = 0 for every ¢ € v°, which
means that |v°| > ¢ and |v| < d — ¢, we have

max Aw,d,q) = [T+l DY T = s(=wl TT (i)

i€(d] |u|>qveCuicu i€uc
< vl | Wi | ‘Nz wi)
- Z SR 11 (1+|w| H +|wz|
u/ Jve i€u’\ve S
‘1 - /1% ‘ |Mz z >
11 2 11
u'Co <1€u’ 1+ ‘w | Gu/L 1 + |wl‘
el |1 — fi(—wi)| + [Ai(—wi)| < rtl
s S (1 + |wi|2)s -

The last inequality follows by either demanding a symmetric density x4 with
positive Fourier transform or the condition (3.56).

The equality (3.58) follows by the fact that the maximum of
gwi) = 1+ |wil*)™* (1 = fii(—wi))
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is attained where ¢'(w;) = 0, i.e.

! —2w; s . i (w;)
O = - 1 — Wy — 277
A eyt & A = T
1+ w?
i (wi) = 1+ i (w; -
) = 1+ Ben) S

Inserting this into g(w; ) yields
N
G = s 1+ )~ i) S50 )
w; ER w

v (wi)
=5 . 0
o 2wis (1 + Jwi]2)*—1

In Example 3.13 we showed, that the error between the generalized ANOVA
decomposition and the classical ANOVA decomposition assuming tensor product
density, can be arbitrarily large even for the terms of order 1. In contrast to that,
if the function f is of lower order, the error is bounded by the following lemma,
which appears for the first time in this thesis.

Lemma 3.29. Let f bea function oforderl,ie Ty, f = f,and f = Zie[d] git+9o
the ANOVA decomposition of f with respect to the tensor product density ji =

Hie[d] wi(x;). Then, foru = {i},

0%(fi) — 02(9:)] < (fo — 92)* .

Proof. We expand f on R%\ supp y by zero. Then,

g1(21) = f(m)H,Uj(l'j)dﬁcic — 9
S 2%
:/ ij(xj)+fg H,uj(xj)dwic—gg
B \Jeld) i

= fi(z1) + fo — 9o
Using the iterative definition (3.11) yields
200 = 0@l = | [ (150 = i) + f — g0 il
R

= (fra - gz)2 ,

which is the assertion. O
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3.5. TRUNCATING THE ANOVA DECOMPOSITION

One remaining question is: How do we choose or find a good or reasonable index
set U C U,, which leads to a small error between f and 7y f. We will present
different algorithms for this objective in Section 3.6.

Other approaches for function approximation using the ANOVA decomposi-
tion in the literature

The truncation of the ANOVA decomposition is a suitable tool for the approx-
imation of high-dimensional functions, which reduces the number of needed
parameters to deal with the curse of dimensionality. We will develop several
algorithms for doing so by using different basis functions or random Fourier
features. The following literature also focuses on this topic.

The dissertation [Sch22] and associated papers exploit the decomposition of the
frequency domain into ANOVA terms, see also Remark 3.6. There, only orthonor-
mal systems are considered. In contrast, we study the semi-orthogonal wavelet
basis and random Fourier features, which allow the generalization of the ANOVA
decomposition to possibly dependent input variables.

Art Owen has developed in many papers efficient and accurate methods for com-
puting ANOVA decompositions and Sobol indices, especially in high-dimensional
contexts, see [Owel3] and references therein. The introduction of different in-
dices for the importance of variables, as the Sobol indices and Shapley values, has
provided deeper insights into variance components in complex models, [Owe14].
Owen’s techniques for handling high-dimensional distributions and effective
dimension have expanded the applicability of the ANOVA decomposition in
various scientific and engineering fields.

Due to the difficult calculation of the ANOVA terms, there is not much litera-
ture about the generalized ANOVA decomposition. However, the papers [Rah14,
LR12] use an extended basis to calculate the generalized ANOVA decomposition.
The regularization idea was first used there, we extend this to random Fourier
features, see Section 5.3.

Sampling inequalities for functions with low effective dimension are derived
in [RW24]. Furthermore, they give explicit advice on the location of good sam-
pling points, and show that such functions do not suffer from the curse of dimen-
sionality. The authors study the error of the kernel interpolantion at Clenshaw-
Curtis points. In [BDNK22] the proposed estimator is based on the use of multi-
variate Jacobi polynomials, truncated to certain ANOVA terms, which they call
ANOVA type polynomial space.

Very recently, the ANOVA decomposition was also used to decompose neural
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CHAPTER 3. THE ANOVA DECOMPOSITION

networks into glassbox models by fitting the mixed partial derivative to the train-
ing data, [LUO24]. There the authors evaluate and illustrate the decomposed
function and obtain sensitivity indices, but do not adapt the model to the found
index-set U.

3.6 ANOVA-boosting: Approaches for sensitivity anal-
ysis

Sensitivity analysis studies the contribution of various sources of uncertainty to
the overall uncertainty of a mathematical model. In models involving many input
variables, sensitivity analysis is an essential ingredient of model building and
quality assurance. We build on the concept of approximating the function f by a
function of low order. Knowing nothing about the function and the correlations
of the input variables, we always start with the index set U of indices up to order
g or equal order q. Then, iteratively we adapt the index set U to the function f.

To make the statements in this section consistent with all operators considered
in this thesis, we denote by e, (x,,) the components of the function system that
we use, which includes the examples

2% (@) periodic wavelet functions, see (2.44),
ej(z) = w;’e,; oR(x) transformed functions, see (2.52), (3.61)
eild @) random Fourier features, (3.46).

Note, that the wavelet functions 1 ¢, naturally have two indices for dilation j
and translation k. For better readability we merge these indices in this section to
one index j. Furthermore, the random Fourier features el{w") have the index w
to suggest that this is a real number and does not has to be an integer, but in this
section this index is renamed as j.

In this section we will propose algorithms for finding in index set U for the
general setting, where Sy is an approximation operator and e; (x,, ) are functions
depending on the variables x,,. For shortening notation, we write,

f#(a:) =Syf= Z Z afej(a:u), (3.62)

uel jeTZ,,
T, = {j from (3.61) | suppj = u},

where the coefficients a7 are calculated by some algorithm. Explicit examples
for training the coefficients will be given later in (5.4) for wavelet functions or

in (5.27) for random Fourier feature models.
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In sensitivity analysis we approximate the Sobol indices S,, ( f) by S, (f7), which
are calculated from the coefficients o and customize the model accordingly. The
accuracy of this estimate depends strongly on the approximation error between f
and f#, which can be seen by the reverse triangle inequality and Cauchy-Schwarz

inequality,

|Su(f) - Su(f#)| =

o? w — o2(f# ,
< ARy 7 e )

where the difference between the variances is bounded by

02(fu) — *(F2)] = ] [ (e = @) pu(o) do

= ’/Q (|fu(wu)| - |f#(scu)|) (lfu(xu” + |f#(mu)‘) Mu(mu) dx,,
< | fu— f#”LQ(Qu,;Lu) [ fu + ffHLQ(Qu,/Lu)

< = FE N sy Mol @y (24 1o = S i)

Independent of the chosen approximation technique for calculating f#, we will
give in this section different approaches for searching for an index set U, which
summarizes the techniques used in [LPU23] and [PW25].

Simple ANOVA-boosting

The tensor product approach of approximating a function f by functions of
lower order up to order g is based on the iterative definition of the ANOVA terms
in (3.11). The simplest idea to find a good index set U is to do one step of approx-
imation with all terms up to order ¢, analyze the Sobol indices of the first approx-
imation and omit all ANOVA terms f,, with variance below a certain threshold.
This is summarized in Algorithm 3.30 and was used in [PS21b] for the exponential
basis and in [LPU23] for periodic wavelet functions.

ANOVA-boosting by iterative increase

If the dimension d of a function is large compared to the amount of available
training data, Algorithm 3.30 may give misleading results due to the high number
of used ANOVA terms. It is a reasonable assumption that in applications, if
the variance of an higher order term is above the threshold e, then also the
corresponding lower dimensional terms do not vanish. Therefore, we propose to
increase the superposition dimension iteratively by Algorithm 3.31.
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Algorithm 3.30 Simple ANOVA-boosting

Input: Sy approximation algorithm
q maximal superposition dimension
€ ANOVA threshold
Stage I: Initialization
1 U= {uC[d]|ul <q).
2. First approximation: f# = Sy f.

Stage II: ANOVA boosting

1: For every u € U calculate the variances Sy, var(f7) .
2 U<+ {ucU|Suvalf?) > e}
Output: U

Algorithm 3.31 ANOVA-boosting by Iterative Increase

Input: Sy approximation algorithm
q maximal superposition dimension
€ ANOVA threshold
Stage I: Initialization
LU={uCd|ul <1}
2. First approximation: f# = S f.

Stage II: ANOVA boosting
1: fort=1,...,g—1do
2 For every u € U calculate the Sobol indices Sy, var (f7) .
3 U+ {u€cU|Suvalf?)>¢e}.
4 Uy={veld|lv|=t+1,3u,v € Uwithv=uUu'}.
5 U+ UUU;.
6: Update the approximation f# = Sy f.
7: end for

Output: U

ANOVA-boosting by iterative decrease for random Fourier features

Also the opposite proceeding as the iterative increase is possible. We start with
the ¢g-dimensional approximation and examine for every term of order ¢ if it is
necessary for the approximation or if it can be split into lower dimensional terms.
This is especially useful in the case of random Fourier feature approximation.
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If the used functions e; are not orthogonal as in the random Fourier feature
setting, the decomposition (3.62) is not the unique ANOVA decomposition of
f#. But we notice, that foru € U with {v € U | u C v} = &, the ANOVA
term f} is completely contained in the sum 3" T, a#el{ww®u) This leads also
to the fact that Sy f approximates 7Ty f, with the downward closure U as index
set, see (3.47). We propose to calculate if an ANOVA term has variance above
threshold ¢ or if the indices can be reduced to even lower dimensional sparse
random Fourier features.

Definition 3.32 (anti downward closed). Aset U is called anti downward closed
if for every u € U there is no index v € U, which is a subset of u. AN

We propose to choose an anti downward closed set U when preparing random
Fourier feature algorithms. If we do not have information about the sample
density 1, we do not have the tensor product structure as for independent input
variables. But nevertheless, we construct an approximation operator Sy by
adding a regularization term, see (5.27) for details. The main idea is that the
regularization ensures that thesum | . af;el{ww@u) should approximate the
ANOVA term f,, for every u € U. In this setting, we start with U = {u C [d] |
|u| < ¢}. Then, the solution vector a separates the ANOVA terms in the sense

that
Z a W, T )

WET,,

Variant 1 of Algorithm 3.33 summarizes the ANOVA-boosting used in [PW25].
We provide a brief description delineating the principal concepts relative to the
alternative ANOVA-boosting algorithms. The variances of terms f,, of order less
than ¢ are not estimated well enough when using an approximation operator Sy
belonging to all [U| = >"¢_ (%) terms of order smaller or equal g.

In a second variant of Algorithm 3.33, also introduced in [PW25], we propose to
start with g-sparse random Fourier features and customize the random Fourier
features to the ANOVA decomposition of the function f iteratively. This works
as follows. We start with choosing U = {u € P([d]) | |u| = ¢} and use the
approximation operator f# = Sy f. Then, using a variance estimation, the
ANOVA-boosting Algorithm 3.33 decides in Stage II for every u € U, if it keeps
this ANOVA index or not. In the latter case, it uses instead all indices u of order
q — 1 which are contained in w. This procedure is done ¢ times, to reduce the
ANOVA index set U to the really necessary variable interactions. If the function
only has a low amount of nonzero ANOVA terms, this leads to a huge decrease of
non-necessary parameters in the model.

In Figure 3.9 we illustrate the procedure of the second variant of Algorithm 3.33
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Algorithm 3.33 Iterative ANOVA-boosting by iterative decrease

Input: Sy approximation algorithm
q maximal superposition dimension
€ ANOVA threshold
Stage I: Initialization

1: Choose index set

U= {u C[d]||u| <q} variantl,
~ |{uC[d]]||u|=¢} variant2.

2. First approximation: f# = S f.

Stage II: ANOVA boosting
1. fort =¢q,...,1do
2: For every u € U calculate the Sobol indices Sy, var(f7) .
3: Truncate index set U:

U {u €U | Syyar(f*) >ecor|u| <t} variantl,
{ueU | Suvar(f?) > €} variant 2.
4: Add lower dimensional terms to U

U<+ UU{vc([d])]|v|=t du e Uwithv C u} variant 2.
5: Update the approximation f# = Sy f.
6: end for
7: make anti downward closed set U

U<+ U\{ueU]|3FveUwithu C v}.

Output: U
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input first second third
variables approx. approx. approx. found terms

L7

T~

U] : 35 19 4 3

Figure 3.9 : Example procedure of finding the ANOVA-sparse random
Fourier features in variant 2 of Algorithm 3.33: Consider a 7-dimensional
input function of the form (3.63), starting at ¢ = 3. The terms with
approximated Sobol indices Sy, var(f) bigger than the threshold ¢ are
highlighted in magenta for each approximation step. The result is an anti
downward closed set U. At the bottom we give the number of indices in
the index set U, which is used in the respective step.

97



CHAPTER 3. THE ANOVA DECOMPOSITION

for an example function f: R” — R, which can be written in the form

f(®) = fr123y (1,22, 23) + f1(21) + frusy (w1, 23) + fs3(5) + f{6.,7}(x6(7 967))
3.63
We start with all three-dimensional terms, i.e. U = {u C [d] | |u| = 3}. Asensitiv-
ity analysis of the first approximation f# shows that only the three-dimensional
term {1, 2, 3} has variance bigger than some threshold e. The other terms of
order three can be replaced by all two-dimensional terms, where the terms {1, 2}
and {2, 3} are not needed, because they are contained in the term {1, 2,3}. A
second approximation shows that only the variances of fﬁm} and f?é_” are
bigger than a threshold. In the third approximation only the additional one-
dimensional terms {4}, {5} are needed, since the other ones are contained in
the higher-dimensional terms. After the third approximation only the important
terms in an anti downward closed set U remain for the next approximation step.

3.7 This chapter in a nutshell

The curse of dimensionality is the exponential increase in computational com-
plexity and data sparsity as the number of dimensions d in a problem space grows,
leading to challenges in effectively analyzing, approximating, and interpreting
high-dimensional data. In this chapter we introduced the ANOVA decompo-
sition for independent variables, as well as the generalization for dependent
variables. In the first case, the most important connection (3.14) is between the
ANOVA index u and the index k of basis functions or rather in Theorem 3.15 for
the wavelet case. For the generalized ANOVA there is no such easy connection
possible. But in terms of random Fourier features, we decompose, similar to the
periodic case, the frequency domain for functions defined on R? in (3.45) into
lower-dimensional parts.

If f fulfills some rather mild conditions, the ANOVA decomposition is a method
to decrease the influence of the curse of dimensionality for high-dimensional
function approximation. We give error estimates between the function f and the
ANOVA truncated function in Theorems 3.26 and 3.28. In Section 3.6, we listed
some possible procedures for finding a gopod ANOVA index set U, that can all be
understood as the first step of an approximation procedure. A combination of
several of the algorithms listed here is also conceivable.
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Characterizations in function
spaces

Characterizations in function spaces provide insights into the convergence behav-
ior of approximation methods. They establish conditions under which sequences
of approximating functions converge to the target function in a given space. This
includes understanding convergence rates, stability properties, and the relation-
ship between the complexity of the approximation method and the accuracy of
the approximation. The decomposition of a function using (semi-)orthogonal
basis functions allows the analysis of coefficients with respect to this basis. The
decay of the coefficients is the basis for error bounds of projection operators,
which approximate a function by the coefficients and basis functions from a
chosen index set. Ideally, the index set is selected according to the decay of the
coefficients.

Closely related to the decay of wavelet or Fourier coefficients in Sobolev spaces of
dominating mixed smoothness are the hyperbolic crosses, which play a crucial
role in numerical approximation schemes, such as interpolation, quadrature,
and solution of partial differential equations in high-dimensional spaces. They
provide a systematic way to select a subset of basis functions that capture essen-
tial features of the underlying function or solution while dealing with the curse
of dimensionality. Mixed regularity Sobolev spaces are intrinsically connected to
sparse grids, see [BNR0O, BG04].

In the first section of this chapter we characterize periodic Sobolev and Besov
spaces from Definitions 2.1 and 2.3 in terms of the decay of the wavelet coeffi-
cients of the decomposition (2.47). Thereby, a crucial role plays the order m of
vanishing moments of the wavelet function. We start with the one-dimensional
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results in Lemma 4.2. The weak characterization for the multivariate case,
1/2

sup 2007 | > [KAUFIP | < Ol
jz-1 kET;

is given in Theorem 4.3. If the number m of vanishing moments of the wavelets
is bigger than the fractional smoothness parameter s of the function f, the
supremum-norm of the wavelet coefficients can be replaced the stronger ¢5-
norm (with respect to the dilatation index 7),

1/2

||f||H§]ix(']I‘d) ~ Z 22|j|18 Z |<f7 ;ekf>|2 )

j>-1 kcZ;

which is shown in Lemma 4.4 for the one-dimensional case and in Theorem 4.7
and Corollary 4.11 for the multivariate case. Similar, for the Besov spaces we have
the characterization in Theorem 4.10,

1/2

£l oz ~ s 290 D [(F )
jz-1 keZ,

Parts of Section 4.1.1 are contained in [LPU23] in this or a similar form. But in
addition to the results in [LPU23], we show in this thesis the new lower bound in
Lemma 4.5 for the wavelet coefficient decay. This bound exploits the properties
of Chui-Wang wavelets by giving a proof on the Fourier domain with explicit
constants. The main findings for Chui-Wang wavelets are summarized in Corol-
lary 4.11.

Building on these characterizations, we study in Section 4.1.2 projection oper-
ators P,, which project a function f onto a finite dimensional wavelet space.
Corollaries 4.14 and 4.18 provide bounds for the PSE (see error splitting (1.1)) for
periodic functions,

1T0f = Pagrfllyzty S N Qog NV D[ Fl e pur

and Theorem 4.19 states a similar result for the L . -error. For functions in a Besov
space, similar estimates are given in Corollary 4.20. Note, that these problems
have some history. They belong to the field hyperbolic wavelet approxima-
tion and have already been investigated by several authors in the literature, e.g.
[DKT98, GOS99, GK00, SU09, Boh18].
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The transformation R from (2.52) transforms the samples from the domain 2
to the torus, to be able to apply periodic function approximation also on other
domains. Section 4.2 relies on [PW24] and shows that this idea is successful. From
the definition of the transformation follows automatically, that the transformed
samples are uniformly distributed. A further assumption in our periodic results is
that the function has to be in a function space of certain smoothness. Therefore,
we construct in Section 4.2.1 suitable weighted norms on 2 such that, the norm
of f on 2 and the norm of the transformed function f o R~! on T¢ are equal, i.e.

HfOR71||H§ﬁX(T) = ”fHH;?);x(Qw)

holds true. With the introduction of these norms we are able to bound the PSE
(see (1.1)) on Q2 by

ITof = Poufllp, o S N °(log N)ab 115, ) -

see Corollary 4.30.

In Section 4.2.2 we consider the special case of nonperiodic functions defined on
the cube Q = [0, 1]¢, where the boundary behavior of the function f affects the
approximation error and also the choice of the transformation R, to guarantee
that the transformed function is periodic and smooth. The key idea here is to
choose the extension parameter 7 in the transformation R from (2.52) depending
on the wavelet order like Lemma 4.31 suggests.

Section 4.3 deals with the approximation of a function f by random Fourier
features and the projection onto a finite dimensional subspace f*. In contrast
to the wavelet spaces, this projection depends on the sampled random Fourier
features w € Z. We give error bounds for this projection, which are based
on [HSST23, XSSW22, SST23], but we generalize the existing literature to the
draw of ANOVA-sparse random Fourier features. Furthermore, we relate the
random Fourier feature setting to almost periodic functions in Section 4.3.2 and
to the NFFT in Section 4.3.3. In Section 4.2.1 we show a connection between the
spaces F(p), which state conditions on the decay of the Fourier transform, and
the Sobolev spaces H? . (R?).

mix

4.1 Wavelet characterizations on T¢

By representing a function f using a localized wavelet basis, wavelet analysis of-
fers a detailed and adaptive representation that can reveal important information
about the structure and properties of the analyzed functions.
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For a function f € Ly(T%) we explore the relationship between the decay of
wavelet coefficients (f, 1% "} in the decomposition (2.47) and the regularity of
the function f. In many cases, functions with higher regularity tend to exhibit
faster decay rates, while functions with abrupt transitions or singularities may
lead to slower decay. Understanding this connection helps us tailor the choice of
wavelet basis to the specific characteristics of the function.

The results in this section are mostly known for different assumptions on the
wavelets. But we give new easy proofs which use only some or all of the proper-
ties (2.41) to (2.42) of the wavelets, which was introduced in [LPU23]. Since we
are not interested in the most general results, we concentrate on assumptions
which are easy to verify and cover our applications.

In addition to the results [LPU23], we show in Lemma 4.5 new lower bounds for
the wavelet coefficient decay for Chui-Wang wavelets.

4.1.1 Boundedness of wavelet coefficients for mixed regularity

Following [LPU23], the wavelet coefficient characterization in Corollary 4.11 are
the foundation for approximation algorithms. Similar results to the following
appear in several papers in various different settings with different assumptions
to the wavelet functions:

= In [DKT98] the authors use for characterizations of functions in Sobolev
spaces on the domain R? Littlewood-Paley theory, while making an as-
sumption that the m-th derivative of the wavelet functions span L, (R?),
which is not fulfilled for spline wavelets as Chui-Wang wavelets.

= Also for the domain R¢, general results for characterizations of functions
in Besov spaces can be found in [SU09], which relies on [KLR95, Part II,
Chapter. 6, Theorem 5].

In [GOS99, Proposition 3] a Jackson type estimate and a Bernstein inequal-
ity are required to show a wavelet characterization for Sobolev spaces. The
thesis [Boh17] uses these results, but considers the wavelets of order m = 2
only. However, there are boundary wavelets for the cube constructed.

We give a rather simple and elementary proof of the sharp wavelet character-
ization in the periodic setting. We would like to point out that the vanishing
moments of order m of these wavelets play a crucial role for the characterization
which we have in mind.

We star with the following new Lemma concerning some useful properties of the
Chui-Wang wavelets.
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m ‘ 1 2 3 4
Pmax 16 256 4096 65536
\/;n? 0.7854 0.6185 0.4845 0.3805

Table 4.1 : Constants pp,,x in Lemma 4.1 for the Chui-Wang wavelets
and additionally the rounded constants used later in Lemma 4.5 for the
lower bound of the wavelet coefficient decay.

Lemma 4.1. Lety be the Chui-Wang wavelet of order m > 2, supported on
[0,2m — 1], which is a piecewise polynomial of degree m — 1 with points of
discontinuities of them — 1-th derivative at the points 5 with z € {0, ..., 4m—2}.
Leta be the jump differences, of the m — 1-th derivative of) at points 5. Since
the wavelet function 1 is a piecewise polynomial of order m — 1, the Fourier
transform of ) is

1 4m—2 Cwz
P (w) = ) ;) ae' 2, w#0. (4.1)
Then, the term
a4m—2 2
p(cos(mt)) = | (27t)|*(27mt)*™ = Z a.e™* . 0<t<l1 (4.2)
z=0

is a polynomial of degree 4m — 2 in terms of cos(nt), which can be written as

p(cos(tr)) = Z (—1)° (E;tl))'l Z Uyy Gy (22 — zl)%

1=2m Tz #2za
Furthermore, the polynomial p is bounded by

4m—2

0 =p(1) < p(cos(nt)) < p(cos(m)) = ( Z |az> =! Pmax- (4.3)

2=0

We calculated the constant p,,, for different wavelet orders m in Table 4.1.
Proof. First, we calculate

2 2

4m—2 4m—2
Z a.e™* Z a, (cos(mtz) + isin(ntz))
z=0 z=0
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4m—2 2 4m—2 2
( Z a cos(wtz)) + ( Z a, sin(7rtz)>
z=0 z=0

4m—2 4m—1 4m-—2

= Z a? +2 Z Z G, s, (cos(mtzy) cos(mtze) + sin(wtzy) sin(wtze))
2=0 21=0 22=21+1
4m—2 4m—1 4m-—2

= Z a? +2 Z Z Ay, a,, cos(mt(za — 21)) (4.4)

21=0 z9=2z1+1
4m—2 dm—24m—2—=z

= Z a? +2 Z Z ara,1 T, (cos(mt)) = p(cos(mt)), (4.5)
z=0 z= =

where T}, are the Chebyshev polynomials of first kind. This leads to the fact that
the term in the previous calculation can be represented by p(cos(7t)), where p is
a polynomial of degree 4m — 2.

For the second part of the lemma, we first exploit the vanishing moments of the
wavelet function ¢) and apply partial integration m-times, which gives

O:/z/)(a:)xkda:, for0<k<m-1,
4m—2
0—/2& a xFtmdz, for0 <k <m-—1,
4m—2
0= Z a,z", for0 < k <2m —1. (4.6)

We use the Taylor extension of the cosine function in (4.4) at the point 0,

21

cos(mt(2; — z1)) 71+; W
which yields
Am—2 o ( t( B ))21
et = 32t 3 e 1 St

z=0 21720 =1 !

_ S (mt(z0 — 21))%

= z§;2 Az, G, <;(—1) (22)'>

= Z az2 Z9 — Zl)% . (4.7)
i=1 ! it
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Having a closer look at the last sums, we calculate for 1 < i < 2m — 1,

2% .
2i 2i—0( 20\ ¢ 2i¢
E Az Azy (22 - Zl) = E Az Azy § (71) ! <£>Z2ZlZ
z15#29 21729 £=0
7
21
2 4 2i—/4
= ( - ( E azICLZ222,ZlZ
£=0 21722
2% .
. 21
E 21—4 E 0 21—/
+ ( 1) ! <£ Az Qzy 2027
f=i+1 21722
7 4m—2
21
2 Y4 § 4 § : 0
= ( - < Az % Z A2y 29
=0 21=0 22721
2% 2 4m—2
2 4 2 Y4
+ E ( - ( ) E a22z2 E : Az % -
f=i+1 z2=0 21722
i Am—2
21
2 ¢ 2 / £
= (—1)*~ < E ay, 27" azlzl)
=0 zZ1= =0
2% N 4dm—2
+ 2i¢ (21 (_ 21'4)
( ) Y A2y %2 Azy 29
(=i+1 z2=0
4m—2 .
_ 21 {41 _
=S s e (%) <o
22=0 =0

where the last equality follows since the alternating sum of the binomial coeffi-
cients equals zero. Inserting this into (4.7) gives

oo

> (-

=2m

p(cos(tm)) = a, (

: 21#22
In ¢ = 0 the function p(cos(¢7)) has a zero of order 4m and

t4m—1

p(cos(tr)) < fort < 3. (4.8)

Finally, the upper bound (4.3) of p follows easily from the definition (4.2) using
that |e!*| < 1. Since the numbers a, have alternating sign, the maximum of
p(cos(wt)) is attained at t = 1 and leads to the constant p,,. in Table4.1. O

We will apply later the previous lemma by using that the Fourier transform of the
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wavelet function (4.1) fulfills

[b(2nt)| = Vp (cos(n{th) (2mt) ™, (49)
where {t} is the fractional part of .

We start with the decay of the coefficients |(f, 1}%)| in the one-dimensional case.
The following lemma was first stated in [LPU23 Lemma 3.4.].

Lemma 4.2. Let f € H™(T) and ) a wavelet, which is compactly supported on
[0, S], see (2.41), and be of order m, see (2.43). Then,

1/2
sup 27 [ STULWEDE | < S g - (4.10)
jz=1 k€T,
Proof. We define the function
T pt) (x—t)m!
x) = / M dt, where 0! := 1. (4.11)
oo (m=1)

Note, that this function is defined using the nonperiodic wavelet function ,
which has compact support on [0, S]. Because of the moment condition (2.43)
and the fact that (z — t)"™~! is a polynomial of degree at most m — 1, we have
U, () — 0forz — +oo. Hence, ¥,,(x) has also support [0, S]. Furthermore,
m-times differentiation yields

D™ () = ().

The periodization of ¥, is

z+4
WP () = S0, (24 0) = Z/ Yo x””'

LEL 19<y/

m—1
) dt.

Since ¥ ,,, has compact support, the summation over / is finite and we can in-
terchange differentiation and summation, which yields ~-0- WEer () = P ().
Analogously, we confirm that

dam z+L 'll)',k(t)(x"r‘g—t) "
dzm (g e ’ (m—1)! dt =y (). (4.12)

Now we calculate the inner products by using variable substitutions

per|_‘/f per
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-+l ) _ p\ym—1
(m—1)!
ZEZ
27 p4+270—k _ t'+kym—1
=27/2973 /f(m Z/ YE) (= +¢ 12’) dt’ dz
ez, (m —1)!
2429 0— ko i - m—1
290+ 210 —k —1t)
— 93/2 9—jm /f(m) Z/ )( at’ dz
= (m—1)!
= 27/29=im /f 2)Y U2z + 20— k)da (4.13)
LeZ
< i/29- sz f(m) (2jx+2j€—k)’ dz, (4.14)
€7, I/fak

where I ; , = supp V(27 -4+270—k). Since U, is supported on [0, S], the interval
Ipjkis[279k — €,279(S + k) — 4] N [—4, 3 ). We denote the union Ugez Iy ;. 1, by
I; 1. Note, that in this proof we put points that are in multiple I, ; ;, multiple
times in I; ;.. This is the case if S > 27, hence |I; ;| = S 277, which can be bigger
than 1.

(g <2z [

Ik

< 97/2 9—jm /
Ij,k'

< 93/2 9—jm /
Ij k

< 27Im gl/2 maX\Il Hf(m)’

70 ()W, (2 — k)) dz

) 1/2 1/2
7o ) d:c> ( / 0, ()2 da:)
I

1/2
2
1) (@) dx) max Uy, (2) ||,

(4.15)

La(15,k) -
Summation over k£ means to merge /; ;. for all £ € Z;. The intervals I} ;, for fixed

j overlap for different &, but at most [.S]-times. Hence, for I; = UiJ: 51] ik WE
have fzj lg(2)|?dz < S [; |g(z)|* da. All together, this yields

291 1/2
27 [ SRR < S - (4.16)
k=0
For the scaling function we have
(F1s = | [ £@ o] < W llscry < WLy (117)
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Now, the assertion follows from (4.16) and (4.17). O

We use the one-dimensional Lemma 4.2 to give a characterization for multi-

dimensional functions. The d-times tensorized spaces of H™ (T) are the spaces

H™ (T%). The following theorem was also shown in [LPU23, Theorem 3.5.].
mix

lated versions of a wavelet ), which is compactly supported, see (2.41), and be

of orderm, see (2.43). Then, there exists a constant C, which depends on m and

dimension d, such that

Theorem 4.3. Let f ¢ H™_ (T%) and V% be the periodized, dilated and trans-

1/2

sup 2Whm Z [{f, 56,£>\2 S Clfllgm(pay s
e = e
J

where we define the index norm [j|1 = 3, ; < Jji-
Proof. We use amulti-variate version of the function ¥, of the proof of Lemma4.2,
which we get by tensorizing the one-dimensional functions,

d

Uy (@) = [ [ O (2)-

i=1
This function is supported on [0, S]¢. Furthermore, we have
DUDW,, () = (),

where 1 is the d-dimensional vector of ones. We also derive multi-dimensional
identities like in (4.12), where we tensorize the functions and differentiate in every
dimension m times. Let the multi-index j be fixed, withwu = {i € [d] | j; > 0}.
We apply integration by parts in the dimensions i, where j; > 0, i.e. in the
dimensions u. In these dimensions we use (4.12) with j = j; and z = x;.
Therefore, we get

= [ T@ e deede
Tlwel JTlul
|ul

:/I | | \mqu;eiku,(xui)dmudwuc
Tlwel JTlw g i

=1
< 9lduli/2=lilm

'/‘ > / (D ™ F(2)) Wy (2% (T, + L) — ko) ATy ATse,
e

0, €Z1ul Lo i,k
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where the vector 1,,) is the vector which is 1 at the indices u and all other entries
are zero. The intervals for integration are given by the support of ¥,,,, i.e.

Tojg = supp Uy, (29w g, + 2701y, — ko) = (290 ky — Ly, 2794 (S + kuy) — £a),

where expressions over multi-indices are always meant component-wise. That
means (2‘j k), = 2~ Jik,. We denote the union Ueezile j k by I 1. Note, that in
this proof we put points that are in multiple I, ; , multiple times in I . This
is the case if S > 27i for some i, hence |I; x| = S 2~ 3.1 which can be greater
than 1. Like in (4.15), we use Cauchy-Schwarz inequality and get

w 1 w
(F 0850 < Calishm DA™ F ey
where the constant depends on m and |u|. Summation over k € Z; means to
merge [; i forall k € I;. The intervals [; j have length 273wl Slul and they are
centered at the points 27« k,, for k,, € Z; . Hence, the intervals overlap at most

[S7'"/-times, i.e. we have

22|Ju‘1m Z | f’ Pel ‘2 <C ||D Ly m fHLz(Td) <C ||f||H;?;x Td) 5 (4.18)
keZ;

where the constant depends on m and d. This finishes the proof. O

In the previous proof the function f had to have the same smoothness as the
order m of the vanishing moments property (2.43). If we require only slightly less
smoothness, we get a much better characterization of functions in V}, see (2.38),
which uses the sum instead of the supremum of the wavelet coefficients if the
fractional smoothness parameter s satisfies s < m. Again, we prepare the multi-
dimensional result by proving the following one-dimensional result first, see
[LPU23, Lemma 3.6.].

Lemma4.4. Let f € H*(T),0 < s < mandy};’ an1-periodized wavelet, which
is compactly supported on [0, S], see (2.41), be of orderm, see (2.43), and forms a
Riesz basis, see (2.42). Then,

1/2

1 28 S'~
2|jl1s per i
S ol Y (e < (7%2 A 1) .

j=—1 ke,

where 6,, is the Riesz constant from (2.42) and where we use |j|1 = j if j > 0 and
0 otherwise.
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Proof. The first summand for j = —1is |(f,11)[> = [If[|7, ) < C I3+ (r)
Now we consider a fixed index j > 0. We will use the equivalent norm given
in (2.22). This yields in particular for the block f,

I fall sy < 2% 1 fall Ly - (4.19)

The decomposition of f in dyadic blocks (2.21) and triangle inequality yields

1/2 1/2

DN <X DD el

k€EZ; LeZ \k€EZ;

Let now ¢ € Z be fixed. We distinguish two cases and we begin with ¢ > 0. Here,
we have

er 1 2
> U fivev? * < Ml - (4.20)

keT;

Using this and summation over the weighted wavelet coefficients yields

1/2

O] DI BTN

>0 \j=0 keZ;
1/2
< 1/ O DIE A T
Ym >0 7=0
< 2 gy = ML 1l - (@21)

Tm >0

For the remaining case ¢ < 0 we use Lemma 4.2 and (4.19),

> fire vPP < S272m ||f7+e||Hm(1r
kez,

< 5272jm22(j+e)m ||fj+€||2Lz(T)
. 2
= S22 || fi1ell Loy » 2
This yields

1/2

DI DI IUARE

£<0 keZ;
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1/2
oo
< 51/2 Z Z 22(j+5)s 2—2@3228m ||fj+€||iz(']r)
£<0 \j=0
1/2
_ Sl/z Z 2€(mfs) Z 22(j+f)s ||fj+f||i,2(’]1‘)
£<0 3=0
12 (m—s) 5
=5y 2 £l ezery = o=y — I lzzscy - (4.23)
£<0
The assertion follows from (4.21) and (4.23). O

In the following lemma we show the lower bound for Chui-Wang wavelets even
for the case s < m, which is a new result in this thesis in comparison to [LPU23]
and was shown in [Wei25].

Lemma4.5. Letf € H*(T),0 <s<m—3 andy7;’ be the Chui-Wang wavelets
of orderm. Then,

ﬂ_m

1 L1 1 ! i
VPmax \ (1 —272¢)(1 —272m) = 21 —274m+1 ] — 20(m=1-29) He(T)

1/2
Z QQ\JHS Z | Per*

j=—1 kEZL;

I

where the involved constant

\/ZL Is calculated in Table 4.1.
Proof. Decompose f =} ,., ¥4, ¢(f) into the wavelet decomposition, with

2(1+

<f7 ;)j.rp:kk> (ll)ir&k ifg+£>0,

(4.24)
0 ifg+¢<0.

Vgre(f) = {

Then, we start with the norm given in (2.22), which is equivalent to H*(T) and
use the dyadic index sets J, from (2.20),

£ ey = D 227 I fallTymy = D2 2% > leal )P
q=0 q=0 neJqy
2
=leo(AP+D2 3| > ealWgue(f)) (4.25)
g=1 n€Jy [l=—1+q

o 20tt_q

:|00<f)‘2+222qsz Z Z (f,Ygsir)en (gt
qg=1

neJ, [t=—1+q k=0
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For the Fourier coefficients of the wavelet functions ¢7% for j # —1 we calculate
that

per _ per —27i
n(Win) = [ @ e e
=27 / () e 2rn(EHR27 7 gy
R
gt —2migpks i (270
= 2
e P 90+t ) -

Denote the vector a; = (( f wﬁr’w) and the matrix M , ; entry-wise by
: keZ,

J

—ifp —2mink o (27N
(M) =27 ”¢(2j>

Then, the vector containing the Fourier coefficients of U, ,(f) is
(W5 () e, = Mo jay,
Inserting this into (4.25) yields

2

(o) o
2
Hf“Hs(qr) —leo(NI? = Z 224 Z Mg qreaq+e

q=1 l=—1—q 9

o] o) 2 —1

<2 Z 224 Z Mg qieaqie|| + Z Mg qveaqte
q=1 =0 2 l=—q 9
Tq

T,

We investigate the two different terms. We start with the case ¢ > 0,

oo
2 1
T, <) |2 My grearsl, T -9 (4.26)
£=0
1 = 2¢s 2 2
< 75w 2 20 1M gl llagell3
=0

where ||-||, for a matrix is the spectral norm. For the matrices M, ;, which are
products of a diagonal matrix and a part of a Fourier matrix, we have with j = /+q
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and Lemma 4.1,

~ (21N
M, :|? < ==
| q,J”g 7nmef?«]}§ ¢< BY; )

pmax

< fmax
— (27‘-25—1)2771,’

2 2mn omn\ 2™
= ma. CoOS | — e
neq P 2 2

such that

ZWT S E R 22%22-2"“2% Jaceall
q=0

_ Pmax 2 2
T (1-272)(1 - 272m)p2m 22 7 el -
7=0

i _9opin’k
For the remaining case where ¢ < 0, we denote by F; = 27/ (e ity ) -
n’,ke

the Fourier matrix of size 2 and a; = F;a,;. Then,

~ (21mn N
Mq,jaj = diag (’(/J (2])) (12471 & 12q+e) a;

We rearrange all terms to one linear system of equations, where the matrices
M, ; are connected horizontally and the vectors a; are connected vertically by

1
Aq <2Z(m2)dq+ﬁ>
l=—q

To show the structure of the matrix A4, we give an example for ¢ = 3 and m = 2.
For shortened notation, we use [z] := ¥ (27 x) here, such that

T, =

,,,,,

{=-3 ({=-2 {=-1
2054 P[4 2[4
Ag= | 2P 2 253)
2459 23[g) 215(8)
2091 2] 253)

L .
Every entry of the matrix A, is either 0 or of the form g~ tm=3) ¥(25"). Using the
relation j = ¢ + ¢, the spectral norm of this matrix is bounded by Gerschgorins
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circle theorem for the matrix A, A, by

-1
2 —2{m+L
Al < max H7 37 27
q

neiqg L=—q

~ (27N
¢<mﬂ

~ (2’
o))

n/=2it+n
(4.9) 1 22qm n
e o (cos (v {5 }))

n’eJq Z—fq
=2it+n

£—1
22qm —1 27

1 Y n
- (27.‘.)27;1 ;%JX nm Z 2 Z ’I’L + 2q+ft ( ( {254-!1 }))
—-q

and because of the periodicity with k < ¢,

1 22qm -1 ' 2k’l" 1
~ o e 3 (o (+{5})) & e
n=2kr l=—q+k t=0

the last sum is bounded by the number of summands and the maximum,

1 22am L, 2k ey 1
< (271_)2m I,IIEZ( nm Z 2'p (COS (7‘1‘ { 2l+q })) 2 nm
e

2k r l=—q+k
1 p2am ! oy
= s o e 2 (oo ( {5 }))
n=2kr l=—q+k
_ 1 22qm q_zlfk ( (ﬂ'r))
= s o > p(eos (57
n=2kr £'=0
1 22qm -
T 2 (2n)2m win pEm (pmax + p(cos 5) + p(cos Z) + -+ p(cos W))
n=2kr
@ 1, o0
o —(4m—1)¢
= 2(27r)2m2 " Pmax 22 "
=0
_ Pmax 1

- 22m 1 — 2—4m+1 :
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We conclude the case ¢ < 0 with

e}

i22 Z 2(1.5 |A H

1
[,,L,7 A~
( ( Q)GQH)
b=—q,..., —1
oo

-1
Z A5 Y 2 lagl;

a=0 =g
< g 2 > ey
l=—o00
< P e g X2l <)
i=
By adding the inequalities for the two cases we finish the proof. O

Remark 4.6 (Connection between the constant py,,x and Chui-Wang wavelets).
In the previous lemma we used the Fourier transform of the wavelet function ¢
and set it in connection to the polynomial p from Lemma 4.1 which includes the
numbers a., the jump differences, of the m — 1-th derivative of ¢. An alternative
would be to construct 1/3 by using the sum (2.36) of cardinal B-Splines, which
leads to

] ~ 1 —ir¥ my -~ w
(W)=Yt (B2 —1—2))(w) = que s+3 R (5) 7
reZ rez
_ Z 171— T+ ) inm(%)
T 52.7¢ m@Nm
TEZ (7)
1 w ™ imy r+ m [ TW
=5 () S Ban ()
rEZ

Comparing this with (4.1) means that

p(cos(nt)) = (277)2?“% <72T> g e )Sm(z >m 2

rEZ
1 2 2m 2
< (2 2m_ | = r = Pmax-
<enmy (2) (Zm |> »
rEZ
This leads to the same constants as reported in Table 4.1. A

The following result represents a multivariate version of Lemma 4.4 and was first
presented in this form in [LPU23, Theorem 3.7.], but in contrast to the paper,
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CHAPTER 4. CHARACTERIZATIONS IN FUNCTION SPACES

we give here a detailed proof by a similar and straight-forward direction-wise
analysis as in Theorem 4.3. For the different proof argument based on an abstract
tensor product result see Remark 4.8.

Theorem 4.7. Let f € Lo (’]I‘d), 0 < s < m and ) a wavelet, which is com-
pactly supported, see (2.41), be of order m, see (2.43), and forms a Riesz basis,
see (2.42). Then, there exists a constant C, which depends on the wavelet orderm,
the smoothness s and the dimension d, such that

1/2

S 2 ST | <Ol ey @20)

i>-1 ke,
where we use|j|1 = 3_; ;. ¢ Ji-

Proof. Let j be a fixed multi-index and w = {i € [d] | j; > 0}. First, we consider
the summands where |u| < d, i.e some indices j; are —1. Then, we have to bound

2dulis N, k)

ku ezju

which is the expression on the left hand side of (4.3) of dimension |u|. Since we
already proved the one-dimensional case, an induction argument yields that all
summands with |u| < d are bounded by C || f ||2H _(ra)- Therefore, in the rest of
the proof we consider only the cases where we sum over all 3 =>0.

Using the dyadic decomposition (2.21), we get a norm which is equivalent to
[l g7z _(ray- We use the inequality (2.22) especially for fq, where the sum reduces

mix

to one summand and we have

1fall s, (pay < glalie 1fall L, (Tay - (4.28)
The decomposition of f in dyadic hyperrectangles yields by triangle inequality

1/2 1/2

DAY <D D Wive vh)

keT; 2ezd \keZ;

We iterate the one-dimensional estimations, to bound the sum over the weighted
wavelet coefficients for the multi-dimensional case. Therefore, we fix £ € Z% and
consider the indexsetsu = {i € [d] | ¢, > 0} and v = {i € [d] | ¢; < 0}. That
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4.1. WAVELET CHARACTERIZATIONS ON T¢

means uUv = [d]. Using the one-dimensional bound (4.20), we have

2
Aegi= ) Wawe 3R = D D Iaee ¥k, 950 k)|

keT; ky€T; ku€l;,

2
per per per
> z:(//" I U W U b, g )

ky€Zj ku€Z;

2
DD RN DY (A R ARV |

ku€Ts, kuvuy €5, Rui €55,
2
. per per X
S o > E: H/dlﬂ” duokn Vi dos d0us
™ ko€, e La(T)

karug €5\,

E 2

§ . per per
/ (/d ) f.7+l Jvikv Juc Koc da:uf) dwu1~
T Td—

ko€ Ry\uy EIJu\ul

We iterate this procedure for all u; € u. If u = @, we skip this step. For the
indices v, where I < 0, we use (4.22) and proceed as follows. If v = &, we skip
this step.

2
Agj < ) /l ‘ > ( fj+zl/)§7:fkv dmv) A,
i

ky€Zj,
2

_ |u‘ / Z (// f‘7+£ ¢-7v\ﬂ1’ v\v1 Qp;‘)ij,kvl dm'u\’ul dmm) dmu

Tl kocly, Tlvl-1

2
- . per per
= |’u:‘ A\ u| Z ’ /]I‘Iv\f1 f.7+l wjv\vpkv\vl dwv\vl’1/]'7‘1’1”“”“1> A
ky€Zj
<5 [ gmum ¥ Jave v, ‘ 2 ’
= _|ul Tlul Tlv[—1 it+e Jv\vl’ v\vy Lu\vr m i
Ym kovoy €T5,\ 0, e
Iterating this for all v; € v yields and using (4.28) yields
2

Slvl —2lj.lim i
Al,j < WZ Jol1 ||fj+£||Hm(mv‘ )

e v| H™ (2y,) Lo ()

Slvl 2 2

292G, lim ||| .. oy Top) ™y e 012

S T2 H R
’ym Hm(wul) Lz(mu)

Sl m e, 2
e b i [TV

Ym

‘Lg(mu)
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Slvl - 5
W222 1o, ||fj+€||L2(Td)7

Ym

Note, that we only have to sum over all j > —¥, since otherwise f;, = 0. Hence,
summation over all £ € Z? and j big enough, yields

1/
S (S S e
Lezd \j>0 keZ;
12 v
Sl 2jlisg2 317, £u,m
< Z ‘u‘ 22 27 &= 2 | fipellp, opay
gezd \Tm j>0
1/
. d s _ S -m
= 3 [ 3 22 mi s 2T s g2 S e
ezt \j=>0
1/2
Slvl o(EI%h L) (m—s) 9= XL £, 20+4]s
= T2 SR DI [ fi+ell 1 cray
gezd Tm 3=0
| 1 [v]
12 S/
<> <1/225_1> (2__1) 11z, oo
wcld] \Tm
. d
(1 2 St
= %25_14»2771—5_1 Hf”anix(’]I“i)7
which finishes the proof. O

Remark 4.8. Let us additionally give a different proof argument for the previous
theorem based on an abstract tensor product result. For this end we need the
sequence space

1/2

b5 =< (a; ) C C Z Z

j=—1keI;

< 0

Corollary 3.6.(i) for the case p = 2 from [SU09] gives us a result of the multivari-
ate versions of these one-dimensional sequence spaces. It was shown that the
multivariate sequence spaces are the tensor products of the one-dimensional
sequence spaces. In our case, we have to consider the sequence spaces of the
wavelet coefficients, where a; ;. = (f, V5% *> In [SU09, Theorem 2.1] it was
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4.1. WAVELET CHARACTERIZATIONS ON T¢

shown that the spaces H?; (T%) coincide with the tensor products ®¢_, H*(T).
Our one-dimensional Lemma 4.4 bounds the operator which maps a function
from H*(T) to b5. Hence, the tensor product operator is also bounded between

the tensor product spaces. A

Remark 4.9. For s < m and Chui-Wang wavelets, the lower bound
1/2
Clfllgrs, ray < | D 2290 D7 W05

mix
j>-1 keZ;

follows with the same arguments as the previous theorem from Lemma 4.5. A

For functions in the Besov spaces Bg’oo(Td) the following theorem controls
the wavelet coefficient decay. This theorem expands the proofs in [LPU23]. In
contrast to Theorem 4.7 concerning the Sobolev spaces, in the actual case a
counterpart of the mentioned tensor product result is not available. Therefore,
we again need a direct argument. The basic ideas are the same as in the proof of
Theorem 4.7, but we show the technical details in the following proof.

Theorem 4.10. Let f € Lo(T%),0 < s < m and1) a wavelet, which is compactly
supported, see (2.41), be of orderm, see (2.43), and forms a Riesz basis, see (2.42).
Then, there exists a constant C, which depends on the wavelet order m, the
smoothness s and the dimension d, such that

1/
sup 9lils Z | 1. pcr 2 < C”fHB;’OO(Td)' (4.29)
j=-1 keZ;
Proof. We start with showing that
1/2
12 S/
2js per < -
Sup12 Z | f w — ( 298 _ 1 + Q(m—s) — 1) ||f||B;‘oo(T) '
keT; Tm
(4.30)
This proof is similar to the proof of Lemma 4.4. For j = —1 we have |(f, 11)|? =
|\f||2Ll( <C ||fHBb )- Now, we consider a fixed index j > 0. The decompo-

sition of f in dyadic blocks and triangle inequality yields

1/2 1/2

Z | f’ per ‘2 < Z Z fJJrf’ per>‘2

ke, (€7 \kez,
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Let now ¢ € Z be fixed. We distinguish two cases and we begin with £ > 0.
Here, we use (4.20) and summation over the weighted wavelet coefficients yields
similar to (4.21),

1/
Z 92js Z ‘<f]+e’wper>‘2 _ }/2 5 ||f||B3 . (431)

£>0 kEZ;

For the remaining case ¢ < 0, we use (4.22), which yields

1/2
. 1/2
Z 22]5 Z | fj+z7 Per 2 S Sl/’-’ Z (22(]"!‘[)5 2—2@822€m ||fj+£‘|i2(1r))
£<0 k€ET; <0
. 1/
! m—s s 2
R PPL >(2<g+e> ||fj+£||L2(T))
£<0
_ 51/2 Z 2€(m—s) ||f||B§OO(T)
£<0
S/
= 5o 1 Mlssm - (4.32)

Then, (4.30) follows from (4.31) and (4.32).

Now concerning the multivariate case, the main idea is to fix again the index j
with u = supp j. We use the bound

Slvl vl 2
> e vt < 7222‘ VT fel eray

kez m

from the proof of Theorem 4.7. Note, that we only have to sum over all —¢ > j,
since otherwise f;, = 0. Hence, summation over all £ € Z% yields

1/3
o 5 (195 i)

FJ2=1 p7a kEZ,

S‘”‘ k& |v] 1/2
z : 2|7|1502 1 Lo;m
S _Sup ( |u> (2 3 2 Z |‘fj+£||L2('J1‘d)>

eczd

sl 2(|3 d 2 502 Ly.m s
sup 3 ( |u> (20wt e g 0t S

iz- 1£eZd Ym
B Slvl /2 2Zlv\ p;)(m—s) 2_2]}1\] Lo s 22\l+j\s /2
= Y (2 B (I el o)
=1 gega \Tm
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98 el Sl/Q [v]
<2 1/223,1 (thl) 1155 ra)

uC[d]

X d

(12 S

= st g ) Wlss o
TYm

which finishes the proof. O

In the following, we collect all the main findings in this section, which means we

have equivalence between a norm defined by wavelets and a norm defined by
Fourier coefficients.

Corollary 4.11. Let per be the periodized Chui-Wang wavelets of order m and
= < s < m. Then,

1/2
Collfllars, oy < | D2 2290 D HAGE | < Cull g, ooy
ji>—1 keZ;
and
1/2
il s vy < smp, 20 | S A R < Cullfllsy e -
keZ;

with constants

o W;in ﬂ_dm 1 N 1 1 1 —d/2
P ed e \(T—272)(1 —272m) " 21— 2-4m+1] — 20m—1-23) ’
6d [ 1 2° (2m —1)"? ‘
Cu= ]2 <1/2231+ 2<m_8)1>
TYm \ Y
The lower bound holds for s < m — % only.

Proof. We use the property (2.42), i.e. that {1} }rez; as well as their duals
{5 % " Irez,; are a Riesz basis for every fixed j. That means

2

1
Do HAUFRIP < vy DR
keZ; M || keZ; Lo (T4)
2

* 6d er
= =7 || 2 vl <N LU

’Ym )
keZ; Lo (T4) ke
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Hence, then the upper bound follows immediately from Theorems 4.7 and 4.10.

The lower bound was shown in Lemma 4.1 for the one-dimensional case and
Remark 4.9 states the multi-variate case for the Sobolev spaces. The lower bound
for the Besov spaces follows with the same arguments as in Lemma 4.1, but with
the supremum over the index g instead of the sum. For the multivariate case one
has to generalize the arguments from Lemma 4.1 with the same techniques as it
was done for the upper bound in Theorem 4.10. O

Let us illustrate the previous findings with some example.

Example 4.12. Consider the Lo (T¢)-normalized kink function,

f: T SR, f(a:):H

=1

v 364 1
< Bf 0 max (9 - x2,0)> € Bg{fo(?rd), (4.33)

which has the Fourier coefficients

8m3k3
c = b
w(f) Zl;[l V5 for k; = 0,

d {9\/5 3 sin(2k;m/3)—2k;m cos(2k;7/3) for k; 7& 0,
3

i.e. the Fourier coefficients of this function decay like

d
()~ [T+ k)
i=1

(T withs = 1+ 3 —e = 2 — c. In addition it
follows that f € Bg/ 020(']1“1). Hence, we use wavelets of order m > 3. The one-
dimensional kink function is plotted in Figure 4.1a. This function is piecewise
polynomial of degree 2, only at the two kink points we have regularity % In
Figure 4.1c and 4.1d we approximated the wavelet coefficients (f, ;%) by
the solutions of a hyperbolic wavelet regression, for details see Chapter 5. The
plot shows that the wavelet coefficients detect the two local lower regularities.
This is due to the compact support of the wavelets. In Figure 4.1b we plotted

per,*

the supremums sup, |, —, > ez, [(f, V5 ). In Corollary 4.11 we proved that

Consequently, f € H?

ix

these terms decay like 272"%, So, the numeric confirms that the function (4.33)
isin By/2 (T%). A
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——d=1

d=2
——-d=3
- 273n

| | | | | 2 4 6 8
—0.4-0.2 0 0.2 04 level n

a) The kink function (4.33) ford = 1. SUp|.i. — ) ) ,m = 2.
(a) The kink function (4.33) ford = 1. (b)supy;j, _, Xpez, (055 ) 2

1057 8 9 0ol 5 ]
a.’_l.l
_8 | s 3 |
T E 100 :
10 B
10~17 L \ " \ 1
(©) [{f; 75 ) ford =1, m =2, (@) [(f, 5% ") ford =1,m =3,
je{1,...,9}, keI j=A11,...,9}, k€T

Figure 4.1 : The kink function (4.33): Plot of the one-dimensional case
of the function, the decay of the sums of wavelet coefficients as well
as the corresponding wavelet coefficients |(f,7%"")| for wavelet order

m € {2,3}.

Remark 4.13 (Classical Sobolev spaces). For the classical Sobolev spaces, de-
fined in Definition 2.2, one can show a decay of wavelet coefficients which in-
volves | - | instead of | - |1.

1/2
3 92l S (f, g2 < Clf N gre ey »
i>-1 keZ;
where
o o 4 SRS HIEL (430

0 ifj = —1.
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This follows similar ideas as in the case for the function spaces H? ;. (T?). The key

mix

ingredient is to change the derivatives to a with |«|; < m in inequality (4.18),

d o r o
2 dw) | 37 [ | < CID 7 ey

keZ;

which yields

g2(maxictadim) | N7 |(f b2 ) < CID* I, may < W 3pmeray - O
kETZ;

4.1.2 Hyperbolic wavelet approximation meets ANOVA

We follow the outline of [LPU23] and deal with multi-dimensional periodic
wavelets per, which are compactly supported, have vanishing moments of order
m and form a Riesz basis.

To represent a function f well in an finite dimensional subspace of L (T¢), this
subspace has to be chosen properly. The Theorems 4.7 and 4.10 motivate the
definition of the projection operator P, f defined in (2.48). Even further, if it
is to be expected that the function f has only few nonzero ANOVA terms, the
projection operator is adapted to the index set U, defined in (3.38), since there is
the one-to-one connection (3.35) between the wavelet index j and the ANOVA
index u. Remember that we denote the maximal order of ANOVA indices in U by
q,i.e.
=gl

Using Corollary 4.11, we estimate the approximation error by the following.

Corollary 4.14. Let f € H?. (T?). Fors < m, we estimate for the projection
operator P, defined in (2.48), and the truncation operator Ty, defined in (3.52),
that

If = Pafllpyray S 27" 1 lars, crey >

!]]lx

1Tof = Paufllyeay S 277" Wl gscpay -

Proof. Due to the wavelet decomposition of f, we have

1 = PaflTymn = D2 3 27222 0B P € 27 |5, ooy

i>-1 k€Z;
[Fli>n
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Taking the square root gives the assertion. The second inequality follows with
the same arguments, because of the orthogonality of the ANOVA terms. O

We also give a relation between the number of necessary parameters (degrees of
freedom) and the order of approximation. The case of the projection operator
P,, was also shown for example in [BG04, Lem. 3.6]. We generalize this to the
following.

Lemma 4.15. Let N := rank P, y, see (3.38), be the number of parameters used
for the projection with ¢ = maxycy |u|. Then,

N 2n< ni—1 +(9( q2)> O(2n qfl)

= _— n = n .
(¢—1)!

Proof. The number of parameters is

N= Y gl=> Y 20h=3%" %" aluh (4.35)

J€Tnu welU jE€ETn u UEU 3§y >0
[Fuli<n

We consider each summand separately:

|u|+n |u|+n

I I
e i=|ul l3li=i i=|ul [ul 1
Jhisn
_i2i<z'+|u|1>
=0 ul -1 )7

since there are (I ul— 1) partitions of ¢ into nonzero natural numbers. This sum is

Zn:Zi (Z + |u| — 1) _on ( nlul-1 N O(nu|—2))

27\l 1 (Jul — 1)! |
Summing over all u € U finally gives

nlul—1 ) L
N = Z 2"( (ul = 1)1 + O(nlv= )) =0(2"ni7"). O
wl —
uclU

Corollary 4.16. Let f € H3, (T9). For0 < s < m we have for the projection
operator P, defined in (2.48), with N = rank P, that

1f = Pafllpyray S N”°(log N)st=Y) HfHH;ix(Td) :
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This result can be easily generalized for the projection operator Py, i, defined
in (3.38), with N := rank P, y onto the ANOVA index set U, where we decrease
the exponent of the logarithmic term from the dimension d to the smaller effective
dimension q,

ITo f — Pn,UfHLQ('er) S N7(log N)S(qil) ||fHH;ﬂx(11‘d) :
Proof. This follows from Corollary 4.14 together with Lemma 4.15. O

Note, that in the previous corollary the change from the projection P, to P, 7
reduces the exponent of the logarithmic term from dimension d to the maximal
superposition dimension q. This is also the case for all further error estimates
in this section. Since the estimates for || f — P, f|| are contained by choosing
U = P([d]), we will state the following results only in the ANOVA setting for the
projection operator P, 7, having in mind that the restriction to terms up to order
q reduces the number of needed parameters significantly.

Remark 4.17 (Comparison to trigonometric polynomials). Using instead of
wavelet function ;’e,; trigonometrical polynomials e ~27(*") a hyperbolic index

set
d

Ihc,n = {k c Zd | H (1 + ‘kl‘Q) S 271}7
=1

and a similar projection operator P, f = 3, .7 ck(f) e~ 27mi(k:2) one can easily

show the same error estimate as in Corollary 4.14. Together with the asymptotic
estimate |Zycn| ~ O(2"n?~1), see for example [DTU18], one receives the same
error bound as in the previous corollary, since the wavelet projection operator
also uses the hyperbolic cross type index set Z,,. Furthermore, also in this case
one can reduce the exponent in the logarithmic term from d to the effective
dimension ¢, like in Corollary 4.16. A

Note, that the Corollary 4.16 deals with the case s < m, i.e. the smoothness s
is smaller than the order m of vanishing moments of the wavelet. For the case
s = m we can only prove the following worse bound, which is based on the
bound in Theorem 4.3.

Corollary 4.18. Let f € H™ (T%) and P, the projection operator defined

mix

in (3.38) onto the ANOVA index set U. Then,

HTUf . Pn,Uf”Lz('JI‘d) 5 g—mn n(fl—l)/2 HfHH;:ix(Td)
SN (log N) ™)@ | ]| (T4) -
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Proof. Like in Corollary 4.14 we have

05 = Pa e S T 30 3 a-sbmatbeoni g gy

u€lU >0 k€ET;
|7]1>n

Sl oy D D 27700

UEU >0
[Fuli>n

In contrast to Corollary 4.14 we have to sum over the indices j instead of taking
the supremum. By [BG04, Lemma 3.7] it follows

Z 9—2lFulim < 9—2nm ((‘Il:l“ 11' +0O(n |u\—2>) -

Taking the scaling functions into account, which are constant, i.e. 9)_1 o = 1, we
have

q
Z Z 2—2|ju|1m 5 2—2nm Z ((g o + O( ))

ucelU ju>0 =0
[Fuli>n

=2 (-0 ).

The estimation regarding the number N of parameters follows analogously as in
Lemma 4.15. O
The characterizations of our wavelet spaces also allow a bound on the L -error.

Theorem 4.19. For1/2 < s < m we have for the projection operator P, v,
defined in (3.38),
1Tof = Pao fllp ey S 27" 0D fll e oy s
whereas for s = m we have
17f = P fllpciny S 27770 1 llg, -

Proof. Using triangle inequality we obtain in case of 1 /2 < s < m,

T f = Pavfllp_ay=sup (D D D (FHePewle(@)|  (4.36)

d
2ETY |y cU |5, |1 >n kET;

< sup Z Z ( per *> ?,Qé(w))kezj

d
z€T | cu [dl1>n

£y
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Applying Cauchy-Schwarz inequality yields

(036) < sup |30 3 IO e, o, 625 @) ke, 1,
xeTd wel |, l1>n
1/2 1/2
< Z Z 9=ldulisgliulis Z K f,5 P )? Sup Z |j k(2
u€el |7, |i>n kEZ; keI
Incorporating |¢; ()| < 27/2 implies
1/

@36) < | Y >0 2Bl agliulis [ N7 jp gbere ’

u€l |j, [1>n keZ;

and finally, with Holder’s inequality and Corollary 4.11,
1/2
@36) < [ > > 27 b ip
u€l |, l1>n

<27 @2 |y pay
Note, that the last estimate boils down to estimate the sum, which has been
already done in Corollary 4.18.

In the remaining case, where s = m, we only have the weak characterization
in Theorem 4.3. This gives a slightly worse bound for the L, -error. Like in the
previous estimates, we have

1/2
ITof = Paufllp, e S Z Z 9 luli(s=1/2)gliulis Z |(f5 %5 Te)
w€U |j, 1 >n keZ;
we extract the supremum in every summand,
1/2
91wl (s=1/2) S 9liulis PPy
> ¥ oup 21 | 3 I
uelU |7, [i>n |Fali>n keZ;
5 2—n(s—1/2)nd—l ||fHHr8mx(’I[‘d) ,

where we bounded the last sum again by using [BG04, Lemma 3.7]. O
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Note, that using Lemma 4.15 this theorem can also be written in terms of the
number of degrees of freedom N, which gives for s < m

170 f = Pavfll iy S N 72 Qog N OV | £l oray,

mix

andfors =m

||7—Uf _ Pn,Uf”Loo(Td) g N—m+1/2 (log N)(m+1/2)(Q*1) ||f|

Hm (Td)-

mix

With the same arguments we obtain an analogous Ly-bound for f € B3 (T9),
if s < m. This is a direct consequence of Corollary 4.11.

Corollary 4.20. Let f € Bgm(Td) and P,y being the approximation operator
defined in (3.38). Form > s we have

| Tof = Paufllp,mey <27 nli=D/ ”fHBS,oo(Td)
s s+1)(g—
SN Qog N)*TD Vi f gy ipay
1 Tof = Poofllo, ey S g~/ Hf”Bé,oc(TT“‘)
1y
SNTH2 (log N)EHD@D 7l

Remark 4.21. Remember the classical Sobolev spaces from Remark 4.13, where
we have less smoothness assumptions on the function f. In this case the pro-
jection operator P, y would use the full index set with |j| < n and have
rank N = O(2™9) to get the same approximation rates in terms of the norm
H*(T9). A

To summarize this section, we introduced the wavelet projection operator P, in
(2.48) for periodic functions, which uses a hyperbolic cross type index set, bene-
fiting from the decay of the wavelet coefficients in spaces of mixed smoothness.
Our results can be compared with [Boh17, Theorem 3.25] for m = 2. But we geta
better approximation rate, since we proved the characterization in Corollary 4.11,
whereas in [Boh17] only a characterization similar to Theorem 4.3 was proven.
Related results also appeared in [DKT98, Theorem 3.2], [GOS99, Proposition 6],
[SU09, Theorem 2.11], but with less transparent requirements on the wavelets.

The big advantage of the ANOVA truncation to the index set U from P, to P, iy
is not only that we reduce the exponent of the logarithmic term in Corollar-
ies 4.14, 4.16, 4.18, 4.20 and Theorem 4.19. But that also reduces the number NV
of needed basis functions from O(2"n4~1) to O(2"n?~!), which was shown in
Lemma 4.15.

A similar approximation approach is by trigonometric polynomials on a hyper-
bolic cross index set, see for example [DTU18] and references therein. There,
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the decay of the Fourier coefficients for functions in a function class, described
by the smoothness, also plays a crucial role for constructing approximation op-
erators. The advantage of choosing wavelets is the compact support, which
leads to fast algorithms. For spline wavelets, it can be also beneficially to have
small approximation errors, if the function f is likely to be a piecewise polyno-
mial. Approximation of high-dimensional functions by sparse polynomials, also
including hyperbolic index sets, was done in [ABW22].

4.2 Transformed hyperbolic wavelet approximation

The main idea of the transformation approach introduced in Section 2.4 is to
transform the samples X C € to the transformed samples Y = R(X’) and then
use an approximation operator on T¢. This means, we change the function f and
approximate the transformed function f o R~!, which is a function on T¢. For
the approximation operator on T it is known that, the smoother the function,
the better the approximation. We present in this section the main results of the
paper [PW24].

The error estimates between 7y f and the projection P, i f in Corollaries 4.14,
4.16 and 4.18 and 4.20 require that the function f has certain smoothness. Indeed,
itis not clear whether the transformed function f o R~! inherits the smoothness
of the function f itself, if the density is smooth enough. So far, we do not know
which regularity the transformed function f o R~! has. In the following, we
will show that, if we request more regularity from the sampling density y, the
regularity in the Sobolev and Besov norm is preserved under the transformation,
i.e. our aim in this section is to introduce suitable weighted norms on {2, namely
11l 5z= (e, Such that

mix

[[fo R71||H;nix(1r) = F s (o) - (4.37)

mix

We restrict this thesis to the case of Sobolev spaces of dominating mixed deriva-
tives. Similar procedures can be done for Besov spaces, for details see [PW24].

In the following, we introduce weighted function spaces on R?, which general-
ize smoothness from periodic functions to functions defined on R? using the
transformation R and fulfilling (4.37) to finally state in Corollary 4.30 that the
PSE in the error splitting (1.1) is the same as for the periodic case. The slight
modification for non-periodic functions is described in Section 4.2.2.
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4.2.1 Weighted Sobolev spaces

For measuring the smoothness of the transformed function f o R~!, we have to
calculate the derivatives of the concatenation f o R,

The univariate setting
We use Faa di Bruno’s formula, which generalizes the chain rule for & > 1 to

%f(R’l(y)) =3 FO@) BaslRH D (), RHP(y), ..., R (),

=1

where B, ; are the Bell polynomials

al a—i+1 mn ke
Bt =Y T ()"
a,z(yh y Yo z+1) 2]1!]2"'](1—1'4-1! ’E Ll 5
where the sum is taken over all sequences ji, j2, . . ., jo—i+1 Of non-negative

integers, such that these two conditions are satisfied:

a—1+1 a—1+1

ij:iv Zk'jkza-
k=1 k=1

We use the substitution R(z) = y. Note, that for the differentials of the inverse
transformation R~! holds

NS —1y(2) () — —p ) (x)
p? (x) n 3 (uM (x))?
pt(x) pi(x)

d 1 k 1 k—1 1 (1) 1 k+2

< () —k <> (2) P <) 1D ().
dy \ p(z) () pi(z) ) p(z) ()

Thus, every derivative of (R~1)(*) (y) can be expressed by a term containing only

derivatives of x(z) up to order k& — 1 as well as power of ﬁ up to order 2k — 1.
This allows us to shorten the notation fora € Nandi =1,...,aby

Boi(z) = Bai(R™HM(y), R7HP(y),.... R7H TV (y)).  (4.38)

=

R (y) =

With this notation Fad di Bruno’s formula reads as

(e

IR W) =3 Busla) £0(2).

i=1
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The Bell polynomial B, ; can be expressed in terms of derivatives of y(z) up to
order a — 1 and powers of i up to order 4« — 2¢ — 1. We have for small indices,

B1 1 (ZL’) m) )
By () = — 513, By2(7) = 1y (4.39)
( ) T "z 2 —3u (z
Bs1(z) = — 4(95) + 3(”5((1,))) . Bsa(x) = lf’fé)), Bss(x) = Hgl(z).
The Lo (T)-norm of the derivatives of f o R™! can thus be expressed as

2

2 «@
> Bak(x)DFf(z)| dy

Ly(T) ‘/H‘ k=1

<3 [ [Basta) DA @) ey e = 3 10 @) 0, o -
k=1 k=1

For the Sobolev norm we have to sum over « and interchange the sums, which
yields

de _
de(,f oR 1(?/)

m 2

—12 2
1 o R 2 peny = 112y + S
a=1

de _
dﬁf oR 1(9)

L2 (T)

3

«

2
= ||f||iz(9,ﬂ Z Z HDk )HLQ(Q,IBQ‘IC(I)FH(I))

i 2
= ||f||L2(Q 1) Z Z ‘Dkf(m)HLg(SZ,\Ba‘k(z)Pp(z)) :

SH

This motivates to generalize the Sobolev norm to functions defined on €2 by the
following definition.

Definition 4.22 (Weighted Sobolev spaces, one dimensional). For m € N define
the density 1, by

"k |Ba 2 ifl <k<
Tm k(x) — Za:k | k(x)| ,U,(Q?) 1 — =m, (440)
' wu(x) ifk=0.
Then for Q2 € {T, R} we define the function space
H™ Q1) = {: Q> C L 1fllmay < 0}
where the norm is defined by
2 o - k 2
”fHH"”(Q,u) - Z HD fHLQ(Q,Tm,k) : (4-42
k=0
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Note, that we have for m > 2 the useful recursion formula,
Yo go(®) = Ton1,k(2) + [ B, () ().

We state the previous definition for the cases 1 < m < 3 explicitly:

||f||§{1(97u) = ||f||2Lz(Q,u) + Hf’“iz(a,lm (4.42)
||f||§12(97u) = ||f||2Lz(Q,u) + Hf/||2LQ(Q71/M+(M’)2/,;’-) + HfNHiQ(Q,l/,ﬁ) (4.43)
||f||§13(9,u) = ||f||ig(ﬂ,u) + Hf/||QLQ(Q,1/M+(#')2/u5+(u”)2/“7—6#”(M)z/ux-i-g(u’)“/m)

+ ||f”||2Lg(Q,l/;,-"—i-Q(u’)Q/;ﬂ) +IIf HiQ(Q,l/m) . (4.44)

"

This can also be interpreted as: the function f cannot have a large Ly-norm of
its derivatives up to order m in areas where p is small. One can not expect to
capture such functions, since where the density is low, we can not approximate
derivatives of the function f well. Note, that only in special cases, where the
derivatives of the density 1« and the density itself are bounded from below and
above, this defined norm is equivalent to a norm defined using the derivatives of
a function, weighted with the density p.

Lemma 4.23. Letm € N be positive and the density . fulfill
0<e < Hu(i)IILw(Q) <ec<oo fori=0,...,m-—1.

Then, the norm in (4.41) is equivalent to the norm

m

£ 1Lz () = D D™ F Nl oy
k=0

Proof. Since every derivative D*R™! can be expressed in terms of derivatives of
wup to order £ — 1 and we also assume that p itself is bounded from above and
below, the terms Y, 1 (z) can be bounded by

0< Cu(z) < YThpp(z) < C'u(z) < oo,

with some constants 0 < C, C’" < oo. This yields the assertion. O

Example 4.24. We give three examples for distributions on €2 = R with variance
~ and mean . We plotted the density function, the transformation R as well as
the densities T, ,(x) from (4.40) in Figures 4.2, 4.3 and 4.4.

i) Standard Gaussian distribution on R
The Gaussian density g from (2.10) is a very smooth density, such that we
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expect that this transformation passes the smoothness of f to the smooth-

ness of f o R™!. The corresponding transformation is

Rg(z) = = rf(f7> where erf(z f/ et dt

is the error function.

ii) Cauchy distribution on R
The transformation for the Cauchy distribution (2.11) is

1 o
Re(z) = — arctan (H)

m Y

iii) Laplace distribution on R
The transformation for the Laplace distribution (2.12) is

Re(z) = %Sgn(x —T) (1 —e” ‘m;m) :

So far, we characterized for natural numbers m function spaces where the
formation R preserves the smoothness. The definition of the Sobolevnorm

(4.45)

(4.46)

A

trans-
using

the decay of the Fourier coefficients in (2.16) allows us to study functions of
fractional smoothness. Hence, we define fractional smoothness for functions

defined on Q.

Definition 4.25 (Transformed Sobolev spaces, fractional smoothness). Let Q) €

{R, T} and s > 1/2. Then, we define

@) = {759 = 1o < 0}

where the norm is defined by

1 e o = D Ik (F)P(L+ [k

kEZ

with the Fourier coefficients ¢/ ( f) of the transformed function

A (f)=ce(foR™ b

and the Fourier coefficients for periodic functions being defined in (2.17).
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Figure 4.2 : The Gaussian distribution yg on R with mean z = 0 and
variance y = 1.
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Figure 4.3 : The Cauchy distribution p¢ on R with mean iz = 0 and
variance v = 1.
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Figure 4.4 : The Laplace distribution i on R with variance v = 4 and
mean g = 2.
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Remark 4.26. The norm in the previous definition is for m = s € Ny equivalent
to the norm from Definition 4.22, since the terms T, 1. (z) are chosen such that

m

S ID*(f o R 7, 0m ZHD’“fHLmM’

k=1
because of the norm equality of the norms (2.18) and (2.16), see [KSU14]. A

The multivariate setting

The theory from the one-dimensional case is transferred to the d-dimensional
setting. Again, we have to use (2.18) and have to estimate norms of derivatives of
the transformed function f o R~!. Using the equations (2.54), we have that

D*(foR™)(y) = > Bax(x)D*f(m), (4.47)
k=1

where we define the multivariate analogon to (4.38) by

d
) = H Ba, ki (Tk,)- (4.48)
=1

This motivates to generalize Definition 4.22 to multi-variate Sobolev spaces of
mixed dominating smoothness. This was done first in [PW24, Definition 4.6].

Definition 4.27 (Transformed Sobolev spaces). Define the density T, r(z) by

m k H Tm ki .Tk (449)

where the one-dimensional functions T, j, are defined in (4.40). Form € N
and Q; € {T,R} we define the function space

Hino@,1) == { £ 25 C 1l < 0}

where the norm is defined by

2
1 1z om = 2 HDkf(w)HLz(me,k) : o
0< ||kl (o <m.

To describe the norm H™. (€, 1) in terms of Fourier coefficients, the Fourier

coefficients of the transformed function

e(f) =cn(foRT) = | foR” Yy)e 2mikv) 4y (4.50)

/f 727r1kRa;)) ( )d
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are needed. The generalization to the case of fractional smoothness is then

Hio @) = {1 2> C I f s, < 0} (451)

mix

where the norm is defined by

d
2 s
1712 = S LR TIA + k). (4.52)
kezd i=1
The function spaces H; ;. (€2, u) are defined such that the transformed function

f o R™! inherits the smoothness of the function f, i.e.
11 s (1) Slfe R_lnHﬁnx(Td)' (4.53)

The one-dimensional Definition 4.22 as well as the generalization to higher di-
mensions in Definition 4.27, for Q = R? are equivalent to conditions on the
decay of the derivatives of f. Let us highlight this with an example. The Gaussian
distribution pg and the corresponding transformation R is very smooth, but nev-
ertheless, this fast decay of the density requests very restrictive decay conditions
to the derivatives of the function f.

Remark 4.28 (Decay conditions on the derivatives). Let us assume that the
density i as well as the function f is continuous. In the one-dimensional case,
necessary conditions that (4.42) to (4.44) are finite, are summarized in Table 4.2.

A
0.3 0.3 0.3
0.2 0.2 0.2 n
0.1 0.1 0.1 n

o) L /o] L [ A L
-4 -2 0 2 4 —-0.4020 0204 —0.4020 0204

f: R — Rfrom (4.54). Gaussian distribution: Cauchy distribution:
foRg": T —R. foR T —R.

Figure 4.5 : The transformation approach applied to the function (4.54) .

Example 4.29 (Transformation of smooth function). Let us have a look at the
smooth example function

2

aroe € C>(R). (4.54)

fz) =
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po | HO(R, p) H' (R, p) H*(R, p)

pg | 1f(x)| < e |f'(x)] < x e A |/ (z)] < x5 /2e =37 /4

|f//($)| < x—2e=3%" /4

po | 1f@I <zt (@) <aiyt )] <oy
7 (@) < a2y

pe | 1f@)] <a e |f @) <atre e e)| < o e

7(2)] < 5 eem8ln

Table 4.2 : The case 2 = R: Necessary conditions of the decay of the
derivatives of the function f for different distributions y, such that f is
in H™ (R, ). All inequalities are asymptotic, meaning they should hold
for all = with |z| bigger than some finite threshold. Furthermore, the
conditions are successive, meaning for f being in H™ (R, 1), also the
condition for f € H™ (R, 1) has to be fulfilled.

The choice of the density i with corresponding transformations R affects the
smoothness of the transformed function f o R~! on the torus. The transformed
functions are plotted in Figure 4.5. Despite being smooth itself, the Gaussian
distribution ;g somehow destroys the smoothness of the function f at the point
2 = 1/2in contrast to the Cauchy distribution pc. A

Finally, after introducing the functions spaces H.. (2, 1+) in Definition 4.27 and
using the periodic results in Corollary 4.16 the same error decay as in the periodic
case follows easily for functions on 2 € {T% R?}.

Corollary 4.30. LetQ = x¢_,Q;withQ; € {T,R}, thedensity p; bein C™1(£2;)
fori € [d] and letm € N be the order of vanishing moments of the wavelet ). Let
the function f fulfill for alli € [d] where); = R that

lim f(x)= lim f(x).

xTi;—>00 €ZT;—>—00
Let f € C(Q) be a continuous function. In the case where1/2 < s < m, we have
170 f = (Paw(Tof o R™) 0 Rll o S 27 1 llscar

and in the case s = m, we have

1T f = (Pau(TofoR™Y)) 0 Rl 1,0 S 27 n D2 £l e Q) -

mix
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Proof. This easily follows from

1T f = (Pou(Tof o R™Y) o Rl 1,0

(2.55) 1 _1 Cor.<4.16 s
N Tof o R~ (Paw(Tuf o R llpyerny < 27" I s, o

(2.55) _
=27 Hf||HI~;iX(Q,u) ’

and similar for the case s < m. O

4.2.2 Transformed hyperbolic wavelet approximation on [0, 1]¢

Akey difficulty in the approximation of non-periodic functions, e.g. on Q = [0, 1],
is the behavior at the boundary. No matter how the sampling density x looks
like, a transformation which equals the cumulative distribution function can not
ensure that the function f o R~ is periodic. Therefore, we introduced in the
transformation (2.52) the extension parameter 7. In the following, we summarize
the results of [PW24] for the approximation of functions on the unit cube.

Of course, one could interpret a function on [0, 1]¢ as (possibly non-continuous)
function on the torus by gluing the endpoints together. This coincides with the
transformation (2.52) with no extension = 0. Since the function f o R~ can
be non-continuous, Corollary 5.11 does not give us a reasonable error decay.
For that reason the aim of this section is to show that the transformation idea
also works for non-periodic functions with a reasonable choice of the extension
parameter 7 in the transformation (2.52).

For Fourier approximation there is the approach of Fourier extension [AH20,
Boy10, Huy10], where the function is continued outside of the interval [0, 1] to
a smooth function. See also [AH19] for a nice overview and the connection to
the frame approach. We use a similar approach by introducing the extension
parameter 7, which allows us to extend f on the boundary [—1/2, —1/2 + 7] in an
appropriate way.

In the definition of the transformation for the non-periodic case in (2.52) we
introduced the extension parameter 7. Then, the samples X C [0, 1] are trans-
formed with R to the torus T¢ by ) = R(X'). The extension leads to the fact that
the transformed samples are uniformly distributed in the box

TS = [~1f2 + 1, 12",

This procedure transforms and compresses the original function f into the box
T¢, and allows to extend this function f o R™*: T, — R to a function f defined
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on whole T¢. Figure 4.6 shows an illustration of the two-dimensional domains.
On the boundary
T = TN\TE

we extend the function f to f with f ]D = foR™!. Since we have approximation

1 v -~ 0.5
‘ .. [ ) ..
K .« e
.0. . L4 oo 0 °
:: ".‘o. ° .
et Ton R,
. * °® e

o0
¥ ]

0 1 —-0.5 0.5
Samples X' C [0, 1]?, Transformed samples ) C T2,

f:0,1]¢ = C. foRL:TY - C,

Figure 4.6 : Illustration of the two-dimensional extension.

results for periodic function in a Sobolev space, we aim that the transformation
has Sobolevsmoothness. We introduce the notation of restricting function spaces
V' C L2(T?) to some smaller domain by

Vlg="{glg:9€V}
for a domain Q C T<. The following result was shown in [PW24, Lemma 5.2.],
we state it here in a slightly more general context of ANOVA terms.

Lemma 4.31. Letm be the order of the Chui-Wang wavelets and n the maximal
wavelet level. Use the notation from (3.39) for hyperbolic function spaces. Let the

ANOVA term g,, : ']I‘E“ — C of a function g fulfill the boundary conditions

gu|, _1 € Vu(TI7D), gy, . 1€ Vo (TU#=1) foralli € u,
”'i=2 5
g{e) (4,)] < 00, forallz withz; € {~3 +n,3} foralla =0,...,m -2,
where e; denotes the unit vector (e;); = 0, ;. Let furthermore the extension
parameter fulfill
-1
n > (4.55)

[W“
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where [a] denotes the smallest integer, which is bigger than or equal a. Then, there
exists an extension g, : Tl — R, which is on the domain [ continuous and
m — 1 times differentiable, such that

Julg € Va(T™)lg

Proof. Let us begin with the one-dimensional case. The function space V,,(T) is
the space of all spline functions, which are piecewise polynomials of degree m
with discontinuities of the (m — 1)-th derivative only at the grid points { 5%+ |
—2™ < k < 2"}. These grid points divide the domain T naturally in pieces
of length 2~ (1), The function g; is defined on 2"*! — (m — 1) of them. The
extension part of the function g; has to be a piecewise polynomial of degree
m — 1 with m — 1 pieces. To construct the coefficients of the function g;, one
has to solve a system of linear equations, which are independent. In fact, we
have m (m — 1) coefficients and (2 + (m — 2)) (m — 1) = m (m — 1) constraints
(at the boundary and the conditions for piecewise polynomials). This system
always has a solution. For m = 2 a simple linear interpolation between g; (— l)
and g1(—1 + n) does the job.

For the multivariate case, we have to observe that we use the index set 7, «,
see (3.36), of hyperbolic structure for the function g,,. That means we need an
index j with |j|; < n, such thatn > 2?}11) for all € . Since all indices j; are
natural numbers, multiplication and taking the d-th root of these inequalities

leads to the condition (4.55). O

To state results for the approximation of the transformation, we introduce the
following definition for the smoothness of functions on [0, 1]¢.

Definition 4.32 (Sobolev spaces on the cube). For m € N let the extension of f
be the extension of f o R~ to the boundary.

mix

Hy (10,17 1) = { £ 10,107 > C | 1l oy < o0}

where the norm is defined by

1
”fHHm‘x ([0,1]4,p) = W Z HDkf HLQ([O 114, o )
0< |kl oo <m

<<m—1>1v>(w)‘2

+ max
Z m€8 0,1]¢
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3 J 05 [ n 103 [
2 -
1l /\ 0 | 100
0 [ | B —05 ] | ] -3
0 05 1 0o 05 1 1V
PB.a R(y) forn = 0.

Figure 4.7 : The beta distribution pup , on the interval [0,1] for o €

{1/2,2,3}.

and the density Y, (y) is defined in (4.49). For fractional smoothness s > %
we use the transformed Fourier coefficients ¢}, from (4.50) to define

2 s 2
10y oyt = 20 1D T @+ k)™ > max |fl)@)
kezd icld) vCuey €901
where the second term contains the boundary behavior. A

Let us study an example for a non-periodic distribution .

Example 4.33 (Beta distribution on the cube). Let 2 = [0, 1] be the unit interval.
The Beta distribution x5 , from (2.9) has the shape parameter o, for o = 1 this
is the uniform distribution. For a > 1 the cumulative distribution function is the
regularized incomplete beta function, so the transformation in the case n = 0

reads I(20) [*
@ 2 a—1 1
olz) = 22— tde— L,
RB7 (I) F(a)2 A ( ) 2

which can be computed analytically for fixed .. These functions are plotted in
Figure 4.7 for different parameters «. A

Remark 4.34. The beta distribution 15 1/, coincides with the Chebychev dis-
tribution, which is defined on [—1, 1]. In this case [KUV21, Section 10.3] and
[CD22] propose the Chebyshev polynomials as basis in Lo ([—1, 1]%, yi51 />)- This
coincides with using our transformation R and the half-period cosine basis on

Te. A
Motivated by the previous lemma, we make the reasonable choice
-1
ne=-— (4.56)
2 2]+

In alignment with [PW24], the following theorem shows that the projection op-
erator P, ;7 from (3.38) applied to the extended function f indeed inherits the
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approximation rate set by the order of the wavelets if the non-periodic function f
is smooth enough on [0, 1]¢. Compared with the periodic setting in Corollary 4.14,
the only difference here is the term = )q 7. We generalize the following theorem

to the multivariate case in contrast to the one-dimensional result from [PW24,
Theorem 5.5.].

Theorem 4.35. Lets < m — 1 and chooseU C P([d)). Let the maximal wavelet
level be n € N. We choose the extension parametern as in (4.56) and the trans-
formation (2.52). Then, we have for the approximation error of the projection
operator P, iy defined in (3.38) for functions f € H$, ([0,1]%, 1) that

2—77 S

1 Tof = (Pao £) o Rl Ly o1 S =" 1N s

I!llX ] )

Proof. Exploiting the orthogonality of the ANOVA terms, we have

7o f = (P, <*>>oR||iz<[oud "
= Z ”fu - nu fu)) o Rq, HL2 [0,1]1%] 1s,)

uelU

= Z A=yl Muo R "= (Pou(Fu)) I, e

uEU

_ Z m | fu — (Pmu(fu))“ig(']l"“')

uelU

2—2715

5 3 Vallig, oy

uEU

The last inequality follows from Corollary 4.14 and fu is the extension from
Lemma 4.31 of f,, o R;;'. Decompose f,, by fu = fu,0 + fu,m, which fulfills

supp fu.0 = TfY,
fi?m)(aT‘Dm) =0 foro; € {0,m},

where 871“':7" | denotes the boundary of the square Tlmu A simple consequence

is that f, m € V,,(T/*). The Sobolev norm of the function f,, is split into the
Sobolev norm of the function f,, 7 and of the extension f,, m by the following,

Hf"-LHHij(Tlu\) - Z ‘Ck(];u.D + fu,E)‘Q H (1 + |ki|2)s

kezlul i€u
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<2| > lek(fud)P T OB+ D0 lex(fm)l? [T (4 [kif?)°

kezlvl 1€u keZlvl 1€u

Ap Amg

This splitting coincides with the splitting of the Sobolev norm of the function f
to the part A belonging to the H? . -norm of the interior of f and the part AE

mix

belonging to the boundary of f. For the first part, we use that f equals f, o R,

Ap < D ler(fuo RGHIP T (1 + 5if?)

kezlul icu

= Y 1GU)PTT O+ k)’
kezd i€u
supp k=u

= > h@OP ] a+1kP)"
kezd 1€[d)
supp k=u

Summing over all u € U yields the upper bound

Ag < Y lek(h)I? T[I] (1 +[k:f?)*.
1€ld

kez?

For the second term A, we do the following. Due to the fact that fE € Vn(’}l‘|”| ),
which means that f~|3 is a piecewise polynomial of degree m — 1, the m-th weak
derivatives of fig are only nonzero at the grid-points of the space fE € Vi, (T,
Furthermore, the Fourier coefficients of the m-th derivative are bounded by the
maximum of the (m — 1)-th derivative by

> len(fm@)P T (1 + [k:I?)

kezlul i€u
m (1+ Ik %)
— f( 1,)) |2 a
supp k=v
(1+ |ki]?)
< Z Z werg[aoxl ‘ H ‘]{; ‘2m

vCuU  pezlul

supp k=v
< max | f((m= ‘ Z H (1+[k]?)
= 2€d[0,1]7 |2
vCu kezlul 1€V

supp k=v
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2 oo 2ys\ 1l
< max f((m71)11,)(m)‘ 9 [ o2luls (/ (1 +2z ) )
oL mealn.1e 1 =
< max | (=010 ()|
Ucuwea[o,l]d

the last inequality follows since 2s — 2m < 1. Summing the terms A for all
u € U gives the boundary term in the definition of the norm H3 ;. (0,1], ). O

mix

We also state a bound on the L. -error, which generalizes the one-dimensional
result from [PW24, Theorem 5.6].

Theorem 4.36. Lets < m — 3 and chooseU C P([d)). Let the maximal wavelet
level ben € N. We choose the extension parametern as in (4.56) and the trans-
formation (2.52). Then we have for the L., approximation error of the projection
operator P, ; defined in (3.38) for functions f € HZ,; ([0,1]%, ) that

nla—1)/2

ITuf - (Pn,Uf) ° RHLOC([o,l]d) S g e m (FAIFE ([0,1]%,p) *

mix

Proof. Similar to the proof of the previous theorem we consider

T f — (Pn,U.f) ° R_1||Loo([0,1]) = sup
ze[0,1]d

Z (fu(mu) - (Pn,uf) © Ru(xu))‘

uelU
= Sup Z(fu(wu> - (Pn,uf)) = sup 7—UJE_ (Pn,Uf)
zeTH uelU zeT?
—n(s—1 (a—1)/2
S 27T NG fll e ay -

The last inequality follows from the periodic result in Theorem 4.19. With the esti-
mates in the previous theorem, we bound f: (ray from above by || f|| ;. ([0.1],2)"
which gives the assertion. '

4.3 Random Fourier features meets ANOVA

In Section 2.5 we gave a short introduction to the concepts of random Fourier
features. In this chapter, we study characterizations of functions. Despite not
being a basis, here we analyze the function choice e;(x) = e!(wi =) for function
approximation. Similar to the projections P,, and P, ;y onto the wavelet space,
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we study the possible approximation error between the function f and a random
Fourier feature model

f(w)
Np(w)

fra) =) al e af =

weT

which is basically a sum of coefficients a}, € C and functions e(“-"? with random
drawn features w € R%. Here, one can choose a density p to draw the features
w. We give relations between the choice of the density p and Sobolev spaces of
dominating mixed smoothness H? . (R?) later in Section 4.2.1.

Let us recall the definition for bounded JF(p)-norm functions, see also [HSST23,
XSSW22, SST23].

Definition 4.37. Let p: R? — R be a density function. A function f: R¢ — C
has finite 7 (p)-norm with respect to ¢/’-*) if it belongs to the class

Flp) = {f(as) = gt [ ) dw]nfmp) < oo} (457)

with the norm

||f||]:(p) = sup A

Choosing a Gaussian distribution p like in [XSSW22, HSST23] is a very restrictive
condition to the function space F(p), since the Fourier transform f has to decay
faster than exponentially. In contrast to that, in Sobolev spaces the decay of the
Fourier transform is polynomially.

When more information is known about the target function f, the rates and
complexity bounds improve (especially with respect to the dimension d). This
helps mitigating issues with the approximation of functions in high dimensions.
Especially, if the function is of low order, see also Definition 3.24. If the function f
is of low effective dimension in superposition sense ¢, the Fourier transform f is
not defined as a function, but only in distributional sense, which makes the norm
in Definition 4.37 infinite. This also concerns the F(p)-norm for functions of
lower dimension, defined in [HSST 23], if the effective dimension of the function
f does not equal the sparsity of the drawn random Fourier features. For that
reason, we generalize the theory from [HSS*23] and papers building on this, to
the ANOVA setting by drawing random Fourier features with respect to some
ANOVA index U.

Here, we summarize the results from [PW25], where we improve the analysis for
the approximation errors of sparse random Fourier features. Let in the following

146



4.3. RANDOM FOURIER FEATURES MEETS ANOVA

the function f fulfill the Fourier inverse formula

fu(xa) = L/ Tfu (W )e @ ®e) 5wy ) dw (4.58)
Rd

(2m)
pointwise. Following [HSS*23, XSSW22, SST23], similar to the projection P, ;/
for wavelet spaces, we draw for every u in some index set U, exactly n,, features
from p,, and go through the finite sum approximation

Jr@) = filwa) = 3 D al, e, whered], = - Ty, (wu)

uelU uelU weZ, (2m)pu(wu)
(4.59)
where the Fourier transform Tf is defined in (2.31). This is motivated by the
Monte-Carlo approximation of the integral in (4.58). Note, that f* is not known
in practice, because the Fourier transform 7 is not known. Furthermore, we
have that E,, [fZ ()] = fu () for fixed x, since we assume that (4.58) holds
pointwise. Then, we also have that E,, (%, fX)x = (fu, fo)x-

Let us expand the norm in (4.57) norm to

~ 2

oo | (4.60)

N
2 .
|||f|”f(p) = Z m sup

uel wuCQu

where we use the decomposition Q,,, which is defined in (3.45), see also Figure 3.6.
This choice gives that ||a*||> < %H\f”@(p).

Remark 4.38 (Notes concerning the choice Uand the norm ||| f |||2f( )+ The choice

of the correctindex set U is important for a small norm || f |H3T( »)- This can be seen
by the following. The random Fourier features supported on u already include all
terms in v C u, which means for the construction of f* it is possible to combine
several terms to one of highest dimension. After choosing for every u € U the
sets V,, from V,, C P(u), an alternative definition of f* would be

Tzvevu fo (wu)

f*(w) = Z Z CL:) el<“’w‘”u>,whe1‘e aZJ = m

uelU weT,,

, (4.61)

as long as TZvEV f, (W) is not only defined in distributional sense. This then
leads to Eq, [f7 (%w)] = >y cvr, fo(®w)-

Let us explain the behavior of f* and the norm || || ,, when drawing random
Fourier features for several terms for a two-dimensional function f with fo = 0
for simplicity, which can be analogously used for higher dimensional examples.
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Let us compare the drawing of random Fourier features with ¢ = 1 versus g = 2.
For simplicity let all densities p,, be tensor product densities. The following cases
are possible.

= Only ¢ = 1 dimensional random Fourier features:

_ T (wr) Try(w1)
*(x) = (27) ¢ 2 : f1 elw1T1 4 E : 2 elwaa
f( ) ( ) nlpl(wl) nzpz(wz)
w1€I{1} szI{g}

= Only ¢ = 2 dimensional random Fourier features:

* o 1 Tf1,2+f1+f2(w) i(w,z)
fw)= (2m)ny o Z < >e .

wGI{LQ} pLQ(OJ)

= Drawing both, one and two-dimensional random Fourier features:

f*(w)=(27r)_d< Z Tf1 2( ) 1(w:c>+ Z Tf1 w1 elwwl

wEeTr n1,2pP1, 2(40 w1€Zp nlpl wl
+ > Ty (wn) l“’m). (4.62)
wr€T(z) n2pa(w2)

The better the set U is adapted to the function f, the smaller is || f H|3T( »)- Letus
make this clear by the following aspects.

= Ifthe two-dimensional term f; » is nonzero and we choose g = 1, the error
|l f — Tu f]| is large, since the ANOVA truncation step was not good.

= If the two-dimensional term f; > is zero and we choose ¢ = 2, the Fourier

transform Tf (w) is only defined in distributional sense and can not be

Tfl (wl )+Tf2 (LUQ)

T ) P (@) leads

evaluated pointwise. However, defining o}, by a,
in this case only to

Eo f*(x1,72) = fi(x1)d(x2) + fa(w2)0(21),
and the approximation f* is bad for « far away from the axes. In this

two-dimensional case, the norm || f[| = ,, decreases if we instead use only
one-dimensional random Fourier features if p;(0) is small enough, such
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that
1 T :
sup (w)
n1,2 were | P1,2(w)
1 T ’ T ’
_ max sup f1 (UJ1) , sup f2(w2)
ni2 weQ, | P1(w1)p2(0)| " wes [ p2(w2)p1(0)
~ 2 ~ 2
> i sup Ty, (w1) i Ty, (w2)
N1 weQ; | p1(w1) n2 we, | p2(w2)

But for higher dimensions, there are d(d; L two-dimensional terms and

only d one-dimensional terms. This means that the one-dimensional ran-
dom Fourier feature lead to a lower norm if all the supremums scale all
equal and p;(0) < %. For a bigger difference between the actual effective
dimension q of the function f and the effective dimension of the drawn ran-
dom features g, the factors in the denominator even scale like |p;(0)|?(@~9),
This means that if p belongs to ¢-sparse random features, the norms scale

like ( )
q
2 G— 2
W5y ~ *(2) pi(0)*1 q>|||f”|]-'(ﬁ)‘
q
Similar considerations were made in [HSS*23, Remark 7].

= We propose to reduce the set U after the ANOVA-boosting step to an anti
downward closed set U, since the lower order terms are already included.
This reduces the the norm if the following inequality is true,

. 2
1
1 | L)
N gerz | p12(w)
. . 9 A A )
:imax sup T (1) + Ty 5 (1,0) sup Ty, (w2) + T, 5(0, w2)
N weRq pl(wl)p2(0) 7mEQz 02(0-)2)/)1(0) ’
. 2
Tf1,2("")
sup
wEQR1,2 pl?(‘*’)
1 7 g T N Ty () [
w
< — su M fsupm + — sup Zhe2\®)
mweQq | p1(wn) n2 weQs | p2(w2) N2 weQy 2 | P1,2(W)

This inequality is true if either the maximum is attained for the last term
(which corresponds to the case where the two-dimensional term is big
compared to the one-dimensional terms) or p;(0) big enough (which cor-
responds to a smaller variance of the feature distribution p).
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= We use the draw of random Fourier features of the form (4.62) for the
sensitivity analysis for the generalized ANOVA decomposition, see Algo-
rithm 5.18. Only with this setting it is possible to model the hierarchical
orthogonality.

Note, that the constant term f can be included in every index u. Of course
the exact behavior of the norm || f{| () strongly depends on the actual ANOVA
decomposition of the function f and the chosen feature density p. A

In Lemma 4.39 we will estimate the error || 7u f — f*||;, (g ,,) by using ANOVA-
sparse random Fourier features, which follows [PW25].

Lemma 4.39. FixJ, e > 0. Consider the random Fourier feature approximation
f* from (4.59). If the total number of features N = ) ., N, satisfies the bound

N> m (1 + \/Qlog(l/(S))Q,

then with probability at least 1 — 0 with respect to the draw of weights w; from
distribution p, it holds

1Tof = F Ny < €llflll =

Proof. The proof follows similar arguments like [HSS* 23, Lemma 1], but applied
to our setting of ANOVA truncated random Fourier features. The coefficients a,,
defined in (4.59) are bounded by

1 Tt (wa
jag| < = sup D@l (4.63)
Ny (277) WEQR Pu(wu)

and for fixed x, E,, [f;(€4)] = fu(24). Define the random variable

1/2
v eesom) = 11 = Fllygeos = ([ Bolr(@) - F@)Puie)ae)

To apply McDiarmid’s inequality from Theorem 2.11, we show that v is stable
to perturbation. In particular, let f* be the random Fourier feature approxi-
mation using random weights (w1, ..., wg,...,wy) and let f* be the random
Fourier feature approximation using random weights (w1, ..., @, ..., wyN) with
supp wr = u, then

v(wiy .o Wiy ooy wWN) — V(W14 Dy wn)| S - fN*HL2(Rd,,u)
— ||a‘:kei<(wk)u;mv> _ agkei<(ok)"’m”>||L2(Rd,,,,)

150



4.3. RANDOM FOURIER FEATURES MEETS ANOVA

2 Tt (Wa
§<Sup f<w>|> LA,

Ny, (27)7 WEQw Pu(War)

Summing over the Ay, yields,

N A 2 2
T, (W) AN,
< sup — R | <
Z Z (2w anu < s -~ (27)¢N

el 'u,EU WEQ Pu (W)

To estimate the expectation of v, we bound the expectation of the second moment.
By noting that the variance of an average of i.i.d. random variables is the average
of the variances of each variable and by using the relation between the variance
and the uncentered second moment, we have that

Eo(v?) = Eo [[Eo (f*) = £7II7, e
Eew < alel@v w”>>
uelU

Z Z G,* (W, @y )

2 2

weU wely Lz(Rdw) Lo (R, p)
<y 1 sup \Tfu(wu)| IHfHI;(p)
T2 e (272 \wequ pulwu) )T (27T)dN

By Jensen'’s inequality, the expectation of v is bounded by

1Al )

Bu(v) < (Bu?) " < —o

Applying McDiarmids inequality from Theorem 2.11, yields
+2 2(97)4
([ _2en'y
Plv> ——+1t] < Zk 7 _e A%,
(2m)dN

Setting t and N to

t=1£llx \/(%;N log(1/6), and N > (1 + /210g(1/9) )

(

enforces that v < e[| f|| 7, with probability at least 1 — 6. This completes the
proof. O

Additionally to the Lo-error between f and f*, we state in the following Lemma

an error bound for the ¢5(X')-error on the training samples X, the discrete norm
was defined in (2.5). This result is needed later in Theorem 5.19 for stating
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bounds about the regression error. For a result of the L., -error on a bounded
box, see[HSST23, Lemma 9]. Note, in contrast to the result in [HSST23], we do
not need the finite second moment condition of the density p, but rather the
following lemma can be applied also to Cauchy distributed features.

Lemma4.40. LetX = {z;}, be drawn from y andZ = (wj);,v:l forU C P([d])

be drawn like in Definition 3.22, where we choose by n,, = % the same amount

of all random Fourier features for all ANVOA terms in U, which should be big
enough such that % ro7 > 10g(2/6). Define f* as in (4.59). Then with probability
at least 1 — ¢ with respect to the drawn random Fourier features w,

121U
(2m) N

Proof. This Lemma is motivated by the result of [LN24, Lemma D.2].
First, note that in the case of identically distributed features to the ANOVA terms
inU, i.e. n, = ~/lu|, we have

2
|U Ty (wa)]
171, = 'd sup UNCAI (4.64)

pu(Wa)

1
7 - gy < |||fH|]—' log(2/9).

see also the definition (4.60). Define for w € @, drawn from p,, the random

function )
. Ty, (Wu) i(wa,-)
0= 2 G g

Then, we have for every z € RY, E,[v(x)] = Ty f(x), since we assume that
the Fourier inverse formula (4.58) holds point-wise. For every index j draw |U]|
random Fourier features, i.e. one w; for every u € U at random according to p,,
and define the corresponding random functions

IR S Y A (CH) I R
. Z (27T)dpu((wj)u> '

By evaluating these functions at the sample points X, this is a random vector of
length M. By Cauchy-Schwarz inequality we have the upper bound

~ 2
M Tt (wa)
v, 2 < sup el
il = ot \ 2 \ 28, Tputon)
M|U| Ty, (wo)|? ) @60 M
<su ! < Gl o)

T (2m)2 £ \wequ [pulwa)l?

uelU
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for each j. Furthermore, due to the definition of the function f* in (4.59),
N/
. |U|
=y X v
=

By using the relation between the variance and the uncentered second moment,
the variance of v is bounded from above by

M
()

2 2 2
Eo [lv = Eo[v]lle, ) < Ee 0]z, x) < 7o F -

By [LN24, Lemma A.2 and Theorem A.1] it holds with probability at least 1 — §
that

. Ul 5
17 = Tof sy = || 7 D_ v — Bwlo]
j=1

£2(X)
2V MU £l 7, log(2/9) N 2M U/ (1%, log(2/6)
- (2m)2 N (2m) N
B M 2|U| log(2/9) 2|U| log(2/9)
Squaring both sides and the assumption |N7| > log(2/§) leads to

M Ullog(2/6
19 =T a3 (64 4v2) LR

Then, 6 + 4v/2 < 12 finishes the proof. O]

The previous lemma can be generalized to different amounts n,, of random
Fourier features for the terms w € U, but even the choice of a single small n,, can
make the error for this term f,, and so for the whole function worse. By choosing
an anti downward closed set U, one can summarize for every u € U all subsets
of u to approximate 7y f for the downward closure U, which reduces the factor
|U| in the error estimate and motivates Definition 3.32, see also Remark 4.38.

4.3.1 Connection to Sobolev spaces

Here we describe how the distribution of the random Fourier features w should
relate to the smoothness of the function f. Note, that in this section we use the
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same notation as in (2.10) and the following densities, but with p instead of p,
since we study distributions in the frequency domain.

When drawing the random Fourier features according to the tensor product
density (2.13), there is a relation between F(pf;) to the well-known Sobolev
spaces of mixed dominating smoothness H" . (R¢), which are tensor product
spaces. Note, that if the Fourier transform of a function f € Lo(R%) decays
like | f(w)| < Hle |wi| =, then the function f isin H?, (R) with smoothness
s < a— %, since [~ 2™ dz is finite only if n < —1.

Lemma4.41. Lets > % and f € H; (R?) N Li(R?). Then,
||f||H;ix(Rd) < Hf“]:(pf_[) ifr < 2s— %7
TR - ifr > 25

Proof. The first inequality follows from

g = [ 1P TT 0+ o do

i€[d]
< sup [ 1F@)? TT 1+ jurf?)? / TT 1+ )2 deo
weRd icld] icld]
Sy [, TL O+ hiPy e
1€[d)
d
2 r—2s
gy ( [0+ oy a0)
where the condition r» < 25 — 5 ensures that the last integral is finite.

For the second inequalitylet f € F(pf;). Since f € L;(R?), the Fourier transform
of f isin L..(R%). We have two cases: Either the supremum in the F(p$;)-norm
is attained or the Fourier transform has the same decay like p{; at infinity. In the

fist case we use v € argmax,,cpa{|f(w)[? [Licq(1 + [wil*)**} and due to the

continuity of the Fourier transform, there is an e > 0, such that | f(w)| > 1 f(w)|
forallw € [v — el,v + €l] and

ey = [ 1@ T+ s e

i€[d]

v+el R
> / F@)P TT @+ fwif?) de

—el icld]
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v+el
> [T i@ TLO+ ) dw

—el i€[d]

v+el
2 r S
> 1y | 1
E

5 v+el 9
> 1t [ 10 2 11
vV—€

where we use Athe condition that r — 2s > 0. In the second case, as w tends to
infinity that [ f(w)| ~ [T;c(4(1 + [wi|*)~?*. Then, there are ¢ > 0,v € R with

ng‘;))l > 5 Hf||f(p forallw > v and
v+1 2
2 If( )I
sy < 1—e€ dw
<2 Ifw)P H<1+ i) d
Re icld]
<2 [ 17 TL+ fus o (sup1 -+ ol )
R4 icld) weR
2
<2y, oy »
where the last inequality follows if 25 — r < 0. 0

The previous lemma shows that the norms || f|| Hr. (re) and (FAlE= ps,) @re not
equivalent, but with certain assumptions on the smoothness parameters r and
s they are related. The assumption f € L;(R?) has the drawback, that it is not
fulfilled for functions of lower effective dimension. But, applying the previous
lemma to the truncated functions 7 f, leads directly to a connection between the
norm || 7y fll r (gey and the norm ||| 7 f| (. ), for drawing ANOVA truncated
random Fourier features from Definition 3.22.

Corollary 4.42. Lets > 1 and f € H!,, (R) N Ly(R?) with. Then,
||TUf||HT. J(RE) S |||7-UfH|]:(,,H) ifr <2s—3,
H|TUf|||]:(p%) ST fll g (RY) ifr > 2s.

nnx

Proof. For arbitrary subsets v C w and supp w = w it is true that

fo(@y) e @w®w) dg,, = 0. (4.65)

155



CHAPTER 4. CHARACTERIZATIONS IN FUNCTION SPACES

If f = Zug[ d fu is the ANOVA decomposition (3.12), then there exist functions
fu(wu), such that fu € Ll(R“") and fu — fu =Y ycu Ju is a sum of terms of
order lower than |u|. For the Fourier transform at w € R? with supp w = u, we
then calculate

(4.65)

Tt (wa)] = ful@y) <w®) da,, fu(xy) @=®) da,,

Rlul Rlul
<z, ey -

The same split into two cases as in the previous Lemma 4.41 for every term f,,
separately leads to the desired result. O

This corollary shows that when choosing the tensor product density pf; in Lemma
4.39, the norm |Hf|\|f(p%) can be bounded from above by || f|| ;7 (ga), if 7 > 2s
and

1Tof = Ly < €Mfllar, ®a

with high probability if the assumptions of Lemma 4.39 are fulfilled.

4.3.2 Connection to almost periodic functions

In contrast to using the Fourier transform of a function f, another possible
approach are almost periodic functions. The theory of almost periodic functions
deals with the problem, which functions f are representable by a trigonometric
series of the form ), a. ¢!} The concept was first studied by Harald Bohr
[Boh33], and later generalized by many others.

In the classical case where only harmonic vibrations are considered, the cor-
responding question leads to the theory of ordinary trigonometric series, any
periodic function can be developed into a Fourier series: The essential difference
between the cases is that Fourier series deal only with a denumerable amount of
frequencies, whereas for almost periodic functions the set of frequencies, which
occur is nondenumerable. See for example [Cor09, DKP21] for more details on
the theory about almost periodic functions. We state here the main properties,
which are relevant in connection to random Fourier features.

Definition 4.43 (Almost periodic functions). A function f is called almost peri-
odic if and only if for each € > 0, there exists £ > 0, such that for each x( € R4,
there exists 7 € {z € R? | ||zg — x|, < ¢} such that

flx+7)— f(z)|<e, xeR™

We denote this function space by AP(R9). A
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Any trigonometric polynomial ngvzl G, €% ) is almost periodic. Furthermore,
the function f is almost periodic if and only if there exists a sequence of trigono-
metric polynomials in R? which converges uniformly to f, see [Boh33] or [Cor09,
Chapter 4] for more information.

Any almost periodic function f is bounded, the mean value

M(f) = lim !

— x)dx 4.66
o S+KTf() (4.66)

exists and does not depend on s € R%. Here, K1 := {x € R? | |2;| < T foralli €
[d]} and | K7 | is the volume of this cube. The Bohr-Fourier coefficient is defined
by

au(f) = M (7402 f(a)).

Note, that there is a difference compared to the definition of the Fourier transform
f(w) in (2.28). The Bohr spectrum of f is defined by

A(f) = {w e R | au(f) # 0}
The approximation of a function f with a finite random Fourier feature sum

@) = 3 aul el

weT

basically approximates f by a function f# € AP(RY). In the approximation
task from samples in X, nothing is given about the function outside of the sam-
ples, such that the approximant can expand the function f there to an almost
periodic function. Nevertheless, it is not feasible to calculate the Bohr spectrum
of a function directly. For that reason, the random Fourier feature approach of
drawing the frequencies w € 7 at random can be interpreted as approximating
the extension of f by a a function f# € AP(R?).

Assuming that for some 7" > 0 all given samples X" are contained in K. Then,
for calculating the Fourier transform f of the function, the function has to be
extended by zero outside of Kt and for the calculation of a, (), the function f
is extended to an almost periodic function,

fw)= [ f@)e@=der | @)@ do = [Krlau(f).
R4 Kr

This means, that the sum of random drawn Fourier features, >, e @),
approximates the sum

f(x) = Z aw(f)e@®  forx € Kr. (4.67)

weA
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Since the Bohr spectrum of a function is not known, the aim of approximating a
function f by a sum of the form (4.67) is also a generalization of the nonlinear
approximation of a Fourier series by a truncated sum, as it was done for example
in [KPT23].

4.3.3 Connection to the NFFT

Denote the d-dimensional cubes of indices by
T, ={keZ'| —S1ls< k< Sla).

For nonequispaced fast Fourier transforms (NFFT) we are interested in the fast
evaluation of the d-variate periodic trigonometric polynomial

p(x) = Z pree?™k®) - where  py € C,x € T? (4.68)
keZ,

at arbitrary samples ¢ € X C T for arbitrary coefficients p, € C. The main
idea is to approximate p(x) by a linear combination of translates of a periodic
window function, see also [PPST23, Section 7.1] for more details about the NFFT.

In comparison to the kernel approximation (2.59), a periodic function f would
be approximated by using a periodic kernel function. Starting with a window
function ¢ € Ly(R?) N Ly (R?), which is well localized in space and frequency,
we define the periodic function

px) =) plx+r),
rezd
which has the uniformly convergent Fourier series
o(x) = Z cr(@)e?™*®) - where (@) = / @(x)e 2 k@) (g,
kezd t
This Fourier series is truncated by
pl@) ~ Y (@),
kET,

There is a close relation between the Fourier coefficients cx () and the Fourier
transform ¢(k), namely

plark) = [ pla)e iz = @),
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which is known from the Poisson summation formula. Then, in style of (2.59)
with the kernel matrix K, the periodic function f is,

f(CL‘) = Z (2% 95(39—15 Z A Z Ck- 27r1(k::c x')

x'€EX x’'eX keZd
. . ’
— E el(k:,w) § : amlck((p)e—%n(k,w )
keZd x'eX
. . ’
~ E ape?™ k) where ag, = E am/ck(go)e_%l(k’w ). (4.69)
keZ, x'eX

This coincides with approximating the kernel matrix ¢ by
(@(w - w/))m€X7m’€X ~ A dlag(Ck(sE))A* 1)

where A = (e2wi<k,m>)
tion,

wEX kET," The NFFT performs for k € Z,, the approxima-

1 )4
e2rille) oy L § itk 1) _ ¢ 4.70
~ Tis2nk) = ¢ @ = 1), (470)
L

where L determines the oversampling factor. Inserting this into (4.69) leads to

. ’
ag = § am/ck 727r1(k,a: )

x'eX
~ Z gk (P) 27rk Z ok L> )
:c’EX ZGIL
Z
2rmi(k, T
=22 2D Y gl - §)
LTy, xz'eX
kL) £
2ri(k
=g e (L)
LEeTy,

which is basically the discrete Fourier transform of the function f on the index-
set Z;. Then, the nonequispaced fast Fourier transform transposed NFFT "
would calculate from given function evaluations f(x), x € X the coefficients
ak. The random Fourier features then represent a generalization of the NFFT
from periodic trigonometrical polynomials to nonperiodic sums of exponential
functions with frequencies w € R instead of integer frequencies k € Z<.

4.4 This chapter in a nutshell

The smoothness of a function is related to the decay of the Fourier coefficients of a
periodic function. This behavior is the foundation of the definition of Sobolevand
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Besov spaces. We studied the decay of wavelet coefficients for periodic functions.
The main result for periodic Chui-Wang wavelets is Corollary 4.11, where we give
a characterization for functions in a Sobolev or Besov space in terms of the decay
of the wavelet coefficients on the torus. New in comparison to other literature
is that we have simple conditions on the wavelet function and that we are able
to give explicit constants for all inequalities. This characterization in terms of
wavelets motivated to introduce the truncation operator P,,, which truncates
the wavelet decomposition and projects into a finite subspace of Lo (T%). We
gave estimates about the error between a function f and the projection P, f with
respect to Ly as well as L, -setting.

In terms of complexity, the biggest savings can be made by truncating the projec-
tion operator from P, to the ANOVA-truncated operator P,, 7, which reduces the
number of needed parameters from N = O(2"n%"1) to N = O(2"n4"!) and
the exponent of the logarithmic terms in all error estimates are reduced from
dimension d to maximal superposition dimension q.

Because of the randomness of random Fourier features it is not possible to give a
similar characterization of functions in L, (R?), but nevertheless we studied the
projection f* in Section 4.3. This is, similar to the projection P, f, a function in a
finite dimensional subspace, which is constructed after drawing random Fourier
features w € Z. We also gave in this case error estimates between f and the
projection f*. Furthermore, we generalized the theory in the existing literature
about g-sparse random Fourier features to the ANOVA setting, where we draw
Fourier features according to the ANOVA decomposition.
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, 7l
Function approximation from

samples

Function approximation from given samples involves estimating the underlying
function f from a finite set of sample points x € X C €2 and the function values
f = (f(x))zecx, aiming to generalize the function’s behavior across the entire
input space based on the given samples.

Remember the main error splitting (1.1) in this thesis. In this chapter, we study
the error || Py, f — Sy f || between the projection Py, f given in (3.38) of the
function f onto a finite dimensional subspace and the approximation SI“'\V,’U f
from sampling points, which we will define in this chapter for different settings.

The method of least squares is a parameter estimation method in regression
analysis based on minimizing the sum of the squares of the residuals. First, we
choose a set of functions e; : R? — C. Thereby, we are interested in the concrete
choices (3.61). Then, solving a least squares problem of the form

min |Aa — f|,, where A= (¢j(@))scxjer € CHN  (5.1)
acCN

aims to minimize the Lo ({2, uu)-error between the original function f and the
approximation

SY flx) = Z a}#ej(:c). (5.2)

JET
In the noiseless and underdetermined setting (M > N) and if the matrix A has
full rank, the unique solution of the least squares problem is

a¥* = (A*A) AT F = AT T
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CHAPTER 5. FUNCTION APPROXIMATION FROM SAMPLES

The system matrix A plays a crucial role, since approximating the function at
the given sample points is equivalent to

Aa =~ f,

with coefficient vector a, which is the solution to the optimization problem (5.1).
For simplifying notation, we collect in Z all index sets of the parameter-set,
which could consist of more than one parameter, e.g. dilatation parameter 5 and
translation parameter k for the approximation with wavelets. The total number
of parameters will always be denoted by N = |Z|.

In the under-determined case where N < M, we analyze the conditioning of the
matrix A*A € CV*N we begin in Section 5.1 with the periodic case where we
build on Section 4.1 and analyze the approximation using periodized wavelets. A
good conditioning of the system matrix A is important, that is why we bound the
eigenvalues of A* A in Theorem 5.3. The most important result in this section
are Theorems 5.4 and 5.5, which relate the L»- and L,-regression error to the
Ly- and L.-projection error. Corollary 5.6 then combines these results with
the matrix conditioning and states error bounds for functions in H3; (T%) and
5 oo (T).

Even for the worst-case setting, where we draw the sample points X once and ask
for the supremum error over the whole function class, we state in Theorem 5.8
an error decay with high probability, which expands the results from [LPU23].
Finally, Algorithm 5.9 is the main result for periodic function approximation in
this thesis. The key finding is that, at the end we, receive for the approximation
operator Sf\%U the same error rates as for the projection operator Py ¢y from
Chapter 4 with high probability.

The aim of the transformation R from (2.52) is to apply the approximation oper-
ator Sy, from the torus also to other domains 2. With the weighted function
spaces defined in Definition 4.27, an according error bound for the approxima-
tion error is stated in Corollary 5.11. For the extension on the cube in Section 5.2.1
the condition number of the system matrix gets slightly worse due to the exten-
sion, but still approximation results like in Corollary 5.12 are possible. Here, we
generalize the one-dimensional results from [PW24] to the multivariate setting,
adapted to the ANOVA index set U.

When dealing with real-world data, the underlying sampling density p(x) is often
unknown a priori, and we are provided only with the random sample points X.
Section 5.2.2 studies a first step of kernel density estimation, which enables the
construction of a transformation R, even in the case where the density 1 is not
known.
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In Section 5.3 we describe sensitivity analysis for random Fourier feature algo-
rithms. The approximation (5.2) in this setting can be chosen as the solution of
the over-parametrized problem Aa =~ f. We distinguish the two cases of inde-
pendent and dependent input variables. In every case we give approximations
S (f#) to the Sobol indices S, (f) to be able to find the nonzero terms u € U.
Using random Fourier features, it is even possible to model the generalized
ANOVA decomposition. To incorporate the hierarchical orthogonality condi-
tions (3.8), we use the regularization in (5.27). In Theorem 5.19 we state that the
squared RSE in the random Fourier feature setting decays like O(N ! + M ~'/?),
where M is the number of samples and NNV is the number of drawn features.

Finally, Section 5.4 contains details about the implementation and computational
costs of the function approximation algorithms derived in this chapter.

5.1 Hyperbolic wavelet regression on T

In this section, we state results which were first shown in [LPU23]. Here, we
generalize these results to the index set U, which of course includes the case
U = P([d]). Furthermore, in this section we only consider the case of the classical
ANOVA decomposition, where all ANOVA terms f,, are orthogonal to each other.

Let us consider the case where we choose as basis on T the periodic wavelets
w;”ekr , see (2.44). In this section, we always consider the case where the samples
x € X are drawn i.i.d. at random according to the uniform Lebesgue measure.
For that reason, we introduce the d-dimensional probability measure dP =
®g:1 dfﬂl

Let us consider the periodic hyperbolic wavelet matrix corresponding to an
ANOVA indexset U C P([d]),

Ay = ( ;)eli(m)) jegl s (5‘3)
wEX,kEIj

where the M samples x € X are drawn i.i.d. from the uniform density x4 on the
torus and the index set 7' is defined in (3.37). Furthermore, since the number
of parameters N depends on the maximal wavelet level n, the approximation
operator Sy is described by

Swul =Y D ajkuf. (5.4)

JjeTY keZ;

per

Using the orthogonality of ¢ and 4}, for j # 4, we have

1T f = S v flT ey = 1Tof = Paw fl7, ey + 1P f = S v £l na
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= |Tof = Pav S 7y cpay + 1520 (Pau f = To I, ray
<o f = Pau Fl7 ey + 1Sn v 3 1Pav f = Tofllz, 2
=T f = Pou 7y ey + IAGIZ 1P f = Tu f Iy ) (5.5)

where the projection operator P, iy was defined in (3.38). At this point it becomes
clear why the conditioning of the Moore-Penrose inverse A§ is necessary. The
result in [KUV21, Proposition 3.1] shows that the norm of the Moore-Penrose-
inverse | Af; ||, = ||(A{; Ar) LAy ||, isbounded by the reciprocal of the minimal
singular value of the matrix Ay .

5.1.1 The wavelet matrix on T¢

There is a general interest in matrices with small condition numbers. For example,
the condition number of the matrix A associated with the linear equation Aa =
f gives a bound on how inaccurate the solution a will be after approximation.
Conditioning is a property of the matrix, not the algorithm or floating-point
accuracy of the computer used to solve the corresponding system. In particular,
one should think of the condition number as being (very roughly) the rate at
which the solution a will change with respect to a change in f.

There are several results for the conditioning of random matrices. Our aim is to
apply the matrix Chernoff Theorem 2.8. Since we do use an orthonormal basis,
we first consider the mass matrix

1
LU = M]E(AUAU)? (56)

The matrix L has entries (3%, 1} ), that are zero for j # i because of the or-

thogonality of the one-dimensional wavelets for different scales j and 7, see (2.40).
Having a closer look at these entries, we see that there are only at most [2.5 — 1]
nonzero entries in the matrix for every one-dimensional index j. Additionally,
these nonzero entries are the same for every index j. Furthermore, the matrix L
is symmetric. The matrix Ly has a block structure and every block is dedicated
to one index j. The partial matrices L; were already defined in (3.33) to calcu-
late the Sobol indices S, (g), defined in (3.34), for a linear combination g of the
periodic wavelets.

Figure 5.1 shows the structure of the matrix Ly ford = land U = {&,{1}}
and the Chui-Wang wavelets of order m = 2, which means, in every column of
every block there are at most 4m — 1 nonzero entries, only 2m — 1 of them are
different. In higher dimensions, we have one block for every index j, which is
the Kronecker product of the one-dimensional circulant matrices. The following
bounds for the eigenvalues of L; can also be found in [LPU23, Lemma 3.18.].
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s

Figure 5.1 : [llustration of the nonzero entries of the matrix L; for di-
mension d = 1 and the Chui-Wang wavelets of order m = 2.

Lemma5.1. Forj € J letu = {i € [d] | j; > 0}, then for the partial matrix L;
from (3.33) it holds

)\min(Lj) Z ’quﬁl, )\max(Lj) S 51‘#', (57)
where the constants-y,, and ,, are the Riesz bounds from (2.42).

Proof. As usual, we begin with the one-dimensional case. For the case j = —1
the matrix Lj is only 1, which is also the eigenvalue. For j > 0, we use [PPST23,
Theorem 3.16] and we write a circulant matrix as

L; = cire(l;) = Fy,! diag(Fos (1) Far o= ((35005)

27 . . . . P s
where F'y; = (w’gf) is the Fourier matrix of dimension 27 with the primitive

ko, 0=0 :
, X s
2J-th roots of unity wy; = e~ 2712

we have

. Since the Fourier matrices are orthogonal,

Amin (cire(l;)) = min |[Fai (X;)],

and analog for the maximum. To bound this term, we calculate the Fourier
coefficients of the wavelets v; ;(x) using substitution in the integral by

co(yn) = 2f%w§?c§<¢).

We begin with the case where j is big enough, such that 2/ > S. In this case,
we do not have overlap in the periodized wavelets and I; = ({40, ¢j7k>)kezj.
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Therefore, we get, using Parsevals’ equality,

(Wi.0005k) = Y co(Wjo)e—e(thjn) = > wy 2~ jCe w) (1/))

LET LEZ
—rko—j §
- Z Wy 2- ’ 2ﬁ+s ’
SEZ
We denote
w27 ' Z’ 2ﬁ+8 ’
SEL
Hence,
291 29127~
—rk i
(FQJ E wQJ 1/’] Oawyk E E wzngg 2- jE(wQJ) :E(w21)~
k=0 k=0 r=0

For the other case, where 2/ < S, we get the same estimates in a similar way.
Therefore, the eigenvalues of the desired matrix L; are bounded by

min E(wh;) < Amin(Lj) < Amax(L;) < max E(ws;).

These extreme values coincide with the Riesz constants, which can be seen as
follows

2791

27 -1
> itk =D D di diger(Win)e—e(Win,)
k=0

Lo(m) (€L K1ka=0
271
=2 2 dudiw' ™2 e, ()
LEZ k1 ,k2=0
291 29—
Y Y e e )
r=0 ki,ko=0 sEZ
27 -1
=

r=0

~ 12
d,

2_‘j E(wéj ),

where d, is the 7-th component of d = Fy,;d = Fy, (djx)kez,- Taking into
account that HdH2 =27 Hde, the one-dimensional assertion follows.

In the multivariate case we use the Kronecker product structure (3.33) of the
matrix L. Since the eigenvalues of the Kronecker product of a matrix are the
products of the eigenvalues of the matrices, the assertion follows. O
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Let us again consider the example of the Chui-Wang wavelets from Example 2.6.
The function E in the previous proofis in this case the Euler-Frobenius polyno-
mial U5, from [PT94]. From there, we also get the Riesz constants which are
summarized in Table 2.1.

An easy corollary from the previous lemma, by taking into account that the
eigenvalues of a block diagonal matrix are bounded by the eigenvalues of the
blocks, is the following:

Corollary 5.2. Foran index setU C P([d]) let ¢ = max,cy |ul|, then the eigen-
values of the matrix Ly, defined in (5.6), are bounded by

)\min(LU) Z ’ygm )‘max(LU) S 5;171; (58)

where the constants vy, and 6,, are the Riesz bounds from (2.42).

The previous corollary gives us one constant in Theorem 2.8. For the other
constant R let us introduce the spectral function

E(n,U) = sup Z Z Z 2% ()| (5.9)

zeT? uelU jeJ¥* keZ;

For this function we calculate,

2

E(n,U) = sup Z Z Z 20l Z (27 (o + L) — Kus)

2€T? el jeTu ke, Ly, €7

< Z Z 2191 sup Z |4 (29w, — Ky )|
wel jegw w€T  czlul

Sy Y ] <sup 3 w(zﬁxi—ki)?)
wel jegu icu \" €T ez

S OD S| I WU

yi€[—27i71,27i ) ooy

uelU jegx i€u
d
<N (supz [oh(z — 2) = NC?/), (5.10)
z€R yen

where we use (4.35) and ¢ = maxyey |u|. The supremum of 3, ., [¢(z — k)|?
is a constant, since the wavelet ¢ is compactly supported on [0, S]. In Table 5.1,
we collect these constants for the Chui-Wang wavelets of different orders.
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m |1 2 3 4 5
cy | 107083 0.1479 0.0662 0.0252

Table 5.1 : Constants in (5.10) for the Chui-Wang wavelets.

Now, we are in the position to apply Theorem 2.8 for our setting. Define for
i=1,..., M and x; € X the matrices

Ai= % (( ;?fli(wi)>j,k)ez) <( ;?’e’“r(wi)>(j,k>61)T'

Hence, we have Zgl A, = ﬁA*A. Additionally, these matrices fulfill the

conditions in Theorem 2.8.

Theorem 5.3. Letx € X drawn i.i.d. and uniformly at random, the wavelet
function) having vanishing moments of orderm,r > 1 and~y,, the Riesz constant
from (2.42). Then, the matrix ﬁA*UAU, where Ay is the hyperbolic wavelet

matrix (5.3) with ¢ = maxycy |u|, only has eigenvalues greater than % with
probability at least1 — M~ if

—_ Cm.d M
= < ——7 5.11
(n,U) < (r+1)logM’ (5.11)
with the m- and d-dependent constant
Cm,q = Vi, log (\/g) ~ 0.153 1. (5.12)
Proof. We have that
Amax(A;) = 1 ( Per(w‘)) i <E0U) =1, M
max i) — M g,k \t (5. k)ET ) = M ) =1,..., .
Hence, we use R = w, Amin = ¥4, and § = % in Theorem 2.8. Using the
bound in (5.11) and N < M, we confirm
Snuy < TaMlos(VE) o M
TS (r+ 1) log M "9 (4 1) log M
s ()
E(n,U) <

rlog M + log N
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Y M 2
log N + =(n.0) log <\/Z) < —rlogM

e—6 ”’y((ix ]g) 1
“(io=) <

Therefore, it follows that P ()\min (A Ap) < M; gl) <

MT. Hence, Ay has

singular values at least 4/ 2 7’" with high probability. O

It remains to estimate the number of samples M, such that (5.11) is fulfilled. In
(5.10) we estimated the complexity of the spectral function Z(n, U). We have to

require N < Cq(fi"lim, which finally yields that
P
c, (r+1)
> 2" T NlogN, (5.13)
Cm,q

where ¢, , is the constant from (5.12).

5.1.2 Individual function recovery: Error decay

In the following, we consider the recovery of individual functions. That means,
we draw the sample set X’ once for each function. We additionally assume that f
is continuous. The following results are a generalization to the ANOVA setting
of [LPU23]. For a better readability we define for the projection operator P,, r,
defined in (3.38),

e2 = Tof = Poufllp,crey and  eo:=|Tof = Paufllp_(ra)-

Theorem 5.4. Let M be the number of samples satisfying (5.13), (z;), drawn
i.i.d. and uniformly at random, r > 1 and f € C(T%) a continuous function.
Then,

P(”TUf— Uf||L2 Td) < +% (6§+€2€OO1/T1<])\§]\1 _"_egorlc])L%M))

>1-2M7".

That means, the Lo(T?)-error of our approximation can be bounded with high
probability by rates of the Ly (T?)- and the L., (T%)-error of the projection P,, ;.
Proof. In (5.5) it remains to bound the norm || 7y f — Ppv f ||, (x), i-€. the error
of the projection at the sample points. We give a bound with high probability by
using Bernstein inequality. Therefore, we introduce the random variables

= |Tuf(x:) = Pouf(x:)]> — €3 = — E(ns),
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where n; = |Tu f(x;) — P,u f(x;)|?. These random variables are centered, i.e.
E(&;) = 0. The variances of these random variables can be bounded by

E(£2) = E(?) (/mﬁwz—ﬂyﬂwﬁﬂp—é

< e? e2—e§<(e —62) 62<e§e2

Furthermore, we have
I€illoo = llm: — Erp(n:) |l o
Tu f(z) — Py f(z)]* —

< sup
xeTd

|TUf - Pn,Uf”iQ(Td) <

For the last estimation we used that for positive 1,y it holds |y; — y2| <
max{y1, y2}.

Now, we are in the position to merge all inequalities in order to apply Bernstein’s
inequality from Theorem 2.9. Using 7 = r log M, this yields

22 erlog]\/[ Zeiorloglw —r
(MZ@_\/ + Zemrk <M.

Because of our choice for the random variables &;, we have that

M M
doGites=> nm=Tof(@:) = Povf@)7, 0
1=1 =1

Hence, we add the mean ¢3 and get

62 62T0 62 T 10 -Tr
P(HPn,Uf—TUfHZ(X) < M(e§+1/2 o ?\/[1 g M + 2 0031\ng]\/[)> >S1—M"".

(5.14)
The terms in (5.5) are bounded with high probability. Let us define the events

2 2e? egrlo M Qeiorlo M
A= {X ’”TUf_ PTL,UfHZg(X) <M (65 + 2 M £ + 3]\/[g ) }a

B={x|Is¥ul < /525 }-

Due to (5.14) and Theorem 5.3 we know that
P(A)>1—-M "andP(B) >1-M"",

which implies that
P(ANB)>1-PA°) —P(B°)>1—-2M"".

This gives us the assertion. O
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In a similar way we give an estimate for the L,-error.

Theorem 5.5. Let M be the number of samples satisfying (5.13), (z;), drawn
i.i.d. and uniformly at random, r > 1 and f € C(T?) a continuous function.
Then,

P 1705 = STl oo < e

2¢m,adg, 1/2 2 M r M 2 1/2 —r
+((T+1')%qn) (6210gM+626w —logM+reoo) >1-2M7".

Proof. This proof is similar to the proof of the previous theorem. The triangle
inequality states

|Tv f — SiUf||Loo('ﬂ‘d) = eoo + | Pruf — Si(,Uf”Lx(Td) :
We denote the function g = Py f — Siuf = Yjcqv Yger, (9 V50 V5%
which gives
1/2 1/2
g@)< | D > o vha™ YD Wik(@)
JETY keL; JETY k€L,
<682 | Pouf — S v fllpyeray VE®,U).

The condition (5.11) gives a bound for Z(n, U) and the estimation of the re-

maining norm || P, i f — S;X v fll 1, (re) follows the same lines as the proof of
Theorem 5.4. O

We use the general Theorem 5.4 to give a bound for the approximation error
with high probability for our settings, where s = m and where s < m, using our
estimates for the errors of e5 and e.

Corollary 5.6. Let the assumptions be like in Theorem 5.4. Let m be the order of
the wavelets, the number of samples satisfying (5.13), and ~,, the Riesz constant
from (2.42). In the case where1/2 < s < m, we have

P (IS = Sk f Iy S O+ F 0+ VE+1) 2720 | flhy o))
>1—-2M7", (5.15)

and in the case where s = m, we have

(HTUf S UfHL2(Td) S + (7“ +Vr+1)) 272 d=t ||fHHm ('Jl‘d))

mix

>1-2M". (5.16)
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Proof. In order to apply the previous theorem, let us collect bounds for the oc-
curring terms. We have for the number of samples IOJgMM <279t see (5.13).
The Ly-error is bounded in Corollaries 4.14 and 4.18. Theorem 4.19 gives us a

bound for the L, -error. Hence, we have in the case s < m,

cocea\/ T S V2 | f Iy

_ _ 2
R Rl I g

andfors =m

eocea\) M < V2 2 | G

e2 oM < g 2mmpa—l £ (1)

mix

Theorem 5.4 then gives the assertion. O

In Section 6.1, we present numerical examples in Figure 6.1 that demonstrate
the proposed error decay rate to support our findings.

Remark 5.7. Note, that Corollary 5.6 establishes a bound for the error of the least
squares approximation with high probability, which has the same rate as the best
approximation with the projection operator P, ;y in Corollaries 4.14 and 4.18.
The projection operator P, ; is the optimal approximation in the wavelet spaces
with respect to the ANOVA index set U. Hence, with high probability we also
get this optimal rate using the operator Sf: y- Furthermore, also the L, -error
of Sff, v allows such an optimal bound by applying Theorem 5.5. Choosing the
sampling number M according to logarithmic oversampling (5.13), gives that

log M 1
S s ITof = Puvfli = 5 sw [T0f = PuofI
[FS A<
= s HTUf P, ufl3,
where || f|| means either Hf”Hﬁnix(Td) or || fll gs ray- A

Comparison to other work

Error estimates with piecewise linear wavelet functions, i.e. the case m = 2
are considered in [Boh17], where the wavelets are called “prewavelets” and the
non-periodic setting is treated. To compare, in [Boh17, p. 117] an approximation
rate 27 "°n(?=1)/2 was proven for s < m in case of H? ;. (T%)-functions. This is
due to the sub-optimal analysis of the projection operator. We obtain the same
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bound for the larger space B . (T%) additionally with high probability. In the
case s = m our results match the results in [Boh17]. Furthermore, we consider
quasi-optimal L (T?)-error bounds with high probability.

In [CM17], the authors also studied the approximation error of a least squares
operator like S;*. But they used an orthonormal system of basis functions and
bounded the expectation of the approximation error || f — S f| ., (pa)- An im-
provement was done in [CD22], where the authors draw the sampling points
according to some specific random distribution and the approximation is com-
puted by a weighted least squares method. In contrast to that, we give in Corol-
lary 5.6 a concentration inequality for the approximation error based on the
probabilistic Bernstein inequality. In [Bar23], this idea was used to also control
the approximation error from noisy samples.

5.1.3 The worst case error

In the current case of worst-case recovery for least squares regression we may
draw the node set X once for the entire function class, which is an important
difference to the previous Section 5.1.2. The results for this case are new, but
see also [KUV21] for similar results for orthonormal basis functions. The crucial
point in the current case is, that we additionally need a concentration result
for sums of operators from ¢» to ¢2. As a tool we use Proposition 2.10 to give
worst-case error estimates with high probability. That means, we bound the error
| Tof — SiUfHLQ(m) ofall f € H, (T%). To this end, we apply Proposition 2.10
to our setting, to get the following estimation.

Theorem 5.8. Letr > 1, m be the order of vanishing moments of the wavelets,
m > 5, Ym,Om be the Riesz constants from (2.42) and X C T be a finite, i.i.d.
uniformly distributed sampling set with |X| = M Z (r 4+ 1) 2"n4. Then, for the
operator S;' ;; we have

I grs pay<1
AW

—ns 1/2
P ( sup  |T0f = ST S lpan <27 (14 254 (max{se®, o0} + 0% )) )
>1l—cM™",
wherec = 1+ 2°/4,

Proof. Like in (5.5), we make the splitting

X 2 —2sn 2 262 2
HTUf - Sn,UfHLQ(Td) <2 ”f”Hf}.ix(Td) + ﬁ Z HPn,uf - f"HZz(X) - (6.17)
uelU
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Following [KUV21] and taking the definition of the projection P, ;; in (3.38) into
account, for the second term on the right hand side we have

2

M
Y Pt fulltyay =22 | Do Do UER IR ()

uelU i=1 uelU lil1>n  Kk€EZ;
supp j=u

M
=22 | X X X AR R @), (@)
i=1 ucU [Fl1>n kEIjk/EIj
supp 3=u

2D VD VIED DRD O DR L LRTAT SIS iy

ueclU 1Fl1>n 13/ 11>n k€Z; kK'e€T;
supp j=u supp j'=u

M
3 2o by ), ()
i=1

; , 2 7 2
< (290,085 ) ol 1l
keZ;

2 ot 2
0y, ooy ma | a2,
where we define the operator L, ,,: {2 — CM as

(2_|.7|1“'rl/)§)7€’§ (wl));ll—,\ppj:u,\j|1>n
keZ;

L, ., = , (5.18)

(2_|jlls’(/}§)76’:;(wM));ruppj:u,\j\l >n
keZ;

and the norm | L,, .||, means the operator norm. Consequently, it remains

to bound ||inu|\§ Therefore, we apply Proposition 2.10. We consider the se-
quences

T
— (9—ldlis,per ) .
Y, = (2 1/) L) |suppi=u,ljl1>n .
¢ ik (@) keZ;

J
=T = M T
Note, that L,, ,,L, » = > _;_, y;y; and denote
) 177 7 T
L'fhu =E (ﬁLn,u‘Ln,u) = E(yvyz )
This gives

~ 2 ~T =~ ~T =~
1Lnully = 1 Lnulnwully < 1 Lnulnw = MLpally + M [ Lnally - (5:19)
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The second summand is bounded by using Lemma 5.1 by
1L ull < 2727260

Note, that the factor 272"¢ comes from the different normalization in (5.18) and
(5.1.1). In contrast to Lemma 5.1 here we are concerned with an infinite matrix
L,, ., i.e. an operator from /5 to ¢. But this is the infinite analogon of the matrix
in Lemma 5.1, where we have a block structure with one block belonging to one
index j. That is why we can use the argumentation of the proof of Lemma 5.1 to
bound also the operator norm || L, ., ||,. For the first summand in (5.19) we use
Proposition 2.10, where we have to determine the bound R by

= sup Z ZQ zlahswpcr( 2 < Z olili(1-25)

d
z€T supp j=u kEZ; supp j=u
lF[1>n |F]1>n

< 2n(172s)nq71 )

Thisis because v is supported on [0, S] and there are for fixed « and j at most [ 574
summands k, where z/)p x 1s nonzero. Furthermore, the sum can be estimated
with [BG04, Lemma 3.7. ] Hence,

[ Lnalls S M (F+272568)
- M (max { 8(7“ + j\j[logMRzﬁ27 2—2n35;1n} + 2—2%3@(2)
< M 277" (max {8x%,69,} +64,)

where we use F' from Proposition 2.10 and we use that we choose the number
of samples M, such that 102/11\4 > (r+1)2"n?71, see also (5.13). Inserting all in

(5.17) yields

ns 1/2
sup 7o f — S o fllpymay S27 (1 + 2 (max{&a L ))
17l ey <1

The last thing to do is to bound the probability for that error bound. Therefore
let us define the events

A= {X ‘ma&di)n,u”; < M (F +272%) },
ue

* — * 2

Using Theorem 5.3, we know that P(B¢) < M ~". Furthermore, we showed that
P(A°) < 2°/*M~". We have

P(ANB)=1-P(A°UB®) >1—-P(A°) —P(B°) >1—-2"M" —M™"
=1l—-cM™". O
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regression type | N M
full grid O(2m) O(2™nd)
hyberbolic O(2mnd=1) 0O(2"n?)

truncated hyperbolic | O( (Z) 2npa—ly O (‘;) 2nn )
ANOVA-hyperbolic | O2" |U|n?"t)  O2" |U|n9)

Table 5.2 : Number of needed wavelet functions N and needed cardinal-
ity M of samples in different settings.

It is also possible to estimate the worst-case error for the L, -error, see [PU22,
KPUU23].

In Algorithm 5.9, we summarize our findings in this section about the hyper-
bolic wavelet regression, which we boost by a first ANOVA step. In Table 5.2,
we summarize the asymptotic behavior of full grid approximation, hyperbolic
wavelet approximation as well as approximation of functions with low effective
dimensions using ANOVA ideas. For the comparison with the full grid see [Boh17,
Section 3.5]. The hyperbolic wavelet regression coincides with Algorithm 5.9 if
we choose ¢ = d. The truncated hyperbolic regression coincides with stage I of
Algorithm 5.9. Finally, the ANOVA-hyperbolic wavelet regression coincides with
the final approximation in stage III of Algorithm 5.9. In all cases, we end up with
the approximation error from Corollary 5.6.

Remark 5.10. To compare our theory with the results in [PS21a], in the Fourier
setting a full grid approximation with polynomial degree at most 2" has the same
approximation rate, number of parameters /N and number of needed samples
M as the full grid approximation in the wavelet case. Choosing hyperbolic cross
index sets in the frequency domain gives a similar cardinality of the index set as
the hyperbolic wavelet regression. However, in [PS21a] they use full index sets of
dimension g, see also Remark 3.6, which give the worse estimates N = O( (g) 2n1)
in comparison to the third line of Table 5.2.

5.2 Transformed hyperbolic wavelet approximation

Here, we pursue the ideas from Section 4.2. The error estimates in Section 5.1 for
the approximation operator Sﬁf v of periodic functions do have two requirements:
That the samples X are uniformly distributed on T¢ and that the function f is
smooth. The transformation (2.52) using the cumulative distribution function
ensures that the transformed samples ) are uniformly distributed on T¢.
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5.2. TRANSFORMED HYPERBOLIC WAVELET APPROXIMATION

Algorithm 5.9 ANOVA truncated - hyperbolic wavelet regression on T¢

Input: d dimension
q superposition dimension
X ={z;}, x; € T* sampling nodes
y = (f(x;)M, € RM function values at sampling nodes
0<exl1 threshold parameter

Stage I: Construct approximation operator Sy
1: For an index set U, choose n such thatfor N =3, ., 3¢ 7 |Z;] holds
M > NlogN.
2: Construct the sparse matrix

Ay = (V2% (x jes € CMXN,
v =Wk g,
3: Solve the overdetermined linear system Ay (ajk);, = ¥ via an LSQR-

algorithm. This gives us the approximation

Suf=Spuf= > > ajxil%.

jEJn,Uq keZ;

Stage II: Find index set U

1: Find the index set U using an ANOVA-boosting algorithm, i.e. one of the
Algorithms 3.30, 3.31 or 3.33 with the hyperbolic wavelet approximation
operator Sy = S;Y; f.

Stage III: Final approximation
1: Choose n such that for N = Ujej}/ |Z;| holds M > Nlog N.
2: Construct the sparse matrix
Ay = ("/}5:(1’)) i, € CHN,
zeX, ke,
3: Solve the overdetermined linear system Ay (ajk);, = ¥ via an LSQR-
algorithm. ’
Output: (a; %) ik € CV coefficients of the approximant
Srfo = Zjejn_ﬂ Zkezj aj,w?,e;i-
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With the introduction of the weighted norms in Definition 4.27, the same error
decay as for periodic setting in Corollary 5.6 follows easily for functions on ).
The proof follows from the same ideas as the proof of Corollary 4.30.

Corollary 5.11. LetQ; € {T, R}, the density j1; be in C™~*($;) fori € [d] and
letm € N be the order of vanishing moments of the wavelet . Let the function
fulfill for alli € [d], where); = R that

S f@) = i f(@).
Let furthermore M be the number of samples satisfying M 2 r N log N, where N
is the number of wavelet functions andr > 1. Let X = (:cj)jM:l C Q be drawn
i.i.d. at random according to i, f € C(Q) a continuous function and the samples
X transformed to ) = R(X) using (3.2). In the case where1/2 < s < m, we have

P (HTUf —(SYy(TufoR™Y)) o Rl 27 Hf”anix(Q,u)) >1-2M™".
and in the case s = m, we have

P (HTUf - (SiU(TUf oR™1))o Rl S 2 meplam /2 ||fHH:nix(Q,;1,))
>1-2M".

5.2.1 Transformed hyperbolic wavelet regression on the [0, 1]

To continue the estimates from Section 4.2.2 from the projection operator P, i/
to the approximation operator Sflf u» remember the transformation R with ex-
tension parameter 7 and Figure 4.6, which shows an illustration of the two-
dimensional domains.

To apply the results from Section 5.1, we first have a look at the condition number
of the approximation matrix Ay. On one hand, the extension with parameter n
gives better approximation rates, but on the other hand the stability gets worse.

To circumvent this, in the mentioned literature the authors use for instance the
truncated singular value decomposition. We do not want to set up the whole
matrix Ay, but rather use a least squares algorithm which gets only the result
of a matrix vector multiplication with Ay and Aj;. We will see later that an
appropriate choice of the extension parameter ensures stability.

In the following, we discuss the numerical properties, that arise when using such
an extension. Similar to Lemma 5.1, the expectation matrix is a block diagonal
matrix with a block belonging to every index j. The transformation R changes
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the expectation matrix to

Lj_< /T ) ;.’f,;(;:;)m) .
(k,E")

O

If we choose the extension parameter 7 like (4.56), it turns out, that the eigen-
values of L; do not differ much from the eigenvalues of the initial expectation
matrix L;. We show this numerically: For different wavelet levels j, we construct
the one-dimensional matrix L j and calculate the extremal eigenvalues A, (.i/j)

and Amax(L;). The results are summarized in Table 5.3. The multivariate result
is the product of the one-dimensional results.

m j | 2 3 4 5 6 7 | L

2 Amin(Ly) | 0.0896 0.0903 0.0879 0.0859 0.0848 0.0843 | 0.1481
Amax(L;) | 0.8990 0.9497 0.9748 0.9873 0.9937  0.9968 1

3 Amin(L;) | 00032 0.0025 0.0024 0.0024 0.0024 0.0025 | 0.0379
Amax(L;) | 07735 0.8854 0.9426 0.9714 0.9857 0.9928 1

Table 5.3 : Extremal eigenvalues of the expectation matrix L for different
maximal level n and order m of the wavelets.

For comparison, we also give the extremal eigenvalues of the matrix L;, which
are the lower Riesz constant 7, and 1. The numeric indicates that Ay, (L) >
¢ > 0 for a constant c. In fact, the choice of  must be a balance between an
ill-conditioned matrix for big 7 and a large approximation error for small 7. The
choice (4.56) does this job. The following corollary for the approximation error
using a transformation and the ANOVA-truncated hyperbolic wavelet regression
Algorithm 5.9 was shown in [PW24, Corollary 5.7.], we give here a generalization
to the multivariate case. Note, that the only difference to the periodic result in
Corollary 5.6 is the term W and the condition number of the expectation
matrix L.

Corollary 5.12. Lets < m— 1 and chooseU C P([d]). Letu € C™~1([0,1]) bea
density and n be the maximal level of the wavelets. We choose the transformation
R from (2.52) with the extension parameter ) in (4.56). Let furthermore X =
(x)M, C [0,1)¢ be drawn i.i.d. at random according to u and M = rN log N,
where N is the number of wavelet functions and r > 1. Then, we denote by
Y = R(X) the transformed samples. Let furthermore Apin(L) > C > 0 and f be
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the extension of the transformed function f o R=1. Then, we have

N B 9—ns .
P (HTUf* (Syuf)oR 1|\L2([0,1]d,u) < A" I 1gs  (o.11¢, )) 2 1=2M".

Proof. First, we denote the following errors and collect the upper bounds from
Theorems 4.35 and 4.36,

e = T F = Pur Fll ey < 27 1ty o (5.20)

Cn(s—1/a)nla=1/2
oo = |T0 f - Pn,UfHLDC(']I‘d) < g nls=i/am I ers, o110, - (5:21)

By using the extension we loose the orthogonality of the wavelet functions even
for different levels, since the L-norm is then defined on (2 and not on the whole
torus. Therefore, we have

T f = (SY 0y F) o Rl oagan = 7[1/2 HTUf Sy, Uf‘

(1
:ai}ﬁﬁwmf—ﬁwﬂ

Then, we use the periodic result from Theorem 5.4 to get

1/
<|TUf Sy Uf“Lz(Trd Sext/& ( +€2€oo\/”?§M+ego”C]’§M> )

>1-2M",

Lo(TE)

L (T4)

taking the event into account that

/ 2 /2
y < = il
HS’VLUHQ — MAmln(_i—J) < C

with high probability. Collecting the bounds from the occurring terms (5.20) and
(5.21) as well as logarithmic oversampling, we end up with

s

170 f = (S u F) o Rl oaga 0 =

(1 Lo(T4)
1 —ns
5m(1+%(7’+\ﬁ+ 1))2 Hf”HS(’H‘d)
1 —ns
< WOJF%(TJF\/;JF )27 N f s 0,12, 0)
with high probability. O

Numerical results for this approximation procedure and a comparison to random
Fourier features can be found in Section 6.1.
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5.2.2 Unknown sampling density x

While working with real-world data, the underlying density sampling density p(x)
is possibly a priori not known, we only have the given random sample points
X. The transformation R from (2.52) builds on the cumulative distribution
function of the sampling density x. A frequently used tool for the approximation
of densities is kernel density estimation, see [Gral8] for a detailed description.

In this section, we want to generalize our transformation strategy to the setting
of an unknown density. We will restrict our analysis to the one-dimensional case,
which will be applied to high-dimensional functions using the tensor product
approach and the ANOVA truncation ideas of Chapter 3. A transformation of the
given data X’ is also in this case a useful tool to approximate a function f well.
Instead of using the transformation R (2.52) belonging to the underlying density
1, we first approximate the underlying density 1 by a kernel density estimation,

1 x—a
—ZUMk( - ) (5.22)

z'eX

where k is a non-negative kernel function k: {2 — R which is normed by
k(z)dz =1,
Q
and o is a smoothing parameter.
The cumulative distribution function R of the estimated density function is used

for transforming the underlying dataset X to the samples X = R( ) on the
torus. This function is

Jy Bde—3 it =[0,1],

R(z) =4 [* n@)dt—3 ifQ=R,
ffl/zﬁ(t) dt—31 ifQ="T.
1
=3 Z K(:cf:z/)f%, (5.23)
x'eXx

where K is the antiderivative
Jo k(t)dt  ifQ=10,1],
K(z) = f k(t)dt ifQ =R,
f Jk(t)dt ifQ=T.

Frequently used kernels are the standard Gaussian distribution pg, (2.10), or B-
Splines, (2.33). The integral K of the kernel k has to be calculated once in advance.
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Then, the calculation of the integral of jz is only the evaluation of K at different
points. Using this transformation, we get our transformed sample points by X =
R(X). If [i is a good approximation to 1, these samples X are nearly uniformly
distributed on T, which allows us to approximate the function f o R-! using an
approximation operator on T¢, for instance Sff’ y from (5.4). Our procedure to
get an approximation of f from the samples X and the corresponding function
values f is summarized in Algorithm 5.13.

Algorithm 5.13 Transformed - ANOVA- Approximation

Input: d dimension
X = (%)gl € 1 sampling nodes
f=(f(z)Y,  function values

: Estimate the density y by /i in every dimension separately via (5.22)

: Calculate the transformation R using (5.23)

. Transform the samples X = R(X).

: Apply an approximation operator S;; X v on T¢9, for example the ANOVA-
truncated hyperbolic wavelet regression from (5.4) and Algorithm 5.9,

=W N

f#_ nU(f R )

5. Transform back to the domain €2:

7# = (Siku(foR™) o R,

Output: Approximant f#,

Smoothing parameter selection

The choice of the smoothing parameter ¢ has to be a good trade-off between over-
and under-fitting. There are some very simple and easy to compute mathematical
formulas for estimating the smoothing parameter . They are often called the
rules-of-thumb (ROT). One possibility is

oror = 1.06 min {std()(), IQlRéf)} MY, (5.24)
where std is the standard deviation and IQR is the inter-quartile range, see
[Gral8, Section 4.2.1]. The assumption for that rule is that the unknown den-
sity belongs to the family of the Gaussian distribution. In practice, we do not
know, whether (. is a Gaussian distribution. If it is, then oror gives the optimal
smoothing parameter. If not, then orgr will give a parameter not too far from
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the optimum, if the distribution of the samples X’ is not too different from the
Gaussian distribution.

Another approach, which is more general and performs better than the ROT are
Direct Plug-In-Selectors (DPI). The methods are based on plugging in estimates
of some unknown quantities that appear in formulas for the asymptotically
optimal bandwidth. A detailed description how to choose the parameter opp;
can be found in [Gral8, Section 4.2.2]. The basic idea is to choose oppr, such that
asymptotic mean integrated squared error is minimized.

Non-periodic data

A general problem with kernel density estimation is that certain difficulties can
arise at the boundaries and near them. In many practical situations the values of a
random variable are bounded. For example, the age of a person obviously cannot
be a negative number. On the other hand, the Gaussian kernel has unlimited
support. Even if a kernel with finite support is used, the estimated density can
usually go beyond the permissible domain.

For that reason we use on the domain 2 = [0, 1] compactly supported kernels
k, but we allow the approximated density jz to be nonzero outside the interval
[0, 1]. Especially, we receive a nonzero density in the interval Q = [w;, w»] with
—|supp k| 2 |3 w1 <0 and 1 < wy < 1+ |suppk| §. This allows to create a
function f, which smoothly extends the functlon f to a function on whole €,
such that the transformed function f o R~! becomes a periodic function. This
idea of an extension of the function is similar to the studies in Section 4.2.2. The
choice of the extension parameter 7 is now hidden in the choice of the smoothing
parameter selection ¢, which determines the interval Q. This is illustrated in
Figure 5.2.

The kernel density estimation of i can be seen as a periodization of the function
f, such that we can use approximation operators for functions on T. In contrast
to the tent transformation, see [Nas21], which passes trough the function forth
and back, we have here no need to double the number of sample points.

5.3 Algorithms with random Fourier features

In the literature there are several algorithms for approximating high-dimensional
functions using random Fourier features available. Here, we will summarize two
of them. Since we assume limited data availability, we wish to have a sparse
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(a) Function f and extended function f

(b) Density p and estimated density /.

Figure 5.2 : Periodization of f using the estimated density x instead of
the real density .

representation of the function

(@)= 3 afeit

w€eT

by learning the coefficient vector a* = (aZ) ,_, with a sparsity constraint.

184

In [XSSW22] the nonlinear SHRIMP algorithm was proposed. There, the au-
thors propose to use g-sparse frequencies, which means that | supp w| = ¢
for all random feature weights, where the nonzero components are sam-
pled from the Gaussian distribution A (0, ﬁ ). The algorithm begins with
a strong over-parametrization N > M. The first solution vector a is
calculated by

a=(A"A+\y) tA*f.

Then, using iterative magnitude pruning (IMP) and selecting the best

model via a validation set, the algorithm output is the solution vector
#

a”.

Iterative Magnitude Pruning is used for compressing over-parametrized
neural networks. The IMP procedure prunes features on their magnitude
and then retrains the pruned sub-network in each pruning iteration. In
every iteration the pruning rate is p < 1. After calculating the MSE error
of a validation set in every iteration one can choose the final model by
choosing the smallest validation error.

In [SST23], the authors solve the sparse random feature regression prob-
lem by a greedy algorithm named hard-ridge random feature expansion
(HARFE), which uses a hard thresholding pursuit (HTP) like algorithm to
solve the random feature ridge regression problem. Specifically, they learn



5.3. ALGORITHMS WITH RANDOM FOURIER FEATURES

the vector a from the following minimization problem

min [|Aa — f||> + A|lal|>  sucht that a is s-sparse.
a

The idea is to solve for the coefficients using a much smaller number of
model terms. The subset S, given by the indices of the s largest entries
of one gradient descent step applied on the vector a, is a good candidate
for the support set of a. The HTP algorithm iterates between these two
steps and leads to a stable and robust reconstruction of sparse vectors
depending on the restricted isometry property constant of the matrix A,
which characterizes matrices which are nearly orthonormal, at least when
operating on sparse vectors.

We generalize these algorithms to ANOVA-sparse random Fourier features as
defined in Definition 3.22. In fact, this is a generalization of choosing a g-sparse
density to a density p, which can have an arbitrary ANOVA decomposition.

As the numerical tests in the literature for the random Fourier feature suggest,
choosing the sparsity g of the ANOVA terms equal to effective dimension of the
function f, gives the lowest approximation errors, see also Remark 4.38. We
suggest to first calculate a good ANOVA index set U for the function f with
Algorithm 3.33 or 3.31, use this to draw ANOVA-sparse random Fourier features
adapted to the function f and apply afterwards an algorithm for sparse random
Fourier features, for example SHRIMP or HARFE.

The algorithms proposed in [PW25] require the calculation of the Sobol indices
Su(f7) of arandom Fourier feature model f#. We will describe our proceeding
in the following, where we distinguish the two cases that the input variables are
independent, which leads to the classical ANOVA decomposition and the case of
dependent input variables, which leads to the generalized ANOVA decomposi-
tion.

5.3.1 Sensitivity analysis for independent input variables
To derive the ANOVA decomposition of a trained random Fourier feature model,
Fh(a) = Y e,
w€eT

instead of calculating the integrals for the ANOVA decomposition (3.11), we
derive advantage from the fact that the sampling points * € X are sampled
from the density x. We propose the following procedure. Note, that the following
decomposition is not the ANOVA decomposition with respect to the density
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pa(x) = >, cx 0y(x), because that is not possible for arbitrary sampling sets
X.

Definition 5.14. Let f# from (3.46) be the output of a trained random feature
model. Then, we define

oy ol Y dow,

wGI yekX

f#x a:u = i Z a# Z H iTiw; 1y1wi) (Y wue) A

w€eT YyeEX i€u

The decomposition from the previous definition is derived by using the iter-
ative formula (3.11), which decomposes f = Zug[d] fuw, but replacing every
integral by a Monte-Carlo approximation on the sample points X, i.e. for a |v|-
dimensional integral with respect to u, this means, we approximate

1
Ty, Tope ) fhoy (X)) ATy = — v Lve ).
/ng( it () 17 D I Toe)

YyeX

Then, the definition of fj X follows and by induction over |u/,

faa= [ Feduee)des = 3 @)

vCu

o S @y — Y S (@)

yeX vCu
1 i i .
= Y abeitenn) Y e
wel YyeEX

“gp X Dok DI (e e

vCu weT yeX i€v

_ % Z ot Z o (@uc Yue)

weT YyeX

(euwu,mm =Y el TT (eizm _ eiyiwi)>

vCu 1€V

% Z aﬁ Z ei(wuc,yuc> <H <ei$iwi _ eiywﬁ))

weT yex iEuw

= ff,x(wu)-

Note, that the decomposition from Definition 5.14 differs from the ANOVA de-
composition from Remark 3.21 with respect to the tensorized sampling density
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1= in the sense that we do not have here orthogonality with respect to a measure.
We just approximate the true decomposition of f# into ANOVA terms £} by the
terms ff - But both decompositions have the property, that the expected value
with respect to the sampling set X’ equals the ANOVA decomposition with respect
to the sampling density ;, namely the decomposition (3.42). This follows easily
from the facts that for independent random variables Y; = el“¥ and Y; = e/“¥i,

EY:Y; = (EY)) (EY;),

and Tf# (W) = ger da(w).

Let the random Fourier features w in the random Fourier feature model be
ANOVA-sparse features according to Definition 3.22 with ANOVA index set U,
then for all indices u € U with @ = {v € U | v D u}, the ANOVA terms ffX
from Definition 5.14 simplify to 7

1 1T w; s W,
(f#(mu))me)( ~ Vi Z aﬁ Z (H (ell’z i olYi 1)>
WEL,, yeX \i€u
and we do the approximation

_ P @) U))@))
o*(f#) o?(f#) o*(f)

Su(f?) = Sy (7).

(5.25)
Introducing three-dimensional tensors e'¥i%i — eliwi ¢ CM*MXnu this i calcu-
lated numerically by a tensor-vector multiplication, followed by a summation,
point-wise squaring and a summation. We approximate the variance of f by
the variance of the given data vector f. The algorithm for calculating S;} (f#)
is summarized in Algorithm 5.15 and numerical experiments can be found in
Section 6.1.1. The index calculated in (5.25) is used for the ANOVA-boosting
Algorithm 3.33.

5.3.2 Sensitivity analysis for dependent input variables

In typical applications the input variables may be dependent, which forces us
to use the generalized ANOVA decomposition. To decompose the function f
into its ANOVA terms, we minimize the squared error at the sample points under
the hierarchical orthogonality condition (3.8), similar to [LR12]. We follow the
ideas of [PW25]. For a set U C P([d]) and ANOVA-truncated random Fourier
features w € 7 drawn according to Definition 3.22, we construct the random
feature matrix

A= (Ay) (5.26)

wey  with Au:(ei<“’“’m“>)

rEX Wy €Ly ’
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Algorithm 5.15 Calculating Sobol-indices for RFF - independent input

Input: d dimension
q maximal superposition dimension
X = (xz;), €Q sampling nodes
= (wz))f\il function values
A regularization parameter

1: Draw ANOVA-truncated RFF with Definition 3.22 of dimension at most g, i.e.
U=U,.

2: Construct the random matrix Ay, from (5.26).

3: Solve the minimization problem

. 2 2
min [Ag,a — I3+ Aal?

#oi(w,z)

to get a solution vector a? and the approximant f#(x) = > _; aft

4: Calculate the Sobol indices by (5.25).
Output:  Approximated Sobol indices S, (f#).

Making use of the generalized ANOVA decomposition, every ANOVA term f,, is
described by a sum

fu(wu>% Z awei(wu,ww,

Wy €Ly

where the related random Fourier features w are in ,,. To find a suitable vector
a = (au)wez, We use a regularization, which is similar to defining the cost
function like the D-MORPH algorithm [LR12] does: A solution vector a should
fulfill simultaneously || Aa — f||, = 0 and the hierarchical orthogonality (3.8).
Since the regularization by forcing the integrals (3.6) to be zero is not numerically
feasible, we use a discretization of the integrals ( f,,, f»), instead,

(fu, fo)x = % Z fu(®w) fo(To),

reEX

which was also introduced in (2.6). In contrast to [LR12], we do not want to
enforce the hierarchical orthogonality (3.8) by calculating an SVD, but rather by
penalizing using a regularization. The solution vector a” can then be obtained
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by minimizing
a® = argmin |Aa — f|* + A |a|3
a
A 2
= argmin F a— (f> , (5.27)
a AW 0 )
where [la]|fy; = a*Wa =Y auWyau, (5.28)
uelU
Therefore, we introduce the weight matrix wW by
W = diag (Wu> ,
uclU
A 1 A;kfl
Wu - WA;: (A'UIA'UZ c ) A:'Z Au
1 * * m 9
= 1p A (Z AUAU> A, € CruXnu, (5.29)
vCu

where v; runs through all subsets v C u and @ is also a subset v of u. The
following lemma shows that this regularization coincides with the hierarchical
orthogonality (3.8).

Lemma 5.16. The regularization term a’ W ya,, in(5.27) with the weight ma-
trices W ,,, defined in (5.29) penalizes the non-orthogonality of the terms f,, and
fo wherev C u with the discrete scalar product (2.6) in the sense that

b

2
lay |

aZWuau > Z |<fu7.f’u>X‘2'

vCu

Proof. The Cauchy-Schwarz inequality gives for all vectors b, c and matrix A
with suitable size that
2 12
(Ab, c)|* < ||Ab| [|e]”.

Applying this to our setting yields

1 1

* 2
[ fus fo)x|” = e Ay, Ayay)|” = e |(Ay Ay, ay)]
1 * 2 2 ||a’ ||2 * *
< M2 Ay Auay|” [|ay]” = ]\;2 [(AyAuay, Ay Ayuay)l
2
a * * *
= 7”]\/}’3 a, Ar A, AL Aay.
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Hence, the regularization term a,, Wu a,, has the following connection to the
discrete orthogonality of the terms f,, and f,, if a, # 0,

* X * 1 * *
aiWya, = al, (MQAu (Z AUAv> Au> aw> )y — o ” 5 (fus fo) x|
’U

vCu vCu

This finishes the proof. O

For the one-dimensional terms v = {i} we obtain equality in the previous
lemma, the weight matrix W ,, contains only A4 and is in this case equal to

Wiy = Alnluxm Ay

and
1 ... 1
aiyWieu = M2 22 M AL : Agyag)
1 ... 1
2
Zfz xz = |<f17f13 Zfz xz
mGX xzeX

For the two-dimensional case u = {i, j }, we have
Wiy = ALy <1MXM + A AL+ A{j}A?j}) Alij}-

To solve the regularized least squares problem (5.27), we have to construct the
matrix A and the matrix W, which is a block diagonal matrix, with blocks be-
longing to every u € U, so the square root has to only be calculated for every
block separately. The actual minimization problem is then solved by an iterative
least squares algorithm.

Remark 5.17. The regularization in the minimization problem (5.27) aims to
fulfill the orthogonality conditions (3.8). One further possibility would be to add
aregularization, which minimizes the number of nonzero ANOVA terms to find a
solution, which is sparse in the ANOVA terms. This was done in [BSP22, Section
4.2.] for the classical ANOVA decomposition and orthonormal basis by adding
a term, which reads in our setting ) _ , . || Aw@u||,. By not squaring this term
but rather using the first potency of the Ls-norm, one enforces sparsity in the
ANOVA terms. A
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If we do not have information about the sample density p, we do not have
the tensor product structure as for independent input variables. We want to
come back to the regularized least squares (5.27). As shown in Lemma 5.16,
this regularization ensures the hierarchical orthogonality (3.8) of the ANOVA
terms. In this setting, we demand that the sum >_ afel{ww:®u) should
approximate the ANOVA term f,, for every u € U. Therefore, we start with
U = {u C [d] | |u] < ¢}. Then, the solution vector a* of (5.27) separates the
ANOVA terms in the sense that
Z CL 1 (Way s @) )

WEL,,

Let the random Fourier feature matrix A be split like in (5.26) and denote the
vectors a,, = (aw) . Then, we approximate the Sobol indices, see Defini-

WETL,,
tion 3.12, by

# ||Auau ||2 5.30

u Var(.f ) O_Q(f) ? ( . )

1
St cor(f7) = 27 > (Avaf, Aual), (5.31)
& #£uC[d]
vNu#£D, vZu
Sqi((f#) = u var + Si(cor (5-32)

Algorithm 5.18 Calculating Sobol-indices for RFF - dependent input

Input: d dimension
q maximal superposition dimension
X = (x;)M, € Q sampling nodes
= (f(=:)); i function values
)\ regularization parameter

1: Draw ANOVA-truncated RFF with Definition 3.22 of dimension at most ¢, i.e.
U=U,.

2: Construct the random matrix Ay, from (5.26) as well as the weight matrices
W, from (5.29).

3: Solve the minimization problem (5.27) to get a solution vector a*.

4: Calculate the Sobol indices by (5.30) to (5.32).

Output: Approximated Sobol indices Sy ., (f#), S cor (f#) and S;¥ (f#).

The procedure of sensitivity analysis for random Fourier features is summarized
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in Algorithm 5.18 and in Section 6.1.2 we give numerical results. The regulariza-
tion problem (5.27) can also be applied to independent input variables, since
in the case of a tensor product density the generalized and classical ANOVA
decomposition are equivalent, see also (3.9).

Related work

The authors from [MY20] propose the notion of neural decomposition, which
integrates the classical ANOVA and deep neural networks for dimensionality
reduction and variance decomposition. Similar to our approach for dependent
input variables, they show that identifiability for independent input variables can
be achieved by training models subject to constraints on the marginal properties
of the decoder networks.

The D-MORPH algorithm [LR12] uses an orthogonal basis with respect to sam-
pling density i, which requires knowledge about the sampling density. Our
approach is applicable independent of the sampling density p. Furthermore,
instead of calculating the solution of the minimization problem directly by using
an SVD, we solve the problem by an iterative algorithm. This work was followed,
among others, by [BLB*22], where the procedure was generalized to sampling
from mixture densities, but also in this case an orthogonal basis is necessary.
In [Rah14], the generalized ANOVA decomposition is constructed by a construc-
tive method by employing multivariate orthogonal polynomials as bases and
calculating the expansion coefficients involved from the solution of linear alge-
braic equations.

The authors in [CGP12] also study indices measuring the sensitivity of the output
with respect to dependent input variables, but they are restricted to independent
pairs of dependent input variables.

5.3.3 The approximation error for random Fourier features

In the error splitting (1.1) there is the RSE, which describes basically the error
between f#, which is derived from the samples X, and the best-approximation
f*. Intheliterature about random Fourier features the squared error is also called
generalization error. We generalize the error estimates to our ANOVA setting.
There are two cases possible, the over-parametrized regime, where N > M and
the under-parametrized regime, where N < M.

One of the original random Fourier features papers, [RR08], provides learning
bounds for a general class of loss functions. These results show that O(M) ran-
dom Fourier features are needed for an O ()M ~'/2) error bound on the general-
ization error and choosing less random Fourier features leads to worse bounds.
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The random Fourier feature algorithms SHRIMP [XSSW22] and HARFE [SST23]
start with the over-parametrized setting NV > M and search for a sparse solution
vector a”, which then is a solution in the under-parametrized regime. For esti-
mates of the generalization error in this setting, bounds of the restricted isometry
property or the condition of the random Fourier matrix is necessary. However, er-
ror estimates from these papers can be generalized to the ANOVA-sparse random
Fourier features as well.

The conditioning of random Fourier matrices A was done for example in [CS24,
CSW22, XSSW22, AKM 117, LN24] for different choices of the feature and sam-
pling distribution. But most of the literature considers for both only the Gaussian
distribution, which restricts the application. Since in practice a regularization
is used, we state in the following theorem a result for the generalization error if
the vector a* is given by the solution of a regularized least squares problem. In
contrast to the least squares solution, the regularization decreases the condition
number of the matrix A* A, where the matrix A is defined in (5.26). However, it
may also be the case that regularization improves generalization in the presence
of noise and outliers.

Theorem 5.19. Let ¢ and 6,, be positive. Suppose the training samples X =
{x1, - ,xp} aredrawniid. from the density uu. Let U be anti downward closed
and the ANOVA terms f,, of the function f have the form (4.58). Draw ANOVA-
sparse random Fourier features {w,- - ,wy} Li.d. from p with Definition 3.22
with n, = % features for every term. Suppose N big enough, such that \%I >

log(2/6) andlet f = (f(x;)), € RM be the samples of f. Define

N

a? = argmin | Aa FIE+Allal?, fH) = afeen®).  (533)
ac k=1

Suppose A\p.x be the maximal eigenvalue of the matrix ﬁ A™ A with probability
exceeding 1 — § with respect to the draw of w'’s. Define f* as the finite sum
approximation in (4.59). Then, with probability exceeding 1 — ¢ with respect to
the draw of w’s, and with probability 1 — §,, with respect to i,

# 2
17 =1 HQLz(R " A%ax V2 (;) Uy /1210g <§) +1
170 £, VM z

=O(N~'+ M)

2

Proof. This proof is similar to the proof for the generalization error in [HSS*23,
CS24]. We will use McDiarmid’s inequality from Theorem 2.11. In this proof we
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shorten notation by A = Ay. Draw i.i.d. random variables Z = (z4), from
the density u, and define the random variable

N 2 1 2
v(z1,.. o 2m) = - f#”LQ(Rd,,L) M 1f* = f#||42(z)

_ 1 o g2 LIPS
= 3782 (15 = Ptz - 37 107 = e

Thus, Ev = 0. The points z; in Z are i.i.d. random samples and independent of
the samples in X as well as independent of the coefficient vectors a” = (a;)Y_,
and a* = (a})}_,, which are defined in terms of X and the feature weights
{wy }_,. To apply McDiarmid’s inequality, we first show that v is stable under a
perturbation of any one of its coordinates. Perturbing just the k-th coordinate
leads to

~ 1 * = * (2
lv(zk) —v(zk)| = 37 I\f#(zk) — [zl = 17 (20) = f(z0) P
2
= ﬁ”a a’lly = Ay,
where the inequality follows by Cauchy-Schwarz inequality and
2
< Nla* —a*|f5.

AN

o) (o — a)

[ (2) = f* (=) =

__at?
Applying McDiarmids inequality P(E[v] — v > t) < e 2% and setting the
right-hand side equal to §,,, yields

1 *
t=0u)Y || #—an“/log
u

Thus, with probability exceedlng 1-— 5# to the draw of the Z,

# # *112
If7 = f~ ”LZ(]Rd 0 < Hf = [ lleyz) +1
1 # \/>N #112 1
= — It — ]. (5.34
Y 17— f* ng(zﬂr \ﬁ“ —a”||; 1/log 5, (5.34)
Defining the matrix Az := ( i<“’k’z1>)M’N we have
g z-=1\¢ j=1,k=1’

1 Lo 1
I = Iz = 17

1 2 2
< o7 Azl la” — o}

1Az (a* — a¥)ll3

Loy
< s (374342 ) o = @13, < Al — a5,
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Note, that the solution vector a* is given by
a® = (A*A+ M\ y) LA™ f. (5.35)

For the condition number of this matrix, we denote by A;(A* A) the eigenvalues
and calculate that

Aj(ATA)
N(ATA) + A
M A(AA)
N M, (HATA) +

W

NN (HATA) + 2

[(ATA+ M) A", = max

ma.
Jj=1,.

t-

By choosing ﬁ = v/ Amax, this yields

_ 1
A"A+MN) AT, = ——
||( N) H2 \/M ]:nl/l’aX,N )\J(ﬁA*A) + )\max

V(3 ATA)

1
S — max <
VM j=1,...N Ni(HATA) + /(A" A)

Furthermore, the spectral norm of the inverse is bounded by

1 1
A" A+ N N) Y= — o < .
||( +)‘ N) H2 >\min(A*A)+/\ — )\

-

To estimate ||a* — a? ||, we then apply triangle inequality,
la# — a*ll, = (A" A+ A\Ty) " A" — (A" A+ \Ty) " (A" A+ A y)a’,
=|(A*A+ M) PA* (f — Aa*) — N(A*A + M ) ta¥|,
< II(A*A +AN) A, If — Aat|ly + A (AT A+ M N) 7, (et

If = Aa™[|, + [la”], -

\ﬁ
For the second term we use the norm definition (4.64),
2
Tf Wu) 1% Tf (Wu)
la* H = ”— ui
’ 'uEZU w; ueZU WGQ )dpu(wu)
= NHlTUfIH}'(p)

195



CHAPTER 5. FUNCTION APPROXIMATION FROM SAMPLES

Furthermore, for the first term,

M
1Aa* = £l =D 1f (@) = f* @) = IS = F*1I7, )

i=1
12|U210g(2/5)>

< Il (U

where the last inequality follows from Lemma 4.40. Inserting everything into
(5.34), yields

f# — f*HL2(Rdu) ( V2N g( >> (|U|\/1210g2/5

Amax + B ——
|HTUf|H_F(p) vM vN \/N>
=ON"'+ M)

B {O(M—W) ifN > M,

ON7Y  ifN <M.

This finishes the proof. O

The motivation to use the eigenvalues of the matrix MA A in the previous
theorem comes from the fact that the matrix A* A scales like

1 ., .
a4 A)m e — )

Furthermore, in [CS24], it was shown that the eigenvalues of the matrix A* A
scale with the factor M, at least in the case of Gaussian features and samples.

The error rates in Theorem 5.19 coincide with already proven rates in the lit-
erature about random Fourier features. In [RR17], it was shown that using
N = O(M'*1log M) random Fourier features is enough to achieve a gener-
alization error of O(M ~'/?). In [HSS*23, CS24] an /; basis pursuit denoising
problem was used to train random Fourier feature models from limited measure-
ments. Similarly, it was shown that when the sparsity s = N and the number
of samples M = O(N log N), the error is bounded by O(N~! + M ~'/?). The
generalization error bounds from [CS24] include the under-parametrized setting
using the least squares problem and the over-parametrized setting, where using
either the minimum norm interpolation problem or a sparse regression problem.

The advantage of our methods is, that the first ANOVA-boosting step with finding
agood index-set U decreases the norm ||| f|| ) as described also in Remark 4.38.
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5.4 Implementation and computational cost

The ANOVA approximation method with periodic wavelet functions has been
implemented in the publicly available Julia package ANOVAapprox.jl, [BLNS22].
In this section, we will go into more detail for the approximation of periodic
functions using wavelet functions in an ANOVA-truncated hyperbolic index set.
However, there are also other basis functions implemented.

In order to determine the complexity of our algorithms, we first calculate the
complexity of one matrix multiplication with the hyperbolic wavelet matrix.
For fixed j € J,, there are at most [2m — 1]¢ nonzero entries in every block
of columns in every row. Since >, ., 2 ; 1<, 1 = >, O(nl*!), every matrix
multiplication with the hyperbolic wavelet matrix Ay has complexity

O(M > O(nl*)) = 02"|U[n?) = O(M(log M)?).

Note, that in contrast to the Fourier setting, see [PS21a], our index set has a lower
cardinality NV, which gives a better complexity of the algorithm.

The second factor which plays a role is the number of iterations *. The whole
algorithm has a complexity of

O(r* M(log M)?).

Theorem 5.3 gives us an estimation on the minimal eigenvalues of the matrix
A7, Ay. In order to bound the maximal eigenvalues of the matrix Aj; Ay, we
can use the same argumentation as in the proof of Theorem 5.3 together with
the bound for the maximal eigenvalues in Theorem 2.8. This gives us forr > 1

]P (/\ma,x (A?]AU) Z %) S A}rv

if we are in the setting of logarithmic oversampling. Hence, with high probability
we bound the condition number of the matrix A}, Ay by

Amax(AEAU) i
A111111(44*U14U) "YZ@ ’

where 7, is the lower Riesz constant of the wavelet functions. Following [Axe96,
Example 13.1], the maximal number of iteration r*, to achieve an accuracy of ¢,
can be bounded by

o) (< (8
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As an example, if we want to achieve an accuracy of ¢ = 10~ and we choose as
parameters the order of vanishing moments m = 3 and the dimension g = 2,
this bound gives us r* < 85 with high probability.

The calculation of the Sobol indices for the hyperbolic wavelet regression, us-
ing (3.34), does not play a role compared to the least squares algorithm, since
this can be done in a fast way. There are only few different matrix entries in
the matrices L; in (3.34), so these few entries can be precomputed. Also, these
matrices are sparse circulant matrices of size smaller than 279.

The ANOVA-boosting for random Fourier feature algorithms is implemented
inhttps://github.com/Laural110/ANOVA_RFF. The implementation of the
ANOVA setting follows a similar data structure as the package ANOVAapprox.jl.
After the ANOVA-boosting step, described in Section 5.3, one can apply any ran-
dom Fourier feature algorithm with the ANOVA-sparse random Fourier feature,
where SHRIMP and HARFE are already implemented.

5.5 This chapter in a nutshell

This chapter summarizes all the results for approximating the function f from
samples X by constructing f#(z) = S ~.v f(x). An overview of all results in this
chapter is depicted in Figure 5.3.

For periodic functions we used the hyperbolic wavelet regression Algorithm 5.9,
we gave error estimates for the L,- and L. -error for functions in Sobolev spaces
and Besov spaces. The key advantage of truncating the ANOVA decomposition is
that the number of needed parameters is drastically reduced and the exponent
of the logarithmic term in all error estimates is reduced from the dimension d to
maximal superposition dimension q. The key finding is that at the end we receive
for the approximation operator Sf\% u the same error rates as for the projection
operator Py from Chapter 4.

We studied the transformation of periodic algorithms to other domains €2, which
leads to Algorithm 5.13. That the transformed function satisfies certain smooth-
ness properties, the function f must belong to a weighted function space, which
we define here.

The big advantage of random Fourier features in the ANOVA setting is that we are
able to model the generalized ANOVA to do sensitivity analysis for dependent
input variables.
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Numerical results and
applications

In this chapter, we summarize numerical results from testing the algorithms
proposed in this thesis, some of the results are also included in [LPU23, PW24,
PW25], for more numerical results see these papers. The implementation of
the following results can be found athttps://github. com/Laural110/ANOVA_

RFF.

Denote by f# an approximant of the function f, then we define the following

expressions for accessing model performance,

Mean squared error:

1
MSE := m Z ‘f(:c) — f* ()

T € Xiest

| 2

Root mean squared error:
RMSE := VMSE,
Normalized root mean squared error:

NRMSE := i\/MSE, 7= Z f(x)

“f| @€ Xest

Pearsons correlation coefficient:

PCCi= 3 ()~ F) (f#(@) - F7)

oeen \| St (@) = T\ S, |F# () — A

(6.1)

(6.2)

(6.3)

(6.4)

201


https://github.com/Laura1110/ANOVA_RFF
https://github.com/Laura1110/ANOVA_RFF

CHAPTER 6. NUMERICAL RESULTS AND APPLICATIONS

——d=1---2"73/2
——d=2---2""32 /p
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(a) Function (4.33) and wavelet order m = 2. (b) Function (6.5).

Figure 6.1 : Decay of the RMSE of Algorithm 5.9 for different test func-
tions.

6.1 Numerical examples with synthetic data

We present a series of numerical examples utilizing synthetic data to illustrate
and validate the proposed algorithms and their practical implications. We start
with the case of independent input variables and in Section 6.1.2 we study the
case of dependent input variables. Finally, in Sections 6.2 and 6.3 we apply our
algorithms to datasets from applications.

6.1.1 Numerical examples with independent input variables

Error decay for periodic functions

First, we exploit numerically the error decay rates from Corollary 5.6 for periodic
functions. Remember the kink function from Example 4.12, which is included
inB g/ 020 (T?). Using Chui-Wang wavelets with different maximal wavelet levels
n, while always ensuring logarithmic oversampling with constant 3, we apply
Algorithm 5.9 with uniformly distributed samples on T<. The decay of the RMSE is
depicted in Figure 6.1a. It matches the proposed error decay 2~%/2"n(?=1)/2 from
Corollary 5.6. For the RMSE, we use random points X;esy C T with |Xjes | = 10°
as test samples.
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As a second example for showing the approximation rates, we consider the fol-
lowing test function

3
f: Tg - ]Ra f((l)) = HB3(4$1 - %)7 RS [_%7 %)3a (6-5)
i=1

where Bj is the B-spline from (2.33). This function is in Hi/ii_e(’]l“g) and in
Bg/ 020 (T%). We do an approximation using Algorithm 5.9, where we use Chui-
Wang wavelets of order m = 2 and m = 3. While always ensuring logarithmic
oversampling, we use | X5t = 3M samples for the calculation of the RMSE.
The results can be seen in Figure 6.1b. This confirms our proposed error decay
from Corollary 5.6. For m = 2 we are in the setting where s = m and the error
decays a bit faster than 272"n but slower than 272" (recall that d = 3). If we
use wavelets of higher regularity, i.e. m = 3, we reduce the error as well as the
decay rate compared to m = 2. We are in the case of s < m and since the test
function is in Bg/ 020 (’]I‘d), we proved that the error decays like 2-5/2ny which is
confirmed by the numerical experiments. This shows that it is necessary to study
wavelet coefficients of functions in the Besov spaces B} . (T?) to describe the
exact error decay rate and Sobolev spaces are not enough.

An example involving the transformation R of samples is the following. Con-
sider the beta distribution p , from (2.9), but shifted by —1/2 to the torus
T = [—1/2,1/2), for all one-dimensional densities 1;(z;), which also includes the
uniformly distribution on T for o = 1. We choose as test function

d

[T =R, f@) = [ — 3% @+ )2, (6.6)

i=1

which is the tensor product of a polynomial of degree 6 and has triple zeros
at 12 and is in H3, (T¢). Depending on the choice of the parameter « of the
beta distribution, the transformed function has different regularity. First, we
consider the one-dimensional case. The crucial points to decide whether the
norm || f{| ., (., ) 18 finite are at the points with lower regularity 1/2 = —1/2.
Because of the symmetry of the function f as well as the density , it is sufficient
to have alook at the point z = 1/2. There, we have the behavior f() ~ (z—1/2)3~*
fori = 0, 1,2, 3. With the same arguments we have that M(Bz?a ~(x = 1)1

fora # 1,2and ¢ = 0, 1, 2. Furthermore, the integral fol x¥ dz is finite for k € R
and k£ > —1. Hence, Definition 4.22 requires the following:

feHYT, uga) = f € La(T, Y11)
= a < 6,
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——a =05 ===92-3n ——a=05 =---273n/y

a=115 --- 272n a=115 --- 2727/
——a =195 === 277 —o—a =195 === 27" /p
—e—a =595 —e—a =595

level n level n

Figure 6.2 : Decay of the RMSE for the approximation on T ford € {1,2}
of the test function (6.6) and samples distributed with respect to the beta
distribution x5 . for dimensions d = 1 (left) and d = 2 (right).

f€H* T, upa) = f" € La(T, Yaz), f' € La([0,1], Y1)
= a <2,

f € H¥ T, up.a) = f" € La(T, Y33), f" € La([0,1], Y23), f' € L2([0,1], Y1 3)
= a < 6/5.

Since the function f is a tensor product, we have the same estimates for the
multivariate cases. Indeed, we used the order of vanishing moments m = 3 of
the wavelets, which limits the maximal error decay rate. In Figure 6.2 the resulting
numerical error decay for different parameters « and d is shown. If we are below
the critical values 6/5,2 and 6 for «, we get the desired approximation rates of
273" 272" and 27" given in Corollary 5.11.

Even dense samples at the boundary, which coincides with small «, can not
increase the error decay rate of 3.

Error decay for functions on R¢

To verify the results of Corollary 5.11, we begin with the Gaussian distribution
pg from (2.10) for all one-dimensional densities y;. As test function we use the
Gaussian

FiRY SR, fz)=e =I5, (6.7)
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which is smooth. But in the sense of (4.51), we have to note that in the one-
dimensional-case

2 us
1 e @) = 7= 38\[“528<00

2
12 pe) = 75 + (505 + 487%) 4 14472 ~ 1900 < oo,

1F 1775 () = 0
Due to the embedding H?(T) C Bg’oc("]?), we also have f o R™! € B%}OO('I[‘).
To investigate the smoothness further, we even have
foR™ e BY: (T7).
For further details about this calculation and the introduction of weighted spaces
on Bj (R, p1), see [PW24].

We did the approximation with Algorithm 5.13 for d € {1, 2, 3} and for the order
m = {2,3} of vanishing moments of the wavelet. In Figure 6.3, we plot the
results. This shows the proposed error decay rates from Corollary 5.11. If the
wavelet order m = 2, we get the proposed error decay rate of 22" n(d—1)/2_1f
we increase the order of vanishing moments of the wavelets to m = 3, we are in
the case where the smoothness s of the function is smaller than the order m of
the wavelets, see (5.15). We receive also numerically the proposed error decay of
25/2n n(d=1)/2 The numerical results are even slightly better in some cases.
Note, that a different density x can lead to a different smoothness of f o R™!
even for the same function f.

For a tensor product of the one-dimensional Cauchy distribution p¢, (2.11), or
the Laplace distribution py,, (2.12), we even have f o R™! € H:, (€, p) for all
s € N. That follows from D f(x) = p(:ﬂ)e*”ﬁ/2 for a polynomial p(x) and the
fact that all differentials of the Cauchy as well as the Laplace distribution are
polynomials or polynomials with a factor of the behavior e*!*~2I, Furthermore,
all integrals of the form [, e~ +kl2=2l)(2) dz are finite. In Figure 6.4 and 6.5,
we plot the approximation results. In this case, the order of vanishing moments
determines the error decay. In dimension d = 3, with Laplace distribution, we
are still in the preasymptotic case.

Comparison between transformed hyperbolic wavelet regression and ran-
dom Fourier features

To further test the performance of the algorithms proposed in this thesis, we use
the following synthetic functions:

fri(®) = 23 + zoms + my20 + 24, (6.8)
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—o—d=1-=-=-2"2n
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level n
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—@—d=3 -=-=-292-5/2n,

level n

Figure 6.3 : RMSE of the approximation of the function (6.7) on R? for
d € {1, 2,3} and samples from the normal distribution p¢, with wavelet
order m = 2 (left) and m = 3 (right).

—-o—d=1
—o—d=2
——d=3
- 2—2n

level n

107! —e—d=1
—o—d=2
||—e—=d=3
- 27317,

10~5

107°

level n

Figure 6.4 : RMSE of the approximation of the function (6.7) on R? for
d € {1,2,3} with the samples from the Cauchy distribution ¢, with
wavelet order m = 2 (left) and m = 3 (right).

—-o—d=1
—o—d=2
—o—d=3
- 2—2n

level n

ttt
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Figure 6.5 : RMSE of the approximation of the function (6.7) on R? for
d € {1, 2, 3} with samples from the Laplace distribution j, with wavelet
order m = 2 (left) and m = 3 (right).
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Ishigami:
fro(x) = sin(z;) + 7sin®(x2) + 0.1z sin(x), [TH90] (6.9)
Friedmann:

fra(@) = 10(sin(mz122) + 2 (w3 — 3)° + 24) + 525, [Fri9l]  (6.10)

3
fra(@) =2v6 > (3 — max{|awg; 1|, [x2]}) - [LPU23]  (6.11)

i=1

We randomly draw M points uniformly on [0, 1}‘1 for the functions f7; and fr3,
on [—m, 7% for the function fr3 or on T for the function fr,. We additionally
draw M test samples from the same distribution to validate the approximation
error using the MSE. We choose these test functions because these are functions
of low effective dimension, studied also in other literature. The function f74 is a
pyramid-like function, having diagonal kinks on the one hand and a coupling
of only two variables in each summand on the other hand. This function has
a mixed Besov regularity of s = 1/2 4 1/(2p) in the sense of B, _(T°), see
Definition 2.26, where p may vary in [1, 00].

We compare the transformed hyperbolic wavelet regression with the random
Fourier feature algorithms. We proceed as follows.

= We use Algorithm 5.13 with small maximal wavelet parameter n € {2, 3}
and Chui-Wang wavelets of order m = 2. For the non-periodic functions
fr1 and frs, we use the extension from Section 4.2.2. After the ANOVA-
boosting Algorithm 3.31 or 3.33, we increase the maximal wavelet level n,
such that logarithmic oversampling is fulfilled.

= We use N = 5M random Fourier features in the initialization step. The
random Fourier features are distributed i.i.d. according to the Gaussian
distribution p = pg with variance !/q or according to the Cauchy distribu-
tion p = pc with variance 1/q. We use the ANOVA-boosting Algorithm 3.31
or 3.33 together with calculating the Sobol indices using (5.25) and the
random Fourier feature algorithm SHRIMP, [XSSW22]. In every case, we
have chosen the regularization parameter A = 1075,

In every case we choose maximal superposition dimension ¢ = 2. Further
information about chosen parameter and the code can be found at https:
//github.com/Laural1110/ANOVA_RFF. We summarize the results in Table 6.1.
Our ANOVA-boosting algorithms detect the important ANOVA terms. The ran-
dom feature algorithms benefit from the first ANOVA-boosting in Algorithm 3.33,
where we could improve the accuracy by factor about 10 and up to 103 in com-
parison to the SHRIMP algorithm. The function fr; is very smooth, therefore
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Gaussian random Fourier features perform better. In contrast, the function fry
has some kinks and Cauchy distributed random Fourier features perform better.

Algorithm 5.13 is able to detect the the ANOVA index set U, even if we do not use
logarithmic oversampling in the first approximation step. In all cases the correct
index set is used in the second approximation procedure. Since the function fro
is periodic, Algorithm 5.9 performs better. The results are of comparable order
to the approximation error of the random Fourier feature algorithms.

function d M | p SHRIMP ANOVA-S | Alg.5.13

I 20 500 | pg 1.720-10° 2.814-10°% | 2.634-1073
pc 2.924-107° 24721077

1000 | pg 4.611-107 2.589-107% | 5.039-107*
pc  2.002-10% 3.180.-1077

Jr2 5 500 | pg 1.924-107' 2.058-102 | 2.155-1073
pc  2.627-1072 1.151.1072

1000 | pg 7.184-1072 2.897-1073 9.879.10*
pc  6.824.-10° 1.205.1073

Jrs 10 500 | pg 6.656-102% 1.566-1072 2.536-1073
pc  2.827-107% 5.344.1072

1000 | pg 1.145-1072 6.529-10° | 7.878-107*
pc 4377-10° 7.693.107*

Jra 10 500 | pg 6.333-103 1.420-1073 9.035- 1072
pc 3.185-107% 9.787.107*

1000 | pg 4.889-10° 1.426-107° | 4.639-1072
pc 2.681-107% 5.143.107*

Table 6.1 : Approximation results: MSE on test data for different
functions. We compare the performance of the SHRIMP algorithm
in [XSSW22] with the ANOVA-boosted SHRIMP using Algorithm 3.31
and the transformed hyperbolic wavelet regression in Algorithm 5.13.
The best performance for every setting is highlighted.

Very recently, in [HN24], the authors proposed an algorithm which optimizes the
distribution of the drawn random Fourier features w, which clearly improves the
accuracy of the random feature algorithms. However, there was also shown that
the random feature algorithms obtain smaller errors than neural networks. Our
approach is interpretable, if the function f is of low effective dimension, even
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for dependent input variables, which the following section shows.

6.1.2 Numerical results for dependent input variables

In this section, we illustrate that even for dependent input variables, it is possible
to find the nonzero ANOVA terms of the unknown function f and present the
numerical results from [PW25]. Let us start with an introduction example, where
the difference between the classical ANOVA decomposition and the generalized
ANOVA decomposition is shown.

Example 6.1. We introduce the function
f: R 5 R, f(x) = 2323 + 22 + 22 + 22, (6.12)

and draw pairwise dependent samples X'. That means, we draw M = 100 pairs
(21, x2), (x3,24) and (x5, 26) from the two-dimensional distribution pm defined
in (3.22). The structure of the function f indicates that the ANOVA terms are zero
forall u exceptforu € U = {@, {1}, {2}, {3}, {5}, {6}, {1, 2} }. In Figure 6.6, we
approximate the Sobol indices Sy var by S 1o (f7#), using either (3.34) with the
classical ANOVA decomposition or (5.30) with the generalized ANOVA decom-
position. In both cases, we use a model of maximal superposition dimension
q = 2. The classical ANOVA decomposition does not capture the structure of the
function well. Instead, the dependence of the variables leads to many nonzero
variances of terms which do not influence the variance of the function f. In
contrast, the generalized ANOVA decomposition is able to detect the correct set
of nonzero ANOVA terms f,. A

Next, the ANOVA-boosting methods are tested on a slightly modified Friedmann
function, which is used as benchmark example for certain approximation tech-
niques,

f(xy,...,29) = 10sin(0.1 7 z122) + 20 (x5 — )2 + 1024 + 5z5. (6.13)
2

In contrast to the literature, we do not use uniform samples on [0, 1]d, but we
use (partly) dependent Gaussian samples. Due to this sampling, we changed the
original function slightly to have comparable variances of the nonzero ANOVA
terms. Based on the example in [Rah14], the samples x € X are Gaussian
random vectors with mean Ex = 0 and with the covariance matrix being one of
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0.12 - = 0.2l |
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Figure 6.6 : Approximated Sobol indices S;; . (f#) of function (6.12)
with classical ANOVA decomposition and Chui- -Wang wavelets of order
m = 2 calculated by (3.34) (left) and the generalized ANOVA decomposi-
tion and random Fourier features calculated by (5.30) (right).

the following,

Y1 =1, uncorrelated

3o =3Iy + t1gx, equally correlated (6.14)
1 -1 2

5 5

33=1I3® % 1 —% , mixed correlated (6.15)
2 4
2 4
5 5

where M = 500. Independent of the drawn samples « € X, the function (6.13)
has nonzero ANOVA terms for the index set

U={2,{1},{2}, {3}, {4}, {5}, {1,2}} (6.16)

only. Furthermore, for independent input variables, 3 = I, the Sobol indices
can be easily calculated analytically, which gives

S{3},Var =~ (0.2788 S{4})Var =~ (0.3718
S{S},var ~ 0.0929 S{LQ}’VM =~ (0.2564.

We use Algorithm 5.18 to calculate the indices S, (f#) with (5.30), where we
draw in total N = 5000 ANOVA-sparse random Fourier features with q=2
and variance 1 5, and choose the regularization parameter A = 1. The results
are plotted in Figure 6.7. Note, that the Sobol indices S;, X +(f7) can be bigger
than one, since for dependent input variables the variances of the ANOVA terms
02(fu) do not sum up to the variance of the function o2(f). In Figure 6.7, we
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normalized the indices ;¥ (f*) by the sum

w,var

Sivar(f#)7

ue{ueP([d)]|u[<2}

which has in total (}) + (}) = 45 summands. It can be clearly seen, that in
every case only the terms with nonzero variance in the index set U from (6.16)
are significant. The terms f; and f5 are nonzero, which Algorithm 3.33 finds.
Furthermore, the Sobol indices depend on the sampling distribution u, but the
nonzero ANOVA terms are the same as the nonzero ANOVA terms for independent

input variables for the same function f.

Example 6.1 showed that assuming independent input variables can detect false
terms. Similarly, using only 2-sparse random Fourier features and the HARFE
algorithm as proposed in [SST23], leads to results shown in their Fig. 4, which
clearly blur the importance of the variables z; to x5 in comparison to the other
not necessary variables. Furthermore, they only study the simpler case of inde-
pendent input variables.

V-

=3 =3, =3,
B 0 «-3 [v=(] [«={)] =03

Figure 6.7 : The indices S{X var(f7) for Gaussian input samples with
different covariance X. The pie charts are normalized to the sum of all
indices S;y . (f#) for |u| < 2, but the numbers represent the actual

indices.

We compare approximation results of random feature algorithms with and with-
out ANOVA boosting from Algorithm 3.31. We study the same test functions
(6.8) to (6.10) as for the case of independent random variables. To define the
dependence among random variables, it is common to use copula functions,
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[JDHRO09, Nel06]. Denote the cumulative distribution function of the samples by

xT

Relw)= [ ut)dt,
and Ry, ..., Ry are the marginal cumulative distribution functions of z1, ..., zg4,
ie., .

Ri (331) = / /J,i(t) dt.
Sklar’s theorem [Sk159] is the building block of the theory of copulas. It states,
that for continuous functions Ry, ..., Ry there exists a d-dimensional copula C,
such that for all z € R?,

Ry(z) = C(Ri(21), -+, Ra(xa))-

The copula C contains all information on the dependence structure between

components of (z1, ..., z,), whereas the cumulative distribution functions R;

contain all information on the marginal distribution of z-;. Especially Archimedean
copulas are an important class of multivariate dependence models, since it is

very easy to generate random numbers from them. Every Archimedean copula

has the simple algebraic form

Clyr, - ya) =¥ (¥ (1) + .-+ v (a)

where v is the generator function of the copula. We test our algorithm for the
following well-known copulas with parameter 6:

Y(t) = % t?-1) 6>0 Clayton copula,

Y(t) = (- lnt)e 0>1 Gumbel copula,
|

P(t) =—1In (e—el) 6>0 Frank copula.

We use these copulas on the marginal distributions A/(0, 1) for function frq,
uniform on [—, 7] for function fr2 or uniform on [0, 1] for function frs.

We apply the ANOVA-boosting Algorithm 3.31 in combination with the regular-
ized least squares minimization (5.27), for the random Fourier feature setting
for different settings of d, M, ¢ with fixed parameter N = 5M and Gaussian
random Fourier features drawn from N (0, %Id). The used input parameters for
our algorithm are summarized in Table 6.2 for the different settings. We solved
the system (5.27) with an iterative solver. For a better comparison we use the
same regularization parameter A = 10~° for the SHRIMP steps in both cases.
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A € SHRIMP ANOVA-S

100 0.01 | 4.479-107° 1.047-10°°
100 0.01 | 8.551-10° 1.156-10°°
100 0.01 | 2.828-10* 7.445.1077

100 0.01 | 5.043-10% 1.804-10°°
100 0.01 | 6.341-10°% 1.152-10°®
100 0.01 | 3.999-102% 8.277-107

200 0.05 | 2.287-10% 3.375-107*
100 0.05 | 2.825-10° 4.994-10*
200 0.05 | 1.732-102 3.406-107°

200 0.05 | 3.127-107' 7.512-10*
100 0.05 | 4.044-10"' 7.466-107*
200 0.05 | 4.800-10"' 5.906-1073

100 0.01 | 1.345-107' 9.521-1078
100 0.01 | 4.155-107' 1.573-1072
100 0.01 | 2.136-10"' 3.427-107?

100 0.01 | 2.844-10% 1.603-1072
100 0.01 | 2.651-102 4.939-1073
100 0.01 | 2.870-102 7.092-107*

fri 10 3 500

20 2 500

fro 5 2 500

10 2 500

frs 10 3 200

20 2 500

WN | W[ W[ W | WD WwND =0
W WW | RN TN ND | NN RN RN WD

Table 6.2 : Approximation results: MSE on test data for different settings.
The column C belongs to the copula: 1,2,3 corresponds to Clayton,
Gumbel and Frank copula, respectively. We compare the performance of
the SHRIMP and the ANOVA boosted SHRIMP using (5.27) for dependent
input variables. The random Fourier features were distributed according
to pg = N (0, %Id). In every case, we did the approximation 10 times
and show the mean.

The resulting MSE on test data are summarized in Table 6.2, we did the proce-
dure 10 times and show the mean. In any case, the ANOVA-boost leads to a clear
improvement of the approximation results of a factor up to 10~3.

During the numerical experiments, we found that the more the input variables are
related, the bigger the regularization parameter A should be in the minimization
problem (5.27). Notice, that depending on the type of dependence, we do not
obtain the same variances for the ANOVA terms, but the nonzero terms are in

213



CHAPTER 6. NUMERICAL RESULTS AND APPLICATIONS

any case a subset of

Uri = {®7{1}5{Q}v{3}7{4}7{172}5{253}}v (6-17)
Urs = {®7 {1}’ {2}7 {3}7 {173}}7 (6.18)
Urs = {@,{1},{2}, {3}, {4}. {5}, {1, 2}}, (6.19)

for the three functions respectively. The variances of the terms f(3, and f{5, are
relatively small for function fr3. For that reason, we set ¢ = 0.01 in this case.

The numerical results in Table 6.2 show that our algorithm has much smaller
approximation errors, compared to the plain SHRIMP algorithm [XSSW22] with
fixed effective dimension g. Hence, even for a small amount of samples in high
dimensions our procedure is able to find the correct nonzero terms.

6.2 Numerical examples with real data

In the following, we compare the performance of algorithms studied in this
thesis with other state-of-the-art algorithms when applied to real-world datasets
from the UCI repository (http://archive.ics.uci.edu), where also a detailed
description of the datasets and the input variables can be found. For comparison
we test against Random Forest Regression (RF) and Gaussian Processes (GP),
both implemented in ScikitLearn.jl, which implements the popular scikit-learn
interface and algorithms in Julia. Furthermore, we compare with sparse additive
models [KY16, SST23, XSSW22].

Remark 6.2 (The interpretability). We want to show some interpretation of the
approximation results from the algorithms derived in this thesis. In applications
the user can use this to derive conclusions. We analyze the dataset airfoil in more
detail here. In this dataset only the first five variables impact the output, the other
36 input variables are drawn at random. First, we present the estimated variances
Su(Sy, f) of an approximation with maximal superposition dimension ¢ = 1
from the transformed hyperbolic wavelet approximation with parameters m = 2,
A = 0 and n = 2 or random Fourier feature model with feature distribution
p(w) = pg(w) with variance o = 1 and regularization parameter A = 1000 in
Figure 6.8. This corresponds to the first approximation in the ANOVA-boosting
Algorithm 3.31.

In Figure 6.9, we illustrate some two-dimensional projections of the training
samples X', which shows that the marginal distribution functions yx,, are no
tensor products. For illustrating the difference between the generalized ANOVA
decomposition and the classical ANOVA decomposition, we plot in Figures 6.10
and 6.11 the corresponding two-dimensional ANOVA terms that arise during
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Figure 6.8 : Approximated variances Sy, var(f#) from transformed hy-
perbolic wavelet regression (/") or a random Fourier feature model
(RFF) for the dataset airfoil. Left: First approximation with ¢ = 1, in
both cases clearly recognizable that only the first five input variables are
important. Right: Final approximation with ¢ = 2 and a reduced ANOVA
index set U. The values 1-5 belong to the one-dimensional terms and
the remaining ones to the two-dimensional terms. Missing points mean,
that the respective ANOVA terms are not used for the approximation.

training the models. In the case of the random Fourier features, we use instead of
the Lo(R?, 11)-orthogonality the discrete orthogonality at the sample points. For
that reason, we only plot the function values of the ANOVA terms at the sample
points X in this case.

Figure 6.10 shows what typically happens, when approximating the multivariate
term f,, on a density, which is not a tensor product. In the domain of the samples
the approximation is good. But on domains, where there are no samples, but
the tensor product density is nonzero, the approximation can be oscillating or at
least nonzero, which can result in misleading variance estimates. For that reason,
we additionally show in Figure 6.8 the approximated Sobol indices of the final
approximation with ¢ = 2 and a reduced ANOVA index set U. A

We follow the experimental setup in [KY16], where the training data is normalized
so that the input and output values have zero mean and unit variance along each
dimension. Each dataset is divided in half to form the training and testing sets,
we use exactly the same splitting as in [KY16] for the datasets used there and do
the same procedure for the additional datasets. Note, that in [KY16] they test only
one single random splitting. We adopt this procedure for a better comparability
of the results, since the results heavily depend on the test/train splitting of the
datasets.

215



CHAPTER 6. NUMERICAL RESULTS AND APPLICATIONS

Figure 6.9 : llustration of the samples x € X'. The coloringis accordingly
to the function values f(x).
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Figure 6.10 : [llustration of ANOVA terms, using the transformation and
Chui-Wang wavelets of order m = 2 and ANOVA terms up to order ¢ = 2.
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Figure 6.11 : Illustration of ANOVA terms, using random Fourier features
from Gaussian distribution of order ¢ = 2.

In our experiments, we use a cross-validation of the original training data-set as
training data and 20% as validation data to select the best input parameters. An

overview of the datasets is presented in Table 6.3.

For the transformation R, we use the DPI described in Section 5.2.2, applied to the

Gaussian kernel. The implementation and further information about the chosen

parameters can be found athttps://github. com/Laural1110/ANOVA_RFF.
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Dataset | d Myan Mgt
Propulsion 15 200 200
Galaxy 20 2000 2000
Airfoil 41 750 750
Boston Housing | 12 256 250
Protein 9 22685 22685
Elevators 17 8300 8399

Table 6.3 : Overview of seven datasets: Dimension d and number of dat-
apoints in training and testing set. The experimental setup and datasets
for each test follows [KY16].

The approximation results and comparisons are shown in Table 6.4. Since the
results for the random algorithms depend on the draw of the random Fourier
features, in contrast to the given results for SHRIMP, HARFE and SALSA in the
corresponding papers [KY16, XSSW22, SST23], we did the approximation vali-
dation 10 times and present the mean in Table 6.4. Furthermore, compared to
the results shown in the corresponding paper, we used for the HARFE algorithm
also Fourier features and not the function tanh as activation function. In every
case, we used the ANOVA-boosting Algorithm 3.31 for constructing the ANOVA
index set U. Furthermore, we show on Table 6.4 the used maximal superposition
dimension and the mean number N of features used for the final model.

ANOVA truncated random Fourier features are beneficial compared to ¢-sparse
random Fourier features. Especially for datasets, where many input variables
are not needed for predicting the function values, like for example airfoil, our
algorithms using the ANOVA decomposition filter out the random input variables.
For all the datasets a maximal superposition dimension ¢ € {1, 2,3} is enough
to get reasonably small errors.

Further optimization of the parameters could lead to even better numerical
results. The following items are the results of numerical tests.

For the difference between transformation of wavelets and transformation of
exponential basis: There are more possibilities in bandwidth selection. Increas-
ing the maximal wavelet level n for ANOVA term f,, increases the number of
parameters by O(2"n!*/=1), where the increase for the exponential functions is
only in the order of magnitude O(2/%!).

Especially for datasets, where the underlying function can be approximated
by a function of order one, the transformation procedure works well, despite
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7 Propulsion  Galaxy Airfoil Housing Protein Elevators
Trafo 1 1.532.10% 1.290.-102 1.526-107' 3.723.107' 4.839.107' 1.797-107!
(g, N) (2,171) (1,190) (2,355) (2,247) (3,2992) (2,5804)
Trafoexp | 2.865-107% 2.225.102 1.142-107' 3.774-107' 4.638-10"' 3.029-107!
(g, N) (2,168) (1,76) (2,346) (2,207) (2,1972) (2,3599)
ANOVA-S | 2.185-107° 1.747-10* 2.367-10! 4.494-107! - -
(q,N) (1,316) (2,280) (2,133) (1,18)
ANOVA-H | 3515-10° 1.699-10* 1.568-10"' 3.236-10! 5.851-10"' 2.153.107!
(q,N) (1,300) (2,500) (2,5000) (2,100) (2,400) (2,80)
cos 9.485-10* 5.667-10° 2.710-107' 3.169-107!' 5.424-107!' 1.037-107!
(g,N) (2, 388) (1,64) (2,221) (2,76) (2,1022) (2,1121)
SHRIMP | 3.790-10° 8.744-10"° 3.879.10"' 4.723-107' - -
(¢, N) (1,297) (2,587) (2,34) (7,6)
HARFE 2.993-10° 1.091-10% 8.256-10"' 3.423-10! 6.166-107' 1.895-107!
(q,N) (1,300) (2,1000) (2,5000) (2,100) (2,200) (2,80)
SALSA 9.180-10% 1.350-10% 5.470-107' 3.607-107' - -
SRFE 1.540-10% 1.200-10°% 5.702-107' 6.395-107' - -
RF 5928-10° 1.092-107!' 6.358-107' 3.339-107! 4.225.10°' 2.908-107!
GP 9.031-10% 2.765-107%  1.009 4231-107"  4.414-107'  4.324.107!

Table 6.4 : Mean MSE on real datasets using various approximation techniques of 10 runs. We compare algorithms
described in this thesis with other state-of-the-art algorithms. Details to the corresponding algorithms can be found in
[SST23](HARFE), [XSSW22](SHRIMP), [KY16](SALSA), [HSS™23](SRFE), [PS22](cos Basis, with min-max scaling and
ANOVA-boosting algorithm 3.31) or are available via ScikitLearn.jl. The best result for every dataset is highlighted.
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assuming that the input variables are possibly dependent. For higher order
terms there can be a difference between the generalized ANOVA terms and the
ANOVA terms with respect to a tensor product density, see also Lemma 3.14 and
Example 3.13.

The SHRIMP algorithm can not handle datasets with many datapoints due to
the needed oversampling. The HARFE algorithm also gives numerically good
results when using less random Fourier features than available, such that even
in the cases for many samples, the algorithm is applicable by choosing N «
M. Furthermore, the ANOVA-boosting seems to be beneficial for the SHRIMP
algorithm, whereas the ANOVA-boosting for the HARFE algorithm may lead to
poor approximation results.

Some datasets, e.g. galaxy, might not be compatible with the assumption that
the function f does not depend on all input variables. For example, the SHRIMP
solution in this case uses all 20 input dimensions.

6.3 Predicting ground reaction forces

The successful application of Algorithm 5.13 to a dataset in sports engineering
was published in [WKPO24]. We briefly summarize the setting and the results
here.

The generation of sport-specific load-time profiles is often based on the measure-
ment of ground reaction forces (GRFs) and their time profile. Force plates are
often used to record these GRFs because they are considered the gold standard.
Force plates contain three to four interconnected force sensors for measuring
GRFs and ground reaction moments in all three spatial directions. These force
plates have many disadvantages. The development of treadmills with integrated
force plates and mobile force plates mitigated some challenges, but these devel-
opments are not perfect either. The literature questions whether GRFs can be
recorded accurately and there is an increasing need for continuous recording of
GRFs under field conditions. One approach to record GRFs in the field is based on
systems with pressure measurement insoles. These systems do not record GRFs
directly. Rather, they are calculated by functions depending on the measured
plantar pressures.

Details about the performed study with 16 persons and the data collection pro-
cess can be found in [WKPO24]. The persons performed a running task on the
treadmill at the different speed v = 3, 6,9 and 12kmh™!. The GRF data in verti-
cal direction F,(t), measured in the treadmills integrated force plates, is a time
series. At the same time stamps, we measured data from 8 pressure sensors in the
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pressure insoles, which we denote by p; (¢), . . ., ps(t). We aimed for searching
the correlation between the pressure data p;(¢) and the vertical forces F, (¢). This
can be modeled by the 8-dimensional function f := [0,1]® — R, where

Fv(t) ~ f(pl(t); s ap8(t))'

After some preprocessing steps, the input values for the approximation algorithm
are

» the 8-dimensional samples X are the pressure measurements p;(t), i €
{1,...,8} forall training data t € Tixain

* the function values f = (f (xl))f\il are the corresponding measured verti-
cal GRF F, (t) for all training data ¢ € Tiain-

In average, we used about 3.6 - 10* time stamps per foot for every person, which
are about M = 1.2 - 105 in total. We used the transformation idea together with
the ANOVA truncated hyperbolic wavelet regression, which is summarized in
Algorithm 5.13, where we chose ¢ = 2.

Our prediction of the vertical GRF F,, (¢) at time ¢ only depends on the pressure
measurements of the sensors at time ¢, i.e. p;(¢) and not on the whole gait cycle.
In the dataset considered here, alarge oversampling also serves as regularization.

To assess model accuracy, we performed a series of estimations on withheld
data and calculated the mean performance measures across intra-person and
inter-person groupings. We used the normalized root mean square error, (6.3)
and Pearson’ correlation coefficient, (6.4), as measure of model performance.

We considered different data splitting techniques. In the case considered here,
learning a model should be performed person-specific owing to individual dif-
ferences in the sizes of feet and gait. The first evaluation (E1) used the data from
every person separately, i.e. a person-specific model was constructed. For the
split into training and testing data, it is important to split with respect to the
different velocities in order to avoid local information and to improve the bias
properties of the predictors. Each of the four parts belonging to the different
velocities was split into five parts. The testing data consisted of one part from
every velocity respectively, i.e. 80/20-splitting into Xj;ain and Xes;. These parts
were chosen randomly.

For comparison, we also trained models using data from all persons. To compare
the data from different persons, F,(¢) were normalized to the body-weight. The
second evaluation (E2) used the testing and training data received from the
previous procedure for all persons together. And in the third evaluation (E3) the
data from three randomly chosen persons were used as testing data.
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We performed the model learning and evaluation five times for each evaluation
case for left and right foot respectively, and presented the mean of the NRMSE
and PCC. To access the model performance, we analyzed the prediction error in
the testing data with respect to the different velocities v.

NRMSE PCC
v(kmh') 3 4 6 9 3 4 6 9
El 0.112 0.106 0.137 0.244 0.946 0.948 0.934 0.918
E2 0.201 0.195 0.232 0.359 0.843 0.846 0.826 0.838
E3 0.318 0.341 0.394 0.529 0.715 0.675 0.639 0.659

Table 6.5 : Results of the different evaluation approaches. The results
for E1 are averaged over all persons. A detailed list for the approxima-
tion errors for the different persons can be found in the supplementary
of [WKPO24].

Table 6.5 summarizes the results of the different evaluation approaches. The
results for E1 are averaged over all persons. The person-specific model El is better
than the other strategies E2 and E3, since the NRMSE are smaller. Furthermore,
in general (with one exception) the lower the speed of the person, the smaller is
the NRMSE.

The prediction model proposed in this study may be poor if the target data is far
outside the scope of training data, such as running at much higher velocity than
9kmh™!, but for running at a velocity intermediate to the training data velocity,
we expect good results, since this data would be similar to the measured data.

The usage of our model instead of black box predictions has the advantage that
it is possible to analyze and interpret the learned model. There are different gait
styles depending on the person, which is reflected in different ANOVA terms in
our trained models. This leads to very different results for different persons. The
walking behavior of some persons fits more into our approximation setting than
that of others. The individuality is one reason why the evaluation techniques
E2 and E3 give clearly bigger NRMSE and smaller PCC as the individual models.
Especially the prediction of data from completely different test persons than the
persons for the training data in E3, which is particularly desirable, does not yet
work with our approach. Furthermore, it is possible to cluster persons by their
gait style using the ANOVA terms, which should be verified by a further study
with more participants.

The Julia package ANOVAapprox was used for the model learning. Therefore, only
the denoised pressure measurements and the vertical GRF F, have to be inserted
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in the algorithm, which could in principle be integrated in a data collection
system. The model learning phase took about 30 s. Afterwards, the prediction of
F, from field or laboratory pressure data measurements p; (¢) basically consists
of one matrix-vector multiplication with the learned coefficient vector. It is also
possible to do this evaluation in time, i.e. do the multiplication for every time
stamp separately.

The main differences of our approach to other approaches in the literature is that
we do not normalize the time with respect to the gait cycles. Furthermore, for
our analysis we omit the data (also in the test data), where all pressure sensors
are zero, which belongs to f(0) = 0. Our approximation predicts F,(t) to 0
during this time. Note, that this can lead to a higher NRMSE in comparison to
testing on the whole gait cycles, which was done in most other studies. Therefore,
comparing only the resulting NRMSE can be misleading.

Comparison to the literature

In [HHB*22], linear models were compared with recurrent neural networks for
the accuracy of predicting the GRFs. For the recurrent neural network, they addi-
tionally used the pressure features at the time stamps directly before ¢ and after ¢
for the prediction. They did not train person-specific models, but validated with
aleave one out cross-validation. Overall, the accuracy of our trained model is
slightly worse than the recurrent network, but better than the linear model. Nev-
ertheless, [HHBT22] also found that a person-specific model training increases
the accuracy.

In [EYFT20], a machine learning-based estimation of the vertical GRF was done.
They used a linear least squares regression that fits the insole measurements
during single leg stance to body-weight to learn a model. In addition, they added
constraints to the regression, so that the estimates of the vertical GRF during
walking have proper magnitude. In comparison to this study, we have a much
larger dataset from a treadmill available, which also includes data from running
trials. Therefore, it is complicated to compare the results. But especially for the
lower velocity our method gives lower NRMSEs.

[SKO*15] predicted the GRF using a wavelet neural network. The insole there
consists of 99 plantar sensors, where some principle components were selected.
The wavelet neural network is similar to our approach, using only ANOVA terms
up to order 1, but they used different wavelet functions and learned additional
shift and scale parameters. However, the results are similar even though our
pressure insole has only eight pressure sensors. Apart from that, and based
on our own experience with both measurement systems, we can say that the
pressure measurement insole used here seems to be much more robust.
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6.4 This chapter in a nutshell

The algorithms presented in this thesis achieve good results for function approx-
imation tasks. The ANOVA-boosting algorithms as a preliminary step reduce the
approximation error of already existing algorithms and gives an interpretable
function approximation model.

Due to the randomness of random Fourier feature algorithms, the results can
fluctuate for different draw of random Fourier features. But nevertheless, the
ANOVA-boosting step finds the important ANOVA terms in most cases.

The assumption of low effective dimension is clearly not fulfilled for all con-
ceivable datasets. However, our numerical results show that in most datasets in
applications, it is enough to approximate an underlying function model f by a
function of maximal superposition dimension ¢ = 2 or ¢ = 3. For the prediction
of ground reaction forces, a model of maximal superposition dimension ¢ = 2
provides sufficiently good results.

In general, the sample distribution y is not a tensor product in applications. That
is why we analyzed the generalized ANOVA decomposition. The classical ANOVA
decomposition can lead to higher Sobol indices S;X var due to the dependence of
input variables, although the term f,, is zero.

The big advantage of the algorithms proposed in this thesis in comparison to
most machine learning algorithms is the interpretability. The interpretation of
the results for special datasets in the applications is the responsibility of the user
or the expert who recorded the data.
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